Analysis of a versatile moving-belt mechanism
for the control of wall-bounded flows
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This paper considers a remarkably simple yet versatile ngphbielt mechanism for the control of
both laminar and turbulent wall-bounded flows. The mecharisnsidered can be used in both the
passive and active setting, and shows potential for a yaofgbossible aeronautical, maritime, and
microfluidic applications, including drag reduction, ts#tion delay, power extraction (e.g., electric-
ity generation), power addition (fluid pumping), detectamd prevention of separation/stall, thrust
production, lift enhancement, and attitude control. Pea$p for the designs considered are es-
pecially attractive for small unmanned vehicles and “miciidic” applications in which viscous
effects are dominant and the efficiency of traditional higReynolds number designs is degraded.
In the present paper, we first review much of the older liteeabn the subject of moving-belt and
rotating-cylinder strategies for flow control. We then fecun several new analytic results and nondi-
mensional similarity solutions which may be attained with present mechanism when applied in
the laminar setting, including generalizations of the RBladoundary layer and asymptotic-suction
boundary layer profiles. Such results clarify some of theartgnt tradeoffs (with cavity depth,
roller size, etc.) involved in extending this control st@y to practical implementations. Several
promising future applications of the moving-belt mechanire also proposed. This article con-
tains 62 references.

1 Introduction
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Figure 1: Moving-belt mechanism applied to plane channel.flthe flow profiles within the upper cavity are similar
to the profiles shown in the lower cavity. In our initial ansily, the belt is driven to some nonzero velocifypassively

via the friction imparted by the flow in the channel, and weua®s negligible entrainment of the flow fro@into Qp
around the ends of the rollers. In later sections, we disttiessonsequences of applying the moving-belt mechanism
to boundary layer flows, coupling it with suction, allowirgy entrainment of the main flow int@y,, and attaching an
electric generator or motor to the roller supports.

This article considers the moving-belt mechanism illustlan Figure 1 for the control of wall-bounded flows.
At first glance, the effect of this mechanism on the overlyiow is quite simple: it changes the boundary condition
on the streamwise component of velocityéhfrom no-slip to some nonzero value, which may in fact be djseti
if motors are used to drive the rollers to actively contrd telt speed. An important issue that has previously been
largely overlooked is that, in most practical configurasigihe moving-belt mechanism is filled with the same viscous
fluid (air, water, ...) as the overlying flow, and thus the &ssdue to the recirculating fluid withi2; andQy, are
significant. An equilibrium is reached when the drag forc@amted on the belt by the flows R, Q,, andQy, is
balanced by the force imparted on the belt by the torqueseapat the roller supports and the parasitic effects caused
by bearing friction and belt deformation. A primary focustb& present paper is to quantify this hydrodynamic
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equilibrium in the “best case” (that is, neglecting the &ssdue to bearing friction and belt deformation) and intetrpr
its implications in terms of the possible suitability ofghmechanism for a variety of practical applications.

1.1 Approaches based on the Magnus effect

The idea of using a moving surface to control a wall-boundea fias its genesis in the Magnus effect, whereby an
isolated rotating cylinder in crossflow provides a substhaimount of lift. Magnus [5] observed and explained this
phenomenon, thereby “solving” the militarily importanbpiem of the frequent deviation of artillery shells fromithe
theoretical trajectories. This effect eventually becamain as the “Magnus effect”, though several investigatoot)
before and after Magnus, contributed to its understandtog.detailed historical accounts of the early experimental
and theoretical explorations of this effect, see Swansparjé Tokaty [1].

In 1922, A. Flettner embarked on the design of a wind-powstdd based on the Magnus effect. The work
culminated in 1924 with the testing of this concept on theofédted German naval schoonBuckau(Figure 2a),
which was later renamed tligaden-BadenThis large cargo ship (497 tons gross) set “sail” by way ef Mhagnus
effect and two rotating cylindrical “rotors”, each of whialas 2.7m in diameter and 18m tall and driven to a maximum
rotational velocity of 120 rpm by a total of 11 kW of electriower (Flettner [7, 8]). Théuckauwas followed in
1926 by the retrofit of th8arbara This larger ship (2077 tons gross) was fitted with threerspteach approximately
4m in diameter and 17m tall and driven to a maximum rotatiee&dcity of 150 rpm by a total of 56 kW of electric
power (Dunn [9] and Leek [10]).

The available literature indicates that both ships exaib# substantial amount of thrust from the rotors even
under fairly light wind conditions and were not substayidlestabilized by the rotors under heavy wind conditions.
However, the rotors required wind to produce thrust, andevelaveloped at a time in which fuel was fairly cheap
and represented only a minor fraction of the cost of opegaimerchant marine vessel. As a result, the fuel savings
achieved was not deemed to warrant the expense and compiaritduced by the rotor mechanism by those in the
merchant marine industry, and the idea was essentiallydaverd. The rotor ships of the 1920s did, however, succeed
in sparking the imagination of several budding engineetBaifera—see, e.g., the artist’s conception of possibledut
rotorships on the cover of the July 1933 issud?opular Science Monthlghereafter referred to &SM) and several
related novel designs in other issues of this popular magadirring the 1930s and 40s, including boats propelled
by large, barrel-shaped rollers (July 1930 and May 1936}ractor boat” (Oct 1935), a human-propelled floating
“hamster wheel” (Sep 1938), and a worm-gear ship propeNay(1946). Though U.S. patents were granted on
several such novel designs, most proved to be naive andcieeffin certain respects, and several were beyond the
manufacturing capabilities of the era. Thus, many of thdeas were largely forgotten at the outbreak of WWII.

An interesting variation on the design of Flettner’s cyknidal rotors was proposed by L. Lesh (§8M July
1933), in which a surfboard-shaped rotor is used, therehyidg both the torque to spin the rotors and the force to
propel the ship from the wind itself. Another proposed vitoia(seePSMJuly 1934) employed three large spinning
cones attached at their vertices at the top of a conventinaat. Neither design was advanced past the experimental
stages. Related vertical “rotor” designs developed dutiegl 920s include the Savonius rotor and the more sophisti-
cated Darrieus rotor. The Savonius rotor consists esdlgritfa barrel which has been cut in half by a plane containing
the centerline, with the two halves reattached after beffsgtin the radial direction by the radius of the barrel. dite
for invention of the Savonius rotor officially goes to S.Jv&aus in circa 1924, but in fact may have been developed
earlier by others (see Park [11]). The Darrieus rotor, inweioy G.J.M. Darrieus in circa 1925, uses slender curved
airfoil blades (arranged in a fashion that looks somethikgydn eggbeater) to generate lift, creating torque abaut th
vertical axis. Both of these rotors, though not seeing apttins for ship propulsion, are in common use today as
windmills (Park [11]).

The Turbosall, which works according to a principle related to that of théorships but with a pressurized
interior of the large cylindrical sail and a computer-cofitrd downstream-blowing slot used to maintain attached
flow on the leeward side of the sail (Charrigral. [12]), was developed in 1982 by L. Malavard, B. Charrier and
J.-Y. Cousteau and used on the Cousteau Society’s 8iipsdin & Vent land Alcyone(Figure 2b). This innovative
design (U.S. Patent No. 4630997) has proven to be relialleetiitient for wind propulsion of large ships. Slotted
flaps (see, e.g., McCormick [13]) are the common aerondwipavalent of this design.

Rotating cylinders may also be embedded in a surface wiihdles aligned in the spanwise direction, exposing
only a portion of the cylinders to the overlying flow, to effieely energize the near-wall flow and thereby delay or
avoid separation. Contrary to much of the post-WW]II litaraton the subject, the idea appears to have been originally
proposed by R. Thompson (sB&MFeb. 1932). However, it was first pursued in earnest by A. ielzeCalderon [2].
The first flight-test program implementing this idea tookgelan Peru, where a single-engine Ryan VZ-3RY was
modified to incorporate such an embedded cylinder at thefflapgunction (Figure 3) in an effort to design new low-
speed short take-off/land (STOL) counter-insurgencyraft¢Brown [3]). The idea was studied further from 1968 to



Figure 2: Evolution of cylindrical “sails” for ship proputm: the rotating cylinders of FlettnerBuckau(circa 1924,
shown left) and the Turboséilof the Cousteau SocietyAlcyone(circa 1982, shown right). As depicted in the insets,
Flettner's design achieves thrust via the Magnus effecgredis the Cousteau design incorporates a downstream-
blowing slot on the leeward side of the cylinder to maintditaehed flow. Photographs from (left) Tokaty [1] and
(right) the Cousteau Society, republished with permission

Figure 3: A Ryan VZ-3RY of the Peruvian Air Force, modified bivérez-Calderon [2] to use a rotating cylinder
at the wing/flap junction in order to maintain attached flonewlthe flap is deflected. Photographs from Brown [3],
republished with permission.

Figure 4: Follow-on tests to those in Peru were performedé@AAmes on this modified OV-10A, using essentially
the same design (Cichy, Harris, & MacKay [4]). Note that tta® dpetween the cylinder and the wing surface is
extremely narrow in this implementation. Photographs leyahthor.



1976 at NASA-Ames Research Center (Cichy, Harris, & Mack&y.[In this investigation, the embedded-cylinder
idea was implemented and extensively tested on an OV-1@#adir Take-off and landing distances of less than 900
feet and a stall speed of less than 43 KIAS were obtained.réhiarkable aircraft has recently been carefully restored
and is now on static display at the Yankee Air Museum at WilRun Airport in Ypsilanti, Ml (Figure 4). Wind-
tunnel tests have convincingly verified the effectivendsthis design for separation delay, as illustrated in Figure
5. R. Englar [14, 15] provides a thorough review of variousended rotating cylinder designs and compares the
performance of such designs with several other competimguiation control” strategies (slotted flaps, blown flaps,
jet flaps, etc.) for short takeoff and landing (STOL) apgimas. V. Modi [16] provides another excellent review of
the literature related to embedded rotating cylinder desig

As discussed in the Wright-Brothers’ lecture of Goldstei®][ radical active flow control strategies, such as

Figure 5: Wind tunnel tests of the embedded rotating-cgimdesign, from Alvarez-Calderon [2], demonstrating

large-scale separation with the cylinder stationary )lefbd elimination of separation at the same flow conditions
with the cylinder spinning (center); even at exaggeratqudizflections, maintaining attached flow is possible with a
sufficiently high rotation rate of the cylinder (right). Regished with permission.

