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DRAG REDUCTION UTILIZING DRIVEN 
MICRO-CAVITIES 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

The present application claims priority from U.S. Provi 
sional Application No. 61/993,983, filed May 15, 2014, the 
entire disclosure of which is hereby incorporated by reference 
herein. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to a vehicle or 

device for use in high-speed applications. More particularly, 
the present invention concerns a vehicle or device for use in 
high-speed applications, wherein the vehicle or device uti 
lizes micro-cavities for the reduction of drag. 

2. Discussion of the Prior Art 
Those of ordinary skill in the art will appreciate that high 

speed vehicles or devices are used in a variety of applications, 
including but not limited to air, space, land, or water travel, 
transportation, and/or exploration, as well as combat appli 
cations. As such vehicles or devices move through a fluid 
(e.g., air or water), they are subjected to drag both due to their 
shape (pressure drag) and due to friction generated by the 
convective motion of the fluid over the vehicle or device 
Surfaces (skin friction drag). Drag negatively affects the effi 
ciency and other operational capabilities of the vehicle or 
device. 

SUMMARY 

According to one aspect of the present invention, a high 
speed vehicle or device is provided. The vehicle or device 
comprises a Surface, a Subsurface, and a plurality of cavity 
defining structures. The Surface is configured to move 
through a fluid such that the fluid flows across the surface in 
a primary flow direction. The fluid flow defines a velocity 
gradient ranging from a first Velocity adjacent the Surface to a 
free stream Velocity at a position spaced a first distance from 
the surface in an outward direction, the outward direction 
being at least Substantially perpendicular to the primary flow 
direction. The fluid flow thereby defines a boundary layer 
having a boundary layer thickness at least Substantially equal 
to the first distance. The subsurface is spaced from the surface 
in an inward direction. The inward direction is at least Sub 
stantially opposite the outward direction. The plurality of 
cavity-defining structures project generally in the outward 
direction relative to the subsurface and extend relative to the 
Subsurface generally transverse to the primary flow direction. 
The cavity-defining structures are spaced apart in the primary 
flow direction. Each of the cavity-defining structures presents 
a generally upstream face, a generally downstream face, and 
a midpoint spaced between the upstream face and the down 
stream face. Each adjacent pair of the cavity-defining struc 
tures and the Subsurface at least in part cooperatively define a 
cavity therebetween. Each of the cavities presents a cavity 
depth defined as a distance in the inward direction between 
the surface and the subsurface. Each of the cavities presents a 
cavity length defined as a distance between the midpoints of 
a corresponding pair of the cavity-defining structures. Each of 
the cavity-defining structures defines at least one intercon 
necting channel extending between adjacent ones of the cavi 
ties to fluidly interconnect said cavities. 
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2 
According to another aspect of the present invention, a 

system for reducing aerodynamic drag and increasing fluid 
dynamic separation control is provided. The system com 
prises a surface, a Subsurface, and a plurality of cavity-defin 
ing structures. The Surface is configured to move through a 
fluid at a high speed such that the fluid flows across the surface 
in a primary flow direction. The fluid flow defines a velocity 
gradient ranging from a first velocity adjacent the Surface to a 
free stream Velocity at a position spaced a first distance from 
the surface in an outward direction, the outward direction 
being at least Substantially perpendicular to the primary flow 
direction. The fluid flow thereby defines a boundary layer 
having a boundary layer thickness at least Substantially equal 
to the first distance. The subsurface is spaced from the surface 
in an inward direction. The inward direction is at least Sub 
stantially opposite the outward direction. The plurality of 
cavity-defining structures project generally in the outward 
direction relative to the subsurface and extend relative to the 
Subsurface generally transverse to the primary flow direction. 
The cavity-defining structures are spaced apart in the primary 
flow direction. Each of the cavity-defining structures presents 
a generally upstream face, a generally downstream face, and 
a midpoint spaced between the upstream face and the down 
stream face. Each adjacent pair of the cavity-defining struc 
tures and the Subsurface at least in part cooperatively define a 
cavity therebetween. Each of the cavities presents a cavity 
depth defined as a distance in the inward direction between 
the surface and the subsurface. Each of the cavities presents a 
cavity length defined as a distance between the midpoints of 
a corresponding pair of the cavity-defining structures. Each of 
the cavity-defining structures defines at least one intercon 
necting channel extending between adjacent ones of the cavi 
ties to fluid interconnect said cavities. 

This Summary is provided to introduce a selection of con 
cepts in a simplified form. These concepts are further 
described below in the detailed description of the preferred 
embodiments. This summary is not intended to identify key 
features or essential features of the claimed subject matter, 
nor is it intended to be used to limit the scope of the claimed 
Subject matter. 

Various other aspects and advantages of the present inven 
tion will be apparent from the following detailed description 
of the preferred embodiments and the accompanying drawing 
figures. 

BRIEF DESCRIPTION OF THE DRAWING 
FIGURES 

Preferred embodiments of the present invention are 
described in detail below with reference to the attached draw 
ing figures, wherein: 

FIG. 1 is a front perspective view of a portion of a high 
speed vehicle or device in accordance with a first preferred 
embodiment of the present invention; 

FIG. 2 is a rear perspective view of the portion of the 
vehicle or device of FIG. 1; 

FIG.3 is a rear view of the portion of the vehicle or device 
of FIGS. 1 and 2, taken along section line 3-3 of FIG. 2, 
particularly illustrating the relative dimensions of the chan 
nels and one of the cavity-defining structures; 

FIG. 4 is a top view of the portion of the vehicle or device 
of FIGS. 1-3, particularly illustrating the dimensions, spac 
ing, and orientation of the cavity-defining structures; and 

FIG. 5 is a side view of the portion of the vehicle or device 
of FIGS. 1-4, taken along section line 5-5 of FIG. 2, particu 
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larly illustrating the dimensions, spacing, and orientation of 
the cavity-defining structures, the channel dimensions, and 
the boundary layer; 

FIG.5a is a side view of the portion of the vehicle or device 
shown in FIG. 5, particularly illustrating the idealized flow of 
a fluid near the vehicle or device and adjacent the cavity 
defining structures; and 

FIG. 6 is a front perspective view of a portion of a high 
speed vehicle or device inaccordance with a second preferred 
embodiment of the present invention, particularly illustrating 
recessed cavity-defining structures spanning the entire cavity 
width without provision of intermediate support structures. 

