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Executive Summary

Many important military and civilian proposed projects are beyond the state of the art in our understanding
of the characteristics of high Reynolds number flows. The proposed 70 knot Army fast logistics ship, 250 knot
underwater missiles, and civilian very high-speed ferries are examples of high-speed vehicles that can not be
accurately model tested because of our lack of knowledge concerning the proper scaling laws for extremely high
Reynolds number flows. The hydrodynamic (and wind) forces on such a ship operating at full speed will be
enormous, and the flow patterns will be very complex. The friction drag is expected to be the largest contributor to
the total drag. The obvious course of action is to focus significant effort on reducing the friction drag as much as
possible using some type of active or passive friction drag reducing (FDR) technology.

Understanding the fundamental physics of the FDR technology is prudent, prior to making an attempt to
implement the FDR technology onto a full-scale, operational vessel, if there is to be a chance of success within a
reasonable period of time. Several attempts to “shotgun” a solution from promising, but basic, laboratory results to
deployment of a prototype system onto a full-scale ship have met with disappointment. Numerical and experimental
analysis of turbulent flows at the smallest observable scales has yielded significantly new insight into the
mechanisms of turbulence, and the behavior of the major structures within the boundary layer. The “streak-liftup-
hairpin-burst-sweep” cycle of turbulence regeneration provides a conceptual model around which we may build a
strategy to affect the control of turbulence. One or more of these events within the cycle of turbulence regeneration
must be controlled in order to reduce total friction drag. The interaction between each of these mechanisms has only
recently been observed and conceptualized through advanced numerical and experimental means, and the model
may undergo further refinement as the investigation continues. Additional investigation into the mechanisms of
turbulence is critical to finding the FDR technology that would most appropriately match the needs of a high-speed
ocean-going vessel.

~ It would be neither practical nor appropriate to investigate all of the possible existing FDR technologies for
application to the high-speed ship. Preliminary engineering estimates indicate that the fast logistics ship total drag
must be reduced by a factor of two (Genalis, 2000). Friction drag represents the greatest percentage of total drag,
estimated to be approximately 70 percent of total drag. Assuming the residual 30 percent of total drag (form, wave,
spray, etc.) already represents the optimum, and cannot be reduced, the friction drag must be reduced by a factor of
four. This limits the FDR technologies that will be investigated to those that have demonstrated a reasonable chance
of reducing friction drag by a factor of four, or by approximately 75 percent. The FDR technologies that come close
to meeting this criterion are: microbubbles, polymers, surfactants, ventilation with super repellent coating,
microfibers with polymer, and high viscosity fluid. Synergistic combinations of these technologies may yield even
more significant friction drag reduction.

The FDR technology must not only reduce friction drag significantly, but also be capable of practical
implementation on a full-scale ship, and be reliable under at-sea conditions, possibly including severe storms, and
high speed maneuvering. FDR technologies that are “passive”, or “always on” such as ventilation by super-
cavitation would be the most preferable. Technologies where the drag reduction could be initiated with limited
auxiliary equipment and a readily available (and low mass) “feed stock”, such as microbubbles or blower induced
ventilation, would be the next-most preferable technology. Technologies that require exotic auxiliary equipment
and/or a significant quantity of “feed stock™ to be carried by the ship, such as polymers or surfactants, would be the
least preferable. This criterion effectively eliminates the fiber-polymer technology, due to practical considerations,
and may ultimately eliminate polymers, surfactants and high viscosity fluid.

The experiments that are required to study the fundamental fluid mechanic problems associated with the
design of high-speed ships and submarines are very involved and will require special instrumentation and testing
facilities. It is most likely that a single facility will not suffice for all the tests.

Initial testing of a FDR technology will be very “basic” (testing at high speed on a flat, cavitation-free
plate in fresh water), focusing on understanding the fundamental physics of the technology, and the mechanisms of
turbulence. Subsequent tests on complex shapes, including various pressure gradients, will be necessary to
determine how the FDR technology will behave in complex flows (evaluating the effect of persistence, etc.).

No test facility currently exists that meets all of the requirements to investigate the mechanisms of
turbulence or test the FDR technologies at the necessary fluid speeds, pressure gradients, and length scales. To
construct a new facility dedicated to this purpose may be prohibitively expensive in both time and capital. A few of
the existing facilities come close to meeting some of the testing requirements, and could be modified into acceptable
test facilities, even if not perfect, if some engineering improvements were made. The discussion in this paper will
show that the LCC facility and the Detroit River Dam site represent the kind of facility that is appropriate for the



initial phase of the testing. A separate program has already been initiated to begin making several small
improvements to the LCC to support the first phase of FDR testing. A phased-approach to making the engineering
improvements to the LCC, in conjunction with the FDR testing process, makes the best use of time and capital.
Minor improvements to the LCC system for little capital will allow initial FDR testing to begin with capabilities far
beyond what has previously been documented. The results of these initial tests may help point the direction of
subsequent testing, possibly in ways that were previously unforeseen. Subsequent engineering improvements can be
developed while FDR testing continues. Therefore, the most efficient and prudent solution is to make the best use of
the LCC test facility, making incremental improvements as FDR testing evolves.

The full battery of FDR tests will require high speed, submerged non-cavitating and cavitating flow tests;
high speed free surface tests; and full-scale open water tests. In keeping with the prudent but efficient approach
toward testing, the Carderock High Speed Carriage #6 should be considered the facility of choice for the free surface
tests, after the appropriate engineering improvements are made. However, making improvements to Carriage #6
should wait until satisfactory progress has been made during the initial stages of testing at the LCC to warrant the
capital expenditure.

The final phase of testing will be on a full-scale, high-speed, open water test platform. The FDR will have
to prove its effectiveness in seawater, in a complex flow with a dynamic, complex pressure gradient, subject to a
hull with imperfections from construction and marine fouling. Some of these effects may be simulated individually
in the high-speed channel or towing tank, but there is no substitute for evaluating the combined effect on FDR
performance. The test platform will also be the field laboratory for developing a robust and effective FDR delivery
system. Having a reliable, maintainable, and cost effective delivery system is just as important as having an effective
FDR technology itself.



1 INTRODUCTION

Many important military and civilian proposed projects are beyond the state of the art in our understanding
of the characteristics of high Reynolds number flows. The proposed 70 knot Army fast logistics ship, 250 knot
underwater missiles, and civilian very high-speed ferries are examples of high-speed vehicles that can not be
accurately model tested because of our lack of knowledge concerning the proper scaling laws for extremely high
Reynolds number flows. To gain such knowledge will require fundamental investigations into high Reynolds
number hydrodynamics. Both experimental tests and analytic/numerical investigations are needed. In the end,
designers prefer analysis over experiments because experiments are both expensive and time consuming. However,
development of analytic/numerical techniques requires detailed experiments for insight and validation. In addition,
at least until the analytic/numerical methods are sufficiently accurate, naval architects will continue to require
experiments that can be scaled to full size in order to validate design predictions.

For example, the proposed fast logistics ship is currently beyond the capabilities of any existing vessel, due
to the combination of its size and speed requirements. The hydrodynamic (and wind) forces on such a ship operating
at full speed will be enormous, and the flow patterns will be very complex. Ship types that have been considered for
this mission are: semi-lifting displacement hull form; multi-hull catamaran, or trimaran hull; hydrofoil; and surface
effect ship (SES). Each ship type has advantages and disadvantages. Broadbent and Kennell (2001) analyzed fifty
different existing high-speed ship forms and configurations, and extrapolated these ship performance characteristics
out to match the desired performance of the fast logistics ship. From this analysis it becomes obvious that significant
technological improvement will be required in the areas of ship structural design, engine room configuration,
propulsion power density and efficiency, and ship drag reduction in order to meet an even modest set of high-speed
operational characteristics. The Broadbent and Kennell (2001) analysis leans toward a semi-lifting trimaran
displacement hull with transom stern. The DARPA study by Dimotakis, et al., (2000) concluded that a hydrofoil hull
form was advantageous. Estimates for total drag and its component makeup are gross, at best. Dimotakis, et al.,
(2000) estimates that the hydrofoil fast logistics ship would experience 70 percent friction drag, 22 percent induced
drag, 6 percent wave drag, and 2 percent spray drag. A high-speed displacement hull’s drag components may
distribute as 70 percent friction drag, 3 percent form drag, 25 percent wave drag and 2 percent spray drag. The ship
hull type and trade-offs between mission requirements and hydrodynamic optimization will determine the magnitude
and balance of the drag components. In any case, the friction drag is expected to be the largest contributor to the
total drag. In order for the fast logistics ship to meet its mission objectives, it is expected that the total ship drag
must be reduced by a factor of two. Given that friction drag is the largest component of total drag, the obvious
course of action is to focus significant effort on reducing the friction drag as much as possible using some type of
active or passive friction drag reducing technology. Today, reduction in friction drag is usually accomplished with
reduction in the wetted area of the hull and the application of hydrodynamic fairing. Further reductions of friction
drag have been demonstrated in the laboratory, but these (sometimes exotic) methods have not generally been
applied to ocean-going vessels.

Development and implementation of drag reduction technology will require testing on both the laboratory
and prototype scale. Any proposed method will have to be evaluated in the harsh flow conditions present near the
hull of a high-speed vessel transiting the open ocean. Friction drag reduction (FDR) processes observed in small
laboratory scale experiments may not readily relate to those found on large-scale ships. If a viable drag reduction
method is found, naval architects must learn how to predict its influence on the performance of full-scale ships, and
this would likely involve a combination of model-scale tests with analytical/numerical predictions. Again, testing of
drag reduction methods using small, towed models will not yield scaleable results. Moreover, analytical and
numerical scaling tools must be validated by a detailed experimental database. Consequently, advancement of FDR
technology will require experimental facilities that can be used for both fundamental experiments and scale-model
evaluation.

In ship hydrodynamics applications, high Reynolds numbers, R, may be achieved by long vessels (Aircraft
Carrier USS Nimitz (CVN-68), L = 1,040 ft, V = 38 knots, Re = 5.2 x 109), high speeds (L = 200 ft, V = 100 knots,
Re = 2.6 x 10°), or a combination of both. One of the difficulties of predicting the behavior of such high Reynolds
number flows is that most experiments are conducted in laboratory-scale facilities where the Reynolds number is
typically two or more orders of magnitude smaller. To relate the results of the experiments to full scale, scaling laws
are required that can only be developed if a complete understanding of the flow physics is available. The flow
physics can only be determined by a detailed set of experiments at both high and low Reynolds numbers.

For example, a study of turbulent drag reduction (for ocean going vessel application) by additives such as
polymers or microbubbles at high Reynolds numbers on a flat plate would require the detailed experimental
measurements of the following quantities:



. Base flow (i.e. without drag reduction agent injection): Average skin friction, static pressure, dynamic
surface pressures, local shear stresses, average flow velocity profiles and turbulence measurements in the
near-wall region.

. Base flow with polymer injection: The physical properties such as molecular weight, viscosity, etc. of the
fluid/polymer will have to be characterized. The same measurements described for the base flow are
needed here as well. In addition, the polymer concentration and conformation in the near-wall flow should
be measured.

. Base flow with microbubble injection: The measurements described for the base flow are again needed. In
addition, the characteristics of the bubbly flow such as void fraction and bubble size distributions in the
near wall region

While this list represents the ideal type of measurements to be conducted to gather enough understanding of
the physics of the flows under consideration, issues related to dimensions and resolution will need to be further
assessed. The Karman number, which represents the ratio of the largest eddy scales (of the order of the boundary
layer thickness) to the smallest eddy scale (on the order of one wall unit) could be, depending on final length and
speed considerations, larger than 10°. Consequently, the physical dimensions of the flow need to be large for the
near wall region to be properly resolved. It should also be noted that most of the measurement techniques listed have
never been attempted at high speeds and large scales. Some of the techniques will not be readily applicable for very
high Re, which might require modifications or consideration of completely new ones.

The study will be incomplete in its assessment of practical implementation if issues such as surface
roughness and fouling effects as well as the saltwater environment are not addressed as well. Surface roughness is an
important consideration in all high Reynolds number experiments, but it becomes even more important when the
processes of interest take place in the logarithmic region of the boundary layer. Even if polymer/microbubble drag
reduction technologies are proven effective in the laboratory, problems such as flow-induced polymer scission or
others might well limit the scope for practical implementation in a saltwater environment over a rough surface. The
effects of pressure gradients and the free surface require careful consideration as well. Little work has been
conducted on the natural bubble generation by ship flows. How the latter can affect microbubble drag reduction will
need to be addressed. The possibility of using different drag reducing agents (i.e. fibers, surfactants, etc.) or
combinations could be studied as well.

In this report, we will discuss the new knowledge that will be required, the experiments that must be made
to gain that knowledge, and the experimental facilities that will be required to develop and evaluate friction drag
reduction technologies for high-speed, ocean-going vessels. We will briefly review how drag on ships is
characterized and currently predicted (Sections 2 and 3) and minimized (Section 4). Our understanding of flow in a
high Reynolds number turbulent boundary layer is reviewed (Section 5). Current and proposed methods of reducing
skin friction are reviewed in (Section 6), and the challenge of their application to ships is discussed (Section 7). We
discuss what types of experimental facilities must be available in order to develop, evaluate, and scale friction drag
reduction technologies for application to ships (Section 8). Lastly, we will conclude this report with some
recommendations going forward (Section 9).

2 COMPONENTS OF SURFACE SHIP DRAG

The total drag on a ship can be sub divided into wave drag, viscous drag, and secondary drag. This
division is traditional and somewhat arbitrary, and there are loss-making mechanisms that may not be logically
included in a particular category (e.g. induced drag created by submerged lifting surfaces may be incorporated into
the “viscous drag” term, or included into the “secondary drag” term). However, these three categories represent the
largest percentages of ship drag.

