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ABSTRACT

Large-eddy simulation is performed to study the turbulence statistics and flow structures of the water
past a rotating axial-flow pump under different flow-rate working conditions. A novel sharp-interface
level-set based immersed boundary method is applied to capture the complex geometry of the pump.
An unstructured triangular mesh is used to discretize the complex surface geometry of the pump, and a
ray-tracing method is employed to classify the computational domain into fluid and solid regions.
Turbulence statistics, including the mean velocity, turbulent kinetic energy (TKE), turbulence production,
and turbulence dissipation, are analyzed under five different flow-rate working conditions around the
designed condition. The results show that unsteady wake, tip leakage flow, and flow separation are
accompanied by a high TKE magnitude. For the high turbulence intensity under off-designed working
conditions, the tip leakage flow plays a leading role at low flow-rates, and flow separation dominates at
high flow-rates.

Turbulent kinetic energy
Flow separation

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Pumps are used to drive fluid flows in various applications over
a wide range of physical scales, from blood vessels to pumping
stations [1,2]. At large scales, the pump unit is the core component
in pumping stations to prevent or control floods, and to irrigate,
transfer, and supply water resources. The present study focuses on
axial-flow pumps, which are usually used in applications with high
flow-rates and low lifted fluid heads. The investigation of flow past
an axial-flow pump is challenging because of the complex geom-
etries and the highly turbulent motions.

In the research of axial-flow pump, Zierke et al. [3—5] utilized a
high Reynolds number pump (HIREP) facility to investigate the
flow. Their experiments generated a large amount of data, including
information about the pressure over the surface, flow structures,
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and exit flow of the static inlet guide vanes. They also provided
extensive results of the flow characteristics around rotating
impeller blades, including the static-pressure distribution, surface
flow visualization, exit flow, tip leakage vortex, and integral
quantities including shaft thrust and torque. Uzol et al. [6] designed
a facility that overcomes optical obstructions to the illuminating
sheet and camera caused by the blade, and performed particle
image velocimetry (PIV) measurements of the flow field around an
axial turbo-pump. They investigated the instantaneous and phase-
averaged flow quantities around the blades, and showed detailed
velocity distribution in the boundary layer and near wake. They
found that the rotor—stator interaction (RSI) contributed mostly to
the generation of high stresses near the blades and in the wake.
Zhang et al. [7] and Tan et al. [8,9] studied the tip leakage vortex
(TLV) of axial and mixed flow pumps also by means of experiments
and simulations, which revealed the characteristics of vortex
structures, turbulence statistics, and tip-attached cavitations. Song
and Liu [10] investigated the pressure pulsation induced by floor-
attached vortex at the bottom of an axial-flow pump sump
through experiment, which revealed the law of pressure pulsation
under the complex vortex effect.

While it is challenging to measure the unsteady flows in axial-
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flow pumps with complex geometries in experiments, obtaining
accurate and detailed descriptions of the flow field through nu-
merical simulation is also highly critical, in the context of unsteady
Reynolds-averaged Navier-Stokes equations (RANS) and large-eddy
simulation (LES) methods. The unsteady RANS method with
various turbulence models has been used to study the flow char-
acteristics in turbo machinery over the past few decades. Muggli
et al. [11] studied the behavior of the flow in a mixed flow pump
using RANS with a standard k-e turbulence model. Liu et al. [12,13]
developed a very high-efficient axial-flow pump system and
studied the flow characteristics with a RNG k-¢ turbulence model.
Although some studies applied the shear stress transport (SST)
turbulence model, declaring an improvement on the prediction of
flow separation in the numerical studies of flow dynamics past a
pump [14—18], RANS occasionally fails in predicting separation and
capturing the highly complex turbulent flow physics [19,20].
Therefore, applying LES is desirable for the turbomachinery appli-
cations with intense turbulent motions. Because of the high
computational cost, LES results about such flows are sparse. Byskov
et al. [21] conducted LES of a centrifugal pump impeller and vali-
dated the mean velocity against RANS and experimental results.
The comparison showed that the LES results were in better
agreement with experimental results than the RANS results. Kato
et al. [22] developed an overset finite-element LES method to
simulate a high-specific-speed mixed-flow pump, and Yamade
et al. [23] validated the prediction performance of a mixed-flow
pump by LES and analyzed the instability characteristics.

