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ABSTRACT

A combination of field and laboratory eXperiments are made in order to expand our
knowledge of naturally occurring oscillatory boundary layers. Chapter I describes field
observations of the development of wave driven boundary layers at the fluid sediment
interface. Under the crest of the wave, this development can be idealized as an
identifiable sequence of three parts. The latter parts of this development are never
observed to occur under the trough of the wave despite similarities in wave orbital
velocity and acceleration. It is proposed that wave induced boundary ventilation, the
oscillatory flow through the surface of a permeable bed, may be responsible for this
apparent developmental asymimetry.

In chapter I, a laboratory study is presented of ventilated oscillatory boundary
layers. These are boundary layers arising from a flow which oscillates parallel to a
permeable bed which is subject to oscillating percolation of the same frequency as the bed
parallel flow. Measurements of boundary layer velocities, bed stress and turbulent flow
propertics are presented. It is observed that suction (flow into the bed) enhances the near
bed velocities and bed stress while injection (flow out of the bed) leads to a reducton in
these quantities. As the ventilated oscillatory boundary layer experiences both these
phenomena in one full cycle, the result is a net stress and a net boundary layer velocity
in an otherwise symmetric flow. While production of mrbulence attributable to injection
is enhanced, the finite time required for this to occur leads 1o greater vertically averaged
turbulence in the suction half cycle. Turbulence generated in the suction half cycle 1s
maintained in a compact layer much closer to the bed. These effects appear 10 hold for
Re ranging from 10° to 10° and for oscillations other than sinusoidal.

Field measurements of wave driven ventilation are presented in chapter IIL. The
measurements are compared against linear theory and ventilation 1s found to be present
and predictable if the local effective thickness of sediment is known. Ventilation is then
investigated as a possible mechanism for the maintenance of beach slope. It is shown that
when compared against net bed stresses resulting from nonlinear wave forms or bottom
wind. the ventilation induced stress asymmetry is an important mechanism for medium

to coarse grained sediments.
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Field Observations of the Fluid-Granular Boundary Layer
Under Near-Breaking Waves

DANIEL C. CONLEY AND DOUGLAS L. INMaAN
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INTRODUCTION

1 4 A

Over the past & iderable cffort has been
devoted fo the smdy of oscillaory boundary layers in 1be
taboratory under widely varyiog conditiops. Bowever, linde work
bas becn done lo study ibese boundary layers under ficld
copditions becswse of Jogimical difficuities. In 1his paper we
repot on fiek observalioot of the deweiopment of the
fluid-granvlar  oscillatory boundary layer.  We present u

bination of quantitative and qualitati ¢ findings that, although
pot fully undersiood, are recurring elements in the developmett af
the fluid-granulas boundary layer in 1be ficld, We also atempt 1o
identify ibosc aspects of \beoretical and Yaboratory work that can
be applicd to these fiekd observations.

The Siokes solution for the daminar oscillaory boundary Tayer
over s smooth impermeshie bed |Lomb, 1945, p. 620) i5,

. o z ]

X" [s:.n - sin(B- 1
5 {8 - ¢ “E(® -5:) (N

where #_ is the amplitade of the free siream velocity just above
the boundary layer, @ = (of - kx) is the phase of the free tream. 0
is the radian frequency, k is tbe wave numbes, &, = V2via i the
Stoker paramsier, 7 is the direction sormal to lbe bed, md v is
Liperi_te viscosity, Usiog tbis expression, the luminar sbear
stress can be derived, giving

. Vi,

P35,

(3]

'1;_{ I R
€ vsin|B-g =
E T4

Noﬁc:lhﬂlhelbeltlmludslbefmmvgbcitybyﬂfd.
This sololion bas been experimentally verified pumerous Gmes
{e.g.. Stearh, 1958].

As is troe of s}l turbulent Aaws, the problem of the torbulett
oscillalory boundary haya suffes from the classizal closore
problem, and o wnalytic solgtion exisie. On the other hand, many
models for these boundwry hayers have been developed (ot
Justesen [1987] for 2 yevicw), apd they have been the subject of
numerous experimential laboratory imvestigats The earliest

expesiments [Bagnold, 1946, Jrumon and Bowen, 1962] were

Copysight 1992 by the Americaa Geophysical Unioa.

Paper aumber 9LPCO0227.
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designed 10 measure meas quaniities where the mean was takeD 28
ibe sverage over 3 wave cycle Subsaquet experiments for the
most part measured phase-averaged quanties in order W ideniify
the mesn behavior over 3 wave cycle apd mswered questions
relating 1o the range of oecurrence of turbulence apd he effect of
rougBoeEs.

Trantivon to twbulence has been
through Lhe use of a wave {riction factor, f_. Using & form simnilar
1o that suggesied by Putnam and Joh. [194%). J [1963]
defiped ope form of the wave friction facior as

predominantly Setermined

1

% - ful {3

where T is the amplitode of the bed siress. It should be poted
that this expression only relates the maximum boftomn siress 1a ihe
maximum velocity, regardless of when they ocar aod provides no
information about the lempora) behavies of the hottam stress.
While this type of formylation may be belpful for caleulations
regarding threshold values or maximal Josding, it is of limited
valoe whep informoation sbout ibe boundary layer behavior
throughout the wave cycle i desired. The spproach used bere is
(o identify a single mitieal oscillatory Reynolds pumber Re, where
the friction Tactors diverge from the Jaminar relation &5 implicd in
relatiop (7). The idea is that like swady flow, flows wilh
Reynolds pupebers below that vajue would be considered “laminar®
and those with higher values would be copsidered “larbulent.”
Because the bovndary layer thickoess in oscillatory flow is rot
upsmbiguously defined and it difficull if pot impossiblc Lo
measure in any situstion but (be Jaboratary, we use the oscillalory
Reynolds number e, based on the arbilal diamerer d,.

w d,

Re = —-

where d, is taken as the value just above the boundary layer.
On the basis of experiments and stability apalysis. Sonsson
11966] proposed e = 10" as the value for transition between
taminar and turbulent flows 3o the oscillatory boundary Jayer aves
a smwdh bed. Io a detsiled smudy of wawe friction faciom,
Komphuis 11975) found this value 10 be the Uppex Lmit for 1the
laminar range over a smooth bed. In a yeanalysis, Joasson [1980]
suggests Re = 10° as the pew Jower limit for turbuleace over
smooth beds.  Hino et al [1983), using a Jaser Daoppler
velocimeter in aF o measare velocity profiles through a purely
oscilalory boundary layer over a smooih impermeable bed (Fe =

(&)
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confirmed this.  They reported & turbulent
mort turbulence production was in the
reported 1hat 1be wrbulence is

3u10%), partelly
poumdary layer where
deccleruting phase- They also
stmost eatirely ditsipated by the stanl of flow scceleration in be
subsequent balf-cyce. This raises quanions sbout the jden of 2D
oscillatory boundsry Jayer which is coptidared 1o be eilber purely
wrbulent of purely Jaminar throughout the eotire cycle.

Jensen et al. 11989 measored the bouadary Inyer development
jo wn oscillatory water wunpel over rmooth and rougk beds whereRe
ranged from 7 5x10" o 6x10%. They showed that 1be boundary
layer over 3 rmooth botiom could be both laminse aud turbulent
within op haif-cycle. Their resuhts show (bat he fimit for purely
Jamunar boundry layers is approxizasely R < 10 and the limit
for puraly nurbuleat boundary layers it approximately Re z10.
This indicates that the ides of u single “eriticsl” Ke 38
misconoeived end eaplaios some of the previously observed
varinions is tha range of the ~eritical” value of Re.

Another maner of ivlerest has bess the phase lag berwach the
occurmence of masimum bed stress T, and maximurn free streac
velocity . Inan oacillaling wates tunoel swdy of rrbulent flow
aver two-dimensiopal concrete ripples, Jonsson [1963] found n lag
of onls 25° as compared with the 45" in Imipar flow. e for
these EXparimenls was = 6,00 0F. The ratio of wave displacement
amplitude, 3, = d,/2, 10 Nikursdse roughness parametcs, otk .
was 124, where &, ws determined by fitieg measured boundary
iayer velocity profiles in steady flow 10 the relation for the
wrbulest  velogity profiie over 2 rough bollem,
(/) = 57510g(30 /&) Hecu, = (%,/P ¥* is the frictioo
velocity and %, i ihe bed swcek.

Stgath [1970] m 4 the development of the eacillatory
boundary layer over beds of loose sand in & wave chaonel. In
\bese experiments, the bed sucts T, pever exceeded the thresbold
fo¢ grain moticn, He found \kal the messured phase for velocity
over bods of fine and medium sand approximately followed 1be
form of ralation (3). However, for coarse sand, where a, / k, was

approsched zero nedr tbe
the 25° messured by
Jongson [1963]). Jensen & ol 11989) fourd that in flow over 2
\mvoth bed tbe pbase Jag ¢ between T, and u_ i fe dependeot.
The phate lag i 45" below 3 fe of 4x10% it then fulls off.
attuiniog » value of 10" st Re = 10", The phase continues 1 fall
off, though weakly, with Re above bat value. These results along
with (hose of Steath {1970] suggest tst the phase log is s fupction
of B and g,/ & aod thet for he values of these paraineters
expecied as wives pear the sbore, ibe pbase will approach zero.

Of the aforemmiionad Iaborstory ctudies |Hino ef al., 1983;

Jensen ot al., 1989, Jonsaon, 1963: Kamphuis, 1975 Sleatk, 1970]
only Jomsson meplions SSymmewy in tbe oscilluory boundsry
Jayer and, in generul, secults wre only presented for one balf.cycle.
All the values messucd by Jonsson 11963], including tbe free
stream velocily, exhibited asymamelry berween the two osciliatory
Lalf-cycles and he artributed tis asymmey 1o the mechsnitm
driving tbe flow.

TRANSITION AND TURBULERCE OVER A FLAT PLATE

Most autbors agree (bat the first instability to oecur in the
laminar boundary Isyer consisu of 1wo-dimensional
Tollmien-Schlichting (1-5) waves. These are small disturbances
{bat mticfy the Orr-Scmerfeld lipearized disturbance equation.
Whes the amplinde of these wivet sxceeds a threshold value,
(bey begin 1o develop three-dimensiopality, mapifest by periodic
fluctostinps in the cross-stream direction. AL about (his same

developmental time, ascondary short-wavelengih inpabilies are
excited by bese background fluctuations, apd it is e exponential

wih of these secondary instabilifies which Jeads 10 turbulence
{e.g Londohl and Motlo-Chrinensen, 1986; Herberr, 1988]. 1n
stesdy flow, (be deveiopment of T-§ waves from inception 10
three-dimensionality ocours over 1 distance approximately equal
1o five T-§ wavelengibs, while the development of secondary
instabilities and breakdown is sbrupt apd ocours over ooe T-5
wavelength.

Conditons for T-5 wave subility in sieady flow bave betn
caleulated by Jordinson [1970]. Using the Blasius velocity profile,

iti £20 where
,and &, is the froe
siream velocity. Here critical implies that unstable T-§ waves may
grow in flowt with Reyuolds oumbers shove this value. Jordinson
calculated the 1zra for the first unstable T.5 wave 1o
develop s afb” = 030, obvu_= 012, c/u, =040, where O is
(be wave pumber, O is tbe radiag frequency, and & is the phase
spoed. Using tbe fact that for tbe Blasius profile the displacement
thickness is approximately ppe-third 1he boundary lsyer thickness
5, thit gives 35 8 streamwise wavelengih |- 75, The initial
crost-Now waveleaglh of \hree-dimensionality 7, is spproximately
equal 10 1, Relative to the scales of turbulent motion, hese are
clearly logg-wave phepomend.

Considerable srudy bas been jpvested in recept years 10
derarmise tbe role of turbulent bursting io gropbysical flows (see
Kline e of. [1967] for » description of turbubent bursting).
Investigstors repor observations of trbulent burstiog in boundary
layess ovet plowed fields |Merceret, 1972, in tidal currents io the
Insh Sea [Meathershaw, 1974], and ip rivel {low where its
sigoature is said 1o be the bails present oo the surface of the flow
(Jackson, 15976].

Additiopaily, many investigalors bave fovpd that different
characteristics of be bursting cycle bave mles in different aspects
of sediment wansport o voidirectional flow,
Slingerlond [1985] showed that sand syeaks formed at low friction
velocity (u, < 4 co/s} in fige L0 medium sapd exhibit the same
Tateral spacing and statistical distribution as the Jow speed sireaks
found in turbulent burstbg. The dimenptionless spacing ¥ i

s
§Tm— = 100220 5
v
where ¢ is the mean dimensiosal spacing of the streaks.

Relatively few field smdies of the furd-granular oscillatory
boundary layer over permeable beds bave been reporied io the
Lilerutare. fnman {1957) studied the formation ef wave-genersied
sipples over sand botloms, Near ibe surf 200e, be observed ripples
of low steepoess which were "ephemeral” in pature, forming and
Gme scale of iodividual waves. Sediment
motion during the presence of these ripples was described as a
*dense Jayer of suspended particles,” fully distinet from the
discrete clouds of sediment shed from the crests of vortex Tipples
of more peymagent form. Madsen [1974] reporis divers
observations that the sediment bed scemingly “explodes” just prior
10 the passage of the crest of bear-breaking waves. No such
phenomenan Was observed under the trough.