The drawing figures do not limit the present invention to 
the specific embodiments disclosed and described herein. The 
drawings are not necessarily to scale, emphasis instead being 
placed upon clearly illustrating the principles of the preferred 
embodiments. 

Furthermore, directional references (e.g., upstream/down 
stream, inward/outward, horizontal/vertical, etc.) are used 
herein solely for the sake of convenience and should be under 
stood only in relation to each other. For instance, a component 
might in practice be oriented such that directions referred to 
as "inward' and “outward' are sideways, angled, inverted, 
etc. relative to the chosen frame of reference; or a direction 
referred to as "upstream” might under certain circumstances 
actually be a downstream direction. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention is susceptible of embodiment in 
many different forms. While the drawings illustrate, and the 
specification describes, certain preferred embodiments of the 
invention, it is to be understood that such disclosure is by way 
of example only. There is no intent to limit the principles of 
the present invention to the particular disclosed embodi 
mentS. 

With initial reference to FIGS. 1-5a, a vehicle or device 10 
is provided in a fluid 12. According to Some aspects of the 
present invention, the vehicle or device 10 may be any one or 
more of a variety of types, although preferred vehicles or 
devices are generally configured for use at high Velocities, as 
will be discussed in greater detail below. For instance, the 
vehicle or device 10 might be an air platform such as a 
commercial or military aircraft; a weapon or weapon compo 
nent such as a missile or torpedo; a spacecraft such as a rocket 
or satellite; or a hydrodynamic vehicle Such as a Submarine. A 
variety of other suitable applications will be readily apparent 
to one of ordinary skill in the art. 

It is also permissible according to Some aspects of the 
present invention for the fluid 12 to be of any sort, although 
generally Newtonian fluids are preferred. Air and water are 
most preferred. 
As will be discussed in greater detail below, the incoming 

free stream velocity vs of the fluid 12 relative to the vehicle 
or device 10 preferably ranges from approximately Mach 0 to 
Mach8 and most preferably ranges from approximately 0.05 
Mach to Mach 3. 

Those of ordinary skill in the art will readily understand 
that more specific ranges within the above preferred velocity 
ranges are associated with various advantages and disadvan 
tages. For instance, at transonic and low SuperSonic speeds 
(e.g., speeds from approximately 0.8 Mach to 1.2 Mach), 
shock waves may cause complications, while heat transfer 
problems (perhaps leading to increased risk of melting, etc.) 
are typically significant at hyperSonic speeds (e.g., speeds of 
approximately Mach 5 and above). 
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4 
It is also preferable that the flow of the fluid 12 is charac 

terized by a Reynold's number from 0 to 1x10. 
The vehicle or device 10 preferably includes a solid body 

14 defining a surface 16. The surface 16 is configured to move 
through the fluid 12 such that the fluid 12 flows across the 
Surface 16 in a primary flow direction D (preferably, a 
generally downstream direction). 
The solid body 14 also preferably defines a chamber 17. 

More particularly, the solid body 14 preferably defines a 
subsurface 18, a pair of end walls 19a, and a pair of side walls 
19b that at least in part define the chamber 17. 
The subsurface 18 is preferably spaced from the surface 16 

in an inward direction Dry that is preferably at least Substan 
tially perpendicular to the primary flow direction D. 
The chamber 17 is therefore preferably recessed relative to 
the surface 16. 
The end walls 19a and the side walls 19bpreferably extend 

generally in the inward direction D, from the surface 16 to 
the subsurface 18. Furthermore, in the preferred embodiment 
illustrated in FIGS. 1-5a, adjacent ones of the end walls 19a 
and the side walls 19b are perpendicular to each other such 
that the chamber 17 is generally cuboidal. However, it is 
permissible according to some aspects of the present inven 
tion for the chamber to be non-cuboidal. For instance, the end 
walls and side walls might be curved so as to define a circular 
or elliptical chamber cross-section, or the end walls and side 
walls might be vertically slanted such that the chamber is 
shaped like a portion of a pyramid or cone. 
The solid body 14 is preferably an aircraft wing, a missile 

fin, or a portion thereof, although otherforms are permissible 
according to some aspects of the present invention. For 
instance, the solid body might alternatively be associated 
with a spacecraft, a hydrodynamic machine, or one of the 
other aforementioned vehicles or devices. 
The surface 16 preferably covers only a selected portion of 

the solid body 14. The portion is preferably selected based 
upon the prevailing aerodynamics during normal use or dur 
ing the usage for which the invention is expected to be most 
beneficial. For instance, on a commercial aircraft, the Surface 
might preferably be located only on a mid-region of the upper 
Surface of a wing rather than wrapping around the leading 
edge or extending all the way to the fuselage. Exclusion of 
certain regions may suitably be due to the more irregular flow 
patterns expected in those regions. 
The surface 16 preferably presents a surface contour, while 

the subsurface 18 preferably presents a subsurface contour. 
Preferably, the surface 16 and the subsurface 18 are at least 
Substantially planar, Such that the respective contours are at 
least substantially flat. It is also preferable that the contours be 
at least substantially similar. Yet further, it is preferred that the 
surface 16 and the subsurface 18 be generally parallel. 

It is also preferred that the primary flow direction D, 
be at least substantially parallel to the surface 16 and the 
subsurface 18. 

