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Abstract

Stilling basins are one of the most important parts of hydraulic structures to dissipate the kinetic energy of the flow. The dis-
sipation of the energy is an essential problem in the design of any stilling basin. USBR VI stilling basin is one of the oldest
basins designed for dissipating the pipe outlet flow. This basin looks like a box with the intermediate baffle and an endsill.
In this paper, the effect of the USBR VI stilling basin geometry on the entropy generation has been studied numerically by
solving the RANS equations with the RNG k-epsilon turbulence model. In this research, the entropy generation analysis
is used for the first time in the USBR VI stilling basin. In this study, the total entropy generation is introduced as a design
index for the USBR VI stilling basin and its results are compared with the characteristics of the flow field in the basin and the
outlet flow from the basin. The effect of v—l‘)/ ratio (Basin width to incoming flow depth to the basin) on the flow field, entropy
generation rate, and total entropy generation is analyzed. The results showed that variations of the total entropy generation
have a good agreement with variations of the total hydraulic head loss along the basin, mean and maximum velocity on the
endsill and shear velocity near the downstream channel bed. By decreasing of the W/D ratio from 9.23 to 3.50, total hydraulic
head losses is decreased from 89 to 39 percent. Also, in general, a large % ratio is beneficial for the best performance and
highest energy dissipation.
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Introduction

Typically, in hydraulic structures such as dams, and canals
water flows out with high energy and can endanger the sta-
bility of downstream structures. So, it is necessary to dis-
sipate excess energy of high-velocity flow at the outlet of
a conduit or tunnel. Nowadays, one of the most important
energy dissipators in hydraulic structures is stilling basins.
Therefore, many researchers are looking for the best optimal
stilling basin to increase the energy dissipation of the water
flow. Stilling basins dissipate the energy of the outlet flow
of channels, chutes, and culverts. The most common form of
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the impact type energy dissipator is USBR VI stilling basin
in which the energy is dissipated by the incoming jet striking
the baffle [1]. The efficiency of the USBR VI stilling basin in
accomplishing energy losses, for the same Froude number,
is higher than a hydraulic jump stilling basin [2]. This basin
looks like a box with the intermediate baffle. The USBR VI
stilling basin can dissipate the energy of the incoming flow
without tailwater. Suitable tailwater; however, will decrease
the velocity of the outlet flow from the basin and the scour-
ing of the downstream channel bed. Also, tailwater more
than the recommended limit causes some flow passes over
the baffle.

Several researchers have studied the efficiency improve-
ment of energy dissipation in the USBR VI stilling basin
by using physical models. Aleyasin et al. [3] investigated
the flow field experimentally. Their tests were performed
for the basin with % = 7.3 and Froude number of incoming
flow 6. Basin width and inlet pipe diameter were 40 and
5.5 cm, respectively. They suggested installing a splitter in
the upstream of the baffle and a cellular wall between the
baffle and the endsill for improving the efficiency. Verma
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and Goel [4, 5], Tiwari [6], and Tiwari and Goel [7] studied
the scour downstream of this basin for various geometry
modifications of the basin experimentally. Their studies were
performed for% = 6 (basin width to incoming flow depth)
and the various Froude numbers. The inlet pipe diameters
were 7.5 and 10 cm. They presented some suggestions for
parameters of the location of the baffle wall, its dimensions,
the length of the basin, and the shape of the endsill. All
investigations related to USBR VI stilling basin have a com-
mon point that outlet flow from the basin should minimize
damage to the downstream river bed of the basin. Due to the
complexity of the flow field in this basin, they did not evalu-
ate the flow field in different conditions in their physical
models. However, the flow field can be studied by numerical
simulation accurately. Numerical simulation of the flow field
can provide useful information about the mechanism of the
energy dissipation of the flow and the optimal stilling basin.
Review of previous researches demonstrated that the mecha-
nism of the energy dissipation of the flow in the USBR VI
stilling basin has not been studied until now.

The flow field in stilling basins is usually simulated
numerically by various methods. One of the most common
methods is the finite volume method which is used in the
present study [8]. Also, the energy dissipation phenomenon
of the flow is often done by using the mean flow character-
istics or by the entropy generation (EG) analysis. Recently,
the analysis of the flow field by the EG index has been very
much considered. In energy systems, the less EG indicates
more efficiency.