Wave Drag: Only vessels operating on or near the free surface (near enough to generate waves) experience wave
drag. Wave drag is the drag a vessel would experience even if it operated in an inviscid fluid due to displacement of
the free-surface, and is equivalent to the energy carried away by the Kelvin wave system in the far field. The wave
drag can be determined by taking a “wave cut” and computing the energy in the wave system. This energy can then
be related to the resistance of the vessel that generated the wave system. In theory, any wave cut can be used.
However, in practice a longitudinal cut taken along the path of travel or a transverse cut behind the ship is usually



used. In addition, the cut is normally taken far enough from the ship so that the local waves have decayed and only
the far field waves remain. A longitudinal wave cut is convenient for model tests because it is easy to fix the wave
probe and run the model by it. Experimentally, transverse cuts are problematic because of the interference of the
viscous wake behind the vessel. For inviscid computations, the transverse wave cut might be the easiest to use. In
both experiments and computations, care must be taken that the wave heights accurately represent the wave system.
In experiments, this means wall reflection and viscous decay must be properly taken into account. For computations,
reflections from the computational boundaries and numerical dissipation can cause difficulties.

Viscous Drag: Viscous drag is due to the viscous properties of a fluid. Viscous drag can be further sub-divided into
friction (or skin friction) drag and form (sometimes called viscous pressure) drag. Friction drag is equal to the shear
stresses integrated over the vessel wetted surface; they are the result of the laminar and turbulent flow in the
immediate vicinity of the vessel surface. For a deeply submerged vessel, the form drag is equal to the normal
stresses (pressure) integrated over the instantaneous wetted surface. In an inviscid fluid, the pressure forces acting
on a deeply submerged hull will integrate to zero. However, in a real fluid the pressure forces are non-conservative
and will not integrate to zero. The net result is called the form drag; it results because the pressure distribution
around the hull is modified by the presence of the boundary layer and separated region. For vessels operating on or
near the free surface, the picture is further complicated because the wave drag is also the result of the pressure
distribution over the hull. Consequently, there are direct links between the wave drag, form drag and friction drag.

While these links may not be strong, they may be very important from a design point of view. There are
many examples of the interactions. A change in the hull shear stress by a drag reduction technique will alter the size
and shape of the boundary layer. This in turn affects the pressure distribution over the hull form, resulting in changes
in the wave resistance and form drag. Changing the shape of the hull will modify the pressure distribution over the
hull, which will change the boundary layer and possibly the separation point location. The location of the separation
point has a strong influence on the form drag and a lesser effect on the wave resistance. Surface waves generated by
the ship cause local pressure oscillations that affect the stability of the boundary layer near the hull, also affecting
the total friction drag. It should be noted that this discussion is for a ship moving at constant velocity along a straight
path in calm water. All of the components of resistance will be modified by the unsteadiness associated with
maneuvering or operation in waves.

Ideally, one would like to conduct an experiment with a model hull form equipped with an extremely high
resolution array of shear stress and pressure sensors, integrating the results to obtain the skin friction drag and
pressure drag. The wave drag can be determined by a wave cut analysis. Subtracting the wave drag from the
pressure drag gives a value for the form drag. Unfortunately, this approach is neither practical nor technologically
possible now. The traditional method of estimating the different drag components (wave, friction and form drag)
will be discussed in the following section.

Secondary Drag: There are the additional components of drag that are usually neglected for normal ships operating
at normal speeds, but they can become important in high-speed vessel operations. Spray drag and breaking bow
waves can be a significant component for high-speed ships, particularly planning craft. This component of drag
modifies both the pressure and shear stress distributions on the hull, but it eventually shows up as part of the
momentum loss in the viscous wake. Similar to aircraft there may be an induced drag component due to dynamic lift
acting on the appendages or the hull itself. Cavitation or ventilation drag may add or subtract from the total drag due
to a reduction in the skin friction drag and an unequal increase in form drag. How the contribution of these
components can be measured directly in model tests and scaled to full scale remains unresolved.

3 METHODS OF ESTIMATING FULL-SCALE SHIP DRAG

The ship design process is iterative, requiring many estimates of the hydrodynamic characteristics, such as
calm water powering. In the initial design phases, obtaining a gross estimate quickly is probably more important
than the accuracy. As the design is refined, the accuracy of the prediction becomes more and more important. For
the designer, it would be beneficial if all the hydrodynamic characteristics could be accurately and quickly predicted
from analytic and numerical methods. Unfortunately, the present state of the art is such that there is no method that
is both fast and accurate. As the accuracy of the prediction method increases the cost and time required also
increases. The most widely used methods involve extrapolation from both model test data and full-scale drag data
obtained from ships of similar characteristics. Direct computation of ship powering requirements is a topic of
continuing research.



Traditional Extrapolation Methods: Initial estimates of drag can be developed by extrapolating the values of
several closely related ships. Empirical formulas based upon vast storehouses of ship design and sea-trial data have
proved extremely useful in preliminary design. Widely used are the regression curves of Holtrop and Mennen (1982)
for commercial vessels operating at conventional speeds. For high-speed craft, several standard hull form series
provide accurate, empirically based design information: Series 62, hard chine planing hulls (Clement and Blount,
1963); Series 63, round bottom planing hulls (Beys, 1963); Series 64, high-speed displacement hulls (Yeh, 1965);
and Series 65, long, slender planning hulls for hydrofoils (Holling and Hubble, 1974).

Drag is typically non-dimensionalized by dividing the drag force by ¥%pU?L?, where p denotes fluid density,
and U is the vessel speed, and L is a characteristic length. In the field of naval architecture, the hull wetted surface
area, S, is usually used instead of L

2
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where (1) indicates that total drag is a function of the Reynolds number, R = (UL/v), Froude number, F =
(U/(gL)m), cavitation number, ¢ = (API[2pU2]), Weber number, W = (,oUler), and Mach number, M = (U/c) (where
U is the vessel speed, v is the fluid kinematic viscosity, g is the gravitation acceleration vector, AP represents a
pressure differential between free stream pressure and vapor pressure, L is some characteristic length, 7 is the
coefficient of surface tension, and c represents the speed of sound for the fluid).

Standard ship model testing only considers Reynolds number, R, and Froude number, F, with the effects of
the other terms being negligible. However, during the course of the drag reduction investigation, it may become
evident that the drag reduction materials (and ultimately, total drag) are affected, depending on local or global,
Weber number, cavitation number, and/or Mach number as well. According to the principle of dynamic similitude,
an exact scale (geometrically similar, or geosim) model experiencing a flow geometrically similar to that of the full-
scale ship will have the same force coefficient. Unfortunately, it is not possible to conduct a scale model test where
the Reynolds number scaled flow conditions and the Froude number scaled flow conditions are met simultaneously
if gravity and the fluid are the same. Matching model and ship Reynolds number requires U,LJ/V; = U,,L,/V,,, where
subscript ‘m’ denotes the model and subscript ‘s’ denotes the full-scale sh,iP. Since the v, = v, it requires U, =
UdLy/Ly) >> U,. Matching model and ship F requires U/(gL,)"? = U,/(gL.)"". Hence, U,, = U{L./L)"? << U,

Froude was the first to resolve this dilemma and his method is still widely used. Since Froude demonstrated
the validity of his method, additional methods have been proposed, the most widely accepted being Hughes’
method. Both Froude’s and Hughes’ method utilize the assumption that the total drag can be separated into its
components, and each component is dominated by a single scaling effect. A brief review both methods follows.

Froude’s Method: Froude’s method makes the assumption that total drag can be cleanly decomposed into friction
drag and residual drag:

Cp(R,F) = CL(R)+ Cx(F) @)

where Cy is the flat-plate friction drag coefficient (depending only on Reynolds number) and Cy is the residual drag
coefficient (depending entirely on Froude number), consisting of the wave and form drag. Froude’s method
assumes that the friction drag coefficient of the wetted hull (for both the model, Cr,, and ship, Cr,) is the same as
that of a flat plate of equivalent surface area at the same Reynolds number. The ITTC friction line (ITTC, 1957) is
the most widely used estimate for the friction drag coefficient. The model is towed at a variety of speeds, recording
for each speed the total model drag force coefficient, Cr,,. For each speed, the calculated flat plate equivalent friction
drag, Cpy, is subtracted from the total drag, resulting in the residual drag coefficient, C. This residual drag consists
of wave drag and a significant amount of the form drag, and is assumed to scale with Froude number. The ship total
drag, Crs, is the sum of the friction drag calculated from the flat plat friction extrapolation line, based upon full-scale
ship Reynolds number, plus the Froude number-scaled residual drag, which was determined from the model tests. A
final correlation allowance, C,, is added to the actual full-scale ship drag coefficient, Cr,. C, relates the model
calculated drag, Cr,, to the full-scale ship drag coefficient, Cy;, based on hull characteristics, to account for scaling
inaccuracies, hull surface roughness, construction imperfections, etc.



Crn =Cpm +Cp (32)
CTS =CFS +CR +CA (3b)
= CTs = CFs + (CTm - CFm )+CA (3¢c)

Hughes’ Method: Hughes’ method is a variant of Froude’s method, with an attempt to Reynolds number-scale the
friction and a significant portion of the form drag, and F-scale just the wave drag. This is accomplished by towing
the model at a slow enough speed such that there appears to be no waves generated, and considering the observed
total drag as the sum of the friction and form drag, (14k)Cr, The model friction drag, Cg,, is estimated as
previously mentioned, considering it the flat plate equivalent friction drag. The factor, , represents the additional
form drag as a fraction of friction drag that is Reynolds number-scaled, along with the friction drag. Typical values
of k are 0.05 < k < 0.40, for displacement ships. Typically, a Prohaska plot (Prohaska, 1966) is used to find the form
factor. In a Prohaska plot, the low speed values of Cy,, are plotted against the values of F*/Cr, The y-intercept of the
regressed data yields a value of (1+k). Utilizing the form factor, k, implies that a significant portion of the form drag
scales with Reynolds number, which may or may not be completely correct. The model is towed at successively
higher speeds, and the additional drag above the calculated friction and form drag is considered the wave drag, Cy.
As with Froude’s method, the accuracy of Hughes’ method is close, but not perfect, requiring a (different from
Froude’s method) correlation allowance, Cy-, to improve the estimate.

Crm =1+ k)Cp, +Cy (4a)
CTS =(1+k)CFS +CW +CA’ (4b)
= Cr, =1+ k)Cgy +(Cp — (1 +k)Cpp )+ Cpe (4c)

Figure 1 illustrates the relationship between the model and the full-scale ship drag for conventional model
testing, using Hughes’ method.
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Figure 1: Extrapolation of model results to ship using Hughes’ method, Van Manen, and Van Oossanen (1988)

There are several concerns with directly applying these traditional drag extrapolation techniques to high-
speed ships. Neither of these methods account for spray drag, or large-scale ventilation drag. Froude’s method scales
the majority of form drag by Froude number-scaling, and Hughes’ method appears to scale the majority of the form
drag by Reynolds number-scaling. Given the fact that both methods require an empirically derived correlation
allowance, C,, or C,, to make the estimates come within an acceptable level of accuracy, it is possible that each
method is scaling the form drag, (and possibly fractions of other components of drag) imperfectly. The value of C,
varies, depending on ship type and ship size, from approximately +0.008, to —0.002 (NAVSEA DDS 051-1, 1984).



The estimate of total ship drag is usually within 10 to 15 percent if the C, is not utilized and within 2 to 5 percent if
the C, is utilized. It is also important to note that the skin friction line is an empirically derived friction correlation
line, not necessarily representing pure skin friction. The ITTC 1957 model-ship correlation line is commonly used
because it seems to deliver the best friction correlation between model and ship, not because it most accurately
denotes actual skin friction. A modified experimental method and new scaling system may be required to more
effectively scale the form drag.

Due to the large operational speed of high-speed ships, the model will have to be tested at relatively high
speed to obtain scaled wave and spray effects. The relatively high model speed (compared to the more conventional
slower speed model test) coupled with a relatively shallow towing tank could result in increased resistance due to
depth effects. The larger the scale model tested, the greater the opportunity to achieving flow similitude with the
full-scale ship. A (relatively large) 12 m long model of the 232 m full-scale ship that operates at 38.6 m/s (75 knots)
would be required to run at Froude-scaled test speeds of up to Uy, = U(L,/L,)'? = 8.8 m/s. The depth Froude number
of a standard 10 m deep towing tank for this test is U,,,/(gh,,,,,,,,)"2 = 0.89, high enough to experience the increased
resistance effects due to the restricted environment. Testing with a smaller scale model may mitigate this effect,
however, inaccuracies from scaling friction and form drag would be magnified. The full-scale ship will also
experience the depth Froude increased resistance effect if operating at high speeds while still over the continental
shelf ((38.6 m/s)/(9.81 m/s® x 200 m depth)'? = 0.87).

The scaling methods just discussed work well for conventional ships at conventional speeds, utilizing
conventional propulsion. Due to our rudimentary understanding of how fluid drag reduction (FDR) methodologies
may affect each type of drag, and their interaction, we’re not yet prepared to conjecture how, or even if, the FDR
effects can be scaled via one of the known methods. Because the interaction between non-conventional propulsion
and hull flow can be large, the conventional methods of model testing, and scaling those results, will not work.
Scaling high speed flow around the hull stern, including the effect of FDR will need to be investigated. These
concerns don’t eliminate the traditional methods from being utilized to assist in estimating the full-scale ship drag,
but they do indicate the weaknesses that must be overcome.