Figure 6: Various rudder designs employing both isolatedl @mbedded rotating cylinders, from Steele & Harding
[17]. Republished with permission.

Tractor-trailer truck configuration

—
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Figure 7: Wind tunnel tests of rotating-cylinder controltbé flow over the leading/trailing edges of a tractor-traile
truck, by Modi, Fernando, & Yokomizo [18]. Republished witrmission.



the incorporation of rotating cylinders or moving belts &cdssed here, necessitate redesign of the airfoil shape in
order to obtain maximum efficiency. Such redesign of theodishape should be considered in future work. Other
applications which have been proposed for similar embedutating-cylinder mechanisms include hydrofoils (Brooks
[20]), ship rudders (Steele & Harding [17]; see Figure 6Jfudiers (Tennant [21]), and tractor-trailer trucks (Modi,
Fernando, & Yokomizo [18]; see Figure 7). It is straightfand to extend the surface area over which such a design
has an effect simply by placing several embedded rotatitigdsrs in series, though it is not possible keep the surface
flat while following this approach.

1.2 Approaches based on moving belts

The idea of using a moving belt to extend the effect impartediembedded rotating cylinder over a large surface
areais also quite old. G.A. Tokaty [1], in his charming higtal accounf History and Philosophy of Fluidmechanjcs
reviews many of the early investigations on this topic, withphasis on the contributions from the former Soviet Union
(much of which never reached the western scientific liteggtuA photograph of (apparently) the first driven moving-
belt mechanism for boundary layer drag reduction, develdpeD.P. Riabouchinsky in 1914, appears in Tokaty's
book. Sketches of several experimental designs by B.N."Yeu(circa 1926) and Tokaty (circa 1937) for application
of such a mechanism to airfoils also appear in this book. fljoleports that these designs achieved separation delay
“up to about 25 of angle of attack”, though the experimental data they oletiand photographs of the actual devices
they constructed appear to be difficult to obtain in the wekstSchlichting [22], in the seventh edition of his classic
bookBoundary Layer Theoryeviews further some of the early western literature os énid related topics.

In his Ph.D. thesis and several related short articla8dmptes Rendu$avre [23, 24]), A. Favre documented a
thorough experimental investigation of the effects a mgeinrface has on the aerodynamics of an airfoil. The moving-
belt apparatus used on Favre’s airfoil is illustrated inuf@8, and representative flow visualizations are depicted i
Figure 9. As illustrated in these figures, the designs tegeze highly effective at inhibiting separation, yieldingry
high maximum lift coefficients at high angles of incidencp {aC_ max= 3.7 ata = 55°), and maintaining attached
flow even up tao = 115°.

After WWII, the focus in the field of aerodynamics seems toenhahifted away from fundamental low-speed
boundary-layer theory, and research on the moving-bedt ideboundary-layer control in the 50 years that followed
is fairly sparse. In the study of Truckenbrodt [25], a lamnibaundary layer is considered as it develops first over a
stationary wall over its upstream portion, and then over a&inwpbelt mechanism (similar to that depicted in Figure
1) in its downstream portion. The suitability of the movibgh mechanism for separation delay is motivated by this
analysis. Further analysis of a similar configuration inttibulent regime is provided by Tennant & Yang [26], using
both experiments and RANS computations using the Cebedh3unbulence model.

In his book (first published in 1951), Schlichting ultimatelismissed the moving-belt approach quite pessimisti-
cally:

“With the exception of rotating cylinders, the idea of mayitme solid wall with the stream can be realized only
at the cost of very great complications as far as shapes titaercylindrical are concerned, and consequently, this
method has not found much practical application.”

An old idea nearly forgotten for half a century, the movingjttmechanism for boundary-layer control has been
re-introduced to the modern flow control community by Bethdage, & Brusek [27]. In this work, a passively-driven
moving-belt mechanism of essentially the same type as Hwatis in Figure 1 was constructed and installed on one
of the walls of a channel flow, and careful drag reduction expents were performed. Skin friction reductions of up
to 9% were measured. Inspired by this result, Choi & Choi [@8fformed computations of the effect of mounting
a passively-driven moving-belt mechanism upstream of épausation points in a 2D cylinder flow &e= 100, and
found that separation could be delayed substantiallyethereducing the total drag by up to 28% when 1/4 of the
surface area of the cylinder was covered with the moving+#bechanism. The ability of moving-belt mechanisms
to obtain significant drag reduction and separation dekyeported in these two papers, is in substantial agreement
with the large body of previous work on this subject, as regmbabove. Significant separation delay caused by surface
motion in the streamwise direction is also evident in twagsflows, such as the flow of air past a drop of water or
the flow of water past a bubble of air. In such flows, an inteHillls spherical vortex arises due to the friction of the
external flow, resulting in surface motion analogous to imgiarted by a moving belt and concomitant drag reduction
and separation delay (Panton [29], Sirignano [30]).

Despite these recently-published successes in drag fedwnid separation delay with the moving-belt mecha-
nism, the pessimism expressed by Schlicting in this meshadD years ago still appears to be prevalent with many
flow control researchers today. For example, Gad-el-Hak [8his recent booklow Control states

“From a practical point of view, wall motion for body shapéker than circular cylinders or spheres is prohibitively
complicated, ...



The pessimism expressed in such comments might be unwedrafior example, for applications to flat wall
segments, the “complications” involved in building a mayibelt mechanism, such as that shown in Figure 1, in
fact seem quite manageable (four bearings, two rollersadmlt) when compared with many flow control strategies
recently proposed, many of which necessitate micro-elattechanical systems (MEMS), which are typically quite
fragile. Further discussion of the practical matters of thechanism is deferred to 85.5.

Perhaps one of the reasons for the pessimism in the movilhgyiiroach is the daunting prospect of getting a
large-scale belt to move over thin rollers at a hundred npiggshour or more without vibrating, as would be necessary
in the application of this concept to aircraft operatingtie high subsonic range. However, there is now a large (and
growing) niche market for small unmanned aerial vehicleA(§) and unmanned undersea vehicles (UUVs) which
operate at low speeds and (also due to their small size) aReynolds numbers. In such applications, sustaining
laminar attached flow is quite possible, and the constroctiche belt mechanism appears to be feasible due to the low
aerodynamic loads involved. Thus, in contrast to the reiceestigations by Bechert, Hage, & Brusek [27] and Choi
& Choi [28], the bulk of the present paper focuses on lamirt@ched flow, targeting UAV/UUV and “microfluidic”
applications in which viscous effects are dominant and ffieiency of traditional, higher Reynolds number designs
is degraded. This leads to a number of novel design concepts.

Other strategies that have used in-plane wall motions ttrebmall-bounded flows include

e open-loop strategies involving periodic spanwise walllzgons (see, e.g., Jung, Mangiavacchi, & Akhavan [32];

Sendstad & Moin [33]; Laadhari, Skandaji, & Morel [34]; ChBieBisschop, & Clayton [35]),

¢ wall-normal vorticity actuation strategies by coordirthfeedback control of flush-mounted MEMS micromotors
using the OGY chaos control technique (Keefe [36]), and
o feedback strategies targeting global stabilization otatekzation of the nonlinear Navier-Stokes equation (g,

Liu, & Krstic [37]; Aamo, Krstic, & Bewley [38]).

It should also be mentioned that moving belts have been uisefeveral fundamental turbulence investigations to
study “shear-free” turbulent boundary layers (see, e.gkad & Reynolds [39]; Thomas & Hancock [40]; Aronson,

Figure 8: Two moving-belt mechanisms tested by Favre [23jamow-span configuration (upper-left) and a wide-
span configuration, shown here with the belt installed @eletft) and the belt removed (right). The two designs have
similar cross-sectional configurations (lower-left); @t particular that the gap between the belt and the sultateic
of the airfoil is extremely narrow over extensive regionghiase implementations. Republished with permission.



Figure 9: One of several wind-tunnel tests of moving-belchamisms by Favre [23], demonstrating large-scale
separation with the belt stationary (left), and eliminatid separation at the same test conditions with the belt ngpvi
(right). Republished with permission.

Johansson, & Lofdahl [41]), and are now fairly standard égglipment to account for the motion of the groundplane
with respect to the vehicle in automotive wind tunnel expents (see, e.g., Katz [42]).

Motivated by the several successes of flow control straselgeesed, for example, on simple rotating cylinders,
together with the recent advances in material technologgiwdgppear to make the fabrication of reliable low-friction
moving-belt mechanisms now possible and the rising costaieifand new applications (such as UAVS) driving
radical departures from “standard” vehicle configuratjohappears to be an appropriate time to revisit the idea of
using moving belts for the control of wall-bounded flows irthbaeronautical and maritime applications. Though it is
true that, in theory, the feedback control strategies WMEMS devices enable are sometimes the most energetically
efficient means of stabilizing a fluid system (see, e.g., svemt reviews of progress in this direction in Gad-el-Hak
[43] and Bewley [44]), the promising opportunities for siimmechanisms for passive or open-loop active control of
wall-bounded flows should not be overlooked. The moving-melchanism illustrated in Figure 1 provides just such
an opportunity. With the present paper, we seek to both ifyahe effectiveness of this flow control strategy in the
laminar regime and suggest new applications for this mashmawhich have previously been unexplored.

