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INFLUENCE OF DIFFUSION ANGLE ON SEDIMENT
CONCENTRATION IN FRONT INFLOW FOREBAY
OF PUMPING STATION

Abstract: The numerical simulation and field investigatioh smlid-liquid two-phase flow are carried out in
a large-scale forward intake forebay with varioiffudion angles at the Jingtaichuan Pumping IriatProject
in Gansu Province, China. The purpose is to ingatti the properties of sediment deposition in theging
station forebay. The results indicate that the émdiment concentration area is in the forebay'sreemhereas
the high-sediment is near the two side walls flafikee sediment concentration increases dramatif@lip the
centre to the sides. Both the high-sediment conaon area and the sediment concentration increéthevater
depth. The forebay’s narrowing diffusion angle esuthe high-concentration area to gradually deeredule the
low-concentration area gradually increase. Furtioeenthe amount of siltation and sediment depasiificiency
decrease, resulting in a large increase in forebagiiment concentration and sedimentation efficiency
The sediment concentration and water flow velooityeal a quadratic polynomial relationship. Thisdgt can
provide a guide and reference for the design andtoaction of comparable large-scale pumping steftioebays.

Keywords: front inflow forebay, diffusion angle, numerical odelling, sediment concentration, sediment
efficiency

I ntroduction

In current society, the advancement of green intiowalays a vital role in fostering
sustainable development. To achieve this goal, Ztaal. [1] utilised panel data from
carbon emission trading pilot projects and apptieel Spatial Durbin Model (SDID) to
evaluate the effects of carbon trading on corporatesironmental responsibility.
Additionally, Li et al. [2] employ factor analysiand fuzzy comprehensive evaluation
methods to thoroughly assess the foundational ddgas, growth prospects, and
sustainability of various industries. Moreover, earslanding the sedimentation
characteristics in the forebay of pump statiors @sitical issue in ongoing research, aimed
at enhancing green development initiatives. Therdwlic performance of forebays in
engineering have a huge impact on flow patterris][34yperconcentrated flow at pumping
stations can lead to vortexes and sediment builiduforebays, reducing water flow
capacity and pump efficiency. This can negativehpact irrigation capacity, crop yield,
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and overall economic benefits of the project [6-Bje serious silting problems in pump
station forebays were address by many researcBerse good diversion measurements,
such as flow deflectors [9, 10], bottom sills [Lbhffles [12-14], and partition piers [15],
were applied in engineering. The simulation optatian of the size and the structure of the
forebays were also proposed [16, 17]. Some new owdlrectification facilities [18, 19]
and other methods [20-22] were tried in projecta/als. These measures optimise reservoir
flow patterns, minimise high-velocity water impadieost sediment transport capacity, and
reduce sediment deposition. However, the propos#esiting and rectification measures
are mostly localised improvements. Research otinfheence of forebay size and structure
optimization, especially the large-scale profile fufrebays and the impact on the
distribution of sediments have been unclear.

This study focuses on the characteristics of abfayein Jingtaichuan Pumping
Irrigation Project of Gansu Province, China. Basedfield investigation and numerical
calculation methods, the study explores the digtidm of sediment concentration
influenced by the expansion angle of the flank vimlthe front inflow forebay. It aims
at the distribution characteristics and sedimenmatechanism of the front inflow forebay.
This study provides a guide and reference for theigth and construction of similar
large-scale pumping stations.

Fundamental state

Project profile

The Jingtaichuan Pumping irrigation project is @Fsn first multi-stage power
irrigation project with high head and flow. It caims a total of 43 pumping stations.
This project has brought about a thorough changdotal agricultural production,
delivering significant engineering and social béseb the hydroelectric irrigation district.
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Fig. 1. Schematic of the front inflow pumping statiforebay

Figure 1 depicts a schematic of a front inflow fuag from a pump station in the
project. The design water flow rate is 23/snand the front pool’s design water level is
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1591.83 meters. The front pool has a diffusion @milx = 46° between the flank wall of
the inflow forebay and the incoming water flow. éfta length ofL = 33.83 m and
a gradual slope of 1/3 at the bottom of the poguBping units are placed in the ultimate
breadth ofB, = 40.42 m. In general, six pump units work propewith the exception of
pump units 1# and 8#, which are used for standhg. dool has a depth bf= 3.97 m, and

a total surface area & = 1400.10 h

Field investigation

The pump station’s water inflow has an annual ayersilt mass concentration of
around 30 kg/rh During the flood season, the maximum silt mas&eatration may reach
to 326 kg/m. The particle size distribution of suspended sedinin the pool ranges from
0.02 mm to 1 mm, with more that 90 % of particlessl than 0.063 mm [23]. The high
concentration of tiny sediment-laden stream mighitkly result in significant sediment
accumulation in the front pool.