Numerical Computation of Full-Scale Drag: There is a complete spectrum of numerical methods to predict ship
resistance. From the computationally fast slender-body theories and Michell’s integral to predict wave resistance to
the three-dimensional and unsteady viscous computations that may take on the order of 1000 hours of super
computer time. The accuracy of the prediction methods continues to improve with significant effort by
hydrodynamicists, computer engineers and scientists. The most common of these advanced numerical methods are:
Reynolds averaged Navier-Stokes (RANS) equations, large eddy simulation (LES), and direct numerical simulation
(DNS). Each of these methods has strengths and drawbacks, as summarized in appendix B. As of yet, no
computational numerical code has succeeded in predicting the hydrodynamic behavior (forces, pressures, velocities,
etc.) of fluid flow around an entire hull form, or propulsion device, accurately enough to warrant entrusting the
entire design process to these methods. However, these methods have produced valuable insight into the
fundamental physics of viscous fluid flow, allowing us to begin seeking drag reduction solutions tailored to certain
aspects of fluid flow. At present, the most significant benefit of computational methods may be the ability to predict
the relative merits of competing, detailed appendage designs such as bulbous bows or water-jet inlets. Even though
the absolute drag predictions are not accurate, knowing the relative merits of competing designs can greatly help the
designer make important choices. As the speed and accuracy of the numerical methods increases, we expect to see
more and more application to the entire design.

The most accurate method to predict full-scale resistance is still model testing. Model testing is relatively
expensive and time consuming. If the promise of numerical prototyping a physical model within a few hours comes
to fruition, then the time associated with model testing could be reduced to hours or days as opposed to weeks. The
actually time in the model basin is short; it is the building of the model that takes the majority of the time and cost.
As the previous section shows, scaling model test data to full scale has many challenges. The scaling process for
conventional ships at normal speeds is well understood; with an appropriate correlation allowance the predictions
should be within a few percent. For non-conventional hull forms and/or high speed the correlation becomes much
more difficult and the accuracy of the prediction diminishes. For fluid drag reduction techniques, such as micro
bubbles, the scaling laws are not even known. The most productive approach at the present time seems to be a
combination of numerical and experimental approaches. Numerical methods are used to analyze many options and
experiments are used to verify the results.



4 FRICTION REDUCTION THROUGH HULL-FORM OPTIMIZATION AND HULL
SURFACE DESIGN AND CARE

The obvious solution to reducing total ship resistance is to reduce one or more components of drag, while
not adversely affecting the other components of drag a comparable amount. Choosing ship hull characteristics such
that they minimize the total wave energy for a given range of operating conditions reduces wave drag. Numerical
analysis, full-scale testing and model experiments have introduced concepts such as increasing length to beam ratio,
the bulbous bow, and the small water plane twin-hull (SWATH) form, as a means of reducing overall wave drag.
Ensuring the hull is fair, and free of extraneous wetted appendages assists in reducing form drag. Maintaining
smooth hull surfaces, through generally accepted construction processes, application of sea-worthy hull coatings,
and routine hull cleaning and maintenance contribute toward minimizing friction drag. None of these existing
methods will suffice in reducing the total drag enough to meet the operational requirements of a high-speed ship.

Optimization: Optimizing the hull form without geometric constraints to minimize wave drag can lead to design
recommendations that are neither obvious, nor harmonious with form drag reduction, practical construction or
operational requirements. Wyatt and Chang (1994) Hendrix, ef al. (2001), Kuhn (2002), and Ragab (2003) detail
methods for developing numerical optimization tools for developing a design that will reduce total drag. The efforts
primarily focus on reducing wave drag, and rely upon a hybrid of potential flow theory to estimate wave drag, and
several well-established empirical formulas for form and friction drag. These methods make the commonly used
assumption that wave, form and friction drag can be modeled independently. However, the methods are qualitatively
accurate in predicting how changes in the hull form will increase or decrease total drag. By positive and negative
examples, the methods also demonstrate the importance of optimizing the entire system over a range of operational
speeds, instead of a single speed, in order to avoid design extremes and inefficiencies at non-optimized speeds.
They also show the importance of considering all three conventional components of drag in the optimization
analysis. The analyses also conclude that a hull form could be optimized to significantly reduce wave drag at the
expense of adding a lesser amount of form drag. A brief review of Hendrix, et al.’s optimized hull form will lead
most designers to the conclusion that they may not be suitable for a traditional engine room, auxiliary machinery, or
cargo layout. This points out that additional constraints applied to the parametric representation of the hull form
shape will be needed in order to produce an optimized hull form that will accommodate mission and machinery
space constraints as well as integrated hull form constraints (fixed displacement, LCB location, etc.), issues that
Wyatt and Chang, and Kuhn have taken into account.

Significant value can be added to the final design by performing numerical analysis to optimize the hull form.
In the future, optimization models will need to more tightly couple the effects of wave, form, and friction drag, as
well as induced and spray drag in order to be a more effective tool in the design process. The algorithms necessary
to support the numerical modeling require fundamental research, coupling theoretical fluid dynamics with laboratory
results. However, it is unlikely that hull form optimization alone will ever be able to provide the factor of two
reduction in resistance that will be required to produce operationally effective high speed transport. (Over a limited
range of moderate speeds where wave resistance dominated, Wyatt and Chang (1994) achieved a theoretical 80
percent reduction in wave resistance; a 50 percent reduction in measured wave pattern resistance; and a 25 percent
reduction in full-scale effective power, based on model test results.)

Surface Design and Care: The hull wetted surface imperfections must be minimized during design and
construction. Also, the environmentally induced flaws (scratches, gouges, bumps, etc.) and fouling must also be
minimized, by improved design, or maintenance process. High performance racing craft have very precise, very
smooth hulls. The high speed logistics ship hull will be required to maintain the precision and cleanliness of a racing
hull, applied to a hull a couple of orders of magnitude greater in size, challenging existing construction and
maintenance techniques.

Hull fouling by marine organisms represents one of the most significant obstacles to a well designed and
constructed hull form from obtaining its maximum design speed. Analysis of operational ship data indicates that
after 4 to 5 months of service (following a total hull cleaning) ships can expect to require 10 percent more power to
obtain design speed, and after 1 year of service, require up to 30 percent more power (SNAME Technical &
Research Report R-18, 1975). The added friction due to fouling is on the same order that we are striving to eliminate
through advanced fluid drag reduction technology. Interestingly, the adverse effects of marine fouling on ship speed
can be significant, even before the marine fouling is visible to the unaided eye. Care will be required to ensure that



the fluid drag reduction technology is compatible with the minor amounts of marine fouling expected during normal
operations, and that the hull cleaning method is compatible with the technology; e.g., polymer ejection is still
effective with small amounts of fouling present around the nozzles, and sand blasting or chemical cleaning the hull
doesn’t degrade the ejection nozzles.

5 TURBULENCE IN A HIGH REYNOLDS NUMBER BOUNDARY LAYER

Distances in viscous flow are usually measured using non-dimensional “wall-units”, which are denoted by the
“+” superscript. Distance from the wall, normal to the wall, is defined as y* = yu, /v, the non-dimensionalized
distance from the wall, based upon the fluid kinematic viscosity, v, and the wall-friction velocity, u, = (5/0)"?
(sometimes denoted as u” or u.). Very near the wall, y* <5, the boundary layer is dominated by viscous shear, and
this region is defined as the viscous sublayer. This region is extremely resistant to turbulent velocity fluctuations,
and virtually all stress is due to viscous shear of the laminar flow. Outside this viscous sublayer is the overlap layer,
located 5 < y* < ~300 (and possibly beyond). The overlap layer is usually divided into two regions: the buffer layer,
directly above the viscous sublayer, located 5 < y* < ~30; and the logarithmic layer, located ~30 < y* < ~300. Large
scale turbulent structures dominate the outer region.
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Figure 2: Near-wall flow magnitude: Law of the wall, Kundu, and Cohen (2002)

Experimental turbulent flow measurement techniques and instrumentation have improved during the last
decade, allowing researchers to observe patterns of turbulent flow that were previously generalized by simplistic
mathematical equations. Very-fine scale direct numerical simulation (DNS) computer modeling of the Navier-
Stokes equations have been conducted, and these results corroborated with observations from experiments. There is
still conjecture about precisely which mechanism(s) initiate and regenerate the turbulent behavior, and exactly how
all of the observed dynamic flows interact. However, there is enough experimental and numerical evidence to
support a general agreement that turbulent flow is dominated by the following mechanisms: 1) streamwise “streaks”
of low-speed streamwise vortices; 2) packets of hairpin-like vortices; 3) “bursting” of the low-speed fluid into the
outer layer; and 4) higher speed outer layer fluid “sweeping” into the lower region to maintain continuity. Smith
(1998) lays out the following conceptual model for the initiation and regeneration of turbulence.

Once the vortex deformation develops, most likely due to transition of a laminar boundary layer, or from
external vorticity contamination, hairpin-like vortices will develop in the shear layer near the surface. Once
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these three-dimensional vortices are present, they are able to (1) regenerate new vortices through an
interaction with the viscous wall layer, (2) interact with other three-dimensional vortices to yield larger-
scale flow structures, and (3) facilitate the transfer of energy and momentum within the turbulent boundary
layer.

The low-speed streaks are generated by the interaction of a passing streamwise or hairpin-like vortex with
near-wall fluid creating a narrow “streak” of low-speed fluid that lifts away from the wall as the streak moves
downstream. This lifting away is sometimes referred to as “lift-up”. The average spanwise spacing between the
streaks is approximately 100 wall units. These flow patterns are primarily located very close to the surface, y* < 25,
although measurements by Meinhart and Adrian (1996) indicate that low speed streaks are not limited to the buffer
layer, but can extend up into the outer as well. The regularity in spanwise spacing seems consistent over a broad
range of Reynolds numbers (103 < R, < 106, where Ry = ué/v, and 6 is the boundary layer momentum thickness),
but this regularity deteriorates rapidly with distance from the wall surface. Adrian and Balachandar (1998) indicate
that it is the cooperative effect of aligned hairpin vortices pumping fluid in the Q2 (second quadrant of a «’, v/ map,
ie. -u’ and +V', where 4’ and V' are defined as the deviation of the time-averaged velocities, « and v for a given time
period ) direction that assist in producing the very long (1000 wall units) low-speed streaks.

Strea} Ejection
" Velocity Profile

Inflection

N Low-Speed
Streak Lift-up

Figure 3: Q2 lift-up event (Hoyt 1998) Figure 4: Streak cjection process (Smith 1998)

If the original vortex is strong, it can precipitate a burst event, by a streak in proximity to the strong vortex
becoming unstable, and rolling up into a secondary hairpin-like vortex, ejecting a portion of the streak into the outer
region. If the vortex is weak, a streak may form but not evolve into a hairpin vortex. The streak may diffuse or be
acted upon by subsequent vortices.
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VORTEX HEAD

Figure 5: Schematic of a hairpin vortex and associated flow field properties that form the signature of a
hairpin in the xy-plane (Adrian and Balachandar, 1998)

Adrian and Balachandar (1998) contend that the symmetric hairpin-like vortices stack up in the streamwise
direction, one behind another. The adjacent hairpin-like vortices within a packet result in strong internal shear layers
where the Q4 (+4” -v" ) down-flow from the upstream vortex head meets the low-speed Q2 (-u’ +v" ) up-flow by the
downstream vortex. Experimental evidence and computational results indicate that asymmetric, cane-shaped, one-
sided hairpin vortices occur more frequently than the symmetric, omega-shaped hairpin vortices.
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Figure 6: Schematic of the generic interaction of a vortex in close proximity to a
surface with the viscous wall layer (Smith 1998)

A “burst” is the rapid ejection of a streak into the outer region of the boundary layer; essentially a form of
localized unsteady separation. Smith (1998) contends that this is due to a local adverse pressure gradient created by
an advecting wall-region vortex. This burst can result in one or more hairpin-like structures in the immediate wake
of the initial vortex. A “sweep” is a three-dimensional inflow of high-speed fluid from the outer region toward the
wall, because of the preceding burst. The incoming fluid will initially impinge near the plane of symmetry of the
low-speed streaks, and then will be induced toward the wall, creating a “sweep” maneuver.

The cyclical “streak-liftup-hairpin-burst-sweep” turbulence model allows us to consider targeting specific
physical areas or mechanisms of turbulent flow for drag reduction purposes. Currently, it is believed that
interrupting, stabilizing or delaying the onset of any one of these mechanisms, would suppress the turbulence, and
hence, overall friction. For example, optimized longitudinal riblets have been shown to reduce overall friction by up
to 10 percent. Smith (1998) asserts that the riblets inhibit spanwise flow near the surface, reducing the capacity of
the wall-region vortices to generate low-momentum streaks, and that polymer injection into the near-wall region
appears to stabilize the streak formation, as evidenced by wider streak spacing, and reduced bursting activity.
Polymer injection may either affect the streak directly, by inhibiting spanwise unsteady pressure gradient induced by
the hairpin vortices, or indirectly, by providing a region which is locally more viscous, damping the external
perturbations.
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The preceding description of turbulence generation has been based upon experimental and computational
observations of flat plates, with little or no pressure gradient, at relatively low Reynolds numbers. It may not be
prudent to extrapolate the behavior of all of these turbulence generation mechanisms to very high speeds over
curved bodies, with an adverse or oscillating pressure gradient (or sheet cavitation), in a contaminated fluid.
Additional fundamental investigations into the mechanisms of turbulence generation needs to be performed and
under the harsh stochastic conditions that a high-speed ocean-going vessel would encounter.
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Figure 7: Conceptual turbulent boundary layer near-wall phenomenology, Meng (1998)

6 FRICTION DRAG REDUCTION (FDR) TECHNOLOGIES

During the past few decades FDR techniques have been researched and applied throughout the aviation and
naval communities, the petroleum industry, and many other industries in a host of applications. The results of the
applications have been mixed.