1o & field study using a bottom profiler, Dingler and Inman
{1976) detezmined the raage of eccurrence of these Fipple types in
1erns of (e wave form of be Shields number B where

P

- (6
8= %D )

and p, is the sediment deasity. Their results indicate that ripples
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of mote permaneat form, vortex ripples, oceur after the onscl of
motion up to 8 = 40. Traasition ripples. the ephemeral ripples of
fman  [1957), occur for a range of Shields number of
40<B <240. For vatues of O greater than 240, the bed beeomes
flat and oo ripples occur. While studies by Bagnold [1946], inmar
and Bowen [1962], Jnman and Tunstall (1972). and Tunsiall and
Inman [1975] describe quite well the fluid-sediment interactions
aver vortex ripples at conditions characietized by the lower
Shields gumber (B£40), no field smedies of the fluid-granular
oscillaory boundary layer developmest in conditions of bigh
botom tiress over permeable beds have been reporied.

EXPERIMENTS
Experimental Procedure

Beginniog in the carly 19802, & series of experiments designed
to investigate the Nuid-granular oscillatory boundary layec in the
region of high bottom stress (B = 240) were conducted adjacent
10 tbe ocean pist of Scripps Instiution of Oceanography in water
depths of 1 — 3 m. All the measurements were made just seaward
of the breakpoint of the largest waves in a zope where wave
heights were 0.5 to 1 m. aad the slope of the fine sand beach was
approximately I in 50. The sund bas » medizn dismeter D of
sbout 150 pm and it predominantly quarz with about L0% by
weight of heavy minerals, mainly hornbiende.

Sepsors were mounted on a tiangular “surf spider” constructed
of welded aluminum tubing with a spacing of 1 85 m between legs
(Figure 1). The susf spider was floated into place by divers using

L

) S0cm

ais bags and was sccurely augured into the bed by means af
belical plates mounted on Tods extending through the holiow legs.
The spider was onented with two legs along a eross-shore line,
and the censors were mounted to wvoid interference with each
other and with the legs [fnman et al., 1986).

The seosors were mouated in a plane perpendicular to the cross-
shore direction and included a pressure gensor, 3 two-component
¢lectromagpetic (em) currenl meter, and two cylindrical hot film
probes which were mounted with & }-cm scparation in the
joogshare aod vertical directions. Prior to cach run, the probes
wege adjusted 5o that the bottom probe was spproximately 1 em
sbave the still bed level (Figure 1). In additon, 20 g-mm video
camers was aligned and focused so that the bot film probes and
the surtounding $and botlom were in the ficld of view. Numerous
still photographs were aken during the experiments.

The pressurc SeRsor Was 3 (emperanme compensated Statham
model PAS06-33 absolute pressurc trapsducer. The em current
meler was a Marsh-McBimey model 512 OEM with a two-axis,
4-cm-diameter spberical probe with a acarly constant response up
(0 1.0 Hz. The current meier was placed about 50 cm abave the
bed apd used to measure the instantaocous free stremmn wave
velocity. The curment meter was alto used in in situ calibralions
of the bot films. The ancmomelry was composed of TSI
Incorporated model 1750 constant temperature gnemometers
(electronics) along with TSI Incorporated model 1210-60NaCl
cylindrical bot film probes. The probes extended from a 3.2-mm-
diameter support red and could be raised the same levet as the
current meter for signal comparison or Jowesed to within 1 cm of

Fig. 1. The mxf spder platform used for sensor deployment The hot film package is motnted on a tack and pioch roller for

vertical adjusimems in the field
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Fig. = Typical time perics from June 5. 1989, experiment Sensor oupais (10p 10 bottom) are fHESIE, mid-depth cross-shere
welodity (em currest meter). 28 batiom velocities (ot fitms). Hat (3im probes 1 wnd 2 wete appraxzimaiely 0.5 cm and 1.5 em
sbove e "aL 1en” bad.

the bed. The convention used designates onshare flow s positive. Dalg Analysis

The video camers was & Sony V9 f.mm video camers and wak
used o data suos of approximately 10 min. The video Wus Each of the six data yuos for June 5. 1989, consisted of 512 3
syochrovized with the data through tbe use of the lime signal  of dats recorded at 128 Hz Laboratory calibrations were applied
rocorded o 1he ¥ideo recard. Fre- and postcalibrations ipdicated  to lbe €@ current meter and pressure ensor records.  The bot
(bat 1be video and duats were sypchroaized to within = ope frama films were calibrated following Flick and George [1990] in whose
{1730 5). work the em curvent meler 35 used as 1 velogity slandard in field

Data from all the seasors were cabled from the suf spider up calibrations. From calibration runs in which the bot film probes
anto the pier and recorded at 128 Hz. A typical section of date is 804 clITEDL mEley Were at the same elevation in 3 plane parallel 1o
shows ip Figure 2. The video aad sull pbotos were nsed to the wave front, a ponlinear bot filo calibration following King's
deiermine boundary laysr development  panerns, while the law wad calculsied by comparing the bot film and current meter
synchronized daw records were used to determine opset conditions sigoals. Opce calibrations were applied, the bot film records were
and 1o verify iptmpreations of ibe various patierox in ibe dercctified, reodering them of value for computing mean flows 15
development of the fiuid-granular boundary layez. well as instantanecus speeds. Specird for each rup were cakculated

We sball rely primarily on the Juoe 5, 1989, experiment, which by ensembling coefficients calculated from four data blocks of
provided the most comprebensive date set, for most of be 128
gquasiiaive resuls presested bere. Dhing this experiment. The videos were first cbserved in tbeir egtirety in order o
incident waves bad a spectral peak T of 1285, 2 significsnt wave  develop impressiont of boundary Jayer development patierns.
beight M, of 70 com, apd mean water depth & of 190 cm. For Whet certain events of soguencct were identifiad, the entire video
signifyant waves, this comesponds 10 3 He of 1.2 x 10%, 2 Shields secord waa systematically spalyzod using swp actiop or frame
oumber of 260 sod o ratio of (8,7 k) = 5400, Using the reculls smpﬁn;widmﬁfythepu&nunfmmwmmwmspaciﬁc
of Jensen &1 al. [1985, Figure 34}, this comesponds 10 a boundery leogth scales. Whea times of occurrepce were identified, crose
Jayer thickness of § = 3.0-31 cm. Six 312-s daa runs wee seference could be made with the velocity apd pressure sigoals,
collecied oves & 2-bour period. The power spectrs of cross-sbore Whenmuuphemmmwtobsmndinmevﬂmbmeomd
velocities for all rups are shown o Figure 3. Supplementary Dot be resolved with “freeze” frame, sill pholograpbs were
calculuiions have boen made from underwater pbolographs taken employed.  While still photography provides good quantitative
duripg \wo eaperiments on August 8, 1985, sod Scplember 6, information sbout length scales, event specific flow parameiers
1985, when T= 64,94 X H, = 69, 71 cm; and A = 120, could not be ohiained, as there was 0O syochronization between
150 &, respectively. These correspond to Fe = 0.5x10% 1,1xa0%  the ciill camers and seasore. -
8 = 420, 360; 0 /k, = 3400, 4500; and B =15-20, 26.27qn  The natunl varisbility of wave amplitude and period resulied in
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widely varying conditions which significantly impacted ihe video
records. The most dramatic effects occumed following 1be passage
of groupe of higher waves in which clouds of suspended sedument
obseured the bottom for several wave halfcycles. Otber cycles
were rendered ble by the of kelp or becsuse the
wave intensity barely exceeded tbe threshold of moton. The
3072 5 of record from tbe June 5 experiment contained 197
individua! waves of sufficient magnitude 10 set the 1op layer of
sedirwt in motion st some point under the crest of the wave.
The number of waves in which the bottom was clearly visible
throughout all aspects of the fluid-granular boundary layer
development was less.

BOUNDARY LAYER DEVELOPMENT UNDER THE WAVE CREST

Streaking

Peginning witk the fluid at rest, ibe firsl visual indication of the
fluid-gramular boundery layer development it the initiation of
motion where graing begin 1o 101l slong the bed 35d then rapidly
develop itto & series of sand streaks (Figme 4. Ahbough
occurring i apparently laminar oscillatory flow, the streak
development rescmbled the sequence described by Weedman and
Slingeriand [ 1985] for the formation of streaks in fine and medium
sand under condibons of weak friction velocity, The streaks here
are visually manifested by the dark Lines which resuk when quartz
grains {Jarge white) are separated from horoblende {(small dark)
slong latcral shear livet by & sorting mechaniom described by
Inwman et ol. [1966). These streaks initially appear as rather Jang
O{10 ap) snd rcgularly spaced lines which become more
entwined, giving an echelon or lambdalike patiwn. For the
durstion of this regime, be sodiment is i & yolling grain ar
shooting flow where some portion of (he immobilizad bed is
visible apd the thickness of the Jayer of sediment in motion is

pever more than 8 few grain diameters. This eotire regime is
Iabeled “streaking.®

Visual impressions of the particle patht of neutnlly buoyant
orgavic materia! and sediment prains remaining in the fluid
calumn from previous events cuggest that the flaw, starting from
rest aiter the revasal of mation, i laminar.  As the flow
accelerates, it mitaing the magnitode pecessary for the onsel of
grain motiog, w,, and praing of sediment on the surface of the bed
begin 1o roll in the Rreamwise directon. This it quickly followed
bytheappwmneofnndsuuhwhkhmpedﬂfwlhzmm
halfcycle of wave motion when the motion is weak.

Analyﬁsofmphommphsukenltﬁmuf'mmﬁon'
diring the August 8 experiment gives 3 mean spacing for 151
reramant streaks as 4.8 mm with & siandand devistion of 1.7 mm.
mmmmwmm-wmam
copditions of weak motion oo the Seplember 6 exporiment wag
39 mm with a sandand devistico of 13 mm. Using the wave
pmeus{uAugunSmdlhemnmpﬁonMwukinsm
around of « 15°, the sesults of Jensen of al. [1989] give & friction
velocity of 2 cov/s. This results in a pormalized sireak spacing
of 89. For Sepiember 6, . = 1.2 cm and 5 = 43, Az these
streaks vecur during sppawently laminar flow, it is unlikely that
they wre the turbulent low speed streaks observed by Weedman ond
Slingeriond [1985). This is supporied by the fact that the observed
mukspdn;iawe:paimnnuislmmmuupxwdfw
turbulent streak spacing in unidirectional flow.

Roiling

‘I'he pext regime begins with the sbrupt wapsition of the fluid-
graoular boundary layer o & tbicker carpet of Fbeet lype flow
{Figure 4). During this regime, 1be Jayer of sediment in motion
Tesembles a carpet whose surface i composed of tufis of sediment
laden fluid. The *wfis” peem W be regular in size with heights
above the "a1 rest™ bed of about 1.6 cn and spacing hetwecn the
1fts of abovt 6 cn. ‘Thbe result is 3 layer of sediment in motion
whose easily recognized surface i fufly thret-dinensional with
variations ip clevation i both the cross and streamwise directions
(Figure 5). The cotire video record from June 5 was snalyzed in
order to isolate examples of this regime. Of the 197 “significant”
waves in (he recont, 109 balf-cycles under the cyest exhibited this
carpet flow. Of these, 33 had an unobstructad view of the boitom
at the time of trapsition. The sbruptooit and clarity of this
transition is supporied by the fact that repeat estimates of the onset
of vansilion for 31 diffarent events resulted in 2 mean vanation of
onset time of 3 video frames (0.1 5)

Under relatively low amplitude, Jong period swell as somelimes
mvdhdduﬁngtbew}i:rdq:hymenﬁ.tbiswpaﬂuwm
be;inmahibilmﬁupu-iod.idtymdlihﬂuwalu in
corduroy (Figare 6). If the flow sequence terminates with this
fiow regime and tbe flow bay developed streamwise periodicity,
the bed exhibits transition ripples at the cessation of motion
“(Figure 7). If, as was the case tiooughout the Juoe 5 experiment,
lhnﬂo'oeqmmnﬂntuwilhlﬁ:u;hnintbelhmc-
dimensional state (Eigure 5), the bed deposited is flat. We bave
labeled this regime “roiling.”

