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for Active Sublayer Control of Turbulent Boundary Layers
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Results are presented from development of microactuator arrays that function on the electrokinetic principle to
provide active control of streamwise sublayer vortical structures in turbulent boundary layers. The electrokinetic
microactuator arrays induce volume displacements in the sublayer by electrokinetic pumpingunder an impulsively
applied electric field. These microactuator arrays consist of individual microchannels formed in a substrate and
filled with a 1-pum-scale doped porous polymer matrix that provides the required ¢-potential when wetted by the
corresponding electrolyte. A system architecture is presented for large dense arrays of such microactuators that
provides for greatly reduced control processing requirements within individual unit-cells containing a relatively
small number of sensors and actuators. The resulting microactuator arrays have characteristics that make them
potentially suited for practical sublayer control on full-scale aeronautical and hydronautical vehicles. Essentially
loss-less frequency response of the electrokinetic microactuators has been demonstrated to 10 kHz. Several such
microelectrokinetic actuator (MEKA) arrays have been fabricated from a basic three-layer design. A MEKA-5
full-scale hydronautical array, composed of 25,600 individual electrokinetic microactuators with 350-m center-
to-center spacings, arranged in a 40 X 40 pattern of unit-cells, each composed of a 4 X 4 matrix of actuators,
was successfully fabricated in a 7 X 7 ecm? tile in 250-zzm-thick Mylar substrate material. Microelectromechanical
system design and fabrication processes were used to produce a top layer for the MEKA-5 hydronautical-scale
array. DC performance tests indicate that the MEKA-5 array achieves the required flow rates for active sublayer

control on hydronautical vehicles with applied voltages of no more than 15-20 V.

I. Introduction

CTIVE control for drag reduction on aeronautical and hydro-

nautical vehicles is one of the highest-impact applications of
microsystemstechnologyand representsone of the longest-standing
objectivesin the field of fluid dynamics. A reductionin the drag on
an air vehicle of just a few percent can translate into large system-
wide reductions in fuel weight and operating costs and can provide
correspondingincreasesin vehiclerange and payload delivery. Such
benefits of microsystems-baseddrag reduction extend to naval sur-
face and underseavehiclesas well, including ships, submarines, and
torpedoes.

It is precisely in the realm of active sublayer control that the
underlying physics of the problem at hand and the inherent charac-
teristics of a microsystems-basedapproachare ideally matched. The
thin sublayerin the turbulentboundary layer directly adjacentto the
surface of any practical vehicleis one of the most powerfulnonlinear
systems found in nature, capable of magnifying the effect of small
microactuator-induced perturbations into very large changes in the
drag acting on the vehicle. Moreover, the exceedingly small length
scalesassociated with flow structuresthat are naturally presentin the
viscous sublayerof turbulentboundary layers are ideally matched to
microscale actuators. As a result, the inherent problem of matching
the length and timescales between microactuators and the physical
system being controlled makes the viscous sublayer of a turbulent
boundary layer a natural choice for microsystems-based control.

One approach for actively controlling the vehicle boundary layer
to achieve drag reductionis to exploit the structure and dynamics of
the streamwise vortices that exist naturally in the viscous sublayer.
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As will be seen next, these sublayer vortices are typically located at
distances as small as 10 um above the vehicle surface, are spaced
about 100 um apart, are roughly 1 mm long, and move past any
fixed point on the surface at frequencies up to 100 kHz. These char-
acteristics of the sublayer vortices place stringent limits on the types
of actuators that might be suitable for active sublayer control. The
present study!' =2 is the first to examine the electrokinetic principle
as the basis for a new class of microactuator arrays that are poten-
tially suitable for active sublayer control on real aeronautical and
hydronautical vehicles under practical conditions.

A. Background

Early flow-visualization studies (e.g., Ref. 4) first showed the
presence of streamwise streak structures in the near-wall region in-
side the turbulentboundarylayer, and subsequentwork (e.g., Refs. 5
and 6) revealed their role in the production of turbulence within
the boundary layer. These studies found that alternating pairs of
counter-rotating streamwise vortical structures at the upper edge of
the viscous sublayer were responsible for the “bursting” process by
which relatively large amounts of low-speed fluid, in a wall-fixed
frame, are suddenly ejected from the near-wallregion. These results
suggested that control of turbulence production in boundary layers
could be achieved by proper manipulation of the near-wall coherent
structures.

A number of methods have subsequently been examined to
achieve skin-friction reduction by either directly or indirectly con-
trolling the streamwise sublayer structures to interrupt or otherwise
alter the near-wall bursting process. These have included passive as
well as active means. Among the earliest was the use of long-chain
polymer molecules seeded in very low concentrationsin the fluid.
Their interaction with the sublayer structures produced skin-friction
reductions of as much as 80%. More recent work (e.g., Refs. 7-10)
has used very low concentrationsof self-assemblingsurfactantions,
which do not suffer from permanent shear degradation, to produce
a similar effect. However such polymers and surfactants can only
be used in liquid flows. Another class of passive drag-reduction
methods has used fine-scale “riblets” (e.g., Refs. 11-14) and shown
drag reductionson the order of 8% in laboratory experiments. Other
studies, more directly relevant to the present work, have attempted
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to couple sensors and actuators to provide active control of wall-
bounded turbulent flows.!5-1¢

