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Abstract: Experimental investigations have been carried out to
study morpho-hydraulic characteristics such as scour geometry and
turbulent flow properties around tandem piers in alluvial channels.
Experiments were carried out in a plane sand bed with two circular
piers of same diameter arranged in tandem manner under no seepage,
10% seepage and 20% seepage conditions. Downward seepage
minimizes the scour depth around piers and restrains the
development of scour depth with time. Strong reversal flow is found
near the bed at upstream of piers and near free surface at
downstream of piers where velocity and Reynolds shear stress are
found to be negative which reduce in magnitude with downward
seepage. The flow is more critical within the gap between two piers
where velocity is lesser near free surface and gradually increasing
towards bed. Quadrant analysis shows that contribution of each
event to the total Reynolds shear stress increases with downward
seepage. Sedimentation effect prevails within the scour hole
whereas outside the scour hole erosive forces become more
dominant. Reduced reversal flow at upstream of pier because of
downward seepage results in decreasing higher order moments and
turbulent kinetic energy. At downstream of piers, secondary currents
are dominant due to wake vortices. Strouhal number decreases in
case of seepage runs than no seepage condition.
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1 Introduction

Group of piers are more popular in bridge design for
geotechnical and economic reasons (Ataie-Ashtiani et al.,
2010) as it is needful to construct multilane bridges in crowded
cities or sometimes construction of new pier at upstream or
downstream of existing pier is mandatory. Complex piers can
significantly affect the hydrodynamic characteristics of the
flow field around the piers and lead to develop scour (Ferraro
et al., 2013). Scouring around group of piers is significantly
different from single pier arrangement (Beg, 2010). A detailed
investigation of the turbulent flow structures around the group
of the piers can enlighten the process of scouring
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(Ataie-Ashtiani et al., 2010). Many of the researchers have
carried out experimentation on the flow around the piers
(Ahmed and Rajaratnam, 1998; Graf and Istiarto, 2002;
Izadinia et al., 2013). These studies have focussed on
investigation of the flow around single pier with or without
scour hole. In the present study tandem arrangement, which is
one of the most widely used arrangements of pier groups is
studied. For this arrangement, many researchers have carried
laboratory work to investigate relation between pier spacing
and maximum scour depth (Salim and Jones, 1998;
Ataie-Ashtiani and Baheshti, 2006). Igarashi (1981)
investigated the change in flow pattern with respect to spacing
between the piers. Salim and Jones (1998) predicted that the
scour depth decreases as the distance between piers increases.
Ataie-Ashtiani and Baheshti (2006) carried out experimental
investigation of scour around group of piers and proposed a
correction factor for better accuracy of existing equations
especially for tandem arrangements of piers. Palau-Salvador et
al. (2008) conducted laboratory experiments with numerical
simulation around two submerged piers in tandem
arrangement and observed that the presence of second pier
disturbs the formation of vortices at the downstream of first
pier. Zhuang and Liu (2007) have developed an empirical
formulation for calculating turbulent flow width generated
around bridge piers due to obstruction to flow. Said et al. (2008)
carried out laboratory experiments and taken velocity
measurements around single pier and two submerged piers in
tandem arrangement shows that in case of tandem
arrangement the characteristics of flow are depending upon the
spacing between the two piers. Tafarojnoruz et al. (2012a)
proposed a countermeasure for two piers in tandem
arrangement. Ataie-Ashtiani and Aslani-Kordkandi (2013)
conducted laboratory experiment on rough bed and compared
various turbulence characteristics of flow around single pier
and two piers in tandem arrangement. The present study
focuses on turbulence characteristics of flow around two piers
in tandem and effect of scouring around tandem piers on bed
morphology.