Most of These researches had been conducted on energy
systems such as power plants. Bejan, firstly, was the first
researcher that studied convective fluid flow with EG anal-
ysis [9, 10]. Several studies have been conducted by EG
analysis such as concentric annulus [11], solar collector [12,
13],twisted U-tube [14], a solar heat exchanger [15-17],
latent heat storage [18], steam turbines efficiency [19, 20],
power plant efficiency analysis [21], cavity [22-25], diesel
engine efficiency [26, 27], boiling phenomenon [28, 29],
Wells turbine [30, 31] and stretching cylinder [32]. Saghi
and Lakzian [33] analyzed the sloshing phenomenon using
the EG index. Nazeryan and Lakzian [34] studied the details
of the turbulent and viscous EG rate in a Wells turbine based
on the blade thickness. Lakzian et al. [35] by simulating
an air ejector pump showed that the maximum entrainment
ratio and the minimum total EG occur in the same geometry
of the ejector.

Table 1 Coefficients for RNG k-epsilon turbulence model [37]
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1.063 1.72 0.7179 0.7179

Energy dissipators or stilling basins have different perfor-
mance comparisons with cases that are presented. In stilling
basins, if EG increases, this condition is better than before.
Although numerous studies by using EG analysis, this method
has not been used to study the energy dissipation mechanism
of the stilling basins and their optimization. Hence, in this
study, for the first time, we investigated energy dissipation in
a hydraulic structure sing entropy generation analysis. There-
fore, in the present paper, we numerically simulated the USBR
VI stilling basin to analyze the dissipation mechanism by using
the EG method. First, the numerical model is validated by the
experimental data. Then, the flow field, the EG rate, and the
total EG in the basin are calculated for the various % ratios.
Finally, the best % ratio and the optimal basin are introduced.

Numerical Method and Procedure

In this research, Reynolds Averaged Navier—Stokes (RANS) is
implemented to model the flow field. These RANS equations,
which are time-averaged equations of motion for fluid flow,
are used to describe turbulent flows of incompressible New-
tonian fluid [30]. They are based on Reynolds decomposition
in which an instantaneous quantity decomposes into its time-
averaged and fluctuating quantities. The following equations
show RANS equations, governing the conservation of mass
and momentum [36]:
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In the above equations p is the fluid density, u is the
dynamic viscosity, g is the gravity acceleration, p is the pres-
sure and u, v, w, are local velocity components in x, y, z direc-
tions, respectively. The RNG k-epsilon model equations are
given in Egs. (3) and (4) in which K and € are turbulent kinetic
energy and dissipation rate, respectively and P shows turbu-
lence production given by [37]:
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Fig. 1 Design width of the USBR VI Stilling Basin [2]
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The coefficients of above equations are presented in
Table 1.

In CFD modelling, the volume of fluid (VOF) is used
to identify the free surface level and its angle among the
solution domain, by defining a specified value for the fluid
surface cells which are semi-full and show their water-filled
proportion [36]. The transport equations for the VOF func-
tion are as:
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In the above equations Vf is the volume fraction,  is the
viscous stress tensor, G is the body acceleration and F is the
fluid fraction. Symbol G denotes the gravity vector.

In order to study the effect % parameter of USBR VI
stilling basin on energy dissipation rate, EG analysis is per-
formed, and it is assumed that the viscous heating is very
insignificant. v_;/ is an important parameter on the USBR VI
stilling basin design.

In the modeling, the EG rate is determined by the fol-
. . . . Mmoo w
lowing equation [21] in which ng is EG rate (ﬁ) and T,
k, p and @ are temperature, thermal conductivity, dynamic
viscosity and viscous dissipation function, respectively:
" k 2 H
gen = E(VT) + ?(p >0 (11)
The equation of EG rate has two terms of the thermal
dissipation and viscous dissipation and since fluid flow in
stilling basins is isothermal, the term of the thermal dissipa-
tion can be neglected. As a result, Eq. (11) can be re-written
in three-dimensional coordinates as [38] as follow:

ng:///<%(p>dxdydz (12)
o2 (8 e (5) +(5) |+ (e ge) + () (0%

13)
In this study the calculation of the total hydraulic head
(THH) of the flow in the beginning and at the end of the
basin is performed by determining the value of the mean
velocity in the inlet pipe, the depth of the incoming flow,
the mean depth and the mean velocity of the flow on the
endsill (Eq. (14)). Then, the value of the head decreasing
ratio (HDR) of the basin is drawn by Eq. (15):
Py U?
THH S Z+ 2 (14)
Where Py and U are the mean pressure and mean velocity in
the desired section.

