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A porous bed setting with synthetic spherical beads of 7.0 mm was investigated in a flume bath. The 
cavity region of the flat plate was attached to the oscillatory mechanism in the flume bath where plume 
activities were monitored during the experiments. During the oscillatory flow, the crest of roughness 
elements induce elevation zones to force (advection) the flow upwards and pull it down at the trough 
phases as the tracer plume scales over the obstacles, establishing low and high pressure zones in the 
flow. The enhanced particles in the process mix and dissolve or decay faster with increasing oscillatory 
frequency, resulting into inter-particle collisions that initiate the conditions of advection and shear 
dispersion. Earlier studies had attributed the pressure build-up as a consequence of the oscillatory 
mechanism. It was affirmed that the fluid’s kinetic energy penetrating the porous medium increases 
with Darcy number which is dependent on the geometric structure of the roughness elements. This 
study viewed the phenomenon as a combination or coupling of the processes of gradient fluctuation 
enhanced through dispersion due to pressure forcing in and out of the macroscopic pore-fluid field 
caused by the oscillatory motion. The lightening as the dye-particles cascade in the porous medium 
can be associated to mixing-gain due to the enhanced oscillatory motion. Hydraulic conductivity was 
considered to increase with increasing pore-size and rates of tracer particle interactions within the 
cavities. Increasing the depth of tracer-blob entrapment also affected the friction velocity to decrease 
relatively. As the position of the tracer blob is shifted through the porous preforms from the top 
towards the bottom, the friction velocity increases with the oscillatory velocity. 
 
Key words: Interstitial hydraulic, near-wall-flow, oscillatory rig, Plexiglas, porous flatbed.  

 
 
INTRODUCTION  
 
Parameters for roughness characterization vary in 
hydraulic engineering literature. The symbol k generally 
describes the absolute height of the roughness elements; 
however, the equivalent sand roughness ks is often used. 
Bagnold (1946) may have pioneered the influence of 
roughness amplitude (ak) in view of the drag coefficient 
envisaged at coastal beds, experimentally developing 
mathematical expressions to describe its effects (drag 
coefficient) on rippled beds. Lhermitte (1958) observed 
the inception of turbulence by tracking fluctuating dye 
traces of plume  particles  in  an  oscillatory  (wave)  tank. 

Another researcher (Fredsoe, 1984) used wave-current 
motions to track sediment mobility rates while other 
researchers (Mathis et al., 2009) showed that at 
Reynolds numbers >160, all boundary layers become 
turbulent. Some researchers (Nielson et al., 2001) used 
sand-roughened beds to show the effects of infiltration 
while studying sediment migration. Under low velocities 
sediment oxygen demand (SOD) can be related to the 
quantitative effects of the diffusive boundary layer region 
(Nakamura and Stefan, 1994). Mackenthun and Stefan 
(1998) confirmed  that  SOD  increases  linearly  with  low  
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Figure 1. Schematic of the reconstructed set-up (Flume) for the oscillatory rig experimentation. 

 
 
 
water velocities, which in turn depend on three factors (i) 
wall type (ii) bio-benthic layer, and (iii) ambient 
temperature. Svensson and Rahm (1991) used the 
benthic sub-layer to study water quality and mass 
transfer problems due to dispersion mechanisms over 
thin vertical interfacial layers. Others (Shams et al., 2003) 
investigated the near-edge flow domain of a porous 
medium by introducing shear-flow across arrays of rods 
to obtain the flow pattern within, using a particle 
tracking velocimetry (PIV). Their work affirms that a 
secondary motion arise during the shear flow in the 
square array of rods, which is capable of heat and mass 
transfer between the first and second rows except a 
contaminant is trapped during the flow. 

Infiltration, according to some researchers (Nielson et 
al., 2001, Suga and Kuwata, 2014; Suga, 2016), has no 
main effect on the migration direction of bed-sand except 
to reduce their effective transport. Other researchers 
(Obhrai et al., 2002) investigated infiltration using 
acoustic backscatter sensors (ABS) to monitor sustained 
wave induced re-suspension processes. 

