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SYSTEMAND METHOD FOR USINGA FLEXBLE 
COMPOSITE SURFACE FOR PRESSURE-DROP 
FREE HEAT TRANSFERENHANCEMENT AND 

FLOW DRAG REDUCTION 

FIELD OF THE INVENTION 

0001. The present invention relates to a passive flow 
control method for customizing turbulent flow fluctuations, 
and more particularly to a flexible composite Surface for 
achieving this and resulting in enhancing heat transfer in 
heat eXchanger passages while minimizing the drop in flow 
preSSure, and reducing fluid flow induced drag. 

BACKGROUND OF THE INVENTION 

0002 Heat exchangers are used for transferring heat in a 
variety of Systems Such as those for manufacturing, heating 
ventilating and air-conditioning, power generation, and elec 
tronic packaging. One goal in the design of a heat eXchanger 
is to maximize the convective heat transfer between a 
working fluid and a solid wall. One way to do this is by 
increasing the Velocity of the fluid, which enhances the wall 
convective heat transfer coefficient. However, as per the 
estimates of Kays and London (1984), while the heat trans 
fer coefficient is directly proportional to the Velocity, the 
power required to drive the flow is proportional to the Square 
of the Velocity. This imposes an upper limit on the maximum 
allowable velocities in the heat eXchanger. 
0.003 Most compact heat exchangers employ closely 
spaced fins or similar structures to augment the heat transfer 
area for a given device Volume. Additional augmentation 
requires modifying the wall boundary layer flow, usually 
with the help of turbulence promoters, such as baffles or wall 
roughness elements. This is generally necessary for heat 
eXchange from air Streams due to Significantly lower heat 
capacities and thermal conductivities of air compared to 
water or other commonly used liquid heat transfer media. 
0004. The principal problem of this solution is that using 
Such turbulence promoters causes a Significant drop in flow 
preSSure, thereby increasing the power consumption of the 
fans. A Second drawback is that turbulence promoters often 
Snag Solid particles or debris, thereby increasing flow block 
age and heat transfer Surface fouling in many instances. 
0005 Generally, there is not a good solution to these 
problems. Accordingly, what is needed is a System and 
method for increasing heat transfer while minimizing, or 
eliminating the additional flow pressure drop. The present 
invention addresses Such a need. 

SUMMARY OF THE INVENTION 

0006 A flexible composite sheet is disclosed. The flex 
ible composite sheet comprising a membrane, a Substrate 
coupled to the membrane, and a plurality of ridges coupled 
between the membrane and the Substrate, wherein a vibra 
tory motion is induced from the flow to at least one Segment 
of a membrane Spanning a distances, wherein the vibratory 
motion is reflected from at least one Segment of the mem 
brane to the flow, and; wherein a reduction in fluctuations is 
caused in the flow pressure gradient and freeStream Velocity 
U at all frequencies except around f, where fasU/s. 
0007. In one embodiment, the flexible composite sheet 
can be wrapped around a blunt leading edge of a plate facing 
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an incoming flow of fluid. In another embodiment, the 
flexible composite sheet can also be wrapped around one or 
more regions of an aerodynamic Surface where a flow 
preSSure gradient changes from favorable to adverse. In 
another embodiment, the flexible composite sheet is 
replaced with a plurality of plates coupled to a Substrate, 
wherein the plurality of plates has edges that interact with a 
fluid flow Similar to a compliant Surface. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1 is a diagram of a flexible composite surface 
(FCS) in accordance with the present invention; 
0009 FIG.2 is a diagram of a portion of the FCS of FIG. 
1 interacting with a flow of fluid in accordance with the 
present invention; 
0010 FIG. 3 shows a photograph of a Global-GT3 test 
aircraft; 
0011 FIG. 4 is a diagram showing the cross-section of 
the wing of FIG. 3; 
0012 FIG. 5 shows a photograph of an FCS mounted on 
the bottom of the wing of FIG. 3; 
0013 FIG. 6 is a chart showing measured pressure-side 
boundary-layer velocity profiles at 80% of chord from the 
leading edge, with and without the FCS; 
0014 FIG. 7 is a chart showing measured suction-side 
boundary-layer velocity profiles, with and without the FCS 
at 80% of chord from the leading edge; 
0015 FIG. 8 is a chart showing plots of the pressure-side 
velocity data of FIG. 6 normalized with respect to the 
measured velocities furthest away from the wall; 
0016 FIG. 9 is a diagram of an FCS interacting with a 
flow of fluid in accordance with another embodiment of the 
present invention; 
0017 FIG. 10 is a blow-up diagram of a portion of the 
FCS of FIG. 9 interacting with a flow of fluid in accordance 
with another embodiment of the present invention; 
0018 FIG. 11 is a diagram an FCS interacting with a 
flow of fluid in accordance with another embodiment of the 
present invention; 
0019 FIG. 12 is a diagram of a heat transfer enhance 
ment test apparatus in accordance with another embodiment 
of the present invention; 
0020 FIG. 13 is a top-view diagram of a multi-fin heat 
Sink in accordance with another embodiment of the present 
invention; and 
0021 FIG. 14 is a side-view diagram of the multi-fin heat 
Sink of FIG. 13. 