( THHatBegining ) - ( THHutEnd )

(THH,
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Model Implementation and Boundary
Condition

Physical Model

In general, the most important factor to design a basin is its
width which can be calculated from Fig. 1 [2] by the depth
and the Froude number of the incoming flow. In this study,
it is assumed that the cross-section of the incoming jet to the
basin has the shape of a square [2]; therefore, it is calculated
by the following equation, in which Q and V are the inlet flow
rate and mean velocity of the incoming flow, respectively.

D=\/Z=\/g (16)
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Fig.2 The schematic model of the stilling basin. (a) Schematic basin [3], (b) Perspective view of the basin, (¢) Coordinate system, (d) Longitu-
dinal section and important dimensions

Table 2 Dimensions of the
USBR VI stilling basin model
(in centimeter)

Table 3 Characteristics of
simulations for investigating the
% effect

w L H d b a t
45 60 33.8 7.5 16.9 22.5 35
Model Name  Inlet Pipe Depth of Incom- Basin Inlet Mean Velocity of w
Diameter ing Flow (cm) Width Discharge  Incoming Flow (m/s) b
(cm) (cm) (L/s)
D, D W Q \%
A 5.5 4.87 45 12.6 5.31 9.23
B 6.5 5.76 14.3 4.31 7.81
C 8.5 7.53 17.6 3.10 5.97
D 10.5 9.31 20.6 2.38 4.84
E 14.5 12.85 26.4 1.60 3.50
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Fig.3 Schematic view of the
mesh used for simulating the
USBR VI stilling basin Mesh Block 2 D—
¥y 4/_/’/ S
T ) —
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Table 4 Bpundary conditions of Xmin Xmax Ymin Yimax Tmin Timax
the numerical model
Mesh Block No.1 Volume Flow Rate Symmetric Wall Wall Wall Wall
Mesh Block No.2 Symmetric Outflow Wall Wall Wall Symmetric
Table 5 Total EG in the stilling basin for different meshes
Mesh1 Mesh2 Mesh3 Mesh4  Mesh5
Number of 200,924 315,234 810,236 1,072,566 1,596,471
cells
Total EG 0.000644 0.000601 0.001088 0.001154 0.001189
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Fig.4 Variation of the total EG for different number of cells

Also, Froude number of the incoming flow is calculated
from the following equation:

Fr=—V

VoD

an

Fig.5 Physical model of USBR VI stilling basin [47]

In CFD modeling, five different models of the stilling
basin are chosen as 3D computational domains to cover the
best performance of the basin in the % range from 3 to 10
[2].

All the dimensions of these models are considered con-
stant except for the inlet pipe diameter (D,) and its length.
As aresult, five different VBV ratios with value 9.23, 7.81, 5.97,
4.84, and 3.50, which are in the upper, middle, and lower
range of Fig. 1 curve, are achieved. The schematic of the
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Fig.6 Velocity profile in the
inlet pipe (r and D, are radius
direction and inlet pipe diam-
eter, respectively)

Flow
Direction

Central axis of Pipe

Stagnation Point

Fig.7 Location of the stagnation point on the baffle

Table 6 Pressure on the stagnation point on the baffle wall

Location of the recorded ,,% p’%
pressure > of physical model 2 of numerical
model
Stagnation point on the 1.16 1.22
baffle

Fig.8 Flow depth on the endsill
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computational domains is depicted in Fig. 2 and their fixed
dimensions are presented in Table 2.

Numerical Models and Methods

The physical characteristics of each 3D model are summa-
rized in Table 3. The computational domains from upstream
and downstream are extended sufficiently to confirm the
fully developed flow condition and uniformity of the flow.
Thus, the length of the inlet pipes in the A, B, C, D, and E
models are defined as 2, 2.5, 3, 4, and 5 m respectively, to
ensure that the incoming flow is fully developed. The tailwa-
ter dimension with a value of 16 cm is calculated from the
recommended relation of d + %’, for the best performance of
the USBR VI stilling basin [2].