Stansby (2003) observed that in a turbulence based 
two layer mixing-length model, the horizontal diffusion 
scale (length scale) is a multiple of the vertical mixing 
length scale, implying that horizontal and vertical mixings 
due to applied pressure gradients are responsible for the 
eddy viscosity. A study involving oscillatory-grid aided 
turbulence by An and Chen (2004) has also shown the 
phenomenon of turbulence-driven diffusion.  

Pore-water hydraulics due to advection clearly 
necessitates the transport and distribution of trace metals 
and nutrients in permeable beds with grains > 10

-12
m

2 

(Huettel   et  al.,  1998).  Some  researchers  (Davis  and 

James, 2003; Shim and Duan, 2017) investigated the role 
of the interior rows of the porous medium in dissipating 
energy where it was shown that the slip velocity is 
dependent on the hydrodynamic resistance of the surface 
elements and not the inner layers. 

This study aims to show some of the behaviour of 
potential grain movement (mean velocity and pressure 
fluctuations) at the interface of water/glass beads vertical 
profiles, which is a water quality and mass transfer 
problem. The phenomenon of molecular and enhanced 
diffusion (advective) of contaminants in fluidized porous 
system phases will be studied and then the conditions 
affecting the flow stream parameterized.  
 
 
EXPERIMENTAL SET-UP AND PROCEDURE 
 
An open-to-air experimentation water tank with external 
steel dimensions 300.0 x 100.0 x 60.0 cm

3
 (Figure 1) with 

moving frames was modified out of an existing flume. An 
oscillatory scotch-yoke mechanism (oscillatory rig) was 
mounted on the tank to enable the use of a charge 
couple device camera (CCDC) for flow measurement. 
The Scotch-yoke mechanism converts rotational motion 
of the disk to oscillatory translation. A flat plate with 
external dimension 120.0 x 11.3 x 3.2 cm

3
, internal 

dimension 98.0 x 10.0 x 2.2 cm
3
, edge dimension 11.0 x 

11.3 x 1.0 cm
3
 and with volumetric dimensions of 20.0 x 

10.0 x 2.2 cm
3
 were incorporated to seat on the 

oscillatory rig. The plate was balance fitted with roughly 
large synthetic spherical Plexiglas beads of size 7.0 mm, 
such that the height above the steel tank bottom 
measures 8.0 cm 
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Figure 2. Parameter scaling configuration. 

 
 
 
Experimental procedure 
 
Potassium permanganate (KMnO4) crystal of molecular 
weight 158.03 and density 1450 kg/m

3
 was used as a 

passive dye-tracer. It is dark violet in color when dry, with 
fine pin-point (needle-like) shape, and soluble in water. 
Some 0.05 g of the dry KMnO4 was scooped to a flat 9 
mm

2
 shape of cotton-wool and wrapped into a small ball 

(diameter < 5 mm) with a finger tubi-grip material. 
The KMnO4 ball is trapped into the porous cavity (point 

source) on the flat plate. The trap position is varied from 
the top to the near bed as the oscillatory speed is 
regulated with time. Water is introduced into the tank and 
allowed to stabilize. The tubi-gripped KMnO4 crystals 
dissolve and settle onto the bed being denser, prior to 
inception of the oscillatory movement. The air pressure 
valve was then released, and the speed regulator set 
starting from 0.5 m/s. The oscillatory rig responds at 0.22 
m stroke length. The two black stripe marks on the 
external wall of the flat plate (which holds the porous 
elements) indicate the center of oscillation. The level of 
the water in the tank was varied from 20.0 to 40.0 cm.  

Three periodic records were made successively and 
averaged for each regulated speed dial engaged in every 
one cycle of oscillation after the system attains harmonic 
levels (Krstic and Fernando, 2001). The speed counter 
was varied manually between 0 (zero) and 4.0 m/s which 
automatically regulates the percentage revolution per 
minute (% RPM) of the oscillatory motions in the course 
of the experiments. The Plexiglas frame of the tank 
opposite the test-window was curtained and the overhead 
light source dimmed to reduce lighting source that may 
have direct effect on the CCDC lens by reflection, to 
account for more contrast of the glass beads. A total of 
about seventy (70) averaged results were analyzed. 