2 Laminar channel flow

2.1 Fully developed channel-flow profile with moving-belt mecha nism

The geometry considered first is shown in Figure 1. Assun@ngnar flow with sufficiently largé&y, we may compute
the 1D profiles of this flow analytically. Given the channelftveidth o, the depth of the cavitd = 2r + h, and the
radius of the rollers, the velocity profiles illustrated in Figure 1 may be paragnieed as:

U= uy—+a(d —y? with —-d<y<d inQ (Poiseuille flow in moving frame
Ug = uw% with  —r<ya<r inQa (Couette flow) Q)
up=byp— cy% with O<yp<h inQyp (Couette-Poiseuille flow)

whereuy, is the velocity of the belt and, b, andc are coefficients to be determined. Note that, by constraatitch
this parameterization,

Uy==48)=uy inQ, Ua(Ya=Tr)=Uy iNQa, Ua(ya=—T)=—Uy iNQa, Up(Yp=0)=0 inQy,
and the mass flux i@, is zero. We seek to find, b, ¢, andu,, such that

A. the mass flux per unit volume of the channel flowgins some prescribed vallds (note thatJg is also referred
to as the “bulk velocity”),

B. the mass flux i), is zero, modeling zero entrainment of the flow fréninto Q, around the ends of the rollers
(this condition will later be relaxed),

C. ub(yb = h) = —Uw in Qp, and



D. the sum of the forces on the belt is zero.

Assuming zero torques applied at the roller supports anad$sek due to bearing friction or belt deformation, these
four conditions lead immediately to four linear equatiomghie four unknownga, b, c, uy}:

o [ (a8 )| dy=Us

/Oh [byb—cyg} dy, =0,

bh—ch? = —uw,
“diy [uw+ a(8® — yz)} Ya d [uwE

d
[UW r La=r B “d_ya r :|Ya=—r

s My g [ow—oF] o

Yo=h

whereplis the viscosity of the fluid. (Note also thais defined as the density of the fluidis the kinematic viscosity
of the fluid, andv = pu/p.) These equations may be rewritten as

28%a

3 +UW:UB,
h2b h3c
2 3 °
hb—h?c+uy =0,
2Uy

26a+b_2hC—T :07

or in matrix form as

25°/3 0 0 1 a Us
0 h/2 -h¥3 0 b| |0
0 h —h? 1 c|] |o
25 1 —2h —2/r) \uy 0
Defining f = 3hr+44r + 2ho, the solution is
- 3Ug(2r +h) B 6Ugr B 9Ugr - 3hUgr
a_T, b= . C—W, and Uy= . (2)

For example, takind=h=r =Ug = 1, we find thak = 1,b=2/3,c =1, and the belt velocity, = 1/3.

2.2 Drag reduction

Inserting the solution foa, b, ¢, anduy into the parameterizations of the velocity profiles, it iersehat all three
profiles simply scale linearly with the bulk velocitys. Also, we may choose to geometrically scale all lengthsén th
problem byd. Thus, when properly scaled, the velocity profiles deriveolv@ are independent of the Reynolds number
based on the bulk velocity and channel half wid®& = Ugd/v, so long as the Reynolds number is sufficiently low
that the flow is laminar. (Analogously, for the laminar boanglayer cases examined in 83 & 4, we will determine
similarity profiles which are independent of the Reynoldsiber based on the free-stream velocity and displacement
thickness Res: = U, /v, so long as the flow is laminar.) In fact, there are just twongewic parameters which
characterize the profiles in the laminar channel-flow caséclwwe define to be the ratio of the roller radius to the
cavity depthy /d, and the ratio of the cavity depth to the channel half wid{fy. We therefore now study the percent
drag reduction possible with this moving-belt mechanisra ismction of these parameters.

Defining the control volume as the channel-flow dom@itnly, the drag force per unit areB, exerted by the
channel flow onto the lower belt (and thus, by the sum of thed®exerted on the roller supports and the wallQgf
the force per unit area exerted on the supporting structelmbthe channel) is given by

d
D == I.ld—y |:Uw+ a(62 — y2):| 5 = 2|J.6a

y=—
Normalizing this equation by the drag when the belt is stetig, Dg = 3puUg/9d, the drag as a function of/d and
d/dis plotted in Figure 10. The normalized roller siz&l = 0.25 is seen to provide the greatest drag reduction for all
values ofd/d.
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Figure 10: Drag reduction of plane channel flow when the palsidriven belt mechanism is installed, assuming
no entrainment of the main flow into the lower cavity. (a) Nafired drag as a function of cavity depth and roller
size. (b) Normalized drag as a function of cavity depth fer dptimum roller size /d = 0.25. Assuming the flow is
laminar, the result shown is independent of Reynolds number

The percent drag reduction possible via this strategy as@s monotonically as a function of cavity depth, but is
modest for reasonable cavity depths. Neglecting beariotidn and the energy lost in deforming the belt, only 17.8%
drag reduction is possible fdr= 3, and 48.4% drag reductionis possibledict 50. Both of these cavity depths would
probably be considered as “large” from the implementatierspective. Indeed, for the channel-flow application, it
would make much more sense just to increase the channel fdilf & without putting the belt mechanism in the
way. Symmetrically increasing the channel half widthy an amountl = & at the upper and lower walls without
introducing moving-belt mechanisms, while maintaining thtal mass flux constant, results in a 75% drag reduction
(over four times better drag reduction than the configunagimoposed in Figure 1). Thus, the present study on the
drag reduction and stability enhancement characterisfitise moving-belt mechanism applied to channel flows is
provided for the sole purpose of introducing these effate simple environment in which the fully-developed flow
is available analytically and is invariant in the streanemi®ordinate. The engineering benefit of implementing the
moving-belt mechanism to achieve these effects will becapparent in 83 & 4, where we discuss the application of
this mechanism to boundary layers.

2.3 Stability enhancement

As shown by Orszag [45], the parabolic laminar channel-flogfile

u=S2 @y )

is a linearly stable solution to the Navier-Stokes equatiith no-slip boundary conditions fde; = Ugd/Vv < Res s,
and is a linearly unstable solution fBes > Res | s, where the critical bulk Reynolds number for linear stapitif the
channel flow isRez s = 3848. Note that this corresponds to a critical centerlingniRlels number oRe, s = 5772,
whereRe. = U:8/v and the centerline velocity of laminar channel flowis= %UB. Nonlinear instability of channel
flows with sufficiently large initial perturbations or apgdi external disturbances is often seen at subcritical bulk
Reynolds numbers which are well beld¥®& | s. Both experiments and computations verify that global iltalof
laminar channel flow is consistently seen Res < Res gs, whereRes gs~ 670 (Schmid & Henningson [46]), though
the bulk Reynolds number for global stability of this systeas not been determined very precisely.

When the moving-belt boundary conditions are imposed, thestion of stability of the resulting parabolic flow
in Q, given in (1), can easily be reduced to the question of staliil the no-slip case (3) for a modified value of the
bulk velocityUg. To illustrate, consider the simple change of variables

(>

02 u—uy. (4)

This change of variables reduces the profil®igiven in (1) to a profile of the form

G= 22 (& y). 5)



with what we define as aeffective bulk velocityg of
Ug £ Ug — U,
corresponding to aeffective bulk Reynolds numtRe; of

Re=S=—7 ~Re-5 ©

Note that the Navier-Stokes equation remains unchangeerhid change of variables, and its boundary conditions
are made homogeneous. Thus, the question of stability aft(@)particular value dfig is equivalent to the question
of stability of (3) at that value dilg, which is a solved problem. Converting back to the origiradrdinate system, it

is thus seen that the critical Reynolds numbers in the mdvatigcase are

Res s — 3848+ @ , Rescs= 670+ “%6.
Inserting foruy, from (2) at the corresponding critical Reynolds numbersraadranging yields
3d ryr 3d1 3d1
Reps= 3848<1+ >3 (1— 26) a) - 3848(1+ 585) , Res.cs= 670(1+ §S§> :

whereg £ [(1—2r/d)r/d]~L. Thus, for a given value af/d, the critical Reynolds numbers for instability of the
parabolic profile irQ increase linearly withl /3, as illustrated in Figure 11. The valueryfd which minimizesg, and
therefore maximizes these critical Reynolds numbens/ds= 0.25, resulting ing = 8.
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Figure 11: Critical bulk Reynolds numbers for stability bétchannel flow i in the system depicted in Figure 1
as a function of cavity depth far/d = 0.25. For bulk Reynolds numbeRs; = Ugd/Vv belowRes s (solid line), the
laminar flow inQ is linearly stable, and for bulk Reynolds numbBeg belowRes gs (dashed line), the laminar flow
in Q is globally stable.

As shown in Potter [47], a small Couette component is suffidielinearly stabilize plane Couette-Poiseuille flow.
In particular, Potter showed that, assuming a laminar flavfileru(y) between two plane walls gt= 0 andy = 1, all

flows for which

lu(1) — u(0)| > 0.7 |u(0.5) - w )
are linearly stable to infinitesimal disturbances for alyRalds numbers. As the flows in bofy andQj, (see Figure
1) satisfy Potter’s inequality (7), these flows are lineathble.

It is well known that, due to a variety of so-called “bypassdchanisms, transition in plane channel flows with
no-slip boundary conditions typically occurs flegs well belowRes | s even when the initial perturbation or applied
external disturbances are fairly “small” (for a recent esviof such transition mechanisms, see Schmid & Henningson
[46]). Using the above-described change of variables, tilde Viterature on such mechanisms extends directly to the
region denoted in the present configuration (Figure 1) at the effective Régmnumber defined in (6).

Related bypass mechanisms are also possible in the CowstténfQQ, and in the zero-net mass-flux Couette-
Poiseuille flow with one stationary wall @y, (see Figure 1). (In the case of Couette flow, Romanov [48béisted a
lower bound on the domain of convergence of the laminar flatesis a function of Reynolds number.) In fact, as the
effective Reynolds number increases wdtfd in Q, andQp but decreases witll/d in Q for a fixed value olUg, for
sufficiently larged/d bypass transition will actually occur R, andQj, for lower values ofJg than that necessary to
excite bypass transition @, even though the laminar flows &, andQy, are linearly stable for all Reynolds numbers.
The phenomena of bypass transition is thus significant fohiade flow regions, and should be characterized carefully
before implementation in a practical configuration if laariflow is desired for values afg which are not small.
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2.4 Power extraction or addition

Utilization of the moving-belt mechanism shown in Figureat éither the extraction of power from the flow (for
example, for the generation of electricity) or the additidmpower to the flow (that is, to pump the fluid) is straight-
forward simply by applying electric generators or motorth@roller supports. In the following three subsections, we
analyze the system efficiency of three different configoratifor the power extraction (electricity generation) &ppl
cation. In the subsection that follows (8§2.4.4), we consille system efficiency of these three configurations for the
power addition (pumping) application.