In alluvial streams, water is seeping in (upward seepage) or
out (downward seepage) from the channel boundaries. Inflow
or outflow through porous alluvial boundaries is conditioned
upon the difference in water level in channel and ground water



314

table. Tanji and Kielen (2002) evaluated that, seepage losses of
20% -50 % of the total flow in unlined earthen canals can
occur in semiarid regions. Kinzli et al. (2010) estimated
around 40% losses due to downward seepage. Martin and
Gates (2014) evaluated water loss around 15% upstream flow
rate due to downward seepage. Apart from losses, the
downward  seepage  significantly  affects  channel
hydrodynamics. Downward seepage influences the flow
properties and rate of sediment transport due to momentum
exchange between channel boundaries and water in the
channel. Most of the researchers have found out that
downward seepage may alter channel geometry, increase the
Reynolds shear stresses near the boundary and consequently
enhance the sediment motion. (Rao et al., 2011; Patel et al.,
2015; Deshpande and Kumar, 2016). Qi et al. (2012) have
carried out experiments with 2% downward seepage and
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found a reduction in equilibrium scour depth.

Although there have been previous research on tandem
arrangement of piers, still the change in flow characteristics
around piers and bed morphology is unclear. Previous
researchers have neglected downward seepage parameter,
which is incorporated in present work to study the influence of
downward seepage on turbulent flow characteristics around
tandem piers and corresponding changes in bed geometry.

2 Experimentation

Laboratory experiments were conducted in a tilting flume of
length 17.2 m, Im width and 0.72 m depth. Fig. 1 shows
schematic diagram of experimental setup.
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Fig. 1 Schematic diagram of experimental flume set-up

Experimental setup used in this study is same as detailed in
Chavan et al. (2017). Initially plane bed was prepared with two
cylindrical piers of perspex material with diameter 75 mm and
height 150mm were placed in tandem arrangement. Flow has
been introduced slowly to maintain relatively small velocity of
flow and gradually increased so the approaching flow could
not wash away the bed material. Front pier was located at 7.5
m from downstream of the channel that is at the middle of the
test section of 5m to 10m, to ensure fully developed flow.
Centre to centre spacing between the two piers was 22.5 cm
such that the ratio of centre to centre spacing between the piers
and pier diameter is 3 (2 —4) to avoid the interference effect of
the piers (Ataie-Ashtiani and Baheshti, 2006). The sediment
bed was made up of uniform sand of mean grain diameter
0.418 mm so that D/d50 > 50 where D is diameter of pier, to
avoid effect of sediment size on scour depth (Chiew and
Melville, 1987) and geometric standard deviation o, is 1.14.
Experimental runs were carried for no seepage, 10% seepage
and 20 % seepage conditions. The desired seepage discharges
were applied and maintained by electromagnetic flow meters
installed at downstream of flume. In this study the incipient
motion criterion was used for defining the flow depth in order
to investigate effect of seepage on bed mobility. The flow
depth and discharge obtained for no seepage condition was

11.4cm and 0.035m’/s, respectively. Reynolds number and
Froude number obtained with respect to the flow depth were
31400 and 0.26. The geometry of the bed and scoured region
around piers was measured by Ultrasonic ranging system
(SeaTek®). The SeaTek instrument measures the distance to a
target of wavelength 0.3 mm in water with 5 MHz ultrasound
with measurement accuracy of 0.1 mm. Acoustic Doppler
Velocimeter (ADV) was used to measure velocity profiles
around piers at 20 depths. Once the experimentation started,
after one hour, the velocity measurements were taken such that
it could be possible to obtain velocity data within the
developing scour hole. ADV works with 10 MHz acoustic
frequency and has precision of £0.1mm. A sampling rate of
200Hz was used for collecting data up to Smin. Velocity is
measured at around 20 points in each velocity profiles.
Velocity and turbulence data obtained by ADV are as follow:

u=2d0, (1)

i
N

=1
1

i

2)

where u, v and w are the time-averaged velocities in the
streamwise, spanwise and vertical directions, respectively.
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u'=U,—u 3)
w=W-w 4)

where U; and W; are instantaneous velocities in stream wise
and vertical directions respectively. #’ and w' are fluctuating
component in streamwise and vertical direction. N is number
of instantaneous velocity samples.

