_
REPORT DOCUMENTATION PAGE l OMB No. 0704-0188

PG reportng DraTown 10¢ thes cotrecDONn Of WITOCMALON 1 ESTIMITEG 10 Sy eY st lwmm.mmmmmmm.u.mvm eIRNNG BALI JOUrCEY,
Q3therwa ana masiawwndg the I Pevoed. a1 COmOreting and reveewnng 1he coitection of intormation. Send COMMeEnTS recarding thi Durden eitimate or any othet moect of thi
Cothection Of MTOrMITION, INOLGNG sorvs 10 FPOUONG ThA DUroeEN. TO WIhngIion Services. Directorste for ttormation Oosratiom and ReporTL 1213 Jetenon
Dovm i oy, Sunte 1704, Arsngron, VA 12201401, and 10 the Ottice of Management snd Buoget. PROeTwork Asduction Protect (0704-0 133), Washengton. 0C 20%03.

1. AGENCY USE ONLY (Leave blank) |2 EFPORT DATF 3. REPORT TYPE AND DATES COVERED
1 AUGUST 1995 FINAL 10/1/90 - 9/30/94
4. TITLE AND SUBTITLE S 5. FUNDING NUMBERS

Selected Topics in Coastal and Ocean Technology
N00014-893-117

6. AUTHORI(S)

SCOTT A. JENKINS

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Scripps Institution of Oceanography
University of California, San Diego
La Jolla, CA 92093-0209

. SPORSGRIKG / MTNIITIAIKG AGINCY HAME{3) AKD ADDRESS(ES) 10. SPONSORING / MONITORING

Office of Naval Research, Code 1121-OT AGENCY REPORT NEMBER
Department of the Navy
800 North Quincy
Arlington, VA 22217-5500

11. SUPPLEMENTARY NOTES

' 10950823 030

NO LIMITATION

Approved for public release;
Diatributi T |

13. ABSTRACT (Maximum 200 woras) .
This final report details research in three major areas: 1) sedumentationcontrol in harbors and waterways, 2) wave structure

interaction for a novel tetrahedron sandbag structural concept and 3) tactical oceanography involving development of an optimum glide

theory for low speed submarine operations.
The sedimentation control research focuscd on understanding the mechanics of bed shear strength and cxplored new mcthods

to elevate the bottom shear stress to induce erosion of the bed and prevent deposition. The bed shear strength was found to be
monotonic functions of concentration, organic content and salinity. Means for enhancing the shear stress on the bed were studied in
both a laboratory flume and in field installations. Both active and passive measures were evaluated. Active measures for enhancing
bed shear stress included arrays of bottom mounted jets powered by a centrally located pump and ducted propellers powered by remote
hydraulic power supplies. Passive measurcs invoked arrays of near bottom moored wings whose vortex wakes in tidal flow eroded
and resuspended bed sediments.

The wave structure interaction research involved development of a tactical break water concept constructed of tetrahedron
sandbags filled in situ by pumping sand slurries into the bags using the available sea floor sediments. The bags were not placed
individually, but dropped to the sea floor to form talus piles. Arrangements of talus piles in parallel and V-shaped bars were developed
to produce Bragg scattering patterns that could be made to either constructively or destructively interfere with incoming waves.
Constructive interference patterns were studied as a means for focusing wave encrgy on energy collection devices.

The tactical oceanography effort resulted from participation in Navy sponsored tactical oceanography symposium and
workshops, and produced a theory for passive gliding of submarines using lift from sail and stern planes.

14. SUBJECT TERMS 15. NUMBER OF PAGES
: ' 4 + Appendices
TIE QUALITY INSPECTED 8 16, PRICE CODE
17, SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION |13 SECUR'TY CLASSIFICATION MITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT 0. U n
Unclassified Unclassified Unclassified SAR
NSN 7$20-01-:80-95C0 Standarg Form 298 (Rev. 2-89)

PONRSNRP SRRV YRR T IR A L TR} 4

S —




————

FINAL REPORT: SELECTED TOPICS IN COASTAL AND OCEAN TECHNOLOGY
GRANT # N00014-89J-117
by

SCOTT A. JENKINS

This report covers work in three distinct areas of research: 1) sedimentation control, 2)
wave-structure interaction and 3) tactical oceanography. These will be considered separately
below.

I SEDIMENTATION CONTROL

Dredging of Navy harbors represents an escalating cost of ownership, 0 ($25 million/year),
due to environmental restrictions imposed by the NEPA Act and the dwindling dredge spoils
pond capabilities of remaining naval facilities. This work sought to develop alternative measures
to dredging that would prevent or control sedimentation. Both passive and active measures were
studied. The mechanics of either approach involve elevating fluid stresses on the bed above the
ambient levels of the natural circulation systems. Elevated shear stresses are shown in
Appendices A and B to cause resuspension of the unconsolidated bed and erosion of the
consolidated bed.

A) Passive Methods

Shear stresses are found to become elevated passively in tidal flow by the
vortex wake of a wing in ground effect with the bed. In Appendix A, a theory
and companion experiment are given which describe the resuspension of fine
sediments by the action of wings moored near the bottom of an estuary.
Calculations by matched inner and outer image expansions indicate that the vortex
system of a wing can exert two distinct effects on estuarial sedimentation: (1) it
can elevate the shear stresses in the neighborhood of the wing by a sufficient
amount to induce erosion of partially consolidated layers of the bottom; and, 2)
it can promote vertical transport to either enhance or inhibit downstream
deposition. Deposition in the wake trail is found to be dependent upon the
direction of the lift force generated by the wing. Wings which produce a
downward lift force deplete the region adjacent to the bottom of suspended
sediment and thereby diminish downstream deposition. ~ Conversely, wings
generating an upward lift force increase the density of suspended sediment near
the bottom, thus increasing the rate of downstream deposition.  Density
measurements behind prototype wings are consistent with these theoretical
expectations. Short term changes in bottom contours are in general agreement
with predicted erosion in the inner domain, and with diminished accretion in the
outer domain. :

Short term wing induced perturbations to the bottom appear to be
qualitatively explained by entrainment and diminished deposition in the far wake




and by erosion in the near wake. Wings which generate a downward lift force
induce erosion in both the near and far wakes. Wings which generate an upward
lift force give rise to erosion in the near wake followed by accretion in the far
wake.

Long term wing induced perturbations to the bottom are qualitatively
explicable only in terms of erosion.

Both erosion and entrainment are maximized by maximizing wing section
lift coefficients while in ground effect at low wing Reynolds numbers.

There exists no unique selection of mooring elevation and wing aspect
ratio which simultaneously maximizes erosion and minimizes downstream
deposition. Erosion is maximized by maximizing wing aspect ratio for a mooring
elevation, b, equal to one quarter the wings semi span, S. Deposition is
minimized by minimizing wing aspect ratio with b = 0.8S.

Wings which generate a downward lift force are more effective in causing
local erosion and retarding downstream deposition than wings generating an
upward lift force. Because either effect is limited to a wake trail whose cross-
stream dimension is of the order of a wing span, large areas of channel bottom
will require mass arrays of wings with overlapping wakes (like a flock of birds),
in order to control shoaling.