Table 1 summarizes the research results from across a variety of FDR approaches, showing the result with the
most relevant geometry and/or the highest test speed. Note that this table represents a “snapshot” of various test
results, not the average result due to the application of these various techniques. A more detailed summary of this
information is available in Appendix A.
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FDR Type % drag Tested body geometry Test Speed “Test Conditions Other
reduction geometries
tested
Steady flow, zero pressure gradient, pipe, torpedo
Riblets <10% }0.5 x 4 m flat plate Re < 5000 |smooth surface, frash water shape
Compiliant Walls <7%
Ventillation <12% ]14.0 x 84.6 m barge hull
Ventillation & water
repellent surface <55% |flat plate 8 m/s model ship
axisymmetrical
Microbubbles <65% ]0.35 x2.73 m flat plate 7.6 m/s |Smooth plate, salt water model, pipe
qpipe, model
Polymers <60% ]0.4 x 1.85 m flat plate Re < 1.7E7 |Smooth plate, fresh water ship
Polymers & 0.15x0.3x12.0 m Steady flow with free surface effects,
Microbubbles < 85% model ship <6m/s |smooth surface, fresh water
Surfactants <60% (0.04 x 5.0 m flat plate Re < 5000 pipe
0.024 to 0.070 m dia.
Fibers <94% |pipe Re < 2.0E5 |Fibers suspended in a polymer solution
Steady flow, positive pressure gradient,
High Viscosity Fluid <60% |0.05 x0.27 m flat plate | < 10.2 m/s |smooth surface, fresh water
Steady fiow, zero pressure gradient,
Wall Oscillation <45% ]0.5x 0.5 mflat plate <2.5m/s |smooth surface, air
ReD = 1800
Blowing/Suction <25% |Hat plate and 3300  |DNS mode!
0.075x1.0m
Electrokinetics < 5% axisymmetric mode! 55m/s |Smooth, salt water

Table 1: Fluid drag reduction technology test performance summary

The vast variety of FDR technologies can be categorized by their approach to drag reduction, but the way these
technologies are categorized is somewhat arbitrary, given that our main interest is how to most effectively influence
the mechanisms of turbulent generation. Techniques from different categories have been combined, sometimes
revealing impressive, if little understood, synergies. Mochizucki and Osaka (1998) note that there can be significant
difficulty in determining the actual effect of a particular FDR technology upon the mechanism of turbulence
generation. For instance, in most experiments, the wall shear stress was determined by indirect methods assuming
similarities in mean quantities (e.g. 4%, or &'V, etc., an issue of resolution or scale) or estimated from results
provided by other studies. In addition, mathematical models of the kinematics of the coherent turbulent structure
have been assumed to be, until recently, relatively simple, whereas in reality, the dynamics of the quasi-periodic,
three-dimensional vortical motions can hardly be described by well-defined mathematical equations.

The potential for very high drag reduction exists due to synergy between FDR technologies: polymer and
microbubbles (Phillips, et al., 1998), polymer and fibers (Metzner, 1977), microbubbles and repellent coating
(Fukuda, et al., 2000), etc. However, it can be difficult to assess the optimal synergy between the FDR technologies
until we more thoroughly understand how each technology directly affects each mechanism of turbulence
generation. A significant amount of effort during the past decade has brought forth a better, if incomplete,
understanding of the relationship between FDR technologies and the turbulence generation mechanisms. The
following section attempts to provide a brief description of each FDR category, and how it may interact with the
mechanisms of turbulence generation.

Compliant Walls: The primary intent of compliant wall technology is to take advantage of constructive fluid-wall
interaction to delay or negate the onset of turbulence. Preliminary research in this field was inspired by observations
that many marine animals seem to be capable of swimming much faster than their inherent propulsion power should
allow. This led to the idea that these marine animals not only have optimized shapes, but also have optimized skin
surfaces that delay the onset of turbulence, reducing overall drag (Krimer, 1960 and 1962). Compliant walls are
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generally constructed with a relatively thin, moderately stiff surface layer laminated over a thicker layer(s) of much
softer, elastic material. Many variants of this theme have been tried.

Uberall and Madigosky (1998) and Gad-el-Hak (1998) summarize the four fluid-wall instabilities that need to
controlled through appropriate use of materials:

* Tollmien-Schlichting (T/S) waves: unstable waves on a rigid wall that appear in the laminar-turbulent transition
region; these waves can be stabilized by changing the wall from rigid to compliant

*  Compliance-induced flow instabilities (CIFI): can appear in addition to T/S waves even if the wall is compliant;
this instability is essentially induced by resonance, where the flow speed is close to the natural speed of the
surface waves of the compliant wall material

* Kelvin-Helmholtz instability: arises out of a combination of T/S waves and CIFI
Static Divergence: observed in the form of very slow moving, large amplitude waves in the compliant wall
material, resulting in a dramatic increase in drag

All four of these instabilities can lead to (traveling wave or standing wave) “flutter” on the compliant wall;
high speed, small amplitude waves that precede turbulent flow. The difficulty in controlling all four types of
instabilities simultaneously is that techniques that reduce one type of instability can exacerbate another, for a given
flow speed, and downstream location.

Carpenter (1998) has conducted a significant amount of laboratory and numerical research on compliant
coatings/walls. Based upon his numerical analysis of an optimized compliant wall system, he contends that it is
theoretically possible to indefinitely delay the onset of the instabilities that lead to turbulent flow. The experimental
evidence to support this theory is inconclusive (Carpenter, 1998). Choi, et al., (1997) reported a small amount of
drag reduction (up to 7 percent) with a relatively stiff, single layer viscoelastic compliant wall. Carpenter’s (1998)
analysis of this result indicates that for stiffer compliant walls, the turbulent flow induces quasi-random
displacements in the compliant wall. These displacements in the compliant wall in turn affect the near-wall turbulent
structures that trigger the turbulence cycle. These results are similar to the drag reduction obtained from randomly
placed roughness elements on the surface of a rigid wall.

Riblets: Riblets, or micro-grooves, are longitudinal micro-grooves machined into the surface, or micro-ridges
placed onto the surface by an appliqué. The machined grooves may be square-cut or v-cut, and there may be lateral
grooves in addition to the longitudinal grooves. The height (depth) of the riblets vary, with y* < 5 being typical.
Recently, research into three-dimensional surface roughness has yielded results similar to that of riblets.

Experiments with riblets , in both air and water have demonstrated a skin friction reduction of § to 10 percent
(Mochizucki and Osaka, 1998). Drag reduction of approximately 8 percent has been observed for plates, torpedo
shaped bodies and the interior surface of pipes if the riblets are tailored to specifically match flow conditions (Hoyt,
1998).

The primary effect of riblets appears to be interfering with lateral fluid motion near the wall, which is believed
to trigger the low-speed streaks lifting up, beginning a turbulence cycle. The transverse spacing between riblets
appears to be the critical dimension, with the lateral distance in wall units, A*, = 100 being optimum. Riblets mitigate
the lateral momentum transfer that occurs immediately following the low-speed streak lift-up. It acts as a type of
wall that prevents many, but not all, of the laterally projecting streaks from providing the perturbation necessary to
initiate the turbulent generation cycle in an adjacent fluid parcel. During the conditions of maximum drag reduction
in the presence of riblets, Wang, et al. (2000) observed a thickening of the viscous sublayer by approximately 10
percent, and a reduction of the average lateral distance between low-speed streaks, A",, by approximately 20 percent.

Ventilation: Latorre (1997) conducted model and full-scale experiments with ventilation, injecting air into a
shallow cavity at the bottom surface of the hull. Air ventilation resulted in a net drag reduction of 15 to 18 percent
for the model tests and 10 to 12 percent for the full-scale hull. A blower was used to generate the ventilation airflow,
requiring only 2 to 3 percent additional power to generate the 10 to 12 percent drag reduction.

Fukuda, et al. (2000) demonstrated that a super water repellent coating, combined with a very thin air film
resulted in a peak skin friction drag reduction of 80 percent at 4 m/s and 55 percent at 8 m/s. The super-water-
repellent (SWR) coating/air film combination was tested on several different test configurations, including a flat
plate, square pipe, tanker model and a “pencil” (long, skinny) ship model (obtaining up to 85 percent friction drag
reduction). All test platforms demonstrated drag reduction proportional to the amount of surface area that could
effectively utilize the combination of the SWR coating and the air film (the bottom side of the plates and the ship
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models). The technology demonstrated itself to be very simple to employ, and requires low energy cost to generate
the air film.

The data seems to indicate that SWR technology becomes less effective as speed increases, leading to the
question of how high a speed this technology could be effectively employed. The technology may be made more
effective at higher speeds through the application of increased airflow and/or and improved SWR coating.

No turbulent flow drag reduction mechanism was discussed in either paper. However, one may hypothesize
that these systems do not actually suppress any of the mechanisms of turbulence, but rather take advantage of a
significantly reduced dynamxc viscosity, u 5 with a value somewhere between that of water (~1.0 x 102 kg/m-s at
20°C) and air (~1.8 X 10® kg/m-s at 20°C), which is approximately 55X lower. A u.y only 3-4x lower than that of
Hwaer could easily account for the skin friction drag reduction, due to the shear stress at the wall, 7, = ,ueﬁ-du/dy,
evaluated at the wall. The SWR coating seems to improve the surface’s ability to “hold” the air film, improving the
air lubricating capability. For a ship with either buoyant or dynamic lift, one must question how the vessel will be
supported if there is a full layer of air—will have to be at the ambient water pressure.

Microbubbles: Microbubbles are very small bubbles, with non-dimensional diameter, D, on the order of 100 to
250 wall units, where D* = Du./v. The effect of microbubbles is not to be confused with the effect of the near-total
ventilation of the wall surface.

Under laboratory conditions up to 85 percent (and higher) friction drag reduction has been achieved. Guin, et
al. (1998), conducted experiments, and reanalyzed data from experiments previously performed by Madavan,
Deutsch, and Merkle. Their investigation concluded that drag reduction is most heavily influenced by the
concentration of microbubbles within y* < 150, representing the inner boundary layer region. Guin, et al., contend
that the microbubble effect can be viewed as the cumulative effect of each individual microbubble within the inner
reglon The magnitude of drag reduction is related to an effective bubble passing frequency, @',, where @', = o, v/
u?, with @, = 27 05, Un/Dy), where ¢, is the local void fraction near the wall, and U, is the fluid bulk velocity. This
effectively converts the fraction of gas near the wall to a frequency of near-wall velocity perturbations. The
correlation between @', and drag reduction could imply that high frequency excitation near the wall is responsible
for inhibiting mechanisms of turbulence generation. However, it is not understood how microbubbles interact with
one or more of the turbulence generation mechanisms to mitigate turbulence generation. Meng and Uhlman (1998)
hypothesize that bubble splitting within the inner region may act as a turbulent energy absorption mechanism. They
don’t discuss which turbulent generation mechanism(s) may be affected. However, one may conjecture that the
bubble splitting would absorb energy passing through the inner region, supressing the lift-up or sweep mechanisms.

Persistence, or the duration that microbubbles remain close to the wall, has a significant impact on the overall
effectiveness of microbubbles for drag reduction. Madavan, ef al. (1984), note that the effectiveness of microbubbles
on drag reduction declines by 50 percent over a streamwise distance of 256, where J'is the effective boundary layer
thickness. This may be due to: the growth of the boundary layer thickness, effectively reducing the local void
fraction; bubble diffusion away from the wall; or bubble coalescence and subsequent rise away from the wall due to
buoyancy. Salt water or seawater seem to have a beneficial effect on microbubble size and persistence. For a given
microbubble generating system (nozzle) and flow conditions, microbubbles formed in salt water will be smaller and
have greater persistence than those formed in fresh water. Meng and Uhlman (1998) identify three basic physical
mechanisms that may cause the smaller bubbles in salt water: reduced surface tension between the gas bubble and
the water; an organic film; or a metalionic film.

Polymers: Certain long-chain polymers, added to a flow stream in concentrations as low as 0.2 wppm (Warholic, et
al., 1999), have demonstrated significant drag reduction. Increasing the polymer concentration generally increases
the drag reduction, up to a certain limit (Ptasinski, e al., 2001). Individual polymer strands in an equilibrium state
can be thought of as small, coiled “balls” of polymer. A Newtonian fluid such as water exhibits the characteristic
that the shear stress due to a strain rate is equivalent regardless of the direction of the strain. Adding long chain
polymer to the fluid seems to change this isotropic property to an anisotropic one, by reducing the shear stress in the
streamwise direction, depending on the flow characteristics.

Koskie and Tiederman (1991) investigated the behavior of long chain polymers in boundary layers, and sought
to discern the particular mechanisms of turbulence generation that the polymer solution affected. They concluded
that strong extensional streamwise motions, ', in the flow stretch the polymer molecules, resulting in the bulk of
the fluid in this region having anisotropic stress properties that dampen small-scale motions in the flow. However,
the strong extensional streamwise motions remain unchanged in the presence of the polymer. The average turbulent
burst period in the polymer laced boundary layer increases, as does the streak spacing. The presence of polymer
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appears to ultimately reduce the number of low-speed streak structures in the flow, but does not seem to affect the
behavior, or consequences, of the burst, once the burst has been initiated.

Within a zero pressure gradient, Newtonian fluid boundary layer (no polymer), there will be virtually constant
stress, 7, from 0 < y* < 250,where

T= ,uﬂ- ouv’ 5)
dy

Viscous stresses dominate for y* < 5, Reynolds stresses dominate for y* > 250, and a combination of these apply in
between. Injecting polymer into the boundary layer results in a stress “deficit” in the region 6 < y* < 100 and the
above equation is no longer valid. Koskie and Tiederman (1991) assert that polymer has this effect within this region
due to the flow being extensional. Flow is not extensional for y* < 5 due to the viscous sublayer exhibiting
completely laminar behavior. Beyond the buffer region, for y* > 100, the extensional motions are much weaker than
those in the lower region. Under the influence of the polymer, the Reynolds stress term is reduced due to a lower
wV’, however the magnitude of the individual large amplitude fluctuations, &’ and v/, is not reduced. While the
magnitude of the peak u’gms remained unchanged in the polymer solution flow, its position moved further away
from the wall.