The velocity and turbulence data obtained by ADV need to
be post processed as it includes spikes due to interference
between transmitted and received signals. Acceleration
Threshold method is used (Goring and Nikora, 2002) to
remove the spikes with threshold values between 1 to 1.5
based on trial an error method in such a way that velocity
power spectra fit with Kolmogorov’s —5/3 law in the inertial
subrange. Velocity power spectra for streamwise velocities at
upstream of piers are shown in Fig. 2. In all experiments an
average correlation coefficient between transmitted and
received signal is less than 70% and signal to noise ratio kept
(SNR) between 10 and 15 (see e.g. Tafarojnoruz et al., 2012b).
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Fig. 2 Velocity power spectra with Kolmogorov’s —5/3 at
Upstream of piers

3 Results and discussion

3.1 Scour around piers

Cross-sectional area of the channel is reduced due to
construction of structures like bridge piers in the channel.
Presence of piers in the channel, obstruct and divert the path
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of the flowing stream. Separation of flow due to piers leads to
generate higher Reynolds stresses near the bed around piers.
Inflation in Reynolds stresses increase the momentum
exchange consequently, erodes the bed material around the
piers. In this study, two piers are arranged in tandem manner.
The approaching flow is obstructed by the front pier,
separated in downward direction along the face of the pier
and along sides of the pier in the form of side circulations. In
front of the pier, the downward flow hits the bed and extract
the bed material, which is carried forward by the circulating
flow along the sides of the pier and deposited just behind the
pier. In the gap between two piers the flow pattern is
complicated because of the wake vortices forming at
downstream of the front pier and obstruction to flow by rear
pier. In case of tandem arrangement of bridge piers, presence
of rear pier restrains the wake vortices formed at the
downstream of the front pier. The wake vortices are smaller
near the bed, as the distance from the bed increases the wake
vortices  increase in length  (Ataie-Ashtiani and
Aslani-Kordkandi, 2013) and moves further along the
approaching stream flow, obstructed by the rear pier. Hence,
the flow obstructed by rear pier is weaker than the fully
developed flow which is obstructed by the front pier. The
downflow at the front pier has having more potential to scour
around front pier than the downflow along the face of rear
pier. As the flow passes towards rear pier, wake vortices at
the downstream of front pier diminish the velocity of flow,
which creates less turbulence at the rear pier and
consequently lessens the scour depth at the rear pier.

Fig. 3 shows bed morphology after scouring for no
seepage and seepage runs. The scour depth at rear pier is
reduced nearly about 50% than the scour depth occurred at
front pier for all the runs. In case of 10% seepage, scour
depth at front pier is reduced by 16% and at rear pier by 14%
and for 20% seepage scour depth at is decreased by 23% at
front piers whereas by 26% at rear pier. The extracted bed
material is deposited further along the centreline produces
hump at the downstream of the piers.

The height of hump is lesser for no seepage run than the
seepage runs. Hump height is increased by 10% for
10%seepage and again increased by 22% for 20% seepage.
In this study, depletion in scour depth on application of
downward seepage is in agreement with the findings of
Chavan et al. (2017).

Development of scour around bridge piers is depending
upon time. Vortex around piers expands in lateral and
longitudinal direction with time. At different intervals of
time, lateral bed profiles are measured at upstream of piers
with Ultrasonic ranging system for 20 cm transverse distance
at upstream and downstream of the pier by considering the
centre of pier as centre of that transverse distance. From Fig.
4 it can be seen that, initially rate of scouring is greater which
reduces gradually and decreased up to 50% within 12 hours.
Flowing stream is obstructed by piers hence generates
pressure gradient at the face of the piers. Adverse pressure
gradient at the face of the piers results in unstable strong
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downflow (Zhao et al., 2015) along the face of the piers. The
downflow hits the bed and erode the bed material and moves
in reverse direction to that of the flowing stream. The
reversal flow removes the bed material from slanting slope of
the scour hole and enlarges the vortex size. Hence, the
reversal flow at upstream of the piers is responsible for
development of scour. As the lateral flow in the form of
downward seepage through channel boundaries leads to
change channel hydrodynamics, consequently modifies the
bed morphology around piers. In case of no seepage runs,
rate of development of scour depth is more than seepage runs
as the downward seepage curtails the reverse flow near the
bed at upstream of piers.
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Fig. 3 Scour around piers (All dimensions are in mm)
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3.2 Velocity Profile