DETAILED DESCRIPTION 

0022. The present invention relates to heat exchangers, 
and more particularly to a flexible composite Surface for 
enhancing heat transfer in heat eXchanger passages while 
minimizing the drop in flow pressure. The following 
description is presented to enable one of ordinary skill in the 
art to make and use the invention and is provided in the 
context of a patent application and its requirements. Various 
modifications to the preferred embodiment and the generic 
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principles and features described herein will be readily 
apparent to those skilled in the art. Thus, the present 
invention is not intended to be limited to the embodiment 
shown but is to be accorded the widest Scope consistent with 
the principles and features described herein. 
0023 Generally, a system and method in accordance with 
the present invention enhances the transfer of heat in heat 
exchangers by utilizing a flexible composite Surface (FCS). 
The FCS includes a membrane coupled to a substrate and a 
plurality of ridges coupled between the membrane and the 
Substrate. Vibratory motion from a flow pressure gradient 
fluctuation is applied to at least one Segment of the mem 
brane. The membrane reflects the vibratory motion from the 
at least one of its Segments to the flow preSSure gradient 
fluctuation. This Sustains fluctuations in the flow pressure 
gradient only around a pre-Selected frequency. This helps 
Sustain a thin layer of re-circulating fluid downstream of the 
FCS over the solid surface, which exchanges heat with the 
flow. This thin layer allows efficient heat transfer from the 
Solid Surface to the flowing fluid without introducing high 
frictional forces between the fluid and the wall. This allows 
heat transfer without increasing the pressure drop in the fluid 
flow passage. To more particularly describe the features of 
the present invention, refer now to the following description 
in conjunction with the accompanying figures. 
0024 FIG. 1 is a diagram of a flexible composite surface 
(FCS) 100 in accordance with the present invention. The 
FCS 100 is also referred to as the SINHA-FCS 100. The FCS 
includes a flexible membrane 102, which is stretched across 
an array of strips or ridges 104. The ridges 104 are coupled 
to a substrate 106. The FCS 100 can be coupled to an 
aerodynamic body. In this specific embodiment, the FCS 
100 is coupled to a surface of a wing 108. Also, the 
membrane 102 is thinner (e.g., 6 um) than the substrate base 
(e.g., 50-100 um). 
0025. The membrane 102, the ridges 104, and the sub 
strate 106 form air pockets 110 that contribute towards the 
StiffneSS and damping governing flexural vibratory motion 
112 of the membrane 102. The flexural vibratory motion 112 
is caused by the flow 114 of a fluid along the membrane 102. 
0026. The natural frequency of the flexural vibratory 
motion 112 can be tuned as desired by varying the Spacing 
S between the ridges 104, the size (e.g., thickness) of the air 
pockets, the tension of the membrane 102, as well as the 
density and elastic modulus of the membrane material 
(Sinha et al., 1999). The damping of the membrane 102 can 
be made to vary with frequency and flexural mode by 
Segmenting the air pockets 110 with Suitably located Shorter 
ridges. The narrow gap above a short ridge provides an 
increased resistance to airflow acroSS it. Thus, all flexural 
modes of the membrane requiring Such flows in the Substrate 
have larger damping in comparison to modes that do not. 
One benefit of the FCS 100 is that it controls the frequency 
and flexural mode passively, i.e., non-powered. 

