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ABSTRACT 

 

This paper presents an experimental investigation on clear water equilibrium scour and flow 
field of bed sediment around an equilateral triangular pier. The flow field within the 

equilibrium scour hole is measured by an acoustic Doppler velocimeter (ADV). The 
experiment is conducted for the approaching flow having undisturbed flow depth  greater 
than the pier width and the depth-averaged approaching flow velocity about 68% of the 

critical velocity of the uniform bed sand of median diameter of 0.825m. The flow 
measurements are taken within the equilibrium scour holes (frozen by spraying glue) at a n 

equilateral triangular pier. Time-averaged velocity vectors and contours of the velocities at 
different azimuthal planes (0° i.e. at the upstream axis of symmetry, 45° and 90°) are 
presented. From the flow fields and vector plots it is revealed that the flow characteristics 

have important role towards the transportation of sediment particles inside the scour hole.  
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INTRODUCTION 

 
Prediction of the magnitude of scour at piers and abutments is a topic of importance to the 

field-engineers. Numerous investigations have been carried out with the purpose of predicting 
scour and various equations have been developed by various researchers. Review of the 
important experimental and field studies was given by [1], [2], [3], [4], [5] and [6]. However, 

these studies mainly focus on the estimation of maximum scour depth at piers and abutments. 
  

Scour depth can be envisaged more precisely if one can understand the scour mechanism 
from the viewpoint of the flow characteristics within the equilibrium scour hole. [7] was the 
pioneer to measure the turbulent flow field within a scour hole at a circular pier by a hot- film 

anemometer. He measured the flow field in the upstream axis of symmetry for the case of a 
flat bed, intermediate, and equilibrium scour hole. [8] investigated the quasi steady flow field 

around circular piers in a clear water quasi-equilibrium scour hole. Velocity vectors were 
measured by a five-hole pitot sphere at different azimuthal planes 0°, 15°, 30°, 45°, 60° and 
75°. [9] attempted to describe the velocity distributions in the upstream axis of symmetry 

within a scour hole at a circular pier by using a Clauser-type defect method. [10] 
experimentally investigated the three-dimensional flow field in an equilibrium scour hole. An 

acoustic-Doppler velocity profiler (ADVP) was used to measure the velocities in different 
azimuthal planes at a circular pier. [11] presented the outcome of an experimental study on 
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the turbulent flow within the developing intermediate stages [having scour depth (ds) of 0.25, 
0.5, and 0.75 times the equilibrium scour depth (dse)] and equilibrium scour holes at 

cylindrical pier measured by an ADV. [12] investigated experimentally the pattern of flow 
field past circular piers at clear water equilibrium scour condition using an ADV.  

 
However, till now observations by the previous researchers on the flow field past an 
equilateral triangular pier are particularly scanty. Based on that, an initiative has been taken 

in this paper to study the flow fields past a triangular pier due to sediment transportation at an 
equilibrium scour condition.  

 
 

MATERIALS AND METHODS 

 
In the present study, velocity measurement by an ADV around the equilateral triangular pier 

(side facing the approaching flow) has been carried out. The experimental setup and 
conditions of the study are depicted in details with the help of the schematic d iagrams as 
shown in Figure 1. The experiment was performed in the Fluvial Hydraulics Laboratory of 

the School of Water Resources Engineering in Jadavpur University, Kolkata, India.  
 

 
 

Fig 1: Schematic diagram showing the coordinate system and grid points for ADV 

measurements 
 

The experiment was carried out in a recirculating tilting flume 11 m long, 0.81 m wide and 
0.60 m deep. The working section of the flume was filled with sand to a uniform thickness of 
0.20 m, length of the sand bed 3 m and width 0.81 m. The sand bed was located 2.9 m 

upstream from the tilting flume inlet. The recirculating flow system was supplied by a 10 hp 
variable speed centrifugal pump which was located at the upstream end of the tilting flume. 

The rpm of the pump was 1450; power 7.5 kW, maximum discharge was 25.5 l/s. The water 
discharge was measured by a flow meter connected to the upstream pipe at the inlet of the 
flume. Water flows through a 0.2 m diameter pipe line which runs directly into the flume.  