The velocity profiles were measured by ADV around piers
at three sections, upstream (4) of the front pier, in between
both the piers (B) and downstream (C) of the rear pier. Fig. 5
shows velocity profiles at three sections; 4 (7.5975, 0.5), B
(7.388, 0.5) and C (7.183 5, 0.5) respectively for no seepage,
10% seepage and 20% seepage runs. The velocity profiles
are plotted with z/h verses u/u* where z is the distance of the
point from bed, where velocity measurements were taken and
h is the total flow depth, u is time averaged velocity and u* is
shear velocity.
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Fig. 5 Velocity profiles around pier

At upstream of the front pier that is at section A4, as the
approach flow is obstructed by the front pier, the reversal
velocity can be seen near the bed with in the scour hole where
the streamwise component of velocity is found to be negative.
With increasing distance from the bed, the stream wise
velocity component becomes positive reached to maximum
velocity near the edge of the scour hole at (zZh= 0.45). At
downstream of the pier, at section C, reversal flow can be
seen near the free surface and becomes positive with
increasing distance from the free surface; the stream wise
velocity component attains its maximum value near the bed
(z/h=~=0.1). Section B is the most critical section where the
velocity profile is influenced by flow circulations at the
downstream of the front pier and obstruction to the flow by
the rear pier. At section B near the free surface the velocity is
less positive and gradually increasing near the bed. In case of
tandem piers, the flow behaviour between two piers is
noticeably complex. The flow leads to the formation of wake
vortices at downstream of the pier by moving further along
the sides of the front pier due to flow separation at upstream
of the front pier. The velocity of flow decreased while
approaching the rear pier because of the wake vortices at
front pier (Ataie-Ashtiani and Aslani-Kordkandi, 2013). At
downstream of rear pier, reversal flow can be seen near the
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free surface and velocity is increasing gradually with moving
towards the bed.

Downward seepage leads increase of the velocity and
shear stress near the bed which enhance rate of sediment
transport (Devi and Kumar, 2015). In this study, though the
velocity increased on application of downward seepage,
downward seepage impedes the reversal flow. Consequently,
the velocity of flow is less near the bed at upstream of the
front pier (Section A) and near the surface at Section C in
case of seepage runs.

3.3 Reynolds shear stress

Fig. 6 shows profiles of Reynolds shear stress (RSS) at
sections 4, B and C for no seepage, 10% seepage and 20%
seepage conditions. Presence of pier diverts the approaching
flow at the upstream edge of the pier, leading to create more
turbulence around the pier. The flow separation generates
higher Reynolds stresses and enhances the momentum
exchange owing to scour around piers. Reynolds shear stress
becomes negative near the bed at section 4 and near the free
surface at section C. Reynolds stresses are stronger at
downstream of piers than those are at upstream of piers due
to wake vortices forming at downstream of piers. At section
B, Reynolds shear stress fluctuates heavily due to wake
vortices generated at the downstream of the front pier and
obstruction to the forwarding flow because of rear pier. From
fig.6 it can be perceived that at section 4 Reynolds stresses
are negative near bed and near free surface at section C. At
section A4, Reynolds stresses are increasing, with moving
away from the bed whereas, at section C Reynolds stresses
are increasing with moving towards bed. Downward seepage
leads to decrease Reynolds stresses near the bed at upstream
of the pier. The Reynolds shear stresses are more in case of
no seepage run then decrease in case of 10 % seepage and
again decrease in case of 15% seepage run.
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Fig. 6 RSS profiles