Warholic, et al., (1999) achieved similar results, and further noted that the logarithmic layer is displaced
outward, and the thickness of the viscous sublayer increases as drag reduction increases. The displacement of the
location of the peak ugms value outward seems to directly correspond to the increased thickness of the viscous
sublayer. As the polymer concentration in the boundary layer is increased, the drag reduction increases, and the x5~
term decreases throughout the water column of the boundary layer (all y* in the boundary layer). For very high
levels of drag reduction, the velocity profile within the boundary layer no longer has a logarithmic relation, and %%~
= 0 throughout the water column. Ptansinski, et al., (2001), as well as others, note that at high polymer
concentrations (> 400 wppm) the actual drag reduction can exceed Virk’s theoretical maximum drag reduction. This
may indicate that for high polymer concentrations, more than one turbulence mechanism is being favorably affected.

Large differences in the magnitude of drag reduction are observed depending on the type of polymer used and
the way it is applied to the boundary layer. Polymers that are more effective for slower speeds are not necessarily
effective at higher speeds, and vice versa. Polymers, and their effectiveness, are rapidly degraded by the shearing
forces within the boundary layer, and the polymer must be continually seeded into the boundary layer to maintain
the drag reduction effect.

Surfactants: Surfactants are complex molecules with hydrophilic and hydrophobic ends that permit self-assembly
into micelles, long chains, and layered structures. These long chains are torn apart by strong shear forces, but the
nature of the surfactant permits it to reassemble under more favorable conditions. Due to their ability to remain
effective after passing through a turbulent pumping system surfactants are frequently used for drag reduction in
circulating fluid systems. Theoretically, surfactants can exceed the maximum drag reduction obtainable using
polymers (Dimotakis, et al., 2000).

In the presence of surfactants, the boundary layer behaves very much as if it were being affected by polymer so
that &’v" = 0 throughout the water column. While the magnitude of the individual large amplitude fluctuations, u'/u,
and v’/u, were not much reduced, the location of the peak urys shifts outward (Kawaguchi, et al., 2002). Generally,
drag reducing surfactant solutions demonstrate viscoelastic flow behavior, and it is widely believed that the
characteristic of viscoelasticity provides the drag reduction capability, differing from polymers, which provide drag
reduction through the effect of extensional viscosity.

Lu, et al., (1997) investigated a surfactant solution that did not exhibit normal viscoelastic behavior, and had
very high extensional viscosity. The investigation concluded that a high ratio of extensional viscosity to shear
viscosity correlates well with drag reduction effectiveness. Reevaluating previously obtained data for surfactant
solutions supported these findings. Lu, et al., (1997) conclude that the mechanism of surfactant drag reduction is
likely due to the suppression of small-scale turbulent eddies. The large-scale bursts remain, where extensional
motions are large. However, in the presence of a surfactant solution, the dissipation of the high frequency energy
resulting from the bursts is significantly increased, reducing the turbulence generation initiation mechanism.

High Viscosity Fluid Layer: Kato, er al. (1993) demonstrated that a high viscosity fluid injected at the wall, in the
direction of fluid flow reduces friction drag. The fluid density changes with distance normal to the wall, from a low-
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viscosity fluid next to the wall in the viscous sublayer, to a high-viscosity fluid in the buffer layer, and back to a
low-viscosity fluid in the outer layer (and above). Friction drag is a function of shear stress near the wall. Shear
stress, as previously defined in equation (5) is a function of the local streamwise velocity gradient and Reynolds
stresses. Kato, et al. (1993) surmised that the high viscosity fluid reduces the intensity of the Reynolds stresses in
the buffer region, resulting in an increase in the local velocity gradient. This increase causes a reduction of the
velocity gradient in the viscous sublayer, resulting in reduced wall shear stress. They recognize that some of the drag
reduction is likely due to the increased momentum of the injected fluid. Experiments with injecting plain water
through the same mechanisms indicate that the contribution of increased momentum may be limited to
approximately 10 percent.

Spanwise Fluid Oscillations: Spanwise oscillation of the fluid is a superposition of “Stokes 2nd Problem” onto an
otherwise normal turbulent boundary layer flow.

Direct numerical simulation (DNS) investigations by Akhavan, et al., (1992), Baron and Quadrio (1996) and
Coleman, et al., (1996) indicated that plate skin friction drag could be reduced by inducing spanwise oscillatory
flow. The Akhavan, et al., (1992) study indicated that it made no difference whether the wall was oscillated over a
steady flow, or if the wall was fixed and the fluid was oscillated.

Optimal results were obtained for an oscillation period of 7*,,,= 100 (where T*,,, = T, 4’,/V) and a spanwise
flow rate of 0.8Q,sin(a¥) (where Q; is the flow rate per unit width in the streamwise direction). These optimal
parameters reduced the skin friction drag by 40 percent. The oscillatory flow also showed a 40 percent reduction in
the - W’V Reynolds stress, and a reduction of the peak velocity fluctuations: w”, by 35 percent, v°, by 30 percent, and
u’, by 14 percent. Reducing the spanwise flow rate resulted in less friction drag reduction. Oscillatory flows at
periods much above and below T™,,. = 100 also resulted in less friction drag reduction.

Choi and Clayton (1998) followed up with an oscillating wall laboratory experiment. Their results confirmed
the DNS investigation results, showing the boundary layer logarithmic velocity profile is shifted upward, and
obtaining a reduction in skin friction drag as high as 45 percent. Their results also show a reduction in the mean
velocity gradient, demonstrating a reduced wall shear stress, and the inner-scaled velocity profiles show that the
linear region of the viscous sublayer is increased from y* = 2.5 to y* = 10 at the maximum oscillation frequency of 7
hz. The lab experiments also show a reduction of the lower frequency (< 50 hz) turbulent energy, and an increase of
the higher frequency turbulent energy, indicating energy transfer. Choi and Clayton (1998) conclude that drag
reduction strongly relates to the net spanwise vorticity generated by the oscillatory flow. This additional spanwise
vorticity realigns many of the longitudinal (streak) vortices back into the spanwise direction, reducing the near-wall
burst activity. Thus the spanwise oscillatory flow interrupts and suppresses the turbulence generation cycle.

Blowing, Suction, and Induced Body Forces: Active control by blowing and/or suction attempts to directly
counteract the wall-normal velocity turbulence events (streak lift-up and burst and/or the subsequent sweep
phenomena) by using flow nozzles, electro-kinematics, or electro-magneto-hydrodynamics. Alternatively, uniform
blowing seems to lower skin friction drag and increase velocity fluctuations, and uniform suction seems to have a
nearly opposite effect.

Choi, et al., (1994) conducted a series of DNS investigations, controlling the v-component of velocity in
response to turbulent structures for a variety of detection and response schemes. The turbulent structure detection
sensors were placed above the wall surface at a height of y, A counteracting v blowing or suction velocity was
applied depending upon whether the turbulent structure velocity exceeded the predetermined threshold value, v,

The DNS study achieved a 25 percent friction drag reduction (compared to a theoretical maximum
reduction of 65 percent for laminar flow) for a sensor v = 0 (maximum sensitivity), and y*; = 10 (where Y a=yru,
/v). Friction drag substantially increased for y*; = 26, and drag reduction was significantly reduced for y*; = 5.
Increasing the vy (reducing the detector sensitivity) resulted in a corresponding reduction in drag reduction (below
25 precent). Placing the turbulent structure sensors into the flow was easy, and convenient for the DNS
investigation, but would not be practical for and actual, physical system. Choi, et al., (1994) developed an algorithm
to correlate the turbulent structures of the outer region (y* > 10) to the motion sensed at the wall surface. The DNS
investigation was run with the sensors at the wall surface, and anticipating the blowing and suction that should be
introduced via the control algorithm. Utilizing this control scheme, the friction drag reduction dropped to 6 percent,
similar in effectiveness to the passive riblets technology.

Laboratory experiments, as reported by Meng (1998), and conducted by O’Sullivan and Biringen (1998),
demonstrate the difficulty in transporting the physics observed in the DNS studies to actual, physical experiments.
O’Sullivan and Biringen’s experiment utilized electro-magneto-hydrodynamic micro-tile actuators to induce a
Lorentz force, providing v-component velocity control. They utilized the Alfredsson and Johansson (1984)
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experimental method for determining turbulent structures, or events, that should be counteracted. The system
produced localized deviations in skin friction on the order of 15-18 percent, and the average skin friction within the
control volume changed by +4 to 5 percent. However, there was virtually no change in the mean wall shear, z,. The
experimental system was able to produce the suction and blowing phenomena, but the control system was not able to
deliver these counteracting flows effectively to reduce the overall skin friction drag.

7 FLUID DRAG REDUCTION PHYSICS AND APPLICATION CHALLENGES

It would be neither practical nor appropriate to investigate all of the possible FDR technologies for
application to the high-speed ship. Preliminary engineering estimates indicate that the fast logistics ship total drag
must be reduced by a factor of two (Genalis, 2000). Friction drag represents the greatest percentage of total drag,
estimated to be approximately 70 percent of total drag. Assuming the residual 30 percent of total drag (form, wave,
spray, etc.) already represents the optimum, and cannot be reduced, the friction drag must be reduced by a factor of
four. This limits the FDR technologies that will be investigated to those that have demonstrated a reasonable chance
of reducing friction drag by a factor of four, or by approximately 75 percent. The FDR technologies that come close
to meeting this criterion is: microbubbles, polymers, surfactants, ventilation with super repellent coating, microfibers
with polymer, and high viscosity fluid. Synergistic combinations of these technologies may yield significant friction
drag reduction.

The FDR technology must not only reduce friction drag significantly, but also be capable of practical
implementation on a full-scale ship, and be reliable under at-sea conditions, possibly including severe storms, and
high speed maneuvering. FDR technologies that are “passive”, or “always on” such as ventilation by super-
cavitation would be the most preferable. Technologies where the drag reduction could be initiated with limited
auxiliary equipment and a readily available (and low mass) “feed stock”, such as microbubbles or blower induced
ventilation, would be the next-most preferable technology. Technologies that require exotic auxiliary equipment
and/or a significant quantity of “feed stock” to be carried by the ship, such as polymers or surfactants, would be the
least preferable. This criterion effectively eliminates the fiber-polymer technology, due to practical considerations,
and may ultimately eliminate polymers, surfactants and high viscosity fluid.

Improving Our Understanding of Turbulence Physics and FDR Technology: We have reviewed the role of drag
with respect to ship design, identified the mechanisms of turbulence that contribute to friction drag specifically,
noted the accomplishments of various drag reduction methodologies, and have selected a methodology worthy of
further investigation. The fundamental physics and potential for practical application of this methodology must be
analyzed in detail. Specifically, the following questions need to be investigated:

. Given the various mechanisms of turbulence generation, which mechanism(s) in particular can we most
“practically” affect in order to reduce friction drag?

° How and why does a FDR technology “work” (understanding fundamental physics)? If it doesn’t “work”,
why not?

How effective is the FDR technology at high (full-scale, operational) speed?
How effective is the FDR technology around complex shapes with an adverse pressure gradient?
How effective is the FDR technology in salt (sea) water?

Applying FDR Technology to Large High-Speed Ships: The FDR technology may work well in the laboratory,
and it may be possible to practically outfit a hull with the technology, but it may just not work when scaled up, and
subject to the harsh environment of the open ocean. We must better understand how the FDR technology will
behave under these conditions, specifically:

. What is the high-speed fluid flow around complex hull forms without FDR?

. How does the high-speed flow around a complex hull form affect the effectiveness of a FDR technology?

] How do we scale the subsequent laboratory results for speed and size?

. How effective is the FDR technology given unsteady pressure gradients and/or unsteady flow conditions

during ship steady steaming and maneuvering (and how does the ship respond given unsteady FDR
technology effectiveness)?

. How effective is the FDR technology given manufacturing imperfections over the hull surface, and hull
biofouling?
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Proposed Methodology for High-Speed Ship Testing: The following strategy is proposed to better understand the
fundamental physics of turbulence and various, FDR technologies and how these FDR technologies may be scaled
and applied to dynamic, “real world” situations. We need to conduct experiments to better determine turbulence and
FDR technology physics fundamentals, at fluid flow speeds up to full-scale speed (38 mvs), for the following test
configurations:

Flat plate (no pressure gradient)

Smooth and roughened surface

Rotate plate orientation axially if the FDR is gravity dependent

Foil plate (two dimensional pressure gradient) with similar tests as the flat plate
Body of revolution: pipe (no pressure gradient)

Body of revolution: axisymmetric body (quasi three-dimensional pressure gradient)
Model ship half-body (three dimensional pressure gradient)

These experiments need to be performed in a pressurized facility to prevent unwanted cavitation at the
higher test speeds. Eventually, we will want to know the effects of sheet cavitation and unsteady flow upon the
effectiveness of the FDR technology, however, the initial experiments need to remain cavitation free in order to
better isolate, and observe, the fundament physics. Several of these experiments should be performed using fresh
and salt water, to determine the effect of salt water on the FDR technology (such as persistence). Details of the test
equipment and instrumentation required are described by Ceccio (2002).

In order to take into account the free surface effects (unsteady fluid velocity, unsteady pressure gradient,
and sheet cavitation), we need to conduct towing tank experiments at speeds up to full-scale speed (38 m/s) for the
flat plate and foil, with and without the FDR technology applied.

By utilizing several sizes of test platform, and varying fluid flow speed over a broad range of speeds, we
may be able to develop some basic scaling laws that could be combined with traditional scale model tests to provide
a reasonable estimate for full-scale ship total drag.