 
A movable trolley with a point gauge fixed to it was placed on the flume. A vertical scale was 

attached with the point gauge to measure the water level, initial bed level and scour depth. 
The pier was placed in the middle of the working section of the flume.  The size of the bed 
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material used in the experiment was: median diameter of sand, d50 (= 0.825 mm), 16% finer 
sand diameter, d16 (= 0.5 mm) and 84% finer sand diameter, d84 (= 1.62 mm) measured from 

the sieve analysis test using a vibrating shaker. Geometric standard deviation of sediment 

size, g  [=(d84/d16)0.5] was 1.8. Relative density of the sand,  ( / )ss    was measured as 

2.582 where s and  are mass density of sand and water respectively. The average bed shear 

stress, critical bed shear stress and angle of repose were estimated as 0.39 Pa, 0.40 Pa and 36o 

respectively.  
 
The flow depth in the flume was adjusted by a tailgate. The approaching flow depth (h) was 

maintained as 0.125 m by operating the tailgate. The bed slope (=1V:2400H) was kept 
constant.  The experiment was conducted for the approaching flow having undisturbed flow 

depth where the ratio (i.e. the flow shallowness) between the approach flow depth and pier 
width was 1.14 i.e. 0.6 < h/b < 1.6. Then the equation of the depth-averaged approaching 

flow velocity (U) was set as 0.247 m/s, which is about 68% of the critical velocity ( cu ) of the 

uniform sand bed to satisfy the clear water condition i.e. the present study considered only 

clear water approach flow condition described by a threshold Froude number of 0.67≤  

t cF U u ≤0.99 ([11] and [13]). The depth averaged approaching flow velocity was 

determined from the measured vertical profile of the approaching flow velocity at 2 m 

upstream of the pier where the presence of the pier did not affect the approaching flow. 

Froude number  rF , flow Reynolds number,   /eR Uh  and cylinder Reynolds number, 

 /pR Ub   for the experiment was calculated as 0.223, 2.4×104 and 2.8×104 respectively. 

Here  is the kinematic viscosity of water.  

 
When negligible (1 mm or less) difference of scour depth was examined at an interval of 2 

hours after 72 hours, it was considered that an equilibrium stage of the scour hole was 
attained. However, total duration of experiment was 80 hours that was adequate for achieving 

the equilibrium scour [11]. After the run was stopped, the maximum equilibrium scour depths 
were observed at the upstream base of the cylinders. Then the maximum scour depth at an 
equilibrium state was carefully measured by a Vernier point gauge having an accuracy of ± 

0.1 mm. After carefully draining out the water from the scour hole, when the bed was 
plausibly dry, a synthetic resin mixed with water (1:3 by volume) was sprayed uniformly 

over the scoured bed to stabilize and freeze it. The sand bed was sufficiently impregnated 
with the resin when it was left to set for a period of 48 h. Having dried further up to 72 h, the 
scoured bed profile became rock-hard, facilitating the ADV measurements.  

 
A cylindrical polar coordinate system was used to characterize the flow fields for the 

experiment. A three-beam 5 cm down-looking ADV (16 MHz MicroADV Lab Model), made 
by Sontek was used to measure the instantaneous three-dimensional velocity components. A 
sampling rate of 50 Hz and cylindrical sampling volume 0.09 cm3 having 1-5 mm sampling 

height were set for the measurements. Sampling heights 5 and 1-2 mm were used for 
measurement of velocity components above and within the interfacial sub- layer respectively. 

A sampling duration of 120-320 s was considered ensuring a statistically time-independent 
averaged velocity. The sampling durations were relatively long near the bed. The ADV 
reading were taken along several vertical lines at different azimuthal plane. The lowest 

horizontal resolution of the ADV measurements was 0.9 cm. The measurement by ADV 
probe was not possible below in the zone 4.5 mm above the sand bed, because the ADV 

requires a measuring volume of 0.09 cm3. The output data from the ADV were filtered using 
software WinADV32 –version 2.027. During the filtering of ADV data, the minimum signal-
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to-noise ratio (SNR) and the minimum correlation parameter were maintained 15 and 70% 
respectively. 

 

 

RESULTS AND DISCUSSION 

 

In cylindrical polar coordinates  , ,r z  as shown in Figure 1, the time-averaged velocity 

components in  , ,r z  are represented by  , ,u v w , whose corresponding fluctuations are 

 , ,u v w   . Here, r, z and θ represent the radial distance, vertical distance and azimuthal angle 

respectively. i and k are the direction indices along r and z axis respectively. The positive 

directions of time-averaged tangential velocity (u), time-averaged radial velocity (v), and 
time-averaged velocity in the z-direction (w) are anticlockwise, outward, and upward, 

respectively. The velocity contours and vectors are plotted in an rz plane at different 
azimuthal angles (=0°, 45° and 90°). The resolutions in the ordinate are taken larger than 
those in the abscissa to have a clear representation of the flow field which is smaller in 

dimension.  
 