2.4.1 Power extraction: configuration #1

In the symmetric configuration depicted in Figure 1 for a gibelt speeds, (which may be controlled by adjusting
the load on the generators), the velocity profiles of the rflaim in Q and the recirculating flows in the fluid-filled
cavitiesQ, andQy, are given by (1), where a, b, and c follow from conditions AaBd C of 8§2.1:

25%/3 0 0 a Ug — Uy
0 h?/2 —h¥33]|[b]|= 0 .
0 h -1 c —Uy

3(Ug — uy) 22Uy Suw

552 b= ho c= - (8)
Instead of applying the zero-torque condition at the ralgvports (condition D) as done in 82.1, we now seek to max-
imize the efficiency by which we may extract power from the fleith the moving-belt mechanisms by appropriate
selection of 0< uy,/Ug < 1 andd/d > 0.

The total power extracted by this system is equal to twicetveer extracted by the lower belt, which is just equal
to the belt velocity times the total tangential force on tledt.bThus, normalizing by the channel width, the power
output extracted by the belts per unit volume of the chanhgl;, is:

= 2008 (L st 2] - ] ) o o] )

The solution of this system is:

a=

- %‘ (26a+b-2hc-@) .

The power input per unit volume of the flow in the chanm&b,, is simply the bulk velocity times minus the mean
pressure gradient:
B dp\ Ugp /du du
Frow =Ue <_d_x) T 28 <dy‘y5 dy‘y:es

Thus, combining the expressions for the velocity profilgsaih the expressions fab,e; and Prow, the efficiencyn
of the power extraction by this configuration is

> =2pUga.

n= Poelt o (uwl/d)(20a+b—2hc—2uy/r) _ U_B [3(1_ U_B) —ZgU—Ba} o
= Priow B 2pUga - 3 1_% .
(-5)

The maximum efficiency for a given belt speed and cavity déeptbund by minimizingg by selecting /d = 0.25,
resulting ing = 8. For this value 0§, the efficiencyn is plotted in Figure 12 as a function of,/Ug for several values
of d/d. Itis seen that large values 6fd are required to achieve over 30% efficiency in this desigmthiew, by setting
on/duy = 0 and solving fory, it is easily shown that the maximum efficiency for a givenigadepth is given by
Uw/Ue = 1—/29/+/29+ 3d/9, as marked by the asterisks in Figure 12.

2.4.2 Power extraction: configuration #2

If the flow in the channel is of water, and the cavities areaithstl only on the upper surface of the channel as shown
in Figure 13, then the cavities may be filled with pressuriaieét approximately the local pressure of the fluid in the
channel. Note that the buoyancy of the air essentially titapshe upper cavities. As the viscosity of air is only about
1% that of water, this is an effective strategy to minimize ltsses due to the recirculating fluid within the driventbel
mechanisms. Note also, however, that the pressure of thérflitne channel decreases significantly as the flow evolves
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Figure 12: Efficiency of configuration #1 (depicted in Figdnefor power extraction from a channel flow with the
moving-belt mechanism as a functiongf/Ug for d/6=1, 2, 4, 8, 16 witlr /d = 0.25.

Figure 13: Configuration #2 for generation of electric pawBressurized air is added to each cavity to just sub-
merge the lower section of each belt, thereby minimizingéssdue to the recirculating fluid within the driven-belt
mechanisms.

downstream and power is extracted. Thus, if one chooses tbeilpper cavities with air, several separate cavities
should be used to contain the upper belt mechanisms, withittie each cavity at a different pressure, in order to
minimize the normal load on the belts and the leakage andigigsiue to pressure differentials.

With this strategy, the peak efficiency may be estimated lsifop neglecting the losses in the upper cavities. In
this case, the flow profile in the main channel may be parametkas

o+y

U= Uy—s + a®®—y’) with —-3d<y<d inQ (Couette-Poiseuille flow)
Setting the bulk velocity of the flow t0g results in
1 0 uy  28%a 3
%Léudy—?+ 3 —UB = a—4—62(2UB—U\N).

The power extracted by the belt per unit volume of the chamagl be estimated simply by taking the velocity of the
belt times the tangential force on the belt per unit areanadized by the channel width:

Phelt = —% diy [uw%’ +a(8 - yz)}yza = %(wg — 2Uy).
The power input per unit volume of the flow is, again, just théklyvelocity times minus the mean pressure gradient:
Fion = Us (—‘;—E) _ e (%\ya— %\yQ ~ 3% (25— ).
The efficiency of the power extraction by this configuratisthus
_ Boelt _ Uw(3 — 2uw/Ug)
Piow  3Us(2—uw/Us)

By settingdn/duy = 0 while requiring thatyy < 2Ug so that®. is positive, it is easily shown that the maximum
efficiency for this design is attained by taking the belt eélpu,, = Ug, for which we obtaimmax=1/3.

(10)
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2.4.3 Power extraction: configuration #3

Figure 14: Configuration #3 for generation of electric pawsambining the ideas of air-filled upper cavities and
water-filled lower cavities.

Though filling the upper cavities with air, as done in Confagion #2 depicted in Figure 13, was an effective
strategy to minimize the losses due to the recirculatingl fwithin the upper driven-belt mechanisms, a significant
penalty was paid for extracting power from only one wall af tthannel, and the resulting peak efficiency of the power
extraction was only 33%. We now consider the asymmetric gardition shown in Figure 14, in which the lower
cavities are filled with water, as in Configuration #1, andupper cavities are filled with air, as in Configuration #2.
With this strategy, the peak efficiency may be computed byhinmg the analysis techniques of the two previous
sections. In this case, the flow profiles in the channel fiband the lower cavitieQ, andQy, (see Figure 14) may be
parameterized as

U= Uy 26y n UUW62+6y +a@—y?) with —3<y<d inQ  (Couette-Poiseuille flow)
Ua = Uy % with  —r<ya<r inQ, (Couette flow)
up=byp— cyzb with O<yp<h inQy (Couette-Poiseuille flow)

whereuy, is the velocity of the lower beltyyy is the velocity of the upper belt, argl b, andc follow from conditions

A, B, and C of 8§2.1:
28°/3 0 0 a U — (Uny + Uyw) /2
0 h?/2 —h¥3]||b]|= 0 .
0 h —h? c —Upw

The solution of this system is:

. 3[UB - (UIW + Uuw)/z] . 2Uy _ Ui

a= 252 ’b_h’c_hZ'

We now seek to maximize the efficiency by which we may extrastgr from the flow by appropriate selection of
bothu,, anduy. The total power extracted by the belts per unit volume ofcthennel is

u d 0— o+
Boelt = —— 5 uwH [U y+ Uuw y+a(6 _yz)}

(11)

25 dyl"™ 25 25 Y=
UwH ( d -y d+y 5 _
25 (dy{ w5+ Uy +a(d yz)}y?a

] ] oo, )

B u|W)2 Upw M _ 2Uw
T + (Uyw+ Uw)pa+ — %5 <b 2hc - )

As before, the power input per unit volume of the flow in therutnal is:

dx
_Usp/d -y o+y 5 d o—y o+y 2
=25 (dy[“‘w 25 T Uwgg +ad _yz)}yz—ﬁ cly[“'W 25 Uy +ald _yz)}yzé
=2pnUga.
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The efficiency of the power extraction by this configuratisthius

_ Pher _ —H(Uuw— Unw)?/ (48%) + (Uyw+ U ) a+ i (b — 2hc— 2y, /1) /(29)
Priow 2pUga
_ —(Uuw— Uw)?/(4U3) + 3[1 — (Uuw+ Uw)/(2Ug)] (Uuw+ Uw) /(2Ug) — (8/d)g 1§,
3[1— (Uyw+ Uw)/(2UB)] .

Again, the peak efficiency is obtained by minimizigdy selecting’/d = 0.25, resulting ing = 8. Maximizing the
efficiencyn with respect to the remaining undetermined paramefgranduyw, by settingdn /du, = on/duyw = 0,
may be shown that the maximum efficiency for this design & by taking the belt velocities

d  __32+3d-2v64+6d

5 ~ 256+ 56d+ 3d2

(12)

Uw/Us = (16+d)F  and  uw/Ug=dF  where d=

The variation of the efficiency of this configuration with pest to the remaining parameter, the normalized depth of
the water-filled cavityd/d, is shown in Figure 15, along with the efficiency of the confagions discussed in the
previous two sections.

d/8

Figure 15: Efficiency of configuration #1 (dashed), configiora#2 (dot-dashed), and onfiguration #3 (solid) for
extraction of power from the channel flow using moving-be#almanisms on the wall, assuming the optimal belt
speeds are used in all cases.

2.4.4 Power addition

The three configurations discussed above in the contextwépextraction from the flow (for example, for the gen-
eration of electricity) may easily be adapted to the probddrine addition of power to the flow (to pump the fluid)
simply by driving the rollers with motors rather than extiag energy with generators. The same formulaeZg
and®q as considered in the previous sections are still valid,libelts are now driven to a higher velocity in order
to add energy to the flow system. The formulae for computiegetificiency in this power addition problem is given
by the reciprocal of formulae (9), (10), and (12) used in tbegr extraction problems discussed above, that is,

o Priow

B Poelt .

For configuration #1, the efficiency in the power additiongemn is plotted in Figure 16 as a functiongf/Ug > 1
for several values al/5 > 0, again taking /d = 0.25. As in the power extraction problem, it is seen that laajaes
of d/d are required to achieve over 30% efficiency in this desigfollidws in this case that the maximum efficiency
for a given cavity depth is given hyy/U. = 1+ +/29/+/29+ 3d/d, as marked by the asterisks in Figure 16.

For configuration #2, the efficiency of the power addition sximized by takings, = 3Ug, for which we again
obtainnmax=1/3.

For configuration #3, the efficiency of the power addition eximized by taking

F_ 32+ 3d+2v/64+6d

d
3 256+ 56d + 3d2

Uw/Us = (16+d)F  and  uw/Ugs=dF  where d
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Figure 16: Efficiency of configuration #1 for power additiana channel flow with the moving-belt mechanism as a
function ofuy/Ug ford/d=1, 2, 4, 8, 16 withr /d = 0.25.

Note that the belt velocities selected to maximize efficjeimcthe power addition application are completely
different from the belt velocities selected to maximizeaddincy in the power extraction application (compare, e.g.,
Figure 16 and Figure 12). Remarkably, however, the vanatfthe maximum efficiency with respectdgd for the
three configurations in the power addition applicatioexactlythe same as the variation of the maximum efficiency
with respect tal/d in the power extraction application, as shown previouslyigure 15.