Active Methods

The research also considered the intervention of Man-made horsepower to
elevate bottom shear stresses to induce resuspension and erosion. The results in
Appendix B indicate that deposition of fine grain sediments may be controlled
through the semi-diurnal application of hydrostatic jets producing applied shear
stresses in excess of the cohesive yield stress of the fluid mud layer. This may
be accomplished by either of two means: (1) application of high velocity jets or
(2) application of large diameter jets. By either approach the effect of controlling
deposition through jet entrainment in the far field is maximized by maximizing the
total jet flow rate. This suggests that the total eddy momentum content of the jet
discharge is progressively diluted with increasing distance from the jet discharge
point. At some maximum range, the eddy momentum of the jet discharge is
diluted to such an extent that it is incapable of entraining sediment from the fluid
mud layer across the lutocline interface. The unexpected persistence of this
entrainment in the far field of low salinity jets also suggests that the jet salinity
may exert a modifying effect on the cohesive yield stress of the fluid mud,
rendering it more susceptible to eddy transport across the lutocline. These results
are directly applicable to the problem of bottom resuspensions by ship thrust
wakes. E

One of the new technologies to result from this work was a novel method O
for generating a near bottom jet flow. This new method is the turbine-chimney a
and is described in the U.S. Patent contained in Appendix C. The turbine ...
chimney consists of a propeller mounted inside a vertically oriented 90° elbow
with a horizontal discharge at the bottom. This configuration protects the -
propeller from bottom debris or slumping mud bands, as commonly found beneath
piers and docks. The elbow may be hinged to a frame and articulated with a ' Codes
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hydraulic ram to allow the jet to scan through 180° arcs, thereby increasing the
area of influence of the jet discharge. Whereas the pump based systems generally
produce a high velocity low flow rate jet through a small convergent nozzle, the
propeller based system produces a relatively low velocity jet at a very high flow
rate.

Another concept to emerge from this work is the crater-sink fluidization
dam bypassing concept described in Appendix D. This system is intended to
recover sediments trapped behind inland dams, and to bypass them to eroding
sections of coastline.

IL WAVE STRUCTURE INTERACTION: THE TETRAHEDRON
SANDBAG BREAKWATER

This study produced a new approach to development of mobile breakwater systems and
is detailed in Appendix E. Rather than floating structures, a gravity inertia structure is developed
which rests on a broad footprint on the sea floor. Hence no connectors or moorings are required.
The structure is modular, consisting of a pair of staggered piles of tetrahedron sandbags arranged
obliquely to the incident waves as shown in Appendix E. Each tetrahedron in the array consists
of a triangular shaped sandbag constructed of geotextile fabric and filled with sand.

During transport to the LOTS site the sandbags are readily stored aboard LOTS ships in
a flat, folded and unfilled condition. Hence many such sandbags can be stored on a single LOTS
ship without the need for occupying significant shipboard space. Upon arrival at the LOTS site
and prior to unloading of supplies and material, each LOTS ship can deploy its own array of
protective tetrahedron sandbag arrays using available shipboard firepumps and crane support.
This is accomplished by attaching a small jet pump to pump sand slurries from under the ship
into each sandbag. The tetrahedron sandbags are positioned around the anchorage using crane
support aboard the LOTS ships. The geotextile fabric construction of each tetrahedron sandbag
is strong, compliant and allows the water to ventilate out of the bag during filling with the sand
slurry. If necessary, the bag might later be emptied by means of a Velcro sealed outlet door near
the base of the tetrahedron sandbag, or by crane and clamshell.

The theory of attenuating incident waves by means of an array of tetrahedron sandbags
is based on the principle of partial Bragg reflection, or Bragg scattering, see Appendix E.
Whereas a contiguous saw-toothed geometry can achieve complete quarter wavelength
cancellation, the tetrahedron array has a certain amount of leakage between adjacent corner
reflectors. However, it was found that this leakage can be minimized for particular dimensioning
and spacing of the tetrahedrons based on the incident frequency and direction. This can be
readily shown for monochromatic waves using the classical expansion in solid harmonics for
multiple scattering centers (in this case tetrahedrons). Such monochromatic multiple scattering
solutions are not new for plane, shallow water waves, except for the triangular geometry which
apparently does not yet have a published calculation.

The new aspect of this theoretical approach for the multiple scattering problem is to
include the effects of wave groups incident on finite arrays. This approach was based on a
multiple scales perturbation method in which the predominant carrier swell waves are scaled in
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terms of fast variables while their groups are scaled in terms of slow variables which are order
1/e times those of the fast variables, where € is the wave steepness. This scheme yields
analytical solutions which differ from those of the monochromatic case by the presence of a
second order low frequency oscillation among the elements of the tetrahedron array. Because
the modulations induced by this second order low frequency oscillation are locked with the wave
groups and propagate at the speed of the group velocity, they appear seaward of the array as
locked long waves in the reflected wave group, but not in the radiated waves shoreward of the
array. Inside the array these locked long waves introduce a discontinuity which forces a second
order free long wave propagating at a speed of ¥gh. The free long waves appear shoreward of
the array and may be resonant in a low frequency range which can be exploited for wave energy
collection as described in Appendix E.

The same discontinuities arising from the locked long waves among the tetrahedrons
within the array will also effect the diffraction around the flanks of the array. This diffraction
is controlled by a second order evanescent mode decaying rapidly with distance away from the
array. The evanescent mode leads to various patterns of shadows and bright spots on the flanks
of the array depending upon the direction of the incident wave groups.

II. TACTICAL OCEANOGRAPHY: DEVELOPMENT OF THE GLIDING
SUBMARINE TACTIC

This effort was an offshoot of participation in the Tactical Oceanography Symposium,
1990, 1991 sponsored by OP-96. The results were outlined in a report to COMSUBDEVRON-12
contained in Appendix F, and were published in unclassified form in the reviewed literature as
contained in Appendix G. The basic concept is one of a means for submarines to make low
speed translation between any two points without turning the screw. It is believed that this would
be possible by ballasting in a slightly positive or negative state and then gliding on sail-plane lift
in the manner of an airplane or bird. The notion here is that passive acoustic detectability can
be reduced by trading the continual emittance of hydrodynamic noise from propeller swirl for an
occasional "burp" of ballast pump noise as the buoyancy is alternately adjusted between positive
and negative states during a dolphin style glide path. Tactical advantages would likely arise
following high speed transits to some patrol area, whence low speed dolphin glides could be
invoked to quietly slip away from suspected contact.
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ABSTRACT I

JENKINS. S.A. and WASYL. J.. 1990 Kesuspension of estuarial fine sediments by tethered
wings. Journal of Coustal Research, 614), 961-980. Fort Lauderdale (Florida). ISSN 0748-0208

A theory and companion experiment are piven which deseribe the resuspension of fine sediments
by the nction of wings moored near the bottom of an estuary. Calculations by matched mner
and outer 1mupe expansions indicate that the vortex system of a wing can exert two distinet
effects on estunrinl sedimentation: 1111t can elevate the shear stresses in the neighborhaod of
the wing by a sufficient amount to induce erosion of partintly consolidated layvers of the bottom;
and. (2) it can promote vertical transport to either enhance or inhibit downstream deposition
Deposition m the wake trail is found to be dependent upon the direction of the lift force gen-
erated by the wing. Wings which produce s downward lift force deplete the region adincent to
the bottam of suspended sediment and thereby dimintsh downstream deposition Conversely,
wings generating an upward lift force increase the density of suspended sediment near the bot-
tom. thus merensing the rate of downstream depositton Optimal wing configurations are for-
Hl\ll;lll‘ﬂ WHICH INANTHIZe ¢rosion and miniiize ﬂ(‘})“.\lll”ll l’x'll*ll\' measurements hl‘hllld proee-
totype wings are consistent with these theoretical expectations. Short term changes in bottom
contours are in general agreement with predicted erosion in the inner domain, and with dimin-
wshed aceretion in the outer domain .

ADDITIONAL INDEX WORDS: Cohesive sediment, silt, clay, flocculation, eroston, deposttion.
consolidation, accretion. flurd mud. entratnment. lutocline, Bingham fluid, diffusivity. scour,

hftung line, tmage method. cireulation, horseshoe-vortices.

INTRODUCTION

The phenomenon of current scour due to vor-
tical wakes shed from the support piles of
bridges and other waterfront structures is well
known, (COLLINS. 1980, and CHIEW and

"MELVILLE, 1987). Transport of suspended par-
ticles by near-wake vortices behind bluff bodies
has been found to be especially vigorous in air,
(MacLENNAN and VINCENT, 1982). Vortices
from boat traffic have been observed to scour
and resuspend fine sediments, (GARRAD and
HEY. 1987). The work herein begins with the
hypothesis that the vortex system of a moored
wing might perturb sediment transport and
cause similar scour features in the muddy bot-
tom under steadyv or slowly varying estuarine
flow. If wing induced scour is found to be suffi-
ciently vigorous. it could emerge as a new con-
cept among the paucity of passive technologies
to maintain dredged harbors and waterways.

