This programwi |l devel op technology for friction drag reduction, and
is focused on flow additives. Furthernore, we are focused on the
practical inplenentation of these drag reduction technol ogies. W are
interested in a broad spectrumof nilitarily relevant applications, and
thus a wide variety of hull fornms. In order to acconplish this, we wll
t ake advantage of advances in conputational hardware and in problem
sol vi ng approaches enabl ed by those advances. Thus, this programis
oriented around using conmputation and experinments (focused by these
conputations) to optimnmize the paraneters associated with the flow
additives and their inplenentation

| should point out that right now we have an open BAA on the activity |
wi || be describing; you can get at the solicitati on on the DARPA web
site. This BAA closes in COctober, and | hope that what | have to say
here today encourages your interest.

Much of the enphasis in recent years on drag reduction has revol ved
around i ncreasing ship speed. However, at constant power the speed is a
weak function of the friction drag (in fact, changes as the cube root

of the friction drag). Thus, even when friction drag doni nates overal
ship drag, very substantial decreases in friction drag are needed to
get any neani ngful inprovenent in speed.

However, there are other, substantial benefits to friction drag
reduction. For exanple, when friction drag is reduced there is a
proportional reduction in the requisite fuel |oad, and hence a | arge
proportionate increase in overall payload. On the other hand, for a

gi ven fuel and payl oad fraction, proportionate increases in range and
endurance can be achieved. In order to see neani ngful speed increases,
at least 50% reduction in friction drag i s needed. However, friction
drag reductions |less than 50% but better than about 20% can
nevert hel ess provide significant enhancenent in other inportant

per f or mance par anet ers.

Friction drag constitutes a significant proportion of the overall hul
rag; between about half and 2/3 of the overall drag. Over several
decades two very pronising technol ogi es have been shown in the

| aboratory to reduce friction drag by as nuch as 80% the addition of
pol ymers or mcrobubbles to the flow Unfortunately, these results have
not transferred to the field; the effectiveness of polyners breaks down
at high speeds, and perhaps nore inportantly, the consunption rates are
very high. The power needed to create and introduce microbubbles into
the flowis greater than that which if just put into propul sion would
provi de equi val ent performance enhancenment. As noted earlier, reduction
in skin friction drag achieved in the laboratory fromthe introduction
of polyners into the flow has not transferred to the field. There is a
| arge body of experinental work; polyners are used, for exanple, in
fire fighting to increase flow rates. Although some theoretical work
has been done to explain why polyners work, the experinental data
avai | abl e does not sufficiently sanple the rel evant paraneter space.
However, recent conputational work using DNS has shown excel | ent
agreenent with experinents. Thus, by using a constitutive relation that
captures the physics of the polymer in the flow, and DNS, which
captures the turbulent flow physics exactly, a way is opened up for
optim zing the polynmer properties for drag reduction. For exanple, one
result that "whets the appetite" is that by increasing a particular



polymer's chain extensibility by x3 the rate of consunption could be
reduced by about x10.

Unfortunately, and not surprisingly, the number of degrees of freedom
in the flowthat can be captured by DNSis linmted by the avail able
conput ati onal power. The current state of the art for polymer nodeling
in DNS all ows a nmaxi num Reynol ds number (expressed in terns of the
boundary | ayer thickness) about 5000, which corresponds the about a
mllion grid points. The Reynol ds nunber needed to nodel a ship hull is
about 1E6; since the nunber of needed grid points scales as the
Reynol ds nunber to the 9/4, we see that we are about 9 orders of
magni t ude away in conputational power fromnmodeling a ship hull in DNS

The situation with m crobubbles is considerably |ess well devel oped.

Al t hough substantial |evels of drag reduction have been denobnstrated in
the | aboratory, no full-scale inplenentation has been attenpted; the
Japanese are planning an experiment with, | believe, a fishing traw er
More inportantly, there is currently no validated or accepted theory
for mcrobubble drag reduction; in fact, what the property or
properties of mcrobubbles are that are responsible for drag reduction
is currently controversi al

What is known about both polyners and microbubbles is that they operate
in the so-called buffer |layer at the edge of the viscous part of the
boundary layer. It is here that the incipient vortices that grow into
full-scale turbul ence are born. The flow additives are thought to
inhibit their formation, although the exact nechanismis not well
under st ood. Hence, the properties of the additives (that is, the

pol ymers and ni crobubbl es) that need to be tailored for optinmal drag
reduction are not well understood. In order to fully understand these
i ssues both a physically based constitutive relation for the additive,
and a good physics nodel of the relevant portion of the boundary |ayer
needs to be devel oped.

These graphics, however, also illustrate a further issue. In order to
inhibit drag reduction it is inmportant to keep the flow additives in
the buffer |ayer. However, the nature of turbulence is to transport
material out of the buffer layer as the fully devel oped portion of the
| ayer grows downstream Hence, anal yzing schenes for inserting and

mai ntaining (to the degree possible) the flow additives in the buffer

| ayer are inportant if efficient and practical inplenentation of the
drag reduction technology is to occur

So, what is the approach we are taking? In essence, we will use DNS
nodel i ng over the Reynol ds nunbers where it is applicable, and with
physically based constitutive relations for the flow additives explore

the physics (in all its glory) within the buffer layer and incipient
(remenber, we can only use DNS at Reynol ds nunbers of about 10, 000)
full boundary layer. As the boundary |ayer develops, we wll inplenent

Large Eddy Sinul ati ons and Reynol ds Averaged Navi er St okes nodel s,

i nforned by the physics devel oped within the DNS conputations. W thus
expect to devel op detail ed physical insights with the exact nodeling
(i.e. DNS), and use that insight to develop the inevitable
approxi mati ons needed to nodel flow around a ship hull, and additive

i njection schenes.



Conput ati on cannot be done in a vacuum of course. As we devel op

physi cal understandi ng of the inpact of flow additives on skin friction
we will test these hypotheses in the |aboratory. Eventually, with the

i nsights devel oped fromthe nodeling at all scales, we will devel op
candi date drag reduction inplenentation schenmes and test themw th
near- full-scale nodels at, for exanple, the Carderock water tunne
facility operated by the Navy.

It is inmportant to nmeasure progress. In this program we expect in
about 2 years to have shown to our satisfaction that this multiscal ed
nodel i ng approach can work, and further that there is some prom se for
tailoring the additives and their inplenentation to overcone the
deficiencies that in the past have prevented their fielding. At the end
of the program in about 4 years, we expect to denpbnstrate this
capability in near full-scale experinents.

In summary, then, we are |ooking for revolutionary |levels of drag
reduction. The idea of using flow additives has been around for
decades, but has not been reduced to practice on ships and boats. W
hope to nove this field to the point where we understand the physics
and engi neering issues in depth, in order to all ow optinal

i mpl enentati ons that overcone the practical barrier