3 Developing laminar boundary-layer flow

Contrary to the channel-flow application, the moving-beéiamanism has very significant engineering benefits in
terms of drag reduction and stability enhancement wheriegppd a boundary layer. In this setting, the location of
the belt is beneficial for demarking the edge of the boundaygr, preventing the instabilities which might otherwise
arise in an open-cavity flow system (Gharib [49]; Rowley, @ulis, & Basu [50]). As shown in the experiments of
Koenig & Roshko [51] and Gharib & Roshko [52], it is possible the laboratory setting) to use open cavities to
obtain significant drag reduction; however, the instadslithat often arise in such open-cavity flows can often lead to
early transition to turbulence and a substantial dnageaseif the external flow characteristics are not correct. Pgttin
a moving belt at the cavity/boundary-layer interface is ti@otive way of preventing such instabilities from forming
As with the channel flow, the moving-belt mechanism allowes dinag of the boundary-layer flow to be reduced
significantly below that of the flow past a solid wall. In adioiit, the displacement Reynolds number of the developing
boundary layer grows much more slowly when the moving befltrésent, so boundary-layer instability and transi-
tion to turbulence can be substantially delayed. Sincerdanboundary layers have much lower drag than turbulent
boundary layers, the transition delay achieved by suchagesly might have a very significant effect on the total drag
of the boundary layer.

3.1 Development of boundary-layer profile with moving-belt mec hanism

We now repeat the analysis of the previous section, reglahmchannel flow in the domafdwith a laminar boundary
layer, as depicted in Figure 17. Starting from the boundayer approximation

2
u@_’_v@ :VE L,I:Uoo7 v=0 atX:O,
ox oy ay? .
with u=uw(x), v=0 aty=0,
ou n ov 0 U
JR— —_ = —> 00
ax ay U— Ue asy s

governing the flow in the domaifx,y|x > 0,y > 0}, whereu,, is the velocity of the moving belt in thedirection and
U is the velocity of the free stream, and introducing the sireactiony such that

_ _ v
u= 3y and V= v (13)
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the continuity equation is satisfied immediately and the motum equation may be written as

—Usy, -0  atx=0,
aLlJ aZI.IJ awaz—w B 63I.IJ lIJ Y 0x

; a
a—y aX—ay - & ayz - VW W|th I.IJ - 0, a—l)l; - Uw(X) aty == 0, (14)
N _, U asy — o
ay @ :

Note that this system is singular (and, in fact, the apprexioms leading to it not valid) in the vicinity of the origin
x =Yy =0 but may, with care, be integrated past this singularitymdizing by a characteristic length(for example,
the total length of the boundary layer under consideratimia)scaling with the Reynolds numtee £ LU.. /v based
onL and the characteristic velocity, (the free-stream velocity), we now define the dimensiontessdinateg and

n and a rescaling of the streamfunctidn such that

_1 _vRa VR
E=0% M=y and  f= e by,

where((§) is some scaling function which is, as yet, unspecified. Tdifaie the analysis (though not strictly
necessary in the implementation), we will seek to distebilite cavity depthd in the streamwise coordinatein
such a way as to provide similarity solutions of the boundawer profile in which the rescaled streamfunctibis
a function of the dimensionless coordingt®nly, i.e., f = f(n). Such similarity solutions help us to identify and
understand the advantages and tradeoffs involved wittsthasegy for controlling the development of the boundary
layer, even though the discrete nature of the implememidti®, implementation with a finite number of moving-belt
mechanisms) precludes precise realization of such a caafign in practice.

Applying the above definitions and denotifg= d{/dg, ' = df/dn, f” = d?f/dn?, and f"”" = d*f /dn?, we
have

Y _0WoE ogon _ Uxl' . LUxGn

e it —_ _ !

ox 0% ax on ox Re vRe v (153)

o _oyon _, o

By " ondy Ue ', (15b)
0P  OU.f'  Unf'on  Usln ,
oxdy  ox  an ox U ™ (15¢)
%Y ULt dU.f'dn  U.vRae .,
oy om oy L (159
03_"“ - 2 Uv/Re 1) = i UvRe £ a_r] - U.Re, £ (15e)
oy ay\ LC on Lg oy L2z

E%’E’fy ) Q j_té[ j
‘ </ ‘. ‘ Qa<
Q

b
7
7 7 7 7 7 Z //%
Figure 17: Moving-belt mechanism applied to boundary-t#fipev. Note that, when controlling a developing boundary
layer, the cavity depths may be designed to increase wittsdju@re root of the distance downstreains: 2r +
h O /X, thereby leading to a discrete approximation of the siritylaolution derived in the text. Note that, in the
implementation, the wall between adjacent moving-beltlmeésms is unnecessary, but might be beneficial in terms
of structural stiffness in an actual (three-dimensionh)gical system. To facilitate the analysis, as in 82, werassu
that the length of each individual cavity is much larger titardepth, so that 1D profiles may be used to characterize
the flows inQ, andQy. Note also that the effects of the (possibly significant)atiyns ofdp/dx near the beginning
and end of the moving belts (due to the sudden change in thee@latity) are neglected.

MMM
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Inserting (15a)—(15e€) into (14) and applying the definibdiRe yields
" + () ff" =0. (16)

In order for the solution of this equation to be invarianirthe coefficient¢’ itself must be invariant if. We thus

define
2(8) & V2.

With this definition, the streamfunction representatiothaf boundary-layer equations (14)@reduces to Blasius’
equation with modified boundary conditions

f=0, f =uy/Us atn=0

fl—1 asn — o, (7

f”+ff"=0 with {

[Interestingly, Clauser [53] analyzed certain properigthis “slip-wall” laminar boundary-layer system and posed

it as a first-order model of the outer layer of a turbulent kotarg layer.] As in 82.1, assuming the length of each
individual cavity is much larger than its depth, we may asstine 1D profilesia = UyYa/r in Qa andup = by, — cyg

in Qp. Imposing conditions B, C, and D from 82.1 imparts the caists

h2b  hc
2 3%
hb— h?c+ uy = 0,
UoyvRE Uy

2@ (@ +b2he-=X <0

Applying the definitions oRq_and{(&) and combining these three equations to elimitesadc leads to

Uy U, (4 2\ %,

— =4/— | =+= f7(0

Uo Y 20x (h+ . ),
from which we can determine an alternative expression ferinhomogeneous boundary conditiomat 0 which
accounts for the friction effects in the recirculation zefly andQy,:

Uo (4 2\ 1
f(0) —kf’(0) = h K={/5—=|=+> .
(0) (0)=0 where ox <h+ r)
This is a mixed boundary condition dn In order to obtain the similarity solutions which we sedie boundary
conditions must be independentgfthat is, we must restridtto be constant. Noting that= h+ 2r and substituting
for hresultsin
d [Ua

_4d a1
29V 2vx

(1-2§) g
Thus, similarity solutions are obtained by settihg= 2k g/2vX/U; note that, for a given value of/d selected,

d O ky/X. With this choice ofd, the maodified Blasius’ problem (17) coupled with the bougdarnditions imparted
by the moving belt may be rewritten as

k where, as before, ¢ (18)

f=0, f—kf’=0 atn=0

19
fl—1 asn — oo, (19)

f”+ff"=0 with {

The constank is an adjustable parameter which can be set to meet certsignderiteria, such as drag reduction or
stability enhancement. Note that the lidit— O corresponds tk — 0, which recovers the boundary condition for the
classical Blasius equatiofi,(0) = 0. Figure 18 depicts several self-similar velocity profilesived from the solution
of this system for various values &f Note that the displacement thickn€gsand the dimensionless displacement
thickness* of a boundary layer are defined such that

6*(x)é/0 Uﬁ_udy: ?n* where r]*é/o U‘E’J_udn:/o (1—f)dn, (20)
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Figure 18: (a) Similarity profiles in the developing boundkyer with the moving-belt mechanism installed, with
the cavity depthd = 2kg,/2vx/U. for k=0, 05, 1, 2, 4, and 8, valid for akk. The dimensionless displacement
thicknes:1* is indicated with a hash mark on each profile; note tfiat substantially decreased for increased values
of k. (b) Similarity profiles scaled in such a way as to revealrte@nilar shape, plotting only thie= 0 (solid) and

k = 8 (dashed) cases for clarity.
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Figure 19: Growth of the displacement Reynolds number ird#heloping boundary layer f&r= 0, 0.5, 1, 2, 4, and

8. Note that the growth rate &f is suppressed substantially wheis increased.

and the displacement Reynolds numBes: of a boundary layer is defined such that

» U

Rey-
® Y

As indicated by the hash marks on Figure 18a, the dimengsulisplacement thickness of the developing boundary
layer is substantially reduced &ss increased. When viewed in the local reference frame ofrbeing belt and
properly rescaled, as shown in Figure 18b, the profiles age e be only slightly fuller for increased valueslof
[This property was also recognized by Clauser [53].] Thaiced growth rate of the displacement Reynolds number
Re;- in the developing boundary layer for increased valuds ahplied by (20) and the values of the dimensionless
displacement thickness' indicated by the hash marks of Figure 18a, is plotted in Edi®.

3.2 Accounting for entrainment of the main flow into the lower cav ity

Before characterizing the developing boundary layer frtlve now consider an alternative configuration of the
moving-belt mechanism to that shown in Figure 17. As dediateFigure 20, we now relax the assumption of zero
entrainment of the flow around the ends of the belts.

A calculation of accurate flow profiles in the vicinity of th@stream gap is provided by Tennant, Johnson, &
Keaton [54]. In the vicinity of the downstream gap, the flowl e similar to that discussed by Goldstein [19]. The
present analysis neglects the exact flow profiles in both edehregions. Rather, in order to facilitate the analysis
presented here, we will assume that the gaps at each endloditrere sufficiently large that there is negligible drop
in pressure as the flow moves frdninto Qy, around the downstream end of the belt and also that theraylgyitde
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Figure 20: Moving-belt mechanism applied to boundary-tdigv, allowing flow around the ends of the belts. In
the implementation, as depicted in Figure 17, several suethamisms may be installed one after the other, with
or without a wall between the adjacent moving-belt mechmagis The net effect of this strategy is to extract low
momentum fluid downstream, thus stabilizing the flow wheehibundary layer is thicker, and to reinject this fluid
upstream, thus reducing drag where the boundary layeris thi

drop in pressure as the flow moves fradg back intoQ around the upstream end of the belt. Thus, as we are
considering here a zero-pressure-gradient boundarylmyein Q, the pressure gradient @y, in this configuration
is approximately zero.