Presently. active technologies amass a $2 bil-
lion worldwide annual maintenance dredging
bill, (MARINE BOARD, 1983). Those costs are
largely driven by dredge spoils disposal prob-
lems which would otherwise not exist with pas-
sive methods.

The wing vortex system appears to be espe-
cially well suited to influence sediment trans-
port because it imparts a net vertical advection
to the flow in reaction to the lift force. (LAN-
CHESTER. 1908. PRANDTL and BETZ, 1927,
and PRANDTL. 1931). This vertical advection
tinduced velocity) might be employed to either
reduce or increase the net settling rates of silts
and clavs. depending upon the direction of the
lift force. (JENKINS and SPARKS, 1985, and
JENKINS. 1987). Because the preponderance of
transport of these fine-grained sediments
occurs near the bottom, (EINSTEIN and
KRONE. 1961. and MEHTA., et al.. 1989), we
are particularly interested in the case of a wing
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in proximity to the immobile bed. t.e..1n ground
effect, _ILAGALLY. 1929, PRESMAK. 1977, and
MeCORMICK. 19791 Ground effect ts generally
considered to be the condition in which the wing
1< within one semi-span length of a solid plane
boundary.

We seek analvtic solutions to the wing
induced perturbations on sediment transport
and the bed response so that cause and effect
relations might be readily established. There-
fore it shall be necessary to make a number of
idealizations with respect to both the sediment
transport physics as well as the flow field pro-
duced by the wing. We employ a Fickian-based
advection-diffusion transport model to provide
a deterministic approach with sufficient kine-
matic detail to allow analytic progress on the
problem at hand. These are the most widely
adopted fine-sediment transport models in the
published literature and have been validated
tv both laboratory data. tAPMAN and RUMER.
19701, and field data, {(KERSSENS et ai.. 1979
Theyv have been emploved to account for trans-
port over eroding or accreting beds, (LAMBER-
MONT and LEBON, 1978, and CHENG. 19851,
and for the vertical and streamwise variabilita
in transport, (MEL 19691 The latter was con-
strained by the assumption that the settling
velocity of the sediment. w,. is of the same order
as the mean flow velocity, u,. This rather
unrealistic assumption for the case of fine-sed-
iment transport has been circumvented herein
by coordinate stretching based on the strength
of the wing perturbation.

With regard to specifyving the flow field
around a wing moored near an estuarine bot-
tom, there are two major difficulties: (1) viscos-
ity: and (2) density stratification due to the
abundance of suspended sediment near the bot-
tom. Unfortunately, the recent wing theories
which explicitly account for the effects ot either
viscosity or density stratification are numeri-
cal, e.g.., MOORE (1974), MATTEI and SAN-
TORO (1974), STAUFENBIEL and KLEINER-
DAM 19801, PULLIN and PHILLIPS 11951 or
SAFFMAN (1972), HILL (1975 and GREEN
19851, respectivelv. Analvtic solutions tfor the
flow field induced by a wing of finite span pre-
sent one of the most intractable problems in
aerodvnamic theory., tVAN DYKE. 1975
Therefore we shall neglect stratification and
approximate the local flow field as an inviscid
singular perturbation in the wing aspect ratio.

Ao atter VAN DYKE (1964, This 1s based on
the premise that the wing circulation is large
compared to ambient levels and that the rota-
tional and irrotational parts of the flow do not
interact. Difficulties associated with the no-slip
condition at the bottom do not explicitly arise
herein because the sediment-transport equa-
tions deveioped in the following sections rely on
inviscid wing-theory only to specify the vertical
component of the flow field. Details of the trail-
ing vortex roll-up in the near wake of the wing
provided by the analvtic results of BATCHE-
LOR (1964), SQUIRE (1965), GOVINDARAJU
and SAFFMAN (1972 SAFFMAN (1973 and
PHILLIPS (1981) do not appear at the order of
approximation taken in the formulation of the
sediment-transport equations below.

Formulation

Consider a fluid of density, p,. transporting a
suspension of uniform particles, each with a
setthing velocity relative to the fluid, .. and a
solid density, p, 2,65 pem . The density
of the filuid-sediment mixture, p,. may be
written:

Pu 7 PN = (1-N)pe (1)

where N is the volume concentration equal to
the volume of sediment per volume of the fluid-
sediment mixture. The density of the sediment
component of this mixture, p. 1s sometimes
referred to as the excess or bulk density and is
defined:

P p(lN 2

Assume a uniform channel flow with a char-
acteristic velocity u, which varies slowly at
angular frequency ), over a flat cohesive sur-
face on the plane z 0. see Figure 1. At or
below 2 (0, the fluid-sediment mixture
exhibits a non-zero cohesive vield stress, .. and
behaves as a viscoplastic. Above z = 0. the co-
hesive vield stress vanishes and the fluid-sedi-
ment mixture behaves as a fluid, i.e., unable to
support shear stress at equilibrium. The sedi-
ment component density at z = 0 where the
mixture first begins to exhibit a cohesive vield
SIress 1s, p P,

The upper regions of the fluid. z "~ h, are rel-
atively deficient of suspended sediment and
mayv be characterized by some small ambient
value, p n.. Because of settling under the

Journal of Coastal Rexcarch, Vol 6. No 4, 1990
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Figure 1. Conceptual diagram of the fluid bed interface with the wing and its mooring details.

influence of gravity, the abundance of sus-
pended sediment begins to increase below z =
3, forming a non-cohesive floc layer as shown in
Figure 1, (MEHTA and PARTHENIADES,
1975, and KRONE, 1978). The surface z = 0
may thus be considered a “lutocline”, (DYER,
1985, and MEHTA, 1989).

Immediately below the lutocline, there is a

rather thin layer of cohesive fluid mud between,
0 < z < —m, which has a non-zero velocity,
(KIRBY and PARKER, 1974, PARKER and
KIRBY, 1982 and NICHOLS, 1985). Thus the
lutocline at z = 0 between the fluid and the vis-
coplastic material is not a no-slip boundary.
The dynamics of the fluid mud layer are still
poorly understood when subjected to a moving

Journal of Coastal Research, Vol. 6, No. 4, 1990
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fluid. For analytic purposes, we shall assume
that the lutocline at z = 0 is a stress free bound-
ary much like a free surface, with the shear
stresses resulting from the fluid motion appear-
ing in the stress field of the fluid mud layer.
This assumption relieves the wing induced
velocity field on the fluid side of the lutocline
interface from having to satisfy the no-slip con-
dition at z = 0. The no-slip boundary thus
appears at z = —m where the immobile, par-
tially consolidated bottom begins.

Below the fluid mud layer, z < —m, the sed-
iment is at rest and there is a progressive build
up in sediment component density to some ulti-
mate saturation value, p = p,. This is due to
consolidation and compaction under the weight
of the overburden which proceeds at a rate char-
acterized by p.K,g, where g is the acceleration
of gravity and K, is the sedimentation coeffi-
cient in seconds, (FUJITA, 1962). The portion
of the cohesive bottom below the fluid mud layer
for which p. < p < p, shall be referred to as par-
tially consolidated mud, while the fully consol-
idated mud in Figure 1 represents the oldest
deposition which has reached final saturation
density p = p,.