The above simulation studies are based on body-fitted grid. In
the conventional arbitrary Lagrangian-Eulerian (ALE) method, it is
challenging to generate mesh over the complex geometry of the
pump. Meanwhile, as the greatest limitation of employing body-
fitted grids to the moving boundaries, it is computationally
expensive to handle large movements and deformations of struc-
tures, such as the guide vane adjustment in hydraulic turbines
[24—27]. Although the immersed boundary (IB) method is conve-
nient for capturing complex boundary geometries, few applications
to complex machinery exist in the literature. Kang et al. [28] studied
the three dimensional (3D) wake structure of a hydrokinetic tur-
bine based on the IB method. Angelidis et al. [29] incorporated an
adaptive mesh refinement technology to conduct a geometry-
resolving LES of the flow past a hydrokinetic turbine. Chawdhary
et al. [30] studied an array of hydrokinetic turbines in a field-scale
river environment with a multi-resolution LES. Posa et al. [20]
conducted LES for geometrically complex mixed-flow pumps using
the IB method. These LES studies of the flows past turbine or pumps
mainly focused on the large-scale flow structures in the wake,
while the flow details around the turbine or pump were not the
focus due to the limitation in the computer power.

In this paper, we extend the IB method algorithm [31] to
simulate the fluid-structure interaction (FSI) problems between
fluids and arbitrary complex bodies. An unstructured mesh is uti-
lized to discretize the complex solid bodies [32]. A ray-tracing
method is utilized to classify the fluid and solid computational
nodes [33,34]. The above methods are applied to study LES of a
complex axial-flow pump with fully developed turbulence inflow
conditions to reveal the characteristics of the turbulence statistics
and vortex structures in the pump. While the RANS method may
make reasonable predictions on the mean flow by adjusting the
parameter values in turbulence models based on the experience of
users, the LES method can provide more accurate results of
instantaneous flow field and turbulent structures without artificial
inference with the model parameters. Meanwhile, the present
study provides insights into the flow physics by analyzing turbu-
lence statistics, including the turbulent kinetic energy (TKE), TKE
production and dissipation. To our best knowledge, the present
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study is the first LES investigation on the detailed flow structures in
the vicinity of the pump components under various flow-rate
working conditions.

The remainder of this paper is organized as follows: In Section 2,
the numerical method is described. In Section 3, the setup of the
simulation of the flow past an axial-flow pump is introduced. In
Section 4, a comparative study of the turbulent flow of an axial-flow
pump under five different flow-rate working conditions is con-
ducted, with conclusions given in section 5.

2. Simulation method

2.1. Governing equations and boundary conditions

The LES is governed by the filtered Navier—Stokes equations for
incompressible flow as follows:

v.uzo7 (1)
ou 1
T Vu:;(—Vp+V~(u5)+pg—V'ngs)- @)

Here, u is the filtered velocity vector, t is the physical time, p is
the fluid density, p is the pressure, u is the fluid dynamic viscosity, S
is the strain-rate tensor based on u, g is the gravitational acceler-
ation, and 7sgs is the subgrid-scale (SGS) stress tensor, calculated
using the dynamic Smagorinsky model [35—37].

Assuming that I(t) is the position vector of an arbitrary point
located on the immersed boundaries of solid bodies at one time
instant, the velocity of the same point in the fluid field u(t) satisfies
the no-slip boundary conditions:

_ol(t)
ot

Specifically, when I(t) is located on a stationary boundary, u(t) is
equal to 0. The Neumann boundary condition for pressure comes

from projecting the momentum equation (2) to the immersed
boundaries in the normal direction:

u(t) (3)

dp

where n,, is the wall normal vector and v = u/p is the fluid kine-
matic viscosity.

