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Introduction

The flow around the pier represents a serious subject due to the direct relation-
ship between the structural hydraulic collapse and the stability of the upper struc-
ture, which is supported by the pier. The erosion in the soil particle depends mainly
on the flow velocity, water depth and the size of the soil particle. Here, the flow
velocity has a major impact on the erosion process regardless of the type of flow
as compared with the remaining previous factors. Therefore, the type of flow has
a direct influence on the stability of mobile material (soil bed). Here, the hydraulic
designer encounters a noticeable challenge based on how we satisfy a reasonable
balance between a huge hydraulic field and the structural resistance to this hydraulic
field without any negative aspect on the serviceability life of the pier. However, to
protect the pier against the hydraulic field, several ways must be applied to pro-
duce a proper equilibrium between the hydraulic field and pier stability, therefore
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this problem gives evidence regarding the risk that may occur when the hydrau-
lic field suddenly alters its behavior. Several papers dealt with water fields around
the pier. Here, we mention some of these significant papers. In general, the previ-
ous paper adopted a splitter plate with a rectangular shape. The rectangular shape
will divide the flow in two directions along the solid boundary side of the plate.
Thus, only the separation process will be developed at the corner edge of the rec-
tangular shape and these separation points constitute fixed separation points. The
authors suggest duplicating the separation process with the dissipation process,
therefore they use the T-shaped splitter plate. The T-shaped splitter plate consists
of two parts; the first part is longitudinal, which is parallel to the flow direction,
while the second part is transverse, which is perpendicular to the flow direction.
Here, the expected dissipation process will occur largely in the second part in addi-
tion to the separation process, which occurs at the corner edge of the second part.
Qasim, Jabbar and Abdulhussein (2022a), Jabbar, Qasim and Mohammed (2022a),
as well Qasim and Jabbar (2021) tried to produce safe hydrodynamic fields around
a pier by installing a vane at the upstream part of the pier. These efforts gave
a good indicator regarding the way we dominate the hydrodynamic field and this is
shown clearly in the reduction, which is earned especially in the drag coefficient.
Furthermore, these papers dealt with several hydraulic parameters and implied
how the vane made the reduction in these parameters at a feasible level. Shen,
Lin, Wei, Dou and Tu (2019) achieved an experimental work to reveal the char-
acteristics of the vortex shedding behind a cylinder under the impact of the flex-
ible film, in this experimental study the ratio of the flexible film length to the cyl-
inder diameter L/D and Reynolds number is increased. This research focused on
efforts to identify the effect of the flexible film flapping with various L/D param-
eters on the distribution of the fluctuation pressure and the vortex shedding fre-
quency. Hu and Wang (2013) used the particle imaging velocimetry (PIV) to study
the structure of the flow around an oscillating cylinder attached to a flexible tail.
The paper concentrated on the flow velocity along the wake center line as well as
the vertical flow velocity around the flexible tail trailing edge. Shukla, Govardhan
and Arakeri (2013) investigated the issue of a flexible splitter plate in the wake of
a cylinder experimentally; the plate flexural rigidity has been adopted in the inves-
tigation. Meanwhile, the Reynolds number value depends on the cylinder diameter.
Periodic splitter plate motions are shown to exist in two regimes. Ahmed (2015)
conducted a numerical analysis of vortex shedding while taking laminar flow with
30 < Re < 300 into consideration. The numerical solution of the hydraulic issue
uses two-dimensional, incompressible, and unsteady flow. The results also showed
that the flow is asymmetric and unsteady at Reynolds numbers over 60, and
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a strong comparison could be made between the findings with those of studies that
were conducted earlier. Govardhan and Williamson (2000), as well as Carberry,
Sheridan and Rockwell (2005), discovered the mechanism that started the changes
in the phase and amplitude of the lift force, also the relations with the mod of vor-
tex shedding. Mehdi, Namdev, Kumar and Tyagi (2016) performed a numerical
solution in two-dimensions to study the flow around a cylinder. Here, three val-
ues of the Reynolds number are used, which are 1,000, 500, and 200 with various
values of attack angles 10°, 5°, and 0°. The numerical investigation concentrated
on vortex shedding, drag coefficient, and pressure. Bai and Li (2011) imple-
mented a two dimensional flow analysis around the cylinder numerically for seek-
ing the hydrodynamic pattern characteristics. The flow is simulated as unsteady,
uniform, and laminar. The study focused on the Strouhal number, lift coefficient,
drag coefficient, and pressure distribution, the study adopted Re = 200. Dennis
and Chang (1970) utilized the formulation of stream-vorticity and discretization of
finite difference to find a solution for a steady incompressible flow across the cyl-
inder up to Re = 100. Henderson (1995) utilized the spectral element method to
calculate the base pressure, pressure drag, and viscous drag for the flow around
a cylinder, which has a circular cross-section. Recently, Qasim, Jabbar and Faisal
(2022b) have investigated the hydrodynamic field response of a cylindrical pier due
to using a curved vane with the assumption of a laminar flow. They observed altera-
tion in the direction of the flow velocity, especially at the leading and rear surfaces
of the curved vane due to the existence of flow separation and dissipation along the
boundary of the vane. Jabbar, Qasim and Faisal (2022b) studied the flow character-
istics around a circular pier that adjacent T-shape splitter in a numerical manner. The
analysis includes vortex’s length, streamlines, flow velocity contour, and pressure
contour. They found that the streamlines, flow velocity field, and pressure field are
affected mainly by the horizontal distance between the rear part of the splitter and
the pier center. In addition, the Re number will directly control the streamlines, flow
field, and pressure field. Qasim, Faisal and Jabbar (2022c) introduced another study
about the hydrodynamic behavior surrounding the pier near a T-shape splitter. The
study covers water velocity contours, pressure contours, and streamlines. Results
reveal that bubbles are developed due to the presence of the splitter and the size and
length of these bubbles are controlled by the Reynolds number.