The development of microelectromechanicd systems (MEMS)
technologiesover the pastdecade has opened a new avenue for such
active control approachesin the near-wall region of turbulentbound-
ary layers to achieve drag reduction. MEMS fabrication processes
allow comparatively inexpensive production of large, dense arrays
of microscale wall shear-stress sensors and pressure sensors, typi-
cally havinglengthscalesof the order of a few hundred micrometers.
Such sensor arrays are, in principle, capable of detecting the wall
signature of the instantaneouscoherentstructure pattern in the near-
wall region of turbulent boundary layers. Information of this type
can, in principle, be used with dense arrays of MEMS-fabricated
wall actuators and an appropriate control system to manipulate the
near-wall coherent structures and their dynamics in order to inter-
fere with the bursting process. Various attempts to develop sensors,
actuators,and control systems to accomplish this goal are discussed
in the literature.!>-17=%7

Of particularrelevanceto the present work, directnumerical sim-
ulations by Choi et al. (see Refs. 13 and 18) examined wall shear-
stress reduction in turbulent channel flows using local suction and
blowing at the wall. Their most successful results used a control
approach in which the wall suction or blowing was applied in such
a way as to be exactly opposite to the wall-normal componentof the
velocityat y*t = 10, yielding20-30% reductionin skin friction. That
control strategy is now commonly termed “opposition control” (see
also Ref. 28). Numerical experiments by Hammond et al.”’ showed
the largest wall shear-stress reductions from such an opposition-
control strategy based on the wall-normal velocity at y* ~ 15, with
the resulting average drag reductionbeing about 25%. They suggest
that the mechanism for this reductionis the creation of a virtual wall
halfway between the detection plane (y* = 15) and the actuation
plane (y* =0), which reduces the ejection events and thereby inter-
feres with the transportof momentum away from the wall. Rebbeck
and Choi*’ have applied such opposition control in wind-tunnel
turbulent boundary-layer experiments using wall jets created with
piston-typeactuatorsand found changesin the intensity of near-wall
bursting events when the jet was issued into the boundary layer.

B. Present Work

The studies noted in the preceding section have shown that active
sublayer control of turbulent boundary layers is feasible and have
demonstrated several types of actuators suitable for active sublayer
control under laboratory conditions. However turbulent boundary
layers on aeronautical and hydronautical vehicles are typically at
much higher Reynolds numbers and thus involve much smaller
length scales and much shorter timescales. Furthermore, actuator
arrays on real vehicles will be subjected to nonideal environmental
and operating conditions, and thus practical microactuators must
be sufficiently robust to permit operation under such conditions.
Finally, the power required for large, dense arrays of such microac-
tuators to achieve the desired level of drag reduction must be suf-
ficiently small to provide a significant net reduction in the power
requirements of the vehicle.

The present study has examined the electrokinetic principle as
the basis for a new class of microactuator arrays that are poten-
tially suitable for active sublayer control on real aeronautical and
hydronautical vehicles under practical conditions. The electroki-
netic principle involves the interaction between an electric field and
mobile ions in the double-layerthat forms naturally at the phase in-
terface between a suitable electrolyte and a suitable solid material.
Under an applied electric field the mobile ions accelerate as they
extract energy from the electric field and then collisionally trans-
fer this kinetic energy to the molecules that make up the bulk of
the electrolyte. In this manner an applied electric field can induce
bulk motion in the electrolyte. As a result, this electrokinetic flow
potentially provides an efficient means for moving comparatively
small amounts of fluid on comparatively fast timescales in com-
paratively small devices. In this study these scaling principles are
used together with microfabrication technologies and fundamental
considerations of the sublayer structure and dynamics to develop,

fabricate, and demonstrate microactuators based on such electroki-
netic flow thatcan meet many of the requirementsfor active sublayer
control in turbulentboundary layers on real vehicles.

In the present electrokinetic microactuator arrays each individ-
ual actuator serves as a local volume source, applied over a brief
time interval, at the wall. The actuators thus impulsively displace
a fixed volume of fluid between the wall and the viscous sublayer
to induce lateral displacements in the streamwise sublayer vortices
in the manner dictated by the opposition control strategy. Dense
arrays consisting of large numbers of such closely spaced electroki-
netic microactuators have been designed and fabricated at scales
suitable for active sublayer control at real-vehicle conditions. A
system architectureis also presented for large, dense arrays of such
microactuatorsthat can potentially provide for greatly reduced con-
trol processingrequirements within individual unit-cells containing
a relatively small number of sensors and actuators.

II. Microactuator Performance Requirements

The bursting process associated with streamwise vortices at the
outer edge of the viscous sublayer sets the rate of momentum trans-
port from the wall to the fluid and hence the drag that acts on the ve-
hicle. Drag reduction can be accomplished by acting on the stream-
wise vortices to interrupt or otherwise interfere with this sublayer
bursting process. For the present microactuatorarrays the individual
actuatorsimpulsively produce locally positive or negative displace-
ments to shift the streamwise sublayer vortices along the spanwise
direction, as indicated schematicallyin Fig. 1. To determine the mi-
croactuator performance requirements needed to achieve such lat-
eral displacementof the sublayer vortices, this section first reviews
essential elements of the structure and dynamics of the near-wall
region of turbulentboundary layers. It then uses this information to
derive the actuator spacing, frequency, and flow rate requirements
necessary to achieve adequate displacement of individual sublayer
vortical structures.

