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Abstract. Lattice Boltzmann model (LBM) in conjunction with an accurate Large Eddy
Simulation (LES) technology was proposed to simulate various vortical structures and
their evolutions in open pump intakes. The strain rate tensor in the LES model is lo-
cally calculated by means of non-equilibrium moments based on Chapman-Enskog
expansion, and bounce-back scheme was used for non-slip condition on solid walls
and reflection scheme for free surface. The presented model was applied to investigate
free-surface and wall-attached vortices for different water levels and flow rate. The
vortex position, shapes and vorticities were predicted successfully under three flow-
ing cases (i.e. critical water level (CWL), lower water level, lower flow rate), and the
numerical velocity and streamline distribution were analyzed systematically. For CWL
based on Froude number considering open channel flows, the shape and the location
of various dynamic vortices were captured. Compare to the experimental results of
CWL, more vortices were predicted for lower water level, and less vortices were ob-
served for lower flow rate. The predicted velocities and vortex locations are in good
agreement with the experimental of a small physical model. The comparisons demon-
strated the feasibility and stability of above-mentioned model and numerical method
in predicting vortex flows inside open pump intakes.
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1 Introduction

The flows inside pump intakes are generally very complex and contains commonly many
coherent structures. Poor designs of pump intakes and improper combinations of geo-
metric parameters including pump bell give rise to bad flow pattern with various vor-
tices, such as free surface vortices and wall-attached vortices [1], which influence safe
and steady operation in pump stations, such as noise and vibration, impeller damage
due to cavitation, and uneven impeller loadings [2–4].

Experimental techniques are effective and intuitive tools to investigate various vor-
tices and corresponding generation causes and find practical solutions to eliminate or
suppress them. Rajendran [5] used conventional flow visualization to identify the vor-
tices, and obtained quantitative information on the number, location, shape, size, and
strength of vortices by PIV technology in a simple but representative intake. Tomoyoshi
et al. [6] studied the velocity and vorticity distribution in the sump using PIV method
and visualization method, the experimental data show that the critical submergence for
the free surface vortex and the wall-attached vortices are almost proportional to the flow
rate in the intake. But experiments have some disadvantages such as high cost and long
periods, and now numerical methods are useful and promising tools to investigate the
flow field in pump intake and to optimize geometry parameters.

Tokyay et al. confirmed that LES model with a sufficiently fine mesh can accurately
capture not only qualitatively but also quantitatively most of flow features in a pump
intake [7]. Tang et al. [8] investigated the feasibility and applicability of turbulence mod-
els in predicting flows in the pump sump, and analyzed various vortex streamlines and
strength in the sump. Aljaz Skerlavaj et al. [9] focused on the choice of a suitable turbu-
lence model for flow simulations in an industrial pump intake, and successfully predicted
the gas-core length of vortex for different submergence.

In recent years, emerging LBM becomes a popular tool to solve fluid flow problems.
Tang et al. [10] used 2D LBM-SGS model to study the flow characteristics in a forebay,
and compared with the experimental data, the numerical results show that the model
scheme has the capacity to simulate complex flows in shallow water with reasonable
accuracy and reliability. D. Bespalko et al. [11] simulated a turbulent channel flow by us-
ing the D3Q19 athermal LBM, and compared these numerical results to those calculated
using Navier-Stokes-based solvers, the comparisons suggested that the athermal LBM
should not be suitable for predictions of large fluctuations of density and temperature.
Van Treek [12] presented the hybrid LBM to simulate a 3D turbulent heat transfer by
using Smagorinsky sub-grid scale (SGS) model and validated laminar and turbulent nat-
ural convection in a cavity at various Rayleigh numbers up to 5×1010 for Prandtl number
Pr=0.71 by means of relevant benchmark data. Sajjadi et al. [13] investigated the turbu-
lent natural convection flow based on LBM coupled with LES. In this research, stream-
lines, local and average Nusselt numbers, and isotherm counters have been studied in
different Rayleigh numbers. M. Fernandino et al. [14] carried out simulations of free sur-
face duct flow with a flat interface with the LBM in combination with the Smagorinsky
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model, and the simulation results are in good qualitative agreement with the experi-
ments. S. K. Kang et al. [15] adopted the Smagorinsky model for the turbulence simula-
tion and investigated the effect of different 3D lattice models on the simulation results of
wall-bounded turbulent flows in a circular pipe and in a square duct was investigated. M.
Stiebler et al. [16] introduced a 3D lattice model with LES turbulence modeling on com-
posite non-uniform grids, and studied the subcritical turbulent flows around a sphere in
a channel are for a range of Reynolds numbers between 2000 and 10000, and the essential
features of flows are captured. However, so far, an application of the flow in the pump
intakes based on SRT (single-relaxation-time)-LBM model combined with LES has rarely
been carried out. There is one case merely in using MRT (Multi-Relaxation-Time)-LBM
code to simulate pump intake flow [17].