The contours (drawn by OriginLab Software) of time-averaged tangential velocity (u) for 
equilateral triangular pier at different azimuthal planes (0°, 45° and 90°) are illustrated in 
Figures 2(a–c), which represent the characteristics of the passage of the flow by the side of 

the pier. Importantly, it drives the horseshoe vortex toward the pier downstream.  At 0° (i.e. at 
the upstream axis of symmetry) the tangential velocity u, which is basically zero, is negligible 

as was detected by the ADV. Though, it becomes finite and increases with increase in 
azimuthal angle θ. For instance, the magnitude of u at 90° is 1.1–1.4 times greater than that of 
u at 45° at the corresponding locations. The passage of the downflow flux by the side of the 

pier results in a considerable enhancement of u near the pier, and thus u decreases with 
increase in radial distance r from the pier and remains almost constant over the flat bed. The 

magnitude of u increases with increase in z and the vertical gradient of u (that is ∂u/∂z) within 
the scour hole (that is z ≤ 0) is more than that above the scour hole (that is z > 0).  
 

The contours of the time-averaged radial velocity (v) at different azimuthal planes (0°, 45° 
and 90°) for the equilibrium scour hole at equilateral triangular pier are shown in Figures 

3(a–c). At 0°, the separation of the approaching flow is evident just underneath the border of 
the scour hole forming a reversal flow inside the scour hole (z ≤ 0). Thus, radial velocity v 
changes direction approximately on either side of the contour line of v = 0, which falls 

approximately at the depths that are 0.43–0.52 times the local depth of the scour hole near the 
original bed level. It confirms that in the pier upstream, a strong horseshoe vortex exists 

inside the scour hole. The variations of v in the zones z ≤ 0 and z > 0 are not alike. 
 
The magnitude of time-averaged radial velocity becomes positive (away from the pier) near 

the bed as the flow returns from the base of the pier resulting in a reversed flow along the 
sloping bed of the scour hole. The magnitude of the maximum reversed velocity that occurs 

near the base of the pier is approximately 0.36U. In above the scour hole, time-averaged 
radial velocity is negative (toward the pier) and unidirectional whose variation along z being 
relatively less is almost logarithmic due to the control of the approaching flow, becoming 

maximum near the free surface. On the upstream flat bed, time-averaged radial velocity 
remains essentially logarithmic and decreases upon entering the scour hole due to the 

exposure of larger flow area. Then, it progressively diminishes toward the pier. This is due to 
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the existence of the pier (vertical solid boundary) and an increase of the scour depth toward 
the pier. At 45°, though the overall distribution of time-averaged radial velocity is almost 

similar (having magnitude of time-averaged radial velocity smaller than that at the 
corresponding locations of the flow zone at a triangular pier at 0°), the line of separation is 

thinner (approximately 0.67–0.82 times the local scour depth from the original bed level) as 
compared to that at 0°. 
 

 
 

Fig 2: Contour of u (in cm/s) (a) θ = 0°, (b) θ 
= 45° and (c) θ = 90° 

Fig 3: Contour of v (in cm/s) (a) θ = 0°, (b) θ 
= 45° and (c) θ = 90° 

 

The reducing nature of time-averaged radial velocity with increase in θ is noticeable from 0° 
to 90° as a result of horseshoe vortex reduction, whereas at 0° the distribution of time-

averaged radial velocity is strongest. [8] explained that the horseshoe vortex detaches from 
the pier at 75°, which was the reason to detect the flow at 90° being out of phase from those 
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at 0° and 45°. In spite of that, the overall flow feature at 90° can be summarized as v acts 
toward the pier within the scour hole (z ≤ 0) (though there exists a thin zone of reversed flow 

close to the bed) and above the scour hole (z > 0) the flow deflects outwards by the side of the 
pier.  

 
Figures 4(a–c) illustrate the contours of the time-averaged vertical velocity (w) at different 
azimuthal planes (0°, 45° and 90°) for equilibrium scour hole at equilateral triangular pier.  

From an observation of the contours of vertical velocity w at 0°, the separation of the 
approaching flow below the periphery of the scour hole is evident (as it was in v contours) 

from the reversal nature of w near the scoured bed. While time-averaged vertical velocity 
near the scoured bed is directed upward (that is positive), the distribution of time-averaged 
vertical velocity in the majority of the flow zone is downward (that is negative). The 

magnitude of time-averaged vertical velocity increases in the downward direction from the 
free surface indicating that there is a continuation of a downward negative pressure gradient.  