0027. As will is illustrated in more detail below, the 
mechanics of the interaction between the FCS 100 and the 
flow 114 stems from the flow 114 imparting motion to the 
membrane 102 and vice versa. Even though the full details 
of Such interaction are extremely complex, certain dominant 
interaction modes can be extracted by properly tailoring the 
mechanical properties of the membrane 102 in relationship 
to key features of the flow 114, Such as the pressure gradient. 
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0028. The FCS 100 exploits such a dominant interaction 
mode for manipulating a varying and adverse-pressure gra 
dient (APG) boundary layer flow. APG flows are those 
where the imposed pressure tends to oppose the flow. In 
many instances, this leads to boundary layer flow Separation, 
resulting in large increases in turbulence and flow losses. 
The present invention decreases the boundary layer flow 
Separation and thus decreases overall turbulence and flow 
losses. As a result of Such manipulation, any turbulence in 
the flow 114 is controlled and the transfer of momentum, 
heat, and mass across the APG boundary layer can be 
decoupled and changed to obtain desired outcomes. 

0029. Almost all turbulent frequencies can be controlled 
or eliminated. Also, a Small Selected frequency band can be 
amplified, thereby customizing the Spectrum of the turbulent 
fluctuations. Such a selective modification of the turbulent 
spectrum is another benefit of the embodiments of the 
present invention. Another benefit is that the FCS can 
interact with an inflectional velocity profile downstream of 
the point of flexible-wall interaction. 
0030 FIG. 2 is a diagram of a portion of the FCS 100 of 
FIG. 1 interacting with a flow 114 of fluid in accordance 
with the present invention. The FCS 100 can be located over 
regions of an aerodynamic Surface where the flow preSSure 
gradient changes from favorable to adverse. Under Such flow 
conditions, flow induced pressure fluctuations can impart 
flexural vibratory motion 112 to segments of the membrane 
102 between adjacent ridges 104. The flexural vibratory 
motion 112 of the membrane Segments, in turn, can impart 
pressure fluctuations to the flow 114 at the vibrating fre 
quencies. This interaction constrains the pressure fluctua 
tions and the resulting flow velocity fluctuations around a 
frequency f-U/s (where, U=the freestream velocity above 
the membrane and S=the distance between adjacent high 
ridges on the Substrate), as long as f does not coincide with 
the fundamental flexural natural frequency of the vibrating 
membrane Segment. 

0031. The exposed surface of the membrane 102 creates 
a non-Zero wall Velocity condition for the boundary layer 
flow at locations where the flow 114 is receptive to this 
condition. The interaction of the flow 114 with the flexural 
vibratory motion 112 of the compliant membrane 102 results 
in the flow 114 being forced to a new equilibrium. 

0032. The following description elucidates details crucial 
towards exploiting this interaction. The Streamwise u-mo 
mentum equation of the flow 114 at the mean equilibrium 
position (y=0) of the surface of the membrane 102 of the 
FCS 100 is considered first: 

0033. The streamwise x-component of velocity “u' of the 
vibrating membrane 102 (or the velocity of the fluid at the 
points of contact with the membrane 102) has been assumed 
to be negligible, while the wall-normal y-component of 
velocity “v' of the fluid next to the membrane 102 is clearly 
non-Zero due to membrane compliance. Key to flow-mem 
brane interaction is the realization that the wall-normal 
gradient of the streamwise Velocity at the wall, (du/Öy)y=0, 
can be extremely large at certain X-locations. At Such 
locations, even a Small oscillation Velocity (v-U) of the 
flexible membrane can make the v(du/ay)y=0“control” term 
on the left hand side of equation (1) predominant. For a 
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non-porous, non-compliant wall, this control term is iden 
tically zero. Additionally, if the boundary layer velocity 
profile at the aforementioned locations is Such that prior to 
interaction (0°u/ay) y=0-0, while (au/ay)y=0>0, (i.e., u(y) 
is approximately linear near the wall) an order of magnitude 
balance of the terms in equation (1) yields: 

0034. Such a condition can be satisfied in boundary 
layers over curved Surfaces, in the vicinity of X-locations 
where the Streamwise preSSure gradient dp/dx changes from 
favorable (0p/6x<0) to adverse (op/6xx0), as shown in 
FIGS. 1 and 2. What makes such locations unique is the 
large relative change in dp/dx introduced through equation 
(1-a), Since dp/dxs0 prior to this interaction. 
0035. For boundary layer flows, pressure variation across 
the boundary layer (op/öy) is negligible, and the streamwise 
preSSure gradient dp/0X can be obtained from the inviscid 
momentum equation at the Outer, or freeStream edge of the 
boundary layer: 