LBM with LES is capable to give more intrinsically predictions and explanations of
swirling dominated flows from mesoscopic view. Besides, the LBM has some distinct ad-
vantages for simulating the flows in pump intake, such as, its high accuracy and the effi-
ciency in the transient flows simulation, convenience to easily treat with complex geom-
etry boundary conditions [18], simplicity of programming, intrinsic parallel algorithm,
and so on [19–22]. Hence, SRT-LBM-LES model is adopted in predicting vortex flows
inside open pump intakes in this paper, and compared with MRT-LBM model, the cost
of computing decrease effectively under the same accuracy conditions. The numerical
simulation based on the proposed SRT-LBM-LES combined model is validated by using
a potently PIV data collected [23] on a scaled pump intake model consisting of one pump
intake and one approaching channel. Moreover, this investigation extends the applica-
tion scope of the SRT-LBM model.

The remaining parts of this paper are organized as follows. In Section 2, the numeri-
cal methods adopted in this study are described. The lattice Boltzmann equation and the
LES turbulence model are given in this section. In Section 3, the model used in numerical
simulations has the same size and configuration as the experimental model in relevant lit-
erature [23], and the initial and boundary conditions are consistent with the experiment.
In Section 4, numerical calculations of the flow field in a pump intake for different op-
erating conditions are carried out and the corresponding results are analyzed in details.
The formation of the vortices (free-surface and wall-attached vortices) in the vicinity of
the pump bell are discussed. Finally, in Section 5, the summary and conclusions of this
study are provided.

2 Lattice Boltzmann method

Lattice Boltzmann equation (LBE) can be viewed as a special ”discretization” form of con-
tinuous Boltzmann equation [24,25]. Eq. (2.1) is the evolution equation of the distribution
function f with discrete time for LBE

fi(x+ei∆t,t+∆t)− fi(x,t)=−
1

τ
( fi(x,t)− fi

(eq)(x,t)), (2.1)
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where fi is the distribution function for particles with velocity ei at position x and time

t along the ith direction of velocity, ∆t is the time step, fi
(eq) is the corresponding local

equilibrium distribution, and τ is the single relaxation time.
The left-hand terms of the Eq. (2.1) model a streaming step for fluid particles while

the right-hand terms express the collisions process through relaxation [26]

collision: f̃i(x,t)= fi(x,t)−
1

τ
( fi(x,t)− fi

(eq)(x,t)),

streaming: fi(x+ei∆t,t+∆t)= f̃i(x,t),
(2.2)

where f̃i is the post-collision distribution function.
A cubic lattice with 19 discrete velocity directions (D3Q19 model) adopted here is

illustrated in Fig. 1.

Figure 1: D3Q19 lattice model.

The particle speed velocity ei is defined as

e= c
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, (2.3)

where c=∆x/∆t, ∆x is the lattice spacing.
In the present paper, D3Q19 lattice model is applied and the equilibrium distribution

functions fi
(eq) is denoted as

f
(eq)
i =wiρ

[

1+3ei ·u+
9

2
(ei ·u)

2−
3

2
u

2

]

. (2.4)

The equilibrium distribution function f
(eq)
i does not only depends on the local density ρ

but also macroscopic velocity u. The weighting coefficient wi are given as follows

wi=







1/3;
1/18;
1/36;

i=0,
i=1,···,6,
i=7,···,18.