Jensen e1 al [1989] defined 1 "uwmporal” friction factor 7 (o1).
The expression for this friction factor contained o pbase of fvet of /4
»s requited by (2). Howcver, as they showed it their paper, thit
phase lag it & functioo of Be |Jensen o al.,, 1989, Figure 11) 30
we propose a shighly modified temporal friction facior
J(ot) defined by

», ‘:‘(ﬂtw
1) " T T+ )



JGRANULAR BOUNDARY LaYER

FIELD OBSERYATIONS OF FLum

CONLEY AND IHMAN:

lUm

e of Turbulence
s Fiow Rempanilsion

b. PLAN
nmﬂ;ﬂ’ Streaking
of Gram Mosion
Sugpe t
¢. PROFILE
N
AN
ARFA
,5';_" et LA . A ‘}
A

¢ ——mrt————— Fluming * Faltoul

Al Rest —ep—Sircaking ——f—— Ro

nces in the development of the Nuid-granular boundary layer for the case of "ully

Fig. 4. Schcmatic Manrasion of the srque
ave {oase C of Tiguee )

developed” pluming undez the crest of & near-breaking w

Fig. 5 Wlﬂdwpﬂﬂwnmmmduuvc. S;-tinghﬂmn"\uﬂs'is(){ém)



CORLEY aND INMan: FIELD OBSERVATIONS OF FLUD-GRANULAR BOUNDARY LAYER

ver is beginning 1o reorganize and exhibit srear

& the arest of a wave. Roiled I

Fig. 6. Phowopraph of carpet flow upd

of 13 am).

{leg of surf spider in upper tight has & diameer

periodicity with croas-nream eontisuity

£ed” rofling in the abseace of plomiog. Ripple height is 57 mm,

Teorg:

Bed with Uasition ripples resulusg from

wad wavelength is 7.4 cm.

kS

Fig.



CONLEY AND Iiman: Fiap OBSERYATIONS OF PLUID-GRANULAR BOUNDARY LAYER

0*

TTTILY T T rT1%¢
T T T T T T F1 1107} TT T

!

el 1200 3
= o0 1
L Laminar: oo ]
o I - 30+ 7
w'E 135 -
‘ﬂ‘ 1 ;“uJ I | |u|u| PR uuu' T ||||ul 43 1railil
T "
10? w w W 10

Re

Fig. . Tempan) fricien faciorf  versve Reynolds sumber e for constam wave phase 81, where 90° corresponds 10 MALIMOM
ortital velogity. The heavy solid Line represcais lamioar Siokes boupdary Iayes, snd the heavy dushed fioe is the Bt foc fully
warbotent flow, Carches are daus poiots. All wre Trom Jenten et al. 1989, Figure B]. Boxes ae poitis eproduced in oor Figure 9.

1n the original exprestion, tbe phase lag & was fixed at /4 tan  cycles studied had Reypolds pumbers below 2x10. The lowent
bere it dependent o0 Re and equal to 45" for fe S 4x10" and falls  Re for a wave io which roiling was observed was 22x10°. This
off 1o n8" for Fe = 10°. Jersen o al copstucted 2 plot  suggests bt waves in which roiking is oot cbserved under the
of 2 versus fe in which Lwybulent aDsition < be scen W be 8 crest sitber experience transition late in the balf-cycle when the
funcyon of both phase wnd Reynolds mumber. Using f° from  wave ) appfblnchi:lg deceleralion of oot at all.
relation (7), we Tecreste this plot i Figure 8. The light sehd lives
indicate bow 1be friclion factor at different wave phase (T} varies
from the lamipsr case, Fully nrbuleot flow ocrurs ta the right of o g +  Fied deployment § June 1989
tbe dashed lipe sod transitional flow is sssumed 16 ooeur o ihe ~ o Jensen et al 1969
region between the dashed and \aminar Jine. The identified trend " ~
ir for waosition to pocur at lower pbace with lurger Reypolds ~
number. iy
We e these results to Fupgest that the transition from sweaking - b
1o roiling iv the fluid.grapular oscillatory boundary lsyer -~
exprossion of the ¥ ition to turbyl This can be scen in ~
Figure 9 which is a plot of the wave phase a1 which the onsct of
toiling ocrurs versus te Ke of the wave in which it occorred. In
order tn campuls Reynalds aumbers for 1hit plot, &, was defined
as the pesk velocity during ibe wave baif-cycle in which roiling
was cbserved. The balf-cycls wis deficed by subsequent zero
cossiogs in e velocity record, wd 4, wa caleulated by
iptegrating velocity over the balf-cycie. The wave phase was
calcwlsted as o3 = arcsin{w, /&) where K, Was the {ree stream
velocity at ooset of roiling. As can be se¢o, the transition W0 a1
roiling follows the tread of the traosition to Wrbulence. That is,
trapsition ocous at Jower phase for higher Reynokls gumber. It r .
should alsq be cleat from this figure thar streaking, which precedes
roiling, ocours a1 » phase angle of 15" ar less. It should be noted . .
that Figure B comesponds w flows over & smouoth and immobile L L . ‘ i . L rre—
bed. It i ot surprisiog thal transition in a flow over a loose 's 20 25 30 35 40 43 30
sediment bed occurs at lower fe than that expecied under the PHASE (DEGREES)
sbove idealized eondilions. Fig. 5 Wave phase st the ooser of roilin versus Re, where s of
Of the B8 remaining waves, thote with the most energetic wwmmﬁmmwﬁy.mmduuﬁu
balf-cycles under the crest were ssolsted for analysis. The bighest iransition w mrbwlence from Eigure 8. The solid line is 2 least squares fit
Fie caloulaied for guch & flow was 2.6x10%, aod 29 of 33 balf- of an exposertial curve 10 the valoer obtained at the: oaret of roiling.

[

fe (0,0,/20)

T T T

*»




CONLEY AND IKMAN; FIELD OBSERVATIONS OF FLUD-GRAMULAR BOUNDARY LaYER

10t
5 Juns, 1909

1T

T

T 1YY

-4

T-TTTIm

T T

Spectrol Estimates [em/n)?/cps

10-2

T T 1T

PEN B MR PN [ R I P

e ot
Freguency [Hz)

i ailill

-1

w2

Fig. 10. Spectrum with 24 DOF of hot film velocites composed from an
ensemble af three different 312-5 mos.  For reference, the daghed line is
ensemble sverage (48 DOF) of six specus of cross-shore velociles shown
is Figure 3.

A power specirum with 24 degrees of freedom (DOF) formed
from an ensemble of three bot film spectra is shows in Figure 10
These specin were compuied from data runs which were entirely
uoaffected by kelp or other types of biofouling and were fully
derectified priod to transforming. Inspection sbows 1bat the
spectral roll-off below 1 Hz follows the Kolmogorov -5/3 power
Jaw, supporting (he possibility of a turbulent inertial range. While
ihe mrbulence 1o these boundary layers is intemittent, this is pot
ipconsistent with 1be -5/3 spectrum |She and Orszag, 1951]). In
an earlier repont [foman er ol 1986), it was reporied that the bot
film data roll-off bad a -2 slope, bup we vow believe this ta be an
antifact resulting from rectification.  The higher frequencies 3D
Figure 10 are polivted by what is believed to be the patwral
frequency of tbe frame of the surf spider {42 Hz) and by poise
from e 60-cycle power souTCe.

Using the resulte of Kim of ai. {1971}, it can be shown {e.g.,
Hinze, 1975] that for sieady nrrbulest flow, ibe wrbulent burst
period T, scales as

T

3
where § is the boupdary layer thickness. Now if & flow over 2
Quasi-pastive Lracer if eXperienciog turbulent bursting such ihat
fluid originating ut the tracer interface is period ically being thrust
iplc tbe free stream, ote might eapect a visual panen of puffs of
tracer with n streamwise spacing [,, where

&

1, = o.T, = 56 ®

Notice bow similar this i o the carlier calculated wavelcogih for
the most unstable T-S wawe, I = 78, Using the boupdary layer

thickm of 3 cm given ewliar for the Juoe 5, 1989, expeniment,
equation (§) would ruggest » burst spaciog of =15 cm. Anoter
indication of the boupdary layer thickpess would be the thickness
of the granular-flwid layes. Thbe mean thickoess of 2ll 31 roiled
laymummwadfmmlheatruthomtnthewp of the ruft
surface was fovod 1 be 1.6 cm with a ssodard devimion of
04 cr Usipg this s the boundary layer thickness gives 3 bunst
spacing of 8 an. While these estimues of the wrbulent burst
spacing in v seady, unidirectional fNow do not match exacily with
the measured toft epacing of 5-7 cm, it is cenain that the surface
charscter of the rolled layer suggests & Drocess dominated by
ejection of granular laden fluid from somewbere inside the moied
layer.

ay;‘ mechagism by which this sppwently mrbulent flow
develope coberenl CTOIS-SUEAM Siruciures & evidepced by tbe
wales in the granylar-fluid mixtare iz Figure & is unkpoun.
However, (e sppesrance of coberent struches in turbulent flaws
is bot a pew phepomencn [e.g., Winaat and Browand, 1974} In
visoal studies of & turbulent oseillatory boundary layer, Hayashi
ond Ohashi [1982) obstyved coberent large-scale vortices with
cI0ks-Stream axit ocourring in the boundary lsyer just prior 10 the
reversal of motion.

Pluming

The fival regime, "pluming,” also occurs under relatively Tow
amplitude, long period waves where the roiled flow hes developed
s periodic structure (Figure 4). Al or just after the passage of the
wave crest when the flow begins 1o decelersic, the roiled layer
explosively 1ifis off the bed. injecting sediment-Jaden flvid into the
ipterior of the fluid as bigh as 5-10 times the roiled layer
thickness (Figure 11). The sediment ejecia is then carned by the
free stresm until fallisg out st the cessation of motion, leaving
once again 4 flat bed.

The mechapist isvolved in pluming ik difficult 10 identify. not
only because of jis complexity bul els0 because of the stringent
conditions apparently required for it occurence. In fact no
exampies of pluming were observed in the Juge 5 experiment. 30
onsat criteria had 10 be estinmied from carlier experiments.
Nonetheless, as pluming was generally observed on the same days
25 Ibe coberent wale-like sroctores in roibog, it is Jikely that they
sre rlated. Most probably, pluming represcats the violent breakup
of vextices in the advent of an adverse pressure gradient associaled
wilh the passing of the wave cresL. The looginudinal vortices with
cross-steam axis generated during the reorganization of roiling
sppear to be pressure sensitive and experience breakdown
following the advent of deceleration.

Relotive Occwrrence

The sequence, sweaking, mwiling, and pluming. represents an
jdealized sequence which can be seen under ceriain condilions bul
are commooly is peescnt only in part. For example, under very
low wave conditions or deeper water, the only pariion which may
exist would be steaking. Under mose gepera) condions (as
exemplified by the June 5 experiment) with intermediste-period
waves or ibcident waves with a brosd spectral distribution, the
development geparally ouly includes sircaking and reiling where
the bottom i flat at (be seversal of motioo. This “mild" sequence
it schematized by case A in Figure 12. lo relatively “clean” swell
Ihe development might be modcraie including streaking and fully
developed roiling resulting in & bed with transiticn ripples (case B,
Figure 12). Under relatively Jow amplilude, Jong pericd swell
where wale-like struciures in soiling are wel) formed, the fully
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Fig. 11. Side view of beginaing of pluming, Plume heights are G0 em)-

developed sequence, sireaking-roilisg-pluming, occurs resulting in
s fist bed (case C, Figure 12). A final case under panticulasly
intense Mows chancterived by & rapidly rowing granylar-fluid
Jayes is shown ar cuse D in Figure 12. This case may entail some

jon of all the previous cases but occurs 100 napidly to be
Jissacted by the present meibods.

BOUNDARY LAYER DEVELOPMEXT UNDER THE WAVE TROUGH

The cbservations of boundary Jayer developient ender the wave
trough show a striking contrast (o \bat under the crest. The initial
sages of (be boundary layer development under (be trugh appear
tn be qualitatively the same ax those upder the crest, slarting with
a laminar boundary layer which Teads into the omsel of moton
followed by swreakiog. The subsequent regimes of roiling and
pluming were never obacrved o develop under the wave yough,
Indesd, development of the granular-fluid Jayer under the trough
appears 1 consist instead of a steady thickening of 8 grasolar-luid
thee! without the abrupt wansitions to moiling and plumiug. The
surface of this sboet flow cxhbibits Tandem flucustions ip
crogs-stream elevation, but tbe clevation in the streamwise
direction is more or lexs uniform. 1o contrast to {be roiled laye,
(be swface of this shest suggests the predominance of turbulent
mixig. The thickness of the granular-fhud layer for Amilar free
stream velocilics appeers 1o be smaller under the rough than under
\be crest. 1t is sot moplied tbat tassition to wrbylence does DoL
ocer upder the trough. On the contrary, the visual impression ix
that the granular-fluid sheet under iniedsc conditions is most
clearly hobulent. However, there it 0o clear demarcation for the
transiion W turbu and it appears that the tranziton s »

gradual process. While low sieepness Tipples bave been observed
under the trough of 1he wave, they are the result of waves with
Jow Shields number and were never ohserved 1o fonm immediately
following sbeet flow. No pluming has becn ohsarved under the
wave yough in the ficld.