Plume dispersion visualization  
 
Figure 2 represents digitized flow vector maps (1 and 2) 
of some of the visual tests recorded to a video cassette 
recorder (VCR) via the CCD camera attached to the 
moving frame, which oscillates with the rig. The 
oscillating flat plate was viewed through a test Plexiglas-
window with dimensions 85.0 x 42.0 cm. The lens of the 
CCD camera was positioned at about 4.0 cm at mid-point 
from the external Plexiglas-window. The factors 
responsible in the oscillation-driven mass transport 
(advection) of decaying plume front from the trapped 
point-source contaminant (KMnO4) were considered. The 
flow through the well magnified pore-lines and sediments 
geometry (7.0 mm Plexiglas balls porous layers) as well 
as the shear effect on the Gaussian-spread at the 
interface were visualized and described (Figure 2). As the 
shear stress in the interstitial medium (high hydraulic 
conductivity) increases with oscillatory velocity, the 
diffusing plumes of the contaminant matter takes to a 
Gaussian-spreading (Einstein, 1905) just above the 
surface of the porous elements and gradually increases 
with distance away from the structures in the direction of 
flow. The height of the porous elements (roughness) and 
plumes were marked as HR and HP, respectively. 
 
 
Wavy parameter evaluation and scaling of CCDC 
plume events  
 
The plume parcels visualized in the free-fluid phase 
above the roughness elements in the mean direction of 
oscillatory flow were assumed to represent floating 
particles of the passive test substance. These images 
were transferred  from  the  VCR  analogue  tapes  into  a  
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Figure 3. Analytic scheme of the fluid-porous assemble used with the CCDC. 

 
 
 
Sony DV Camcorder DCR-PC55E and later digitized by 

copying into computer using i•LINK (IEEE1394) cable 
connector. The images of the plume parcels were then 
digitally enhanced and tracked from pre-, and through 
post-flow initiation stages. The Arc Soft Showbiz 2 
software, a professional video image sequencing 
application, was used to digitally process the CCDC 
video clips. It has VGA resolution capture capabilities 
with sharp contrast and detail. The motions of the plume 
parcels were tracked along the vertical flow fields and 
measured just above the water-porous elements interface 
aided by millimetre markers on the Plexiglas test-window 
pane relative to their respective trap-posts. The ratio of 
plume height to water height changes with the rates of 
oscillatory motion while the ratio of roughness height to 
water height and free fluid to water height are constant. 
The visual area of interest here is the plume parcel 
displacement from the trap-posts to and above the 
interfacial layer. Plume parcels were therefore followed 
from the trap-posts per complete cycle of oscillation and 
with increasing flow rates. 
 
 
Mathematical analysis 
 
Figure 3 shows the arrangement of the bed material 
(spherical Plexiglas balls) and flow across the divisions of 
the set-up. The governing equation related to the influx in 
the roughness medium at steady state may take the 
Darcy velocity form:  
 

( ) ( )zψ ψ= − ∇ +q K     (1) 

 

Where h= − ∇q K  for x-z heterogeneous plane of the 

porous elements, p gψ ρ= = pressure head, ( h z= ) = 

elevation head. Assuming isotropy, K (hydraulic 
conductivity)   may   be   defined  as   a   function   of  the 

pressure head ( )ψK . 

The boundary conditions in this case relates to a well 
distributed instantaneous tracer source bounded by 
 
���

��
� 0 at z = h1 + h2     (2) 

  
 

and  
    
���

��
� 0 at z = 0    (3) 

 

where 1h = height of the water only column, 2h = porous 

preform (roughness)-in-fluid region medium.  The flume 
medium has the fluid phase and the porous material-in-
fluid region. The steady and progressive transfer of mass 
at the porous-fluid interface may be described by the 
condition 

 
��

��
	for 	
� �  � 
�.    (4) 

 
For the initial conditions, the mass concentration fields in 
relation to both regions may be described by their 
respective compressibility constants as 
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The compressibility constants are assumed equal if tracer 

mass are found in both mediums (i.e., 1α β= = ), but  0  or 



 
 
 
 
1 respectively depending on whether the region tracer 
mass is present. 
 