(2.5)
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Once the distribution functions in the lattice Boltzmann equation are solved, the
macroscopic variables, such as density ρ, macroscopic velocity u and pressure p can be
yielded by statistics from the first and two moments of the distribution functions by

ρ=
∫

f de=
18

∑
i=0

fi, u=
∫

e f de=
1

ρ

18

∑
i=0

ei fi, p=
ρ

3
c2=ρc2

s , (2.6)

where c2
s = c2/3 is the sound speed of system.

In order to extend LBM applications and to well simulate turbulent flows of high
Reynolds number, some turbulence models were combined with LBM. A statistical tur-
bulence model (k−ε) was introduced in LBM in Ref [27]. A. Pradhan [19] used the LBM to
simulate turbulent flows in a channel using the sigma model for LES. K. N. Premnath [28]
incorporated dynamic sub-grid scale (SGS) models in the LBM for LES of turbulent flows.
Tang [29] coupled LBM and LES technology in the flow around a non-submerged groyne
in a channel, without a significant change of the algorithm structure. In this paper, LES
was implemented in LBM without a significant change of the algorithm, and based on
eddy-viscosity assumptions, the Smagorinsky constant (Cs) of the SGS model equal to
0.35. As shown in Ref. [29], the total relaxation time consists of the single relaxation time
and the eddy relaxation time

τe =τ+τsgs, (2.7)

where τe is the total relaxation time including the single relaxation time τ with respect
to the molecular viscosity ν and the eddy relaxation time τsgs associated with turbulent
eddy viscosity νt, which determines the approaching rate to the local equilibrium.

The relation between the effective viscosity coefficient and the total relaxation time
can be written as

νe =
e2∆t

6
(2τe−1) . (2.8)

In the meantime, the molecular viscosity coefficient and the single time is assumed to
satisfy the relation

ν=
e2∆t

6
(2τ−1). (2.9)

Then, the relationship between the eddy relaxation time and the turbulence viscosity can
be obtained

τsgs=
3νt

e2∆t
. (2.10)

The turbulent eddy viscosity νt is given by

νt =(Cs∆̄)
2
√

2S̄ijS̄ij, (2.11)

where the strain-rate tensor S̄ij is related to the non-equilibrium momentum flux tensor
by using the Chapman-Enskog expansion. It is needs to be stressed that the LBM has
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ability to calculate S̄ij in terms of the distribution function

S̄ij =−
3

2e2ρ(τ+τsgs)∆t ∑
k

ekiekj( fk− f
eq
k ). (2.12)

Combining Eqs. (2.11) and (2.12), the eddy relaxation time is expressed as

τsgs =
3

e2∆t
νt =

3

e2∆t
(Cs∆̄)

2
√

2SijSij, (2.13)

thus, the eddy relaxation time is

τsgs=−
9(Cs∆̄)

2

2e4ρ(τ+τsgs)∆t2

√

2Πi jΠij, (2.14)

where Πij =∑k ekiekj( fk− f
eq
k ).

In the equally spaced rectangular grids, ∆̄ =∆x =∆y=∆z, Eq. (2.14) can further be
written as

τsgs =
9Cs2

2e2ρ
(

τ+τsgs

)

√

2ΠijΠij, (2.15)

where the relaxation time of SGS model is

τsgs =

−τ+

√

τ2+18(Cs∆̄)
2
√

2Πi jΠij/(e4ρ∆t2)

2
. (2.16)

The total relaxation time is defined as

τe =τ+τsgs =

τ+

√

τ2+18(Cs∆̄)
2
√

2Πi jΠij/(e4ρ∆t2)

2
. (2.17)

Finally, the equivalent relaxation time of LBM-LES combination model can be given by
coupling Smagorinsky model with LB equation

fi(x+ei∆t,t+∆t)− fi(x,t)=−
1

τe
( fi(x,t)− fi

(eq)(x,t)). (2.18)