LABORATORY OASERVATIONS

Following the field observations, an atiempl was made 1o
secTeaic hese pravular-fluid flow regimes in tbe Jaboratory. A bed
ufboseundScmdcepdelS om Yong was placed inadaim
loog by 200 cm wide wave chapnel. The surf spider, complete
with the same mStrumeEDistion &% in the ficld studies minus the
video camers, was mouptad in the center of the bed. Shallew
water waves of 5.t periods sod Sl<m wave beighit were
geoersted in water with & depth of 132 cm. The bed was filmed
with & mOVic cAIETA Viewing throughk a Plexighs window while
synchronized measurcments were recorded as in the fielkd
experiments. The (main cbservation from these lesis wat that Do
roiling of pluming occwred a0d that apy asymmetry belween crest
apd wough was pot readily spparent of could be atiribuied
velocity apd seceleration asymmetries inbereot in the shallow
water wave form. This is in copirast (o our field experimetis
where waves wilh a similar Reynolds number (Re = 35 x 10"
clearly developed into oiling (Figure 9) and exhibited the
associaled crest-trough asymmelry.

DSCUSSION

Otber investipaiors |eg. Hanes and Huntley, 1586) have
cbserved crest-trobgh Esymmetries in the sediment response and
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Fig. 12, Schemasic drawing of four identlable sequences in the
developmenk of the fluid-granular pousdary Jayer uoder the crest of sear-
xeaking waves, showa in he order of increasing intensity of moica af
the jolerface. Details of cass C are shown in Figure 4.

have wiributed this behavior o asymmetcies in the frze stream
velacity and/or acceleration. However, Figure 13 indicates that
such an explagstion cansot fully explain the asymmelry observed
in our experiments. A bistogram of the maximum oushore (crest}
wnd offshore (trough) velocities observed durisg the June 5
experiment is shows in Figure 132 togetber with the observed
range of free stream velocities at the onset of roiling. Clearly, the
offshore flows are not velogity limited, yet roiling dd pat oceur.
In Eigwe 1356 we bave plotted the maximum oospore Eulerian
wecelerations as well as toe observed sange of accelerations af the
onsct of roiliog. For the offsbore mation, we have plotied the
observed mough seceleration maxima for only the wave mif-cycles
which bad free stream velocities within the obscrvad range for the
ooset of roiting.  Again it is clear that the tough flow, when
compared to the crest, is oot scceleration limited,

Many theoretical investgations {c.5.. Longues-Higgins, 1953,
Jacobr, 1984] predict a stcady mass transport i the boundary
layer beneath propressive gravity waves. While observations of
this phenomencn have beea made in the laboratory, there was litde
mesn boundary layer cumrcat observed o our near-breaker
cxperiments. The three hot film ruos used o pute  the

standard deviations with Tespect 10 the em current meter of 0.9%.
12%, sod 0.9% respectively, where the values are expressed 35 2
percentage of tbe measured values. The mean curent over each
of the three data rups was 05, 2.5, and 1.9 cm/s respectively. It
is clear from Figwe 13 that mean curreats of this magnitude are
not sufficient to explun tbe asymmelry observed in pur
£xperiments.

Numerous theoretical iovestigations of progressive gravity
waves propagating over & permesble bed [Reid and Kajiure, 1957
Packwood and Peregrine, 1980] indicate that an oscillating flow
ix induced in the bed aod results in flow noemal o the bed suface
under the crest and trough of the wave. ‘This flow is the result of
the spatially varying pressured field imposed on the bed over an
cotire wavelength, This vencilation flow is out of the bed and into
the fluid (injection) under the wave tough and ioto the bed
(suction) under the crest. These swdies also indicate that with
typical natural beds, the induced velocities are several orders of
magoitude smalier than he harizonts!, free stream, wave-orbital
velocities, and so any effact on the frec streain velocities 5 small.
Oo the other hand, the effect of small pormal flows oo the
oscillatory boundary layer is not pecessarily negligible.

It has long been known (see for example Tewfik [1963). Mickley
and Davis [1957), Schlichting [1979]) that exeept for transitional
processes, boundary suction with steady flow leads to enhanced
hed stress and injecton leads 1o reduced bed stress even for the
small ratos of boupdary normal o free sueam velocily o be
cxpected in a0 oscillalocy boundary layer over a sand bed. Tt is
also known that suction has the effect of stabilizing the fiow,
reducing the three-ditnensionality of the rbulent boundary layer
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ensemble spectrum which appesrs in Figure 10 had probe heights
of 1.5 cm, 4.2 em, nnd 1.8 cm above the at-sest bed priof to the
start of each nm. The field calibrasions for these three runs had

d with oarhore-offshore orbital motion for the field deployment
of Juoe 5, 1989, Solid brackes indicale ranges of observed rodliag onset
during oushore (crest) motion, Dashed brackews jodicate same Tanges for
offshare (trough} motios.
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god increasing G relative copmibution of Tage-scale coberent
structutes [Fulachier ef al, 1982}, Tewfik [1963] reposts that
apjection decreascs e rate of gowth of (e wrbulent boundary
Isyer. Injection slso moves (be shewr maxims sway from the bed
which, combived with ¢ “law of the wall* typs approsimalion,
the tough sediment suspending turbuleot
finetic epergy (TKE) 38 removed from the bed which 15 the saurce
of sadiment, The reverse is troe of suctivn.

Itis suggested from the above 1bat so oscillatory boundary Jayer
gver 3 pameabls rand bed, Alternatingly experieacing suction and
injection under e crest and wough of he wave pespectively,
woull exbibit the following charactasistics.  The turbuleot
boundary layer under the trough would be expected 1o be slow
developing sod fully homogenoous with fitde structure. Any
iternal dypamics withis the boundary Jayer vndes the trough
would be obscured by sirong erbulent mixing which would sceur
furtper from 1he bed, around the displsced TKE roaxima. The
eadiment-mobilizing properves of the flow would be diminisbed
{decreased bed strest with TKE removed from the bad) which
would be reflecied in thipner, less dense granulas-fluid Jayen.
kund«lhemtwouldbecbnuuﬁmdhyammnpidm
(herefore distinct turbulent boundary iayer developuent. The
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independent of asymmetries in the peas-bed arbital velocity and
accelention and is thought 10 be related 1o effects of ventilation
in the permesble bed.
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CHAPTER II

VENTILATED OSCILLATORY BOUNDARY LAYERS

1. INTRODUCTION

Laboratory studies of the boundary layer arising from oscillatory flow have always
treated the problem as a cyclical process composed of two purely symmetrical half cycles {eg
Jonsson, 1963; Sleath 1987]. Asymmetries occurring in the laboratory [Flick et al, 1981] or the
field [Hanes & Huntley, 1986] have been explained by asymmetries in the fluid velocity or
acceleration inherent in shoaling waves. In a paper reporting on field observations of wave driven
oscillatory boundary layers over sand beds, Conley and Inman [1992] reported the observation of
an asymmetry in the development of the boundary layer which could not be explained by velocity
or accelcration asymmetries in the overlying fluid. As a possible mechanism for this asymmetry,
they proposed a type of transpired boundary layer which is here called the ventilated oscillatory
boundary layer. This work reports on laboratory experiments designed to investigate the effect of
boundary ventilation on the velocities, bed stress and turbulent flow properties of the turbulent
oscillatory boundary layer.

Transpired boundary layers have practical significance in many applications and have
been the subject of studies for well over forty years [eg Libby et al, 1952; Antonia et al, 1990].
These are boundary layers which arise from a fiuid flowing with velocity u parallel o a solid
permeable boundary through which a secondary fluid is flowing with velocity w. The secondary
flow through the boundary is generally referred to s transpiration. If the sense of transpiration is

into the overlying fluid (w > 0), it is called injection or blowing. If the sense of transpiration is

15
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from the fluid into the surface (w < () it is termed suction, In general the two fluids are identical
and the transpired flow is smaller in magnitude than boundary paraliel flow so that the transpira-

tion parameter V=w/u has a magnitude less than 1.

Ventilated oscillatory boundary layer is a term applied here to the boundary layer arising
from an oscillating boundary parallel flow subject 10 oscillating transpiration of the same period
and shape. In this work, the dominant flow is of the form u (1) = Umsin (ot) and subject to tran-
spiration of the form w (f) = wpsin (Gt+0). Here 6= 2n/T is the radian frequency, T is the
period and $ is an arbitrary constant phase. Analogous t0 the transpiration parameter V, a flow
ventilation parameter V shall be defined as V= W/ . The sign of V indicates whether injec-
tion (‘7 >0) or suction (‘-7<0) occurs concurrently with positive flow. Additionally, an instantane-
ous ventilation parameter shall be defined as V’ =w(t)/u(r). Through most of this work, the

phase ¢ will be 0 in which case V' becomes a constant, identically equal to V.

In gencral boundary transpiration affects the boundary layer velocity profile. Suction
tends to pull streamlines down closer t0 the bed shifiing the velocity profile closer to the wall.
“This results in higher shear near the bed and therefore higher shear stress at the bed. This is
demonstrated quite clearly in a comparison of the asymptotic suction profile, an exact solution 1o
the Navier Stokes equations for fiow over a flat plate with constant suction, and the Blasius
profile [Schlichting, 1979]. In contrast, injection results in a spreading of the streamlines near the

boundary which reduces the near bed shear and the resultant bed stress.

In a study of turbulent boundary layers in steady flow over flat plates with injection,
Mickley & Davis [1957] show that the friction factor Cris a strong function of V and Re, where
Re, is the Reynolds number based on distance along the plate. However their results can be
shown to indicate that the ratio Cs/Cy, where Cy, is the friction factor with out injection, is a
strong function of V but exhibits almost 1o Re, dependency. The results of Simpson et al [1969]

show the same 10 be true for steady suction on a flat plate.
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The asymptotic suction profile shows reduced curvawre in the boundary layer velocity
profile relative to the Blasius profile [Schlichting, 1979]. This suggests that suction tends 10 sta-
bilize the flow. Analytical solutions for boundary layers with injection show an inflection point
in the velocity profile suggesting that injection tends 10 destabilize the flow. Experiments have
shown these findings to be true not only for laminar flow but turbulent flow as well. Tewfik
{1963] demonstrated that turbulent boundary layers with injection were thicker than would be the
case without injection, It was also shown that while injection reduces stress at the bed and
through out the inner tenth of the boundary layer, it increased it elsewhere. Antonia et al {1988]
reconfirmed that suction results in a significant reduction in turbulent velocity fluctuations «” and
w’. While investigating the effect of suction on organized motion in turbulent boundary layers,
they observed that low speed streaks in the near wall region were more persistent and that the fre-
quency of dye injections into the outer layer was reduced. This is consistent with the resulis of
Fulachier [1582] where the rate of turbulent production was found to decrease and the relative

contribution of large scale structures was found to increase.

Kays [1972) shows that transpired turbulent boundary layers seem to respond to local
conditions. That is a boundary layer experiencing a sudden change in injection will, following a
short period of adjustment, behave as though it had always been subject to that level of injection.
This appears to be less true for a reduction in injection than for an increase. It is also shown that
transpired boundary layers are sensitive to acceleration, the sensitivity increasing with V. No st-

dies have been reported on the effects of transpiration in oscillatory flow.

2. EXPERIMENTAL SETUP

The experiments have been performed using the oscillatory flow tunnel {OFT) at the
Scripps Institution of Oceanography hydraulics laboratory (Figure 1). The OFT is composed of
an acrylic working section 7.0 m long which terminates in painted steel cylindrical risers at each

end. One riser acts as a reservoir and is open 10 the atmosphere, the other riser is sealed by a 62
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cm diameter acrylic piston which drives the oscillating flow. The piston is controlled by a
hydraulic ram which can be programmed (o respond 10 any electrical input. Further details of the
facility are described by King et al [1984). For these experiments a false floor was placed in the
working section giving a tunnel cross section 39 cm wide and 28 cm deep. The test section was
created by placing a rigid, permeable floor in the center 4.25 m of the working section. This floor
was composed of fourteen 30 x 30 x 2.5 cm bricks of fused Alundum. These bricks were com-
posed of Alundum grains with a mean diameter of 250 microns which were fused under high
temperature. Prior to fireing, the bricks were pressed at high pressure. As a result, the flat sur-
faces of the rather angular grains aligned to form a smooth surface on the bricks. Roughness ele-
ments are caused by pores in the surface, not by protuberant grains. The mean pore size of the
internal pores is stated to be 180 microns. A secondary piston which was plurnbed into the the

cavity below the test section was used 1o drive the boundary layer ventilation.

Tests were performed using a period of oscillation, T = 7 s and an orbital displacement
dg of 207 cm. This results in a flow with oscillatory Reynolds number, F:c, of 1.0x10% where

Re is defined by

- Wud
Re= —2 )
2v

where #,, is the maximum mass averaged velocity. The results of Jensen et al [1989] have shown
thai oscillatory boundary layers of this Re will be fully turbulent for phases greater than 45° and
transitional for phases greater than 15°. For the unventilated case, the boundary layer thickness
8y is 1.8 cm where 8p has been defined as the first level at which the ventical derivative of velo-
city vanishes at a phase of 30°. The maximum friction velocity U« = m is 4.1 cm/s. The
Nikuradse equivalent roughness parameter k, as determined from boundary layer velocity
profiles was found to be 0.003 cm giving a roughness Reynolds number ks =us, ks /v of 1.3. The
ventilation parameter V was zero in the control tests and ranged in magnitude from 2.5x10~* 10

4.x1073 in other tests. The amplitude of w was calculated by assuming uniform velocity over
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the test bed and distributing the volumetric displacement of the secondary piston over the entre
test bed. Calculations indicate that uniform velocity over the test bed is a good assumption given
the manufacturers supplied permeability of 192 Darcys for the Alundum bricks. This assumption
was tested through dye studies in which no systematic variations in the flow through the bricks
could be detected.