As before, we may assume the 1D profilgs= uyYa/r in Qz andup = by, — cyﬁ in Qp. Imposing the zero-
pressure-gradient condition B, together with conditions C and D from §2.1 imparts the caists

c=0,
hb— h?c+ uy = 0,

UsvREe ,, 2Uy
f(0)+b—2hc— =~ =0.

e | © :

Applying the definitions oRg_and{(&) and combining these three equations leads to

W [Ue (1 2\,
U_M_Vm<5+?) o),

from which we can determine an alternative boundary coowlitthich accounts for the friction effects @y andQp:

[Uo (1 2\7'
I L — — I
f'(0) —kf"(0)=0 where now  k ox (h + r) .

Noting thatd = h+ 2r and substituting foh results in

d /U 1-35
=/ = where ja _— 2d 21
26\ 20 TN 1)

NIlw

k

Note that the definition df in the case with zero pressure gradien®i) given in (21), is identical to the definition of

k in the case with zero mass flux @y, given in (18), except for the modified definition@fThe two functiong(r /d)
andd(r/d) are plotted in Figure 21 for comparison. In the remaindehaf paper, we will consider two numerical
values for the geometric paramegeffor the case in whicly, is zero-net mass flux, with the minimizimgd selected,

we takeg = 8, and for the case in whid®y, is zero pressure gradient, with the (different) minimizirid selected, we
takeg = 4.5. These two cases represent two extremes: sealing the gapaiahe ends of the rollers, or completely
opening the gaps around the ends of the rollers. The perfarenaf an actual implementation (neglecting losses due
to bearing friction and belt deformation) may be expecteosomewhere in between.

3.3 Drag reduction
The drag force per unit area of the developing boundaryrlpsafile, from (13) and (15d), is

= H@ £(0), (22)

L r®

ou 0%
D(x) = HE = Ha—yz

y=0
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Figure 21: The functiong(r/d) (solid) andg{r/d) (dashed). Note that the minima of the two functions differ by
almost a factor of two and occur for different values ¢fl: the minimum ofg(r/d) is 8 and occurs at/d = 0.25,
whereas the minimum af(f/d) is 4.5 and occurs at/d = 1/3.

wheref is given by the solution of (19) for some valuelofThe drag of the developing boundary-layer profile with
no slip boundary conditions, given by the above expressiok £ 0, is denotedy(x). The resulting expressions for
the drag of the developing boundary-layer profile are pibiteFigure 22. For any given values df v, x, andU.,
choosing /d to minimizeg:

A. maximizesk [by (18) or (21)],

B. thus minimizing the value of”(0) resulting from the solution of (19) [see, e.g., Figure 18],

C. thus minimizing the draB [by (22)].

For this reason, we will refer to the valuesrgfl that minimizeg (see Figure 21) as optimal.

In order to have a substantial beneficial effect, as with thenoel flow implementation, the depth of the cavity
must be significant with respect to the significant lengthescaf the bulk flow, in this case taken to be the displace-
ment thickness of the nominal (stationary-wall) Blasiusidary layerp; = 1.721,/vx/U, as shown in Figure 22b.
For applications with relatively thin boundary layers, lewer, this may not be a significant limiting factor in the im-
plementation. In fact, for applications with very thin baamy layers, the fact that the cavity must be many nominal
displacement thicknesses deep to have a substantial heheffect might sometimes be viewed as an asset rather
than a liability, as larger moving-belt mechanisms areexdsimanufacture with existing technology.
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Figure 22: Drag reduction of the developing boundary laybemvthe passively-driven belt mechanism is installed,
taking the cavity deptd = 2kg,/2vx/U.. (a) Drag as a function of streamwise distarder k=0, 0.5, 1, 2, 4, and

8. (b) Normalized drag as a function of cavity depth, validdd x, for the case of zero-net mass flux@y, with

r/d = 0.25 (solid) and the case of zero pressure gradiefijmwith r/d = 1/3 (dashed). For a given cavity depth,
note that the zero-pressure-gradient configuration is refbeetive.
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3.4 Stability enhancement

Using (locally) the change of variables="u— u, introduced in (4) at some particular streamwise locakam the
spatially-developing boundary layer, we now defineeffactive free-stream velocity, (x) of

U (X) 2 Uoo — Un(X), (23)
aneffective displacement thickneif$x) of
Sk S °°ljoo—[] _ Uoo /ooUoo_u _ Uoo *
&) _/o 0o YO wmh U YO ow ¥ (24)

and areffective displacement Reynolds nunﬁ% of

= =Re.. (25)

We thus see that the appropriately-defined “effective disgainent Reynolds number”, defined in a reference frame
moving with the local belt velocity, is exactly the same as displacement Reynolds number defined in a stationary
reference frame.

For the classical Blasius boundary layer with a stationaajl,whe critical value of the displacement Reynolds
number for linear instability of the boundary layeRss: ¢y = 520 (Jordinson [55]). In areference frame moving with
the local belt velocity, the similar shapes of the scaledil@®over the wide range dfplotted in Figure 18b indicate
that this critical “effective displacement Reynolds numilsdould be a good indicator of the point of linear instetili
of the developing boundary layer profile even when the mobialy mechanism is installed. Indeed, as shown in
Figure 23,Res: ¢t is only a relatively weak function df for 0 < k < 8. Combining the information in Figures 23b
and 19, the streamwise locatigffor linear instability of the laminar boundary layer is seee substantially delayed
by installation of the moving-belt mechanism, as quantifieligure 24.

Again, it is well known that bypass mechanisms typically setransition in boundary layers well before the
critical displacement Reynolds number (computed abovegdashed. Such bypass mechanisms should be studied
closely in the context of the present problem in future wotkwever, it is reasonable to conclude that the substantial
delay in the onset of linear instability of the boundary lapg installation of the moving belt mechanism, shown
above, should also be accompanied by a substantial sufpre$she related bypass mechanisms.

4 Asymptotic-suction laminar boundary-layer flow

4.1 Asymptotic-suction boundary-layer profile with moving-be It mechanism

We now analyze the boundary layer which eventually develapsn uniform suction is applied over the walls by
applying distributed suction along the bottom of the cauityrigure 17 and making the belt porous. Again, we start
with the boundary-layer approximation

ou du %

— 4V— =V— Uu=Us,, v=0 atx=0,
“ax”ay Vay2 .

u av with U=Uy, V=—Vy aty =0,
&+®:o U— Us asy — o,

whereuy, is the velocity of the moving belt in the-direction andv,, is the suction velocity through the belt in the
negativey-direction. As the velocity profile develops downstreantiis tase, it eventually approaches an asymptotic
limit, at which pointu is approximately independent a&f and thus% ~ 0 and (by continuity and the boundary
condition onv) v ~ —v,y throughout the boundary layer. Thus, the boundary-laystesy reduces further to

du 9% . U= Uy aty=0
A _vE th ’ ’ 2
Yoy Vo =0 W {u—>um asy — w. (26)

This second-order ODE is easily solved to obtain the asytigptelocity profile inQ:

Uy, Ue—twg o W
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Figure 23: (a) Neutral stability curves (as a function of Relds numbeRe; and streamwise wavenumbay of the
Orr-Sommerfeld equation for the profiles obtained by nuo@$olution of the modified Blasius problem (19), such
as those depicted in Figure 18a, for various valuds (tfie classical Blasius cade= 0, is discussed further, e.g., in
Figure 3.9a of Schmid & Henningson [46]). As is customarg, léngth scal® used to nondimensionalize this plot is
defined such thal £ /xv/Us; note thatRey = U«d/v = \/R&. Eigenvalues of the Orr-Sommerfeld problem were
determined using the numerical code of P. Cathalifaud §ggicommunication). (b) Critical displacement Reynolds
number for linear instability of the solution of the modifiBthsius problem, obtained from the critical points marked
in Figure 23a and expressed in terms of the Reynolds numbBedtzm the displacement thickn@sAs ks increased
from O to 8, the scaled velocity profile becomes slightlydullFigure 18b), and thuRes: i increases gradually with

k.
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Figure 24: Streamwise locatiotfor linear instability of the developing laminar boundaayér profile as a function

of k. Note that the retardation of the streamwise location @&dirinstability of the boundary layer &ss increased is
primarily due to the reduced growth rateR®&;: with x in the boundary layer dsis increased (due to the substantial
reduction in the momentum loss at the wall when the wall isimg)y as indicated in Figure 19, and, to a lesser extent,
to the modest increase Rey- . ask is increased (due to the slight change in shape of the scaledity profile), as
indicated in Figure 23b.

As before, we may assume the 1D profilgs= uyYa/r in Qa andu, = by, — cyg in Qp. For the case with zero-net
mass flux inQp, imposing conditions B, C, and D from 82.1 imparts the caists

2 3 ©°
hb— h?c+ uy = 0,

2
‘;—W(um—uw)+b—2hc—¥:o.

Combining these three equations to eliminatandc leads to the belt velocity

Uy Wd/v
Uo  29+Vyd/V’ (28)
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where we have again applied the definitiahs 2r + handg = [(1— 25) é} ~1. On the other hand, for the case with
zero pressure gradient By, imposing the zero pressure gradient condition togethtr @onditions C and D from
§2.1 imparts the constraints

c=0,
hb— hc+ uy = 0,

W (U — )+ b— 2he— 2M _ g
\Y) r

Combining these three equations leads to the belt velocity

U vid/v
Uo  2§+vd/V’ (29)
where we have again applied the definitga T1— 351 / [(1—25) L]. Note that, as before, the formulae for the belt
velocity (28) and (29) have the same form with d|fferent ealofg. The velocity profiles which result by combining
(27) with (28) or (29) are shown in Figure 25a. Note that, intcast with the developing boundary layer case depicted
in Figure 18, when viewed in the reference frame of the mowielg and properly rescaled, all of the profiles in the
asymptotic boundary layer case (Figure 25a) have prediBelgame shape. Note that the displacement thickness of
the asymptotic boundary layer profile is

5" A/ Us —u _/ U — Y exp ——y)dy
[ v Uoo—uW w " v U
- [_W U eXp(_v )]o TV (1 Uoo>'

The displacement Reynolds number as a function of cavityhdiep several values of the suction velocity is shown in
Figure 25b.
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Figure 25: (a) Velocity profiles in the asymptotic boundaaydr with suction, with cavity deptt selected such
thatvyd/(vg) =0, 1, 2, 4, 8, and 16. The nondimensionalized displacemékrtbssw,d* /v = (1 — uy/Ux) [See
(30)] is marked on each profile; note that, for a giwgn the displacement thickness is substantially reduced for
increased values af. (b) Displacement Reynolds number plotted as a functioroofdimensionalized cavity depth
for viy/Us = 0.00001, 0.00002, 0.00004, 0.00008, 0.00016, and 0.00032.tNatRe;- may be reduced by increasing
d, by increasingy, or both.