3 Numerical investigations

The numerical investigations were carried out with the LBM code. For turbulence model,
a Smagorinsky SGS model was applied, and SRT model was embodied in collision mod-
els.
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3.1 Pump intake geometry

To validate the numerical solutions, the geometrical characteristics of the pump intake in
this study are the same as those of the single-pump intake model used in the laboratory
experiments [23], which is a representative research of the free surface intake. The geom-
etry of the calculated single pump intake is exhibited in Fig. 2. The structure comprises a
single pump bell and a long rectangular channel with free surface.

The interior diameter D = 100 mm of the pipe is treated as the characteristic length
scale. The width of the channel is Ly=3.0D and the height of the computation domain, H
is 3.0D. H f is the submergence water depth and the Hp=D is the height of the pump bell
from the floor. In order to guarantee the results not to be affected by the inlet conditions
and the flows far away from the bell to be fully developed ones, the length Lx of the
channel is 6D, and similarly, to ensure that the flows at the outlet are fully-developed
one [30], the height is H = 3.0D, Lx and H are the same as those in literature. The back
wall of the pump intake Lb is situated 1.1D distant from the center of the pump bell in
the downstream direction and the inlet sections are situated 4.9D distant form the bell
center in the upstream direction. The center of the pump bell is placed dissymmetry
between the two side walls, and there is an extremely small deviation distance of 3.3% of
the channel width from bell center in the y direction [23]. The distance from the pipe bell
center to the side wall 1 (L1) is equal to 0.65D, and the other distance from the pipe bell

1. back wall, 2. side wall 1, 3. side wall 2, 4. floor

Figure 2: Pump intake geometry and main parameters.
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Table 1: Pump intake geometrical parameters.

Ly/D=3.0 H/D=3.0 Lx/D=6.0

Lb/D=1.1 L1/D=0.65 L2/D=0.85

Table 2: Operating conditions.

Cases Flow rate Q (m3/min) Submergence (H f /D)

Case1 1.0 1.3

Case2 0.6 1.3

Case3 1.0 0.5

Table 3: Pump intake physical parameters.

Cases Re We Fr

Case1 2.122×105 2800 1.02

Case2 1.273×105 1521 0.76

Case3 2.212×105 3597 1.16

center to the side wall 2 L2 = 0.85D. The diameter of the pump bell DL is 1.5D. All the
parameters are listed in Table 1.

Three different conditions with different flow rate Q and submergence water depth
H f of the pump bell listed in Table 2 are considered. The Reynolds numbers inside the

intake pipe are 2.122×105, 1.273×105, and 2.122×105 in three cases respectively. The
corresponding Weber number is high enough for surface tension effects to be negligible.
The Froude number is the major controlling parameter [31], which is low enough to avoid
air entraining vortices and to justify the assumption of a flat free surface [1]. The detailed
pump intake physical parameters are listed in Table 3, and the parameters of flowing
medium (water at 20◦C) are ρ=1000kg/m3 , σ=0.072N/m, ν=1×10−6m2/s, g=9.81m/s2 ,
respectively.

3.2 Computational mesh

The quality of the computational mesh is important in achieving the desired accuracy of
the simulations. The grid independent analyses were carried out, and finally an adopted
block-structured mesh with 432000 elements is displayed in Fig. 3. The single-pump
intake computation domain has 121×61×61 grid points in the x, y, and z directions,
respectively.

3.3 Initial and boundary conditions

As mentioned previously, the Weber number in each case is high enough to neglect the
effect of surface tension [32], and the Froude number is low enough to guarantee the
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(a) 3D Grid (b) X-Z plane (y=28) (c) Y-Z plain (x=98)

Figure 3: Grid scheme of the computation domain.

ratio of the force of gravity and the inertia force have to be identical for the numerical
model and the prototype structure. In the experiments [23] it is known that the surface
was almost plat. Hence, the three operating cases in this pump intake were calculated
as a single-phase simulation with a free surface, and rigid assumption is adopted to treat
with the free surface during the simulations, which is a typical treatment approach in
single-phase simulations of pump intake models and used by S. G. Constantinescu et
al. [32], V. P. Rajendran et al. [33], and Tomoyoshi Okamura et al. [23].