a)

Fig. 2. a) A sediment deposition during field invgation, b) the corresponding contour map of
sediment deposition in the front inflow pumpingtista forebay

A large amount of silt deposition was discoverethi& pump station pool during field
investigation, as illustrated in Figure 2a. The isilmost concentrated at the sidewalls, and
it is distributed symmetrically along the pool'snte line. Sediment accumulation steadily
declines from the sidewalls to the centre flowillastrated by the contour map of sediment
deposition in Figure 2b. The sediment's highestkihéss was measured at 1.5 m.
The entire siltation area was approximately 476, mimost one-third of the pool.
As a result, it inhibits water flow capacity anonsiderably reduces the regulated volume
of the front pool. The efficiency of the pump statiwould thereafter be dramatically
reduced.

M athematical model

Governing equations

The forebay flow is a solid-liquid two-phase flohat can be termed incompressible.
The mixture model is used to represent the saijdidi two-phase flow because it
accurately simulates the features of water andnssali movement [24]. The mixing
model’s continuity equation and the motion equatiom shown below:
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where, g, is mixed fluid densityg,is the density of the kth phasa,is the volume fraction
of thek phasey,, is the average velocity of magsis the flow field pressure is the phase
number,y,, is the mixed fluid viscosity coefficient, is the k-phase turbulent viscosity
coefficient, g is gravity accelerationf is volume force, and,., is the velocity of

sub-equak phase.

Turbulence model

The k-¢ turbulence model is commonly used to simulate dempturbulent
three-dimensional motion in engineering. The rediie k-¢ turbulence model is used for
numerical modelling of water and sediment flow e tfront pool. Thek-equation and
&equation are shown in equations (3) and (4) [25]:
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u= m, Where:crk = 1.0,0’5 =1.2, anosz 1.9

Boundary conditions

The forebay’s intake is configured as a velocitietinwith a velocity of 1.71 m/s.
The forebay’s exit is designated as a free outfld@]. The free surface is assumed to be
stiff and set to symmetry. The remaining walls taeated using wall functions [27].

The two-phase flow comprises of water and sand.ewiatthe main phase and has
a density ofp, = 998.2 kg/m. Sand is the secondary phase, with a density of
ps = 2500 kg/m. The sand particle size is setde= 0.025 mm. The volume of sediment
concentration is fixed &,= 1.2 % for the inlet conduit. The convection is c#dted using
a second-order upwind approach. The SIMPLEC tecinigs used for numerical
simulation, with iteration residual precision gesathan 10* [28].

Figure 3 shows the mesh divisions. The ICEM soféniarused to create unstructured
meshes for B geometric models. After conducting grid indeperdetests, the optimal
grid size is determined to be 0.35 m. A total &0& million mesh cells are used, and the
mesh quality is more than 0.3.
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Fig. 3. The meshes of the pumping station forebay

Simulation conditions

The diffusion angle of the side wal, has a significant impact on the sediment
concentration distribution in forebays. This stuthodels six forebays with varying
diffusion angles ofx = 20°, 25°, 30°, 35°, 40°, and 46°. The prototfpe Jingtaichuan
pumping station has a final anglecof 46°.

The simulation condition represents the regular ratpeg situation, with units
No. 2#-7# working and the units No. 1# and 8# @mdby. The origin of coordinates, O,
lies at the base of the water arriving centre lateyhich the sidewalls of the forebay begin
to grow. The three dimension axis directions aeextdirection of the incoming water flow
direction, theY-direction of the horizontal direction perpendiguta the X-direction, and
the upwardz-direction (shown as in Fig. 1). There are six poion theX-axis, which is
from 0 m to 30 m every six meters. Three pointslacated inY-axis, which is =9.58 m,
0 m and 9.58 m. From the bottom upward, seven@ectfZ-direction are selected from
0.2 meter to 1.4 meters every point two meters.