Applicant notes that it will be readily apparent to one of 
ordinary skill in the art that the meaning of phrases such as “at 
least substantially planar,” “at least substantially flat, “at 
least substantially similar,” and “generally parallel' as used 
herein should be understood in the context of the scale of the 
vehicle or device as a whole. For instance, a Surface that upon 
microscopic examination might be considered highly irregu 
lar and curved might reasonably be considered to be “at least 
substantially flat when considered relative to the large scale 
of a passenger aircraft. 

Although the above-described general configurations of 
the surface 16 and the subsurface 18 are preferred, it is per 
missible according to some aspects of the present invention 
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for variations to be implemented. For instance, either or both 
the surface and/or the subsurface might alternatively be at 
least substantially curved. The curves might suitably be either 
concentric (or otherwise generally equally spaced from one 
another at all or at least Substantially all points) or non 
concentric (or otherwise generally not equally spaced from 
one another at all or at least substantially all points). The 
curves might also be similar or non-similar in shape. Either or 
both of the surface and/or the subsurface might be formed as 
part of a sphere or cylinder, for instance, or define a plurality 
of transverse or concentric waves. 

Asbest shown in FIG. 5, the incoming fluid flow preferably 
defines an incoming Velocity gradient ranging from an 
incoming surface Velocity vs adjacent the surface 16 to the 
incoming free stream velocity Vis at a position spaced a first 
distance from the Surface 16 in an outward direction D. 
The outward direction D is preferably at least Substan 
tially perpendicular to the primary flow direction D, and 
is thus preferably at least substantially opposite the inward 
direction D. 
The incoming Velocity gradient is preferably at least Sub 

stantially linear, although use of the inventive system in flow 
conditions presenting an alternative incoming Velocity profile 
is permissible according to some aspects of the present inven 
tion. 
As will be discussed in greater detail below, the outgoing 

fluid flow preferably defines an outgoing surface velocity 
Vs adjacent a downstream portion of the Surface 16 that is 
greater than the incoming surface velocity vs. 
As schematically illustrated in FIG. 5, a maximum incom 

ing boundary layer velocity v. that is approximately 
99.5% of the incoming free stream velocity vs preferably 
occurs at a second, slightly smaller distance (also in the 
outward direction D. from the surface 16) than the incom 
ing free stream velocity vs. The flow of the fluid 12 thus 
preferably defines a boundary layer 20 having an incoming 
boundary layer thickness to , at least Substantially equal to 
the second distance. That is, the boundary layer 20 as the flow 
enters the vicinity of the chamber 17 is defined by the region 
in which the Velocity transitions from the incoming Surface 
Velocity Vs to the maximum incoming boundary layer veloc 
ity Val r. 
The region outward of the boundary layer 20, for which the 

Velocity is the incoming free stream velocity Vs. may be 
referred to as the bulk layer 22. 
The incoming surface Velocity vs is preferably approxi 

mately 0 m/s. As noted previously, the incoming free stream 
Velocity Vs preferably ranges from approximately Mach 0 
to Mach 8 and most preferably ranges from approximately 
0.05 Mach to Mach 3. 

FIG.5a provides an idealized, two-dimensional (2D) sche 
matic illustration of a preferred incoming fluid boundary 
layer velocity profile 20a and a preferred outgoing fluid 
boundary layer velocity profile 20b. As will be discussed in 
greater detail below, the downstream velocity profile 20b is 
fuller than the upstream velocity profile 20a (larger velocities 
at the downstream surface 16). 

Although the above-provided descriptions of discrete fluid 
layers and well-defined velocities are convenient for descrip 
tive purposes herein, it will be readily understood by those of 
ordinary skill in the art that Such descriptions may in some 
cases of actual use (e.g., use in unpredictable environments) 
be overly simplistic. Thus, those of ordinary skill in the art 
will understand that the above descriptions should be under 
stood as providing only a general framework by which the 
behaviors discussed herein may be described and understood. 
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6 
A plurality of cavity-defining structures 24 preferably 

project generally in the outward direction D relative to the 
subsurface 18 so as to be at least substantially orthogonal to 
the subsurface 18. More particularly, a generally vertical 
angle 0 (if one defines the orientation of the subsurface 18 as 
generally horizontal) is preferably defined between each cav 
ity-defining structure 24 and the portion of the subsurface 18 
most immediately adjacent the respective cavity-defining 
structure 24. The angle 0 is preferably between approxi 
mately forty-five degrees (45) and one hundred thirty-five 
degrees(135°) and is more preferably between approximately 
eighty degrees (80) and one hundred degrees (100). Most 
preferably, the angle 0 is ninety degrees (90). 

Preferably, the cavity-defining structures 24 generally 
extend relative to the subsurface 18 in directions D, is 
and D, as that are transverse to the primary flow direction 
F. That is, in a preferred embodiment, the cavity-defining 
structures 24 generally extend parallel to the end walls 19a 
and perpendicular to the side walls 19b. Each cavity-defining 
structure 24thus presents an upstream face 26, a downstream 
face 28 spaced at least generally in the primary flow direction 
D, a thickness tos from the upstream face 26, and a 
midpoint spaced evenly between the upstream face 26 and the 
downstream face 28. A generally horizontal angle 0 (if one 
defines the orientation of the subsurface 18 as generally hori 
Zontal) is preferably defined between each cavity-defining 
structure 24 (or, more particularly, the generally transverse 
direction of extension of the cavity-defining structure 24) and 
the primary flow direction D. The angle 0 is preferably 
between approximately forty-five degrees (45) and one hun 
dred thirty-five degrees (135°) and is more preferably 
between approximately eighty degrees (80) and one hundred 
degrees (100). Most preferably, the angle 0 is ninety 
degrees (90°). 
As will be discussed in greater detail below, in a preferred 

embodiment and as illustrated in FIGS. 1-5a, the cavity 
defining structures 24 are in contact with the subsurface 18 
(whether integral therewith or not). That is, they project from 
and extend along the subsurface 18. However, as will also be 
discussed in greater detail below, it is permissible according 
to Some aspects of the present invention for the cavity-defin 
ing structures to be spaced away from the Subsurface. 