0036 For X-locations where equation (1-a) holds, an 
oscillatory motion of the wall can, therefore, directly intro 
duce fluctuations in the freestream Velocity U, through the 
preSSure gradient term. For example, in a steady boundary 
layer flow over a rigid non-porous wall, the pressure gradi 
ent term on the right hand side of equation (2) will be 
completely balanced by the non-linear convective term IU 
(6U/6x) on the left hand side. If this flow is perturbed, by 
introducing a small wall-normal velocity v through flexible 
wall motion, the resulting fluctuations in the pressure gra 
dient will have to be balanced by the unsteady term (OU/6t) 
in equation (2). For X-locations where ap/6x-0 in the 
unmodified flow, as required for ensuring the validity of 
equation (1-a), the overall effect of wall motion can be 
expressed as: 

0037. It is important to note that equation (3) holds 
irrespective of the Source of the perturbations. The discus 
sions thus far have presumed the source to the flexible wall 
(Sinha, 2001). However, equation (3) also describes how 
fluctuations in the freestream Velocity U can impart oscil 
lations to a compliant wall at X-locations where equation 
(1-a) remains valid (Sinha and Zou, 2000). If fluctuations 
exist in the freestream Velocity U, as is normally the case in 
most external aerodynamic flows, the presence of a compli 
ant wall around the dp/0X s.0 location results in partitioning 
the energy of the fluctuations between the fluid and the wall 
(Carpenter et al., 2001). The degree of partitioning at any 
instant depends on the temporal phase of the wall oscillation 
cycle. 
0.038. The vibratory response of the wall also plays a key 
role in this interaction. The predominant response of the 
FCS 100 can be expected to be flexural. The maximum 
displacements and energy storage capacity of the FCS 100 
corresponds to the fundamental mode as per the Sketch of the 
deflected membrane in FIGS. 1 and 2. Dissipation can also 
be expected to be higher for higher modes of flexural 
Vibratory motion, especially if the low ridges constrict the 
airflow acroSS them. 

0.039 The combined flow-wall interaction proceeds as 
follows: As a mass of disturbed freestream fluid approaches 
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a segment of the membrane 102, where equation (1-a) holds, 
the membrane 102 begins to undergo flexural displacement. 
The membrane 102 continues to deflect as the disturbed fluid 
convects over it. At some point the displaced membrane 102 
begins to Swing back, initiating the reverse phase of the 
oscillation cycle. In the process of deflecting to its extreme 
position, the membrane 102 and substrate 106 of the FCS 
100 store a significant portion of the flow fluctuation kinetic 
energy as elastic potential energy. AS the membrane 102 
Springs back, most of this energy is released back to the flow 
114. However, the original fluid particles, which had pro 
Vided this energy, would have convected downstream by a 
distance U. At during the time interval At taken by the 
membrane 102 to execute one oscillation cycle. For the 
re-released energy to be imparted to the Same mass of fluid 
that originated it, the following condition must hold: 

U.At=s (4) 

0040 where, S=the free length of the membrane of the 
FCS 100, between two ridges. This condition imposes the 
membrane oscillation frequency: f=U/S. The aforementioned 
process results in amplifying fluctuations corresponding to f, 
while attenuating fluctuations at other frequencies. The 
efficacy of the Selection process depends on the ability of the 
FCS to damp out higher modes, while minimizing damping 
in the fundamental flexural mode. Also, the spacing S has to 
be sufficiently close Such that equations (1-a) and (3) hold 
throughout this region. The frequency Selection criterion and 
the conditions needed for Small amplitude wall motion to 
influence the freestream also hold for externally actuated 
active flexible wall transducers (Sinha, 1999 and Sinha, 
2001). The validity of equation (3) has been experimentally 
verified by noting the fact that electrically driven flexible 
wall motion at a frequency f=U/S produced large fluctuations 
in the freestream Velocity U at the same frequency while 
attenuating fluctuations at other frequencies (Sinha, 2001). 
0041. The net effect of the aforementioned selection 
process is to concentrate Velocity and pressure fluctuations 
at a frequency fasU/s. Also, these fluctuations convect down 
Stream to the point where the boundary layer begins to 
Separate. At the separation point, equation (1) simplifies to: 

0042. This implies that fluctuations in Öp/6x directly 
contribute towards introducing a vorticity flux 69.2/0y+6(öu/ 
dy)/oy through the Viscous term in equation (5). Also, 
equations (1-a) and (3) hold on the centerline of the sepa 
rated Shear layer, immediately downstream of the Separation 
point. The final effect is to utilize Sustained fluctuations in 
the freestream Velocity U to impart wall-normal oscillations 
at a predetermined frequency U/S to the Separated Shear 
layer, thereby encouraging rapid entrainment of the Sur 
rounding fluid through wave breaking. Increased entrain 
ment from the Separated region near the wall reduces the 
preSSure in this region and forces the Separated Shear layer 
closer to the wall. This results in reattachment of the flow. 