The aim of this paper can be summarized into the following points:

1. Investigate the velocity vector around a bridge pier to understand the direction
of water flow due to the existence of a T-splitter plate. Here, various values of the
Reynolds number are used with a constant value of ratio X (ratio X is defined later
in the next section).
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2. Investigate the drag coefficient and lift coefficient for two different cases, con-
sidering various values of the Reynolds number and horizontal distance between the
leading part of the pier and the rear part of T-splitter plate.

3. Investigate the skin friction coefficient for two different cases, considering
various values of Reynolds number and horizontal distance between the leading part
of the pier and the rear part of T-splitter plate.

Methodology

The entire hydraulic problem comprises of three parts, which are the fluid,
a circular pier, and a T-shaped splitter plate. The numerical model is accomplished
in two dimensions and the flow is considered to be laminar. The values of the
Reynolds number, which is used to implement the hydraulic analysis, are 40, 80,
120, and 200. The calculated Reynolds number is based on the pier diameter and
flow velocity. The stream flow of water starts from the left, first crosses the T-split-
ter, and then moves towards the circular pier. The hydraulic analysis deals with
two different cases, which are illustrated in Figure 1. Furthermore, Figure 1 depicts
the hydraulic dimensions of the fluid domain. Here, the T-splitter plate produces
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FIGURE 1. The hydraulic domain including the cylinder and T-splitter plate: a — Case 1; b — Case 2

Source: own work.
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a deformation to the water flow when the flow passes the splitter, therefore the
flow field around the pier is always changing based on flow separation and dis-
sipation. The T-splitter plate arm’s dimensions are equal to the diameter of the
pier. Various locations of T-splitter plate reference to the location of the pier are
investigated in the current study. Here, x refers to the horizontal distance from the
pier center to the rear part of the splitter plate.

The steady flow analysis is implemented by ANSYS Fluent and in all cases, the
splitter plate is considered to be rigid. The governing equations that will be used for
the simulation and solved by the software are incompressible fluid continuity equa-
tion and the conservation of momentum equation as given in Eqs (1)—(3), (Dahkil,
Gabbar & Jaber, 2014; Sharma & Barman, 2020).
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The calculations are performed using the default commercial CFD code in
ANSYS Fluent 2020 R1. The feeding information submitted to the fluent software is
the inlet flow velocity, while the output data includes the flow velocity components
and the pressure magnitude. The discretization equations are solved using the semi-
-implicit method for pressure-linked equations (SIMPLE) method and formula from
the upwind scheme. Furthermore, the convergence criteria is 1E — 4 for momentum
equations and 1E — 6 for energy equation. The simulation was performed with an
8 GB RAM Intel Core 17 processor.