A. Structure of Turbulent Boundary Layers

Turbulent boundary layers display a universal structure and scal-
ing in the mean velocity profile underso-called “equilibrium”condi-
tions, which typically apply over much of a vehicle surface. Within
the inner layer, owing to the dominance of diffusion, the momen-
tum flux density must be roughly constant at a value equal to the
wall shear stress t,,. All processes within this layer are assumed
to be properly scaled with this wall shear stress, the kinematic vis-
cosity v, the fluid density p, and with the distance y above the
wall. It is convenient to express this near-wall scaling in terms
of the characteristic velocity defined from these quantities equiv-
alently, namely, u, = (t,,/p)'/?, often called the friction velocity,
and the characteristic length [, = v/u., termed the wall unit or the
viscous length scale. The appropriately scaled velocity profile is
thenut(y™), where ut =u/u, and y" =y/I,.

Fig. 1 Idealized notional representation showing the lateral displace-
ment of streamwise sublayer vortices induced by volumetric pumping
from an actuator. Note that the Reynolds number associated with the
flow issuing from the actuator must be (O(1) or smaller, so that the ac-
tuator flow serves as a point volume source to provide effective lateral
displacement. At larger Reynolds-number values the flow issuing from
the actuator would fundamentally change to become jetlike and would
then no longer induce effective lateral displacements.
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The streamwise vortices at the outer edge of the viscous sublayer
are the key to momentum transport from the inner layer to the outer
layer and thus from the wall to the inner layer and thereby determine
the drag that acts on the vehicle. These streamwise vortical struc-
tures have a spacing in the scaled spanwise coordinate z* =z/ [, of
about zt 2~ 100. The length of these sublayer vortices is typically
about x™ ~ 1000, but varies from about 400-1500. The sublayer
vortices are thus about 1000 wall units long and are spaced about
100 wall units apart. Because the vortices are located roughly 10
wall units above the wall, they will advect at a speed u™ ~ 10 and
thus move over any fixed pointon the wall with a frequency of about
fr~10"2

B. Actuator Spacing, Frequency and Flow Rate Requirements

The electrokinetic microactuator arrays in this study attempt to
interfere with the bursting process by impulsively displacinga fixed
volume of fluid between the wall and the viscous sublayer to in-
duce lateral displacements of the streamwise sublayer vortices in
a manner similar to opposition control. Key performance require-
ments therefore involve the microactuator spacing, frequency, and
flow rate needed to achieve adequate displacement of individual
sublayer vortical structures. From the sublayer vortex structure and
dynamics just summarized, it is apparent that such actuators must
typically be separated about 100 wall units, displace a volume of
fluid with an equivalent hemispherical radius of the order of 10
wall units, and achieve a frequency response equivalent to at least
fT & 1072, These performance requirements will depend on the lo-
cal boundary-layer thickness &, the local fluid speed U above the
boundary layer, the local pressure gradient dp/dx, and the fluid
properties p and v.

Figures 2 and 3 show the resulting microactuator spacing, fre-
quency, and flow rate requirements at four downstream locations
along various aeronautical and hydronautical vehicles at four val-
ues of the local pressure gradient parameter IT (see also Ref. 19).
Among the aeronautical applicationsthe resulting requirements are
relatively benign for the unmanned aerial vehicle (UAV), where
actuator spacings of several millimeters and frequency response of
100 Hz would be sufficient to act on virtually every sublayer vortical
structure. At the other extreme the supersonic fighter and transport
aircraft require actuator spacings of 100-200 um and frequency
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Fig. 2 Equivalentsteady volumetric flow rates required for active sub-
layer control by manipulation of streamwise vortical structures show-
ing results for different aeronautical and hydronautical vehicle types.
Hydronautical applications only require flow rates in the range of
10 pl/min, whereas aeronautical vehicle applications typically require
one to two orders of magnitude larger flow rates.
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Fig. 3 Microactuator spacing required for active sublayer control by
manipulation of streamwise vortical structures showing results for dif-
ferent aeronautical and hydronautical vehicle types, with dashed line
showing coupling between microactuator spacing and flow rate, as noted
in Sec. IL.B, corresponding to simple geometric scaling of any given mi-
croactuator design. Increased actuator spacings provide increased area
for electrokinetic pumping channels, which in turn provide for larger
volume flow rates.

response of 10-90 kHz. The various hydronautical applications
all require microactuator spacings of roughly 300 «m but require
frequenciesof only about 1 kHz. The equivalentsteady volume flow
rate, which the microactuators must achieve for each vehicle type,
is that needed to impulsively displace the required volume of fluid
during the available sublayer vortex passage time. Of key relevance
is that the resulting flow rate requirements for hydronautical appli-
cations are typically one to two orders of magnitude lower than for
aeronautical applications. For essentially all of the hydronautical
applications, the equivalentsteady flow rate required is in the range
of 10 pl/min.

For electrokineticmicroactuatorsintended forusein densearrays,
the maximum flow rate achievableby each actuatoris limited by the
area per actuator available for the electrokineticpumping channels,
as will be seen in the following. As a consequence, the flow rates
are closely tied to the microactuator spacings. This is shown in
Fig. 3, where the maximum flow rate achievableis shown as a func-
tion of the spacing between individual microactuators within the
array. The dashed line shows the result for simple geometric scal-
ing of a given actuator design, for which the flow rate Q increases
with actuator spacing / as Q ~[*. The practical implication is that
a microactuator array designed for use in full-scale hydronautical
applicationscan be geometrically scaled up by a factor of 15 to pro-
vide the required microactuator array for a UAV-scale aeronautical
application. The other aeronautical applications, however, require
microactuator arrays that can achieve higher electrokinetic pump-
ing efficiencies, namely, higher values of the equivalent steady flow
rate Q per unit microactuator area /2. For this reason the microactu-
ator arrays developedin this study have been designed for full-scale
hydronautical applications. The same array can be directly scaled
up, with no increase in per-actuator performance required, for the
UAV-scale application.

