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Abstract

The USBR VI stilling basin is one of the oldest basins designed to dissipate the energy at the outlet of pipes. In this study, the
effect of two parameters including the Froude number (Fr) of inlet flow to the basin and the ratio of basin width to equivalent
depth of the inlet flow (W/D) on the characteristics of mean and turbulent flow inside the USBR VI stilling basin were inves-
tigated, numerically. Reynolds Averaged Navier—Stokes (RANS) equations were solved with Re-Normalization Group (RNG)
k-e turbulence model. Results showed that by increasing W/D, from 3.50 to 9.23, decreasing rate of the average velocity at the
end of the basin to the average velocity of the inflow increases from 80 to 97% and decreasing rate of the maximum velocity
at the end of the basin to the average velocity of the inflow increases from 40 to 87%. Also, by increasing W/D, from 3.50
to 9.23, the average turbulent dissipation rate in the whole basin increases to 4.5 times, moderately. Moreover, by increas-
ing W/D, from 3.50 to 9.23, the dissipation of turbulent flow energy in the basin becomes four times. Therefore, to design a
USBR VI stilling basin based on the existing conditions, W/D recommended to increase as much as possible until nearly 10.

Keywords USBR VI stilling basin - Turbulent dissipation - Turbulent kinetic energy - Numerical model - RANS
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Upxe  Maximum velocity

w Basin Width

x* Normalized x-Position (x* =x/L)
y* Normalized y-Position (y* =y/W)
z* Normalized z-Position (z* =z/H)
Greek Symbols

€ Turbulent dissipation rate

u Dynamic viscosity

p Water density

Introduction

The kinetic energy dissipated at the end of spillway has been
one of the most important issues for researchers in the recent
years. The flow downstream of the spillway structure should
return to the normal state before entering the river (Pagliara
and Palermo 2012). The kinetic energy dissipation at the end
of the spillway is done by various structures as well as still-
ing basins. The dissipative process that occurs in the stilling
basin is a major topic in river engineering. The energy dis-
sipation has to be correctly evaluated to prevent structural
stability risks and to optimize the hydraulic performance of
the energy dissipator itself (Shahheydari et al. 2015). Among
the types of stilling basin, there are basins where the kinetic
energy dissipation is done by the collision of a flow with
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an obstacle. Baffle placement is widely used in hydraulic
structures to dissipate kinetic energy in low-head outlets and
spillways (Bestawy et al. 2013; Vischer 2018).

In the impact stilling basins, the water flow impact to
the various baffles along the path and prevents it from
accelerating or energy dissipated inside the stilling basin
by installing baffles with different geometries inside it
(Goel 2008). One of the most common types of these
basins is the USBR VI stilling basin. The USBR VT still-
ing basin is one of the oldest basins designed to dissipate
energy from the outlet of pipes or culverts.

According to the USBR report, Fr of the inlet flow to this
basin considered between 1 and 10. This basin is used in
most irrigation and drainage projects and also surface water
collection network where Fr of inlet flow is low (Beichley
1971). In this basin, there is a baffle in the middle and an end
sill at the end. The middle baffle has two parts, vertical and
horizontal. The vertical part is located in front of the inlet
flow and has a certain distance from the bottom of the basin
so the inlet flow can move downstream from below. Hori-
zontal part turns part of the input flow upwards to dissipate
more energy from the input flow. Most of the energy of the
incoming flow to the basin dissipated by impact to the baffle
and the turbulence created upstream of the baffle. In order to
hydraulically design of this basin, a relation between Fr and
W/D is presented. To calculate the Fr of the incoming flow,
it must first determine the equivalent depth of the input flow
according to Beichley (1971):

D=VA=+/0/u o)

where A is the cross section of the inflow to the basin, Q
is the volume flow rate to the basin and u is the average
velocity of the inflow. Therefore, Fr of the incoming flow is
(Beichley 1971):

u
b @

By Fr and D, the width of the basin can be calculated with
using Eq. 3. The full dimensions of the USBR VI stilling
basin depend on its width, and by calculating the width of
the basin, the dimension of the other parts is Brevard (1971):

Fr =

% — 2.86 x Fr"573 3)