Now superimpose a wing on the river flow at
a distance z = b above the lutocline. Take the
wing semi-span to be S. Assume the wing to be
in ground effect so that b < S. Let the mean
semi-cord be ¢ so that the wing aspect ratio is
A, = S/c. We shall prescribe the sediment
transport and the wing induced velocity field in
an Eulerian frame with respect to Cartesian
coordinates (x,y,z). The origin of this system is
located at the intersection between the lutoc-
line plane and a vertical projection from the
mean aerodynamic center of the wing, see Fig-
ure 1. The axis o-z shall be positive vertically
upward: the axis 0-x is positive in the direction
of the river channel flow; while the axis o-y is
transverse to the mean channel flow in a right
hand system.

With the problem posed in this way, the only
horizontal variability will be that imposed by
the wing over length scales the size of a wing
semi-span. On the other hand, the density field
is structured vertically, with strong variability
near the lutocline over length scales of the
order of the floc layer thickness. Therefore, we
prescribe the following scalings for the dimen-
sional variables:

x = x8
y=y8
z = 25 = z8/A¢ 3)
t = t/Q,
(u,v,w) = (Q,V,W)u,
p = pp

where carets denote dimensionless variables
and Ay = S/8 is the density field aspect ratio.

Sediment transport by the fluid velocity field,
(u, v, w), can then be expressed by the non-
dimensional Fickian-based advection-diffusion
equation as follows:

082 % w\op oW
e R T R e
c o M\t LaT e

RF< ot ap LoV Aaﬁ)
- =—|p= + 0= + +v=] @
Ay Pox 0% "a_y 9y
2~ 62'
+ —1' (i% + —%)
Aj \ox ay

where R, = u,8/e is the mass flux Reynolds
number equal to a ratio of advective to diffusive
mass fluxes and ¢ is the mass diffusivity. Under
the prototype conditions typical of the lower
depths of estuaries along the U.S. west coast as
encountered in Section 7, we take:

u, = 0(10 cm/sec)

w, = 010" % cm/sec)

Q = 010 % sec™)

h = 0(10° cm - 10° em) (5)
8 = 010 cm)

€ = O(1 cm?/sec)

¢ >> 0d)

The final order of magnitude argument in (5)
sets a minimum size restriction on the wing.
This is necessary to avert Hele-Shaw flow,
(WERLE, 1973 and McMASTERS, 1974) and to
assure that the wing circulation is large com-
pared to that of the ambient near-bottom flow.

OUTER SOLUTION

In the outer domain, x = O(1), the lowest
order solution follows from (4) when the chan-
nel fiow is subjected to an O(1/A,) perturbation
from a wing at a small angle of attack B. The
perturbation from a wing in ground effect at a
distance z = b above a plane surface was first
represented by an image pair of lifting lines by

Journal of Coastal Research, Vol. 6, No. 4, 1990
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BETZ (1912). The velocity potential of this fa-
milar vortex system is written in terms of outer
variables (3) as:

e-ivn(i-g

= - 2T
Bf(x) [* & 5™
+——-—
2A. -*(i b

{l+ - }
ﬁu(i_k) + G -0
A S

z b
‘4&*9

dz

2 b)
— + =T
_ Bfix) ! (A‘ S .
e A )
(kg ro-v

{1 + x ]dc
\/: (i b)2 .
X + 'A—r + § + @y -0 ©)

where T({) is a unit function defining the span-
wise distribution of circulation; f(x) is a unit
function defining the rate of downstream decay
of circulation in the trailing vortices and { is a
dummy variable. Terms containing (z+b) cor-
respond to the image vortex system at z = ~b.
We have adopted herein the convention that the
lift force due to the real vortex acts upward in
the positive z direction for g > 0.

Equations (5) and (6) require a large, high
aspect ratio wing, whence Ap » A, » 1. Conse-
quently, the advection-diffusion equation (4)
may be written at lowest order:

aé(m RF ( A (1) aa(m *(O)av‘lv(l))
- - = tp ==
9a2° Ay N P 5 0 M

where W' = A, 9d/dz is the O(1/A,) induced

velocity. Equation (7) is subject to boundary
conditions which require:

p”=1atz=0 (8)
p® = pJ/p.atz = h/d C)

With (6) a solution to equation (7) can be
obtained by successive integrations, evaluating

the integration constants according to the
boundary conditions (8) and (9) to yield the fol-
lowing result in dimensional form:

2
P =P exp{——ll,<x,y,z) - L)
€A,

Zro - frm Elog&]f (10

" h h h "p.)

where 1,(0) = Li(x,y,z = 0); LL(h) = Lix,y,z =
h) and (see equation 11).

Here I, is the circulation of the bound vortex
of the wing and T is the circulation of the trail-
ing vortices such that,

I = uCre (12)
I = Tflx) 13

C, in equation (12) is the lift coefficient which
shall be positive for a wing above the bottom
which generates lift upward in the positive z-
direction. This case shall be referred to herein
as a “downwashing” wing. When C, < 0, the lift
is directed downward toward the bottom and
these shall be referred to as “upwashing”
wings. The decay rate, f(x), for the circulation
of the trailing vortices in (13) is due to the
ground effect calculations of PEACE and
RILEY (1983) for the case of a stress free bound-
ary at z = 0. Their results by numerical inte-
gration give: :

f(x)

n
-
{
=
pr—— e,
c,-.
e
+
»”
£ ‘o
)
SN—

xC,
A.S
2

. N
(6.670 x 10 )(A S) (14)

w!

It

1 + (5,410 X 10'3)(

3
-5 xcl
+(1.173 x 10 )(ANS>

4
_ -y XCo
(9.241 x 10 )(AWS) ]
xC,

a0y [ A
+ (2.729 x 10 )(AWS>

where o is the diffusivity of momentum.
INNER SOLUTION

The outer solution (10) develops singular
behavior as x — 0 due to the line singularity of
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Lix,yz2 = I-E{t.an“ [ z - by +8) ] - tan'l[
dr XVy2 + (y + S + (z — b)?
——r—o{tan"[ (z + by -~ S) .’ —tah

4= 1 r

"\/x2 +(y -8+ (z+ b2

|- fed]

(z+b) z-b)

tan"[

il
4m y -8 y-9

r { _,[ x(z + b) ]
- — {tan

4m G- Vxri(y-82+(z+b2
_r {tan"‘ [(z - b)] ! [(2 + b):”

4 y+9 y+ 9
_ l_{m.n_,[ x(z - b)

4 9+ 8 Vyz 4 (y + 82 + (2 - b2

Equation 11.

J

(z+b)y+8)

XVx2 4 (y + 82 + (z + b)?

-1
x\

(z—b)y -8

xe;,;,_gﬁ‘(,_h\z

I

x(z — b
=8 Vx2a(y-82+(z- b2

| J

(]

x(z + b)
W+ S Vyzs(y+82+(z+ by

r
4 —
4

J

the bound vortex which approximates the wing
itself in the outer domain. This non-uniformity
in the lifting line approximation is well known,
(VAN DYKE, 1964), and can be remedied as in
aerodynamic theory by introducing magnified
dimensionless inner variables (X, Y, Z) such
that:

X = A%
Y=3 (15)
Z=Aj

The local flow field in terms of (15) then
reduces to plane flow past an image pair of flat
plates at angle of attack B as defined by equa-
tion 16, where & = A7'® and I, is the imagi-
nary part operator. The non-dimensional form
of the advection-diffusion equation in the inner
domain can now be expressed in terms of inner

0, \p

variables as:
[+ )2
U,/ 97
~9p oU
(Uax pS_x)
Re ( 3 .a\")
- V—= +
AZAL\ 5Y pa_Yr
1

1o, 1

FoX®  ARAL 5Y”
Inserting (16) in (17), the leading order trans-
port equation in the inner domain becomes,

oW

)

F/A
R.

—_— +
A.Ap

amn

201 ) X70)
z ez‘ - &(W“"a—p»— + 6‘0,___6“{' ) =0 (18
YA Aw oz A
where W = AF/AWB&J/ai is the O(1) induced

velocity. On (18) the following boundary con-
ditions are imposed:

Fo°=1@ Z=0 (19)
bo = plp. @Z = A, Wb (20)

Upon successive integrations the solution to
(18) subject to (19) and (20) is found in dimen-
sional form to be:

2,
€A,

Z Z
+ EIQ(O) - L‘Iz(h)] +

P =pe exp{ [L(x,y,z) — 1(0)

l—’; logg-:} @1
where 1,(0) = L(x,y,z = 0); I;(h) = L(x,y,z =
h) and (see equation 22).