III. System Architecture for Microactuator Arrays

The small actuator spacingneeded for sublayercontrolonreal ve-
hicles implies that large, dense arrays of microactuators must cover
key parts of the vehicle surface. For example, the typically 300-xm
spacingrequiredin Fig. 3 between microactuatorsfor hydronautical
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vehicles of 100 m scale, such as a submarine hull, implies that of
the order of 30 billion individual microactuators would be needed
to cover the entire vehicle surface. Although most previous studies
have focused largely on specific actuator designs or on control pro-
cessing, it is apparent that the system architecture within which the
sensors, actuators, and control processing are implemented is an
equally important part of any active sublayer control system. This
section describes such an architecture based on a novel unit-cell
concept that is sufficiently simple to realistically permit integration
of the present electrokinetic microactuators into a complete system
for active sublayer control on full-scale vehicles under practical
operating conditions. This system architecture provides potentially
dramatic reductions in the control processing needed to achieve
practical sublayer control.

The difficulty of integratingsuch a large number of actuators, with
a comparably large number of sensors and an appropriate control-
processing capability,can be greatly simplified by taking advantage
of theinherentlylocal nature of the sublayer structure and dynamics.
In particular, the length of the sublayer vortices typically extends
over only about 1000 wall units /., and the bursting process occurs
between adjacent counter-rotating pairs of these vortices that are
typically separated along the spanwise direction by only about 100
[, and are typically located about 10 /, above the wall. Moreover,
the bursting processitselfis principally dependenton the separation
between the pair of counter-rotatingsublayer vortices and is largely
independentof the locationsand dynamics of other distantly located
sublayer vortices. This inherent locality suggests that sublayer con-
trol of the turbulent boundary layer over the entire vehicle can be
broken down into elementary “unit-cells;” the size of which is set
by these length scales associated with the sublayer vortex structure.
Moreover, if the unit-cells are sufficiently large, then dynamical in-
teractionsbetween them shouldbe comparatively weak in relationto
the interactions between sublayer vortices within a given unit-cell.
Any such interactions would extend at most to the next adjacent
unit-cells, and in a first approximation such cell-to-cell interactions
could be neglected altogether. The unit-cells then become fully in-
dependent, each with their own sensors, control processing, and
actuators. Because the number of sensors and actuators within such
unit-cells is then relatively small, the problem of integrating them
into a complete control system becomes correspondingly simpler.

The 1000 [, average length of the near-wall structures suggests
that this is the maximum dimension along the streamwise direction
that could be required for such unit-cells. Further reduction is pos-
sible by recognizing that incipient bursting occurs far more locally
than this, over a smaller length of the sublayer vortex pair. A rea-
sonable limit on the required streamwise dimension of the unit-cells
would thus be about 500 /, to allow detection of incipient bursting
and subsequentactuation to interfere with this process. In the span-
wise direction the coherent structures are separated, on average, by
about 100 /,. Because sublayer control involves acting on pairs of
such sublayer vortices near incipient bursting, it appears reason-
able that the spanwise dimension of the unit-cell should be large
enough to accommodate a given vortex pair and its next adjacent
spanwise neighbors. This would suggest that a spanwise dimension
of 5001,, equal to the streamwise dimension of the unit-cell, would
be sufficient. Based on this reasoning, the fundamental size of the
unit-cellsin this system architectureis 500/, in both the streamwise
and spanwise directions.

The unit-cells are each composed of an n X n arrangement of
elementary sensor and actuator pairs together with local unit-cell
processing capability. Given the unit-cell dimensions and the ac-
tuator spacings just noted, it is apparent that n will typically be
in the range of 4 <n <6, as shown schematically in Fig. 4. Fur-
thermore, the relatively small number n? of sensor-actuator pairs
in each such unit-cell allows the resident processing capability that
connects these sensors and actuators to be greatly simplified. In par-
ticular, the number of sensors and actuators is sufficiently small that
such true control processing at the unit-cell level can be discarded
entirely and replaced by a simple “look-up table” approach. In this
case the actuator states are directly implied by the sensor states via
a look-up table stored in a simple programmable logic array (PLA)
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Fig. 4 Basic unit-cell architecture, showing collocated n X n arrays of
typically4 < n < 6 microscale sensors and actuators spaced 100 viscous
wall units /- apart, with space for unit-cell processing and with common
voltage bus lines separating adjacent unit-cells. The relatively small
number of sensors and actuators in each unit-cell permits simple look-
up table approaches for the unit-cell processing.

in each unit-cell. In this manner on each clock cycle the new sensor
states are used to determine the new actuator states, thus eliminating
the need for any true processing capability.

Detection of streamwise vortical structures is accomplished by
an n x n array of wall shear-stress sensors collocated with each
microactuator in the unit-cell. Many of the usual concerns about
shear-stress sensor calibration and accuracy can be relaxed in this
system architecturebecausethe role of each sensoris not to measure
the wall shear-stress distribution below the vortical structures, but
rathersimply toidentify the presenceof a vortical structurejust prior
to bursting with reasonably high probability of detection. Thus the
instantaneouswall shear-stress sensor outputs can be compared to a
local running average value obtained from a simple low-pass filter
resident in each unit-cell. When the sensor output exceeds a preset
multiple of this running average, then the state of the ith sensor
in the processing electronics is set to S; =1 (or to S; ==*1 if the
sensors have directional capability). Otherwise the sensor state is
setto S; =0.