4.2 Drag reduction
The drag of the asymptotic boundary-layer profile, deteedifiom (27) and either (28) or (29), is given by

—H (1 Uoo> pVWU°°<29+de/v>'
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The drag of the asymptotic boundary-layer profile with rip-Bbundary conditions i®¢ = pvwU.. The resulting
expressions for the drag of the asymptotic boundary-lasedilp are plotted in Figure 26. Note that, as with the devel-
oping boundary layer of §3.1, the optimum roller size pravicthe greatest drag reduction is that which minimizes
g,i.e, r/d =0.25 in the zero-net mass flux case, resulting ia 8, andr /d = 1/3 in the zero pressure gradient case,
resulting ing = 4.5.

Vi
(V)
Figure 26: Drag reduction of asymptotic boundary layer witiplied suction when the passively-driven belt mecha-
nism is installed. Normalized drag is plotted as a functiboavity depth, valid for allv, for the case of zero-net

mass flux inQp, with r/d = 0.25 (solid) and the case of zero pressure gradieftjnvith r/d = 1/3 (dashed). For a
given cavity depth, note that the zero-pressure-gradanfiguration is more effective.

4.3 Stability enhancement

By the same derivation as (23)-(25), it follows in the présase that the “effective displacement Reynolds number”,
defined in a reference frame moving with the belt velocitgxactly the same as the displacement Reynolds number
defined in a stationary reference frame. For the classigahptotic suction profile with a stationary wall, the critica
value of the displacement Reynolds number for linear inktyas Res: i = 54,370 (Hocking [56]). As mentioned
previously, when viewed in a reference frame moving withttak velocity, all of the asymptotic suction profiles have
an identical shape. Thus, linear stability of the asymptstiction profile with the moving-belt mechanism installed
may be characterized by the single paramBgr. As quantified in Figure 25b, the profile may be stabilized ittyes
increasinguy, increasingl, or both.

Again, bypass mechanisms typically trigger transitionlwelow the critical displacement Reynolds number, so
vy andd should be selected to provide a conservative safety magdawkthis value if laminar flow is desired.

4.4 Reduced suction requirement for maintaining target Rey-

As seen in Figure 25b, in order to design a laminar-flow asgtigpboundary layer via a combination of suction and
the moving-belt mechanism, one may selgcaindd such thaRsey. is sufficiently low to insure laminar flow. We now
discuss further how the tradeoff betwegnandd may be performed in order to obtain the target valuRef.

If the belt is not movingy = 0), the suction velocity required to achieve a target disgri@ent Reynolds number
of Rey» may be determined by first computing the target displacetérknesd>* = Res:v/U., then computing the

required suction velocity from (30):
v

If the cavity depth is nonzero and the belt is moving ¢ 0), the displacement thickness may be written, using (30)
and (28), as

o~ (a2
Wy \2g+wd/v )’
In order to obtain the target displacement thickn&sgshe suction velocity required is found by taking the positi
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root of the resulting quadratic equation fgy, that is

Y /1. 2d
Vi = q < 1+ 1+g§*>' (32)

Thus, the reduction in required suction that follows frohoalng the belt to move can be expressed, using (31) and
(32), as

This expression reveals that the suction reduction ngfjtvyo is a function ofg andd/d* only. This function is
plotted in Figure 27.
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Figure 27: Reduced suction requirement for maintaininggetdRes. when the passively-driven belt mechanism is
installed, plotted as a function of nondimensionalizedtgadepth, for the case of zero-net mass fluxQg with
r/d = 0.25 (solid) and the case of zero pressure gradiefimwith r /d = 1/3 (dashed). This curve is valid for &i.

4.5 Reduced suction requirement for maintaining target Reg

In the prevention of particular mechanisms for bypass ttians it is sometimes of interest to design for a specific
target Reynolds number based on momentum thickfsgsrather than a target Reynolds number based on displace-
ment thicknessRe;:. As shown in this section, this is also a straightforwardgem, and can be accomplished by
another tradeoff between the suctigphand the cavity deptt.

The momentum thickness is

/OO—UU °°; d _/0°<1—U°°U;uwexp(—\;—WY)> (Umu;uwexp(—\;—w )) dy
0 0
- [_VLWUooU—qu eXp(_\iz_W )+ 2\\;W (Umu_muwfem(_z\i}_wy)r

L) 20E)

If the belt is not movingyy = 0), the suction velocity required to achieve a momentunktiéss o is

||l>

\Y

VW,O = % (33)

If the cavity depth is nonzero and the belt is moviog ¢ 0), the momentum thickness may be written, using (28), as
0 v 29 g+vwd/v
Vi \20+vwd/v ) \2g+vwd/v )"
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Thus, in order to obtain a prescribed momentum thicknessneesl to solve the following third-order algebraic
equation for the suctiomn

4v 2vg\? V2 v /2vg)\?
@+TQV@+<(TQ) ‘Zd—g> T (Tg> =0 (34)
Defining
2V \Y v
szg, r=2p, s=¢-g5 and tz—%,

equation (34) takes the form
V3 4 1VE + SWy +t = 0.
Definingx = vy + /3 = vy + 2¢/3 yields
r2
x4+ px+q=0  where p=s—5=-

Note that, sincep> 0,v > 0, andb > O, it follows that

2 s @ (9v — 4¢8)

_— _ t:

o0 9777 3" 540 (35)

w[]
<
S

, V@ (16v2+13vp0+ 8¢ 6?) ~0
- 43203

The (real) roots of the cubic equation (35) are thereforemly the analytic formulae @fsus irreducibiligsee, e.g.,
Gellertet al.[57]). In terms ofw, the only positive real root, for any cavity depth> 0, is given by

Viy = 2%003(%) - %q) where m=4/— (2)3, cosph = —%}. (36)

(p/3)°+(a/2)

Thus, the reduction in suction that follows from allowing thelt to move can be expressed, using (33) and (36), as

W _ 2ymcosg¢/3) —2¢/3

Vo v/(26)
d
_4v298 [(2d . 50) cos| Larceos \/Q(—9§+89) _ 896 e
~ 73 a\\"g "l 3 q 32 3d
(o8 )

This expression reveals that the suction reduction kgtiey,o is a function ofg andd/6 only. This function is plotted
in Figure 28.
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Figure 28: Reduced suction requirement for maintaininggetdRgy when the passively-driven belt mechanism is

installed, plotted as a function of normalized cavity dephth, for the case of zero-net mass fluxcd with r /d = 0.25
(solid) and the case of zero pressure gradie@jmwith r/d = 1/3 (dashed). This curve is valid for &l
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5 Future work: a variety of active control applications

The previous three sections have been devoted to the quatitifi of the drag-reduction and stability-enhancement
properties of the passively driven moving-belt mechanidmenvapplied to simple laminar flows for which analytic
or similarity solutions are possible. Such idealized systenight never be precisely realized in practice due to the
discrete nature of any implementation on a finite number ofingpbelt mechanisms. However, these solutions do
provide insight as to the essential tradeoffs (with cavéptth, roller size, suction velocity, and gap width) andiscal
(with Reynolds number) inherent with the passively-driw@wving-belt mechanism for the purposes of drag reduction
and stability enhancement in more practical settings, asdcirfoils and ship hulls.

When one applies a motor to the rollers, a wide range of priogaspplications for the moving belt mechanism
arise. We now summarize briefly several of these applicatidatailed analysis of these designs is deferred to future
work. As we will now consider schemes which actively applgmyy to the flow via the belt mechanism, we will refer
to the following schemes as “active control”. However, tieeidion of what belt velocity to use will be based at most
on bulk flow quantities, so these flow control strategies asemtially characterized as “open loop”. We mention again
that the designs proposed appear to be most promising fo/lW8V applications in which viscous effects dominant
and the efficiency of traditional higher-Reynolds numbesigles is degraded.

5.1 Detection and prevention of separation / stall

Figure 29: Moving-belt mechanism applied near the segargiint of an airfoil (left, similar to Favre’s design in 81)
and a curved duct such as a serpentine engine inlet (righhoth of the cartoons shown, the moving-belt mechanism
is enlarged for clarity of the presentation; in an actuallempentation, the mechanism used could be much smaller.

Certain aeronautical subsystems, such as airfoils at mgteaf attack and the curved ducts commonly used for
stealth engine inlets (see Figure 29), are particularlypero separation at critical flight conditions. By instadjia
moving-belt mechanism near the separation point in sudesys and mounting a generator to one of the rollers of
this mechanism, one can estimate the average friction dfidiveover the belt. As separation of the flow is approached,
this friction decreases and eventually changes sign. Hyusonitoring the output of the generator, one can detect the
onset of separation and stall. When its onset is detectpdraton can easily be prevented in such a system simply by
applying power to the generator, driving it as an electricanoThis accelerates the belt in the streamwise direction,
thereby re-energizing the flow in the streamwise directiearrthe wall.

5.2 Thrust production
5.2.1 Airfoils

Q@
@@

Figure 30: Symmetric configuration of belts on an airfoil.

Installation of motor-driven moving-belt mechanisms oa tipper and lower surfaces of an airfoil, as depicted
in Figure 30, and driving the belts of these mechanismsifésém the free-stream velocity provides the opportunity
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for the efficient production of thrust. Note that, by remaythe wall between the upper and lower driven-belt mech-
anisms, the losses in this region are eliminated. If thedpeéthe two belts are different, the Couette flow in the
region between the belts simply extracts power from onedraltapplies it to the other.