It can be demonstrated at O(Rg/A,) that the
inner solution by (21) and (22) matches asymp-
totically with the outer solution given by (10)
and (11) as A, — « in the overlap domain where
% ~ O(1). Even for relatively small aspect ratios
the match is quite good as shown in Figure 2 for
the cases of both downwashing and upwashing
wings. The match remains satisfactory in as
close as x/S = 2/3, at relatively high ambient
velocities, u, = 50 cm/sec.

We find in Figure 3a that the net effect in the
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’

ti) = }.(cosB + (sinB)-Im[ /T ( 2 b)]2 2y
X + if— -~ - T4Y)
¥ Ar ¢
) ) ” 2
. T(Yulog[x 4 i(—z— - 9) ‘ [[)\ . i(i - 9) - THY ]]
Ap ¢/ Ar ¢ ) (16
+)lcos(—p)+lsin(—ﬁ>l°1 { [[' '(Z b)T 2y
m X+ i|l—+- -~ T4Y)
Ar ¢
_ . . X i E . . A b 2 .
T(Y) log[x + I(AF + c) + /[x + I(A_} + ;)] - TXY) ]}

Equation 16.

I

MATCH OF INNER AND OUTER SOLUTIONS
at X=S and Y=0

350
T f=+4 € =02 u=10cm/sec
300% \ DOWNWASHING WING Aw = 5:
550 ! -~ INNER SOLUTION
_ \ -~ QUTER SOLUTION
E 200)‘ \\ UPWASHING WING Aw = 5
150 T INNER SOLUTION
= \_ 7.~ —OUTER SOLUTION
100 s
50
o! N ' =
0.000 0025 0050 0075 0.100 0.125

p (g/em?)

Figure 2. Match of the inner and outer solutions for prototype
conditions. Calculations are based on: ¢ = 4.851 em?/sec, p, =
0.0125 g/em®, and p. = 0.10 g/em®, and h = S = 304.8 cm.

wake of an upwashing wing, (C,,8) < 0, is to dis-
place suspended sediment upward away from
the bottom creating a density inversion layer
above the wing. In consequence the density gra-
dient at the lutocline becomes more strongly
negative relative to the conditions far down-
stream. Conversely, the wake of the downwash-
ing wing in Figure 3b is shown to drive the sed-
iment downward, depleting the region above of
the floc layer and elevating the suspended con-
centrations beneath the wing and directly adja-
cent to the lutocline. This results in an inver-
sion layer under the wing which can reverse the
sign of the density gradient at the lutocline.
The calculations are for a wing moored 100 cm
above the lutocline in a 10 cm/sec ambient cur-

rent. In either case the wing induced density
perturbations die out in the outer solution with
increasing distance downstream until x = «,
where the density profile is equivalent to the
exponential no-wing case. Figure 4 shows cross-
stream variations in the wing induced density
perturbations that are similar to those found in
the stream-wise direction in Figure 3. The
cross-stream variability is shown for a tapered
wing whose spanwise circulation distribution
varies according to VAN DYKE (1964) as:

T(y) = Re{(1 — y*8%*%} (23)

where Re is the real part operator. We find that
beyond the wing tips, ly! > S, the density profile
of the inner solution again approaches the expo-
nential no-wing profile of the undisturbed
ambient flow.

EROSION AND DEPOSITION Shoaling
of the bottom in a time-averaged sense is the
net resultant of two processes, erosion and dep-
osition. Therefore, shoaling can be retarded or
prevented by either of two mechanisms: (1) by
eroding immobile, partially consolidated mud
below z = —m, and (2) by reducing or prevent-
ing the deposition of new mud above z = —m.
The latter is accomplished by entraining sus-
pended material from the fluid mud layer before
it can become incorporated on the partially con-
solidated bottom at z = —m.

Generally erosion results when an applied
stress exceeds the cohesive yield stress, 7;, of
the immobile bed below z = —m (MEHTA, et
al., 1989). In our formulation of the bottom
interface, this can only result from stress trans-
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Equation 22.

2x(z + b)

fer through the fluid mud layer. The velocity at
the top of the fluid mud layer must match the
fluid velocity along the stress free boundary at
z = 0. However at the bottom of the fluid mud
layer,z = —m, the velocity must vanish, giving
rise to shear stresses within the fiuid mud.
Because the fluid mud is in motion these shear
stresses, 7, must already be in excess of the coh-
esive yield stress of the fluid mud. Under the
assumption that the fluid mud behaves as a thin
Bingham fluid, (VANONI, 1975, FAAS, 1985,
WRIGHT and KRONE, 1987), this excess shear
stress, T — 1., will vary with the wing distur-
bance as:

a(‘b 2 ad) 2512
- = B[ 9@
T -1 m[(&X) + (aY) ]'_0 (24)

where p is the apparent viscosity of the fluid
mud.

There are a number of erosion theories which
predict that the rate of erosion increases with
increasing 1 — 7.. The exponential rate theories
of PARTHENIADES (1965), CHRISTENSEN
(1965), CHRISTENSEN and DAS (1973),
RAUDKIVI and HUTCHISON (1974) and
GULARTE (1978) were found to grossly under-
estimate the wing-induced erosion fluxes under
the prototype conditions described in Section
7.0. This is consistent with the fact that these
rate equations are based upon data from arti-
ficially placed beds which characteristically
erode more slowly than naturally deposited
beds, (MEHTA, et al., 1982). The linear theories
of KANDIAH (1974), ARULANANDAN (1975),
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DOWNSTREAM DECAY of DENSITY ANOMALIES
UPWASHING WING at Y =20

3004 u=10cm/sec f=-4°¢C 1= —0.2
THEORY CURVES
250 INNER SOLUTION:
NS X = §/5
~ 200 NS o X = S/4
— 150 . OUTER SOLUTION:
= X =S
1001 --X = 108
—_X -
50 4
0 “\1\:\\
0.000 0.025 0.050 0.075 0.100 0.125 0.150

p(g/em®)

Figure 3 (A). Downstream decay of wing induced perturba-
tions to the sediment component density as defined by equa-
tion (2). Calculations are based on: ¢ = 4.951 cm?sec, py =
0.0125 g/icm® and p, = 0.10 g/em®, and h = 8§ = 304.8 cm.

THORN and PARSONS (1980) and MEHTA
(1981) can be calibrated from erosion rates
observed over deposited beds because they are
parameterized by a single empirically derived
factor, «, according to:

E = a(’—?-l) (25)
TQ

Here a > 0 and positive values of erosion flux,
E, correspond to erosion.

A contour map of the wing induced erosion
flux from (24) and (25) for C;, = + 0.2 is calcu-
lated in Figure 5a for prototype conditions typ-

DOWNSTREAM DECAY of DENSITY ANOMALIES
DOWNWASHING WING at Y =0

300 1 u=10cm/sec B=4° Cy=02
THEORY CURVES
250 INNER SOLUTION:
X=8/5
~ 2004 1. N X =S/4
£ =X =8/3
— 1504 OUTER SOLUTION:
w --X=S§
100+ N c--X = 108
—X =
501

0 e
0.000 0.025 0.050 0.075 0.100 0.125 0.150

p (g/cm®)

Figure 3 (B). Downstream decay of wing induced perturba-
tions to the sediment component density as defined by equa-
tion (2). Calculations are based on: ¢ = 4.951 em¥sec, p, =
0.0125 g/em® and p. = 0.10 g/em®, and h = S = 304.8 cm.