Dissipation of energy in this basin is carried out by flow
striking the baffle and being turned upstream by the hori-
zontal part of the baffle and by the floor, in vertical eddies.
Comparing the energy loss in this basin with the losses in
a hydraulic jump stilling basin shows that the USBR VI
stilling basin is more efficient (Hager 2013).
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A small notch or drain is usually included in the end
sill to facilitate basin drainage during periods of low or no
flow (Tullis and Bradshaw 2015). Since most of the energy
dissipation occurs before the flow passes below the baf-
fle, very little downstream stilling basin length is usually
required. Therefore, the much shorter length compared to
the hydraulic jump is one of the important advantages of
this type of this basin (Young 1978). Other very useful
characteristics of this basin is that it does not need tailwa-
ter for satisfactory performance. Of course, the presence
of tailwater causes the velocity of the outflow from the
basin to decrease and the profile of the outflow water level
to become smoother (Beichley 1971). Previous researches
show that the increase in the performance of the basin with
the presence of tailwater occurs only when the ratio of the
depth of the tailwater to the diameter of the inlet pipes
greater than 0.65 (Blaisdell 1992). In order to prevent the
basin from being completely filled with sediment and also
to wash the sediment after a long period of sedimentation
inside the basin, two notches should be added to the baffle.
These notches wash the sediment by creating concentrated
jets (Young 1978).

Several improving on designs have been reviewed and
implemented on this basin. Verma and Goel, by using a
physical model tried to reduce the scouring downstream the
basin. They with changing the geometry of the basin such
as an intermediate sill below the baffle and a splitter block
aligned with the incoming flow. These changes caused a
major reduction in scouring downstream of the basin. They
also studied the location of the inlet pipe to the basin using a
physical model, which calls into question whether the baffle
is effectively utilized (Verma and Goel 2003).

Behnamtalab et al. studied the stilling basin USBR VI
using comprehensive research (Behnamtalab et al. 2019,
2017, 2022). In part of their research, they investigated
the flow field in the basin using a numerical model. They
explained how the flow enters the basin and spreads it
behind the baffle, as well as how it passes under the baf-
fle. They explained the changes in average velocity in all
directions, volume flow rate distribution across the width
and several other characteristics of the flow inside the basin
and its downstream. Also, they made various changes in the
geometry of the basin in order to modify the flow pattern and
reduce scouring downstream of the basin. They suggested
that gradually increasing the width of the basin after the
baffle significantly reduces scour downstream of the basin.
Table 1 has been prepared in order to brief review the previ-
ous researches in the field of USBR VI stilling basin.

A review of the previous researches showed that under-
standing flow pattern inside the basin, familiarity with the
mechanism of the energy dissipation and the characteristics
of the turbulent flow in different conditions can help the
optimal design of the basin. Since numerical simulations
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Table 1 Summary of literature review especially on USBR VI stilling basin and its optimization

Author Study method  Input parameters

Output

Beichley (1971) Experimental ~ W/D and Fr

Peterka (1978) Experimental ~ Volume flow rate

This basin is more efficient than hydraulic jump
Basin design with dimensionless parameters
(1<Fr<10)

Using several basins where volume flow rate is very
high
Increasing the performance of the basin

Reducing the scouring downstream the basin

Energy dissipation inside the basin
Reducing the scouring downstream the basin

Rice and Kem (1991) Experimental ~ Tailwater

Verma and Goel (2000)  Experimental — Intermediate sill below the baffle and a split-
ter Behind the Baffle Wall

Khan (2011) Numerical height of the wing walls

Tiwari and Goel (2016)  Experimental  distance between the baffle and the inlet pipe

Tiwari et al. (2022) Experimental  Splitter Block Shape

Aleyasin et al. (2015)

Behnamtalab et al.
(2019, 2017, 2022)

Experimental

Numerical WID and Fr

Splitter Shape behind the Baffle Wall

Reducing the length of the basin
Reducing the scouring downstream the basin

Velocity field
Qualitative and quantitative flow field

Basin geometry optimization
Basin optimization by entropy generation index

can be used to extract more details of the flow pattern and
turbulent flow characteristics (Baranya et al. 2015; Barati
et al. 2018; Fadafan and Kermani 2017). Therefore, in this
study, using numerical simulations to study the flow pattern
and turbulent flow characteristics of the USBR VI stilling
basin are discussed. Considering that the parameter of Fr
of inlet flow and also W/D are among the important and
influential parameters on the hydraulic characteristics of the
flow inside the basin, the effects of these two parameters on
turbulent flow characteristics are investigated, numerically.