It can be seen from Fig. 2(c) that the origin of the Carte-
sian coordinate system is set at the end of the inlet pipe floor;
besides, the coordination of each point in the computational
domains is normalized with equations of x* = %, = % and
==

A structured meshing is set up to discretize the com-
putational domains. The total number of cells on the
computational domain is about 1.1 x 10°. The mesh inde-
pendency analyses are performed, and it is presented in

0.1 0.3 0.5

— Present Numerical Model
- & -Experimental Data (behnamtalab et al., 2017)
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the next section. Simulations with finer grids showed that
the quality of prediction is not enhanced by improving
the number of cells used. In Fig. 3, the computational
domain with the cell distribution is depicted. It can be
seen that each model is divided into two blocks to ease
the meshing procedure of the inlet pipe to the basin, and
the basin itself and its downstream channel. The com-
putational domain contained six boundaries: inlet, out-
let, wall surfaces, and symmetry surface at Zmax in the
second block to simulate the atmospheric pressure on
the free surface. The location of each boundary is pre-
sented in Table 4. The flow is uniformly entered into the
computational domain from volume flow rate boundary
condition with the turbulent intensity (I) of 5% and it
leaves the computational domain with outflow bound-
ary condition. At the wall surfaces, no-slip condition for
the flow is assumed. The flow is entered into the A,
B, C, D, and E models with a velocity of 5.31, 4.31,
3.10, 2.38, and 1.60 m/s, respectively. The density of the
water and its dynamic viscosity are considered 1000 kg/
m? and 0.001 kg.s/m, respectively. The water temperature
is assumed to be 20 °C.

Mesh Independency

To investigate the mesh independency in the CFD study,
the domains of the model E have meshed to five different

Solving Method

In this study, the finite volume method (FVM) is employed
to discretize and solve governing equations of the flow in
the three-dimensional domains. Flow3D software package
is applied to simulate steady-state and incompressible flow
in the stilling basin.

The momentum advection algorithm is a first-order
upwind differencing method. It is sufficiently accurate in
most situations.

GMRES method (generalized minimum residual), which
is a highly accurate and efficient method for a wide range
of problems, is implemented as pressure—velocity implicit
solver to couple pressure and velocity fields. This method
possesses good convergence, symmetry, and speed proper-
ties and does not require any over or under relaxation to
achieve good convergence; however, it does use more mem-
ory than the other methods [36].

In order to determine the suitable turbulence model
in USBR VI stilling basin, the numerical model A (from
Table 3) was simulated with three different turbulence
models k-¢, k- and RNG Turbulence Models, with same
conditions. Comparison between these simulation's
results and the results of the physical models shows that
the average error is 21, 7 and 9 percent, respectively

sizes over a range from 2 X 10° to 1.6 x 10°. In all cases, 100
total EG in the stilling basin is considered as a criterion
for choosing the optimum meshing size. The result of the 80
meshing size effect on the CFD prediction accuracy is ~ %
summarized in Table 5 and Fig. 4. It presents that the EG S
for Mesh 1 and Mesh 2 is completely different from the % 40
three other meshes, but there is a little difference between T
predicted EG of the Mesh 4 and Mesh 5. Therefore, for 20
reducing the simulation time, Mesh 4 is selected as an opti-
mum one. In this mesh setup, the computational domain is ¥ > 4 6 3 10
meshed into 1,072,566 cells. W/D
Fig.9 Head decreasing ratio (HDR) at different v_g
Table 7 Total hydraulic head in the beginning (x* = 0) and the end (x* = 1) of the basin
w ¥ =0 x =1 HDR (%)
Kinetic Energy Head Piezomeric Head Total Hydrau- Kinetic Energy Head Piezomeric Head Total Hydrau-
lic Head (m) lic Head (m)
(m) (%) of total ~ (m) (%) of total (m) (%) of total ~ (m) (%) of total
923 1432 96 0.058 4 1.490 0.005 3 0.157 97 0.162 89
7.81 0947 92 0.083 8 1.029 0.007 4 0.1556 96 0.163 84
597 0490 80 0.124 20 0.614 0.010 6 0.16 94 0.170 72
4.84 0.288 71 0.121 29 0.409 0.013 7 0.1639 93 0.177 57
3.50 0.130 44 0.167 56 0.298 0.016 9 0.166 91 0.182 39
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Fig. 10 X-velocity contours on the endsill (x* = 1). (a) W/D=9.23, (b) W/D=7.81, (¢) W/D=5.97, (¢) W/D=4.84, (f) W/D=3.50

for k-¢, k-o and RNG turbulence models. This indicates
that k-e turbulence model cannot provide good results
compared to the other turbulence models. Therefore, k-m
and RNG turbulence models can be used to simulate the
turbulence in this stilling basin. Besides, Previous stud-
ies of proposed RNG turbulence model for simulation of
turbulence in free surface flows [39—-45]. The numeri-
cal computation is considered converged whenever the
residual of velocity, Reynolds stress, and continuity
equations are below 1076,

Validation of the Numerical Simulation Method

In order to validate the numerical model, results are
compared with experiments conducted by Schlichting
[46] and Behnamtalab et al. [47]. The experimen-
tal apparatus is depicted in Fig. 5 and more details
about this experimental apparatus can be found in the

&

references [47]. A comparison of the experimental
results and the acquired data from CFD simulation
are shown in Figs. 6 , 7 and 8. In Fig. 6 a line is
along the inlet pipe cross-section, and the compari-
son of velocity profiles of the numerical model and
experimental study by Schlichting [46] are depicted.
In Fig. 6, up_,, is the maximum velocity at the inlet
pipe and it can be seen that numerical prediction has
a similar tendency with the experimental results and
the mean error of the numerical model is almost 1.2
percent.

