THE EFFECT OF BED PERMEABILITY ON OSCILLATORY BOUND ARY LAYER
FLOW

Kathryn Sparrow Dubravka Pokrajdand Dominic A. van der ‘A

This experimental study consists of a series dfsitdle experiments involving oscillatory bound&ayer
flow over an impermeable bed and a permeable betbciy measurements have been obtained through
particle image velocimetry, and the effect of bexlnpeability on the velocity profile, phase leadubdary
layer thickness, bed shear stress (as estimatéttiby the log law), and finally the resulting étion factor is
presented. For our rough turbulent flows over angable bed it has been found that the frictionofact
increased by up to 36% and that the friction faateo demonstrates a dependence on Reynolds number.
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INTRODUCTION

Fundamental oscillatory boundary layer flow hasrbeetensively researched in the past but
experimental studies, such as Jonsson and Carl$€aib), Sleath (1987), Jensehal. (1989),
and, more recently, van derék al. (2011), have mainly investigated oscillatory bougdayer
flow over impermeable beds. These experiments wenelucted over a single layer of material
that had been glued to a solid base, thereforeererglthe bed impermeable. There are very few
detailed studies that have been conducted overragable bed, despite that in the field, beds
often consist of gravel or coarse sand and thexdfar possible effect of bed permeability should
be taken into account. The practical applicatiohghis study such as coastal erosion and
sediment transport on steep gravel beaches, or atsaeuation over permeable breakwaters, are
becoming increasingly significant as our coastobexareas of conservation.

Conley and Inman (1994) investigated ventilatedillasory boundary layers over a
permeable bed where they forced oscillating suctiprinjection of varying rates through the
permeable bed. They concluded that the velocitfilpravas sensitive to the vertical flow through
the bed and found that the stream-wise velocityfilprovas either pulled closer to the bed or
pushed further away from the bed when the flow wabjected to suction or injection
respectively. The change in the velocity profilade to an increase (with suction) or decrease
(with injection) in the bed shear stress accordinglhis indicates that the horizontal flow is
sensitive to the vertical exchange of fluid thatldooccur due to the natural mixing of the
boundary layer flow and the porous flow within thexd.

There are a larger number of studies in other si@flenvironmental fluid mechanics that
have investigated the effect of a permeable betthemoundary layer. These fields, such as open
channel flows or atmospheric flows, have concludleat for permeable beds the velocity
profiles, turbulence and shear stress are signifigaifferent to the impermeable bed. These
studies have been conducted generally for steagly dbnditions with well-developed boundary
layers but similar or analogous physical processag also occur in unsteady oscillatory flow
conditions. A few studies are mentioned below.

Zagni and Smith (1976) were the first to investgapen channel flow over permeable beds
by conducting flume tests over beds that consistietead shot or steel spheres of varying
permeability. The flow conditions tested were i ttough turbulent flow regime witRe ~
O(10°). Zagni and Smith found that for the permeable bedvlocity profiles are distinctly
different when compared to an impermeable bed. fleov over the permeable bed the zero
velocity is suppressed below the surface of the, besulting in a finite slip velocity and a
significantly different velocity profile. This hagslso been supported by direct numerical
simulations of Breugeret al. (2006), who conducted a series of simulations @fdinectional
flow between two plates, one of which was permeableeir simulations showed that as the
porosity of the permeable plate increased so dichtteration in the velocity profile. The result of
a different velocity profile consequently leadsataifference in bed shear stress and therefore
friction factor. Zagni and Smith (1976) concludedttfor flows over a permeable bed the overall
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friction loss is greater than that for flow over equivalent impermeable bed with the resulting
friction factor increasing by up to 16% in theirsea The studies of Kong and Schetz (1982),
Zippe and Graf (1983), and Breugeatal. (2006) also showed a significant increase in fricti
factors of up to 30-40% depending on the porosityis increase in friction factor has been
attributed to the vertical exchange of momentumciitauses an additional dissipation of energy
across the interface between the boundary layerdiod the permeable bed.