Governing equations and numerical
simulation

In this study, RANS equations are used to simulate tur-
bulent flow. These equations, which are the equations of
time-averaged of motion for fluid flow, are used to describe
turbulent flows and incompressible Newtonian fluid
(Anderson and Wendt 1995; White 2006; Hirt and Nich-
ols 1981). The continuity and momentum equations are:

ou;
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where p is the density of the fluid, ; are the time-averaged
velocities, and p is the time-averaged pressure. Equations 6
and 7 are also the turbulent kinetic energy or TKE (k) and

the turbulent dissipation rate (¢), respectively (Hoffman and
Johnson 2007).
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The turbulent viscosity or eddy viscosity , also
calculated:
k2
=G )
The coefficients used in the above equations include C ¢
C. ¢« C,,¢ 0, and o, in the RNG turbulence model are 0.085,
1.063, 1.72, 0.7179 and 0.7179, respectively. In order to
accurately simulate the turbulent flow in open channel
flows, the best turbulence model should be chosen, so it is
very necessary to investigate the effect of different turbu-
lence models on the results of the flow field (Farhadi et al.
2018; Talebpour and Liu 2018; Jafari-Nodoushan et al.
2016; Tajnesaie et al. 2018). The choice of the RNG k — ¢
turbulence model is due to the fact that it has given very
good results in several studies of simulation of turbulent
flows and is also very simple (Rodriguez et al. 2004; Rady
2011; Usta 2014; Zachoval and RousSar 2015; Babaali et al.
2015; Amorim et al. 2015; Ghazizadeh and Moghaddam
2016). Also, in this study, the results of flow field simula-
tion in basin have been compared with RNG k — e turbu-
lence models, k— e and k— @ and the results showed that
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the RNG k — ¢ turbulence model predict turbulent flow in
the USBR VI stilling basin with higher accuracy.

In Fig. 1, the flowchart of the research method is pre-
sented for the numerical simulation of the USBR VI stilling
basin and investigation of the turbulent flow field in it.

In this study, Flow3D software (Science 2008) is used
to simulate the USBR VI stilling basin. The Finite Volume
Method (FVM) is employed to solve three-dimensional (3D)
flow equations. Fractional Area—Volume Obstacle Repre-
sentation (FAVOR) method (Hirt and Sicilian 1985) is also
selected to detect the geometry of the structure. The FAVOR
method uses the value of cell porosity and determines its
value with a number between 0 and 1, and with this value,
the geometry of the structure and the flow of fluid will be
separated from each other. This model also uses FVM and
VOF method to discretize and solve the governing equa-
tions and tracking free surface of water. In VOF method
(Hirt and Nichols 1981), a quantity is defined in each cell
that indicates the ratio of cell water filling. A value of one
indicates that the cell is completely filled with water and a
value of zero indicates that there is no fluid inside the cell.
By knowing this quantity, the location of the water surface
and its angle between the cells of the solution field can be
detected by the model. In addition, in simulating the USBR
VI stilling basin, No-Slip conditions are used at the contact
surface of the fluid flow with the wall (Hirt 2011).

The Generalized Minimal Residual (GMRES) method
has been used as an implicit pressure—velocity solver to
create a pressure—velocity coupling. This method is very
accurate and efficient for a wide range of problems and
has excellent convergence, symmetry and speed properties.
However, it uses more memory than other methods (Hirt
2011). Whenever the velocity, Reynolds stress and conti-
nuity equation residuals are less than 107°, the convergent
numerical solution is considered. Also, in all numerical
models in this research, water density and dynamic vis-
cosity and its temperature were considered 1000 kg/m?,
0.001 kg/m? and 20 °C, respectively.

According to the contents presented in the introduc-
tion, two important and influential parameters on the flow
field in the USBR VI stilling basin include the Fr of inlet
flow and the W/D. For this purpose, 3 basins with different
W/D are simulated and 5 different Fr are also evaluated in
each basin. Therefore, in order to study the turbulent flow
field, 15 different numerical simulations are performed.
The general shape of the stilling basin and its character-
istics are shown in Fig. 2. The bottom end of the inlet
pipe to the basin is considered as the origin of the coor-
dinate system. For this purpose, to determine the position
of any point in the stilling basin, dimensionless relations
x*=x/L, y*=y/W and z*=z/H are used, where x*, y* and
z* are no-dimension locations of each point. In the pre-
sented relations, x, y and z are the locations of each point

USBR VI Stilling Basin

—

Creating the stl File

of the Basin in 3D

Transfer stl File to
FLOW3D Software

v

Turbulence Models
Analysis

Meshing and Mesh
Sensitivity Analysis

Validation of Numerical Simulation by
Physical Model of Behnamtalab et al. [14]

\ 4

Parametric Analysis
of the Basin

Changing the inlet Fr by

A

changing the inlet Flow
Rate to the Basin

Changing the W/D by

A 4

changing the Diameter of
the Inlet Pipe to the Basin

A 4 A 4

A 4 A 4

Longitudinal Velocity
Evaluation

Turbulent Dissipation
Evaluation

Turbulent Energy Dissipation
Rate Evaluation

Turbulent Kinetic Energy
Evaluation

Fig. 1 Flowchart of the research method
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Fig.2 Geometry of the USBR VI stilling basin and coordinate sys-
tem origin

in the Cartesian coordinate system and L, W and H are the
length, width and height of the stilling basin, respectively.