To clearly examine sediment distribution, interagtlines in each plane are used for
better observations. For example, the line in X@Z plane is labelled ady;.z:.
The dimensionless sediment concentration in thebfay isC’ = C/C,, C is the sediment
concentration, an@, is the average inlet flow sediment concentratibime dimensionless
surface area of the forebaySs= 9%, Sis the highest sediment concentration area,Snd
is the surface area of the forebay. The observagi@oameters are illustrated in Table 1.

Table 1
Observation parameters for simulation section
Dimensionless | Calculation
Name symbol equation Value Notes
L X=(0-30) m
Along the vertical infiow X X =X/By, (every 6 m) B, is the front width
Direction X [m] _
Bn=11.7m
Z=(0.2-14)m
Along the water depth z Z =7Zh (every 0.2 m) h is the pool has a depth
Z[m] -
h=3.97m
Sediment concentration c C'=CiC, Co=1.2% Co is the average inlet flo
C [%] B C'=0.751-1.252 sediment concentration
Area of high sediment [fh < s=95 $=1400.10 A | Sis the surface area of tHe
Concentration regior§ B S'=0.017-0.12 forebay
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Results

Flow field

Figure 4 depicts the flow field in the front flowrkbay. The large diffusion angle of
the sidewall weakens the flow constraint abilitydareates a certain angle between the
incoming flow and the sidewall, resulting in sigo#int flow detachment from the wall.
The flow field has a symmetrical distribution. Thentral section depicts the main flow
region, with high velocity and a stable flow stafe sides are backflow regions, with slow
velocities and turbulent flow. In reflux regionkgete are two large-scale elliptical vortexes,
with intensities and velocities increasing from teerto edge. The vortices limit the main
flow's expansion. As a result, the flow velocitydtees and the sediment-carrying capacity
weakens, leading to sediment deposition and ditmimgsthe pump efficiency.

When the diffusion angle of the front pool decrsagas seen in Fig. 4a-c), the
sidewalls hinder the flow less, and flow detachmdrdm the walls weakens.
The compressive effect of vortexes in backflow oegi eventually decreases.
The percentage of the primary flow region growsdass the diffusion efficiency. Figure
4c when the diffusion angle is reduced to 20°, thgexes in backflow regions nearly
disappear. However, the vortex transfers continugepart, and some low-velocity patches
form, worsening the flow in the forebay. Conclu$yydowering the diffusion angle of the
front inlet forebay can improve flow patterns andbdity. However, an excessively tiny
diffusion angle would be rejected because it woliddt the expansion of main flow,
increasing the flow velocity. The high velocity wduihen immediately contact the pump
blades, resulting in extremely poor operating ctons at the pump station.

a) b) c)
oty v VY UREGT T TN ACY, D
O j: \@Q ( /gA /@-\g [9 ‘Qy %\ (,,%ﬁ}

350 | " 7
300 W
25 \
250

200
1.50

1.00
I 050

0.00 I ‘
[m/s]

Fig. 4. The diagrams of flow patterns in the ifiteebay of forward inflow pump station with a)= 46°,
b) a = 30°, c)a = 20°

Effect of the angle a on sediment deposition

Figure 5 depicts the variation in sediment conagiutn in the horizontaZ2 segment
with different diffusion angles of the forebay. Teediment content is assumed to be high
when it surpasses 1.32 %; otherwise, it is low. sThhe sediment concentration in the
centre of the forepond is low, whereas it is highmthe two sidewalls.

In the prototype pump station with a front poolfasion angle ofx = 46°, sediment
accumulation in the backflow regions is severe, shown in Figure 5a. Its high
concentration region occupies almost 71 % of théasa area of the forebay. When the
diffusion angle decreases, the high concentratiea ahrinks. For instance, when the angle
a = 40°, the forebay has a high concentration of ado6l.11 %. When the angle= 20°,
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the high concentration is only about 24.52 % of fhvebay, reducing by nearly 46.48 %
compared to the prototype forebay. Converselyhasdiffusion angle decreases, the low
concentration area increase. Figures 5b and catelia 24.14 % increase at the minimal
angle. Figure 5 shows that the high concentraticea ahanges from an elliptical to
an elongated strip as the angldecreasedt is primarily owing to the lesser vortexes in the
backflow regions. At this point, flow velocity ohé main stream remains high, and its
sediment-carrying capacity increases. As a resettiment mitigate occurs at the forebay’s
narrow diffusion angle.