The velocity describing the mass distribution in medium 
(1) may be related to the form: 
 

2

* 2 2

1 *

1 1

( ) 0.5
0.077

s

u z h z h
u z k u

h h

  − −
 = + −     

  (7) 

 
The assumed uniform flow profile from the interface to 
the porous medium takes the form (as in Engelund, 
1970): 
 

( )2

2 0( )
k z h

u z u u e
−

= +     (8) 

 
 
Fitting of the flow parameters 
 
Referring to Figures 2 and 3; Hz = hplm = height of plume 
from porous bed, HP = h2 = porous depth, hf = h1 = fluid-
only phase, H (=Hw) = h1 + h2 = total depth, hplm/Hw = ratio 
of plume height to total depth, TP (= trap position of the 
contaminant blob), hf/Hw and h2/Hw are constants. The 
cavity region is the visual monitoring area of interest, 
such that the displacement of the plume parcels along 
the vertical away from the TP was tracked with time using 
Arcsoft Showbiz 2. For porosity determination, the flat 
plate used was partitioned into two panels. Total volume 
of plate is 1320 m

3
, and for the 7.0 mm arrangement as 

example, the width = 98 mm, length = 595 mm, depth = 
21 mm. So the volume occupied by the Plexiglas balls 
(pore volume) divided by total volume estimates the 
porosity to 0.7130. 

The measured variables were the variable vertical 
plume heights, hplm, the maximum velocity, um applied, 
and time, (T=2t) records. At least five (5) tests were 
performed on each experiment case and then averaged. 
The estimated variables were the amplitudes of the 

plumes,
m

u T/2a π= , amplitude Reynolds number,

m
u a /

a
R ν=  , boundary layer depth Reynolds number,

( )
1/2

a
2RRδ = , a/ks ratio where ks = Nikuradse 

roughness height given as twice the median grain 
diameter. The hydraulic conductivity, K was defined as 
the product of flow velocity, um and hydraulic gradient, 
where um = q/A (q = volumetric flow rate (v/t), and A = 

cross-sectional area) such that ( ) ( )v
tK L Ah= , 

where v = volume of the cavity, L = length of the cavity, t 
= time taken for half-oscillatory period, T/2, h = half of the 
cavity. Using the friction velocity due to the bed,

2

* v

b

du
u

dz
ε=

was estimated where u z du dz u h∂ ∂ ≈ ≈ is the spatial 

vertical velocity gradient,  where h z≈ . ( )
2

2w mf u u∗= (=  
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friction factor or wall friction). Since a length scale exists 
that is proportional to the separating distance from the 
boundary, upon which the turbulent stresses act on, 
Prandtl and von Karman’s notations are incorporated into 
the friction velocity equation to obtain the wall equation 

*

0

ln
u z

u
zκ

=
.This may be expressed in the form of equation 

of a line lnu m z c= + , where *u
m

κ
=  and

( ) 0lnc m z= − . The von Karman’s constant κ (kappa = 

0.41) describes the turbulent momentum exchange 

coefficient. 0z  represents a constant of integration which 

is related to the “hydraulic” boundary friction/roughness 

length, such that the velocity
0

30

s

o

k
u z
 

= → 
 

essentially 

laminarizes near the wall, the region where viscous 
forces dominates. 
 
 
RESULTS AND DISCUSSION 
 
Velocities relative to plume flow depth above the 
boundary layer 
 
The position of the tracer blob trapped within the cavity 
region was varied at distances 0.021 m, 0.014 m, and 
0.007 m off the flume bed for the 3x7.0 mm plexi-ball 
stacks. The porosity was estimated at 0.7125. The flow 
depth of the travelling plume parcel was tracked within 5 
rpm periodic intervals of time. Measurement was taken 
vertically away from the roughness bed region, aided by 
millimeter-squared graphic transparencies. The flow 
distance was measured across the longitude of flume 
cross-section within the cavity area. 

At each depth of entrapment, mean oscillatory wave 
was transmitted across the cavity of the roughness 
elements such that the crest of the plume fluctuation 
height along the longitude of mean motion is tracked and 
recorded. Also, the velocity record was obtained varied at 
intervals of 0.5 m/s up to 4.0 m/s at every oscillatory time 
interval. The oscillatory events were also monitored with 
a stop-clock and recorded. The still water level in the tank 
was stabilized at a maximum height of 0.40 m.  