The velocity components u= u0 and w= v= 0 were specified at the inlet nodes, and
u0 is calculated by the flow rate in each case. The pressure boundary condition was
specified at outlet and the condition of zero gradient was implemented to the velocity in
z direction to meet global mass conservation. The velocity of outlet is corrected according
to the flow rate of the inlet. At all other nodes the velocities are set as u= v=w=0. The
initial densities in flow field are taken as 1000kg/m3 . The no-slip condition was applied
for the velocity components at all solid walls. It is noted that the free surface is treated as
a flat plane and as a free slip wall without friction. Numerically, the reflection boundary
condition is imposed on the lattice-orientated flat plane to guarantee a free slip condition
on the free surface. In microscopic, the initial distribution functions on all lattice points
are the equilibrium distribution functions. The particle velocity c=1. The lattice spacing
is 0.005m and the time step ∆t=2×10−6s.

4 Computational results and analyses

The experimental data in the intake [23] were used to validate the above-mentioned
model and numerical algorithms, the laser light sheet method was used to obtain lo-
cations of the free surface vortices and the PIV was employed to obtain the velocity dis-
tributions at the bell entrance. The configuration dimensions and the flow parameters
used in the simulation are identical to those in the literature.
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4.1 Comparisons of free surface vortex cores

In order to carry out the quantitative analyses on the vorticity of the vortex vector on
the free surface vortices, the vortex vector is calculated by using the expression (4.1), and
the z-component ωz of the vortex vector converted to the corresponding dimensionless
values ω̃z by using the expression (4.2)

ω=
1

2
∇×u, (4.1)

ω̃z= |ωz|
/

ωz−re f , (4.2)

where ωz−re f is the average z-component vorticity as a reference value, which computed
by using the expression (4.3), and its value is 9.981/s

ωz−re f =
1

n

n

∑
1

|ωz|. (4.3)

Fig. 4 reveals a good agreement between the simulations (drawn as squares) and exper-
imental data (drawn as solid circles) concerning the positions of the free surface vortex
cores for case 1. The relative coordinates are expressed in dimensionless quantities. The
region of experimental data is marked by a dot circle with center coordinates (0.40,0.94)
and radius 0.44. The predicted position coordinates of the free surface vortex cores are
(0.68,0.84), (0.49,1.02), (0.29,1.02), (0.74,1.98), respectively, which are labelled by the dig-
its 1, 2, 3 and 4. To be specific, the positions of two dominant free surface vortices labelled
by the digits 2 (ω̃z=1.72) and 3 (ω̃z =0.65) between the pump bell and side wall 1 locate
in this circle, and the other vortex labelled by the digits 1 (ω̃z =1.28) is close to it. Mean-
while, another small free surface vortex (labelled by the digits 4) between the pump bell
and side wall 2 is also numerically captured. Compared to the dominant vortices, this

Figure 4: Comparisons of the location of free surface vortex for Case 1.
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Figure 5: Comparisons of the location of free surface vortex for Case 3.

small vortex vorticity is too weak (ω̃z =0.35), which cannot easily be detected by experi-
ment.

The number and position of the free surface vortices for case 3 is drawn in Fig. 5 to
compare with the experimental data. The circles represent the experimental positions
of the real vortex cores, and the squares stand for the numerical simulation ones. The
two regions of experimental data concerning vortex range are drawn as red dot rectan-
gle respectively, and distributed on the side of the pump bell, which locate in the range
of x-axis interval of [0.25,0.51] and y-axis interval of [1.31,2.15], and in the other range of
x-axis interval of [0.24,0.60] and y-axis interval of [0.25,0.89]. The predicted position coor-
dinates of the free surface vortex cores are (0.71,0.90), (0.36,0.92), (0.44,1.32), (0.43,1.42),
(0.46,1.49), (0.13,1.34), (0.72,1.92), respectively, which are labelled by the digits 1 to 7.
There are predicted five different vortices (labelled by the digits 2 to 6) between the pump
bell and back wall, which are almost located in the corresponding experimental regions.
Besides, the other two small vortices (digits 1 and 7) approximately symmetrically dis-
tributed on the side of the pump bell are captured. All the comparisons showed that the
predicted results match well with the measured.