3.4 Conditional RSS distribution

Lu and Willmarth (1973) have introduced quadrant
analysis of Reynolds shear stress which is most frequently
used conditional sampling technique, to evaluate the
coherent structures of turbulent flow. The bursting
phenomenon is quasi-cyclic process in which ejection and
sweep are important events describing the sequence of
bursting phenomenon. Upward entrainment of low speed
fluid particles into the main turbulent flow is called as
ejection whereas, these ejected low speed fluid particles are
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brushed away by high speed fluid particles while sweep
events. Sweep is the downward movement of high speed
fluid particles towards the bed. To evaluate Reynolds shear
stress at a single point as the sum of contribution from
different bursting events, the instantaneous values of velocity
fluctuations are plotted on plane. The bursting events are
defined by four quadrants (¢=1, 2, 3, 4), i.e. outward
interaction (Q1), ejection (Q2), inward interaction (Q3) and
sweep (Q4), respectively.

Contribution to the total Reynolds shear stress through
different events can be calculated as:

.
u'w,, = lim % W ()w(0)1, (z.0)dt 5)
0

where T is sampling time, angle bracket indicates conditional
averaging, 1,  is the indicator function which is defined as:

1, if (u',w")isin quadrant g
——\0.5 /——\0.5
IAGYAGIE and|u'w'|2H(uv2) (W.z) ©)
0,otherwise

where H is hyperbolic hole size defined by curve (Nezu and
Nakagawa, 1993),

‘u'w":H\/ﬁ\/ﬁ (7)

H indicates threshold level. The hole size H=0, suggests that
all data from and corresponding are taken into account.
Fractional contribution to the total Reynolds shear stress
from different events is defined as:

S,u= <l ®)

S, 1s positive for sweeps and ejection and negative for
outward and inward interactions.
When H=0:

Sio 85 + 850+ 8, =1 ©)

Vertical distribution of stress fraction for H = 0, for no
seepage and seepage runs are shown in Fig. 7.

At upstream of the front pier in near bed region, the
reversal flow lifts the sediment particles from the scour hole
however; the particles are unable to move forward as the
flow is not having sufficient capacity to carry the particles. It
can be also seen visually during the experiments that
particles dislodged by the reversal flow from the slanting
slope of the scour hole are again settled down on the bed.
From Fig. 7 it can be observed that near the bed with in the
scour hole (z/4<0.1) at upstream of the pier, Q; and Qs events
contribute more to the total Reynolds shear stress than Q, and
Q. Contributions from sweep and ejection events are more
than inward and outward interaction at outside the scour hole.
Near the edge of the scour hole, sweep events are more
dominating. Sweep events are governing mechanism for the
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threshold condition of mobile bed channel due to arrival of
high speed fluid particles which enhance the momentum
exchange and lead to develop the scour depth. In the
downstream of the piers (section C) within the scour hole
(z/h>0.38), ejection events are dominant over sweep events
as low speed fluid parcels arrive due to reversal flow which is
contributing greater in streamwise direction. Ejection events
brought the sediment in suspension which reduces towards
the water surface. Whereas, above scour hole (z/4>0.38),
probability of occurrence of sweep and ejection events is
nearly same. The magnitude of events is greater at this
section as the flow is more turbulent due to wake vortices
forming at downstream of piers. At section B, throughout the
flow depth, contributions coming from sweep and ejection
events are more than contributions of inward and outward
interaction. At section B, fluctuations of stress fraction are
increased. At section A4 that is upstream of the piers and
section C that is downstream of the piers, stress fraction
fluctuates more near the bed due to complex flow structure
with in the scour hole and fluctuations are reduced gradually
towards the surface.
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Fig. 7 Stress fraction Si, H against z/h

Downward seepage through channel boundaries
influences the conditional RSS distribution. Contribution of
all four quadrants namely; inward interaction, outward
interaction, ejection and sweep to the Reynolds shear stress
are increased in case of seepage as compared to no seepage
runs. From Fig. 7 it can be perceived that downward seepage
results in arrival of low speed fluid particles due to

retardation of flow which indicates ejection events. Whereas,
above the scour hole contribution of ejection and sweep
events are greater, inward and outward interaction contribute
weakly to total Reynolds shear stress.