Preferably, the width ws of each cavity-defining struc 
ture 24 is as Small as possible within manufacturing and 
operational constraints. Furthermore, each cavity-defining 
structure 24 preferably has the same width ws, although 
width variations are permissible according to Some aspects of 
the present invention. 

Each cavity-defining structure 24 preferably defines a 
height his. Preferred heights his will be discussed in 
greater detail below. 

In a preferred embodiment, each of the cavity-defining 
structures 24 is formed so as to be generally stiff (i.e., resistant 
to bending, twisting, and/or buckling). It is permissible 
according to some aspects of the present invention, however, 
for one or more of the cavity-defining structures to be gener 
ally flexible in one or more modes of deformation. 

In a preferred embodiment, each of the cavity-defining 
structures 24 is integrally formed with the subsurface 18. For 
instance, the cavity-defining structures 24 might be integrally 
molded with the subsurface 18 or formed via machining or 
etching of the Surface 16 (such machining or etching also 
thereby defining the subsurface 18). It is permissible accord 
ing to some aspects of the present invention, however, for 
non-integral cavity-defining structures to be used. The cavity 
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defining structures might be adhered to the subsurface, for 
instance; or fasteners such as tabs, bolts, pegs, or screws 
might be used. 

It is also permissible according to Some aspects of the 
present invention for the cavity-defining structures to be addi 
tionally or alternatively integral with other portions of the 
solid body 14. For instance, in the embodiment of FIGS. 1-5a, 
it is preferred that the cavity-defining structures 24 also be 
integrally formed with the side walls 19b. 
The cavity-defining structures 24 arc preferably spaced 

apart in the primary flow direction D. Such that each 
adjacent pair of cavity-defining structures 24 and the Subsur 
face 18 at least in part cooperatively define a cavity 30 ther 
ebetween. As will be discussed in greater detail below, each 
cavity 30 is preferably configured such that a fluid vortex 
having a generally transverse axis is formed therein when the 
vehicle or device 10 is in high speed use. The fluid flow in 
each cavity 30 is thus in part in a secondary flow direction 
Ds, at least Substantially opposite the primary flow direction 
D. (The Secondary flow direction Ds is thereby pref 
erably a generally upstream direction and is also preferably 
the general direction of travel of the vehicle or device 10.) 

Preferably, each cavity 30 has a length 1 defined as the 
distance between the midpoint of a first one of the cavity 
defining structures 24 and the midpoint of the adjacent cavity 
defining structure 24. Each cavity length 1- is preferably at 
least Substantially constant along the generally transverse 
extent of the cavities 30. (That is, the cavity-defining struc 
tures 24 are preferably at least substantially parallel.) As will 
be discussed in more detail below, however, it is permissible 
according to Some aspects of the present invention for the 
cavity length to vary transversely. 

Each cavity 30 also preferably has a depth d defined as 
the distance in the inward direction D, between the surface 
16 and the portion of the subsurface 18 that in part defines the 
cavity 30. 

In a preferred embodiment, the cavity-defining structures 
24 are evenly spaced apart Such the cavity lengths l are at 
least approximately equal. It is permissible according to some 
aspects of the present invention, however, for the cavity 
lengths l- to vary regularly (e.g., to decrease in a predict 
able manner in the primary flow direction D.) or to be 
generally irregular. 

Furthermore, it is preferred that each of the cavity depths 
dr are at least approximately equal. It is permissible 
according to some aspects of the present invention, however, 
for the cavity depths d-to vary regularly or to be generally 
irregular. 

Preferably, the ratio of the cavity depth d to the cavity 
length 1- for each cavity 30 is from approximately five 
tenths (0.5) to five (5). 

Furthermore, it is preferred that the ratio of each cavity 
depth d- to the incoming boundary layer thickness to is 
from approximately zero (0) to two tenths (0.2). 

Preferred nominal values of the cavity depths d will 
vary widely depending on the particular application (e.g., the 
projected operational incoming free stream Velocity Vs 
range; the desired type of fluid 12; and the size of the vehicle 
or device 10, or the region of the vehicle or device on which 
the cavity-defining structures 24 are to be located). Cavity 
depths d may also be to some extent limited based on the 
formation techniques used (e.g., machining, etching, etc., as 
discussed previously). However, is contemplated that pre 
ferred depths do will range from one hundredth (0.01) mm 
to two hundred (200) mm. 

In a preferred embodiment and as illustrated in FIGS. 1-5a, 
the cavity depths d are at least Substantially equivalent to 
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8 
the cavity-defining structure heights his. That is, each cav 
ity-defining structure 24 preferably presents an outermost 
face 24a that in part defines the surface 16. As will be dis 
cussed in greater detail below, however, it is permissible 
according to Some aspects of the present invention for one of 
more of the cavity-defining structure heights his to vary 
relative to the cavity depths dr. For instance, the cavity 
defining structures might be shorter than the cavity depths 
such that the outermost faces are recessed relative to the 
Surface. 
The number of cavity-defining structures 24 is preferably 

selected based on the particular application, with factors 
including but not limited to the projected operational incom 
ing free stream velocity vs range; the desired type of fluid 
12; and the size of the vehicle or device 10, or the region of the 
vehicle or device on which the cavity-defining structures 24 
are to be located. 

In a preferred embodiment, each cavity-defining structure 
24 preferably comprises a wall 32. The wall 32 preferably 
extends at least Substantially smoothly along the generally 
transverse directions Dravs 1 and Draws 2, although 
waves, corrugations, and/or other variations such as Zig-Zags 
in one or more of the cavity-defining structures are permis 
sible according to some aspects of the present invention. 

Furthermore, the wall 32 preferably extends along an at 
least Substantially straight trajectory in the generally trans 
Verse directions Dravs 1 and Dravs. 2. It is permissible 
according to some aspects of the present invention, however, 
for a Substantially curved, angular, and/or otherwise irregular 
trajectory to be followed by one or more of the cavity-defining 
Structures. 