Note also that, as the driven-belt mechanism accelerageffotlv near the wall, the skin friction on the airfoil aft
of the belt mechanism is actually increased with this apghodn order to mitigate this effect, the belt mechanisms
may be extended as close as practicable to the trailing €dbe airfoil.

In addition, as the momentum of the fluid near the belt is highan that of the free stream in this application,
the gap after the downstream roller is not useful for exingctow-momentum fluid from the flow. Thus, the gaps
at the ends of both rollers, as well as the gap between retutiop of the belts, should be kept fairly small in this
application.

5.2.2 Underwater applications

@ T e

Figure 31: Underwater application for efficient and quietdarction of thrust.

Installation of a driven-belt mechanism on the lower swefatan underwater vehicle for the efficient and quiet
production of thrust is also straightforward, as indicateéigure 31. In this application, the cavity containing the
driven-belt mechanism may be filled with pressurized airtliat pressure of the water at the bottom of the hull).
As the viscosity of air is only about 1% that of water, this iseffective strategy to minimize the losses due to the
recirculating fluid within the driven-belt mechanism. Thelancy of the air acts to trap the air within the cavity, so
only a small amount of air needs to be applied to refill thetyaas the system operates in order to make up for any
losses due to the pitching and rocking of the vessel. Notehledow viscosity of air (as compared with that of water)
is the same principle that gives hydrofoils their efficierttypugh the present configuration allows efficient operatio
at much lower power settings than that required by hydrsfas the pocket of air on which the ship glides is confined
by the cavity in the bottom of the hull. Note also that the eéssay be stopped by driving the belt in the backwards
direction, and for certain applications one might even @ersa symmetric hull design to create a vessel which may
travel efficiently in either direction. One of the primaryatienges of this application might be the production of an
elastic, durable belt for underwater use, as discusseldefuit 85.5. Note that, for the purpose of just attaining drag
reduction (rather than thrust production), one may dispevith the belt mechanism entirely, and simply glide on the
pocket of air confined (by its buoyancy) within the cavity iretbottom of the hull. This idea is loosely related to
the high system efficiencies attainable by supercavitatirerwater projectiles which travel completely immersed i
their own gas pocket (Ashley [58]), but may be realized in-Epeed applications.

5.3 Lift enhancement

Figure 32: Asymmetric configuration of input and output te tfap between the belts leads to an increased pressure
below the wing and a decreased pressure above the wingbyhereducing lift.

By driving the belts of Figure 30 at different speeds, the fiowhe boundary layer is made to move more quickly
over one side of the airfoil than the other, and thus a diffeeein pressure between the upper and lower surfaces
results, creating lift via the aforementioned “Magnus efffe However, for applications with thin boundary layers,
the resulting pressure differential between the upper aweéi surfaces is only slight, as the acceleration of the fluid
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due to the moving-belt mechanism is confined to the boundsmr] and thus may be accounted for in terms of the
exterior flow simply by a small change in the boundary-lap@kness.

In order to achieve a more substantial enhancement otlift,gossible to arrange the input and output of the gap
between the belts asymmetrically, as shown in Figure 3% dsign not only creates lift, by decreasing the pressure
near the sink on the suction side of the airfoil and incregatie pressure near the source on the pressure side of the
airfoil, but it also inhibits separation, by extracting lemomentum fluid near the separation point on the suction side
of the airfoil.

As discussed in 81.1, a closely-related technique to erhtrelift of an airfoil is to embed a rotating circular
cylinder at the leading edge, trailing edge, or mid-chorcaarairfoil. Such a mechanism can alter the circulation
around the airfoil significantly, and has proven to be quieative in both aeronautical (Tennant, Johnson, & Krotha-
palli [59]; Modi et al.[60]) and maritime (Brooks [20]; Steele & Harding [17]) ajmaitions.

5.4 Attitude control

2\

.
/;z

Figure 33: Plan view of a UAV/UUV with moving-belt mechanisnstalled on each wing for a combination of thrust,
lift enhancement, and attitude control. Note in this vieattthe rollers at the leading and trailing edges of each belt
are themselves appropriately positioned to bear (axiatiye of the structural load of the wing itself.

Consider a small UAV or UUV with a moving-belt mechanism ail&td on the top and bottom surfaces of both the
left and right wings, as shown in section view in Figure 30 anplan view in Figure 33. For simplicity of the present
description, consider first just one belt in each of thesatloaos, for a total of four belt mechanisms. Let us denote
them as LB, LT, RB, and RT for the left-bottom, left-top, rigbottom, and right-top respectively. Note that all four
moving-belt mechanisms may be driven independently (withams) to the velocities, g, U T, Urs, andugT in order
to propel the airplane in flight, providing thrust as disabsi §5.2.1 and lift as discussed in §5.3.

Takeuyg, U_T, Urg, andurT as the velocity of the belts when the airplane is trimmed iiaight-and-level flight.
Attitude control of the aircraft in both roll and yaw is themasghtforward simply by applying differential correctis
to the velocities of the four belts:

A. to roll, take:ug=uUpg+r, UT=UT—TI, URs=Urg—TI, andurt = UrT +T,
B. to yaw, take:ug=uUg+Y, UT=UT+Y, Urg=Urg— Y, andurt = URT — Y.

In the roll mode, the differential corrections to the beltogities give one wing more lift than the other, and in the
yaw mode, the differential corrections to the belt vel@stpive one wing more thrust than the other. The control
authority via this strategy for both yaw and roll control altbbe quite adequate, as the moment arm through which
the torques are applied are large around these axes. Thymdkstussed here does not address pitch control, and thus
a conventional horizontal stabilizer might need to be retdi

5.5 Implementation issues

The analyses in 82, 3, & 4, and to a large extent the brief d&on of active control strategies in 85, bypass the
description of several significant implementation iss¥&s.mention briefly only a few of these practical matters here.
The selection of an appropriate material for the belt is pldypthe primary practical challenge in the realization

of this system in an actual engineering design. The operétiid (air or water), the corrosiveness of the environment
(such as seawater), the load the belt is expected to experiand the speed at which the belt must turn in a particular
implementation will all affect the selection of the appriape belt material. Reinforced rubber and spring steehaoe t

possible alternatives. It is important to note that, in theomotive industry, there has been extensive developnfent o
belt technology for high-load applications, such as theldaarne type continuously-variable transmissions (Heri
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ter Heegde, & van Prooijen [61]), one of which was implemdrntethe Williams Formula 1 racecar in 1993. Edge
guides and/or a slight convexity of the rollers are also ieglto keep the belt running straight; Bechert, Hage, &
Brusek [27] discuss further some of the practical challengiated to this issue. Also, for the driven applicatiohs, t
belt must have sufficient traction against the rollers thdbes not slip. Brown [3] discusses some of the important
issues related to the balancing of the rollers.

A significant implementation issue limiting the practitalof suction-based laminar flow control (LFC) wing
designs is the clogging of suction holes with debris suchigsadd insects (for a thorough review of early LFC
efforts, see Lachmann [62]). Combining suction with the ingvbelt mechanism offers a possibility for self-cleaning
to mitigate this effect. Recalling that the belt is propélley the drag force of the overlying flow, debris from the
external environment which impacts the belt is likely to hm§ off near the downstream roller. In addition, if there
is no wall between adjacent moving-belt mechanisms, théomatf the upstream roller on the next moving-belt
mechanism will tend to deflect debris out of the plenum. Evasoine debris does manage to get into the plenum, if
the space between the rollers is made smaller than the diaiethe suction hoses, the debris which can enter the
plenum will be small, and the applied suction should keepplleaum clean without clogging. Suction also keeps
uniform downward pressure on belt, preventing the poséidping of the belt that might otherwise disturb the flow
near the belt and incite transition to turbulence.

6 Conclusions

This article analyzed the efficiency of a simple moving-b&dichanism for laminar boundary-layer control in a variety
of practical applications, including drag reduction arahsition delay. Particular attention was paid to the losises

to the recirculating viscous fluid within the moving-beltchanism, leading to the conclusion that these recirculatio
zones must be made sulfficiently large for the design to begetieally efficient. This is in contrast to several mecha-
nisms tested in previous work and reviewed in §1; of thosevesd, only the one by Bechert, Hage, & Brusek [27]
employed relatively large recirculation zones for an eatieglly-efficient design.

Initial analysis of the application of this mechanism to hel flows (82) led to the proposal of a new strategy
for power extraction or addition in viscous-dominated flovis the acceleration of the flow into a narrow channel
(via a converging nozzle) and subsequent extraction ortiadddf power via moving-belt mechanisms mounted in
sufficiently-deep cavities in the walls. Filling the uppawities with air at the appropriate pressure was proposed as
a means to improve efficiency. It was found that a large rdtith@ cavity depth to the channel width was required
for this design to be energetically efficient. However, inodus-dominated flows in certain niche applications, such
as micromachines, a variant of this design might prove todrepetitive with more traditional strategies based on
turbines.

Analysis of the application of the mechanism to developiagrtary layers (§3) revealed that the design can be
used effectively in a passive configuration, both to reduag énd to delay separation. Scaling the cavity depths
with the square-root of the distance downstream and apmiatiag the discrete implementation with a continuous
representation, a generalization of the Blasius boundsmriwas identified. Allowing flow through the gaps at each
end of the belt (into the cavity through the downstream gag aut of the cavity through the upstream gap) was shown
to improve the efficiency of the mechanism.

Analysis of the application of the mechanism to a boundaygravith distributed suction (84) also revealed that
the design can be used effectively in a passive configurdiimth to reduce drag and to reduce the suction required in
order to attain a desired target Reynolds number of the a®tiysuction profile to maintain laminar flow.

Finally, a variety of practical active control applicat®for the moving-belt mechanism were proposed for future
investigation (85). Computational and experimental cti@rization of the practical issues related to these dssign
is deferred to future work. Other issues which remain to bdresbed include the application to turbulent flows,
accounting for finite aspect ratios in the cavitiésandQy, and accounting for the various “bypass” paths to transitio
in the several configurations proposed. Contrary to mangtiaeek strategies for active control of turbulence, the
present mechanism might also be quite effective even at Rgmolds numbers when the overlying flow is fully
turbulent. In this case, however, the analytical analysigedn the present paper must be supplemented by experiments
and/or numerical simulations to quantify the benefits tlat lze obtained with the moving-belt mechanism.
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