Another conclusion that arose from the studies afrid and Smith (1976) and Zippe and
Graf (1983) is that both studies found that noyasilthe friction factor higher for the permeable
bed case but also that the friction factor increasith Reynolds number. This effect has been
further investigated for open channel flow overravgl bed by Manest al (2011), who also
concluded that the friction factor has a dependemceReynolds number. For rough bed
oscillatory flow at high Reynolds number, where flwav is classed as being within the rough
turbulent flow regime, the friction factor tendsaaonstant for a given relative bed roughness as
shown, for example, by Jonsson (1966) and Kampfi#g5). However, widely used friction
factor formulae such as Swart (1974) and Niels&®92] assume that the friction factor has no
dependence on Reynolds number so may need to Ipéeddé they are applied to flows over
permeable beds. Alternatively, a separate formuiahfe friction factor over permeable beds, one
that is dependent on Reynolds number and bed pyirosiy need to be derived.

The experiments in this study have therefore bgmetiically designed to answer, for
oscillatory flow conditions, the following researghestions:

. Is there a difference in friction factor for an iemmeable bed and a permeable bed?
. Does the friction factor for flows over permeabézlb depend on Reynolds number?

EXPERIMENTAL SET UP

The experiments undertaken for this study were gotedl in the Aberdeen Oscillatory Flow
Tunnel (AOFT) shown in Fig. 1. The tunnel is of Wb& construction, is 16m in length and has a
glass-sided test section that is 7m long, 0.75rh higd 0.3m wide with large reservoirs at both
ends to accommodate the displaced flow. A pistonjrolled by an electro-hydraulic valve, is
located at one end of the tunnel to drive the fadoily motion.

A total of six experiments were conducted, thesesisted of three flow conditions over two
test beds. The material used for the test bedsav@amsm coarse gravel with a grain distribution of
8mm to 10mm. The impermeable bed was constructad & single layer of gravel which is
glued with varnish to a 30mm thick marine plywoaabé, this has been constructed in a similar
manner to the fixed beds of Sleath (1987), Jeesart (1989) and van der At al. (2011). As
indicated in Fig. 1 the plywood base was mounted $tainless steel frame in order to raise it to
the desired height within the test section. Thameable bed was constructed from a 250mm
deep layer of the same 9mm gravel, of which thedf@mm has been fixed using a weak cement-
gravel mixture with a ratio of water:cement:grao€ll:2:67. The effect on the permeability using
this method was tested in hydraulic conductivitgtéeand was found to be negligible. This
method has also been successfully used by Steen{2@li®) to conduct swash experiments over
a rigid permeable bed.

The flow conditions were selected so that thewatiin the rough turbulent regime and in a
similar data range to the conditions of Sleath {d9&8nd van der Aet al. (2011). The flow
conditions were defined such that the flow ampktwhd therefore the relative bed roughness
remain constant throughout the set of experimdntisio allow the free-stream velocity and flow
Reynolds number to vary with the period of the flawis is to investigate how, and if, the effect
of bed permeability is also related to the flowipdrand Reynolds number, as well as directly
comparing the impermeable and permeable bed cases.

The flow conditions are detailed in Table 1. Flogripds are 5, 6 and 7 seconds. The orbital
amplitude,a, has been calculated from the measured free-stvetonity time series using =
V2 Ugrms/ @, Whereugsis the root mean square of the free-stream velacitio = 27/T, where
T is the flow period. Reynolds number is givenRg = Wmaxa / v, WhereUpmax is the maximum
free-stream velocity and is the kinematic viscosity of water, equal to X1@° m%/s for the
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present study. The relative bed roughness is adklasa/ks whereks is found from the
logarithmic fit to the measured velocity profiles.
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Figure 1: Aberdeen Oscillatory Flow Tunnel (adapted from van der A (2010)

