=

=
= International Information and
= I I:_rA Engineering Technology Association

INTERNATIONAL JOURNAL OF HEAT AND TECHNOLOGY
Vol.33, No.2, 2015

http://dx.doi.org/10.18280/ijht.330215

NUMERICAL SIMULATION OF THE IMPACT OF UNIT COMMITMENT
OPTIMIZATION AND DIVERGENCE ANGLE ON THE FLOW PATTERN OF
FOREBAY

Cundong Xu, Hongyang Zhang, Xiangi Zhang, Liwei Han, Rongrong Wang, Qinyu Wen and Lianying Ding

School of Water Conservancy, North China University of Water Resources and Electric Power/Collaborative
Innovation Center of Water Resources Efficient Utilization and Guarantee Engineering, Henan Province,
Zhengzhou, China.

Email: zhanghongyang@ncwu.edu.cn

ABSTRACT

The high-lift pumping station that lifts water from sediment-laden rivers presents a serious problem that sediments deposit
in forebay. To solve this problem, this paper proposes a three-dimensional numerical simulation method of water flows
based on Fluent (a fluid mechanics simulation software). By constructing two models, namely the mathematical model and
the turbulence model, this paper conducts numerical simulation on the flow pattern of forebay. According to the simulated
velocity contour map, on-site inspection and survey, the paper studies how unit commitment optimization and divergence
angle can affect flow pattern and sediment deposition in forebay. Results show that forebay keeps a good flow pattern if the
units take turns to operate symmetrically. The forebay will have no reverse current zones and little sediment deposition. As
the divergence angle increases between 20°~40< the flow pattern gets worse and there are more eddy zones. Consequently,
reasonable unit commitment optimization and divergence angle have a positive influence on flow pattern in forebay and are
able to reduce sediment deposition. These findings can support improvement on large pumping station design and serve as
theoretical reference for the operation of large pumping station.
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1. INTRODUCTION

The forebay is the intake structure of the pumping station.
It keeps the water flow smoothly from the approach channel
to the intake sum by supplying water to the water inlet of
every unit directly and evenly [1]. The divergence angle of
front inflow forebay is the main factor that influences the
forebay flow pattern and its scale. Unsuitable geometry size
can result in uneven distribution flow velocity in forebay,
and produce stagnant water area, reverse current zones and
vortex. These further lead to insufficient water flow in some
units and sediment deposition in forebay [2-4]. If the vortex
brings air into the water pumps, then it will reduce the
efficiency of the water pumps greatly, lead to their cavitation
and unit vibration, or even stop them from sucking water [5-
7].

Jingtaichuan pumping irrigation project in Gansu
province, China (hereinafter “Jingdian project™) has 43 large
cascade pumping stations. Water comes from the Yangtze
River which has high content of sands during flood season,
thus the unsuitable design and operation mode lead to
serious problem of sediment deposition in forebay. In some
pumping stations, the sediments account for more than a half
of the forebay’s total area, which affects the intake flow
pattern and efficiency of the pumping station [8].
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Figure 1 is a typical pumping station to show sediment in
forebay.
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Figure 1. Typical conditions of sediment in forebay

In order to achieve preferable forebay flow pattern,
hydraulic model tests were often used to conduct research on
the layout, scale, modification of flow pattern, sediment
deposition prevention and operation mode before many large
pumping stations were designed [9-11]. With the successful
application of numerical simulation technology to
hydromechanics, such technology helps with visual and



precise analysis of the flow pattern, thus provides a
theoretical basis and technology support for the optimal
design [12-14].

In order to optimize the thigh-lift pumping station of
Jingdian project, this paper takes Fluent [15-16] as a
platform, employs three-dimensional numerical simulation
method, builds mathematical model and turbulence model
and conducts numerical simulation on the flow pattern of
forebay. Results show that the numerical simulation fits well
with that of the model test and on-site monitoring,
suggesting that this method has sufficient reliability to
simulate the flow pattern of pumping station forebay.

2. MATHEMATICAL MODEL
2.1 Governing equation

For incompressible pumping station forebay flow in steady
conditions, the governing equation is:
Equation of continuity:
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In the equation, U; , U, is the flow velocity in each

j
direction; X;, X; is coordinate axis; S; is the source term;
subscript i, j can be set as 1, 2, 3 to describe space coordinate;
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2.2 Standard k — & turbulence model

Equation of turbulence kinetic energy is:
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In the equation, G, is the production term of turbulence
au, k?
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empirical coefficient C, =1.44, C, =1.92, C, =0.09,

c,=13, 0,=1.0.
2.3 Boundary conditions

(1) Inlet boundary conditions: the flow at the inlet section
is fully developed turbulence. The average flow velocity at
the inlet section can be known from the design flow of the
pumping station and the size of the outlet section. Flow
velocity distribution is set as the boundary condition.

(2) Outlet boundary conditions: As the flow velocity and
pressure of the outlet is unknown before working out the
equation and under the assumption that the flow at the outlet
is free, free outflow is taken as the flow condition at the
outlet.

(3) Non-slip wall condition: Turbulence model is only
effective when there is fully developed turbulent. While in
the wall area, the flow is changeable. So when the turbulence
model is used to describe turbulent and simulate velocity
field that has sidewalls, the sidewalls should be subject to
wall-function method.