Three main flow parameters are presented in this work. These include the bed stress
7(t), Ruid velocity u(z,¢) and the vertical compenent of fluctuating velocity w'(z,1). The bed
shear stress was measured using a TSI model 1237W flush mounted hot film sensor as shown in
Figure 2. The sensor was locked into an acrylic probe holder 9.5 mm in diameter which fit
through an O-ring seal into a cylindrical acrylic sleeve of 1.8 mm wall thickness. The sleeve was
permanently epoxied into the test bed with the top of the sleeve flush with the tops of the rough-
ness elements forming the fixed surface of the Alundum bed. When inseried. the tops of the
probe and holder were level with the top of the sleeve. This arrangement allowed the shear stress
sensor 10 be calibrated in a separate facility and maintain the same relationship between probe

and holder when transferred to the test facility.

The longitudinal component of velocity was measured using a TSI model 1210-20W
cylindrical hot film sensor. The probe was mounted on a sting projecting through the lid of the
OFT with the axis of the sensing element horizontal and transverse to the direction of fiow. This
probe was calibrated by placing it in the tunnel center and calibrating against the tunnel mass
averaged velocity using a technique adopted from Flick & George [1990]. While the hot film
measures fluid speed, the time series was derectified using the mass averaged fluid velocity zero
crossings as a reference. Turbulent velocity fluctuations were measured using 8 TSI model
1287W split film hot film. This sensor has a cylindrical sensing element composed of two halves
which are electrically insulated. This design permits decomposition of the measurements into
two components of velocity. Briefly, the magnitde of the cooling for both halves is dependent on

the magnitude of the velocity vector and the ratio of the cooling is dependent on angle the vector
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makes with the plain of the splits. Operation of the sensor is discussed in [Blinco & Sandbom,
1975]. ‘The directional Scnsn-“"“.y was Ca]lbl'a[ed once pefore and after all tests while the velocity

magnitude response was calibrated for every test a5 described for the cylindrical hot films above.

Depending on the test, data runs were of 500 or 700 seconds in duration. The time
series collected over each run were ensemble averaged in order 1o determine the phase averaged
quantities. In oscillatory flows, the turbulent decomposition of a flow property £(¢) has three
components, the time mean <£>, the ensemble averaged mean E(B) and the ensemble averaged
r.m.s. mean of the fluctuating quantty \ﬁ {0). In a purely oscillatory flow, the traditionally
defined time mean is identically zero, For a time series collected over N cycles of period T, the
ensemble average mean is calculated as

N
Eon= 5t [m+(i—1)r] @

i=1
where o is the radian frequency 271‘ and the definition is valid for 1=0 to r=7". Similarly the

ensemble averaged r.m.s. mean of the fluctuating quantity is defined by
o = e 3 . Eren 12
E(or)= N1 I [&[o: + (i -l)T] - F,(or)] (3)

This decomposition is schematicized in Figure 3. Sleath [1987] and others have shown that there
was no significant improvement in the consisiency of the estimate of ensemble averaged mean
quantities for averages of greater than 50 cycles. The 500 s tests in this work represent 71 cycles
and the 700 s tests represent 100 cycles. When discussing the phase of the oscillatory fiow 8, the

convention will be used that =0 comresponds to the negative to positive velocity zero crossing.
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3. EFFECTS OF VENTILATION

The ensemble averaged centerline velocity for the case of no flow through the bed is
shown in Figure 4a. As can be seen from the plot, the velocity is relatively symmetric throughout
the entire cycle. Each half cycle appears qualitatively similar to the other half cycle and the
accelerating portions of each half cycle appear to be mirror images of the decelerating portion.
Figure 4b. is a plot of ensemble averaged centerline acceleration. This plot reveals asymmetries
in the flow which are not obvious in the velocity. In particular it is seen that acceleration tends
towards a monotonical decrease through out the first half cycle as would be expected in an oscil-
latory flow. This is not true for the second half cycle where periods of decreasing acceleration are

clearly present in what would be expected to be a time of monotonically increasing acceleration

While these fluctuations don’t appear to have a big affect on fluid velocity, it might be
anticipated that these fluctuations in pressure gradient would have a larger affect in the boundary
layer and on the bed stress. This seems to be bom out by the results presented in Figure 4¢c. The
solid line represents the ensemble averaged bed stress as derived from the shear stress sensor.
The bed stress in the second half cycle is much peakier than would be expected in an oscillatory
flow of this Reynolds number P:e = 10° while the first half cycle is more typical [see Jensen et al,

1689].

Jensen et al {1989] have shown that the boundary layer velocity profiles in high Rey-
nolds number flows do exhibit a logarithmic-layer from which the Nikuradse equivalent rough-
ness length &, and the bed stress can be determined. This was found 10 be especially true around
the occurrence of peak free stream velocity. In order to test this in the present experiments, Ky
was taken as the average value derived from the best fits to a logarithmic Iayer in the phase range
45°<0>135°. This value of k; was then used to calculate the bed stress through out the wave
cycle. These values are plotted as heavy dots in Figure 4c and as can be seen, they give a reason-

able estimate of bed stress in the first half cycle. However when this same procedure is
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performed using the roughness derived from profiles in the range 225°<P=2315°, it results in a
underestimation of bed stress as can be seen by the open dots in Figure 4c. In fact it appears that
ped stress estimates based on k; derived from the first half cycle are better than those based solely
on second half cycle parameters. The logarithmic-layer is a consequence of the presence of a
constant stress layer in the boundary layer. It is not surprising that the presence of a fluctuating
pressure gradient would disturb this constant stress layer as evidently occurs in the second half
cycle. As a consequence of this anomalous behavior, the following convention is adopted
throughout the paper. When discussing bed stress, results from only the first half cycle shall be
used and the sense of ventilation will be altemated to provide both suction and injection during
that half cycle. The full cycle shall only be utilized when presenting velocity and turbulence
profiles. While in general the bed stress results from the second wave half cycle differ quantita-
tively from the first, the conclusions arrived at in this work are qualitatively supported by the

results from both half cycles.

Boundary Layer Velocity

As discussed earlier, the most direct way that suction is expected to affect the boundary
layer is to draw the velocity profile down close to the bed. In the boundary layer this results in
higher mean velocities near the bed and a greater shear at the bed. The affect of injection is
expected 1o be just the reverse, namely streamlines pushed away from the bed leading to lower
mean boundary layer velocities and a reduced bed shear. This pattemn is exactly what is seen in
Figure 5. This figure shows a series of boundary layer profiles at various phases throughout the
entire cycle. At each phase there are two profiles. The solid line represents the velocity profile
for the case of no ventilation and the dashed line represents the velocity profiles for V=5x1074.
It is immediately obvious that even for such a small value of the ventilation parameter, the mean
velogities in the boundary layer are affected. In particular it is seen that during the occurrence of

suction (0°<0<180°) the mean velocities throughout the boundary layer and well above it are
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uniformly greater than the unventilated velocities. This fact necessitates that the shear at the bed
is greater which is in fact clear in the figure. Once again, just the reverse is true for injection
(180°<0<360°). It is even more readily evident that the mean velocities throughout the boun-
dary are lower with injection than the unventilated case and therefor the boundary shear is less
than the unventilated case.

Considering the symmetric nature of unventilated oscillatory flow, it is clear that the
above observations require an asymmetry in the mean boundary layer velocities for a ventilated
oscillatory boundary layer. In fact this asymmetry must be realized as a net current in the boun-
dary layer above the permeable bed. This current will be positively directed for negative V and

vise versa.

Turbulence

A contour plot of the development of Vw? over phase and elevation is shown in Figure

6. This is for the case of no ventilation and the results are qualitatively similar to those reported
by others [see Sleath 1987]. Sleath [1987) reported that V> and Vu”> behave qualitatively the

same, so for the following discussion, it shall be assumed that the behavior of \(;;'? is indica-
tive of turbulent intensities in general. In general the maximum in turbulence intensity is seen 10
occur near the bed just following the start of deceleration (90 and 270°). From this maxima the
turbulence slowly diffuses upward over phase giving the impression of an inclined plume. For
unventilated oscillatory flow, this pattern is relatively symmetrical with turbulence maxima
occurring at about the same level in each half cycle and the size, shape and inclination of the tur-
bulent plumes are the same in each case. It is also seen that the turbulence levels associated with

each half cycle retum to the background level prior to the arrival of the next plume.
The effects of ventilation on the turbulent properties of the flow are shown in Figure 7.

This is a contour plot of the development of Vw'2 over phase and elevation for the case of V=
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0.001. The figure shows three major effects of ventilation. The first effect is that near the bed, the

turbulence levels are higher with suction (0°<8<180°) than injection. This is observed in the

figure where the contours of \,ﬁ are one level higher for the suction half cycle than for the
injection half cycle. Second, with suction the turbulence maximum is drawn closer to the bed.
Finally, due to the flow stabilizing tendency of suction and the destabilizing influence of injec-
tion, the turbulent plumes have become totally distorted. In particular, the turbulent plume ori-
ginating in the half cycle with suction is very much diminished and is contained in a thin layer
(=5mm) drawn near the bed. The turbulent plume from the injection half cycle is much enhanced,
extending higher into the flow and, consequentially, much later in the flow. This tendency is so
pronounced that it would appear that the majority of the turbulence that arises from the injection
half cycle occurs during the subsequent half cycle, The net affect of this is that a "snapshot” of
mrbulence levels at constant phase would show the highest turbulence levels 1o occur during the

half cycle with suction!

Using a logarithmic elevation scale, the contour plot of the time history of \/w_Tf (Fig-
ure 8) shows that the previously described qualitative picture is true for V as low as -0.0005, the
lowest ventilation parameter for which data of this type was collected. In short, the wrbulence
levels near the bed are enhanced for suction, the turbulent plume associated with suction is
confined close to the bed and the turbulent plume associated with injection is enhanced and per-

sists in time throughout most of the subsequent half cycle.

Bed Stress

The effect of boundary ventilation on bed stress is summarized in Figure 9. Plotted in
this figure is the ensemble averaged bed stress from 500 second runs for various ratios of the ven-
tilation parameter V. The heavy solid line is the bed stress for the case of no ventilation and

serves as the baseline for the other tests. The peak value from this curve has been used to
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normalize ail the data. As can be seen in the figure, ventilation clearly affects the bed stress in
oscillatory flow with suction (V <0) leading to increased bed stress and injection (V>0) causing
reduced bed stress. This figure shows that there is a significant stress reduction or enhancement

for ventilation parameters with magnitudes as low as 2.5x107%,

The data from Figure 9 has been used 1o construct Figure 10. For each value of V, the
bed stress was integrated over all positive values and nomalized by the iniegrated bed stress for
no ventilation. These points are plotied as a function of ventilation parameter and are represented
by the open points in Figure 10. The solid line is a composite of two functions which seem to

give a good fit to the data points. Let R; represent the ratio of integrated bed stress, then for V20
Ri=e? @
where @ was found to be 403. For V>0, R; appeared to behave like

Ri= ——— ©)
b+c in(V)

where b was found to be 1.506 and ¢ = .1707. While this last relation performs well for the
larger values of 17, it is not defined for no ventilation and gives R;=1 for a finite value of V. For
the purposes of the figure, a straight line has been drawn between the point at V = .00025 and V=
0.

Even in a turbulent boundary layer, viscous stresses dominate within the viscous sub-

layer. This means that the bed stress can be approximated as

t= ug—: (6)

if 7 is measured sufficiently close to the bed. It is generally accepled that the viscous sublayer is

present for z*< 5 where z* is the dimensionless vertical coordinate defined by

el
2t = (N
L%
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and ue is the friction velocity \hf_p The lowest elevation for which velocity was measured was
at 0.01 cm which is within the viscous sublayer for all phases. It is therefore possible to calculate
a second estimate of bed stress using (7). This process has been carried out using the velocity
record at 0.01 cm and the results have been plotted on Figure 10 as filled boxes and show good

agreement with the shear stress sensor data,

4. PERSISTENCE OF VENTILATION EFFECT

Re Dependence
In order to determine the Re dependence of the effects of boundary ventilation, a series

of tests were performed in which the fiow Re was varied. Using the linear relationship between

dg and u,,, it can be shown that (1) is equivalent to
Re=d3o/4v. @®

As all tests were performed using the same frequency, reductions in Re were achieved by reduc-
ing dy? by the appropriate factor. The range over which Re was varied was determined by limits
of the physical apparatus. The largest Re (1.0x10%) represented the largest stroke which could
be safely obtained from the hydraulic ram and the smallest (1.0x10°) represented the lowest
volume of water which could be accurately pumped through the permeable bed at the V value of
1x1073,

Figure 11 shows the results of these tests. At each Re the ensemble averaged mean
Stress with ventilation has been integrated over one oscillatory half cycle. These values were then
normalized by the integrated bed stress for the unventilated case at the appropriate Re. These
Vvalues have been plotted as the circles and squares in Figure 11. The bars on the plots represent
95% confidence intervals and the lines are linear least squares fits to the points. As can be seen in

the figure any Re dependence is weak as the fit to the data are essentially flat. Neither slope is
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significantly different from 0 at the 95% confidence level although the slope for suction is

significant at the 90% confidence level.