Table 2.1 Flow conditions

Flow ID a(m) ks alks T(s) Uo(m/s) Re (x10°)
FC1 0.78 0.014 56 5 0.94 6.5

FC2 0.78 0.014 56 6 0.80 5.6

FC3 0.78 0.014 56 7 0.70 4.9

Velocity measurements

The main method used for measuring the oscillaftow velocity was Particle Image
Velocimetry (PIV). PIV is an optical non-invasiveeasurement technique that was used to
obtain the horizontalu) and vertical \{)) component of a 2D flow field in the middle of thest
section across the tunnel centerline. Here thedeiMp consists of a New Wave Solo 11l double-
pulsed Nd:YAG laser, a Dantec Dynamics 80N53 tilmex, Flowsense 2M 1600 x 1200 pixel
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CCD camera, all controlled by Dantec Dynamics Stusdiftware. The water was seeded using
20um titania coated hollow glass microspherestihat a relative density of 1. PIV essentially
captures image pairs of the seeding and througtsaorrelation tracks its displacement between
the two images providing a representation of tlwevfl For this study pairs of images were
obtained at a rate of 15 Hz, with the images inaar fpeing taken 1000us apart. Two
measurements areas were established, measureraant A1) is 120mm high and 160mm
wide, this is sufficiently high to capture the eatboundary layer and the free-stream velocity.
Measurement area 2 (MA2) is only 30mm high and 40wide, this set-up allows for a higher
resolution so more detailed measurements near ¢dechn be obtained. These measurement
areas are split into smaller interrogation areaspfocessing the velocities. The interrogation
areas are 1.6mm (h) by 3.2mm (w) for MA1 and for Mihe interrogation area is 1mm (h) by
1mm (w). The resulting velocities have then beeaspkaveraged over 50 flow cycles, and
spatially-averaged across the PIV measurement windo

RESULTS

Velocity Profiles

Fig. 2 illustrates a comparison of the velocity f)es over the impermeable bed and the
permeable bed at 30° phase intervals for condii@l, where the free-stream velocity is
0.94m/s, the period is 5s and the orbital amplitigl®.78m. The velocity profiles in Fig. 2
display the key features of oscillatory boundaryeftaflow, such as the velocity overshoot, a
feature where the velocity in the boundary layergisater than the maximum free-stream
velocity and it can also be seen that the expguiede lead exists in the flow, whereby the near
bed velocities are ahead of the free-stream vgtoitits will be shown in more detail in the next
section. However, the most prominent feature in. Rigs that the velocity profiles over the
impermeable bed and the permeable bed are digtidifierent, particularly near the bed.
Throughout the whole cycle the velocity near thd iselower for the permeable bed compared to
the impermeable case. This suggests that the mehvdiocities are retarded by the presence of
the permeable bed. This was also noted in the iet¢tibnal study of Breugerat al. (2006),
who attributed the reduced velocity to the vertieathange of fluid between the boundary layer
and the porous flow which created a higher resitgtan the stream-wise flow. This could also
apply to this study with the permeable bed allowfimgan exchange of flow, which cannot occur
for the impermeable bed case. Alternatively, thi#fedince in the velocity profiles can be
attributed to a potential difference in phase lbativeen the two cases in the near- bed region,
this is reviewed in the next section.

Fig. 2 also illustrates that the presence of #meneable bed seems to affect not just the flow
closest to the bed but the entire lower 10mm of ibandary layer, creating a significantly
different velocity profile in this region. Whilshé velocity profile for the impermeable bed tends
to zero as the elevation from the bed decreasespehmeable bed profile displays a distinctly
different feature. For the velocity profile overetipermeable bed an inflection in the velocity
profile exists, this is a common feature of atm@smghboundary layer flows over vegetation
canopy, which are usually described using a mixaygr analogy (Finnigan, 2000; Raupasth
al. 1996).