Actually, even the small diffusion angle can redwsmdiment concentration and
buildup, whereas a narrow diffusion section canitliflow expansion. It would produce
a direct high impact flow with high velocity shocks the pump units, causing equipment
damage and lowering efficiency. Meanwhile, bothesidf the diffusion section have been
relatively unaffected, resulting in low-velocity stagnant water zones. This may lead to
secondary sediment accumulation.
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Fig. 5. Sediment concentration distribution in tiwizontalZ1 section of the forebay with &)= 46°,
b) o = 30°, c)a = 20°

Sediment along the flow with different depths

The fluctuation in sediment concentration alongwlaer flow direction with different
water depth is shown in Figure 6 as characteristés l,.,. The sediment concentration is
lower in the middle of the main stream region, whil is higher on both sides with
a sudden increase in each characteristic line. iotg to the figure, the dimensionless
sediment concentration @ = 1.03 - 1.08 in the main stream zone, @hd 1.15 - 1.23 on
both sides in the forebay. From the forebay’s eetdrits edges, the concentration of slit
increases significantly. As illustrated in Figus and b, the flow diffuses more and the
influence of vortexes and high concentration zanesease from the typical lindg ,; to
lw.z1- It IS €asy to see where silt has accumulatedhenside walls. It demonstrates that
increased flow velocity can contribute to sedimesntrying capacity, resulting in lower
sediment concentration and accumulation. The fofebZl section witha = 25°has
a maximum sediment concentration@f= 1.205, which is 1.4 % lower than the prototype
pumping station forebay.

Figures 6¢ and d illustrate the distribution ofisesht concentration along a specific
characteristic line in the forebay with differeiiffasion angles. The concentration is lowest
in the centre and highest on either side. The maminsediment concentration and
concentration zone both decrease as the diffusigiealecreases. Because of the sidewall
limitation, flow velocity increases, resulting inraduction in vortex scale and sediment
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concentration. It may be determined that reducihg forebay diffusion angle

effectively improve sediment deposition.
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Fig. 6. The sediment concentration distributionddferent observation characteristic lines ofa) 46°,
b) a = 25°; and the flow velocity distribution on c) dixs.z1, d) linelxe.z1 in the forebay with
different diffusion angles

Sediment distribution along the water depth

Figure 7 depicts the surface area of high conceotralistribution along the water
depth in the pumping station forebay with different The high concentration zones
gradually decrease from the pool’'s bottom to watstrface. The area of high sediment is
0.71 at thezl plane and drops dramatically to roughly 0.1 reraft2 m rise to the Z7 plane
in the forebay withx = 46°. Actually, as the water depth increases, fl@losity decreases.
Furthermore, the stagnation in the core of theexoreduces the flow’s sediment-carrying
capacity. Thus the sediment concentration may ssrghe flow's sediment-carrying
capacity, resulting in sediment buildup.

The high concentration zones become significanthaller as the diffusion angle
decreases. The surface area of high sediment atith@ane is 0.37 in the forebay with
o = 20°, decreases by almost 57 % compared to thetppatdorebay at the same plane.
When the diffusion angle lowers, so does the seatimelume, the volume is 82% of the
starting sediment in the forebay with= 35°, compared to about 43 % at= 20°.
Thus, lowering the diffusion angle can reduce sedimaccumulation and increase
discharge capacity.
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Fig. 8. Sediment concentration distribution onefiént observation characteristic lines at the fayehf
a)a = 46°, b)a = 25°; and flow velocity distribution on ¢) lings.v2, d) linelxs.v3 in the forebay
with different diffusion angles

Figure 8 shows the distribution of sediment conegitins along the characteristic
lines I, in the forebay with various water depths. The it concentration gradually
declines from the pool bottom to the water's swefadeor example, along the lihg., in
the forebay with: = 46°, the dimensionless sediment concentratio® is 1.11 near the
pool bottom, but drops 15 % at the top, as showRigure 8a. The silt in the main flow
section and along the sidewalls are contrasted Bsen the averaged sediments are closed
during the major flow and backflow sections, whiteir ranges vary. The dimensionless
sediment concentration at the both sidewalls rafiges 1.25 at the base to 0.75 near the
water’s surface (as illustrated in Fig. 8b). It iépthat the vortexes in backflow zones are
stronger, and the flow sediment-transport capasitweaker when close to the pool base.
As shown in Figure 8c, sediment concentrationshi forebay under different diffusion
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angles are similar and increase with water depiie Jediment distributions on lilg;.ys
with different diffusion angles are bigger in extehan the distributions on linkg.y»
(shown in Figs. 8c and d), indicating that the errhas a significant impact on sediment
accumulation.