I

SPANWISE EVOLUTION of DENSITY ANOMALIES
INNER SOLUTION: UPWASHING WING at X = S/4

300 4 o u = 10 cm/sec  THEORY CURVES
i p=4° —Y= o/
oy =02 -Y = S/4
2501 W@ o v=5/2
--Y = 35/4
~ 200 Y = 9S/10
= Y-8
2 150 o MINSY 1983 DATA
N 029 jan: flood
A 26 mar: ebb
100 @22 april: ebb
O 14 may: ebb
50 2 june: flood
s V9 july: ebb
0 . B i =3 7z . C
0.000 0.025 0.050 0.075 0.100 0.125
p (g/cm®)

Figure 4 (A). Comparisons between theory and data for span-
wise variations in the wing induced perturbations to the sed-
iment component density in the near wake at X = S/4. Cal-
culations are based on: € = 4.951 cm?/sec, p, = 0.0125 glem?®
and p. = 0.10 g/em®, and h = S = 304.8 em.

ical of the experiment described in Section 7.0.
Horseshoe-like erosion features are predicted
in the near wake, due to the action of the hor-
izontal induced velocity components. Such ero-
sion is independent of the sign of the lift coef-
ficient. However, erosion alone fails to account
for shoaling details which might occur further
downstream in response to an increased level of
suspended sediment from mobilized bed mater-
ial.

The deposition rate at z = m is directly pro-
portional to the abundance of suspended sedi-

)

SPANWISE EVOLUTION of DENSITY ANOMALIES
INNER SOLUTION: DOWNWASHING WING st X = S/4

300iOMO  © u = 10 cm/sec ﬁ=4° =02
- ¢ THEORY CURVES MINSY 1983 DATA
250 ¢ < —Y=0 <© 29 jan: flood
R S;l Agg mnr]: eb:
—~ J s Y = §/2 @22 april: ebb
£ 200 --Y = 35/4 O 14 may: ebb
© <--Y = 8S/10 02 june: flood
- 1501 W dE) - -Y=8 79 july: ebb
N )
100 1 EXe}
501 T oD
0 , cAv-p’n e |
0.000 0.025 0.050 0.075 0.100 0.125
p (g/cm®)

Figure 4 (B). Comparisons between theory and data for span-
wise variations in the wing induced perturbations to the sed-
iment component density in the near wake at X = §/4. Cal-
culations are based on: € = 4.951 cm%sec, p, = 0.0125 giem®
and p. = 0.10 gicm®, and h = S = 304.8 cm.
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EROSION FLUX. E 10 "grem” sec

3 —— — - e e e e e o s e+

-2

CROSSSTREAM POSITION (Y) in multiples of S

6 8 10 12 14

STREAMWISE POSITION (X) in multiples of S

Figure 5. Contour maps of the erosion and deposition fluxes induced by a wing with A, = 5 and C; = +0.2 at a mooring elevation
of b = 100 cm in a 10 cm/sec mean flow (A) Erosion flux for p = 3.06 x 10~ gm/cm sec; 7. = 0.5 dynes/cm® and « = 2.356 x 107*

glcm? sec.

ment near the bottom, (ARIATHURAI and
KRONE, 1976, and COLE and MILES, 1983).
This abundance is determined by the mass
fluxes across the lutocline at z = 0. The flux of
suspended sediment entering the fluid mud
layer due to settling under gravity is —pw,.
These downward directed settling fluxes are the
only mass fluxes considered by EINSTEIN and
KRONE (1962), or MEHTA (1989) when
accounting for deposition in the low turbulence
environment of a settling column or laboratory
flume. However in the high turbulence environ-
ment of a vortical wake in a natural estuary,
vertical transport due to eddy diffusion must
surely become important, especially along the
strong density gradients in the neighborhood of
the lutocline. The net of settling and diffusive
fluxes across the lutocline determines the rate
of change of suspended sediment in the fluid
mud layer. However, there is only a finite prob-
ability, p(0,1), that this suspended sediment
will actually stick to the bed at z = - m and
consolidate to some ultimate saturation density
p., (KRONE, 1962). Therefore the deposition
flux, D, (including vertical diffusion and con-
solidation), may be written:

d
-K,p.g + p(0,1) {pcwo - eapl.-.,

Here positive values for D correspond to depo-
sition while negative values indicate entrain-
ment.

With equations (10) and (21) in (26), wing
induced deposition fluxes in the inner, D,, and
outer domains, D,, become:

(Do) _ ~Kipg + pO) [
D)~ 7 (- ooy |7
P 2 (1(S) - 1,(0) P

- §{zj(12(s> - 12(0)) € mﬁ” @D

A contour map of the deposition flux induced
by a downwashing wing at C, = +0.2 is given
in Figure 5b for the prototype conditions
described in Section 7.0. We find that the depo-
gition is enhanced in the wake trail when C, is
positive. In this case, the downwash behind the
wing has reduced or even reversed the density
gradient at the lutocline, (sée Figure 3b), so
that upward diffusion from the fluid mud layer
is either greatly diminished or turned around to

augment settling. However, when C, becomes
negative (upwashing), downstream entrain-
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DEPOSITION FLUN. D
DOWNWASHING WING (€= -0 2)

l()‘:-; rr::: SO

CROSSSTREAM POSITION (Y) in multiples of S

STREAMWISE POSITION (X) in multiples of S

Figure 5 (B). Deposition flux for e = 4.951 em?/sec. w, = 0.035 em/sec, py = 0.0125 glem®, p; = 0.10 glem®, and p, = 1.2 glem®,

h =S = 304.8, and p(0,1) = 1.

ment occurs in both the inner and outer domain
as a consequence of enhanced upward diffusive
fluxes along density gradients which have been
rendered more negative by the presence of the
wing, see Figure 3a. :

Over sufficiently long periods of time (many
tidal cycles), the average shoaling flux, J, is the
net resultant of the mean erosion and deposi-
tion fluxes, or

J=E-D (28)

where overbars denote time averages. Here
negative values of J correspond to shoaling or
losses in the mean depth of water while positive
values denote scour or depth gains. Compari-
sons of the shoaling performances between
upwashing and downwashing wings at equal
and opposite C, are shown in plots of shoaling
flux from (28) along the axis of the wake trail
in Figure 6 and across the wake at x = S/3 in
Figure 7. We find that the upwashing wing (C,
< 0) is predicted to be the most efficient config-
uration for scour or depth maintenance. The
upwashing wing maintains positive shoaling
fluxes all along the wake trail as a result of ero-
sion in the near wake and entrainment in the
far wake. This action extends beyond the wing
tips in consequence of roll-up of the tip vortices.

I

SHOALING FLUX vs DISTANCE UP-DOWNSTREAM

—_ at Y=0
0.010
$ DOWNWASHING THEORY UPWASHING THEORY
o 0.008 A — OUTER: 8 = +4 -=-OUTER: # = -4
g ' «INNER: 8 = +4 wo JNNER: 8 = =4
£ 0.008 MINSY FIELD DATA ( ONE WEEK AVERAGES )
&0 O UPWASHING WING, 21 NOV 1982
~ 0.004 . A DOWNWASHING WING, 29 JAN 1983
-
=<
0.002 1
= o
& 0.0004
Z
2 -0.002
<] u= 10 cm/sec C;= 102
% -0.004 — .
-37 0 35 6S 95 125 15S 18S 21S 245 275 30S

DISTANCE DOWNSTREAM. X (S = 304.8)

Figure 6. Comparison of shoaling flux theories and measure-
ments along the axis of the wake trail for both downwashing
(8 = +4° and upwashing wings (B = - 49%). Theory curves
based on same parameterizations as in Figure 5.

The downwashing wing, on the other hand,
appears to be so effective in advecting sus-
pended sediments toward the bottom that depo-
sition overwhelms erosion along much of the
wake trail.