There is a core of the maximum time-averaged vertical velocity (enclosed by the higher 
magnitudes of time-averaged vertical velocity) that occurs near the pier approximately at a 
depth of 0.3 times the local scour depth below the original bed level and then it decreases 

toward the base of the scour hole. This corroborates the existence of a strong downflow 
(along the upstream face of the pier) that turns near the base of the pier forming a vortical 

flow within the scour hole. The maximum magnitude of time-averaged vertical velocity at θ 
= 0° measured was 0.64U at z = 0 for the equilateral triangular pier. The magnitude of time-
averaged vertical velocity decreases with increase in radial distance. This proves the 

attenuation of the horseshoe vortex toward the downstream. For instance, the maximum 
magnitudes of downflow for triangular pier at 45° and 90° are 0.71 and 0.65 times than the 

maximum magnitude of time-averaged vertical velocity at θ = 0°.  
 

The time-averaged velocity vectors  V , whose magnitudes and directions are  
0.5

2 2v w  and

 1tan w v
, respectively, at different azimuthal planes (0°, 45° and 90°) for the equilibrium 

scour hole are shown in Figures 5(a–c). The vector plots at 0° and 45° exhibit the 

characteristics of the horseshoe vortex along with the downflow along the upstream face of 
the pier.  The horseshoe vortex is a forced vortex type, since the whirl velocity increases in 

the outward direction from the vortex center. The shape of the vortex is elliptical in cross 
section with its major axis approximately bisecting the angle made by the slope of the scour 
hole with the horizontal. It is obvious that the height (length of the minor axis) of the 

elliptical vortex at 0° is larger than that at 45°. The vortical flow is strongest at 0°, while it 
decreases with an increase in θ. Above the scour hole (z > 0), the flow is horizontal and 

towards the pier, but it is downward close to the pier. At 90°, the vortical flow is not distinct 
due to the separated flow. However, a close examination of the vector field at 90° reveals that 
a weak vortical flow exists near the scoured bed.  

 

Figures 6(a-c) indicate the time-averaged absolute velocity  
0.5

2 2 2V u v w   
  

contours at 

different azimuthal planes (0°, 45° and 90°) for the equilibrium scour hole. It exhibits the 

vortical flow at 0° due to the absence of tangential velocity u. On the other hand, at 90°, 
tangential velocity u is a predominant flow feature. At 45°, the diminishing nature of the 
horseshoe vortex with radial distance θ is exhibited. The contours lines of V are concentrated 

near the scoured bed, indicating a region of rapid change of the magnitude of velocity. At 
90°, the magnitudes of v and w are negligible close to the pier as the side of the pier is 
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parallel to the flow and the flow separation takes place at 45° from the sharp edge of the pier, 
resulting in the lower magnitude of time-averaged absolute velocity near the pier. 

 

 
 

Fig 4: Contour of w (in cm/s) at (a) θ = 0°, 
(b) θ = 45° and (c) θ = 90° 

Fig 5: Velocity vectors at (a) θ = 0°, (b) θ = 
45° and (c) θ = 90° 
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Fig 6: Contour of V (in cm/s) at azimuthal planes (a) θ = 0°, (b) θ = 45° and (c) θ = 90° 

 

 
CONCLUSION 

 
Clear water experimentation has been worked out at an equilateral triangular pier to measure 
the flow field due to sediment transportation in an equilibrium scour hole by an acoustic 

Doppler velocimeter. The contours of time-averaged velocities and velocity vectors at 
different azimuthal planes for the equilibrium scour holes have been presented. The velocity 

is reversal inside the scour hole forming a horseshoe vortex. The maximum downflow at pier 
upstream measured was 0.64 times the average approaching flow velocity at the upstream 
axis of symmetry at bed level. The vector plots of the flow field present a good understanding 

of the change of the turbulent flow characteristics in an equilibrium scour hole. The 
horseshoe vortex is a forced vortex. The magnitude of time-averaged tangential velocity 

increases with increase in vertical distance and the vertical gradient of time-averaged 
tangential velocity within the scour hole is more than that above the scour hole. The 
variations of the magnitude of time-averaged radial velocity in the zones below the bed level 

and above the bed level are not similar. The magnitude of time-averaged vertical velocity 
decreases with increase in azimuthal angle. The flow characteristics have significant role 

towards the mobility of sediment particles inside the scour hole. Therefore, the present 
findings have an importance in developing a mathematical model of local scour process at a 
triangular pier including the influence of turbulence.  
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