The averaged heights of the plume ( )plm
h above the 

roughness surface varied between 0.005 to 0.01 m 
through the oscillatory speed records for the blob 
entrapment at 0.021 m above bed. The plume data 
obtained were statistically managed by taking the plume 
heights and averaging relative to the water depth. 
Velocity profiles were determined for each flow depth and 
then fit to the law of the wall. The parameters obtained 

theoretically, *u and
s

k were used to determine sk
+

, etc., 

to characterize the flows across the boundary layer 
region, and some are represented graphically. 
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Figure 4. Velocity profile of plume trapped at roughness surface (0.021 m) above wall. 

 
 
 
Roughness test for element size 0.007 m 
 
Tracer blob at surficial trough 0.021 m 
 

The averaged relative heights of the plume, 
plm wh H  

(dimensionless) varied from 0.013-0.025 during the 
period of oscillation, as the velocity was regulated from 4 
to 0.3 m/s respectively. The curve in Figure 4 illustrates 
that the flow near the bed may be controlled by quasi-
equilibrium in turbulent kinetic energy (TKE), which 
balances the dissipation in the rough cavity. This implies 
that TKE rises to a maximum as the velocity becomes 
higher being sustained by diffusion. This behavior 
increases the length scale with distance away from the 
near-wall region. The fitted parameters in this category 

include κ = 0.41,
30

sk = 0.2613, *u =0.0101 m/s and 

roughness height,
plmRh z= = 0.0177 (m). 

Estimates were also made for the amplitude Reynolds 
number in this case (2.367x10

3
) and the Froude number, 

5.7783x10
-3

. The mean velocity input from 
experimentation was 0.076 m/s. The ratio of the 

roughness height to the friction length, k
+

is shown in 

Figure 4, indicating fully rough flow. The profile of the 
curve shows the influence of the effect of rough bed 
material region as it moves away towards the outer 
regions. At the bed region, the curve seems to deviate 
from the logarithmic behaviour. A repeat of this 
characteristic behaviour was also likely as the plume 
approaches reasonable heights above the roughness 
elements unto the near surface regions. Figure 4 also 
shows this influence of the rough elements as the time 
averaged velocity  profiles  increase  with  distance  along 

the vertical cross-section of the rough cavity domain; that 
is, away from the surface of the rough elements. The 
reality of this situation is seen from the fitted curve as it 

intersects the plume axis at some finite value (
plm wh H = 

0.26) close to the roughness surface where the velocity 
profile loses its direct proportionality character with the 
vertical plume-axis. The reduced magnitude of velocity 
profiles at the near-surface region is an indication of 
turbulent shear stress penetration affecting the porous 
medium, which becomes weaker as Darcy permeability 
also decreases (3.175x10

-4
-9.75x10

-5
). 

The reduction in the Darcy accounts that plume 
permeability was affected by the oscillatory velocity 
profile. At the porous interface, the flow is generally 
assumed to show some semblance of mixing layer type 
than that of boundary layer, according to some 
researchers (Prinos et al., 2003). 

At some point along the roughness surface, the velocity 
profile shifts away from the interfacial curve to a position 
where momentum or the velocity deviates from the 
logarithmic law (Raupach et al., 1991; Prinos et al., 
2003). This shifting in the mean position of the velocity 
relative to the vertical axis has been referred to as the 
beginning of the logarithmic layer, which portrays the 
dampening effects of the roughness elements on the 
horizontal oscillatory shear flow (Prinos et al., 2003). 

Figure 5 portrays a non-dimensional version of the 
near-bed flow structure described in Equation (3). The 
mean velocity was normalized with the friction velocity 
and plotted against the normalized plume heights. The 
logarithmic law fit compares favorably with the mean 
velocity plot in Figure 4 both of which has R

2
 values of 

0.98 and 0.91, respectively. The curve describes how 
turbulence evolves  with  the  mean  oscillatory  velocities  
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Figure 5. None dimensional velocity profile in wall units at 0.021 m above bed in semilog plot. 

 
 
 

 
 

Figure 6. Velocity profile of plume trapped at roughness surface (0.014 m) above wall. 
 