Traditional model tests must be performed in a towing tank with the high-speed ship hull form, to provide
basic ship resistance and seakeeping data. Modeling the extremely high volumetric flow rate water jets expected to
propel the ship will be a non-trivial exercise. Cavitation number does not scale with model ship speed, via F-scaling,
due to atmospheric pressure not being reduced commensurate with model scale. For most conventional ships and
models, this is not an issue, due to the relatively high cavitation number for the model and full-scale ship. However,
since the full-scale high-speed ship is expected to be a very high speed, relatively shallow draft vessel, different
scale pressures between the model and ship will have a significant effect upon modeling sheet cavitation, cavitation-
ventilation (as a FDR technology), and water jet efficiency. Atmospheric pressure may be scaled for the model by
utilizing a pressure controlled towing tank. MARIN (Maritime Research Institute Netherlands) has the only reduced-
pressure towing tank in existence. It is not likely that it will be practical to apply the FDR technology to the scale
model for testing. However, it will be important to determine the effect of a FDR technology upon the water jet
efficiency.

8 FACILITIES REQUIRED TO ACCOMPLISH EXPERIMENTS

The experimental measurements that are required to study the fundamental fluid mechanic problems
associated with the design of high-speed ships and submarines are very involved and will require special
instrumentation and testing facilities. It is most likely that a single facility will not suffice for all the tests. In the
design and construction of any experimental facility, compromises must be made and they only seem to be
exaggerated in high-speed testing facilities. The first decision to be made is whether to move the model or the have
the fluid moving past a stationary model. Each technique has its advantages and disadvantages.

Moving models, such as in a towing tank, require an extremely long facility in order to have a reasonable
testing time at very high speeds. The major advantages of moving the model are: the quiescent up-stream conditions
are automatically satisfied; testing with a free surface is possible; and the power consumption to drive the towing
carriage is reasonable. There are also many difficulties with a moving model arrangement. The biggest is probably
the short testing window for steady conditions. Depending on the nature of the fluid transients at high Reynolds
number, it is possible that steady state conditions are never reached. Regardless of how well the carriage is aligned,
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there will always be vibration problems as a result of the high speed. This causes systemic errors in DPIV and LDA
measurements since it is hard to distinguish between turbulence caused by the fluctuations of the flow field and
apparent turbulence caused by the random vibrations of carriage and lasers. In addition, the forces associated with
high Reynolds numbers are extremely large. This in turn will require a massive carriage to resist unwanted
deflections. The massive carriage will inevitably make a significant free surface disturbance of its own that must be
properly accounted for. Controlling the cavitation number in a towing tank type facility is difficult, if not
impossible.

The other type of facility is to move the fluid past the model. If the facility is a continuous-circulation water
channel, a massive amount of power is required. While the testing time in a circulating water channel is essentially
unlimited, the up-stream conditions are not well defined and ambient turbulence might be a problem. An alternative
moving-fluid facility is to have the fluid move impulsively past the model in a blow-down facility. This type of
facility does not require the massive amounts of power to keep it running, but the steady state testing window is very
short, probably less than a long towing tank. In either case, because the model is fixed, vibrations and deflections of
the mounts will be minimized. DPIV and LDA measurements are easily accomplished through optical quality
windows. Controlling the ambient pressure in the test section can control cavitation. A third type of moving-fluid
facility is to use the fluid head behind a large dam to obtain a continuous high-speed flow. This approach has all the
advantages of a circulating water channel, without the power losses. The cost of such a facility might be prohibitive,
but it has been suggested to use the Detroit dam in Oregon.

A third option is to use full-scale field-testing. The big advantage of field-testing is that there are no
questions about scale effects and realistic testing situations. However, controlling the quality of the data is usually a
problem since many of the test variables are not under the control of the experimenter. In addition, full-scale testing
is usually very expensive. All the problems of taking measurements in the towing tank are present and amplified in
field-testing,

There are national facilities presently in operation that could conduct many of the desired tests. With
relatively modest modifications, the existing facilities could probably do most of the desired tests. New facilities
have the advantage of using the latest technology but they are much more expensive. The following is a list of the
experimental facilities that are available in the United States that we believe could be used for high Reynolds
number research. A more detailed review of each facility follows.

. The high-speed carriage at the Naval Surface-Ship Warfare Center, Carderock Division (NSWCCD). The
David Taylor model basin high-speed facility was designed for speeds up to 51.4 m/s (100 knots), but
present tests are limited to 30.9 m/s (60 knots) for models 1.2m up to 6.1m long.

] The 55-knot carriage at NSWCCD. The David Taylor model basin high-speed facility was designed for
speeds up to 28.3 m/s (55 knots). Present tests confirm that the facility works well at full speed for models
1.2 mup to 6.1 m long.

. The Princeton/ONR HRTF uses air at pressures up to 3,500 psi as the working fluid, thereby decreasing the
kinematic viscosity by over two orders of magnitude as compared to air at standard pressure. The main
purpose of the facility is the study of the flow fields produced by submarine-type shapes up to length
Reynolds number of 1.75 x 10%. It has two test sections, each 2.44 m long with an internal diameter of 457
mm. Because the facility achieves its high Reynolds number from a change in kinematic viscosity and not
from high velocity and large scale, it not of particular interest in studying drag reduction techniques on
high-speed ships.

. The Navy's Large Cavitation Channel (LCC) located in Memphis, Tennessee. The LCC, operated by the
Naval Surface Warfare Center, is the largest water tunnel in the world. It has a test section of 3 m x 3 m x
13 m and maximum velocity of 18.3 m/s. The flow speed in the test section could be increased to
approximately 70kts by using a liner that reduces the cross sectional area (discussed further in the
following section). The structure of the existing sections will have to be reinforced to accommodate the
increased ambient pressure that is necessary for cavitation free operation.

. Applied Research Laboratory (ARL) at Pennsylvania State University. ARL has a variety of water tunnels
with various size test sections. Of particular interest is the Garfield Thomas Water Tunnel. It has a 48inch-
diameter test section and a maximum speed of 18.3 nvs.
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. The Detroit Dam on the North Santiam River in Oregon is another possibility. The Detroit dam has a by-
pass that could be use to direct water into a high-speed test facility. The large head of water behind the dam
would be converted to velocity head by a nozzle leading to the test section.

] The Navy vessel Athena. Athena I & II, have seen extensive service in the development of high-speed
towed sensors, airborne mine countermeasures, communication systems, and full-scale validations of
model predictions for propeller wake surveys and propeller stress studies.

Large Cavitation Channel (LCC)

The Large Cavitation Channel (LCC) is one of the world's largest and most technically advanced water tunnel
facilities. Operational in Memphis, Tennessee, USA since 1991, the LCC was designed as a variable pressure
recirculating cavitation tunnel with a very low acoustic background level. The LCC provides significant cost savings
for testing large-scale models of advanced ship and submarine system designs and full-scale torpedoes in a
controlled environment. The LCC employs advanced hydro-acoustic silencing techniques for reducing acoustic
reverberation introduced by the water flow of the tunnel. Commercial uses of this facility include maritime shipping
industry applications.

Overall length 73 meters

Overall width 20 meters

Test section size 13 meters long x 3 meter cross section
Test section contraction ratio 6:1

Test section fluid velocity 2.6 — 18.0 meter/second

Pressure 3.5-414kPa

Air content 10% - 100%

Table 2: LCC critical dimensions
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Figure 8: Side view of the William B. Morgan Large Cavitation Channel

The University of Michigan and its subcontractors have completed an initial design of a high-speed friction
drag reduction experiment for implementation in the William B. Morgan Large Cavitation Channel (LCC) under
support from the Office of Naval Research (Ceccio, et al., 2002). Ceccio (2002) is meant to satisfy the reporting
requirement of the first phase of the project. The three main elements of the friction drag reduction experiment have
been developed, along with preliminary budget estimates for each element:
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Modification of the LCC

The LCC typically operates at system pressures below atmospheric in order to evaluate the affect of
cavitation on various test objects. The shell of the LCC is reinforced to handle the added stress due to the differential
pressure. The LCC can also be pressurized to operate at pressures above one atmosphere in order to assist in
suppressing cavitation on test objects. The global cavitation number is defined as Ogiobat = (P-P ’/sz2 ), where U is
the fluid free stream velocity, p is the fluid density, P, is the vapor pressure of the fluid, and P is the free stream
pressure of the system. For example, a 25-knot (12.86 m/s) ship would have a minimum global cavitation number of
Tgtobar = (1.013-10° Pa - 0.023-10° Pa)/[#+-(1025 kg/m®)-(12.86 m/s)*] = 1.2. The effect of hydrostatic pressure below
the free surface would increase this value. Slower vessels will have an even higher Ogiosar- While the global
cavitation number may be relatively large (greater than 1.0), local effects on the test object can have a much lower
local cavitation number, g4, due to high local fluid velocity and low local pressure. Thus, cavitation can stili occur
on object with a complicated geometry with an adverse pressure gradient (such as a propeller) even though the
global cavitation number is relatively high. However, a higher global cavitation number helps improve the odds that
local cavitation effects can be minimized or eliminated. For the initial FDR tests on the test plate, we desire
cavitation-free conditions in order to identify the effect of the FDR technology alone. Subsequent tests may include
the effect of cavitation to observe how cavitation affects the FDR technology.

In order to achieve the required maximum test flow speeds and pressures, a liner could be implemented in
the test section of the LCC that will reduce the cross sectional area of the test section to 3 m x 2.2 m. To achieve test
section speeds up to 35 m/s, the electric motor of the LCC will be replaced. To achieve a test-section cavitation
number of 0,555 = 0.75 at 35 m/s (the estimated minimum Oglobal TEQuired, and the maximum likely to be obtained),
the ambient pressure in the test section will have to be raised to 470 kPa. At this pressure, the outer shell of the LCC
will be stiffened in some high-stress areas. The impeller, stator, bearing, and shafting system do not require
significant modification. A new pressure control system will be implemented to support large-scale air or water
injection into the LCC. The remaining auxiliary systems do not require significant modification. The estimated cost
of the LCC modification is discussed in Ceccio, et al. (2004).
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The Detroit River Dam

The Army Corp of Engineering personnel at the DRD provided the following specifications for the dam:

General Specifications:
Drainage area 438 square miles
Pool elevations (feet above mean sea level)
Minimum power pool 1425 ft
Minimum flood control pool 1450 ft
Maximum conservation pool 1569 ft
Maximum full pool 1425 ft
Reservoir Specifications:
Maximum pool 472,600 acre-feet
Maximum conservation pool 436,000 acre-feet
Minimum flood control pool 154,400 acre-feet
Minimum power pool 115,000 acre-feet
Dam Specifications:
Type Straight concrete gravity
Crest length 1457 ft
Crest elevation 1579 ft
Crest width 26.5 ft
Maximum height 450 ft
Freeboard (above max. pool) Sft
Spillway Specifications:
Type Concrete gravity, gate controlled
Design Discharge 176,000 cubic ft/second
Crest length 2945 ft
Crest elevation 1541 ft
Number, size and type gates Six Radial, 45 ft x 48 ft
Outlet Works:
Type Conduit through dam
Emergency gates Four Fixed Wheel, 5 ft 8 inch x 10 ft
Regulating gates Four Fixed Wheel, 5 ft 8 inch x 10 ft
Power-Plant:
Penstocks Two 15 ft diameter steel
Power units 2 Francis Turbines
Installed capacity 100,000 Kilowatts

Table 3: Detroit River Dam dimensions and operating parameters

The High Velocity Test Conduit and Test Flume
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Figure 9: Cross section of the Detroit River Dam
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cavitation of the test model and test section walls. The above considerations are the result of the Bernoulli analysis
and are independent of the flow rate through the test section (i.e. the test section cross sectional area). Speeds in
excess of ~ 32 m/s (107 ft/s) can be achieved if the models are allowed to supercavitate.

Figure 10: Test section velocity and pressure for case of full pool with total head ~ 99 m (325 ft) and flood control pool with total head ~ 63
m (207 ft)
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The amount of water that flows across the dam varies during different periods of the year. If the test flume
operates only during times that the DRD spillway is in use, then the operation of the hydroelectric plant at the DRD
will not be significantly effected. However, the yearly number of days that the spillway is in use is low, and the
timing and duration of the spillway usage is hard to predict. If the test flume were to be used during the remaining
periods of high pool, the flux of water across the dam would need to be divided between the test-flume and the
hydroelectric plant. If the daily flow through the test flume is small compared to that of the power plant, the impact
of flume operation on power generation will be minimal. However, if a large diameter test flume is constructed,
there could be significant competition with the power plant for the water flow. Since the spillway is in use only a
handful of days during the year, we will consider operation during periods when the outflows are principally through
the generators.

Flows up to 300,000 CFM will pass through the hydroelectric plant. Flows in excess of 300,000 will
require water to pass through the DRD spillway. The largest flow rate achievable through the DRD test-flume
penstock will occur if the test-section cross-section is on the order of the penstock cross section, which is 2.4 m 8
ft) in diameter. If the test section velocity is 35 m/s (110 fus), the flux of water through the penstock would be
approximately 350,000 CFM. The flux of water through through a large test-flume will be on the order of the flows
through the generators. Since the total flow of water through the dam is carefully controlled, it is possible that
operation of the test-flume will lead to a reduction in the production of electricity at the DRD. It is not clear,
however, that the operators of the hydroelectric generating plant would permit significant interruption of their power
generation. A balance must then be made between the size of the test flume, and the amount of time it is expected to
operate.

Significant portions of the existing DRD test flume will need to be replaced, possibly including the existing
penstock. The current test flume sits on the right bank of the tailrace, on a ledge next to a rock face. A new test
section and accompanying platforms and housing would be confined to this narrow space between a rock ledge and
the bank of the tailrace. Otherwise, the test section would need to be moved significantly downstream of the dam. A
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narrow bridge connects the main road to the site of the test section. All of the construction equipment and pieces of
the test section would need to pass over this narrow bridge, leading to practical difficulties with construction and
operation of the test site. Additionally, high-tension lines will make crane-work difficult. There are few engineering
facilities at the DRD. Engineering facilities at the DRD would have to be constructed around the test flume and
nearby for personnel, storage, model preparation, etc.