2.2. Numerical schemes

The governing equations are discretized using the finite differ-
ence method. Based on the staggered grid, the pressure is defined
at cell centers, and the three orthogonal components of the velocity
are placed at the centers of the cell faces. The momentum equations
are integrated in time using the second-order Runge—Kutta (RK2)
method. The divergence-free condition is satisfied using the pro-
jection method. A dynamic time step calculated based on the CFL
number was used during the simulation. The Portable, Extensible
Toolkit for Scientific Computation (PETSc) and parallel computing
by message passing interface (MPI) library are utilized to solve the
Poisson equation and for parallel computing, respectively. PETSc is
a suite of data structures and routines for the scalable (parallel)
solution of scientific applications modeled by partial differential
equations [38]. The code is developed in house. More details about
our numerical code and its validations can be found in previous
papers [31,39—41].
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2.3. LS-based IB method and reconstruction of the velocity field

In our IB scheme, a level-set (LS) function that represents the
signed distance value from the solid boundary needs to be assigned
at each Cartesian grid node. In the previous method of Cui et al.
[31], analytic functions are adopted to calculate the distance values
from the grid nodes to the boundaries. Then positive and negative
signs are used to distinguish the fluid and solid domains, respec-
tively. The interface is captured by a linear interpolation of grid
nodes located on the two sides of and immediately vicinal to the
fluid-solid interface, which is the isosurface of the LS function equal
to 0.

For a two dimensional (2D) case, in Fig. 1, the location of the
projected node from the IB point in the interface normal direction is
obtained by a linear interpolation from the LS function values on
the nodes closest to the fluid-solid interface. Meanwhile, with two
fluid nodes (three nodes in 3D cases) and the projected node on the
interface, the velocity at IB nodes is reconstructed by interpolations
to satisfy the no-slip boundary conditions. The gray domain shown
is the solid domain, which is excluded from the computation. The
velocities of projected nodes at interface and nodes in the solid
domain depend on the motion of the solid bodies. Particularly, the
velocity is zero while solid body is stationary. The pressure
boundary conditions of equation (4) are applied at the interface of
the fluid domain and solid domain when solving the Poisson
equation. More details about the IB method are introduced in
previous papers [31,40,41].

Different from the previous method of Cui et al. [31], which used
a linear interpolation, a logarithmic wall-layer model is applied in
the present cases at high Reynolds numbers [42]. The tangential
velocity satisfies the law of the wall as follows:

u 1

+
I L ny") +B,

(5)

where u; is the tangential velocity, u; is the local instantaneous
friction velocity, k is the von Karman constant and equal to 0.41, y*
is the non-dimensional distance to the wall, and B is a constant and
equal to 5.5. Because y* differs at different IB nodes, the tangential
velocity at an IB node is calculated when the IB node is located in
the log-law region inner layer and y* is greater than 11 according to
the following equation:

1
up=Upp — UrIn (Jﬂ> ;

YiB (6)

where upp and ujg are the tangential velocities at the interpolating
node and IB node, respectively, and ypp and y;z are the distances
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Fig. 1. 2D schematic of level-set based immersed boundary on a Cartesian background
grid.
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from the wall to the interpolating node and IB node, respectively.
When y* is smaller than 11, the IB node is located in the viscous
linear sub-layer, and the tangential velocity at the IB node is
determined as:

(7)

The normal velocity is calculated by quadratic interpolation as:

Vs
Unip=Unpp| 5 |-
Ypp

The eddy viscosity »;, at the IB nodes is calculated using a
mixing-length eddy viscosity model as [28].

U =PYIBUE/#-

(8)

2
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The predecessor of this code adopted analytic functions to
define the LS function which can only express solid boundaries
with relatively simple shapes, such like circular cylinder, fish body
and airfoil [31]. It is challenge to apply that method to generate 3D
structures with more complex geometries. In this paper, an un-
structured triangular surface mesh in the stereolithography (STL)
format is utilized to discretize arbitrary solid bodies. Here we uti-
lized this format file to construct a LS field.