As mentioned earlier, all dimensions of the USBR VI
stilling basin depend on its width. The width of the basin is
considered 45 cm in all numerical models. The desired width
is in accordance with the physical model of Behnamtalab
et al. (2017). Table 2 shows the USBR VI stilling basin char-
acteristics in numerical models.

In this table, W is the basin width, L is the basin length,
H is the basin height, d is the endsill height, a is the distance
from the beginning of the basin to the vertical baffle, b is the

vertical baffle height and ¢ is the baffle thickness. To create
three different W/D, as mentioned, the basin width fixed and
the inlet pipe diameter D, are changed. Therefore, consider-
ing the inlet pipe diameter equal to 5.5, 8.5 and 14.5 cm and
the basin width equal to 45 cm, according to Table 3, three
different W/D equal to 9.23, 5.97 and 3.50 is created.

Using Eq. 3 for three different W/D of 9.23, 5.97 and 3.50,
the standard design Fr are 7.67 (Run 3), 3.61 (Run 8) and
1.42 (Run 13), respectively. Therefore, to fully investigate
the hydraulic flow characteristics in each W/D, two Fr higher
than the standard Fr and two Fr lower than the standard Fr
are considered.

The computational domain continued downstream the
basin or the channel downstream the basin until a perfectly
uniform flow was created. Also, upstream the basin, the
inlet pipe length to the basin was considered so that the
flow at the end of the pipe or at the entrance to the basin
is fully developed. Therefore, based on the relation of the
boundary layers in turbulent flow, the inlet pipe length to
the basin in models with W/D =9.23 is equal to 2 m, in
models with W/D =5.97 equal to 3 m and in models with
W/D=3.50is equal to 5 m. In all models, the tailwater for
the best basin performance was 16 cm (d+ b2) (Beichley
1971). Figure 3 shows the mesh created on the USBR VI
stilling basin. In order to meshing this basin, two different
mesh blocks have been used. The inlet pipe to the basin

Table2 USBR VI stilling basin

- o w L
numerical model characteristics

(in cm) 45 60

7.5 16.9 22.5 3.5

Table 3 Characteristics of different numerical models

Model Name Inlet pipe diam- Depth of incoming Basin width ~ Froude number Mean velocity of Inlet discharge W/D

eter (cm) flow (cm) (cm) incoming flow (m/s) (L/s)

D, D w Fr u 0
Run 1 5.5 4.87 45 5.48 3.79 9 9.23
Run 2 5.5 4.87 6.70 4.63 11 9.23
Run 3 5.5 4.87 7.67 5.30 12.6 9.23
Run 4 5.5 4.87 8.52 5.89 14 9.23
Run 5 5.5 4.87 9.74 6.73 16 9.23
Run 6 8.5 7.53 1.85 1.59 9 597
Run 7 8.5 7.53 2.67 2.29 13 597
Run 8 8.5 7.53 3.61 3.10 17.6 597
Run 9 8.5 7.53 451 3.88 22 597
Run 10 8.5 7.53 5.54 4.76 27 597
Run 11 14.5 12.85 0.92 1.03 17 3.50
Run 12 14.5 12.85 1.19 1.33 22 3.50
Run 13 14.5 12.85 1.42 1.60 26.4 3.50
Run 14 14.5 12.85 1.73 1.94 32 3.50
Run 15 145 12.85 2.05 2.30 38 3.50
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Fig.3 Computational grid

Mesh Block 1

Mesh Block 2

Table 4 Boundary conditions in X .
mesh blocks o

X,

max

Ymin Y,

max

Zmin Z

max

Mesh block No.1

Volume flow rate

Symmetric Wall Wall Wall Wall

Table 5 Total kinetic energy in the mesh Block 2 for different meshes

Mesh 1

Mesh cell size (mm) 6 8 10 12 14

Total turbulent 1.556
kinetic energy (J)