4.2 Analyses of vortex cores and streamlines

To better describe the vertex structure in the intakes, the time-averaged streamlines in
various planes are presented in Fig. 6. The ”free surface” plane is defined as the plane
under the corresponding free surface by 0.05×H f , and the ”floor” plane is 0.3D above
the floor boundary. The plane signed ”side wall 1” is situated 0.4L1 and ”side wall 2”
is away 0.13L2 from the according physical boundary. The ”back wall” plane is located
0.25Lb from the corresponding back wall.

A small floor attached vortex under the pump bell, two small back-wall vortices, side-
wall vortices and free-surface vortices are shown in Fig. 6.

For a more vivid and stereo description of these predicted vortex structures, the time-
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(a) floor (b) back wall (c) side wall 1

(d) side wall 2 (e) free surface

Figure 6: Surface streamlines for Case 1.

dependent evolutions of the free surface vortices for case 1 are shown in Fig. 7(a) and (b)
from t=16.8×104 time steps to t=17.0×104 time steps and the time-dependent evolutions
of the wall-attached vortices for case 1 are illustrated by means of streamlines in Fig. 7(c)
and (d). Fig. 7(a) displays that one small vortex formed near the vertical plane when
y=0.014m between pump bell and side wall 1 at t=16.8×104 time steps. After 2000 time
steps later, i.e.t=17.0×104 time steps, this vortex become strong, and the accompanying
swirling flow near the vertical plane when y = 0.014m is shown in Fig. 7(b). Besides,
the numerical results show that this free surface vortex is intermittent, in another more
2000 time steps later, there is no obvious free surface vortex exist and the corresponding
picture is not given. Fig. 7(c) shows the wall-attached vortex at t=16.8×104 time steps,
there are two floor-wall-attached vortices are formed in floor near the back wall, and a
quite small back-wall-attached vortex locates in the middle-lower position of the back
wall. After 2000 time steps later, in Fig. 7(d), a bigger back-wall-attached vortex locates
in the middle-lower position of the back wall, and more floor-wall-attached vortices are
formed in floor near the back wall. Fig. 7(e) and (f) shows the wall-attached vortex at t=
17.2×104 time steps when x=0.49m. Fig. 7(e) displays that one floor-wall-attached vortex
reappears in floor under the pump bell. At the same time, Fig. 7(f) demonstrates one
wall-attached vortex and its amplified structure in right-bottom corner. These different
snapshots reveal the changes of the location and the structure of vertices with time.

As the submergence water depth decreases, various free-surface vortices reproduce
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(a) t=16.8×104 time steps (b) t=17.0×104 time steps

(a) & (b) free surface vortices

(c) t=16.8×104 time steps (d) t=17.0×104 time steps

(c) & (d) wall-attached vortices when y=0.014m

(e) t=17.2×104 time steps (f) t=17.2×104 time steps

(e) & (f) wall-attached vortices when x=0.49m

Figure 7: Free surface and wall-attached vortices for Case 1.

quickly and are instable compared to those for case 1 because higher water depth can
suppress the free-surface vortices to form. Fig. 8 shows the free-surface streamlines for
case 3 at three different moments in the same free surface plane. Fig. 8(a), shows that two
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(a) t=17.0×104 time steps (b) t=17.2×104 time steps (c) t=17.4×104 time steps

Figure 8: Free-surface streamlines for Case 3 at different time.

Figure 9: Surface streamlines for Case 2.

vortices approximately symmetry distributed on the side of the pump bell at moment 1,
and moreover, four other vortices between the pump bell and back wall are observed.
Only one free-surface vortex between the pump bell and side wall 1 shown in Fig. 8(b)
at the moment 2, and the corresponding surface streamlines are different from those at
moment 1. However, there is no existing vortex at the moment 3 shown in Fig. 8(c).