For the LS-based IB method, the LS function is only used to
capture the fluid-solid interface and calculate the normal vectors at
the projected nodes of IB nodes which are located on the wall
boundary. This indicates that only computational nodes near the
fluid-solid interface need to be calculated accurately. For nodes in
other locations, only the sign should be correct for identifying fluid
and solid nodes and the value is not crucial. In Fig. 2, a 2D sketch
about the method to construct a LS field is shown. The surface of a
3D body is discretized by triangles, and the surface of a 2D body can
be discretized by segments, which are denoted by the red segments
in the figure. Only LS function values on the solid square nodes as a
neighborhood zone nodes of fluid solid interface are calculated
accurately, the other nodes denoted by hollow squares are assigned
a value. The overall procedure to construct the LS function field is
summarized as the following steps.

Vt =KUY (1 — e—pJ’usLlT/(19u)>

1) The solid squares nodes are identified by a small local search
circle (sphere for 3D case) of radius r centered at each compu-
tational nodes. The radius r is determined by,

r> \/ (2vZmax(Ax. A9 + B (10)
for 2D case, and
r>/ (2V3maxAx Ay D) + B ()

for 3D case. Where Ax, Ay, /\z is the grid size in x-, y-, and z-di-
rection, respectively, and I4x is the length of the longest edge of the
unstructured mesh triangles. For two-layer computational nodes
which are in the immediate vicinity of the fluid-solid interface, this
inequation ensures at least one segment (triangle) within its local
search circle (sphere). It is observed that all IB nodes lie in this
neighborhood zone.

2) Calculate the distance between neighborhood zone node and all
segments (triangles) within the local search circle (sphere), and
select the smallest one as the distance to the solid body for this
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grid nodes without calculating LS function
grid nodes with calculating LS function
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Fig. 2. 2D schematic of the identifying algorithm of nodes in a small local region near the immersed boundary for calculating the distance.

node. The barycentric coordinates formula for calculating the

distance between point and triangle for a 3D case is as follows,
@V +B+vy+7v3 =Py (12)
where vy, v, V3 is the positon vector of each three vertex node of
each triangle in unstructured grid, respectively, pg is the normal
projected point in triangle from the computational node p, and «, £,
v are coefficients. The equations are solved to obtain «, 8 and v. If pg
lies inside the triangle, all components of its barycentric co-
ordinates («, 6, v) must lie in the interval [0,1]. If not, it indicate that
the point pg is outside the triangle and the point in the triangle with
minimum distance to p lies on one vertex or one edge of the tri-
angle. The criteria based on the sign of «, § and v is given, i) If the
only positive one is «, § or v, the closest point to p located on the
triangle is the node vq, v, or vs, respectively. ii) If only the only
negative is o, 6 or v, and the other two are positive, the closest point
to p located on the triangle is the edge between v, and v3, v; and
v3, or vi and v,, respectively. It is worth-mentioning that co-
ordinates of «, ( and vy should not be zero generally, which signifies
the singularity. For example, if the precision of coordinates of tri-
angle nodes is too low, ray may go across the edge or node of tri-
angle and singularity occurs in the algorithm.

3) After all neighborhood zone nodes obtain the distance to the
solid bodies, directly assign a positive value to other computa-
tional nodes including fluid nodes and solid nodes.

4) Identify each computational node if it is located in solid domain
or fluid domain. A ray tracing method is utilized to classify fluid
and solid computational nodes [34]. A random ray starts from a
computational node and the total number of intersections be-
tween the ray and unstructured mesh is recorded. The compu-
tational node is located inside the solid bodies when the number
is odd and outside when the number is even.