0043 Compared to the unmodified flow, the FCS 100 
constrains turbulent fluctuations to a narrower band. This 
“customized turbulence' can be expected to be less dissi 
pative. The fundamental natural frequency for flexural 
vibratory motions 112 of the membrane 102 has no bearing 
on the flow-membrane interaction frequency f, as long as 
they are Sufficiently apart. If the two coincide, the amplitude 
of the oscillating membrane 102 increases, thereby enhanc 
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ing non-linear dynamic effects. This can trigger other modes 
of oscillation of the membrane 102, thereby increasing 
energy losses and broadening the Spectrum of flow fluctua 
tions. The FCS 100 then begins to behave as a broad 
Spectrum turbulator, promoting much larger losses through 
rapid buildup of turbulent skin friction. 
0044) One of the features of the FCS 100 is control of 
boundary layer flows in general, including applications to 
aircraft wings. The FCS 100 can be applied to an aircraft 
wing to achieve drag reduction. In order to ascertain the 
feasibility of using the FCS 100 to reduce wing drag flight 
tests were conducted with an FCS tape (with 0.4 mm-wide 
high Strips with Spacing S=0.8 mm and a single 15-lim lower 
low Strip in the center of each pair of high Strips) mounted 
at about 65–75% of a chord from a leading edge on the top 
(Suction) and bottom (pressure) Surfaces of an advanced 
1.24-m chord. 

004.5 FIG. 3 shows a photograph of a Global-GT3 test 
aircraft 140 (manufactured by Global Aircraft Inc., 
Starkville, Miss.), which is instrumented for wing-bottom 
measurements. The aircraft 140 has a wing 150, which is 
used for the wing drag flight tests. The wing 150 has a 
starboard flap 152. Pressure transducer array 154 is mounted 
on top of the wing 150. 
0.046 FIG. 4 is a diagram showing the cross-section of 
the wing 150 of FIG. 3. In this specific embodiment, the 
wing 150 is an NLF-0414F natural laminar-flow airfoil 
wing. The flow pressure gradient changes from Slightly 
favorable to adverse around 65-75% of the chord on both the 
top (Suction) and bottom (pressure) Surfaces of this airfoil. 
0047 FIG. 5 shows a photograph of a SINHA-FCS 100 
mounted on the bottom of the wing 150 of FIG. 3, along 
with the boundary layer mouse 160 used to measure bound 
ary layer Velocity profiles. This arrangement is just below 
the outboard end of the taped section of the starboard flap 
152 of FIG. 3. In this specific application, the FCS 100 is a 
300-mm spanwise and 50-mm chordwise section. A wing 
flap joint 162 runs over the mouse 160. The leading edge of 
mouse tubes 166 are immediately upstream of the wing-flap 
joint 164 at X/c=0.8. 
0.048. During the test, the aircraft was flown at about 
3000 ft pressure altitude at its level cruising speed of 106-kt. 
This corresponded to Recs4.8x106, flight Mach number 
Ms0.22 and a section angle of attack Os-1. Several sets of 
data were acquired both for the clean airplane without the 
FCS 100, as well as with the FCS 100. 
0049 FIG. 6 is a chart showing measured pressure-side 
boundary-layer velocity profiles at 80% of chord from the 
leading edge, with and without the SINHA-FCS. Integrating 
the Velocity profiles shows the drag resulting from the 
marginal Separation induced wake momentum defect as: 
Fractional reduction in drag=?pu2dywith FCS-?pu2dy 
clean wing/?pu2dy|clean wing. The data in FIG. 6 showed 
that the FCS reduced the drag under level cruise conditions 
by about 25%. 
0050 A significant increase in the freestream velocity is 
also seen due to the FCS. This could not be attributed to 
measurement uncertainties. The FCS, therefore, also helps 
Speed up the flow outside the Viscous dominated boundary 
layer. AS expected for a lifting wing, at X/c=0.8, the 
freestream Velocities on the Suction side are higher than 
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those on the pressure side. However the difference is smaller 
for the data with the FCS. Hence, it is possible for the FCS 
to influence CL as well. 