The complete set of sensor states {S;} for i =(1,2,...,ng),
where ng is the number of sensors in each unit-cell, provides the
input to the unit-cell processing electronics. Referencing the sen-
sor outputs to a unit-cell-level running average essentially elimi-
nates the need for calibratingeach sensor and eliminates difficulties
caused by changes in the vehicle speed and attitude or by the par-
ticular location of the sensor-actuator pair on the vehicle. Sensor
drift over timescales significantly longer than the averaging time
thus becomes irrelevant, and sensor accuracy does not need to be
high because the sensor outputis thresholdedin the manner already
described.

Because all interactions between the sensors and actuators occur
atthe unit-celllevel, each unit-cellcontainsits own independentpro-
cessing capability. Because of the relatively small unit-cell size that
the sublayer bursting process allows, it might be possible to greatly
reduce the required sensor capabilities and unit-cell processing ca-
pabilities. The role of the local unit-cell processing is to use the ng
sensor states {S;} on each clock cycle to determine the n, actua-
tor states {A;}, where A; =+1, 0, or —1 corresponds respectively
to positive volume flux (blowing), zero volume flux, or negative
volume flux (suction). The actuators are not modulated; they are
eitheron (1) or off (0). Thus the voltage of the top-layerelectrode
for each actuator is set to A; V¢, Where V¢ is the voltage of the
common power bus that runs between the unit-cells. The process-
ing circuit thus effectively acts as a three-state bridge between this
power bus and the electrode contact for each of the microactuators
in the unit-cell.
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The set of sensor states S = {S;} implies a set of actuator states
A ={A;}. Functional approaches of the type A = f(S) can be ap-
pealingin their generality and rigorous connectionto control theory,
but are likely to require significantly more processing capability
than can be readily accommodated within such unit-cells. More-
over, such an approach would overlook the fact that the physics of
the sublayer structures greatly restrict this functional dependence
and thus provide opportunities for further simplification. Because
the processing is purely local at the unit-cell level and the unit-cell
size canbe made relatively small, it mightbe possibletousea simple
look-up table approach that eliminates the need for complex pro-
cessing. Such a look-up table can be implemented at various levels
of approximation. The simplest is to make use of the nominally
streamwise structure of the sublayer vortices and thereby reduce the
number of spatial dimensions in both the sensor and actuator arrays
to just one. This can be done by logically grouping the ng sensors
in the unit-cell into n¢s columns along the streamwise direction and
then obtaining a single sensor column state CS; for each column
(e.g., by a majority rule among the sensor states {S;} within the
column). Similarly, the n, actuators are grouped into streamwise
columns, and a single actuator column state C A; is used to drive
all of the actuators in that column. This reduces the logic circuit
requirements to setting the nca-element column state vector {C A; }
from the ncg-element column state vector {C S;} and can be done
by the programmable logic array shown schematically in Fig. 5. In
that case the logic array can contain a set of matrix coefficients that
provide the actuator state vector for any given sensor state vector.

For the relatively small number of columns provided by the
unit-cell architecture, the number of possible sensor column vector
combinations might be sufficiently small that each of the appro-
priate actuator column vectors can be explicitly determined from
simple model-based considerations. Alternatively, irrespective of
whether the unit-cell processing is to be done in one or two spa-
tial dimensions, because the look-up table remains static and is the
same for all unit-cells, it can be generated from a detailed simula-
tions or experiments. This can be done, for example, by an auto-
mated neural net approach that continuously evolves to determine a
look-up table, which minimizes the wall shear stress within a unit-
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Fig. 5 Minimal PLA content in each unit-cell, giving actuator state
vector {A;} as a linear function of the sensor state vector {S;} for a re-
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be contained within the PLA on each unit-cell.

cell from discrete thresholded sensor inputs S;. Such an approach
to generating the look-up table might be able to incorporate re-
cent advances in applications of control theory to wall shear stress
reduction.

IV. Electrokinetic Actuation

The electrokinetic microactuators function on the basis of the
electrokineticeffect. 332 The presentstudy is the first to examine its
potential advantages as the basis for a class of microscale actuators
suitable for active sublayer control in turbulent boundary layers at
full-scale vehicle operating conditions.

A. Double-Layer Formation

The electrokinetic effect occurs at the interface between a solid
polymer and an electrolytic fluid, where an ionic doublelayer forms
naturally at such an interface. It is the presence of this double layer
and its interaction with the imposed electric field that is central to
the electrokinetic flow principle on which these microactuators are
based and thus to the operating performance which these microac-
tuator arrays can achieve. The double layer forms as a result of the
interface charge that arises from ionization of surface acid or basic
groups in the solid phase. For the present electrokinetic microac-
tuator arrays the solid phase consists of a porous polymer doped
with sulfonic acid groups of the form R-SO,H, where R can repre-
sent any of a number of different organic structures. The ionization
of this acid that results from contact with an electrolyte produces
surface sulfate ions of the form R-SO; . Such ionization of the sur-
face acid or base groups leaves an excess negative charge on the
surface and an excess positive charge in the liquid. The interaction
between the wall charges and the oppositely charged counterionsin
the electrolyte buffer givesrise to a so-called double-layer structure
near the wall. This double-layer structure of the counterions in the
vicinity of the wall is comprised of an immobile inner layer and a
diffuse outer layer. The counterions within this diffuse outer layer
are free to drift under an applied electric field, and it is their mo-
tion in the presence of an applied field that forms the basis of the
electrokineticallyinduced flow.