It is also preferable that the wall 32 has an at least substan 
tially constant width (preferably equal to the cavity-defining 
Structure width Wes) in the primary flow direction D. 
It is permissible according to Some aspects of the present 
invention, however, for major or minor width variations to 
occur. For instance, the transverse cross-section of the wall 
might include one or more enlarged regions, as would occur 
if the wall included a series of columns interconnected by 
bridges or if the wall gradually expanded in width toward its 
tranSVerse Center. 

A fluid pocket 34 is preferably defined in each cavity 30. As 
the boundary layer flow travels over each cavity 30 in the 
primary flow direction D, it drives the fluid pocket 34 
within the respective cavity 30 to form an internal or embed 
ded individual cavity roller or vortex 34a (shown schemati 
cally in FIG.5a) having directional components in at least the 
inward direction D, the secondary flow direction Ds, and 
the outward direction D. That is, the flowing boundary 
layer 20 imparts shear forces on the fluid pockets 34 so as to 
cause rotation of the fluid therein about a generally transverse 
axis. 

Preferably, frictional thrust-contributing forces in the pri 
mary flow direction D. (i.e., the frictional forces gener 
ated by the portion of the fluid flowing in the secondary 
direction Ds) at least in part offset the frictional drag 
contributing forces in the secondary flow direction Ds (i.e., 
the frictional forces generated by the fluid flow in the primary 
flow direction D, over the surface 16). That is, the net 
skin friction drag is preferably reduced or at least Substan 
tially eliminated in the area local to the cavities 30 or, even 
more preferably, for the solid body 14 or the vehicle or device 
10 as a whole. Still more preferably, the frictional forces in the 
primary flow direction D, are actually greater than the 
frictional drag forces in the second flow direction, with skin 
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friction effects thus providing a net contribution to thrust 
locally, for the solid body 14, or for the vehicle or device 10 as 
a whole. 

Preferably, the interactions between the boundary layer 20 
and each fluid pocket 34 are at least substantially limited to 
the transfer of the shear forces necessary to drive rotation of 
the rollers 34a. That is, the fluid pockets 34 (and thus the 
rollers 34a formed therein) are generally segregated from the 
boundary layer flow to the greatest possible extent. For 
instance, mass interchange between the boundary layer 20 
and the fluid pockets 34 should be minimized. However, it 
will be understood by one of ordinary skill in the art that at 
least some degree of interaction beyond that required solely to 
drive the rollers 34a will likely occur. 

In a preferred embodiment, the rollers 34a impart frictional 
forces in the inward and outward directions D, and D. 
along the walls 32. Such inward and outward frictional forces 
are preferably least substantially canceled by each other and 
do not contribute to the net balance of forces in the primary 
and/or secondary flow directions D, and Ds, respec 
tively. It is permissible, however, for unequal forces in the 
inward and outward directions to exist without departing 
from the scope of the present invention. 
As will be readily apparent to one of ordinary skill in the 

art, pressure drag effects will occur due to the presence of the 
cavity walls 32. Preferably, these pressure drags effects are 
less significant than the reduction in skin friction drag, with 
skin friction effects combined with pressure drag effects thus 
leading to less overall drag (or, ideally, a contribution to 
thrust) than would be present absent the cavity-defining struc 
tures 24. 

Each wall 32 preferably at least in part defines at least one 
interconnecting channel 36 extending therethrough to fluidly 
interconnect adjacent ones of the cavities 30. In the first 
preferred embodiment, as illustrated in FIGS. 1-5a, each wall 
32 includes a plurality of support portions 32a that extend all 
the way to the subsurface 18 and at least in part define the 
interconnecting channels 36. 
The interconnecting channels 36 allow for the develop 

ment of larger, very coherent and steady recirculating regions 
36a (shown schematically in FIG. 5a) that pass therethrough 
and span many cavities 30. That is, the interconnecting chan 
nels enable the development of multi-cavity vortices or rollers 
36a in addition to the previously described internal rollers 
34a defined in individual cavities 30. 
The interconnecting channels 36 generally enable commu 

nication of fluid dynamic effects between cavities 30 and/or 
cavity-defining structures 24. Such effects may include but 
are not limited to pressure, Velocity, mass transfer, and/or 
combinations thereof. 

For instance, the provision of both the cavities 30 and the 
interconnecting channels 36 enables enhanced skin friction 
reduction or elimination due to the net skin friction along the 
Subsurface 18 being in a direction Ds, that is opposite to the 
main fluid flow direction De, with the interconnecting 
channels 36 enhancing the lower (counter-flow) transport of 
fluid along the subsurface 18. That is, skin friction drag is 
reduced or eliminated in the cavity region (i.e., in the vicinity 
of the chamber 17) due to the coherent, multi-cavity “reverse' 
jet flow associated with the bottom of the multi-cavity vortex 
or roller 36a. 

Furthermore, the provision of both the cavities 30 and the 
interconnecting channels 36 enables downstream fluid 
dynamic separation control (delay or inhibition) due to a 
fuller downstream velocity profile 20b (i.e., larger velocities 
at the downstream portion of the surface 16). That is, the 
cavities 30 and the interconnecting channels 36 enable better 
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10 
inhibition or delay of downstream fluid dynamic separation 
(reverse flow near boundary) due to the larger velocities near 
the Surface downstream of cavity region (as compared to a 
flow without the cavity region with interconnecting chan 
nels). 
More particularly, the large multi-cavity vortex or fluid 

roller 36a provides a significant “fuller velocity profile 20b 
at the downstream (exiting) structure wall. This can delay or 
inhibit any tendency of the downstream flow (the flow down 
stream of the cavity region) to separate (when flow begins to 
move upstream adjacent to the Solid boundary). This has 
obvious impact for applications in terms of generally reduc 
ing separation-induced drag on downstream Surfaces, or for 
inhibiting undesirable upstream interactions associated with 
separation (e.g., inhibiting undesirable engine “unstart injet 
engine applications, in which the separated region grows and 
moves forward into upstream components of the engine). 