Phase Dependence

Since most of the results presented in this paper are for boundary ventilaton which is in
phase with the free stream flow, it was decided to test the sensitivity of the flow to variations in
the phase relationship between the two flows. Zero phase in this section is defined as when the
maxirmum magnitude of the boundary ventilation occurs simultaneously with the maximum in the
free stream. Positive phase implies that that maximum ventilation occurs prior to the maximurm
free stream velocity and negative phase therefore implies maximum ventilation follows the free
stream maximum. The range of phases has been restricted to $90° with separate tests for suction
and injection,

It should be noted that any phase difference between the two flows implies that each half
cycle will experience periods of both suction and injection. For that reason, it was determined
that presenting results in terms of bed stress integrated over a half cycle would not be useful and
instead results are presented in terms of maximum bed stress normalized by maximum unven-
tilated bed stress. These values are presented in Figure 12 where open circles represent the
results for suction and the squares are the values for injection. The error bars represent 95%

confidence limits calculated from the variance of the maximum stress measurements.

The simplest prediction for the effect of phase would indicate that flow history has no
role in the effect of boundary ventilation. Such a formulation would state that the only parameter
of importance is the instantaneous ventilation parameter V’. This parameter can be easily calcu-
lated as the cosine of the phase times the flow ventilation parameter V. Using these values of v,
the expected stress reduction or enhancement can be predicted from a plot similar to Figure 10

which is based on stress maxima rather than integrated stress. This procedure was used in
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constructing the lines in Figure 12.

In a gross sense the results do appear to follow this trend. The effect of ventilation is a
maximum around a phase of 0° and drops off to no effect (ratio = 1) at 190°. The effects are
seen not 1o be a critical function of phase, that is phase differences of +10° do not radically
change the effects of ventilation. In fact, the changes in bed stress over this range are not statisti-
cally different from each other. However for larger phasc differences, the drop off rate is clearly
different for each quadrant and therefore warrants inspection in all quadrants. The most straight
forward behavior occurs for boundary suction with positive phase. Here the effects of ventilation
appear to follow the simple cosine response. This indicates that with a stabilized boundary layer
as exists with suction the strearn lines equilibrate rapidly toward their undisturbed state as the
level of applied suction is reduced. While not behaving as smoothly as suction with positive
phase, injection with negative phase appears 1o also follow the cosine behavior. It is important 10
recall the sequence in the development of the boundary layer for this case. In particular the half
cycle starts with suction occurring in the boundary which switches at some point to injection. We
have already seen (above) that the boundary layer will quickly respond to the reduction of suction
so the tendency for the bed stress to follow the cosine response implies that, when applied 10 a
stable or unventilated boundary layer, the response time for shear reduction due to injection is
smalt with respect to the time scales of the flow.

The behavior of injection with positive phase contrasts strongly with the above descrip-
tions. In fact the only resemblance that the effect of boundary injection with positive phase has
to cosine response is that the stress ratio does rerum to one at 90°. Figure 12 illustrates that
stress reduction due to injection grows at phases greater than 0° even though the instantaneous
ventilation parameter is decreasing. To understand this behavior it is important once again to
consider the time history of the boundary layer. In this situation, the boundary layer has experi-
enced boundary injection for the entire half cycle prior to the occurrence of maximum stress. The

Maximum injection rate occurs prior to the occurrence of maximum stress which occurs during a
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time of decreasing injection. With this scenario in mind, it appears that the spreading of boun-
dary layer streamlines induced by boundary injection is resistant to readjustment. In fact the
slight tendency for increased stress reduction with phase suggest that once a level of spreading is
developed, it can be maintained by smaller ventilation flows than originally present. In contrast to
compressed boundary layer which appear to readjust immediately to changing conditions, boun-
dary layer spreading appears to be resistant w readjustment. This result is fully consistent with

results for steady flow subject to changing transpiration.

This interpretation seems to be validated by the results for boundary suction with nega-
tive phase. In this quadrant, the half cycle commences with boundary injection leading o boun-
dary layer spreading. With the onset of suction, the stream lines are indeed drawn closer o the
bed leading to greater bed stress for greater suction, but the level of bed stress enhancement never
manages to attain the level it does working on a boundary layer which was not initially subject to

injection.

Sensitivity to Velocity Asymmetry

In order to test how sensitive the effects of boundary ventilation are w the shape of the
free stream velocity, a series of experiments were performed with an asymmetrical velocity
waveform, 2 plot of which is shown in Figure 13. This waveform was taken from a time series of
orbital velocities beneath near breaking waves in the ocean. This particular wave was chosen due
to it's strong asymmetry, seven second period and the similarity of its flow parameters to the
oscillatory wave forms generally employed in this study. The orbital displacement distance dg
for this form was 182 cm. The maximum orbital velocity was 111 cm/s. Using (1) this give a Re
of 1.0x105.

A series of nins were carried out to test the affects of boundary ventlation on this

waveform. In these tests the exact same wave form was used to drive the ventilation velocity as



was used to drive free stream velocity and no phase difference was imposed. It should be under-
stood that all suction resulis come from the peaked high velocity portion of the waveform (crest)
and all injection results come from the fiat low velocity portion of the waveform (trough). Once
again, the integrated bed stress for each sub cycle, normalized by the unventilated integrated bed
stress for the appropriate sub cycle is plotted as the open symbols in Figure 13. The solid curve is
the same one plotted in Figure 10. It can be seen from this figure that in general shape has an
insignificant affect on the effects of boundary suction. Shape does seem 1o have some affect on
the effect of injection, particularly for larger values of V. This can be understood from the dis-
cussion in the previous section. It can be seen that the flat profile of the low velocity section
leads to injection approaching its maximum value early in the sub cycle and then maintaining that
value for a significant portion of the sub cycle, It seems likely that injection in this case would
result in flow streamlines which exhibit a higher mean separation over the course of the longer
duration sub cycle than would be expected with a more sinusoidal profile. This would result in

greater bed stress reduction as is seen in the figure.

5. DISCUSSION

The resulis of these experiments show that the ventilated oscillatory boundlary layer
exhibits behavior which could have been qualitatively predicted from knowledge of the manner
in which transpiration affects steady boundary layers. The importance of these effects can take on
a larger significance in the oscillating case than they would appear to in the steady case. This can
be demonstrated by considering the change in the boundary layer velocity profile. In an oscilla-
tory boundary layer where the velocities in one half cycle are just the negative of the velocities in
the second half cycle, the net velocity over one full cycle is identically zero. However in a ven-
tilated oscillatory boundary layer where suction leads to higher velocities drawn nearer o the bed
while injection causes a spreading of the velocity profile with lower velocities near the bed, a net

velocity results in the boundary layer. The sense of this velocity is in the direction of the
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oscillatory flow which is subject to suction.

A mean net boundary layer velocity has been determined for the values of V for which
velocity profiles where measured. This was done by integrating the mean velocity profiles over a
height of 2 8y (3.6 cm) where 8¢ was defined earlier. This vertically averaged mean velocity was
then integrated over an entire Cycle 10 arrive at the mean vertically averaged net velocity herein
called the ventilation current <V >,. These values have been plotted in Figure 14. The line in

Figure 14 is a least squares fit for the relation <u >, /u, = qV". The best fit was found to be
- 0.6
<u>, iy =464V ", )

In this relation, the sign of <u >, is opposite the sign of V.

While the bed experiences no net stress in a purely osciliatory boundary layer, there is a
net bed stress with ventilation. This net stress is a consequence of the bed stress reduction due to
injection and the bed stress enhancement due to suction. When the two half cycles are averaged
together they result in a net bed stress. Figure 15 shows the net bed stress due to a ventlated
oscillatory boundary layer as a function of V. Here the results of Figure 9 have been used to con-
struct this plot. The points in Figure 14 represent the integrated difference in the bed stress
between the bed stress with suction and the bed stress with injection nommalized by twice the
integrated unventilated bed stress. These points therefor represent the mean net stress Over an
entire period as a percentage of the mean gross stress for the unventilated case. The solid line in
the figure is straight line interpolation between the points. The dashed line is a linear fit 1o the
first three values for ventilation which was forced 10 go through the origin. It appears that for

small ventilation (5'50.001). the net stress can be approximated by the linear relation
<>, 1< |1, | > =—420xV. (10)

Notice that this relation suggests that a 1% net stress is oblained with a ventilation parameter as

small as 2.4x107>1 It should again be observed that the direction of this net stress is in the
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direction of the oscillating flow experiencing suction.

It is worthwhile 10 consider the importance these results may hold for geophysical situa-
tions. Reid & Kajiura [1957] as well as others have shown that a gravity wave traveling through
a fluid medium over a permeable matrix will induce boundary ventilation. It can be shown that
for geophysically reasonable permeabilities, the ventilation parameter V will not exceed 1x107
and that phase differences between i and w will be O (5°) or less. This means that in general
wave driven ventilated boundary layers will produce a mean boundary current in the direction of
wave advance and with a magnitude which can be determined through a knowledge of 17 A net
stress in the direction of wave advance will be induced, with a magnitude which can be predicted
by (10). These phenomena will be Re independent over an order of magnitude of Re as shown in
Figure 11. Over the expected range of phase separation between the wave potential flow and
boundary ventilation, phase would not be expected to significantly alter these results. While
gravity waves are not expecied to exhibit a sinusoidal profile and will develop inherent asym-
metries, the results of Figure 13 indicate that for low values of V the flow will still exhibit the

above discussed behavior.

This study shows that ventilated osciliatory boundary layers will develop net boundary
velocity as well as net bed stress even in the absence of any other asymmetry. This result has
obvious implications for studies of transport in such flows. The implications of the asymmetry in
turbulence is not so obvious to predict. Figure 7 shows quite clearly that the majority of the tur-
bulence throughout the cycle, originates from the injection half cycle. Yet how this would affect
the transport of some quantity is far from clear. If transport is approximated by the product of
suspension and local velocity and the level of suspension is proportional to the instantaneous tur-
bulence levels, the argument can be made that transport would once again be in the direction of
flow during suction. This can be understood by examining Figure 16. This figure gives a time
history of the vertically averaged turbulence levels present in Figure 7. This figure which imparts

no informagion about history clearly shows that the maximum vertically averaged turbulence
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levels occur during the suction half cycle. By the above assumptions, transport due 1o turbulent
suspension would be in the direction of flow during suction even in the absence of other asym-
metries. As suspended transport under waves is a more complicated phenomenon than simple
instantaneous averages the above scenaric may be wholly inaccurate. However it does help to

demonstrate the possible ramifications these findings have for suspended transport.

6. CONCLUSIONS
A laboratory experiment was performed to test the affect of boundary ventilation on the
mean velocities, turbulent flow characteristics and bed stresses in an oscillatory boundary layer.

The results of these experiments lead to the following conclusions:

1. Boundary suction causes flow streamlines to be pulled toward the bed, leagding to higher
velocities near the bed, while injection lead to streamline spreading and reduced near bed veloci-

ties. This effect results in a mean near bed flow in the direction of the flow experiencing suction.

2. The enhanced velocity shear near the bed during suction resulted in increased bed stress

while the reduced shear during injection resuits in diminished bed stress.

3. The above affects are shown to be strong functions of the ventilation parametes V. The
bed stress is shown to be independent of Re for the range of Re tested. It is also shown that
phase dependence is small for small phase differences between u and w. The effects of suction
were insensitive to waveform shape while the effects of injection increased with increasing length

of the injection sub-cycle. This tendency was negligible for small values of V.

4. Boundary ventilation leads to a strong asymmeiry in flow turbuience. Enhanced tur-

bulent fluctuations are maintained in a thin layer near the bed with suction and turbulent diffusion



is reduced. Away from the bed turbulence levels are enhanced by injection leading to greater tur-
bulent diffusion initiated during injection. The result of these effects is enhanced vertically aver-

aged turbulence levels during suction.
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Fiush Mounted Shear Stress Sensor
Probe top view
9.4,11!"110
Sideview
Flow
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Figure 2: Schematic of the flush mounted hot film shear stress sensor showing

emplacement technique. Insert shows face of probe.
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Ensemble averaged time series of (a) centerline velocity, (b) centerline
acceleration, and (c) bed stress for the unventilated case. Dashed lines in
(c)} represent X one standard deviation in absolute terms. Solid circles are
bed stress estimates from log layer fit using £, calculated from the first half
cycle. Open circles represent bed stress estimates using k; calculated from
2ad half cycle.