B. Electrokinetic Pumping

The Navier-Stokes equation can be used to obtain the detailed
outer-layer structure and the resulting electrokinetic pumping that
itinduces under the influence of an applied electric field.**3* Under
steady-state conditions for the axisymmetric flow that results in an
infinitely long capillary or pore channel this can be written in polar

coordinates as
1d dl): ( ) ( )
r dr dr : :

where P is the pressure gradient —dp/dz and E. is an axial electric
field on the netcharge density in the double layer. The charge density
p(r) atadistance r from the surface can be written using the Boltz-
man distribution and simplified for small potentials ¥ <50 mV
above that of a solution containing uniformly distributed ions.**
Thus, for an electrolyte with monovalentions the charge density is

o(r) = —2ne*y/kT )
The double-layer thickness is then given by the Debye length
1/k = (¢kT /2ne®)? 3)

where ¢ is the permittivity of the electrolyte, k is the Boltzmann
constant, 7' is the temperature, and e is the ionic charge. Typical
values of 1/« for aqueous electrolyte solutions can range from 0.5
to 1000 nm and decrease with increasing ion concentrationn.

For the presentelectrokineticmicroactuatorsno pressure gradient
P. is applied, and the flow results entirely from the applied electric
field E.. Solving Eq. (1) under these conditions, the velocity v.
outside the double layer can be obtained as

v.(r) = —QE. )
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where Q2 = ¢/ is the ionic mobility, with { = (r =w), where w
is the radius of the channel.

For channels with radius much larger than the double-layerthick-
ness (kw > 1), the volume flow rate Q obtained is by integrating v.
as

0 = nw’QE. 5)

These scalings are for a single channel. For a channel of length L
and radius R consisting of (R/w)? individual pores each of radius
w, the flow rate in Eq. (5) becomes

0 = T R’QE. ©)

with the resulting flow speed U = Q /7 R?, and the force F achieved
in a plugged channel becomes

F = 8uQ(R/w)*E.L )

Note in Eq. (6) that the flow rate achievedis independentof the pore
radius w, but the force in Eq. (7) increases as the pores are made
smaller. This indicates that by fabricating electrokinetic channels
with sufficiently small pores, it might be possible to achieve flow
rates adequateto meet the flow rate requirementsfor sublayercontrol
while achieving sufficiently high pressuresin any plugged actuators
to allow these to unplug themselves.

C. Hydrodynamic Models of Frequency Response

The ultimate frequencyresponse limits of unsteady electrokinetic
processes have not been fundamentally examined in the literature,
however assuming that capacitances are properly managed the lim-
iting process is inertial damping by the electrolyte flow within the
electrokineticchannels. Quantitativeestimates of this inertial damp-
ing limit in the electrokinetic flow within a typical pore of radius
w can be obtained by a simple hydrodynamic model. This model
applies when the electrokinetic double-layer thickness « is much
smaller than the pore radius w, as is typically the case in practi-
cal applications. The motion induced in the double layer by either
an impulsively applied electric field or by a sinusoidally oscillat-
ing applied field is then equivalent, respectively, to Stokes’s first or
second problem for the flow induced by viscous diffusion above a
moving wall. The “wall” in this case is the thin double layer, and
viscosity acts to diffuse the induced motion within it throughoutthe
electrolyte across the pore.

Stokes’s first problem corresponds to the case where the wall
is impulsively set into motion, as would apply for an impulsively
applied electric field. The resulting fluid motion is confined to a
Stokes layer with thickness § ~ (vr)!/? adjacent to the wall within
which viscous diffusion is able to induce flow. Defining the steady
flow rate Opc = w?U,q achieved by a steady (dc) applied voltage
across the electrokineticdriver channel, the ratio of the unsteady to
steady flow rates is given by

0(1)/ Qpc ~ Vvt Jw ®)

Assuming an aqueous electrolyte with kinematic viscosity compa-
rable to that of water (v ~ 10~ m?/s) and w ~ 1 um pore sizes, this
would indicate that the unsteady flow rate will remain essentially the
same as the steady flow rate up to applied frequencies of the order
of 10° Hz. As a result, essentially no loss of electrokinetic pumping
performance will be seen until the frequency of the applied electric
field approaches 1 MHz.

Stokes’s second problem corresponds to the electrokinetic flow
induced by a sinusoidally varying applied electric field. We can de-
fine the flow rate Q' that results during each volumetric displace-
ment “stroke” of the actuator as Q. and the flow rate that would
result during the same time by steady electrokinetic pumping as
Opc- Inertialeffects in the induced flow are negligible when “quasi-
steady” performance is achieved, namely, when Q',./Qp-~ 1.
From the Stokes solution the ratio of these two flow rates becomes

Qhc/ Qe =/ 2v/w[w ©)

quasi-steady

1.0

’
ne

/0

’

2 A’

Fig. 6 Ratio of Qllsc to Q{)C from Eq. (9) for any sinusoidal component
of frequency w in an unsteady applied electric field. For QI’XC/Q{)C ~1
volumetric displacement achieved by electrokinetic pumping is in the
quasi-steady limit with no losses caused by inertia effects. For 1-pzm pore
sizes as in Sec. V, roll-off produced by inertial effects does not begin until
frequencies above 500 kHz.