 
 

near the bed and continues across the developing 
boundary layer from the roughness surface. At some 
critical point near to flow reversal, the energetic/turbulent 
plume in the free stream approach a uniformly distributed 
flow stream. This observation has also been accounted 
by Jensen et al. (1989) and attributed to an inner-flow 
characteristic behaviour. 
 

 
Tracer blob at trough position 0.014 m 
 
The velocity profiles show identical characteristic curve 
shapes compared with the former. The fluctuating 
velocity profiles of the plume  parcels  tracked  relative  to 

the vertical axis due to the oscillatory plate is shown in 
Figure 6. The variation of plume heights, 

plm wh H  here 

was from 0.021-0.038 as the maximum mean stream 
oscillatory velocity was regulated from 4 to 0.3 m/s 
respectively. The fitted parameters in this category 

include κ = 0.41,
30

s
k = 0.07516, u

*
 = 0.00922m/s and z

=0.03041. The amplitude Reynolds number in this case 
was 7.873x10

3
 and the Froude number, 3.3511x10

-3
. 

The mean velocity fit was 0.085 m/s. The shear stress, τ 
decreased (0.8-0.0583) as with Darcy permeability 
(5.115x10

-4
-1.463x10

-4
) as the flow into the porous 

medium weakens. The  present  case  of k
+

,  (Figure 6),
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Figure 7. None dimensional velocity profile in wall units at 0.014 m above bed in semilog plot. 

 
 
 

 
 
Figure 8. Velocity profile of plume trapped at roughness height (0.007 m) above wall. 

 
 
 
also indicates fully rough flow but the roughness 

parameter k
+

slumped to show the effect of the difference 

in the roughness height in comparison to the case in 
Figure 4. In comparison with Figure 5, the graph shown in 
Figure 7 seems to demonstrate late appearance of the 
developing logarithmic boundary layer, which 
subsequently describes the approach to flow reversal 
following the uniformly distributed plume in the fluid 
stream. The increase in the velocity below the interface is 
described by the Reynolds value and may be attributed to 
the developing constant stress across the free-stream. 

Tracer blob at trough position 0.007 m 
 
A clear decrease in the velocity profiles can be identical 
as the characteristic curve deviate from linearity from the 
mainstream flow to the near-wall region (Figure 8). The 
shift in the mean position of the velocity relative to the 
vertical axis shows the dampening effects of the 
roughness elements on the horizontal oscillatory shear 
flow. The depth to source is accounted such that the 
depth averaged plume heights 

plm wh H  range from0.039-

0.053   as   the    maximum    mean    stream    oscillatory
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Figure 9. None dimensional velocity profile in wall units at 0.007 m above bed in semilog plot. 
 
 
 

 
 

Figure 10. Velocity profile of plume trapped at flume base 0.021 m below roughness surface. 
 
 
 

velocity was regulated from 4 to 0.3 m/s respectively. The 

parameters imputed in this case relate to κ = 0.41, 
30

sk = 

0.02352, u
*
 = 0.008237 m/s and z =0.04364. The 

amplitude Reynolds number was evaluated to 1.1323x10
4
 

and the Froude number, 2.5034x10
-3

. A mean velocity fit 
of 0.096 m/s was inputted. The plot of the wall units show 
the development of the constant stress boundary layer, 
as in Figure 9, that compares reasonably well with the 
mean velocity profile plot in Figure 8. The behaviour of 
the plume in this case may be due to the position of the 
blob further away from  the  interface  where  the  velocity 

within the porous spheres increases. 
 
 
Tracer blob at bed level (zero height) 
 

The relative plume heights plm w
h H  varied between the 

ranges 0.04-0.06 with the maximum mean stream 
oscillatory velocity regulated from 4 to 0.3 m/s 
respectively. A clear decrease in the velocity profiles can 
be identified as the characteristic curve deviate from 
linearity in the mainstream flow to the near-wall region 
(Figure 10). The shift in the mean position of  the  velocity  
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Figure 11. None dimensional velocity profile in wall units at the bottom (7 mm case). 

 
 
 

 
 
Figure 12. Velocity profile in wall coordinates at depths 0.021, 0.014 and 0.007 m compared. 