The test facility would take in ambient lake water and discharge it. It is often necessary to control the inlet
water quality for testing. Factors such as the free and dissolved gas content, the water temperature, and the level or
particulates and other foreign matter would be difficult to control. More importantly, it is possible that dyes,
particles, polymers or surfactants may be injected into the flow stream during friction drag reduction testing. While
these substances may be considered benign, it is not clear that operators of the test facility can gain permission to
discharge these substances into the environment without treatment.

Summary

The current test flume of the DRD is not operable, but it is possible to construct a new test facility at the
DRD. Such a blow-down facility would be best suited for the study of super-cavitating and ventilated test objects.
The likely characteristics and challenges associated with the construction and operation of such a new facility would
be the following:

The current test flume must be replaced.
If the test objects super-cavitate, it is likely that flows of up to ~40 m/s can be achieved during periods at
full pool, and up to ~30 mv/s at flood control pool.

. If the test objects are not permitted to cavitate, then flows of up to ~30 m/s can be achieved during periods
at full pool, and up to ~25 m/s at flood control pool.

. If the current penstock is used, the circular cross sectional area of the new test flume would be
approximately 0.75 m (2.5 ft) in diameter for high-speed operation.

. The period during the year when conditions for high speed testing are optimal may be significantly limited
(e.g. full poo! and high discharges).

. Increased test sectional areas would likely require a new penstock, dam penetration, and upstream valves.

. The potential energy cost of operating such a test flume with a 2 to 3 ft diameter would be ~$600 per hour

(assuming $40 MW-hour cost). The cost increases as the square of the test section diameter. At high flow
rates, the daily duration of testing may be limited by the needs of power generation. These costs would not
be incurred during the (infrequent) days when the DRD spillway is in use.

There may be significant logistical difficulties for the construction and operation of the new test facility.
There may be significant environmental issues regarding the discharge of polymer or other chemical
additives via the untreated flow of the test flume. In addition, the discharge of water may be limited due to
environmental constraints (e.g. restraints on the pool level and downstream flow rates).

Carderock Division Naval Surface Warfare Center (NSWC/CD) High-Speed Basin Carriage #6

Towing Basins can be used for traditional Froude-scaled ship model resistance, self-propulsion and flow
measurement experiments. The towing carriages may be used for a variety of unusual experiments, including towing
of fishing nets, calibration of current meters, control station for remotely operated vehicles, and assessing stability of
towed bodies. Commercial uses for this facility include maritime shipping industry, fishing industry, oceanographic
engineering, and pleasure craft industry applications.

The NSWCCD High-Speed Basin is comprised of two adjoining sections: a deep-water section and a
shallow water section. Wave making capability exists in this basin, and there are three large underwater viewing
windows at different elevations, which are set into the wall about mid-length. This indoor rectangular high speed
basin with a total length of 904 m (2968 ft) comprises two adjoining sections:

. Deep water - 4.9 m (16 ft) deep, approx. 514 m (1687 ft) long and 6.4 m (21 ft) wide
. Shallow water - 3 m (10 ft) deep, approx. 356 m (1169 ft) long and 6.4 m (21 ft) wide

The U.S. Navy envisioned the need for a high speed towing test facility capable of operating at speeds up to

100 knots as long ago as the late 1960°s. The initial design investigation centered on lengthening an existing towing
basin at the NSWCCD facility. The basin would need to be longer in order to allow more time and distance for the
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carriage to get up to the higher test speeds, and still allow a reasonable period of time at the higher test speed for
data collection. Cost analysis of various engineering designs indicated a very high cost to lengthen the towing basin
facility. Alternative designs based upon very high acceleration of a new carriage on the existing towing basin were
investigated.

A design utilizing linear induction motors on a completely new carriage was installed and tested
(designated as Carriage #6) during the mid 1970’s through 1980, sharing the same towing basin and rails as Carriage
#3 and Carriage #5. The mechanical and motor systems passed inspection and testing, however, there were
significant problems with the electronic control, power supply conditioning, and data communication systems. The
U.S. Navy ceased attempting to get Carriage #6 to an operational status in 1980, and all systems remain as they were
at that time.

2-Motor Drive 4-Motor Drive

Tank width 31 feet

Tank depth 10 feet

Carriage weight 61,000 pounds

Carriage material Aluminum

Maximum tractive force 40,000 pounds

Maximum drag load 22,000 pounds

Maximum lift load 30,000 pounds

Maximum side load 15,000 pounds

Maximum speed 75+ knots 100 knots

Maximum acceleration 061 g 112 ¢

Test distance/time, given: 15k pounds drag at 70 knots 787 ft/ 7 seconds 1507 ft/ 13 seconds
15k pounds drag at 80 knots 419 ft / 3 seconds 1359 ft/ 10 seconds
22k pounds drag at 70 knots 226 ft / 2 seconds 1446 ft / 12 seconds
22k pounds drag at 80 knots N/A 1279 ft /9 seconds
22k pounds drag at 100 knots N/A 879 ft/ 5 seconds

Table 4: NSWCCD Carriage #6 critical dimensions and operational parameters

A recent engineering study concluded that the following sub-systems would have to be replaced in order to
put Carriage #6 into operation: variable frequency power conditioning system, control system, data communications
system, hydraulic brake system. In addition, the linear induction motor electric rail system and the towing tank
carriage wheel rails will need to be refurbished.

The costs associated with getting Carriage #6 outfitted to perform at 75 knots (2 motors) is estimated to be
$4.1 million. The costs associated with getting Carriage #6 outfitted to perform at 100 knots (4 motors) is estimated
to be $7.2 million. The time required to refurbish the carriage would be approximately 3 years.

Full-Scale Engineering Facilities

A large-scale at-sea test platform can provide critical operational testing that can not be modeled in a
laboratory setting. FDR technologies that perform well under controlled laboratory conditions may perform well
only intermittently, or not at all, in the complex environment of a sea-going vessel. The at-sea test platform can
permit large-scale field testing, without incurring the enormous risk of completely outfitting an active naval
combatant with an unproven technology. However, these test platforms have proven to be poor “laboratories”;
meaning that determining exactly why a tested technology succeeds or fails can be difficult, if not impossible, due to
having so many uncontrolled variables at sea. Despite the scientific deficiencies, there is likely a cost benefit to
having a large-scale at-sea test platform to conduct implementation tests of FDR technologies.

R/V Athena
Athena I & 11, have seen extensive service in the development of high speed towed sensors, airborne mine

countermeasures, communication systems, and full-scale validations of model predictions for propeller wake
surveys and propeller stress studies.
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Figure 11: R/V Athena

Athena is a converted PG-84 Asheville-class patrol gunboat. Built for the U.S. Navy in 1969 at Tacoma
Boat as USS Chehalis (PG-94), she was converted to a high-speed research vessel in 1976. The hull and structural
framework are aluminum alloy, and the superstructure is fiberglass over an aluminum framework. Since Athena was
built as a high-speed patrol gunboat, she was engineered to be as lightweight as possible and constructed under high
standards of quality assurance.

Because of her combination of diesel or gas turbine propulsion, Athena is well suited for low- or high-
speed operations. To enhance Athena's capability in taking high-speed acoustic data, she can be fitted with a
compound air masker system (CAM), which greatly reduces the ship's radiated noise. She has been modified
extensively as a Research Vessel to include: laboratory space with a dedicated power source, deck crane, and A-
Frame. A variety of towing winches and handling equipment is available as required.

Specifications:
ngth Overall 165 feet

E{tr—eme Beam 24 feet

[Draft 10.5 feet

[Propulsion [Twin screw, driven by two Cummins VTI12-875-M diesel engines rated at 725 hp. each.
For high speed one GE LM 1500 gas turbine drives both propellers through a first, and two secondary]
gearboxes.

Speed %ﬁnots on diesel, 35 knots on turbine

Fuel Consumption 90 gallons per hour at 13 knots
500 gallons per hour at 20 knots
850 gallons per hour at 30 knots
1,000 gallons per hour at 35 knots

[Range 2300 n.m. cruising at 13 knots

'El-e?triml Two 100 kW ship service generators.
One 60 kW lab generator

A ccommodations Berthing for 28, (10 crew, 18 scientists)

aboratory Space 366 sq. ft. of air conditioned lab space is available.

Power is provided by a dedicated 60 kW generator via regulating transformers for clean, precise power.

Clear Deck Space 850 sq. ft. on the aft deck

Nav/Communication lRadar, GPS, Sat-Nav, LORAN, Fathometer, Gyro- compass, Knotmeter, SSB radio, VHF, UHF

Table 5: Athena critical dimensions and operating parameters
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X-Craft

The X-Craft transformational program is a high-speed, 240-foot aluminum catamaran consisting of
advanced hull geometry, designed to give the craft speeds of 50 knots or more. Initially, it will be used by ONR for
purposes of hydrodynamic experimentation and as a test bed for Hull, Mechanical, and Electrical (HME) concepts
for the Navy's new class of warship, Littoral Combat Ship (LCS).

The X-Craft’s deck will have two helicopter landing spots capable of handling a variety of aircraft up to the
size of the H-60-series helicopter. With a design displacement of approximately 1,100 long tons, the X-Craft will be
self-deployable and of flexible design for spiral technology insertion.

A Combined Gas Turbine or Diesel (CODOG) propulsion plant will propel the X-Craft to speeds of 50
knots or more. The vessel’s Mission Module Bay will be capable of fully supporting simultaneously two or three
mission packages designed for the Navy’s littoral combat support. In February 2003, the Office of Naval Research
awarded Titan a $59.9 million contract to develop and build the Navy’s X-Craft.

The X-Craft may prove to be an effective field test platform for FDR technologies at full scale and very
high Reynolds number, when it enters service.

Figure 12: Conceptual model of the X-Craft
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9 Conclusion and Recommendations

High speed surface and submerged vessels that displace several thousand tons or more, capable of
operating at speeds in excess of 50 knots, and spanning an entire ocean without refueling will need to utilize a FDR
technology in order to be practical to design and operate cost effectively. Ships capable of meeting one or two of the
previously listed criteria already exist. Designing a ship that meets all three criteria without the benefit of FDR
technology would seriously challenge what is considered possible by the current state-of-the-art design process. The
FDR technology itself will also have to be practical to implement and utilize. The ship and FDR auxiliary equipment
must be capable of: carrying or generating sufficient quantities of the FDR material without undue impact to the
payload capacity of the vessel; the auxiliary equipment must be reliable, with appropriate redundant systems; the
system must be operable and maintained, at sea and in port, by professional sailors with a reasonable amount of
specialized technical training; the FDR deployment mechanism (e.g. nozzles) that is subject to the high
hydrodynamic forces and marine fouling must remain effective, even though some degradation of the mechanism
may occur between maintenance and cleaning events.

Numerical and experimental analysis of turbulent flows at the smallest observable scales has yielded
significantly new insight into the mechanisms of turbulence, and the behavior of the major structures within the
boundary layer. The “streak-liftup-hairpin-burst-sweep” cycle of turbulence regeneration provides a conceptual
model around which we may build a strategy to affect the control of turbulence. One or more of these events within
the cycle of turbulence regeneration must be controlled in order to reduce total friction drag. The interaction
between each of these mechanisms has only recently been observed and conceptualized through advanced numerical
and experimental means, and the model may undergo further refinement as the investigation continues. Additional
investigation into the mechanisms of turbulence is critical to finding the FDR technology that would most
appropriately match the needs of a high-speed ocean-going vessel. For some of the FDR technologies reviewed in
this report, we may deduce which turbulence regeneration mechanism is being modified/suppressed (e.g. high
viscosity fluid may function by suppressing the burst effect), however, for the vast majority of FDR technologies,
we really don’t understand what mechanism they use to affect the turbulence regeneration cycle. Understanding the
fundamental physics of the FDR technology is prudent, prior to making an attempt to implement the FDR
technology onto a full-scale, operational vessel, if there is to be a chance of success within a reasonable period of
time. Several attempts to “shotgun” a solution from promising, but basic, laboratory results to deployment of a
prototype system onto a full-scale ship have met with disappointment.

The summary of FDR technologies reviewed in this paper demonstrates that a great deal of effort has gone
into better understanding the effects, and to some extent, the fundamental physics, of these technologies. A few of
the FDR technologies, such as microbubbles, surfactants and polymers, have demonstrated friction drag reduction
capabilities near the target value of 70 percent. However, all of these tests occurred under laboratory conditions at
relatively slow fluid velocities. As previously mentioned, some of these FDR technologies have been tested or used
on full-scale systems, with poor results. None of the FDR technologies have been tested at the speed, or complex
pressure gradient, required for a high-speed logistics ship, or underwater missile, etc. Scaling laws for the various
FDR technologies are unknown, and indeed, may be too complicated to be practical. Hence, the need to test the FDR
technology at the full-scale high speed conditions to better understand its interaction with the mechanisms of
turbulence.

Initial testing of 2 FDR technology will be very “basic” (testing at high speed on a flat, cavitation-free plate
in fresh water), focusing on understanding the fundamental physics of the technology, and the mechanisms of
turbulence. The outcome from these tests may yield some insight that would permit some improvement of the FDR
technology itself, and/or require an improvement of the test methods or instrumentation. An iterative FDR
improvement cycle, between high-speed, full-scale tests, using advanced numerical methods or slower, small-scale
testing, may be implemented simultaneously to investigate a FDR improvement. Subsequent tests on complex
shapes, including various pressure gradients, will be necessary to determine how the FDR technology will behave in
complex flows (evaluating the effect of persistence, etc.).