In Fig. 7, the stagnation point on the baffle, which is
opposite of the central axis of the inlet pipe, is depicted
and the pressure at this point is presented in Table 6. The
table shows that the measured normalized pressure (ﬂ%)

2
in numerical and experimental studies is 1.16 and 1.22,
respectively.
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Fig. 11 Normalized x-velocity on the endsill at different y*. (a) y"= 0.0, (b) y'= 0.45

In Fig. 8, a cross-sectional plate in the endsill is drawn
and the simulated normalized flow depth in this plate is com-
pared with the experimental data.

The results of the comparison in the above Figs. show
that the numerical results are in an acceptable agreement
with the experiments, and this agreement demonstrates the
reliability of the numerical model.

Results and Discussion

In this part, first, the hydrodynamic characteristics of the
five simulations are evaluated. Then, the EG of the models
is studied. One of the most important features of a still-
ing basin is the protection of the downstream river bed.
Therefore, characteristics of the outlet flow of the stilling
basin are very important. Therefore, the variation of the
total hydraulic head along the basin, characteristics of the
flow on the endsill, shear velocity near the downstream
channel bed, and finally the EG will be studied.

%’ Effect on Total Hydraulic Head (THH)

Total hydraulic head variation between the beginning and
the end of the basin is calculated by using Eq. (14). Results

Table 8 Velocity field on the endsill

3 Unean(3) () faen o

9.23 0.315 1.166 0.059 0.220
7.81 0.369 1.353 0.086 0.314
5.97 0.438 1.453 0.141 0.468
4.84 0.499 1.365 0.210 0.574
3.50 0.559 1.607 0.350 1.005

show that the total hydraulic head decreases in the basin by
89, 84,72, 57, and 39 percent for %: 9.23,7.81,5.97, 4.84,
and 3.50, respectively.

These results demonstrate that the total hydraulic head
reduction for ¥=9.23 is more than twice of the case with
%:3.50. It can be concluded that the larger % leads to
greater total hydraulic head. In Table 7, the kinetic energy
head and piezometric head is presented for various ¥
ratios. Data of this table shows that for %:9.23, a large
percentage of the total hydraulic head of the inlet flow to
the basin, is the kinetic energy head and it is vice versa for
the outlet flow of the basin. In this case, the kinetic energy
head at the beginning and the end of the basin are 96 and 3
percent of the total hydraulic head, respectively. The con-
tribution of the kinetic energy to the THH in the inlet flow
to the basin declines significantly, by decreasing the %
ratio. For all cases of ¥ ratio at the outlet flow of the basin,
the contribution of kinetic energy to the THH is insignifi-
cant. Therefore, USBR VI stilling basin for large % ratio
has more capability for decreasing the kinetic energy of
the incoming flow (Fig. 9).

va Effect on Velocity Field in the Outlet of the Basin

One of the most important characteristics of the flow field at the
outlet of the basin is the velocity. The mean velocity, maximum
velocity, and shear velocity near the downstream channel bed
have a direct effect on the scouring of the downstream of the
basin. Therefore, the study of the velocity field on the endsill
and near the downstream channel bed can determine the level
of outlet flow influence of the basin on the downstream of the
basin for various % ratios. In Fig. 10, x-direction velocity con-
tours on the endsill are depicted for various ¥ ratios. The range
of the velocity in figures (a) to (e) is between zero to 1.6 %

W
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Fig. 12 Shear velocity distribution near the downstream channel bed. (a) W/D=9.23, (b) W/D=7.81, (¢) W/D=5.97, (d) W/D=4.84, (e) W/