The submergence depth for case 2 is the same as case 1, but the flow rate is 0.6 times
of that for case 1, so the flow conditions for case 2 are below the critical flow ones, and
then its flow and vortices are smooth and stable. Fig. 9 illustrated the surface streamlines
for case 2 at a certain moment in the same free surface plane, and two obvious vortices
between the pump bell and back wall are observed.

4.3 Velocity comparisons

The PIV measurements of Ref. [23] are used to carry out a quantitative analysis of the cal-
culations for case 1. These measurements are available along a measured line intersected
by the plane located 0.85D above the floor and the plane 1.1D distant from the back wall
as shown in Fig. 10.
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Figure 10: PIV measurement line.

(a) (b)

(c)

Figure 11: Comparison of LBM with experiment for Case 1.

Fig. 11 displays comparisons of the velocity distributions along the measured line
between the PIV measurements and the numerical results where the velocity compo-
nents are converted dimensionless values by means of the average velocity in the intake
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(a) (b)

(c)

Figure 12: Comparison of LBM with experiment for all working points.

channel Ure f , and u, v, w stand for the velocity components in the x, y, z directions, re-
spectively. All the numerical results have same tendencies with the experimental, but
compared to these numerical results from Ref. [10] and Ref. [23], the velocity distribution
predicted by this present model is closer to the PIV data, especially, x-velocity distribu-
tions shown in Fig. 11(a).

Fig. 12 shows the calculated velocity profiles at three cases along the PIV measure-
ment line. The x-velocity and the related-near-wall velocity gradient increases as the
flow rate increase, and their tendency of x-velocity profiles for these three cases are sim-
ilar, as shown in Fig. 12(a). The fluctuation of x-velocity for CWL is higher than those
for case 2 and 3. The velocity profiles of the y-component (Fig. 12(b)) are similar for all
cases. The velocity profiles of the z-component (Fig. 12(c)) are similar for all cases, but
the peaks of the w-velocity curves for case 2 is lower than those for case 1 and 3 which are
close to each other, and these are due to the different vortex structures under the pump
bell, different values of H f and the different flow rates.
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Figure 13: Vorticity distribution of LBM for Case 1 at z=44.

Fig. 13 shows the z-component distribution of the vorticity vector at the bell entrance
for case 1. The z-component ωz of the vorticity vector are converted to the correspond-
ing dimensionless values by using Eqs. (4.1)-(4.3), the reference value of vorticity ωz−re f

is set to the value of 9.981/s on the free surface. The vorticity distribution of LBM is
qualitatively similar in strength to the results in the literature [23].

5 Conclusion

SRT-LBM model combined with LES is proposed to predict various vortex structures and
their evolutions in open pump intakes.

For the various free-surface vortex structures for CWL, two dominant ones between
the pump bell and side wall 1, and a small one between the pump bell and side wall 2 are
predicted. Besides, a number of wall-attached vortices in the side walls, back wall and
floor are predicted. As the submergence water depth decreases, six free-surface vortices
(including approximately symmetric on each side of the pump bell and four other ones
between the pump bell and back wall) reproduce and diminish randomly. These pre-
dicted free-surface vortices for case 3 are instable compared to those for CWL. For case 2,
the flow and vortices are smooth and stable. The predicted vortex locations are in good
agreement with the experimental data.

At the bell entrance, the velocity distributions along the bell diameter in three direc-
tions obtained in this paper have same tendencies with the experimental, and the velocity
profiles are similar for all cases.

As previously mentioned, the numerical model is used to understand the complex
flow phenomena existed in realistic pump intake better. From mesoscopic view, the LBM-
LES as a predictive tool can be widely applied in the design or redesign process of pump
intakes. Furthermore, LBM-LES model combined with VOF method can be treated as
an alternative potential approach for predicting free-surface vortex and deserve further
exploration in the future.
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