In addition to these points Fig. 2 further showattthe difference in the velocity profiles
near the bed is more pronounced during the acdmigratages of the flow, so whéefil is
between 0-0.25 and again wh#his between 0.5-0.75. During the decelerating stagi@ent/T
is 0.25-0.5 and 0.75-1, the two cases exhibit dlaimelocity profile. The reason behind this has
not yet been investigated, but this could be linkedhe turbulence developing near the bed
during the accelerating flow, which enhances theingi of the flow between the boundary layer
and the porous flow, thus hindering the stream-wistocities. As turbulence is known to
dissipate away from the bed in the decelerating,fllhe mixing at the interface could reduce,
hence leading to the noticeable difference in theekerating and the decelerating velocity
profiles.
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Fig. 3 demonstrates the velocity profiles for &liee flow conditions, thus allowing the
effect of bed permeability to be compared for vasidReynolds numbers. Condition FC1 is
shown at the top, this flow condition has the hgjhigee-stream velocity, highest Reynolds
number and the shortest period, FC3 is shown abdte®m, this has the lowest free-stream
velocity, lowest Reynolds number and the greatest period. It can be seen that as the flow
period increases and the Reynolds number decrdasegference between the impermeable and
permeable velocity profiles becomes less pronoun€his suggests that the velocity difference
between the impermeable bed and the permeable dvazb with Reynolds number and that for
higher Reynolds numbers the inflection within thefie for the permeable bed is greater. This
could be attributed to a higher level of turbulerao®d therefore an increase in the vertical
exchange of the fluid. Alternatively, the sepanatid the flow over the individual grains could be
occurring at an earlier point, creating a thickemi-induced sub-layer which could lead to the
differences in the velocity profile. These points atill to be investigated in further detail.

Phase lead

The phase lead), for laminar flow over a smooth bed is 45° near bled and this is known
to decrease with turbulence and the presence ofighrbed. The phase lead for our sinusoidal
flow conditions is calculated as the phase diffeeetvetween the phase of the free-stream
maximum velocity, and the maximum velocity withimettime series at the different elevations,
this is shown in Fig. 4.
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Figure 4: Phase lead against elevation above the be d (z) for the impermeable and permeable bed.
FC1(left), FC2(middle) and FC3(right).

The profiles in Fig. 4 show that in the lower 30rtine phase lead for the permeable bed is
constantly greater than the phase lead of the impable bed. This trend is consistent and
applies to all flow conditions with the phase diéace between the two cases is shown to be 5
for the flow nearest the bed. This suggests trantgar bed flow for the permeable bed is ahead
of the impermeable bed, even though the free strealocity over both beds is perfectly in
phase. Therefore, time-dependent features of boynidger flow, such as boundary layer
thickness, bed shear stress and also the onsethefiénce could potentially occur ahead of the
same features in the impermeable bed scenario.5Fhpbase lead can also lead to the noticeable
differences in the impermeable and permeable bkxtite profiles that are illustrated in Fig. 2
and Fig. 3. This higher phase lead also indicdtas the turbulence within the boundary layer
and particularly near the bed is potentially lovi@rthe permeable bed than for the impermeable
bed.
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Boundary layer thickness

The boundary layer thicknesé, is defined in this study as the elevation frora ted at
which the velocity defect, which is calculatediagz,t) = uy(t) —u(z,t), is equal to 5% of
Uomax A value of 5% has been chosen as opposed tetoenmended 1% threshold to allow for
experimental scatter within the results as adopte®leath (1987) and van dereh al. (2011).
Defined this way the boundary layer thickness carillostrated throughout the flow cycle as
shown in Fig. 5 for both the permeable and impebigededs for the three different flow
conditions. It can be seen that the permeable hedlslightly thicker boundary layer throughout
the flow cycle, in particular at the start of thezalerating flow. The difference in boundary layer
thickness throughout the cycle is approximatelynd¥§ this is about 0.33- 0.6, It can also be
noted that the development of the boundary layter #bw reversal for the permeable bed occurs
slightly ahead of the impermeable bed boundaryr|aiés supports the earlier discussion on the
differences in phase lead for the two different bases.
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Figure 5: Boundary layer thickness throughout the f low cycle for the impermeable and permeable bed.
FC1(top), FC2(middle) and FC3(bottom).