D=3.50

As it can be seen from the above figure, the high
velocity contours cover a bigger length of the endsill by
decreasing the % ratio. In Fig. 10(a) (%:9.23), velocities
more than 1 = are distributed in the ranges of y*=0.41 to
0.5 and y*=—(s).5 to -0.41. In Fig. 10(c) (%:5.97), veloci-
ties more than 1 m/s are distributed in the ranges of y*
=0.28 to 0.5 and y* =-0.5 to -0.28. Figure 10(e) (%=3.50)
shows that all widths of outlet velocity on the endsill have
velocities more than 1 % On the other hand, by reducing
the % ratio, the velocity distribution of outlet flow from
the basin on the endsill is converted from vertical to hori-
zontal distribution. Therefore, velocity will increase by
moving away from the water surface for lower % ratios on
the endsill. Besides, velocity will increase by moving away
from the water surface for larger% ratios. These conditions

&

would considerably increase the probability of the scour-
ing in the downstream bed of the basin.

In Fig. 11, normalized x-velocity in z direction is pre-
sented for two y*, y*=0 is for the middle of the basin and
y*=0.45 is for the location near the sidewall. It can be
seen in Fig. 11(a), x-velocity near the top surface of the
endsill is high while it is lower toward the water surface.
Also, by decreasing ¥ ratio, normalized x-velocity near
the top surface of the endsill can be increased, consider-
ably. It is shown that the lower the x-velocity near the
bed leads to the lower the scouring downstream of the
basin. Figure 11(b) depicts that maximum x-velocity,
near the sidewall of the basin, is diverged from the bed.
Also, the maximum x-velocity for %=3.50 is more than
the others.
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Fig. 13 EG rate on the xz-plane (y* = 0) and xy-plane (z* = 0) for
W/D=9.23

In Table 8, the mean and maximum real velocity and
normalized mean and maximum velocity on the endsill
are presented. Normalized velocities are normalized with
the mean velocity of incoming flow (V) to the basin. In
this table, u,.,, and u, are mean and maximum velocity
on the endsill, respectively. As previously presented in
Table 3, the mean velocity of the incoming flow is 5.30,
4.31, 3.10, 2.38 and 1.60 for %:9.23, 7.81,5.97,4.84 and
3.50, respectively.

According to Table 8, the mean velocity on the endsill
(U,0an) 18 decreased by increasing the % ratio. It shows
that, although the mean velocity of incoming Flow (V)
for higher % ratio, is greater, outlet mean velocity from the
basin (u,,,,,) for this % ratio is smaller. This means that
higher the % ratio cause lower outlet mean velocity from
the basin. Also, maximum velocity (u,,,) on the endsill
has a similar trend as mean velocity on the endsill (u,,,,,,).
Normalized velocities are quite similar to real velocities.
According to Table 8, normalized mean velocity on the
endsill ("’"—‘j“") for % =9.23, 7.81, 5.97, 4.84, and 3.50 are
0.059, 0.086, 0.141, 0.210, and 0.350, respectively. It
means that normalized mean velocity on the endsill for v
=9.23,7.81, 5.97, 4.84, and 3.50 is decreased by 94, 91,
86, 79, and 65 percent, respectively. Therefore, by increas-
ing the % ratio, higher percentage of the mean velocity
of the inlet flow to the basin is dissipated when it leaves
the basin.

In Fig. 12, shear velocity distribution near the bed in the
downstream channel of the basin is presented for various ¥
ratios, and the shear velocity distribution is depicted from
the beginning of the channel (x* = 1) to twice of basin
length (x* = 2). It can be seen that, the shear velocity near
the downstream channel bed for £=3.50 is higher than
other ratios. Therefore, by decreasing the % ratio, shear
stress on the channel bed is increased.

%’ Effect on Entropy Generation Rate

Technically, the EG analysis can show how to dissipate the
energy of flow in the USBR VI stilling basin. Therefore,
in this section, the EG rate and the total EG is evaluated
for various X ratios in the stilling basin. In Fig. 13, the
EG rate in two planes, normal to the z-axis and normal to
the y-axis for %:9.23 are presented and it is shown that
the EG rate is high near the jet boundaries. As mentioned
before, the incoming jet to the basin is fully developed and
the boundary layer is formed completely in the incoming
jet. In the boundary layer, the EG rate is higher because of
the severe variation of the velocity. Besides, incoming jet
to the basin is spread in the yz-plane and boundary layer
thickness is increased while the incoming jet is undergone
deflection considerably near the vertical part of the baf-
fle and it became almost parallel to the vertical part of
the baffle. In this case, the incoming jet is converted to a
wall jet. This wall jet is moved parallel to the vertical and
horizontal parts of the baffle and is vanished gradually.