No test facility currently exists that meets all of the requirements to investigate the mechanisms of
turbulence or test the FDR technologies at the necessary fluid speeds, pressure gradients, and length scales. To
construct a new facility dedicated to this purpose may be prohibitively expensive in both time and capital. A few of
the existing facilities come close to meeting some of the testing requirements, and could be modified into acceptable
test facilities, even if not perfect, if some engineering improvements were made. As the discussion in this paper
shows, the LCC facility and the Detroit River Dam site represent the kind of facility that is appropriate for the initial
phase of the testing. A separate program has already been initiated to begin making several small improvements to
the LCC to support the first phase of FDR testing. A phased-approach to making the engineering improvements to
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the LCC, in conjunction with the FDR testing process, makes the best use of time and capital. Minor improvements
to the LCC system for little capital will allow initial FDR testing to begin with capabilities far beyond what has
previously been documented. The results of these initial tests may help point the direction of subsequent testing,
possibly in ways that were previously unforeseen. Subsequent engineering improvements can be developed while
FDR testing continues. Therefore, the most efficient and prudent solution is to make the best use of the LCC test
facility, making incremental improvements as FDR testing evolves.

The full battery of FDR tests will require high speed, submerged non-cavitating and cavitating flow tests;
high speed free surface tests; and full-scale open water tests. In keeping with the prudent but efficient approach
toward testing, the Carderock High Speed Carriage #6 should be considered the facility of choice for the free surface
tests, after the appropriate engineering improvements are made. However, making improvements to Carriage #6
should wait until satisfactory progress has been made during the initial stages of testing at the LCC to warrant the
capital expenditure.

The final phase of testing will be on a full-scale, high-speed, open water test platform. The FDR will have
to prove its effectiveness in seawater, in a complex flow with a dynamic, complex pressure gradient, subject to a
hull with imperfections from construction and marine fouling. Some of these effects may be simulated individually
in the high-speed channel or towing tank, but there is no substitute for evaluating the combined effect on FDR
performance. The test platform will also be the field laboratory for developing a robust and effective FDR delivery
system. Having a reliable, maintainable, and cost effective delivery system is just as important as having an effective
FDR technology itself.
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Appendix B: Brief Review of Numerical Methods
There are a number of computational and numerical analysis tools available to allow the hydrodynamicist
to discern certain characteristics of fluid flow, either on or around a body, or flow far from a boundary. The

computational tool utilized is frequently determined by the question one seeks to answer. The computational tools
can be separated into six groups, each with its own strengths and shortcomings (Ferziger, 1996): correlations

between fluid parameters and fluid behavior, integral equations, Reynolds averaged Navier-Stokes (RANS)
equations, multi-point statistical models, large eddy simulation (LES) models, and direct numerical simulation

(DNS) models.
One of the most fundamental and useful correlations is the known as the law of the wall, the basic
analytical turbulent boundary layer scaling law. A significant body of experimental evidence supports this law. Very

near the wall, the boundary layer is dominated by viscous shear. For y'<5,
ut =y* (B1)
where
wt=2 (B2)
u T
U
y+ - y T (B 3)
v
7 \V2
U, = (?“') (sometimes referred to as the shear velocity) (B4)

Beyond this viscous sublayer is the overlap layer, located 5 < y* < ~300 (possibly beyond), which can be

described by
ut = %ln( y*)+ B in inner coordinates, or B5)
(B6)

1 ] .
Ul -ut = —ln(%) + A in outer coordinates
'S
tout = 221 sty* = 156
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Figure B1: The Law of the Wall demonstrating the effect of pressure gradient (White, 1991)
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The overlap layer is usually divided into two regions: the buffer layer, directly above the viscous sublayer,
located 5 < y* < ~30; and the logarithmic layer, located ~30 < y* <~300. The values for &, B and A are empirically
derived, with commonly accepted values of k= 0.41, and B = 5.0. The value of A is dependent upon the pressure
gradient parameter, & and other parameters as well, where

d dp.,
=2 7
¢ . (B7)
The value of A can very from 1.0 for a strongly favorable pressure gradient, to 2.5 for a zero pressure
gradient, to 13 for a strongly adverse pressure gradient. Other equally effective formulas have been derived (White,
1991; DeGraaff and Eaton, 2000; Mathieu and Scott, 2000). Beyond y* = 300, the highly turbulent outer boundary
layer exhibits a wake-like shape (a long, lazy “S™) when viewed from the free stream.

The previous analysis assumes a perfectly smooth surface, over which the fluid flows. This is not likely to
be the case for the ship hull plating. The David Taylor Model Basin conducted an analytical and experimental study
of the effects of surface roughness on fluid flow (Granville, 1958). Equations for the law of the wall are modified
with additional parameters to reflect the effects of increased surface roughness, where the non-dimensionalized
surface roughness value k* = uk/v , k is the length or size of the roughness.
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Figure B2: The Law of the Wall demonstrating the effect of added roughness (Granville, 1958)

Dimensional analysis correlations such as the law of the wall, friction factor or drag coefficient, with
respect to Reynolds number, etc., are useful for comparing or describing the gross flow characteristics, or rough
approximations, for simple geometries near the body boundary. However, in order to discern the fundamental
physics of the complex flows around a hull or propulsion device in order to apply the most appropriate fluid drag
reduction technology, we need to look at the flow data in a different way.

Integral equations such as the Blasius boundary layer solution or the Von Karman momentum integral
equations are useful for estimating the boundary layer thickness over relatively simple geometries. The results
gained can subsequently be used to estimate wall shear stress, and ultimately skin friction drag. These methods can
also be useful for estimating the point of boundary layer separation, but aren’t useful in estimating the resulting form
drag due to that separation. Integral methods can be very useful for evaluating the gross behavior of the flow over
the entire body, which can answer the ultimate question of how the body (ship) will behave due to the effect of the



fluid drag reduction technology. However, similar to the tools derived from dimensional analysis, we can use this
method to get the level of detail necessary.

The Reynolds averaged Navier-Stokes (RANS) equations (sometimes referred to as single-point statistical
equations) are obtained by writing every flow characteristic variable of the Navier-Stokes equations as an averaged
value (averaged over time), and a fluctuating value:

¢(xi't)=z(xi)+¢’(xi’t) (B®)
where
a(xi ) =limr_,, % f¢(xi Wt )'dt I (B9)

Averaging the flow characteristic over time is typical for a stationary process; a process in which the
statistics of the variable are independent of time. The time averaging interval, T, must be large compared to the
typical time scale of the fluctuations (Ferziger, 1996). The statistical characteristics of non-stationary processes (e.g.
long term increase or decrease in velocity) should be determined by ensemble averaging, where the average value is
determined by averaging over a large number, N, of data records:

N
Bl ) =limy 2> 1) ®10)
1

However, to perform ensemble averaging properly, a large collection of identical experiments, performed
under identical conditions, need to be performed. For many non-stationary processes that we are interested in
studying, there are many non-controllable external variables that influence the fluid flow (e.g. stochastic seas around
a complex hull form). Therefore, attempting to determine flow characteristics by ensemble averaging may not be
appropriate or practical. Consequently, for a non-stationary process, the average value of a process characteristic is
sometimes time averaged, choosing a appropriate time averaging interval. This interval must be significantly larger
than the average turbulent fluctuation time interval, yet smaller than the long time interval over which the process
characteristic changes. Choosing the proper time averaging interval for analyzing non-stationary processes can be an
art as much as a science.

Decomposing the mean and fluctuating velocity and pressure terms produces the RANS equations:

o, —oU, 1P T, ou,

. = - Bi1l
T T S o ®1h
and
Wi g (B12)
ox;

The Reynolds tensor, -u 7u }, represents the average momentum flux due to turbulence at a single point, and
its value plays a role both in the creation and dissipation of turbulence. However, the RANS system of equations is
not closed, requiring an empirically or analytically derived turbulence model to complete the equations. Various
turbulence closure models have met with varying degrees of success, often depending on the type of flow, and the
structure of the coordinate grid. Attempts to close the RANS equations through conservation relations (e.g. kinetic
energy) are met with ever-higher order terms, for which empirical substitutions must be found. Some single-point
and multi-point empirical substitutions appear to successfully generate analytical models that mirror the observed
flow, but have limited supporting evidence for the empirical formula itself. A widely used empirical model for -u W
is the eddy viscosity model, which treats the turbulence as an additional viscosity, where
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— __1—0 9T, 93U,
—wu ;= _Euiuié‘ij + VT[?;*'E;' (B13)

where Vr = u(x;f) is the eddy-viscosity, representing the influence of turbulence on the mean flow. Additional
closure methods can be reviewed in Ferziger (1996), and Mathieu and Scott (2000). The tensor terms are not only
related to physical fluid properties, as the laminar shear term is, but are also related to local flow conditions such as
velocity, geometry, surface roughness, and upstream history, making it difficult for empirical analysis alone to
uncover the physics behind the observed behavior.

Solutions to the RANS equations can provide more fluid flow characteristics over complex bodies than the
integral equations, such as fluid velocity, turbulence intensity, and pressure at any given point in the flow. It is at
this level of sophistication that we begin to obtain the type of information that can be useful to the naval architect in
order to improve a hull or propeller design.

Two-point or multi-point statistical models use the same concept of statistical averaging as the RANS
equations, but correlate the velocity components at two, or more, distinct points. This method is rarely used except
for homogenous turbulence analysis, and isn’t of much use for analyzing flow over complex geometries. This
technique is more frequently used for atmospheric analysis.

Large eddy simulation (LES) solves for the largest scale motions of the flow, while utilizing a turbulence
model for the small scale motions. This method can be considered as a compromise between the RANS method, and
DNS, providing more accuracy than RANS, and requiring much less computing power than DNS.

In order to reduce computing power, LES utilizes the concept of using a velocity field that contains only
the large scale components of the total field (Ferziger, 1996). The large scale velocity field needs to be
representative of the velocities between the large scale grid points. This is accomplished by filtering; it is a filtered
set of conservation equations that is solved instead of the RANS equations. The large scale field (the one to be
calculated), is an average of the complete field. The velocity filter is defined by

7(x)= [Glxx)-u;(x)-ax’ ®B14)

where G(x,x") is the filter kernel. Filter kernels that have been utilized include a Gaussian, a simple local average,
and a cutoff (eliminating all Fourier coefficients belonging to wave numbers above the cutoff). Every filter has a
length scale, A, associated with it, but this length scale does not necessarily correspond to the distance between data
grid points.

Decomposing the filtered and fluctuating velocity and pressure terms produces equations very similar to the
RANS equations {B11] and [B12], including an unresolved subgrid scale (SGS) Reynolds stress:

75 = ~plu; - i) (B15)

As with the RANS Reynolds stress, the SGS Reynolds stress isn’t really a stress, but rather the large scale
momentum flux caused by the small, unresolved scales (Ferziger, 1996). Smagorinsky (1963) developed an eddy
viscosity model for the SGS Reynolds stress that is commonly used

1 ou, Ou; —
T -0 = —+—L{=24F.
if 3 kk “ij .ut( axj + ax,'J Hy i (B16)

where 4, is the eddy viscosity and_S_,-,- is the strain rate of the large scale field:
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A =C,2pA2|§| (B17)
15 ,5,)" (BI8)

C; is a turbulence model parameter, and is not constant. C; = 0.2 for isotropic turbulence, but that is not the
type of turbulence experienced near a boundary. One model for C; is the van Driest damping model, which has been
successfully used to reduce near-wall eddy viscosity in RANS analysis:

C, =Colt-e B19)
where y* is the distance from the wall in viscous wall units, and A* is a constant usually taken to be about 25.

Another problem near the wall is that the flow structure is very anisotropic due to alternating regions of low
speed streaks and higher speed fluid, requiring an anisotropic grid, and an appropriate choice of length scale. It may
be that the length scale in each coordinate direction, A;, should be different. Ferziger (1996) raises the possibility
that with the appropriate choice of grid and length scale, damping the near-wall turbulence as seen in [B19], may not
be necessary.

DNS models solve the unsteady, three-dimensional Navier-Stokes equations directly without filtering,
averaging, or using approximations, with the exception of those associated with discretization, which can be
estimated and controlled. DNS has the ability to execute numerical experiments that are often either difficult, or
impossible, in the laboratory, and yield detailed information down to the smallest scales, and has been used to good
effect to confirm the formation and lift-up of the hairpin vortices near a surface, in turbulent flow, that was observed
in laboratory experiments.

In order to capture all of the turbulent flows within a fluid domain, the domain must be large enough to
enclose the largest turbulent structures, as well as be subdivided by a grid fine enough to permit kinetic energy
dissipation (a viscous scale, called the Kolmogoroff scale). The extreme accuracy required makes the use of spectral
methods popular for DNS and LES (essentially obtaining derivatives by Fourier series). However, these methods
lend themselves only to certain types of equally spaced grids. Due to the sensitivity of the DNS analysis to initial
and boundary conditions, they must be established to be as realistic as possible. The further the initial and boundary
conditions are from actual, the longer the DNS may have to run (meaning more expense) in order to observe the
fluid behavior under desired conditions.

The result of a DNS analysis returns velocities, pressure, and stresses at every point at every infinitesimal
increment in time. While this information can be very useful for certain investigations, it is an unnecessarily
expensive use of time and resources for design by the engineer or naval architect. LES or RANS methods, if well
calibrated, will deliver all of the information necessary for design purposes. Ferziger (1996) concludes that, for the
near future, DNS will be limited to a research tool. Examples of where DNS has been useful are:

Understanding the mechanisms of turbulence production, energy transfer, and dissipation in turbulent flows
Simulation of the production of aerodynamic noise

Understanding the effects of compressibility on turbulence

Understanding the interaction of combustion and turbulence

Controlling and reducing drag on a solid surface
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