3.5 Moment Analysis

Third order correlations of velocity fluctuations are
studied to procure the information of contribution velocity
fluctuations in terms of flux and diffusion of the Reynolds
stresses (Simpson et al. 1981). The third order correlation is
defined as:

M, =i'w*

Jk

where, j+k=3, ﬁ:u/(u'_u')o's and v?/:w/(w'w')(l5

(Raupach, 1981). M3, (&2° ) is skewness of u', also known as

streamwise flux of streamwise Reynolds stress u'u' while

M, (W) is skewness of vertical velocity fluctuations w' and
also known as vertical flux of the vertical Reynolds stress
w'w'. My, (u'w?) and My, (u*w') are diffusions of vertical
Reynolds stress in streamwise direction and streamwise
Reynolds stress in vertical direction respectively.
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Fig. 8 Vertical distribution of higher order moments

Fig. 8 shows third order correlation of velocity
fluctuations (Msy, My, M, and M,;) for no seepage, 10%
seepage and 20% seepage at upstream of piers (section A)
and downstream of piers respectively. From Fig. 8 it can be
observed that third order moments are fluctuating heavily
throughout the flow depth and fluctuations are more near the
edge of the scour hole At upstream of piers (section 4) M,
and M, start with positive values near the bed and then
changing over to the negative values with increasing z/A,

which implies that near the bed u'u'-flux and w'w' -
diffusion occur in streamwise direction while moving away

from the bed, w'u' -flux and w'w' -diffusion occur in
opposite direction to that of flow direction and become
pronounced with an increase in z/4. In case of seepage runs,
at upstream of the piers near the bed region, positive values
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of M3, and M), are decreased unlike the plane bed as reversal
flow slows down on application of downward seepage. M;
and M,; initiate with negative values and then change to

positive values; it suggests that w'w'-flux and u'u' -diffusion
are in downward direction near the bed region. Negative
nature of My; and M,; decreases on application of downward
seepage. At upstream of pier negative values of My; and M,
shows that flow is coming towards the bed and is transported
along flow direction which can be observed from positive
values of M;y and Mi,. At downstream of piers (Section C),
M, starts with negative and turns towards positive and M;
starts with positive and turns towards negative with
increasing distance from bed. Negative M3, and positive M,

suggest that u'u'- flux occurs in opposite to streamflow

direction and w'w'- flux in upward direction. Whereas, M|,
starts with positive values near bed then turn towards
negative and M, starts with negative near the bed and change
to positive with increasing distance from bed. It shows that,

at downstream of piers near the bed w'w' diffusion occurs in

the direction of stream and u'u' diffusion occurs in
downward direction. Near free surface M, is negative and
M, is positive that is w'w' diffusion and u'u' diffusion
propagate against the flow direction and in upward direction
respectively which can be justifiable with enhanced
secondary currents due to formation of wake vortices at
downstream of piers. At section C, near the bed negative Mj;,
and positive My; indicate arrival of slower moving fluid
parcels which represent an ejection motion. At downstream
of piers, sediment particles are removed from bed due to
ejection and ejection decrease near free surface. With
downward seepage negative nature of M3y and M, as well as
positive nature of My; and M, decrease. At section B, which
is at downstream of the front pier trend of higher order
moments is nearly same as it is obtained for section C.

3.6 Flux of the turbulent kinetic energy

The distribution of non-dimensional flux of streamwise
(Frxes = /’TKEU/U*3) and vertical (Frggy = fTKEW/U*j) turbulent
kinetic energy is shown in Fig. 9 Which can be calculated as
(Raupach, 1981),

Jrxew =075 (wu'u’ +u'w'w) (10
Sren = 0.75(u'u'w'+ w'wiw') (1)