In Fig. 14, the EG rate on the xz-plane at y* =0 is
presented for various ¥ ratios. It is seen that the maxi-
mum velocity in the incoming jet for %:9.23 is much
higher than others, so the variation of velocity in the
boundary layer is higher in %:9.23 ratio. Figure 14
shows that the EG rate variations are completely in
accordance with the distribution of the velocity in the
jet boundary layer. After the incoming jet to the basin
is passed under the baffle, the distribution of discharge
has become uniform in the basin width gradually and
the variation of velocity in all directions is declined. In
Fig. 14, the EG rate after the baffle is almost negligi-
ble. It can be concluded that a major part of the energy
dissipation of the incoming jet occurs upstream of the
baffle in the basin.

The EG rate details for various % ratios are presented in
Fig. 15. Figure 15(a) depicts the EG rate average in yz-plane
along the basin length. The yellow dashed lines show the
vertical part of the baffle. The maximum of the average EG
rate is happened in the upstream of the baffle and very close
to the baffle. Also, after the baffle, the average EG rate is
decreased and became uniform. The curve related to %=9.23
had more values than others at any point. Figure 15(b) pre-
sents the variation of the EG rate average in xz-plane along

W
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Fig. 14 EG rate on the xz-plane at y* = 0 (a) W/D=9.23, (b) W/D=7.81, (¢) W/D=5.97, (d) W/D=4.84, (e) W/D=3.50

the basin width. The dashed lines show the incoming pipe
boundaries for any % ratio. The maximum of the EG rate
average is almost occurred near the boundaries of the incom-
ing jet to the basin where there is a turbulent shear layer.
Also, by increasing the % ratio, the EG rate average is risen.
Figure 15(c) presents the variation of the EG rate average in
xy-plane along with the basin height. It can be seen that the
maximum of the EG rate average is in the z* > 0, and the
maximum dissipation is placed behind the baffie.

Figure 16 presents the total EG and its time varia-
tion for various % ratios. Results show that the total
EG is increased by the increase of% ratio. It can be
concluded that in the USBR VT stilling basin, the higher
the % ratio is, the higher the energy dissipation will be.

&

Time variation of the total EG shows that the curve has
reached a steady-state sooner, at lower % ratios.

"3" Effect on Total Entropy Generation

In this section, the results of the total EG for various V—l[)/ ratios
in the USBR VI stilling basin are compared with hydrody-
namic results of the flow field. As mentioned above, in still-
ing basins, having higher EG is more satisfactory while the
probable damage of the downstream river bed of the basin,
because of the outlet flow from the basin, should be mini-
mized. As a result, the variation of the total EG is compared
with the velocity characteristics of outlet flow from the basin
for various VBV ratios.
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Fig. 15 Average of EG rate in the basin in various directions. (a) yz-Plane in x-direction, (b) xz-Plane in y-direction, (¢) xy-Plane in z-direction

In Fig. 17, the total EG for various % ratios is com-  increased with the increase of the % ratio. Therefore, the
pared with the total hydraulic head loss. It shows  total EG and the total hydraulic head loss are in good
that both the total EG and total hydraulic head loss is  agreement.
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Fig. 16 Total EG and its time variation for various W/D ratios. (a) Time variation of total EG, (b) Total EG
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In Fig. 18, variations of the total EG for various % ratios
are compared with the variations of the normalized mean
velocity on the endsill, the normalized mean velocity near
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the bed on the endsill, the normalized maximum velocity
on the endsill, and the normalized shear velocity near the
downstream channel bed of the basin. As it is presented, by
increasing the % ratio, the total EG is increased and the nor-
malized mean velocity on the endsill is declined. Due to the
lower mean velocity on the endsill, the outlet flow from the
basin causes less damage on downstream river bed; there-
fore, improvement of the total EG and the decrease of the
mean velocity on the endsill which are occurred for higher
% ratio, is a satisfactory condition for the basin and down-
stream river bed.

In addition, the normalized mean velocity near the bed on
the endsill, the normalized maximum velocity on the end-
sill, and the normalized shear velocity near the downstream
channel bed of the basin have similar conditions with the
normalized mean velocity on the endsill.