From relation (9) the cutoff frequency across which the actuator
response changes from quasi-steady performance to a frequency-
limited roll-off can be inferred, as shown in Fig. 6. Again assuming
an aqueous electrolyte with kinematic viscosity comparable to that
of water, this indicates a cutoff frequency of the order of 500 kHz
for 1-pum pores. For the porous polymer matrix used to fabricate the
arrays in this study, the average pore size is roughly 1 ;«m, and this
would suggestessentiallyloss-less frequency response up to around
500 kHz. These considerations indicate that it should be possible
to meet the frequency response requirements for all of the vehicle
types in Fig. 2 with electrokinetic microactuators having typically
1-pm pore radii in the electrokinetic channels.

V. Electrokinetic Microactuator Array

A. Three-Layer Design

Prior studies have developed processes for creating porous poly-
mer matrix structures, with 1-pum-scale pore sizes, that can be suit-
ably doped to provide electrokineticflow.>>3® These provide the ba-
sis for a fundamental three-layerdesign of electrokineticmicroactu-
ator arrays. This three-layerdesign, shown schematically in Fig. 7a,
uses a center layer containing individual electrokineticdriver chan-
nels formed in an appropriate substrate material and filled with this
porous polymer matrix structure.>” The porous matrix structure can
be readily created throughout these individual channels by intro-
ducing the polymer in liquid form immediately after mixing its two
principal constituents. Dopants previously added to these principal
polymer constituents provide the desired acidic or basic groups on
the solid surface; the particular choice and concentrationof dopants
depends on the intended electrolyte and the desired zeta potential.
The center layer in this three-layerdesign consists only of the indi-
vidualelectrokineticdriverchannelsfilled with such porous polymer
matrix structures, as shown in Fig. 7a.

Once the curing process in the center layer is completed to pro-
duce the porous polymer, the resulting structure can be readily wet-
ted with electrolyte by simple capillary wicking action. Continual
contact with the electrolyte, and thereby continual wetting of the
entire porous matrix throughout each individual actuator channel
in the center layer, is provided by a common electrolyte reservoir
in the bottom layer, as shown in Fig. 7a. Because each unit-cell
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Fig. 7a Basic three-layer design of MEKA electrokinetic microactu-
ators arrays in Sec. V, with center layer containing porous polymer
matrix structure.

sl

Fig. 7b Typical cross-sectional view of the top-layer structure showing
cavity, electrode, and channels for each actuator.

-000

Fig. 7c¢ Electrodes and leadouts to unit-cell contacts.

acts as a zero-net-displacemert entity, a fixed amount of elec-
trolyte is maintained within each unit-cell or, alternatively, within
each tile.

Note that no electrolyteis discharged from the unit-cell; the elec-
trokinetic flow induced in the electrolyte when an electric field is
applied across any individual center-layer channel serves only to
displace the working fluid (ambient fluid) from the top layer. This
top layer, shown in Fig. 7, includes a nozzle directly above each
actuator channel in which working fluid is displaced by pumping
of electrolyte in the center layer and issues through the top surface.
In cases where the electrolyte must be separated from the working

fluid, as would typically be the case for hydronautical applications,

a thin layer of flexible membrane material would be sandwiched be-

tween the center and top layers. The top layer also containsa circular
disk electrode for each actuator channel, with leadouts to connec-
tors near the periphery of the unit-cell shown in Fig. 7c. These are
connected with either positive or negative polarity by the unit-cell
control circuitry to the common voltage bus that runs between unit-
cells. This providesfora positiveor negativeelectricfield alongeach
actuator channel between the top-layer electrode and the common
electrode in the electrolytereservoirin the bottom layer, producing
positive or negative pumping of the electrolyte, and thereby pro-
ducing positive or negative displacement of the working fluid from
the top surface.

B. MEKA-5 Actuator Array

Several microelectrokinetic actuator (MEKA) arrays have been
fabricated from the three-layer design shown in Fig. 7. This ba-
sic three-layer design allows for dense arrays comprised of large
numbers of such actuators to be fabricated in thin conformally ap-
plicabletiles that can accommodatethe unit-cell system architecture
described in Sec. III and that might in principle be easily applied
to the surface of real vehicles. A complete description of the five
successive generations of elements of these electrokinetic microac-
tuatorarrays developedis given in Diez-Garias >’ This hasled to the
MEKA-5 actuator array, shown in Fig. 8, which demonstrated fabri-
cation of a full hydronautical-scalearray of electrokinetic microac-
tuators and their integration with a top layer containing the basic
unit-cell structure and all electrical leadouts required for actuation.
The array was fabricatedin a 7 x 7 cm? tile in 250-um-thick Mylar
substrate material, containing 25,600 individual electrokinetic mi-
croactuators with 250-um channel diameters arranged on 350-pum
center-to-center spacings, as shown in Fig. 3 for full-scale hydro-
nautical vehicle applications. These individual electrokinetic mi-
croactuators were grouped into 1600 individual unit-cells arranged
in a 40 x 40 unit-cell pattern on each tile, with each unit-cell com-
posed of a 4 x 4 array of microactuators. As shown in Fig. 9, every
fifth row and column of microactuators in the tile was skipped to
provide room for the resident unit-cell processing electronics. The
top layer in Fig. 9 was fabricated by conventional MEMS process-
ing steps.3”-*® The center layer was fabricated with the same porous
polymer material in thin flexible Mylar substrate material suitable
for conformal application on a vehicle surface.

Fig. 8 Layout of electrokinetic microactuator channels in center layer
of MEKA-5 full-scale hydronautical array, showing 25,600 individual
microactuator channels grouped into a 40 X 40 pattern of unit-cells,
each containing a 4 X 4 unit-cell structure on 325-pm center-to-center
spacing.
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Fig. 9a Close-up view of the resulting unit-cell structure in the elec-
trodes sublayer for the 25,600-element MEKA-5 hydronautical-scale
array.