0051 FIG. 7 is a chart showing measured suction-side 
boundary-layer velocity profiles, with and without the 
SINHA-FCS at 80% of chord from the leading edge. The 
difference between Clean-Wing-1 and Clean-Wing-2 pro 
files shows test uncertainties. FIG. 7 shows a similar behav 
ior for the Suction side of the wing, resulting in 18-20% 
reduction in drag. The two “Clean-Wing” profiles, corre 
sponding to the extreme values of the measured Velocity 
profiles, provide a visual indication of uncertainties in the 
acquired data due to unavoidable atmospheric turbulence. 
Based on the aforementioned estimates from this data, 
approximately 20% reduction in wing drag can be expected 
for the section of the wing influenced by the FCS if it is 
affixed to both top and bottom surfaces. 
0.052 The data of FIGS. 6 and 7 were obtained by 
affixing the FCS strip first to the pressure side only and then 
to the Suction side only. If the FCS were applied to cover 
Substantial Spanwise locations on both Surfaces, the wing 
angle of attack and the throttle Setting would probably have 
to be changed to maintain the constant 106-kt airspeed. 
0053 FIG. 8 is a chart showing plots of the pressure-side 
velocity data of FIG. 6 normalized with respect to the 
measured velocities furthest away from the wall. The pro 
files for the wing with FCS are normalized with respect to 
Ö* values before and after FCS application. This isolates the 
change in the shape of the velocity profile. FIG. 8 demon 
Strates that applying the FCS on the bottom Surface reduces 
the shape factor H (H=displacement thickness 8*/momen 
tum thickness0) from 1.46 to 1.35, thereby making it fuller. 
0054 FIG. 9 is a diagram of an FCS 200 interacting with 
a flow of fluid in accordance with an embodiment of the 
present invention. This embodiment consists of thin plates 
202 Staggered at a shallow angle and Sandwiched between 
compliant porous elastomeric layerS 204 having Visco-elas 
tic properties. This assembly is imbedded in a substrate 206, 
which can be affixed to a body over which an adverse 
preSSure-gradient flow 208 takes place. 
0055 FIG. 10 is a blow-up diagram of a portion of the 
FCS 200 of FIG. 9 interacting with a flow of fluid in 
accordance with another embodiment of the present inven 
tion. The tips 220 of the plates 202 are exposed to a locally 
varying preSSure gradient, changing from favorable 
upstream to adverse downstream. In a manner Similar to the 
previous embodiment, the tips 220 will experience flow 
induced oscillations, Since the flow pressure gradient exactly 
over it will be zero. The flow 208 will separate downstream 
of the tips 220 entrapping a small vortex 222. Due to the 
damping provided by the compliant layers 204, most of the 
turbulent kinetic energy imparted to the plates 202 will be 
dissipated. However, in a manner Similar to the previous 
embodiment, flow-induced oscillations around the fre 
quency f-U/s (U=the local freestream velocity of the flow 
208, and S=streamwise spacing of the plate tips 220) will be 
allowed to pass. This will control the entrainment in a Shear 
layer 224. 

0056. In the ideal case, the vortex 222 should extend just 
up to the tip 220 of the plate 202 immediately downstream. 
A larger vortex 222 will cause full-blown flow separation 