2.825

has meshed by Block 1 and the stilling basin and its down-

Mesh block No.2 Symmetric Outflow Wall Wall Wall Symmetric
= 5
>
20
Mesh2 Mesh3 Mesh4 Mesh5 é 4
g
§ 3
3501 4391 4379 v
g 2
=
<
e 1
=
o
= 00 2 4 6 8 10 12 14 16
Cell Size (mm)

stream channel has been meshed by Block 2. The flow
in Block 1 enters to the inlet pipe (x,;,) with a certain
volume flow rate with a uniform flow. At the end of Block
2, the flow will be out of the computational domain (x,,,,)
using the outlet boundary condition. Symmetry boundary
condition was used between the two meshed blocks. Also,
to simulate the water surface in contact with air (z,,,,),
the symmetry is used to create a relative zero-pressure.
All boundary conditions in Blocks 1 and 2 are presented
in Table 4.

In order to study the independence of the research
results from the mesh size, Run 13 model with five dif-
ferent cell sizes in the range of 6—14 mm is conducted.
In all cases, the turbulence kinetic energy in the whole
mesh Block 2 was considered as a criterion for selecting
the optimal cell size. The effect of cell size on the total
turbulence kinetic energy prediction accuracy is shown in
Table 5 and Fig. 4.

The results show that the total turbulence kinetic energy
for Mesh 1 and Mesh 2 is completely different from the
other three meshes, but there is a slight difference between
the predicted total turbulence kinetic energy of Mesh 4 and
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Fig.4 Variation of the total turbulent kinetic energy for different cell
sizes

Mesh 5. Therefore, to reduce the simulation time, Mesh 4
is selected as the optimal mesh.

Results and discussion

In this part, the numerical model will first be validated and
then the turbulent flow field inside the stilling basin will be
investigated. Investigating the turbulent flow field inside
the stilling basin is based on the changes of two important
and influential parameters, Fr and W/D.

In order to investigate the turbulent flow field, the effect
of the changes in these two parameters on the longitudi-
nal average velocity as well as the maximum velocities
inside the basin, turbulent dissipation, turbulent energy
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Fig.5 Velocity profiles in the inlet pipe to the basin in the present

numerical model and Schlichting laboratory result (Schlichting 1968)

Table 6 Dimensional pressure at a stagnation point on the vertical
baffle

Location of the

_ >
P/ - of numerical P/Z- of physical

2 ded press
model (cm) model (cm) recorded pressure
1.22 1.16 Stagnation point on

the baffle

dissipation rate and turbulence kinetic energy have been
studied. Investigating these details of the turbulent flow
will lead to a better understanding of the energy dissipa-
tion mechanism inside the basin and optimal design.

Numerical model validation

In order to validate the numerical model, the results of
Behnamtalab et al. (Behnamtalab et al. 2017) physical model
were used. In that physical model, due to the high velocity
of the flow, the complexity of the structure’s geometry, and
the high turbulence of the flow, only the pressure on the
middle baffle was taken using pressure transducer sensors,
and there is no other data to compare with the numerical
model. Therefore, to check the results and accuracy of the
numerical model more precisely, the velocity profile in the
inlet pipe in the present numerical model was also compared
with the results of the velocity profile in the Schlichting
(1968) physical model.

Figure 5 compares the longitudinal velocity profiles in
the inlet pipe to the stilling basin in the present numerical
model and the Schlichting (1968) laboratory results. In this
figure, u is the longitudinal velocity in the inlet pipe and
Upax 1 the maximum longitudinal velocity in the inlet pipe
and it is observed that the result of the numerical model
agrees with the laboratory model result and the average
error is approximately 1.2%. Also, in Table 6, dimensionless

25

—
>

u (m/s)

—

Fig.6 Average longitudinal velocity changes along USBR VI stilling
basin at WD =3.50

Table 7 Specifications of average and maximum longitudinal velocity
along the USBR VI stilling basin

W/D=923 W/D=597 W/D=350

97 92 80 (*—: ) % 100

87 68 40 (MW*:(;—MW,A*:I ) % 100

u

max,x* =0

pressure at the location of the stagnation point on the vertical
baffle (the stagnation point is located along the center line
of the inlet pipe on the vertical baffle) is presented in the
numerical model and Behnamtalab et al. laboratory model
(Behnamtalab et al. 2019). In this table, the stagnation point
pressure (P) is dimensionless by the average velocity of the
inlet flow to the basin (). The result presented in the table
show that the present numerical model predicts the stagna-
tion pressure on the vertical baffle with a 5% error.