 
 

 
relative to the vertical axis shows the dampening effects 
of the roughness elements on the horizontal oscillatory 

shear flow. The κ = 0.41, 
30

sk = 0.04823, u
*
 = 0.01393 m/s 

and z =0.050766 were fitted to the log-law. 
The profile in Figure 11 also depicts the increase in the 

velocity at close to the permeable region, almost a 
roughness height away from the roughness surface. The 
constant stress layer compares well with the previous 
cases. 

Figure 12 describes the normalized velocity distribution 
and plume height in wall units for the positions 0.021, 
0.014 and 0.007 m of the entrapment tracer blob. The 
curves show that the velocity distribution curve approach 
constant stress at increasing wall-coordinate heights. 
This observation agrees with many researchers 
(Fredsoe, 1984; Jensen et al., 1989; Prinos et al., 2003) 
who also described these relations in rough wall 
conditions. The lines on the curves are associated to the 
development of the constant stress describing  the  onset 
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Figure 13. Friction factor relation with a/ks at various tracer source depths in 0.007 m porous preform. 

 
 
 

 
 
Figure 14. BLD response with Ra flow at varied source levels below porous surface (0.007 m case). 

 
 
 

of the logarithmic layer across the free stream. 
The friction factor at the roughness bed region was also 

plotted against the ratio of the particle amplitude in the 
oscillatory flow and the roughness size as shown in 
Figure 13. The figure describes the behaviour of the 
friction factor at the four positions of the 0.007 m bed 
element arrangement. The curves show that the friction 
factor reduces as the amplitude factor increases. The 
sudden drop in the friction factor at about

s

a

k

=108 as 

traced by the dotted curve appears in all  the  curves  and 

indicates the transition from the laminar boundary layer 
into turbulent boundary. A similar phenomenon occurred 
in the region of the boundary layer thickness at Reynolds 
numbers above 5.0x10

3
 as seen in Figure 14 when the 

development of boundary layer depth,δ , started into the 

free stream. 
 
 
Conclusion 
 
Two types of porous bed setting with  synthetic  spherical 
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beads (7.0 and 10 mm) were investigated in a flume bath. 
The cavity region of the flat plate attached to the 
oscillatory mechanism in the flume bath is the medium 
plume activities that were monitored during the 
experiments. During the oscillatory flow, the crest of 
roughness elements induce elevation zones to force 
(advection) the flow upwards and pull it down at the 
trough phases as the tracer plume scales over the 
obstacles, establishing low and high pressure zones in 
the flow. The enhanced particles in the process mix and 
dissolve or decay faster with increasing oscillatory 
frequency, resulting into inter-particle collisions, which 
initiate the conditions of advection and shear dispersion. 
Several authors have shown their findings with regard to 
the build-up of pressure relative to the behavior of the 
tracer plume as a consequence of the oscillatory 
mechanism. In a recent study, Prinos et al. (2003) 
affirmed that the fluid’s kinetic energy penetrating the 
porous medium increases with the Darcy number, which 
is dependent on the structural geometry of the roughness 
elements (the pore size of the cavities or gaps between 
the elements). Other researchers (Smart, 1999; Nezu 
and Nakagawa, 1993; Choi and Waller, 1997) also had 
same findings. 

The present study viewed the phenomenon as a 
combination or coupling of the processes of gradient 
fluctuation enhanced through dispersion due to pressure 
forcing in and out of the macroscopic pore-fluid field 
caused by the oscillatory motions. The lightening as the 
dye-particles cascade in the porous medium can be 
associated to mixing-gain due to the enhanced oscillatory 
motion. Hydraulic conductivity was considered to 
increase with increasing pore-size and rates of tracer 
particle interactions within the cavities. Increasing the 
depth of tracer-blob entrapment also affected the friction 
velocity to decrease relatively. As the position of the 
tracer blob is shifted through, the porous performs from 
the top towards the bottom and the friction velocity 
increases with the oscillatory velocity. 

The results of this study will be compared to different 
rough porous beds such as 10 mm Plexiglas Beads bed 
and applicability to tidally induced flows over natural sand 
beach beds. 
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