US 2003/0145980 A1 

with an accompanying large increase in form or pressure 
drag. Whereas, a Small Vortex 222, due to excessive entrain 
ment in the shear layer 224, will increase the skin friction 
drag. A reduction in skin friction occurs due to the reversed 
flow next to the surface of the plates 202 caused by the 
VorteX 222. The choice of the compliant porous elastomeric 
layer has to be Such that its damping increases significantly 
for oscillation frequencies greater than 2f. 
0057 FIG. 11 is a diagram of an FCS 250 interacting 
with a flow of fluid in accordance with another embodiment 
of the present invention. In this specific embodiment, the 
plates 202 have a curved profile giving and form a fish-Scale 
pattern. AS Such, counter-rotating longitudinal Vortices 252 
can be generated that can assist in drawing the shear layer 
closer to the Surface of the plates 202 by enhancing mixing. 
0.058 FIG. 12 is a diagram of a heat transfer enhance 
ment test apparatus 300 in accordance with another embodi 
ment of the present invention. The heat transfer enhance 
ment test apparatus 300 includes an FCS 302, which is 
wrapped around the leading edges of heat eXchanger fins 
304 and 306. In this specific embodiment, the heat 
exchanger fins 304 and 306 are 250 mm wide. 
0059) A3-m/s approach velocity of ambient atmospheric 
air 308 through a 12.5-mm wide fin passage was used while 
the upper heat exchanger fin 304 was heated or cooled. The 
heat transfer coefficients were deduced from direct measure 
ment of fin Surface heat flux and air temperatures. The 
passage pressure drop is between the ambient air and exit of 
the passage. Application of the FCS 302 was seen to reduce 
the pressure drop by about 32% while increasing fin surface 
heat transfer coefficients between 43% and 127%. The FCS 
302 achieves this by destroying the similarity of temperature 
and Velocity profiles (i.e., Reynolds analogy) through the 
Sustenance of a thin VorteX 310, through turbulence Spec 
trum modification, near the fin Surface. Heat flows easily 
acroSS this Vortex, which also allows the main flow through 
the passage to proceed unabated as compared to the clean fin 
Surface. The following illustrates heat transfer characteris 
tics with and without the FCS 302. 

0060 Clean Fins 

CLEAN FINS (No FCS) 

Pressure Drop along 50-mm passage: 
Average Heat Transfer Coeft (Top Heated): 
Average HeatTransfer Coeft (Top Cooled): 

(AP) = 16.0 + 0.1 Pa 
h = 38.7 - 1.2 Wim2-K 
h = 18.5 - 4.0 W/m2-K 

0061 FIG. 13 is a top-view diagram of a multi-fin heat 
sink 350 in accordance with another embodiment of the 
present invention. The multi-fin heat sink 350 includes an 
FCS 352, which is wrapped around heat exchanger fins 354. 
The heat exchanger fins 354 are coupled to a base 356. In 
operation, heat transfer from the fins to a fluid, or Vice-versa, 
is enhanced, while reducing the fin-passage pressure drop in 
the fluid. 

0.062 FIG. 14 is a side-view diagram of the multi-fin heat 
Sink 350 of FIG. 13. The FCS-enhanced fins 354 can be 
configured into a multi-fin heat eXchanger in a variety of 
ways. For example, the fins can be Staggered as shown in 
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FIG. 13. The fins 354 can form a plurality of flow passages. 
The flow passages can be parallel. The principal flow 
through the flow passages can also have a component 
parallel to the local gravitational field thereby creating a 
compact natural convection Surface. In another embodiment, 
the FCS can be coupled to fins on a heat pipe, fins on a tube 
carrying a hot or cold heat transfer fluid, or to the leading 
edge of one or more blades of a fan. 

0063. According to the system and method disclosed 
herein, the present invention provides numerous benefits. 
For example, it can enhance heat transfer in a variety of 
applications while minimizing or lowering the drop in flow 
preSSure, or reduce aircraft wing drag or make fans more 
efficient and quiet. 

0064. Although the present invention has been described 
in accordance with the embodiments shown, one of ordinary 
skill in the art will readily recognize that there could be 
variations to the embodiments and those variations would be 
within the Spirit and Scope of the present invention. For 
example, any of the embodiments shown could be used in a 
variety of applications and its use would be within the Spirit 
and Scope of the present invention. Accordingly, many 
modifications may be made by one of ordinary skill in the art 
without departing from the Spirit and Scope of the appended 
claims. 
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What is claimed is: 
1. A flexible composite sheet comprising: 
a membrane; 
a Substrate coupled to the membrane; and 
a plurality of ridges coupled between the membrane and 

the Substrate, wherein 
the membrane is exposed to a region in a flow of fluid 
where the Streamwise flow pressure gradient changes 
from favorable to adverse; wherein a vibratory motion 
is induced from the flow to at least one Segment of a 
membrane Spanning a distance S, wherein the vibratory 
motion is reflected from at least one Segment of the 
membrane to the flow, and; wherein a reduction in 
fluctuations is caused in the flow pressure gradient and 
freestream Velocity U at all frequencies except around 
f, where fasU/s. 

2. The flexible composite sheet of claim 1 wherein the 
flexible composite Sheet can be wrapped around a leading 
edge of a plate facing an incoming flow of fluid. 