Longitudinal velocity

Figure 6 shows the changes in the average longitudinal
velocity from the beginning to the end of the basin for
W/D =3.50 at different Fr. It can be seen that the average
flow velocity has decreased sharply as soon as it enters the
basin from the pipe and has an almost constant value along
the basin. However, after passing the flow under the baf-
fle (from x* = 0.43to x* = 1), it increases slightly and then
continues with an almost constant value to the end of the
basin. The same is true for other W/D ratios. However, the
average longitudinal velocity drop varies in different WD
ratios. Also, due to the fact that the cross-sectional area of
the flow passing under the middle baffle is the same for dif-
ferent Froude numbers, so in this range, the average veloci-
ties at different Froude numbers are close to each other.
Table 7 also shows the decrease percentage in the aver-
age longitudinal velocity of the flow at the end of the basin
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relative to the average longitudinal velocity of the flow in the
inlet pipe. According to this table, for example, the average
velocity at the end of the basin is 80% of the average velocity
in the inlet pipe for every 5 Fr surveyed at W/D =3.50 (Run
11 to Run 15). It is observed that with increasing W/D, the
decrease percentage in average longitudinal velocity rela-
tive to the average velocity of the inlet flow to the basin also
increases.

Also, in this table, the reduction rate of the maximum
longitudinal velocity at the end of the basin (x* = 1) com-
pared to the maximum velocity at the beginning of the basin
(x* = 0) is presented. The results show that in W/D =3.50
maximum velocity along the basin is 40%, in W/D=5.97
maximum velocity along the basin is 68% and in W/D=9.23
maximum velocity along the basin has been reduced by
87%. This result is completely consistent with the results of
the study of the average velocity along the basin and con-
firms the fact that with increasing the W/D ratio, the aver-
age flow characteristics inside the basin will decrease more
significantly.

umax (m/s)

x*

Fig. 7 maximum longitudinal velocity changes along USBR VI still-
ing basin at WD =3.50

Fig.8 Turbulent dissipation
rate range changes in the Run
3 model

Figure 7 shows the maximum longitudinal velocity
changes from the beginning to the end of the basin for
W/D =3.50. Increasing the Froude number has increased
the maximum longitudinal velocity in different parts of the
basin. Also, in this table, the maximum flow velocity at the
end of the basin compared to the average velocity of the
inlet flow is calculated. It can be seen that in WD =9.23,
the maximum velocity at the end of the basin has drastically
decreased compared to the average velocity at the entrance.
This is very important in protecting the downstream bed
of the basin. Therefore, increasing the W/D causes both
the average outlet velocity and the maximum velocity to
decrease more sharply at the outlet of the basin.

Turbulent dissipation

Figure 8 shows the contours of turbulent dissipation rate
changes in the Run 3 model. Figure 8a shows the turbulent
dissipation rate on the x—z plane at y* =0, and Fig. 8b shows
the turbulent dissipation rate on the y—z plane at x*=0.375
or in other words at the upstream surface of the baffle. Inci-
dents that occur at the boundaries of inlet jet to the basin
have a maximum turbulent dissipation rate and are gradu-
ally reduced. This is due to turbulent flow fluctuations at the
boundary of inlet jet to the basin. In the range of jet impact
to the baffle, the turbulent dissipation rate shows higher val-
ues than remaining surface of the baffle. This is also due
to changes in flow from the longitudinal direction to the
vertical direction.

Figure 9 shows the turbulent dissipation rate changes at
W/D =9.23 at different Fr. Figure 9a shows the turbulent
dissipation rate changes along the basin, Fig. 9b shows the
changes in the width direction of the basin and Fig. 9c shows
the changes in the height direction of the basin. As shown in
Fig. 9a, the maximum turbulent dissipation rate occurs near
the baffle (the location of the baffle is at x*=0.37). Also, the
turbulent dissipation rate upstream the baffle area is higher

01 02 03 04

-04 -03 -02 -01 O

01 02 03 04 05 06 07
X*
a) X-z plane in y*=0
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b) y-z plane in x*=0.375
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Fig.9 Turbulent dissipation rate changes in WD =9.23
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Fig. 10 Turbulent dissipation rate changes across the basin at differ-
ent WD

than the downstream area of the baffle. The turbulent dis-
sipation rate distribution in the width direction of the basin
is nonuniform and increases as it approaches the inlet pipe
area (—0.1 <y*<0.1).