Ht (em)

Ht (cm)

Ht (em)

Ht (em)

Figure

39

8r
7+ |
6F L
5F
o
SF |
21

L \ies.'/"
O 1 1 \‘N Il

-60 0

B .
7 —
S -
5 -
a4t
3t ','
2 -

L 405.7°

/
D ] 1 | S !
-60 aQ
8 —
7 =
61 1 .
St | |
‘f | ',
3 i !
21 y |
i

L 11547° ! 160.7° 180.0°
0 " E'_l_ Il L 1 i ] U

0 60 0 0 60 —-40 0 40
8 —
7 =
6 =
o E
‘ E |
3k \ | '
2k \ \ \

1}

) \ 025.7° 070.3° 090.df
0 1 [ 1 1 1 g 1 1 1

0 60 0 0 60 i 60

u(t) cm/s u(t) em/s u(t) em/s ult) em/s

5: Boundary layer velocity profiles one cycle. Solid lines are for no ventila-

tion and dashed are for V = =5x10™* (suction occurs for 0<8<180).



40

N ‘SUONTI0] JUSLLIIINSEIL O) puodsanoa 3u uo sexog “*ng,

*§3[242 JBY U2IM1I3q ANIUNULAS ANE[T 30110
jo aseyd pue d1aq 1940 wawdo(aaap Fuisoys od nowo)

JO SIUN Ul OI¢ SINOJUCD "ISBI PAIR[IUIAUR JOF 4, M\

Tom_. u._. o0 l_oﬁ 0 = Ezv S33493d z_ um<Ia
m_n

A GE IR

/l_

L
O

Q O
M N

"

O
ﬁ.
(Ww) g3ag 3A08Y LHOI3H

A
B

Q
I~

. \ -

(NOILYIILN3A ON) ‘000 = n/m YO 2o O SYNOINOD

-
o8




41

"SUOIIES0] JULINSEAW 0} puodsaiiod W3u uo saxog]

"“irigj JO SIUD UL AT SINOWCY " QIX[~= A0}, My jo aseyd pue 1y3iay 1940 Juswidolaaap Juimoys jofd oo

(c081 % 50 40} 0 = “n) 5334930 NI
Gel 06 Gv 0 Gl§ 0

ASVYHdJ
LC G2¢e

e

(NOILO3PNI = o0—0081) ‘L000—=n/M HO4 z M

40 SdNOLNOD

'L 2andng
0l 4
ML
0z @
|+
o »
80]
@
ov 5
05 m
O
09 3
3
0L ™~
08




42

*SUONITI0] JudtURINSEIW 0 puodsanrod 13U vo saxog -drwuniuedor st apeoas Wy pue
“ngj JO SHUNR U AT SINCWOD) °, OIXE— = A0} My JO aseyd pue 1yBioy 1940 Judwdoaasp Juimors 101d mojuo)

(o081 ® o0 404 0 = “n) S3I¥Y93Q NI ISYHd

. Gel 06 GV 0 GlLE Q/l¢ Gl¢e
.ﬂ.\..\ dr..ll.l\ |
4G ,.
[y ]
@
g'c
L

<77 ﬁw\m
¥

7
L =\

(NOILOAPNI = o0—0081) ‘S000°0—=n/M Y04 .. 4 A JO SUNOINOD

A

o
WA

:g 2andy|

o
O

o
-

(ww) @38 3A08Y IHOI3H



43

*$8a08 yead JO [3A3] 22uUapyuos 9466 Juasasdar
G1a%0RIg 9SED PAIR[NUSAUN 10} SSINS Paq SI AUI| YOS A JO SIN[EA SNOLIRA 10} SSanis paq pafiersae squiosug 6 amdy

(Buissouo AJ00jaA BUINBIUED + 0} — =,0) 3ISVYHd
o8l 0G! 0C1 06 09 0¢ 0
— T T T T T )
$00'0 =n/M
Z00'0 =N/M
1000 =n/M

=N/M

lg
N
L
$2000°0-=n/. TNl 7 s S
$000°0—=N/M \/ . - s/ 1ot
Foo.oln:\i ~ - -
z00'0-=n/ AN - /
¥00°0—=n/M g /
~ — {oz




2.5

<T>/<To>

1.0F

0.5

i ] | l |

0.0

—0.004

Figure 10;

—0.002  0.000 0.002 0.004

VENTILATION PARAMETER (w/u)

Time averaged ventilated bed stress vs injection parameter V. Values are
normalized by time averaged unventilated bed stress. Averages are for first
half cycle. Brackets represent 95% confidence interval based on repeated

estimates of ensemble averaged quantity. Variance 1s assumned to be a con-

stant fraction of measurement. Circles are for V<0 and boxes are for V0.
Solid boxes represent estimates based on diu/dz over the bottom 0.01 cm.

Solid line is from equation (4) and equation (5).
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Figure 11:
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Re (u.,d,/2v)

Time averaged ventilated bed stress vs Re, Values are normalized by time
averaged unventilated bed stress. Averages are for one half cycle. Lines
represent least squares fit to points. Brackets are 95% confidence interval
(See Figure 10 for discussion of computation).
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Phase of w relative to u (%)

Maximum ventilated bed stress values normalized by maximum unven-
tilated bed stress as a function of ventilation phase ¢. Open circles are for
suction, open boxes are for injection. Solid lines are expected response
assurning instantaneous response. Brackets represent 95% confidence
interval based on variance of ensemble averaged estimate.
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ASYMMETRIC WAVE FORM
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Figure 13;: Time averaged ventilated bed stress vs injection parameter V for asym-

metric wave form (symbols). The line represents results for a symmetrical
wave form (from Figure 10). Values are normalized by time averaged
unventilated bed stress. Averages are over one half cycle. The peaked half
cycle for V<0 and flat half cycle for V>0. Brackets represent 95%
confidence interval based on repeated estimates of ensemble averaged
quantity. Variance is assumed to be a constant fraction of measurement.
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Figure 15:  Average net ventilated bed stress as a percentage of average gross unven-

tilated bed stress vs V. Dashed line is linear fit to points for V<ix1073.
Brackets are 95% confidence interval.
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CHAPTER III

WAVE DRIVEN VENTILATION IN SAND BEDS

1. INTRODUCTION

Any beach which is composed of sediments of a non local origin stands as an incontro-
vertible proof of the existence of a shoreward directed force opposing the constant down slope
and hence seaward pull of gravity. The source of this forcing has long been recognized to be the
waves which shoal and dissipate on thesc beaches but the mechanism through which these waves
generate this forcing is the subject of much discussion. The role that wave driven ventilation may
play in this process is investigated in this study.

A surface gravity wave traveling in a fluid overlying a permeable bed has been predicted
to induce an oscillating flow in that bed [Putnam, 1949; Reid & Kajiura, 1957]). This
phenomenon was originally of interest to coastal engineers and scientists because it was proposed
as 2 mechanism for the dissipation of wave energy prior to breaking, More recently Conley and
Inman [1992] labeled this type of phase locked oscillatory fiow in the bed “ventilation”, and sug-
gested that boundary layer phenomenon associated with ventilation could explain an asymmetry
which they observed in the development of fluid granular boundary layer under waves. This
work reports on field observations of wave driven ventilation, compares the observations to

theory and discusses the importance of ventilation in nearshore processes.
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2. VENTILATION THEORY

In the most basic treatment of this problem we consider a fluid of depth h overlying a
bed of thickness & (Figure 1} [e.g. Putnam, 1949]. The bed is assumed to be homogeneous with
permeability K and to overlay an impermeable substrata. Flow within the bed is assumed to fol-

low Darcy’s law so that

—K 9P» —K 9p»
L LN, A1 1
poox' e TR W

Uy =
where i, and wy, are the vertical and horizontal flow in the bed respectively, pp, is pressure in the
bed and 14 is the viscosity of the pore fluid. Now substituting equation (1) into the continuity rela-

tion gives

azpb azpb
+ =0 2
ax?  o0z? @

Equation 2 must be solved subject to the following boundary conditions

Pry=p@2=0 (3)
and

wp=0@ z=-b. 4
Here p is the pressure in the fluid. From linear wave theory it is known that

cosh (kz)

cosh (kR) cos (Ot—kx) )

p=pag

where @ is the wave amplitude, k = 27t/L is the wave number, ¢ = 2n/7 is the wave radian fre-
quency and L and T are the wavelength and period respectively. The solution for (2) which
satisfies (3) and (4) is

_ __pag coshk (z+b)]
Po = "Cosh(kh) cosh (kb)

cos (Gt—kx). ©

From (1) and (6) we can see that flow is induced in the bed by the pressure field associated with
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the wave and that the vertical ventilation will be of the form
-K agk sinh [k (z45)]
=— cos (Gt—kx).
="V cosh(kh) cosh(kb) os ) N

This flow is an oscillating flow into and out of the bed and is phase locked to the wave pressyre
such that maximum flow into the bed (wp <0) occurs under the crest of the wave and maximum,
flow out of the bed occurs under the trough of the wave (Figure 2). A similar relationship exises

between vertical ventilation wy, and the horizontal wave orbital motion in the fiuid u, where

& cosh (kz)

& cosh h) S5 (O ®

Comparison of (7) and (8) shows that for linear progressive waves maximum ventilation into the
bed occurs simultaneously with maximum horizontal orbital motion under the crest (onshore
orbital motion) and maximum ventilation out of the bed pccurs simultaneously with maximurm
offshore directed orbital motion. Because orbital velocities and ventilation are in phase, the ratio

wp/uis a constant. At the fluid bed boundary (z =0), this ratio is
w
¥ o K s ianh (). )
u LY

Here v = /p is the kinematic viscosity. Inspection of (9) suggests the relative magnitudes of
wy, and u. In particular, for common wave frequencies in the nearshore, Gtanh (kb) will be
assumed to be about 1. Darcys law is generally assumed valid where the grain Reynolds number,
Re, =w,D /v, is O(1) or less where D is the grain diameter. It is reasonable 10 make u=10°
cm/s, then with v=.0lcm?/s, (9) gives wp = 10*xK. Using this in the Re, limit gives
KD g = 107%cm®. Krumbein and Monk [1942] have shown that the permeability in sands 1S
proportional to the square of the mean grain diameter. Explicitly,

K =7.6x1074D2 13100 (10

. 2
where D is in cm and O, is the deviation measure in phi units. The result is permeability in cm -
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Approximating this relation as K = 1074D? the Re, limit is now D3 = 1072¢cm’. Inorderto
determine the largest value (9) could take, we shall let Dﬁm = 10"lem? which when combined
with (10) ang (9) tells us that w,/u is O (107>) or less. Notice that the above discussion indi-
cates that (1) will be valid for grain sizes on the order of mm and smaller, This is consistent with

the findings of Gu and Wang [1991] and others.

3. EXPERIMENTAL PROCEDURE AND RESULTS

Using the order of magnitude arguments mentioned above for K and v, it can be seen
from (1) that the vertical pressure gradient in the bed is expected to be O (10%) times the ventila-
tion. It was therefore decided that ventilation in field conditions could best be determined from
measurements of the vertical pressure gradient in the bed. The procedure was to bury a differen-
tial pressure sensor in a sand bed with the pressure ports separated in the vertical direction (Fig-
ure 3). Such an arrangement results in a steady pressure differential equal to the hydrostatic head
between the two ports as welt as a fluctuating component which is directly proportional to the
ventilation. Pressure gradients due 1o the slope of the wave are effectively filtered out as there is

no separation of the ports in the crosshore direction.

The experiment was performed on 20 and 21 August 1992 near the Scripps Institution of
Oceanography pier. A Setra model 228-1 differential pressure sensor with a port separation of 10
cm was buried in the sand bed. The top port was placed 6 cm below the sand water interface. A
Marsh-Mcbimey model 512 two component electromagnetic (em) current meter and a Setra
model 280 absolute pressure sensor were placed in the water column directly above the buried
sensor. Data was collected at 8 Hz over a two and one half hour run. Five runs were made span-
ning an entire tidal cycle with mean water depth ranging from 290 to 340 cm. The local
significant wave height ranged from 50 - 66 cin at a peak wave period of 6.5 5. Sand in the top of
the bed had a mean grain diameter of 180 microns with a G of 0.55. This gives a permeability

of 12 Darcys (10x10"cm?) using (10). Cores were taken at the instrument burial site during the
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experiment and were later subject to a hydrostatic head in order to determine the permeability by
direct measurement. This technique gave a permeability of 11 Darcys which is the value used in
this work.

Figure 4 shows a typical section of time series. The 1op trace represents sea surface
elevation as measured by the absolute pressure sensor, the middle trace is crosshore orbital
motion (4) 46 cm above the bed as measured by the em current meter and the bottom trace is ven-
tilation as calculated from the differential pressure sensor measurements. It is seen that ventila-
tion is present and behaves qualitatively as predicted by (7). In particular maximum ventilation
into the bed occurs under the crest of the wave concurrently with maximum onshore orbital
motion. Likewise maximum flow out of the bed occurs under the trough of the wave concurrently
with maximum offshore orbital motion. It can also be seen that the ratio of | wp/u | is O(10™).