The drag coefficient (CD) is defined as:

D=r"To F W
EpUiArcf

where Fp is the drag force, U, is the free-stream velocity, and 4,.ris the reference
area. The reference area in this case is the projection area, which is equal to the
diameter for the unit depth.
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Concerning lift coefficient (CL) is defined by:

F
CL = I—L’ (5
EonzoAref

where F7 is the lift force. The reference area (wing area) is also equal to the diameter
for unit depth.
The skin friction factor is obtained from the formula:

7L

Cf=1
EP

where 77 is the shear stress at the wall.

FIGURE 2. Mesh geometry of Case 1

Source: own work.

The element specifications adopted in this study =~ TABLE 1. Boundary conditions
are: the number of the element is 71,566 elements 1, Velocity
for Case 1 and 71,267 elements for Case 2, triangle
mesh type, and the diameter of the cylinder-to-ele-
ment size ratio of 20. Figure 2 shows the mesh of
Case 1 and Table 1 illustrates the boundary conditions ~ Channel bed and sides  no-slip
applied for the entire hydraulic system. The mesh is  Source: own work.

Outlet pressure

T-splitter and pier no-slip
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concentrated highly around the pier and the splitter plate. The smooth mesh is em-
ployed for both cases. The properties of water are taken as p = 997.1 kg-m™ and
1 =289.05E — 5 kg-s'-m™".

Referring to Figure 1, the ratio X is defined as:

x=2, (7)

where x is the horizontal distance between the leading part of the pier and the rear
part of the T-splitter plate. The pier diameter is denoted by D.

Validation

It is very important to check the effectiveness of the used software. Here, before
solving the current problem, we check the software by adopting a previous case
study performed by Rajani, Kandasamy and Majumdar (2009). Depending on the
comparative study between the result of the previous paper and the current result,
it is apparent that there is no fluctuation among the results. Therefore, we can now
start the required analysis of the current hydraulic problem. Figure 3 reveals that the
separation angle decreases with the increase of the Reynolds number. Both studies
(previous and current) are achieved in a two-dimensional flow analysis.
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FIGURE 3. The variation of separation angle () with Reynolds number (Re)

Source: own work.
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Results and discussion

In this paper, two different cases have been investigated and compared. The target
is to show the direct influence of the splitter plate on the hydrodynamic patterns around
the bridge pier. The hydraulic problem is analyzed by adopting fluid with the same
physical properties for both cases. Here, water is the flow material around the splitter
plate and pier. Figure 4 shows the velocity vector for Case 1 considering Re and ratio X.
We take four points to understand the velocity vector behavior, two approximately
counterpoints located at the leading portion of the pier or in other words these two
points fall on the boundary layer zone while the other counterpoints located at the
rear portion of the pier or fall on the wake zone. For the case Re =40 and X = 1.2, for
points at the leading of the pier, we notice the flow is divided into two portions. Here,
a portion goes toward the zone between the splitter plate and the pier leading portion
while the remaining flow portion goes toward the wake zone. Now, for points at the
rear of the pier, we noticed that flow comes from the boundary layer zone combined
with the flow at the rear of the pier and goes toward the hydraulic system downstream.
The same hydraulic behavior remains without any alteration for the following cases
Re = 80 and ratio X = 1.2 and Re = 140 and ratio X = 1.2. When Re becomes 200 and
the ratio X is constant, dramatic hydraulic behavior in the flow will take place, here,
we investigate the flow at the pier circumference on both sides along the boundary
zone and wake zone. We find that the flow at the wake zone tends to move towards the
boundary zone, while a small quantity of flow moves towards the downstream of the
pier. We must bring to light two different processes, which happened to the flow stream
before crossing the rear portion of the splitter plate. These processes are separation
and dissipation processes. In Case 1 the flow will first be separated by the longitudinal
splitter plate and then the flow will be reflected by the transverse splitter plate. Here,
the flow velocity will vary due to the unbalanced processes that occurred to the flow
velocity at the splitter plate. Therefore, the flow suffers from the losses in energy and
changing in its direction. Therefore, some water goes to fill the gap (distance) between
the rear portion of the splitter plate and the leading portion of the bridge pier while
the remainder goes toward the wake zone. Now for the flow between the splitter plate
and the pier, at the pier boundary layer zone, the flow suffered from losses in kinetic
energy or losses in the flow velocity. Moreover, some flow recirculates to the wake
zone and some recirculates in the zone between the rear portion of the splitter plate and
the leading portion of the pier, as well this flow will suffer from the losses in the flow
velocity. The value of the Reynolds number will contribute to the disturbance of the
flow velocity vector. With the rise in Reynolds number value, the water flow suffered
tremendous changes in the flow velocity magnitude and direction.
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Re=40,X=12 Re=80,X=1.2