The induced velocity field of the wing disturbs
future bottom profiles by fundamentally differ-
ent mechanisms when causing erosion vs pre-
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SHOALING FLUX vs DISTANCE CROSS-STREAM

et X=5/3
0015
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< (for 8 = +4 degrees ) {for § = -4 degrees)
o —u = 5em/sec ©uwbcm/eec
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DISTANCE CROSS-STREAM. Y ( S = 304.8 cm )

Figure 7. Comparison of shoaling flux theories and measure-
ments across the wake trail at X = S/3. Theory curves based
on a spanwise circulation distribution for a tapered wing
according to (23) and parameterizations as in Figure 5.

venting deposition. In the case of erosion, the
tangential velocities of the wing vortex system
disturb the bottom directly by elevating the
shear stresses in the fluid mud layer above the
cohesive yield stress of the immobile bed. To
prevent deposition the normal components of
the induced velocities indirectly disturb future
bottom profiles through their action on the den-
sity gradients above the lutocline. These nor-
mal induced velocities cannot directly cause
advective fluxes of sediment across the lutoc-
line because of vanishing normal flow along the
stress free boundary at z = 0. By either mech-
anism shoaling is minimized by any given flow
u, by maximizing the C, which the wing can
generate in ground effect. Thus the sensitivity
of the wing’s lift-drag polar to both boundary
proximity and low Reynolds numbers is eritical,
with little existing airfoil research as such to
support optimal design selections.

The question of an optimal mooring elevation
and wing aspect ratio is dependent upon the rel-

‘ative importance of erosion vs deposition in

determining future bottom profiles. Erosion,
which prevails near the wing, is maximized by
mooring elevations relatively close to the luto-
cline, b = 0.25S, and increases slightly with
increasing wing aspect ratio as shown in Figure
8a. Very little improvement in maximum E
occurs for A, > 5. This behavior is dominated
by the vortex sheet of the wing. Lower mooring
elevations increase the near wake tangential
velocities over the bed and hence the magnitude

EROSION FLUX vs WING PARAMETERS
at X.=S/4 and Y=20

0.005
< g= -4° C)=-0.2 u-=10cm/sec
0.0041: v,
In % WING ASPECT RATIOS. Aw
E \ — AW =2
0.003 Thw-Z
e Aw = 10

EROSION FLUX, E ( g/cmZsec )

1
ol
o
=3

23 33 48 68
MOORING DISTANCE. b (S = 3048 cm)

o
2] -

Figure 8. Variations of erosion and deposition fluxes with
wing aspect ratio and mooring elevation. (A). Erosion flux at
X = S/4. '

of the shear stress within the fluid mud layer.
Higher wing aspect ratios diminish tip loss
effects near Y = 0. On the other hand, deposi-
tion is minimized at mooring elevations some-
what further above the lutocline, at b = 0.85,
and decreases rapidly with decreasing wing
aspect ratio, as in Figure 8b. Since the deposi-
tion flux will be found to account for shoaled
bottom profiles in the far wake, see Experiment
section, such dependence on b and A, is expli-
cable in terms of the vertical velocities induced
by the trailing vortices. Small mooring eleva-
tions and large wing aspect ratios tend to
diminish the vertical induced velocities, with
corresponding increases in the minimum
attainable deposition flux.

DEPOSITION FLUX vs WING PARAMETERS
at X=35S and Y=0

0.000 ¢

~0.002 -

Dy (g/cm2sec)

-0.004 4

—0.006 -

DEPOSITION FLUX
5 &
o (=)
- o
o o

28 35 45 5S
MOORING DISTANCE. b (S = 304.8 cm )
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Figure 8 (B). Depositién flux at X = 3S. Parameterizations
as in Figure 5, with h = 58.
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EXPERIMENT

Three buoyant wings were moored 100 cm
above the initial bottom elevation of the Napa
River at a mean depth of 10 meters. The config-
uration of the wings and their moorings is
shown in Figure 1. Each wing was constructed
of 1.6 x 10™ ! gm/cm® urethane foam reinforced
by steel tendons and ribs. The semi-span was
made large relative to the floc layer thickness,
S = 3.05 meters, so that large density field
aspect ratios are compatible with (5). A large
wing aspect ratio was required to remain
within the purview of the theory and to maxi-
mize erosion. However, the need for an ade-
quate wing cord to satisfy (5) and subsequent
ordering arguments dictated a compromise
selection for the wing aspect ratio of A, = 5,
making the mean semi-cord ¢ = 0.61 meters.

Because low wing Reynolds numbers were
anticipated in the slow moving, highly viscous
floc layer, a stall resistant model airplane air-
foil, the HQ-3.5/12, was employed (QUABACK,
1983). This airfoil also had the advantage of a
nearly constant pitching moment coefficient
over a wide range in angle of attack, allowing
the use of a single point mooring as diagramed
in Figure 1. The mooring point incorporated a
swivel joint permitting complete rotational
freedom to changes in current direction. The
- mooring point position and angle of attack were
also fully adjustable by means of a pair of
opposed turnbuckles under tension. The moor-
ing attachment points were on the suction side
of the upwashing wings with B = —4°, corre-
sponding to C, = -0.2 acting downward
against the buoyancy. The downwashing wings
were moored from the pressure side with B =
+4° so that C, = +0.2 acting against the moor-
ing tension. To maintain pitch, roll and yaw
stability about this single point mooring, the
wing plan form was configured with 30° of
sweep back, 5° of dihedral, and small vertical
stabilizers on each wing tip.

Two upwashing wings and one downwashing
wing were installed in an 80 x 56 meter test
area on November 11, 1982. The test area and
a pair of 756 x 50 memter control areas were
monitored by fathometer soundings, water sam-
pling and diver inspection until November 6,
1983. The initial bottom topography in the test
area was as shown in Figure 9a prior to wing
installation. These contours were derived from
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grid surveys using a 40 kHz fathometer. The
test area was abreast of Dry Dock #1 at the
Mare Island Naval Shipyard (MINSY) and was
bordered by a sheet pile quay wall along the
shoreward side. The two upwashing wings were
moored at points A and B in Figures 9a and 9b
while the downwashing wing was moored at
point C.

Two Marsh-McBirney electromagnetic cur-
rent meters were placed at the mooring eleva-
tion, b = 100 cm, above the bottom at the ebb
and flood ends of the test area. Seven months of
current records indicated that the near bottom
currents were modulated by tidal action, con-
sistent with assumptions of time variability
made in (5). Peak current amplitudes were 0(20
cm/sec) while mean currents were u, = 10 cm/
sec.

To measure the in situ values of (p,, p., p.),
bottom cores and water samples of the lower
portion of the water column were collected
throughout the experiment according to a
schedule regulated by barge and ship move-
ments along the river. Each sample volume,
0(500 m)), was determined to 0(0.5 ml) accu-
racy and subsequently suction filtered through
#1 Whatman filter paper with an 11 micron
pore size. After ashing and drying in an oven for
24 hours to remove organics and absorbed
water, the mass of sediment retained by the fil-
ter paper was determined with a Mettler ana-
lytical balance to O(10~° g) accuracy. The ratio
of sediment mass to total sample volume gave
the sediment component densities equivalent to
equation (2).

The test period coincided with the 1983 El
Nino when regional rainfall and sediment
abundance in the Napa River were at 100 year
record levels, (USGS, 1983). During the high
siltation period between November 1982 and
July 1983, the shoaling rates in two distinctly
different control areas were monitored. One of
these control areas (Pier 21) was located in a
quiet water cul-de-sac where there were no
measurable bottom currents and hence no ero-
sion. Here the mean shoaling flux was found to
be:

N1 = )

J = —D = p'&t
= -1.185 x 107* gm/cm® sec  (29)

where n was the vertical position of the bed
from 40 kHz fathometer soundings. From this
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Figure 9 (A). Comparison of initial and final bottom configurations during the prototype wing test. Upwashing wings (C; < 0)
were moored at points A & B. A downwashing wing (C; > 0) was moored at point C.
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Figure 9 (B). Comparison of initial and final bottom configurations during the prototype wing test. Upwashing wings (C; < 0)
were moored at points A & B. A downwashing wing (C; > 0) was moored at point C.

observed shoaling flux the mass diffusivity was p, = 1.2 glem® derived from averages of the in
calibrated by solving equation (27) for the case situ water samples collected in the control
of no-wings, I, = I, = 0, to get: areas throughout the duration of the experi-
ment. The sedimentation coefficient was taken

_ J = pJp,) — Kop.g + pwy, asK, = 4 x 107" gec after the work of FUJITA
Pe pe (1962). A characteristic settling velocity in
g *log o ' 30) equation (30) of w, = 0.035 cm/sec was based

upon a 25 micron median aggregate size deter-
mined by scanning electron microscopy size
analysis of the suspended load in the Napa

Here, p, = 0.0125 g/cm®, p. = 0.100 g/cm®, and River water samples.