Fig. 9 shows graph of non-dimensional flux of turbulent
kinetic energy against z/4 for no seepage and seepage
conditions at upstream and downstream of piers. Presence of
piers in flowing stream leads to change flow pattern around
piers and turbulent flow characteristics accordingly. At
upstream of the piers (section A4) for no seepage conditions
frkes begin with small positive and frxg, start with negative
values. With increasing z/h, fixg, turns towards negative and
frkew turns towards positive. Positive values of fixg, and
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negative frgg, are associated with streamwise flux of
turbulent kinetic energy in streamwise direction and vertical
flux of turbulent kinetic energy is in downward direction.
However, away from the bed negative frxg, and positive frxgy
imply that streamwise flux of turbulent kinetic energy
opposite to flow direction and vertical flux of turbulent
kinetic energy in the upward direction. Negative frxg, and
positive frxg, originate retardation process with arrival of
low speed fluid parcels. Though same pattern is observed in
case of seepage runs, close observation of Fig. 9 shows that
near the bed frxg, and frxg, have lesser positive and negative
values in case of seepage runs than no seepage condition.
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Fig. 9 Vertical distribution of TKE fluxes

At downstream of piers (section C), secondary currents are
more dominant due to wake vortices. frgg, and frxg, initiate
with small negative and positive values respectively. Moving
away from the bed, nearly at the edge of the scour hole frxg,
turns towards positive and frxg,, turns towards negative. Near
the bed at the downstream of the piers, negative frgg, and
positive frxg, indicate that streamwise flux of turbulent
kinetic energy against the flow direction and vertical flux in
upward direction respectively. Negative fTKEu and positive
Jfrkews signifies retarding effect due to wake vortices forming
at the downstream of the piers which results in arrival of
slowly moving fluid parcels. However, near the free surface,
positive frxg, and negative figg,, corresponds to streamwise
flux of turbulent kinetic energy is in flow direction and
vertical flux of turbulent kinetic energy is in downward
direction results in inrush of fluid parcels. In case of
downward seepage conditions, near the bed frxg, becomes
less negative and frxg, becomes more positive. At section B,
it is observed that streamwise and vertical flux of turbulent
kinetic energy is more fluctuating and following nearly same
trend as it is obtained at section C. On application of
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downward seepage, the negative fxg, and positive frgg, are
decreased near the bed, which results in lesser momentum
exchange in case of seepage runs than no seepage condition.

3.7 Power spectra analysis
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Fig. 10 Power spectra at downstream of piers

Fig. 10 shows power spectra plotted against the frequency
for velocity components at downstream of piers (section C)
for no seepage, 10% seepage and 20% seepage, near free
surface (z/h~0.4). Power spectrum analysis has been carried
out to find out strength of wake vortices formed at
downstream of piers. Power spectra were obtained from Fast
Fourier Transformation (FFT) of auto-covariance function of
velocity time series data. The resultant power spectra is
calculated as,

SN =18,/ + 8,0/ +S,(/)}"

where S, (f), S,(f)and S, (f) are power spectra of velocity
components in streamwise, transverse and vertical direction
respectively. In the power spectrum distribution, power
related to the peak frequency indicates the strength of wake
vortices. Strength of vorticity is associated with the capacity
of the wake vortices to move the bed particles. From power
spectra analysis, Strouhal number is calculated as,
/DJU, where, f is vortex shedding frequency; which is
associated with maximum S(f) in Fig. 10, D is diameter of
pier and U, is depth average flow velocity. In this study
Strouhal number is calculated at near free surface (z/2~0.4)
and near bed region for no seepage (z/4~0.07) and seepage
conditions and values are mentioned in Table 1.

Table 1 Strouhal number at downstream of piers

Strouhal number

Case Near free surface Near bed
No Seepage 0.23 0.15
10% Seepage 0.18 0.13
20% Seepage 0.16 0.11

For no seepage condition, vortex shedding frequency is
0.927 Hz corresponding vortex shedding period is 185 and
Strouhal number (S7) near the free surface is 0.23 which is
comparable with literature (Igarshi, 1981; Sumner et al.,
1999; Ataie-Ashtiani and Aslani-Kordkandi, 2013). Inside
the scour hole that is near bed region Strouhal number is
lesser than it is at near free surface as the strength of wake
vortices is least near the bed (Ataie-Ashtiani and
Aslani-Kordkandi, 2013).