Re=140,X=1.2 Re=200,X=1.2
FIGURE 4. Indicates the velocity vector for Case 1

Source: own work.

Figure 5 shows the velocity vector for Case 2 considering Re and the
ratio X. The same procedure, which is adopted in Case 1 is employed to inves-
tigate Case 2. When Re = 40 and Re = 80 with a constant value of ratio X,
the hydraulic behavior in Case 2 is similar to the hydraulic behavior of
Case 1, while when Re = 140 and Re = 200 with a constant value of the ratio
X there is no identically in the hydraulic behavior, i.e with the increase in flow
velocity, the hydraulic behavior will be changed according to the magnitude of
velocity. Here, approximately the entire flow diverted its direction toward the
gap (distance) between the leading portion of the pier and the rear portion of the
splitter plate. For this event, the water flow suffered from the separation process
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at the splitter plate and losing (shortages) of the kinetic energy at the circumfer-
ence of the pier leading portion. The remaining flow goes immediately towards
the wake zone.

Re=40,X=12 Re=80,X=12

Re =200, X=12

Re=140,X=1.2

FIGURE 5. Indicates the velocity vector for Case 2

Source: own work.

The variation of the drag coefficient ratio of the bridge pier with the ratio X is
outlined in Figure 6. From the figure, we can infer that the drag coefficient of the pier
nearby the T-splitter plate is less than the drag coefficient of the pier alone. A nonlinear
trend in relation is found among various values of the drag coefficient ratio with the
ratio X. In spite of the variation in the Reynolds number values, negative drag coef-
ficient values are found regardless of the values of the ratio X. On the front surface
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of the pier, the stagnation pressure is reduced due to the existence of the upstream
T-splitter plate. When the pressure is reduced, the flow velocity will rise and this ris-
ing leads to a reduction in the drag coefficient. The figure shows that there is a slight
variation in the curve trend when Re = 140 and Re = 200 as compared to the others. In
addition, the variation in the lift coefficient ratio of the bridge pier with the ratio X is
outlined in Figure 7. The values of the lift coefficient vary among negative values and
positive values with various values of the ratio X. It is shown that no dramatic change
in the lift coefficient values regardless of the values of the Reynolds numbers and all
the obtained values of the lift coefficient are close together. From Figures 6 and 7, we
can conclude that as the drag coefficient increases, the lift coefficient decreases. In the
laminar flow, negative lift coefficients exist due to the low angle of attack.

0.1
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FIGURE 6. Drag coefficient (CD*) for Case 1 FIGURE 7. Lift coefficient (CL*) for Case 1
Source: own work. Source: own work.

Figures 6 and 7 are drawn for Case 1. For Case 2, Figure 8 illustrates the varia-
tion in the drag coefficient ratio with the ratio X for various values of the Reynolds
numbers. The behavior of the drag coefficient for Case 2 is similar to the behavior
of Case 1 except that the trend in Case 2 varied in terms of the linear and non-linear
aspect. The alteration in trend relies on the flow velocity. Here, the flow velocity is
based on the separation and dissipation processes and which one will occur first.
Figure 9 illustrates the variation in the lift coefficient ratio with the ratio X for vari-
ous values of the Reynolds numbers. It is clear from Figure 9 that all values of the
lift coefficient are equal to or approximate to zero, this is due to shortages in the flow
mass, which produce the lift in the pier.
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Source: own work. Source: own work.