In Fig. 10, the turbulent dissipation rate changes across
the basin for the three different W/D are compared. As

0.7

3
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% w
< a-1V]
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=
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Fig. 11 Average turbulent dissipation rates at different W/D and Fr

can be seen, with increasing W/D or in other words with
decreasing the inlet volume flow rate to the USBR VI still-
ing basin, the uniformity of the turbulent dissipation rate
across the basin decreases and the maximum dissipation
rate values within the inlet pipe range (— 0.1 <y* <0.1) is
located. As W/D decreases, the turbulent dissipation rate
will have a fairly uniform distribution across the basin.
Figures 11 and 12 show the average turbulent dissipation
rate. Figure 11 shows the average turbulent dissipation rate
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Fig. 12 Average turbulent dissipation rate upstream and downstream
the baffle at different W/D and Fr

in the whole basin at different W/D ratios and Fr. Depend-
ing on the figure, the average turbulent dissipation rate in
the whole basin increases with increasing WD. Also, with
increasing Fr in each W/D, the turbulent dissipation rate
increases.

Figure 12 shows the average turbulent dissipation rate
upstream the baffle of the basin and the average turbulence
dissipation rate downstream the baffle of the basin at differ-
ent W/D and Fr. It is noteworthy that with increasing W/D,
the average turbulent dissipation rate at upstream of the
baffle increases compared to the average turbulent dissipa-
tion rate at downstream of the baffle. At W/D=9.23, the
average turbulent dissipation rates are significantly different
at upstream and downstream of the baffle. This indicates
that increasing W/D, most of the kinetic energy of the tur-
bulent inlet flow to the basin, in the upstream the baffle is
dissipated. At W/D =3.50, the average turbulent dissipation
rates at upstream and downstream of the baffle are equal.
The turbulent dissipation rate at upstream of the baffle for
W/D=3.50 (Run 13) is 0.284 j/kg s, at W/D=5.97 (Run 8)
at 0.881 j/kg s and at WD =9.23 (Run 1) is equal to 2.907
j/kg s. Also, the turbulent dissipation rate at downstream
the baffle, for W/D =3.50 (Run 13) equal to 0.249 J/kg s,
at W/D=5.97 (Run 8) equal to 0.394 J/kg s and in the ratio
W/D=9.23 (Run 1) is equal to 0.823 j/kg s. It can be seen
that the turbulent dissipation rate at upstream the baffle is
14, 124 and 253% higher for W/D =3.50, W/D=5.97 and
W/D =9.23, respectively, i.e., with increasing W/D, turbulent
flow energy dissipation occurs mostly at upstream the baffle,
and the flow passing under the baffle will be transmitted to
the downstream channel with almost constant energy.

Turbulent energy dissipation rate
Figure 13 shows the turbulent energy dissipation rate in the

USBR VI stilling basin at different W/D and Fr. Turbulent
energy dissipation rate is in joules per second, which is the
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Fig. 13 Turbulent energy dissipation rate in different W/D and Fr

energy loss in the basin due to turbulent flow. The results
of this diagram show that by increasing the W/D, the turbu-
lent energy of flow is dissipated more rapidly in the basin.
Also, by increasing the Froude number in each W/D, the
turbulent energy dissipation rate will increase even more
sharply. The remarkable result is that in the standard design
performed using Eq. (3) in W/D =3.50 (Run 13), the amount
of the turbulent energy dissipation is equal to 17.33 j/s, in
the ratio W/D=5.97 (Run 8) the amount of the turbulent
energy dissipation is equal to 29.30 j/s and in W/D =9.23
(Run 1) the amount of the turbulent energy dissipation is
equal to 70.37 j/s.

Figure 14 shows the changes in turbulent energy dissipa-
tion rate inside the basin over time in the numerical models.
It observed that after the flow enters the basin through the
inlet pipe and with very small fluctuations, the amount of
this parameter tends to a constant value and remains constant
in this value.