It has been seen in present study that downward seepage

changes the stream flow characteristics and bed morphology
around piers. It also shows significant impact on velocity
power spectra. From Fig.10 it can be observed that at
downstream of piers, resultant power spectrum is shifted
towards lower frequency on application of downward
seepage hence, value of Strouhal number is decreasing. At
downstream of piers, reduction in strength of wake vortices
or decrement in Strouhal number indicates that lateral flow
through channel boundaries diminishes the capacity of wake
vortices to move bed material.

3.8 Tubulent kinetic energy
Fig. 11 shows vertical profiles of Turbulent Kinetic

Energy (TKE) %(F+\7+W) at sections A4, B and C for

no seepage, 10% seepage and 20% seepage runs. From
Fig.11 it can be observed that at section A, near the free
surface TKE is lesser and increasing with decreasing
distance from bed attained higher value near the scoured
region and again decreasing near the bed. Strong pressure
gradient and separation of flow at upstream of the piers lead
to generate more kinetic energy near the edge of the scour
hole (Maity and Mazumder, 2012). Higher magnitude of
TKE results into scouring at upstream of the piers. At the
downstream of piers (section C), higher value of TKE is
obtained near the free surface and magnitude of TKE is
decreasing while moving away from the free surface. At
section B, TKE profile is irregular and fluctuates heavily due
to chaotic flow behaviour. TKE profile changes significantly
on application of downward seepage. Close observation of
Fig. 11 shows that magnitude of TKE is decreased with
application of downward seepage. In this study, unlike the
plane bed, decreased level of turbulence has been seen on
application of downward seepage this might happened due to
reduction in strength of reversal flow with downward
seepage.
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Fig. 11 Vertical distribution of turbulent Kkinetic energy

4 Conclusions

Laboratory experiments were conducted in a tilting flume to
study the effect of downward seepage on the turbulent flow
statistics and scouring around tandem piers. Two piers of
75mm diameter are arranged in tandem manner. In the present
study various turbulent characteristics were measured no
seepage and seepage conditions. Change in bed morphology
after scouring and effect of downward seepage on scouring is
also studied. Following are the conclusions drawn from the
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present research:

1) Piers obstruct the flowing stream hence; flow separation
around piers leads to erode the bed material, eroded material
carried by flowing stream and gets deposited at the
downstream of piers. Scour depth at front pier is twice of the
scour depth at the rear pier for all the runs and with
downward seepage scour depth reduces around both piers.
Rate of development of scour depth decreases with
downward seepage.

2) At upstream of both piers, near the bed region and near
free surface, at downstream of both piers reversal flow is
observed. Downward seepage impedes the reversal flow
hence controls erosive capacity of reversal flow. Significant
decrease in Reynolds shear stress near the bed at upstream of
the piers results in lower scour depth in case of seepage runs.
In the gap between two piers, wake vortices are forming near
the surface due to flow separation at front pier and reversal
flow can be seen near the bed due to obstruction by rear pier
therefore velocity is less near free surface and is increasing
with moving towards bed.

3) At upstream of pier, near the bed, inward interaction and
outward interaction contribute more to the Reynolds shear
stress whereas away from bed contribution of sweep events
are greater. With downward seepage contribution of all
events is increasing. At downstream of piers ejection events
are more dominant. Whereas in the gap between two piers,
contribution of ejection and sweep are stronger towards
Reynolds shear stress.

4) In seepage runs, lesser streamwise flux of streamwise
Reynolds stress and lesser vertical flux of vertical Reynolds
stress is observed near the bed at upstream of piers. Lesser
fluxes of streamwise turbulent kinetic energy in streamwise
direction and vertical fluxes of turbulent kinetic energy in
vertical direction also been observed. Hence, at upstream of
piers lower momentum exchange near the bed leads to
minimize the scour depth on application of downward
seepage. Turbulent kinetic energy is higher near the edge of
the scour hole and is decreasing with downward seepage.

5) Power spectral analysis of velocity components has
been carried out at downstream of piers. With downward
seepage resultant power spectra shifts towards lower
frequency, consequently Strouhal number is decreasing.
Hence, downward seepage is responsible for decreased
strength of wake vortices.
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