Figure 10 reveals a comparative study between the drag coefficient ratio of the
two cases taking into consideration four different values of the Reynolds number
and various values of the ratio X. The argument here relies on the fact which proc-
esses occur at the leading portion of the T-splitter plate, leading portion of the pier,
and rear portion of the T-splitter plate. In addition, the kinetic energy flow suffers
losses. From the figure, for Re = 40, the curve of Case 1 has a moderate trend while
the curve of the Case 2 drops sharply from positive values to negative values without
any contrast. When Re = 80, the curves of both cases rise dramatically without any
variation. Also, when Re = 140 and Re = 200 both curves drop sharply without any
fluctuation. From Figure 10 we can deduce the benefit of installing a splitter plate at
the upstream of the bridge pier in order to reduce the drag coefficient and produce
a suitable flow field around the pier to prevent pier collapse under hydraulic loading
and keep safe applied hydraulic loading.

Figure 11 is drawn to express the relation between the skin friction coefficient
ratio and the ratio X for different values of the Reynolds numbers. We deduce that
the skin friction of the bridge pier alone is greater than the skin friction of the bridge
pier nearby the splitter plate. It is obvious from the Figure as the ratio X increases,
the skin friction coefficient increases as well regardless of the value of the Reynolds
number. In general, skin friction or skin friction drag is caused by fluid viscosity and
relies on flow velocity and the projection area of the pier that has direct contact with
the fluid. For the contact area in case of the splitter plate existence or without split-
ter plate existence, the area is always constant. Here, the flow velocity has a vital
role in determining the skin friction value. When the Reynolds number increases, it
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means that the viscous force will decrease together with the skin friction coefficient.
Therefore, the Reynolds number is independent of the skin friction, this situation is
clear in the figure, at Re = 40 where the blue curve represents the upper limit, while
the remaining curves of Re greater than 40 fall under the curve which has Re = 40.
Moreover, laminar sub-layer thickness decreases with an increase in the Reynolds
numbers values. All curves in Figure 11 have a nonlinear trend.

Figure 12 shows the variation in relation between the skin friction ratio and dif-
ferent Reynolds numbers values for three different values of the ratio X. It is evident
from the figure as the Reynolds number increases, the skin friction ratio decreases
and this condition is discussed in the previous section but here we noticed that the
distance between the splitter plate and the bridge pier does not affect the skin fric-
tion value. That is because skin friction depends directly on fluid viscosity and flow
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Source: own work.

velocity magnitude. Also, we can see from the figure a nonlinear trend in the relation
between the Reynolds numbers and the skin friction ratio.

Figure 13 and Figure 14 are drawn for Case 2. Figure 13 is outlined to express
the relation between the skin friction coefficient ratio and the ratio X for different
values of the Reynolds numbers. Figure 14 shows the variation in relation between
skin friction ratio and different Reynolds numbers values for three different values of
the ratio X. In both figures, the hydraulic behavior of Case 2 is similar to the hydrau-
lic behavior of Case 1 regardless of the configuration of the T-splitter plate. All the
curves in Figure 14 have a harmonic trend as compared with curves in Figure 12, this
feature is attributed to the flow velocity magnitude.



Qasim, R. M., Jabbar, T. A, Faisal, S. H. (2023). Simulation of laminar flow passing through
a T-splitter plate and bridge pier. Sci. Rev. Eng. Env. Sci., 32 (2), 135-154. DOI 10.22630/

srees.4548 149
0.35
—ll—Re=40, Case 2
0:22 —#—Re=60, Case 2
0.31 —&—Re=80, Case 2
0.29 #—Re=100, Case 2
0.27 —8—Re=120, Case 2
Re=140, Case 2
® 0.25
o ——Re=160, Case 2
023 —e—Re=180, Case 2
0.21 —8—Re=200, Case 2
0.19
cf
0.17 O e —
Cfnu splitter
0.15
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1:3 1.4 1.5
X

FIGURE 13. Relation between skin friction ratio (C f*) and ratio X for Case 2

Source: own work.

0.35
Case 2

0.33

Case2, X=0.5
0.31
0.29 Case2, X=1
0.27

Case2, X=1.5
0.25

&
0.23
0.21
0.19 cf
Cf* = -+
0L Cfno splitter
0.15
40 60 80 100 120 140 160 180 200

Re

FIGURE 14. Relation between skin friction ratio (C f*) and Reynolds number (Re) for Case 2

Source: own work.