. Setup of the simulation

The discrete STL unstructured mesh is used to assist capturing
the geometry of the axial-flow pump in the IB method, which is
shown in Fig. 3. The computational domain is shown in Fig. 4(a),
and the pump unit in a vertical section across the centerline are
illustrated in Fig. 4(b), which r is the distance in the radius direction
from the centerline. This simplified horizontal axial-flow pump
device consists of an inlet pipe, inlet guide vanes, an impeller
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(pump rotor), outlet guide vanes, a main shaft and an outlet pipe.
The parameters of the pump are shown in Table 1, where D is the
inlet and outlet pipe diameter, D; is the impeller diameter, D;;;, and
Djoyt are the inlet and outlet diameters of impeller, respectively. H;
is the designed head, ¢ is the blade tip clearance, Q is the designed
flow-rate, N; is the inlet guide vane number, N, is the outlet guide
vane number, N, is the impeller blade number,  is the impeller
rotating speed, and T is the impeller rotating period. The condition
of the pump working with Q; is defined as designed flow-rate
working condition Q = 1.0Qyq. The computational domain is set
to 6D x 11D x 1.1D in the x-, y-, z-directions, respectively. The
streamwise center of the impeller is placed at x/D = 2.85.

In LES, when the grid is refined to the Kolmogorov scale, the
subgrid-scale stress approaches zero and the simulation converges
to DNS. Therefore, it is theoretically infeasible to conduct LES that is
fully converged. Here, we added a table of water head and efficiency
to show that the present LES is approximately converged, as shown
in Table 2. It shows that the water head and efficiency errors under
the designed working condition become small when the number of
grid points reaches 37.3 million. Owing to the consideration of
computational cost, 59 million grid points are the largest we could
afford with the computational resources available. Meanwhile, our
results are in good agreement with experiment data, indicating that
our results are reliable. According to previous studies, such as
Antonio Posa et al. [20] using 28 million grid points and Chirag
Trivedi et al. [43] using 72 million grid points, the present grid
resolution is sufficient to conduct LES. Base on the above consid-
erations, we believe that the grid of the present simulations meets
the requirement of LES. Therefore, the number of grid points is set
to 1024 x 240 x 240 in the x-, y-, z-directions, respectively. The grid
is clustered around the pump for 2.25D<x<3.45D,
0.05D <y <1.05D and 0.05D<z<1.05D. In this domain, the grid
size is 0.0025D in x-direction and 0.0042D in y-, and z-directions.
Outside the refined domain, the grid is stretched to the boundaries
in the x-, y-, and z-directions. The Dirichlet velocity inlet and
convective outlet boundary conditions are applied in the x-direc-
tion. The inflow is exported from a precursor simulation of a fully
developed turbulent pipe flow without the presence of the pump.
The no-slip boundary condition of the pipe wall is enforced by the
IB method. Thus, the flow is driven by the rotating impeller from
the low water level to the high water level. By running each case
with a constant CFL number which equals to 0.8, we found the time
steps are between 3.86x 107°s and 1.55x 10~%s. With the
consideration of further phase-averaging and other post-
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unstructured mesh

Fig. 3. Discrete unstructured mesh of a complex axial-flow pump expressed in the STL format.

Outlet guide vanes
Inlet pipe Inlet guide vanes

Convective
- outlet
Turbulence
inlet :’*
0.5
r/D Of
0.5
0 6
x/D
(b) Tllustration of the pump unit in the vertical section across the centerline.
Fig. 4. Sketch of an axial-flow pump simulation setup.
Table 1
Parameters of the horizontal axial-flow pump.
D D; Diin/Diout Hy 3 Q N; No Ny ® T
1.8m 1.7m 1.6m 22m 20 mm 10 m3/s 5 4 7 250 r/min 0.24s
Table 2
Errors of lifted head and efficiency of different grid schemes.
Grid scheme Grid number Lifted head Head error Efficiency Efficiency error
600%128*128 9.8 million 1.787 m / 51.64% /
600%192%192 22.1 million 1.965 m 9.1% 60.38% 14%
800*216*216 37.3 million 2.077 m 5.4% 66.99% 9.9%
896*224*224 45.0 million 2.087 m 0.48% 67.31% 0.39%
1024%240%*240 59.0 million 2.081 m 0.6% 67.12% 0.19%
processing, the time step is set to a constant value 2 x 10~>s, in parallelization achieved by using the MPIL Each case costed
which the impeller rotates by 0.03°. The total time of the simulation approximately 20 days. Computational resources were provided by
is 40 impeller rotating periods. All simulations were conducted on the University of Minnesota Supercomputing Institute.