Bed Shear stress

The bed shear stress is one of the most importastipal applications of this study as it is
this that ultimately impacts erosion and sedimearigport along with wave attenuation. Here the
shear stress has been estimated using the loghlavsimilar manner to Sleath (1987), Jensen
al. (1989) and van der At al. (2011) who all showed the existence of the lobarit layer for
large sections of the flow cycle. For rough waluhdary layers the log law can be expressed as:

uziln(”le (1)
K\ %

where u. is the friction velocity,x is von Karman constank=0.4, z is the bed-normal
coordinate starting at the roughness crd'stlefines the position of the so-called zero-plame,
zero-plane is located at distande below the roughness cregt £ -d’), andz, = kJ/30 is the
roughness length scale.

Eqg.1 has been fitted to the instantaneous velquitfiles to estimate the shear velocity
throughout the flow cycle. The zero plane off&Bt,has been first calculated from the velocity
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profiles and averaged over the three flow cond#i@s 2.4mm for the impermeable bed and
1.3mm for the permeable bed. This means that ferpgrmeable bed’=0.14ds, and for the
impermeable bed’'=0.27s,. These values were kept constant in the subsegorend of fitting.
The log profile should be fitted to the region abakie bed, away from the direct influence of the
roughness elements and is contained within the tanhsstress layer. To allow for these
conditions to be met the log profile has beenditie the region where+d’ > 0.2k andz+d’ <
(0.2-0.3Y as per van der A&t al (2011). The fit has only been accepted when treetation
coefficient is greater than 0.95 and the fit isntore than 4 points. Fig. 6 shows the resulting
shear velocity (top) and the resultikgvalues (bottom) for both the impermeable bed doad t
permeable bed for the FC1 flow condition. The shedocity is greater for the permeable bed
than for the impermeable bed during the accelagastages of the flow and similar for the
decelerating stages, which corresponds to theeeaicussion. It can be seen tkavalues are
approximately s, for both the permeable and impermeable cases.

°  Impermeable Bed
* Permeable Bed

02 esette B
Se
N se,,
o° AT
0.1~ o 0% Tu, B
N . °e,
R ]
£ Ofee '.5683..'. o
~ o 000 ®
= !S o ° ...333
01f t. o o §°35,4%°%" 7
cee ooo.‘o'! .
noeg'o.
-02- =
| | |
0 0.25 05 0.75 1
10 \ \ \
8- ° . -
.
g 6 . 7
=
=" g4l . . i
.
2 2e¥8%835,°, 0 . . 000308 %e8ag 0, oo . .
ol Selgee . . o stes, Cecec o 60
0 0 \ $sc°%e l bl o oy et
0 0.25 05 0.75 1

Figure 6: Top: Shear velocity throughout the flow c ycle for FC2 for both the impermeable and
permeable bed. Bottom: corresponding k s throughout the flow cycle.

The normalized bed shear stresss pu?/pU¢Z, throughout the flow cycle is illustrated in
Fig. 7 for the three different flow conditions. Ttog of the figures shows the flow condition FC1
with the highest free-stream velocity, the higheeynolds number and the shortest flow period,
and the flow condition that has the lowest velogityd Reynolds number but the longest flow
period, FC3, is at the bottom.

It can be seen from Fig. 7 that during the accéteggarts of the flow the bed shear stress is
greater for the permeable bed when compared tointipermeable bed, but that during the
decelerating flow sections the two are very simildnis supports the differences in the velocity
profiles seen before and can also be supportetieoditference in phase lead, with the near bed
velocities of the permeable bed beingabead of the impermeable bed, leading to an earlie
development of bed shear stress. It is also irtiageso note that this difference increases with
increasing Reynolds number. The peak bed sheassuaues for all the flow conditions are
shown in Table 2. Here it can be seen that theaedistinct difference between the impermeable
and permeable bed and that the difference is lafgeflow FC1 which has the highest Reynolds
number. For FC1 there is a 21% increase in the mamxi shear stress for flows over the
permeable bed when compared to flows over the impable bed, FC2 has a corresponding 9%
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increase and FC3 only has a 3% increase. Thideaattributed to the enhanced exchange of
fluid providing a greater resistance to the hortabwelocity near the bed as was seen in the
velocity profiles. Essentially, with increasing Reyds number, the exchange of fluid between
the boundary layer and the porous bed increasesftre providing a higher resistance to the
horizontal flow which causes a steeper velocitydgmat and results in larger bed shear stress.
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Figure 7: Bed shear stress from log law fitting thr