Figure 15 reveals the relation between the skin friction coefficient and the Rey-
nolds number for both cases (1 and 2) considering various values of the ratio .X.
When the ratio X is equal to 0.5 and 0.6, the curve of Case 1 and the curve of
Case 2 intersect at Re = 60 and C f*. When the ratio X is equal to 0.7, 0.8, and 0.9,
the curves of both cases intersect at Re between 60 and 80 and C f* between 0.18
and 0.183. While the ratio X values become 1 to 1.5, the curves of both cases inter-
sect at Re between 80 and 100 and C f* between 0.19 and 0.23. The contrasts in skin
friction ratio values appear to some extent. Therefore, it can be deduced that the skin
friction is considered independent and the values of the skin friction do not depend
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on the Reynolds numbers and the horizontal distance between the bridge pier and
the T-splitter plate.

From the numerical analysis and based on the same value of C f* for both cases,
a theoretical equation comprises the Reynolds numbers values and the values of the
ratio X are obtained. Figure 16 shows the trend of this theoretical equation. The equa-
tion has a nonlinear trend with the highest degree equal to a third degree:

Re=AX3+BX?>+CX+D. (8)

The values of A, B, C and D are indicated in Figure 16.

110

105 Re=AX} +BX?+ CX+D
100 A=-78.866
95 B =1228.44
90 C=-160.42
o 85 D=93758
- R*=0.9968
75
70
65
60

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 L5

FIGURE 16. The relationship between Reynolds number (Re) and ratio X at same skin friction ratio
(Cf*) for both cases

Source: own work.

Conclusions

In this work, we considered a water-T-shaped splitter plate — water — bridge pier
as a new idea in the fluid — structure problem. The influence of the Reynolds number
or flow velocity on the hydrodynamic field around the hydraulic system which con-
sists of the three parts (water, T-splitter plate, and pier) has been analysed. So, the
following major points have been inferred from this hydraulic analysis. The values of
the drag coefficient, lift coefficient, and skin friction coefficient of the pier alone are
higher than the corresponding values when the splitter plate exists. The fundamental
role of the splitter plate existence is to dominate the flow velocity field around the
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pier. In addition, the splitter plate works as a tool to control the separation and dis-
sipation processes at the front of the pier. Also, a nonlinear trend in relation is found
among various values of the drag coefficient ratio with the ratio X regardless of the
values of the Reynolds numbers. It is found that the skin friction coefficient has an
inversely proportional relationship with the Reynolds number values and horizontal
distance between the pier and the rear portion of the splitter plate. Moreover, the
results show that there is no direct or measured relationship between the drag coeffi-
cient and lift coefficient due to the following reasons, the drag coefficient depends on
the projection area which is perpendicular to the flow area while the lift coefficient
depends on the area which is parallel to flow in spite of both coefficients depend on
the flow velocity. The flow velocity gradient has a major impact on the values of the
skin friction factor. Here, we must mention that the flow velocity gradient has direct
proportionality with the shear stress, which is developed and grow at the skin of the
pier and this will be reflected directly on the value of the skin friction factor.
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Summary

Simulation of laminar flow passing through a T-splitter plate and bridge pier.
The present analysis focuses on the investigation of the two-dimensional flow passing
a bridge pier nearby a splitter plate in different regimes of a laminar flow. The splitter plate is
T-shaped and two different cases have been studied based on the form of the splitter plate
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relative to the bridge pier. The analysis is implemented for steady and incompressible water
flow in an open channel. The current study deals with velocity vectors, drag coefficients, lift
coefficients, and skin friction. The analysis of the velocity vector gave a good indicator about
the separation process and dissipation, which occurs at the splitter plate before the occur-
rence of these processes at the front face of the pier, especially the flow separation process.
Moreover, the velocity vector gave a good image about the flow direction at two regions,
the first region is located between the rear portion of the splitter plate and the frontal face
of the pier, while the second region is the wake region, which is located at the downstream
of the pier. Negative drag coefficient, lift coefficient, and skin friction coefficient values are
obtained from the analysis. This happens due to the existence of the splitter plate that leads
to the reduction of these values.