Therefore, it seems, if there are suitable conditions and
enough space for the construction of the USBR VT stilling
basin, it is better to increase the % ratio as much as possible.
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Fig. 18 Total EG with normalized mean and maximum velocity on endsill, normalized mean velocity near the bed on endsill and normalized
shear velocity near the downstream channel bed for various ¥ ratios. (a) Normalized mean velocity on Endsill, (b) Normalized mean velocity
near the Bed on Endsill, (¢) Normalized maximum velocity on Endsill, (d) Normalized shear velocity near downstream bed
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Conclusion

In this paper, the EG and flow field analysis for the USBR
VI stilling basin is studied numerically. In this study, for the
first time, energy dissipation in a hydraulic structure was
investigated using EG analysis. This research has been con-
ducted by solving the RANS equations in the incompressible
and steady flow with the RNG k-epsilon turbulence model.
A good agreement between the experimental data and the
present numerical results has been achieved using mesh
cell size and the turbulence models sensitivity analysis. The
results are as follows

Byi mcreasmg ¥ ratios, the total hydrauhc head loss along
with the basin is mcreased For ——9 23, 7.81, 5.97, 4.84,
and 3.50, total hydraulic head losses (Head decreasing ratio,
HDR (%)) are 89, 84, 72, 57, and 39 percent, respectively.

e By decreasing ¥ ratios, the kinetic energy contribution
from the total hydraulic head in the inlet flow to the basin
is decreased significantly.

e On the endsill, by moving away from the water surface,
the VCIOCIty is improved for lower — ratios, while for
hlgher > ratios, the velocity is 1ncreased just close to the
side walls of the basin.

e By increasing %’ ratios, the mean velocity of outlet flow
from the basin is decreased. Also, normalized mean
velocity by the mean velocity of incoming flow to the
basin is declined by increasing the %/ ratio. For %:9.23,
7.81, 5.97, 4.84, and 3.50. Normalized mean velocities
on the endsill are 0.059, 0.086, 0.141, 0.210, and 0.350,
respectively.

e The maximum of the EG rate is happened at the upstream
and very close to the baffle, above the incoming pipe
floor level. Also near the incoming jet boundaries, the
EG rate was high. After the baffle, the EG rate average is
declined and became uniform. The maximum of the EG
rate average occurred near the boundaries of the incom-
ing jet to the basin.

¢ By increasing the % ratios, the total EG is enhanced.

¢ Increasing the total EG and the total hydraulic head loss,
decreasing the normalized mean and the maximum veloc-
ity on the endsill, the normalized mean velocity near the
bed on the endsill and decreasing the normalized shear
velocity near the downstream bed of the basin occur for
higher ¥ ratios which are all satisfactory for the basin and
the downstream river bed.

e In this research, the EG analysis was proposed as a design
criterion for the USBR VI stilling basin and according to this
criterion, it is suggested that the % ratio increases as much
as possible because this situation is completely in accord-
ance with the principles of the stilling basin design criteria.
Therefore, the EG criterion can be used by designers.

Nomenclature

A: Cross Sectional Area of Incoming Flow; a: Baffle Distance
from Inlet; b: Baffle Height; D: Depth of Incoming Flow;

d: Endsill Height; D: Inlet Pipe Diameter; EG: Entropy Gen-
eration; Fr: Froude Number of Incoming Flow; g: Gravity
Acceleration; H: Basin Wall Height; HDR: Head Decreasing
Ratio (%); I: Turbulent Intensity (%); k: Thermal Conductiv-
ity; K: Turbulent Kinetic Energy; L: Basin Length; P: Turbu-
lence Production; p: Pressure in Navier-Stokes Equation;
P,: Mean pressure in Bernoulli Equation; Q: Inlet Flow Rate;
r: Radius-Direction of the Inlet Pipe; S”’ : Entropy Gen-
eration (EG) Rate; Sgen Total EG; T: Temperature t: Baffle
Thickness; THH: Total Hydraulic Head; U: Mean Velocity

in Desired Section; u: Velocity in x-Direction; u™: Shear
Velocity; u;: Velocity in i-Direction; u;: Mean Velocity in
i-Direction; u,,,,: Maximum Velocity on Endsill; u,,,.,,: Mean
Velocity on Endsill; up: Velocity in Pipe; up_ y,,: Maximum
Velocity in Pipe; V: Mean Velocity of Incoming Flow;

v: Velocity in y-Direction; W: Basin Width; w: Velocity

in z-Direction; x: x-Position; x*: Normalized x-Position
(x*=x/L); y: y-P05|t|on y*: Normalized y- Position (y*=y/W);
z: z-Position; z*: Normalized z- Position (z*=z/H)

Greek Symbols

y: Specific Gravity; &: Dissipation Rate; u: Dynamic Viscosity;
v: Kinematic Viscosity; v;: Eddy Viscosity; p: Water Density;
@: Viscous Dissipation Function
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