Run 11
—e—Run 12
Run 13
Run 14

—e—Run 15

Turbulent Energy Dissipation Rate
@/s)

0 20 40 60 80
Time (s)

Fig. 14 Temporal changes in turbulent energy dissipation rate in
W/D=3.50 and different Fr
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Fig. 16 Total turbulent kinetic energy inside the USBR VI stilling
basin at different W/D and Fr

Turbulent kinetic energy

In this section, the turbulent kinetic energy is studied. In
Fig. 15 the average and maximum kinetic turbulent energy
changes along the basin in different W/D ratios in the mod-
els Run 3 (W/D =9.23), Run 8 (W/D =5.97) and Run 13
(W/D =3.50) have been compared with each other. As
shown in Fig. 15a, with increasing W/D ratio, the turbulent
kinetic energy at the location of flow impact with the baf-
fle (x*=0.37) is greatly increased. As shown in Table 3,
the average velocity of the flow entering the basin in Run
3, Run 8 and Run 13 models is 5.30, 3.10 and 1.60 m/s,
respectively, and according to Fig. 15a the average kinetic
turbulent energy at the location of flow impact with the
baffle in the Run 3 model is much larger than the other two
models. Due to the fact that at the point of flow impact to
the baffle, especially at the stagnation point, the longitu-
dinal velocity of the flow will reach zero, so the maximum
turbulent kinetic energy occurred in the model at a higher
velocity flow. Also, in Fig. 15b the maximum turbulent
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Fig. 17 Accuracy of Eq. 9 in predicting the turbulent kinetic energy
inside the USBR VI stilling basin

kinetic energy in the Run 3 model or in other words in
W/D =9.23 is very different from the other two models.

In Fig. 16, the total turbulent kinetic energy changes
inside the USBR VI stilling basin at different W/D ratios
and Froude numbers are compared. In this diagram, the
turbulent kinetic energy in the stilling basin range, i.e.,
x*=0to x*=1, is calculated for Run 1 to Run 15 models.
According to the standard design performed using Eq. (3)
at W/D =3.50 (Run 13) the amount of the total turbulent
kinetic energy is 4.39 j, at W/D=5.97 (Run 8) the amount
of the total turbulent kinetic energy is equal to 4.54 j and
in the ratio W/D =9.23 (Run 3) the amount of total tur-
bulent kinetic energy is equal to 5.83 j. This indicates
that with increasing W/D ratio, the total turbulent kinetic
energy inside the stilling basin is highly dependent on the
W/D ratio in the standard design.

Equation 9 can be used to calculate the total turbulent
kinetic energy inside the basin. In this equation, the turbulent
kinetic energy inside the basin will be calculated in terms of
the W/D ratio and Fr of the inflow to the basin. The accuracy
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of this equation based on the prediction of available data is also
presented in Fig. 17.

=2.779
Total TKE(J) = 76.550 x (%) x (Fr,)' ™ R? = 0.982
9)

Summary and conclusions

In this research, the characteristics of Mean and turbulent
flow field in USBR VI stilling basin have studied, numeri-
cally. This research has done by solving RANS equations
in incompressible flow using k — epsilon RNG turbulence
model. The results showed that there is a good agreement
between the laboratory data and the results of the pre-
sent numerical model using mesh cell size and sensitivity
analysis of turbulence models. The general results of this
research are as follows:

e The mean and maximum longitudinal velocity at
W/D =3.50 ratio along the basin were 80 and 40%,
respectively, at W/D =5.97 ratio at 92 and 68%, respec-
tively, and at W/D =9.23 ratio at 97% and It is reduced
by 87%.

e By increasing the W/D ratio, the average velocity and
the maximum velocity at the end of the basin will
decrease more sharply.

e The turbulence dissipation rate in the upstream of the
baffle is higher than the downstream of the baffle.

e The distribution of turbulent dissipation rate across the
basin is nonuniform and increases as it approaches the
inlet pipe area (—0.1 <y* <0.1).

e As W/D increases, the uniformity of the turbulent dis-
sipation rate across the basin decreases.

e The average turbulent dissipation rate in the whole
basin increases with increasing W/D ratio. Also, with
increasing the Froude numbers in each W/D ratio, the
turbulent dissipation rate increases.

e By increasing the W/D ratio, the average turbulent dissi-
pation rate at upstream of the baffle increases compared
to the average turbulent dissipation rate at downstream
of the baffle.

e the turbulent dissipation rate at upstream of the baffle
than the downstream of the baffle is 14, 124 and 253%
higher for WD =3.50, W/D =5.97 and W/D =9.23,
respectively, i.e., with increasing W/D, the turbulent
flow energy dissipation occurs mostly at upstream of
the baffle.

e As the W/D increases, the turbulent flow energy is dis-
sipated more rapidly into the basin.

@ Springer

e By increasing the W/D, the total turbulent kinetic
energy inside the stilling basin is highly dependent on
the W/D in the standard design.

e In this research, based on the analysis of the mean and
turbulent flow field in the USBR VI stilling basin, it is
proposed to increase the W/D as much as possible in
the design of these basins, based on the existing real
conditions.
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