3. The flexible composite sheet of claim 1 wherein the 
flexible composite sheet can be wrapped around an aerody 
namic Surface where a flow preSSure gradient changes from 
favorable to adverse, in order to reduce the intensity of 
flow-induced unsteady forces and reduce aerodynamic drag. 

4. The flexible composite sheet of claim 3 wherein the 
aerodynamic Surface is a portion of a wing, in order to 
reduce aerodynamic drag, increase wing lift to drag ratio, 
delay the onset of flow Separation and Stall and reduce the 
intensity of flow-induced unsteady forces on the wing. 

5. The flexible composite sheet of claim 1 wherein the 
fluid can be a gas, vapor, mixtures of gases and vapors or a 
liquid. 

6. A heat Sink comprising: 
a fin having a leading edge; and 
a flexible composite sheet coupled to the fin leading edge, 

wherein heat is transferred from the fin to a fluid 
without incurring an added pressure drop in the fluid. 

7. The heat sink of claim 6 wherein the flexible composite 
sheet comprises: 

a membrane; 
a Substrate coupled to the membrane; and 
a plurality of ridges coupled between the membrane and 

the Substrate, wherein 
the membrane is exposed to a region in a flow of fluid 
where the Streamwise flow pressure gradient changes 
from favorable to adverse; wherein a vibratory motion 
is induced from the flow to at least one Segment of a 
membrane Spanning a distances, wherein the vibratory 
motion is reflected from at least one Segment of the 
membrane to the flow, and; wherein a reduction in 
fluctuations is caused in the flow pressure gradient and 
freestream Velocity U at all frequencies except around 
f, where fasU/s. 

8. A heat eXchanger comprising: 
a plurality of fins, wherein the fins are Staggered; and 
a flexible composite sheet coupled to Some or all of the 

fins of the plurality of fins, wherein heat is transferred 
from the fin to a fluid without incurring added flow 
preSSure drop. 
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9. The heat exchanger of claim 8 wherein the plurality of 
fins form a plurality of flow passages. 

10. The heat exchanger of claim 9 wherein the plurality of 
flow passages are parallel. 

11. The heat eXchanger of claim 9 wherein a principal 
flow through the plurality of flow passages has a component 
parallel to the local gravitational field thereby creating a 
compact natural convection Surface. 

12. The heat exchanger of claim 9 wherein the fins have 
a curved profile. 

13. The heat exchanger of claim 9 wherein the (FCS) is 
configured in a fish-Scale pattern. 

14. A heat Spreader comprising: 

a heat pipe; 

a plurality of fins coupled to the heat pipe; and 

a flexible composite Sheet coupled to at least one of the 
fins of the plurality of fins, 

wherein heat is transferred from the fin to a fluid without 
incurring a pressure drop in the fluid. 

15. A fan comprising: 

a plurality of fan blades, and 
a flexible composite sheet coupled to at least one leading 

edge of a fan blade of the plurality of fan blades, 
wherein heat is transferred from the fin to a fluid 
without incurring a preSSure drop in the fluid and 
wherein the fan can be made to be more quiet and 
efficient. 

16. A method for transferring heat, the method comprising 
the Steps of: 

(a) providing a membrane coupled to a Substrate and a 
plurality of ridges coupled between the membrane and 
the Substrate; 

(b) inducing a vibratory motion from fluctuations in the 
flow velocity U through the flow pressure gradient to at 
least one Segment of a membrane Spanning a distance 
S; and 

(c) reflecting the vibratory motion from at least one 
Segment of the membrane to the flow preSSure gradient 
to Sustain preSSure fluctuations in the flow pressure 
gradient at a frequency f, where fasU/S, wherein heat 
transfer from a Solid Surface downstream of the mem 
brane Segment to the fluid is enhanced while attenuat 
ing the flow pressure drop. 

17. The method of claim 16 wherein the at least one 
Segment of a membrane Vibrates at a vibrating frequency 
and the flow pressure gradient fluctuates at the Substantially 
the same vibrating frequency. 

18. The method of claim 16 wherein a resulting flow 
Velocity in the flow pressure gradient fluctuates around a 
frequency f=U/s, wherein U is the freestream velocity above 
the membrane and S is the distance between adjacent ridges 
on a Substrate over which the membrane resides. 

19. The method of claim 18 wherein f does not coincide 
with a fundamental flexural natural frequency of the Seg 
ment of the membrane. 