Fig. 9b  Unit-cell-scale view of the electrodes sublayer, showing a single
unit-cell.

DC performancetesting of the electrokinetic flow rates produced
by this porous polymer was conducted on the MEKA-1 actuator
array. Various steady voltage differences AV were applied across
the electrodes located in the top layer and the bottom layer and
measuring the volume flow rate over an extended time. A com-
plete description of the apparatus setup is given in Diez-Garias.>’
Results are shown in Fig. 10. The volume flow rate achieved was
proportionalto the applied voltage, consistent with relation (8), and
for these conditions provided 0.1 ml/min at 15.3 V/mm. These re-
sults indicate that the 250-pum-diam electrokinetic actuators in the
MEKA-5 array meet the 10 pl/min equivalent dc flow rate for hy-
dronautical applications in Figs. 2 and 3 with applied voltages of
15-20 V across the 250-um-thick center layer.

AC performance testing was also conducted to determine the
frequency response by applying a sinusoidally time-varying volt-
age difference. These measurements were performed with a 1-mm-
diam x 2-mm-thick polymer electrokineticpump, driven by a func-
tion generator into a Burr-Brown 3745 high-voltage op-amp. The
applied voltage was varied from 5 V peak to peak up to 90 V peak
to peak. In this case the electrokinetic pump drove a small closed
cavity containing an air bubble, and the time-varying pressure that
developed in the cavity as the air bubble was compressed by the
time-varying volume displacement achieved by the actuator was
measured. A pressuretransducer(Omega PX170-14GV) was used at
low frequenciesand a microphone (Briiel & Kjer 4138 microphone
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Fig. 10 Experimental results for steady electrokineic pumping perfor-
mance achieved with MEKA-1 array for two different applied voltages.
Total displaced volume increased linearly with time and varied with
field strength.
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Fig. 11 Measured frequency response of an electrokinetic actuator
for a sinusoidally time-varying applied field of various frequencies w,
showing results from a low-frequency pressure transducer and a high-
frequency microphone: ——, £~ roll-off corresponding to loss-less ac
performance.

with B&K 2618 preamp) at high frequencies. Results are shown in
Fig. 11, giving the relative peak-to-peak variationin the signal from
the transducer or microphone normalized by the manufacturer’s re-
sponse calibration. The f~! scaling shown by the solid line is the
theoretical resultcorrespondingto loss-less ac performance;i.e., the
reduction in volume displacement per cycle resulting solely from
the f~! reduction in cycle period with frequency. The equivalent
dc flow rate Opc is seen in Fig. 11 to be essentially constant up to
applied frequencies at least as high as 10 kHz. The origins of the
roll-off above 10 kHz remain unclear and may be due to an exper-
imental limitation. The measured frequency at which this roll-off
begins would be consistent with the onset of inertial damping in a
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porous matrix structure with 10-um pores, based on the considera-
tionsin Sec. IV.C, whereas the nominal pore size in the electrokinetic
driver channels is believed to be about 1 um. However, it is also
possible that, whereas the pore size in the present matrix is nomi-
nally 1 pm, the largest pores can be as large as 10 um and these
determine the inertial damping limit for the actuator. Irrespective of
these considerations, the 10-kHz frequency response demonstrated
in these tests meets the demands for most of the vehicles in Figs. 2
and 3 and far exceeds the requirements for all of the hydronautical
applications.

VI. Conclusions

The presentstudy has been the first to examine the electrokinetic
principleas the basis for a new class of microscaleactuatorarrays for
active sublayer control on full-scale aeronautical and hydronautical
vehicles under realistic operating conditions. Specific performance
requirements for microactuator spacing, flow rate, and frequency
response for active sublayer control have been determined from
fundamental scaling laws for the streamwise vortical structures in
the sublayer of turbulent boundary layers.

In view of the inherentlylocal nature of the sublayerdynamics, a
general system architecture for microactuatorarrays appropriate for
active sublayer control has been developed based on the concept of
relativelysmalland independentunit-cells,each with theirown sens-
ing, processing, and actuation capability, which greatly simplifies
the sensing and processingrequirementsneeded to achieve practical
sublayer control. A fundamental three-layer design has been devel-
oped for such electrokinetic microactuator arrays, in which elec-
trokinetic flow is induced by an impulsively applied electric field
across a center layer, with a bottom layer containing an electrolyte
reservoir and a common electrode, and a top layer that contains
individual electrodes and lead-outs for each microactuator in the
unit-cell.

A recently developed porous polymer fabrication technology has
been adapted to permit formation of fine-pore matrix structures suit-
able for electrokineticpumping in large, dense arrays of microchan-
nels. Measured volume flow rates under the effect of steady applied
electric fields have been shown to meet the requirements for active
sublayer control on full-scale vehicles. The thin layers into which
these electrokineticmicroactuatorscan be fabricated permits the re-
quired field strengthsto be achieved with potential differencesof the
order of 15-20 V. Measurements of the actual frequency response
achieved in such electrokinetic actuators have verified essentially
loss-less ac performance at frequencies as high as 10 kHz.

Several generations of such electrokinetic microactuator arrays
have been built leading to the MEKA-5 full-scale hydronautical ar-
ray, composed of 25,600 individual electrokinetic microactuators
with 350-um center-to-center spacings, arranged in a 40 x 40 pat-
tern of unit-cells,each composedof a4 x 4 matrix of actuators. This
array was successfullyfabricatedina 7 x 7 cm? tilein 250-um-thick
Mylar substrate material.
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