oughout the flow cycle for both the impermeable and

permeable bed. FC1 (top), FC2 (middle) and FC3 (bot tom).
Table 2: Maximum Bed Shear Stress
Shear Stress (N/m?)
Flow ID
Impermeable bed Permeable Bed
FC1 37.2 45.2
FC2 23.3 25.4
FC3 16.9 16.2

Friction factor

The bed friction factor is important because i imeasure of the magnitude of stresses that
are brought about because of the presence of ttheobethe flow. The friction factor can be
calculated from the measured maximum bed sheafraaegstream velocity as follows

_ 2Tb, max

f = bmax
Plax

w

)

Fig. 8 displays the friction factor for the thréew conditions for both the impermeable bed
and the permeable bed. It can be seen that th®fritactors for the impermeable bed tend to a
constant when the flow is in the rough turbulegimee. For the same flow conditions the friction
factor for the permeable bed is higher for FC1 BG&. Here the fiction factor is greater by 11%
for FC2 and 36% for FC1 for the permeable bed oaken compared to the equivalent
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impermeable bed. This means that for the permehbte the friction factor increases with
increasing Reynolds number in the range of Reynolasbers where, based on the impermeable
bed results, it would have been expected to betannsThis is a similar phenomenon that was
noted during the uni-directional flow investigatioof Zagni and Smith (1976), Zippe and Graf
(1983) and Manest al. (2011). Mane®t al (2011) suggested that the increase in frictiatofa

is due to the increase of momentum penetrationinvithe permeable bed with increasing
Reynolds number.

This finding however goes against the current ustdeding of friction factors under
oscillatory flow conditions as suggested by Jon44®66), Swart (1974), Kamphuis (1975), and
Nielsen (1992) whose formulae are widely used iastal engineering practice. It seems that
these formulas are therefore not applicable tolpigirbulent flows over permeable beds such as
cobbles, gravels and coarse sands. However, dgheelinited range of the experiments in terms
of bed material and also flow conditions, the &xtent of this phenomenon is not yet known.
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Figure 8: Maximum friction factor against Reynolds number for the impermeable and permeable bed.

CONCLUSION

A new experimental study is presented involvind-$ghle oscillatory boundary layer flow
over permeable and impermeable rough beds. Higblutgsn velocity measurements were
obtained using PIV for a variety of flow conditionEhe following conclusions are drawn from
the study:

e The velocity profile for flow over a permeable bisdsignificantly different than velocity
profile over the impermeable bed with identicalface roughness. For the permeable bed,
the profile exhibits an inflection point at the badface and lower near-bed velocities.

. Near-bed flows over the permeable bed have up %dlarger phase leadnd develop a
marginally thicker boundary layer throughout theley compared to equivalent flows over
the impermeable bed.

. For the range of flow conditions investigated imsthtudy the shear stresses and friction
factors were up to 36% higher for flows over thenpeable bed. For Reynolds numbers
higher than those investigated in this study tifieceéf permeability is likely to increase.

. Friction factors for flows over a permeable exhihitdependence on the flow Reynolds
number and so subsequently increase with increaBegnolds number. This differs
significantly from the friction factor behavior féhe same flows over an impermeable bed,
where the friction factor remains constant withré@asing Reynolds number.



12 COASTAL ENGINEERING 2012

These findings have direct implications for the iaegring models used to predict coastal
erosion and sediment transport on steep gravehlesaor for wave attenuation over permeable
breakwaters.
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