Another potentially advantageous effect enabled by the 
interconnecting channels 36 is pressure equilibration for 
reducing unsteadiness. 

It will be understood by those of ordinary skill in the art that 
other advantages may also be realized, depending on the 
specific application. 
The concept from the standpoint of the physics and perfor 

mance of the benefits of the concept really prefers a two 
dimensional flow pattern as shown schematically in FIG.5a, 
such that the interconnecting channels 36 should be as wide as 
possible. The support portions 32a of the walls 32 should 
therefore only be provided as structural Supports as necessary 
(i.e., the support portions 32a should be as narrow and as few 
as possible). 

For instance, although four (4) Support portions are neces 
sary for the structural integrity of the embodiment illustrated 
in FIGS. 1-5a, in certain alternate embodiments it would be 
preferable for only a single channel to be formed in one or 
more of the cavity-defining structures. Such a single channel 
might be at least in part defined by one or more Support 
portions and might be transversely central or offset. Further 
more, it might extend along only a small portion of the trans 
verse width of the cavity-defining structure or over a large 
portion thereof, with the large extension being more prefer 
able if structurally possible. 
As will be discussed in greater detail below, it is also 

possible according to some aspects of the present invention 
for a single channel to extend along the entirety of the trans 
verse width of the cavity-defining structure, with the cavity 
defining structure thus essentially being a bridge spanning the 
Subsurface. 
As will be readily apparent to one of ordinary skill in the 

art, variables including but not limited to the material prop 
erties to be used for the walls, the other dimensions of the 
walls, the environment in which the vehicle or device is to be 
used, the manufacturing costs and capabilities associated 
with production, and the pressures to which the walls will be 
Subjected will play a role in determining the size and number 
of Support portions, if any are provided. 

In a preferred embodiment as illustrated in FIGS. 1-5a, the 
interconnecting channels 36 are preferably at least Substan 
tially horizontally aligned, both within a given cavity-defin 
ing structure 24 and relative to the channels 36 of the other 
cavity-defining structures 24. It is permissible according to 
Some aspects of the present invention, however, for channels 
to be formed at varying heights (i.e., distances from the Sub 
surface 18) within each cavity-defining structure and/or rela 
tive to those of other cavity-defining structures. Furthermore, 
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multiple rows and/or stacks of channels may be formed with 
out departing from the scope of some aspects of the present 
invention. 
The interconnecting channels 36 are also preferably at least 

Substantially transversely aligned from one cavity-defining 
structure 24 to the next, such that fluid flow through the 
channels 36 in the primary flow direction D, or the 
secondary flow direction Ds is at least Substantially unob 
structed. However, it is permissible according to Some aspects 
of the present invention for the interconnecting channels of 
one cavity-defining structure to be transversely offset relative 
to the interconnecting channels of one or more other cavity 
defining structures. 

Preferably, the interconnecting channels 36 are evenly 
spaced apart in the transverse directions Days and 
D, as , both within each cavity-defining structure 24 and 
among all cavity-defining structures 24. It is permissible 
according to some aspects of the present invention, however, 
for uneven spacing to occur within each cavity-defining struc 
ture and/or relative to those of other cavity-defining struc 
tures. 

Preferably, the interconnecting channels 36 are enclosed 
and positioned at least Substantially adjacent the Subsurface 
18. Most preferably, the interconnecting channels 36 are in 
part enclosed by the subsurface 18. That is, the channels 36 
are immediately adjacent and thus in part defined by the 
Subsurface 18. It is permissible according to some aspects of 
the present invention, however, for some orall of the channels 
to be spaced away from the subsurface yet still enclosed. The 
channels might extend through a vertically central region of 
the corresponding cavity-defining structure, for instance. 

Yet further, non-enclosed channels, whether adjacent the 
Subsurface or not, are permissible according to Some aspects 
of the present invention. For instance, non-enclosed channels 
as might be present in castellations at the top of a cavity 
defining structure. 
The channels 36 may present cross-sections of any one or 

more of a variety of shapes, including but not limited to 
square, circular, oval, or rectangular cross-sections. The 
channels may also be oriented regularly (e.g., all orthogonal 
relative to the surface 16 or the subsurface 18) or irregularly 
(e.g., skewed or in mixed orientations). However, it is pre 
ferred that the interconnecting channels 36 be uniform, 
regardless of which shape is chosen. 
The nominal heights hy of the channels 36 may vary 

widely in accordance with the particular application. Varia 
tions in the channel heights within each cavity-defining struc 
ture or set of cavity-defining structures are also permissible, 
although constant heights hy are preferred. 
The nominal transverse dimensions or widths way of the 

channels 36 may also vary widely in accordance with the 
particular application. Variations in the channel widths within 
each cavity-defining structure or set of cavity-defining struc 
tures are also permissible, although constant widths wi 
are preferred. 
The ratio of the total channel height h to the total 

cavity-defining structure height his is preferably from 
approximately two hundredths (0.02) to eight tenths (0.8). 
Alternatively phrased, the ratio of the height his so of the 
Solid portion of each cavity-defining structure to its total 
heighths is preferably from approximately two tenths (0.2) 
to ninety-eight hundredths (0.98). More preferably, the ratio 
of the channel heighth to the total cavity-defining struc 
ture height his is preferably from approximately twenty 
five hundredths (0.25) to five tenths (0.5). Alternatively 
phrased, the ratio of the height his so, of the solid portion 
of each cavity-defining structure 24 to its total height his is 
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more preferably from approximately five tenths (0.5) to sev 
enty-five hundredths (0.75). A sum of channel heights is 
preferably used in the above ratios for embodiments in which 
stacked channels or multiple rows of channels existina given 
cavity-defining structure. 