The deposition efficiency and flow velocity

The effectiveness of the sediment deposition in fdrebay was determined using
equation:

Cin - Caut

= — 5

7 C ®)

whereG;, andC,, represent the average volume of sediment conciemrat the entrance
and exit of the forebay, respectively. Figure 9idspthe link between sediment deposition
efficiency and the forebay with different diffusiamgles. The efficiency increases with the
diffusion anglea. The deposition rate is 0.74 % when= 20°, but it climbs to around
3.35 % whemx = 46°. Moreover, sediment concentration is strorgigportional to flow
velocity. The sediment concentration decreases fldgth velocity, as shown in Figure 10.
The fitting curve isv = 0.002&? — 0.006% + 0.015, and the correlation coefficient is
R? = 0.96. These results demonstrate that changingdiffiesion angle can boost flow
velocity while lower sediment deposition rate asduanulation in the forebay.
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Fig. 9. The changing of the sediment depositioitiefiicy in the forebay with diffusion angle
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Conclusion

This study employs numerical modelling and fieldséstigation to examine the
properties of sediment concentration distributiorailarge-scale front inflow forebay with
different diffusion angles. The key findings aref@ows:

- First, the flow field has a symmetrical distrilmut, with the main flow zone in the
centre and the backflow sections on both sides witfiices in the forward inflow
forebay. When the diffusion angle of the front péalls, the sidewalls will hinder the
flow less. Hence, reducing the diffusion angle teg front inlet forebay can improve
the flow patterns and boost the flow stability eptcat extremely small angles.

- Second, the high sediment concentration is inctmre of the forepond, and the low
sections are near both sidewalls. The massive sediaccumulation may be seen in
the backflow regions of the forebay with a highfue angle. As the diffusion angle
decreases, the high concentration area drops, Wigldow concentration area grows.
Thus, a small-angle forebay can increase the flagdiment-carrying capacity and
effectively improve sediment buildup.

- Third, the sediment concentration is lower in teatre of the main stream region, but
it is high on both sides, with a dramatic increaseach characteristic lines f,.
The sediment concentration increases significaintyn the centre of the forebay to
both flanks. It demonstrates that the high flowoeély could contribute to the
sediment-carrying capacity, and then to lower sedim concentration and
accumulation. It is found that when the diffusiorgke is 25° - 30°, the differences in
flow layer flow field structures are minimal, andtb the water flow diffusion effect
and flow field structure are optimal.

Moreover, as the water depth in the forebay witffetént o, the high sediment
concentration zones gradually decrease from thé'spbottom to the surface. With the
water depth increases, the flow velocity lower doamd the sediment concentration
exceeds the flow's sediment-carrying limit, caussagliment buildup. What's more, when
the diffusion angle decreases, the high conceatratbnes become significantly smaller.
And the sediment volume decreases with the drafhefdiffusion angle. Backflow zones
have stronger vortexes and flow sediment-transpap@acity is lower when near to the
water depth. Sediment concentrations are consistehe forebay with different diffusion
angles and increase with water depth. The vortex ehaignificant impact on sediment
accumulation.

Finally, the efficiency of the sediment depositinoreases with the diffusion angle
The sediment concentration decreases with flow ciglo and the fitting curve is
v = 0.002&- 0.006% + 0.015 with a correlating coefficient 8f = 0.96. It is possible to
decrease the rate of sediment deposition, raise\fedocity, and prevent sediment buildup
in the forebay by decreasing the diffusion angke.fact, the Jingtaichuan Pumping
Irrigation Project in China is using this work tconstruct its forebay. It greatly increases
the capacity for watering in the irrigation area amproves sediment accumulation.
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