(4) Free surface: The surface of the forebay is free surface.
The velocity of the free face and turbulence kinetic energy
can be seen as symmetrical plane.

3. CALCULATION OBJECT

Xingianer pumping station of the Jingdian project is taken
as an example, with flat structure shown in Figure 2. 1, 2, 3,
4, 5, 6 represent the numbers of the pumping station
pumping units respectively. The pipe diameter of 1, 3, 5 and
6 is 800mm and the flow rate is 0.8m?3/s. The pipe diameter
of 2, 4 is 1000mm and the flow rate is 1.53m?/s. The design
flow of the upstream cannel is 6.87m3/s and the increase-
flow is 8.12m?%/s.
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Figure 2. Plan of the Xingianer pumping station of the Jingdian project 0=24°



4. SIMULATION RESULT AND ANALYSIS
4.1 Heat conduction equation

Figgure 2~5 are the velocity contour map and velocity
vector streamline diagram of the simulated forebay of
different unit commitment. In the velocity contour map, the
red is the maxima velocity while the blue is the minimum
one. In other word, the velocity decreases from the red to the
blue. The figures show clearly that the velocity reaches the
peak when it flows to the forebay and starts to decrease when
water passes the transition sector. Because of the pier, the
flow velocity is further reduced when the water flows to the
trashrack, as is shown in the green part of the figure. When

(a) Velocity contour map

water passes the diffusion sector and comes to the inlet of the
water pumps, the flow velocity reaches the lowest, as is
showed in the blue part of the figure.

We can see from the velocity contour map that the flow
velocity is almost zero at the reverse current zones. In the
reverse current zones, the silt tends to deposit into sediment
deposition because of the sharp decrease of flow velocity.
The velocity vector streamline diagram shows that the flow
pattern is preferable in a symmetrical and steady way and the
silt is hard to deposit in the forebay when all units operate
symmetrically at intervals. While when the units don’t run
symmetrically, there are obvious reverse current zones and
can easily form sediment deposition.
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(b) Velocity vector streamline diagram

Figure 3. Forebay flow pattern when 1, 2, 3 units are on
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(a) Velocity contour map

(b) Velocity vector streamline diagram

Figure 4. Forebay flow pattern when 2, 4, 6 units are on
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(a) Velocity contour map

(b) Velocity vector streamline diagram

Figure 5. Forebay flow pattern when 1, 2, 5, 6 units are on
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(a) Velocity contour map

(b) Velocity vector streamline diagram

Figure 6. Forebay flow pattern when all units are on

4.2 The influence of forebay divergence angle on forebay
flow pattern

The watered-out direction of the front inflow forebay fits
the inflow direction of the pump sump. It features simple
pattern, convenient construction and steady flow. Limited by
the natural divergence angle of the flow, the divergence
angle of the pumping station forebay shouldn’t be too large.
The length of the forebay needs to be extended if there are
many pumping units, which will add extra engineering work.
Thus, it is important to shorten the forebay while making
sure the flow pattern and the divergence angleo are
appropriate. The divergence angle of front inflow forebay
should be 20°~40<at current design specifications. The
divergence angle of the

Divergence angle at 20<

(a) Velocity contour map

pumping station front inflow forebay in Jingdian project is
usually 30°>0>20°. So a is set as 20°, 24°, 30° and unit 1 is
opened to do simultation.

Figure 7~9 are the forebay velocity contour map and
velocity vector streamline diagram when a is set as 20°, 24°,
30° and Xiganer pumping station unit 1 is on. The
simulation shows that the other side of the forebay has vortex
under such operation mode; the eddy zones expands as the
divergence angle increases. Such bad pattern can lead to
sediment deposition in forebay. At the meantime, once there
is air-intake funnel vortex in these eddy zones, air will enter
the water pumps together with water flow, which will lower
the efficiency of the water pumps and create serious vibration
in the water pumps.

(b) Velocity vector streamline diagram

Figure 7. Forebay flow pattern when unit 1 is on
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(a) Velocity contour map

(b) Velocity vector streamline diagram

Figure 8. Forebay flow pattern when unit 1 is on
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(a) Velocity contour map
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(b) Velocity vector streamline diagram

Figure 9. Forebay flow pattern when unit 1 is on

5. CONCLUSIONS

A bad flow pattern in the pumping station forebay would
cause a large amount of sediment deposition. It would also
reduce pumping efficiency of water pumps. To solve this
problem, this paper proposes a three-dimensional numerical
simulation method of water flows based on Fluent.
Simulation results and on-site inspection show that the
simulated flow pattern fits well the flow pattern in practice.
Numerical simulation shows that the flow pattern of
pumping station forebay is affected by the followings: Firstly,
the forebay structure. It would affect the flow pattern by
influencing flow direction and flow wvelocity of water.
Secondly, the unit commitment. If only one side of unit
commitment opens, the other side would produce reverse
currents and eddy zones. If the units take turn to open
symmetrically, reverse currents are not likely to occur in
forebay. In this way, there is little sediment deposition.
Thirdly, sediment deposition would change the flow pattern
in forebay. As sediments occupy some space, the structure of
forebay is changed and the water cannot flow as designed.
This leads to lower pumping efficiency, which makes
sediment deposition in forebay even worse.
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