Preferably, the cavity-defining structures 24 are at least 
Substantially non-porous except at the interconnecting chan 
nels 36. However, it is permissible according to Some aspects 
of the present invention for the cavity-defining structures to 
beformed of a generally porous material. In Such a case, pore 
heights should be accounted for in calculating the total chan 
nel heighthy discussed above. 

Preliminary tests of the above-described concept utilizing 
computational fluid dynamics (CFD) models and simplified 
as necessary due to computational constraints have indicated 
that significant reductions in skin friction drag and perhaps 
even net contributions to thrust may be realized. 
A second preferred embodiment of the present invention is 

illustrated in FIG. 6. It is initially noted that, with certain 
exceptions to be discussed in detail below, many of the ele 
ments of the vehicle or device 110 of the second embodiment 
are the same as or very similar to those described in detail 
above in relation to the vehicle or device 10 of the first 
embodiment. Therefore, for the sake of brevity and clarity, 
redundant descriptions and numbering will be generally 
avoided here. Unless otherwise specified, the detailed 
descriptions of the elements presented above with respect to 
the first embodiment should therefore be understood to apply 
at least generally to the second embodiment, as well. 

Similarly to the vehicle or device 10, the vehicle or device 
110 of the second preferred embodiment preferably includes 
a solid body 112 defining a surface 114, a subsurface 116, a 
pair of end walls 118a, and a pair of side walls 118b. The 
surface 114 is configured to move through a fluid 120 such 
that the fluid 120 flows across the surface 114 in a primary 
flow direction D (preferably, a generally downstream 
direction). 
The solid body 112 also preferably defines a chamber 122 

that is recessed relative to the surface 114 and that is at least 
in part defined by the subsurface 116, the end walls 118a, and 
the side walls 118b. 
A plurality of cavity-defining structures 124 preferably 

project generally in an outward direction D relative to the 
subsurface 116. The cavity-defining structures 124 are pref 
erably spaced apart in the primary flow direction D. Such 
that each adjacent pair of cavity-defining structures 124 and 
the subsurface 116 at least in part cooperatively define a 
cavity 126 therebetween. 

Each cavity 126 preferably has a cavity depth d-defined 
as the distance in an inward direction Dry between the Surface 
114 and the portion of the subsurface 116 that in part defines 
the cavity 126. 

Each cavity-defining structure 124 preferably presents an 
outermost face 124a that is recessed relative to the surface 
114. That is, the cavity-defining structure heights his are 
less than the adjacent cavity depths dr. Although various 
degrees of recession are permissible without departing from 
the scope of the present invention, the cavity-defining struc 
ture heights his are preferably at least 80% of the adjacent 
cavity depths dr. 

Preliminary tests of the above-described concept utilizing 
computational fluid dynamics (CFD) models and simplified 
as necessary due to computational constraints have indicated 
that such recession of the outermost faces of the cavity 
defining structures can allow a very long and coherent multi 
cavity vortex to be established under the main boundary layer 
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flow in relation to that achieved without recession of the 
outermost faces of the cavity-defining structures. 

Each cavity-defining structure 124 preferably spans the 
entirety of the transverse width of the subsurface 116 without 
the provision of Support structures projecting from the Sub 
surface 116. That is, each cavity-defining structure 124 is 
preferably a bridge-like structure supported by the side walls 
118b. Each cavity-defining structure 124 therefore in part 
defines only a single interconnecting channel 128 extending 
between and fluidly interconnecting adjacent ones of the 
cavities 126, wherein the interconnecting channels 128 are 
the spaces directly below the cavity-defining structures 124. 

Such a single-channel configuration is advantageous in 
that, among other things, the maximization of the channel 128 
width results in a flow pattern having fewer three-dimen 
sional (3D) components than would be found for an analo 
gous multi-channel embodiment like that shown in FIGS. 
1-5a. That is, a more two-dimensional (2D) flow pattern is 
achieved, leading to improved performance. 

Each cavity-defining structure 124 is preferably integral 
with the side walls 118b. However, non-integral support is 
permissible according to Some aspects of the present inven 
tion. For instance, the cavity-defining structures might be 
adhered to the side walls; or fasteners such as tabs, bolts, pegs, 
or screws might be used. 

In Summary, the above-described concepts in principle 
result in much more effective drag reductions, coherent con 
trol of Vortices, and larger impact on separation control. It is 
particularly noted that (1) cavities with one or more intercon 
necting channels therebetween are more effective than cavi 
ties without one or more interconnecting channels, (2) chan 
nels having greater transverse dimensions are more effective 
than channels having lower transverse dimensions, and (3) 
recessed cavity-defining structures are more effective than 
non-recessed cavity-defining structures. 

Although the above description presents features of pre 
ferred embodiments of the present invention, other preferred 
embodiments may also be created in keeping with the prin 
ciples of the invention. Furthermore, as noted previously, 
these other preferred embodiments may in Some instances be 
realized through a combination offeatures compatible for use 
together despite having been presented independently as part 
of separate embodiments in the above description. 
The preferred forms of the invention described above are to 

be used as illustration only and should not be utilized in a 
limiting sense in interpreting the scope of the present inven 
tion. Obvious modifications to the exemplary embodiments, 
as hereinabove set forth, could be readily made by those 
skilled in the art without departing from the spirit of the 
present invention. 
The inventor hereby states his intent to rely on the Doctrine 

of Equivalents to determine and assess the reasonably fair 
Scope of the present invention as pertains to any apparatus not 
materially departing from but outside the literal scope of the 
invention set forth in the following claims. 
What is claimed is: 
1. A high-speed vehicle or device comprising: 
a surface configured to move through a fluid such that the 

fluid flows across the surface in a primary flow direction, 
the fluid flow across the Surface defining a Velocity gra 
dient ranging from a first velocity adjacent the Surface to 
a free stream Velocity at a position spaced a first distance 
from the surface in an outward direction that is at least 
substantially perpendicular to the primary flow direc 
tion, with the fluid flow thereby defining a boundary 
layer having a boundary layer thickness at least Substan 
tially equal to the first distance; 
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14 
a Subsurface spaced from the Surface in an inward direc 