If equation (7) is correct then it should be possible to use (5) to predict the ventilation at
a depth —z;, from knowledge of the pressure at a height above the bed equal 10 z,. The relation

would be

__K, sink[k (b=125))
wy(2p) = n - cosh(kz,)cosh (kb)p

(2p)- (1

As the processes discussed are linear, it should be possible to construct the power spectrurn for
wp from p using (11). The only parameters in (11) which are not fixed by either the wave fre-
quency or fluid properties are the bed permeability K and the bed thickness . However as K is

used in our determination of wy, the only previously unspecified parameter in this problem is b.

Figure 5 gives the results of such a construction. The solid line in this figure is the spec-
tra of w, as calculated from the differential pressure sensor response. The dotted line is the
predicted spectra for wp, as calculated from the absolute pressure spectra and a bed thickness of
250 cm. This thickness represents the minimum average sand bed thickness known to occur in

this area. It can be seen from the figure that using this depth resulis in a significant under
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prediction of ventilation. It was found that to best match the peak of the ventilation specira, a bed
thickness of S80 cm was required. The predicted spectra using a bed thickness of 580 cm is
shown in the figure as the dashed line and it can be seen that (7) predicts the behavior of ventila-
tion at least over the energetic part of the spectrum. This thickness (580 cm) worked equally as

well for all five runs.

Knowledge of the local sediment cover indicates that 580 cm is an unrealistic estimate
of the sand bed thickness but consideration of the local beach stratigraphy may give an explana-
tion of where this value comes from. It is know that the sand in this bed overlies a cobble layer
about 50 cm thick (Figure 6). If we assume that the sand bed in this region was at its thickest
summer time configuration, a sand thickness of 350 cm is not unreasonable. Add 50 cm of cob-
ble and we have a permeable bed of 400 ¢m. This is still short of the required 580 cm but it is
suggested that this can be accounted for by considering that the permeability in the cobble layer
is much higher than that in the sand layer, The derivation of (7) assumed a homogeneous perme-
able bed of constant permeability K. Itis proposed that 580 cm represents an effective bed thick-
ness b.. That is that the two layer bed of sand and cobble “effectively” acts likes a homogeneous

sand bed of permeability K with a thickness of about 580 cm.

4. DISCUSSION

It has been shown that ventilation is present in permeable beds beneath waves and that
it’s behavior can be well predicted by simple linear theory given that the local effective bed depth
is known. It would now be useful 1o examine what significance this holds for sediment transport

and other nearshore processes.
Conley and Inman [submitted) have shown that, similarly to steady flow, small boun-
dary normal velocities can strongly affect the bed stress and wrbylent boundary layer characteris-

tics of an oscillating flow. They defined a ventilated oscillatory boundary layer as the boundary
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layer arising from a purely sinnsoidal bed parallel flow subject 1o a much smaller bed normal flow
which was also varying sinusoidally with the same period and phase as the larger low. This is
just the situation suggested by (7). It was shown that the bed stress arising from such a fiow when
integrated over a full cycle would result in a net bed stress in the direction of the fiow during the
half cycle experiencing flow into the bed. This concept can be better understood by examining
the schematic of wave driven ventilation in Figure 7. Flow into the bed under the crest of the
wave leads 1o an enhancement of the bed stress while flow out of the bed leads to a reduction in
the bed stress. The effect of this enhancement and reduction averaged over one wave cycle is to
produce a net bed stress in the direction of wave advance or an onshore directed net stress. Con-
ley and Inman [submitted] also demonstrated that the magnitude of the normalized net stress was
a function of w/u and that for small values of w/u (w/u<107>) this relationship could be

approximaied by the empirical linear relationship

<T>
_Y - w (12)

where T is bed stress, tg is the bed stress without ventilation, < > implies the time average over
one cycle and the subscript v indicates a ventilation related process. Notice that <>, is the net

bed stress. Using (%) and (12) we have

<T>, =420§o'mnh (by<|tg|> (13)

A kinematic discussion of sediment transport requires knowledge of the time history of
stress and velocity. This is clear when one considers that even the most basic sediment transport
models assume that transport is proportional to the product of velocity and stress. However from
a force bajance point of view, net stresses are very imponant in nearshore processes. As dis-
cussed earlier, the argument here states that in a situation where a sloping bed of sediment is con-
stantly agitated, a steady force must be exerted in the up-slope direction to counter balance the

down-slope force due to gravity. The net stress due to boundary ventilation is one possible



source for just such a force.

Several other mechanisms have been proposed as sources for such a force and it is of
interest here to make a comparison of the importance of some of these mechanisms relative to the
boundary ventitation mechanism. The focus of this discussion will be on the two most com-
monly mentioned mechanisms; namely the net stress arising from velocity asymmetries in the
nonlinear shoaling wave form [e.g. Grant, 1943; Inman and Bagnold, 1963] and the net stress
arising from a sinusoidal oscillatory flow which has a steady boundary current imposed on it as
would be predicted by bottom wind theory [Longuett-Higgins, 1953].

In order to arrive at a net stress, a quadratic stress relation is assumed where the

coefficient of friction ¢ ¢ is assumed constant through out the entire cycle. This is represented as
<t
WD) =p5ul) | @)]. (14)

From this, the net bed stress is seen to be

ool T,
<‘t>=-$_-?f [uldt - [ u2ar (15)
- Iy

where the period —f, <2<t, represents the portion of the wave period T over which velocity u is
positive.
To represent a shoaling gravity wave, we use the third order Stokes wave as expressed in

Koh and Le Mehaute [1966]. The wave orbital velocity at the bed is

u(t)=

=|Q

3
3 ns,cos [n (kx—ot)] (16)
n=}

where s, arc constants deiermined from @, & and / and listed in Koh and Le Mehaute [1966). It
should be remembered that the ratio of 5,/5, ) is O (€) where £ = ak «1. The technique used

to determine f, wasto set (16) equal to 0 and solve to order €2, This gives
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_1 ) fsinb®%h_ 1  sinh’kn 17
rp—ccos { o2 12 o (an

Substimting (16) into (15} results in

pug

<>y = ) E,I—_'kz

Eo(41,~TH4 i E'R—an (no'rp)} (18)
n=l nG

Eg = 57 +453495%

&1 =45152+125953

&y =s1+65153
where: £3 =455

By =453 + 65,55

5 =125,53

&6 =953

Here i, is calculated as described above.

For the net bed stress due to bottom wind, we model the near bed velocity as
U (1) = upcos(kx—ot) + <u>p (19)

The first term on the right is the near bed velocity from linear wave theory (8) where
K, = aG/sinh (kh) is the maximum near bed orbital velocity. The second term, <u >, is the
steady streaming velocity just outside the boundary layer, the "bottom wind" and is known 1o
consist of a Eularian and a Lagrangian component [Batchelor, 1985]. As we are discussing a
force balance at a fixed point, the component of interest is the Eularian term which is
(3/4)a*kc/sinh®(kh). This result comes from calculations for a laminar boundary layer and
laboratory experiments indicate that the value for turbulent boundary layers is less. Bijker et al
[1974) report that <u >, for turbulent flows is about 0.4 times the prediction from laminar
theory. Therefore, for this work the value used will be

a’ko

——ee 20
sinh®(kh) ©0)

<u>p =03
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The equation for net stress due to bottom wind can be derived using (20), (19 and (15) as well as

the fact that £, = (1/8)cos ™ (~<u >, / i), giving

2

<T>p = cf-g-i‘f [[1 4+0.18¢2 J sin~1(0.35)+0.9LV1.-0.922 ] (21)
Gk
where: = ).

The final calculation involves deriving an expression for the net stress due to ventilation.
Once again we assume a quadratic stress relationship as in (14) and near bed velocity as in (8),

Evaluating the mean gross stress (< | Tp | >) term in (13), we obtain the expression
<t>, =420 5 1anh ()it @2)

It is heipful to normalize (22) in order to separate the effects directly related to wave intensity and
those related to the ventilation process. This is accomplished by nomnalizing by the peak stress
expected without ventilation Tp,,,. Inspection of (8) and (14) show that Tmax = cjpugl/ 2. The

nomalized version of (22) becomes

<T>y
= 4205-

© tanh (kb) (23)
Tmax 2v

As can be seen from (23) the net stress due to ventilation is approximately a linear function of
frequency and permeability.

Figure 8 shows a comparison of the net stress due to these three generating mechanisms
a5 a function of grain size for a 60 cm hi gh wave traveling in 300 cm deep water. The net stress
due to the ventilation is calculated from (23) and {10} directly while the net stress due w© the
Stokes wave asymmetry and bottom wind are calculated from similarly normalized forms of 20)
and (21) respectively. Figure Ba shows the relative strengths of net stress mechanisms for wave
parameters similar to those present during the data run used to construct Figure 5. It is clear from

this figure that the effects of ventilation are strongly grain size dependent. For fine sand the net



63

bed stress due 10 the ventilation mechanism appears to be negligible relative 10 the other twg
mechanisms. For medium grain sands around 500 microns, the net stress due 10 each of the iy o
mechanisms is significant and for coarse grain sands and pebbles 1 mm in diameter or greater, neq
stress due to ventilation clearly dominates. The affect of increasing period is shown in Figyres gy
and 8c. It is seen that ventilation decreases for increasing period but is still a significant factor for

coarse grain sediments,

It is illuminating to consider what is happening when the grain size or wave frequency
are altered. Comparing (23) and (9), we see that changes in <t>, come from changes in w/y,
While linear theory indicates that changing the grain size (permeability) and frequency are the
only means to change w/u, any other process which increases this ratio will result in increased
importance of this phenomenon. One such mechanism could be the stressing of the sediment bed
by the wave orbital motion. The bed dilates as it is stressed by the orbital motior, and this dila-
tion leads to increased pore size. This increased pore size results in increased permeability and
therefore increased ventilation. Maximum stressing of the bed occurs simultaneously with max-
imum ventilation. Any experiment such as this one where permeability is measured indepen-

dently, would not detect this effect.

This limited study indicates that for fine sand the net stress due to ventilation is less
significant than that due to bottom wind and wave form. However, this does not mean that the
affects of ventilation are negligible in crosshore transport. Conley and Inman [submitted] have
shown that another of the effects of ventilation is a distuption in the development of urbulence in
the oscillatory boundary layer. Their results indicate that during suction (flow into the bed), tr-
bulence is drawn closer to the bed and maintained in a compact layer near the bed. During injec-
tion (flow out of the bed) mrbulence extends much higher into the fluid but is pushed away from
the bed so that the near bed turbulence levels are reduced. Clearly such a difference in he
development of turbulent characteristics of the boundary layer would be reflected in the sediment

mobilizing and transporting capabilities of the flow. Such 2 difference may be significant Vel



for fine grained sands. It is also important to note that the results presented in Conley and Inman
[submitted] were for a smooth and rigid permeable bed. It is not clear how the separate
phenomena identified in this work would interact and reinforce each other in the presence of an
moveable bed. The observation of an asymmetry in the development of fluid-granular boundary
layers discussed in Conley and Inman [1992] occurred in fine grained sediments. It was shown
that this asymmetry was not due to asymmetries in fluid velocity or acceleration which suggests

that the combined effects of ventilation are indeed significant, even in fine grained sands.

The analysis in this paper of the relative importance of the net stresses due to wave
asymmetry, bottom wind and ventilation assumes that their affects are mutually independent of
each other. This assumption is questionable as all affects are mutually present in nature and may
well interact in ways which can not be predicted. As an example of a likely interaction, consider
that Longuet-Higgins [1958] points out that the bottom wind results from alternate boundary
layer thinning under the crest of the wave and thickening under the trough of the wave. The
phase between the vertical velocity associated with this thickening and thinning and the horizon-
tal velocity in the boundary layer gives rise to the bottom wind. Conley and Inman [submitted)
have shown that ventilation gives rise to a similar thinning and thickening under the crest and

trough respectively and it is likely that the two affects may be mutually reinforcing,

5. CONCLUSIONS

A field experiment designed to detect the presence of wave driven ventilation in pernme-
able beds was performed. Wave driven ventitation was tested as a possible mechanism for the

maintenance of beach slope and this mechanism was compared against other mechanisms.

1. Uiilizing Darcys law, ventilation which is driven by progressive surface gravity waves is

observed in the permeable beds underneath the fluid on which the waves propagate,
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1. Progressive surface gravity wave driven ventilation in the permeable bed beneath the

fluid on which the waves propogate is observed through the ytilization of Darcys law.

2. The magnitude of this flow is well predicted by linear theory given that the local effec-
tive bed thickness is known. The effective bed thickness is assumed to relate a homogeneous bed

of constant permeability to the the true local stratigraphy.

3. The net stress arising from ventilation is found to be an important phenomena for short
period waves and medium to coarse grain beds. This net stress can dominate the stresses arising
from velocity asymmetries in shoaling waves or steady streaming velocities in the bottom boun-
dary layer.
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Figure 2:  Schematic of bed ventilation predicted by (7). Flow is maximum into the
bed under crest of the wave and maximum out of the bed under the trough

of the wave.




Field Experiment

Difierential Pressure

EM Current Meter

Sensor

and
Pressure Sensor

\

68

in the vertical only. Absolute pressure sensor and em current meter are placed in the water column directly above

Schematic of the experimental layout. Differential pressure sensor is buried in the sand with pressure port separated
the differential pressure sensor.

Figure 3
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