= 4.951 em?/sec
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The fluid mud parameters (p,m,7.} were
derived from grab samples recovered by divers.
These samples were placed immediately in a
Brookfield Viscometer, giving average values of
p = 3.06 x 1072 gm/cm sec and 7, = 0.5 dynes/
cm?. The thickness of the fluid mud layer was
estimated to be O(15 cm), based upon the band
of abrasion appearing on the upper portions of
the vertical steel members of the shear plate as
shown in Figure 1. With these values and the
calibrated mass diffusivity (30), we have
invoked (27) and (28) to back out the erosion
flux contribution to the observed mean shoaling
flux at the remaining control area (Berth 7),
and found that o = 2.356 gm/cm? sec.

Sediment component densities measured
approximately x = S/4 downstream of the
upwashing wing-B are compared with the inner
solution calculations (21) in Figure 4a. The
majority of these measurements are found to lie
in the envelope of the theory curves. This enve-
lope is believed to be the correct standard for
comparison because precise cross stream posi-
tioning during water sample collection was dif-
ficult while surface currents were running. In
general the data show high levels of suspended
sediments raised above the upwashing wing
and locally smaller levels at the mooring ele-
vations, b = 100 cm. Such a near bed density
distribution is not typical of Nature. Thus an
inversion layer has been created in the region
above the floc layer by the upward advection of
the near wake in reaction to downward lift.

Comparisons between theory and measured
sediment component densities observed at x =
S/4 downstream from downwashing wing-C are
shown in Figure 4b. Samples yielding this data
were gathered on the same days as those in Fig-
ure 4a and show comparable values above and
at the bottom of the floc layer. However, in Fig-
ure 4b a high density toe of suspended sediment
is found below the wing and above the pre-
sumed lutocline at z = 0. Some of the sediment
component densities in this toe are actually in
excess of those found at the lutocline. This, too,
is an unnatural finding. Acoustic evidence of
this near-bottom high density suspension is
found downstream (LHS) of the echo return for
wing-C in Figure 10a. The 40 kHz acoustic
waves are known to back scatter from strong
density gradients like those appearing above
the bottom in Figure 4b, (KIRBY and PARKER,
1974). Hence, the downstream acoustic image

in Figure 10a is qualitatively consistent with
the measured density anomalies near the bed in
Figure 4b. Together, these observations support
theoretical expectations that downwashing
wings tend to drive suspended sediment down
into the lower portions of the floc layer, causing
an inversion layer below the wing.

Shoaling flux estimates derived from 40 kHz
fathograms are compared with theory in Fig-

" ures 6 and 7. One of these fathograms is shown

in Figure 10b, taken along the centerline of the
wake, (y = 0), behind an upwashing wing, B.
The upwashing wings (C, < 0) were found to
diminish downstream shoaling while the down-
washing wings (C, > 0) were found to cause
downstream accretion, although the outer solu-
tion for the shoaling flux tends to underesti-
mate both. The momentum diffusivity was fixed
at ¢ = 3¢ in order to match the length of the
scour trail with the data. The data were based
upon one week averages shortly after the wing
installations were completed, when the erosion
fluxes were relatively large.

In the near wake of the wing, the inner solu-
tion of the shoaling flux was found in Figures 6
and 7 to overestimate the observed erosion due
to an upwashing wing by a considerable
amount. This is believed to be due to the
assumption of a constant 7. when posing the
erosion flux according to (25). As erosion cuts
into the bed, denser more consolidated mud is
exposed which has a higher cohesive yield
stress and is thus more resistant to erosion than
predicted by the calculations in Figures 6 and
7. This argument is supported by the fact that
the smaller positive shoaling fluxes which do
not entail erosion cuts as deeply into the bed are
predicted reasonably well in the near wake of &
downwashing wing. Unfortunately, the calcu-
lation does not account for the unshoaled inter-
mediate region between 28 < x < 8S behind a
downwashing wing. This may again be due to
cross stream positioning errors if the fathome-
ter sweep was performed along one of the ero-
sive tails of the horseshoe at Y = S in Figure
5a rather than along the centerline of the wake,
Y =0.

The rate of erosion of naturally deposited
beds typically decreases with increasing time
and may eventually arrest altogether, (MEHTA
et al., 1982). Not only does erosion expose den-
ser, more erosion-resistent material, it also
increases the effective mooring elevation,
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Figure 10. 40 kHz fathograms of the moored wings. (A). Shows accoustic reflection from a dense suspension of sediment behind

downwashing wing C at a C; = + 0.2

thereby reducing further erosion while increas-
ing downstream deposition in accordance with
the results of Figures 8a and 8b. The image
method calculations also become increasingly
inaccurate as the bottom deviates from a plane

" configuration. Flow divergence over wing
induced scour holes will surely reduce the cir-
culation which the wing can generate. These
factors all work together over time to slow or
arrest erosion. A final steady state bottom con-
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Figure 10. (B). Shows the scour trail plotted in Figure 6 induced by upwashing wing B.

figuration as shown in Figure 9b was found 12
months later. The long-term erosion process
has produced local scour holes in the neighbor-
hood of both downwashing and upwashing
wings alike. Such features are qualitatively
similar to the erosion simulation depicted in

Figure 5a. None of the long extended scour
trails associated with entrainment and dimin-
ished deposition behind an upwashing wing are
still in evidence in the final steady state bottom
configuration. Thus deviations from a flat bot-
tom in consequence of near-wake erosion
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appears to greatly inhibit vertical mass trans-
port in the wake. Even so, it is significant that
none of the wings became buried after one year
of continual submergence, in spite of the higher
than normal siltation rates that persisted
throughout the test period.

CONCLUSIONS

Wing induced perturbations to the density
field of suspended sediment appear to be qual-
itatively accounted at O(Rz/A,). Wings in
ground effect which generate a downward lift
force give rise to density inversions above the
wing. Wings producing an upward lift force
cause density inversions to appear below the
wing.

Short term wing induced perturbations to the
bottom appear to be qualitatively explained by
entrainment and diminished deposition in the
far wake and by erosion in the near wake.
Wings which generate a downward lift force
induce erosion in both the near and far wakes.
Wings which generate an upward lift force give
rise to erosion in the near wake followed by
accretion in the far wake.

Long term wing induced perturbations to the
bottom are qualitatively explicable only in
terms of erosion.

Both erosion and entrainment are maximized
by maximizing wing section lift coefficients
while in ground effect at low wing Reynolds
numbers.

There exists no unique selection of mooring
elevation and wing aspect ratio which simul-
taneously maximizes erosion and minimizes
downstream deposition. Erosion is maximized
by maximizing wing aspect ratio for a mooring
elevation of b = 0.258. Deposition is minimized
by minimizing wing aspect ratio with b = 0.8S.

Wings which generate a downward lift force
are more effective in causing local erosion and
retarding downstream deposition than wings
generating an upward lift force. Because either
effect is limited to a wake trail whose cross-
stream dimension is of the order of a wing span,
large areas of channel bottom will require mass
arrays of wings with overlapping wakes (like a
flock of birds), in order to control shoaling.
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