tion, the inward direction being at least Substantially 
opposite the outward direction; and 

a plurality of cavity-defining structures projecting gener 
ally in the outward direction relative to the subsurface 
and extending generally transverse to the primary flow 
direction, 

said cavity-defining structures being spaced apart in the 
primary flow direction, 

each of said cavity-defining structures presenting a gener 
ally upstream face, a generally downstream face, and a 
midpoint spaced between the upstream face and the 
downstream face, 

each adjacent pair of said cavity-defining structures and 
said Subsurface at least in part cooperatively defining a 
cavity therebetween, 

each of said cavities presenting a cavity depth defined as a 
distance in the inward direction between the surface and 
the subsurface, 

each of said cavities presenting a cavity length defined as a 
distance between the midpoints of a corresponding pair 
of the cavity-defining structures, 

each of said cavity-defining structures at least in part defin 
ing at least one interconnecting channel extending 
between adjacent ones of the cavities to fluidly intercon 
nect said cavities. 

2. The vehicle or device of claim 1, 
said at least one interconnecting channel being entirely 

enclosed, at least in part by a corresponding one of the 
cavity-defining structures. 

3. The vehicle or device of claim 2, 
said interconnecting channel being in part enclosed by the 

Subsurface. 
4. The vehicle or device of claim 2, 
each of said cavity-defining structures at least in part defin 

ing a plurality of said interconnecting channels. 
5. The vehicle or device of claim 4, 
said interconnecting channels being uniform. 
6. The vehicle or device of claim 4, 
said interconnecting channels of each cavity-defining 

structure being at least Substantially horizontally 
aligned. 

7. The vehicle or device of claim 4, 
said interconnecting channels of each cavity-defining 

structure being at least Substantially evenly spaced apart 
in the generally transverse direction. 

8. The vehicle or device of claim 4, 
said interconnecting channels of each cavity-defining 

structure being at least Substantially aligned in the pri 
mary flow direction with the interconnecting channels of 
an adjacent cavity-defining structure. 

9. The vehicle or device of claim 2, 
said vehicle or device including a solid structure presenting 

the surface and the subsurface, 
said cavity-defining structures being integral with the solid 

Structure. 

10. The vehicle or device of claim 2, 
said cavity-defining structures being at least Substantially 

evenly spaced apart in the primary flow direction. 
11. The vehicle or device of claim 2, 
each of said cavity-defining structures presenting an out 

ermost face, 
each of said cavity-defining structures presenting a cavity 

defining structure height defined as a distance in the 
inward direction between the outermost face and the 
Subsurface, 
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each of said cavity-defining structure heights being less 
than adjacent ones of the cavity depths, such that the 
outermost face is recessed relative to the surface. 

12. The vehicle or device of claim 11, 
each of said cavity-defining structure heights being at least 
80% of adjacent ones of the cavity depths. 

13. The vehicle or device of claim 2, 
each of said cavity-defining structures comprising a wall. 
14. The vehicle or device of claim 13, 
said wall extending at least substantially straight along the 

generally transverse direction. 
15. The vehicle or device of claim 13, 
said wall having an at least Substantially constant width in 

the primary flow direction. 
16. The vehicle or device of claim 13, 
said wall projecting from the subsurface. 
17. The vehicle or device of claim 2, 
said surface and said subsurface being at least substantially 

planar. 
18. The vehicle or device of claim 17, 
said surface and said subsurface being at least substantially 

parallel. 
19. The vehicle or device of claim 2, 
said surface presenting a surface contour, 
said subsurface presenting a subsurface contour, 
said Surface contour and said subsurface contour being at 

least substantially similar. 
20. The vehicle or device of claim 2, 
said primary flow direction being at least substantially 

parallel to the surface. 
21. The vehicle or device of claim 1, 
a ratio of the cavity depth to the cavity length being from 

approximately 0.5 to 5. 
22. The vehicle or device of claim 1, 
a ratio of the cavity depth to the boundary layer thickness 

being from approximately 0 to 0.2. 
23. The vehicle or device of claim 1, 
each of said cavity-defining structures presenting a cavity 

defining structure height defined as a distance in the 
inward direction between the outermost face and the 
Subsurface 
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a ratio of the channel height to the cavity-defining structure 

height being from approximately 0.02 to 0.8. 
24. A system for reducing aerodynamic drag and increas 

ing fluid dynamic separation control, said system comprising: 
a surface configured to move through a fluid at a high speed 

Such that the fluid flows across the surface in a primary 
flow direction, the fluid flow across the surface defining 
a Velocity gradient ranging from a first velocity adjacent 
the surface to a free stream velocity at a position spaced 
a first distance from the surface in an outward direction 
that is at least substantially perpendicular to the primary 
flow direction, with the fluid flow thereby defining a 
boundary layer having a boundary layer thickness at 
least substantially equal to the first distance: 

a subsurface spaced from the surface in an inward direc 
tion, the inward direction being at least substantially 
opposite the outward direction; and 

a plurality of cavity-defining structures projecting gener 
ally in the outward direction relative to the subsurface 
and extending generally transverse to the primary flow 
direction, 

said cavity-defining structures being spaced apart in the 
primary flow direction, 

each of said cavity-defining structures presenting a gener 
ally upstream face, a generally downstream face, and a 
midpoint spaced between the upstream face and the 
downstream face. 

each adjacent pair of said cavity-defining structures and 
said subsurface at least in part cooperatively defining a 
cavity therebetween, 

each of said cavities presenting a cavity depth defined as a 
distance in the inward direction between the surface and 
the subsurface, 

each of said cavities presenting a cavity length defined as a 
distance between the midpoints of a corresponding pair 
of the cavity-defining structures, 

each of said cavity-defining structures at least in part defin 
ing at least one interconnecting channel extending 
between adjacent ones of the cavities to fluidly intercon 
nect said cavities. 
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