768 cores of 2.8 GHz Intel™ Xeon X5560 processors with the
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4. Validation

Fig. 5 shows a comparison of the lifted water head H and pump
hydraulic efficiency 7 obtained from the present simulation and
experimental results. The experiment data is provide by Hitachi
Pump Manufacture (Wuxi) Co. Ltd. The largest errors of H and 7 are
found under the low flow-rate working condition, which are
approximately 8% and 4%, respectively. The errors under the
designed working condition is approximately 5% and 2%, respec-
tively. As the flow-rate increases and the adverse pressure gradient
decreases, the simulation result becomes closer to the experi-
mental result.

5. Results

Fig. 6 shows the mean streamwise velocity U at several
streamwise locations under the designed flow-rate working con-
dition Q = 1.0Qpe,- The fully developed incoming turbulent flow is
present at x/D = 1.0. When the area of the cross section decreases at
the impeller inlet, x/D = 2.7, the streamwise velocity U increases
on average. It increases the most at x/D = 3.0 in the wake of the
impeller and later decreases at x/D = 3.4 due to the expansion of
the pipe. Fig. 7 compares the profiles of U at x/D = 3.0 under
different flow-rate working conditions. The velocity loss near the
endwall caused by impeller blade tip leakage (BTL) is significant
under the low flow-rate working condition Q = 0.8Qp, and Q =
0.9Qpeq- The velocity loss becomes less significant as the flow-rate
increases, indicating that the effect of the BTL flow is weakened.

Fig. 8 further compares the mean streamwise velocity in a ver-
tical section across the centerline under three different flow-rate
working conditions, Q = 0.8Qpeq, Q = 1.0Qpeq, and Q = 1.2Qpeq.
The BTL is evident and a low-velocity zone appears behind the
outlet guide vanes under the small flow-rate working condition
Q = 0.8Qpeq- Under larger flow-rate working conditions, the BTL
flow is weakened and the low-velocity zone is not observed. The
BTL adverse velocity decreases as the flow-rate increases. It is
known that the adverse velocity is driven by an adverse pressure
gradient near the blade tip [7,44].

To further understand the relationship between the adverse
pressure gradient and tip leakage flow (TLF) of the mean stream-
wise flow, the flow field near the blade tip is shown in Fig. 9, which
plots the pressure distribution at the vertical section across the
centerline and the turbulent kinetic energy (TKE) k distribution at
x/D =285 (yz-section) under different flow-rate working

70

17 [%]

45
13

10
Q [mtls]

Fig. 5. Comparison of flow-rate Q vs lifted water head H between experiment and
simulation.
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Fig. 6. Mean streamwise velocity U under the designed flow-rate working con-
ditionQ = 1.0Qpeq-
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Fig. 7. Mean streamwise velocity U at x/D = 3.0 under different flow-rate working
conditions.

conditions. The blade rotates in positive x-direction as shown in
Fig. 9(a). Under the low flow-rate working condition Q = 0.8Qpeq,
the TLF forms a vortex at the suction side of the blade, resulting in a
low-pressure zone there. The low-pressure zone intensifies the
adverse pressure gradient near the tip. The TKE magnitude is high
at the suction side of the blades due to the TLF and the vortex, as
shown in the section x/D = 2.85. The vortex and low-pressure zone
at the suction side of the blade weaken under the designed flow-
rate working condition Q = 1.0Qpe, as shown in Fig. 9(b) and
disappear under the high flow-rate working condition Q = 1.2Qpq
as shown in Fig. 9(c). These results indicate that the TLF, vortex
intensity, and turbulence intensity near the tip all weaken as the
flow-rate increases.

The strong turbulent motions occur not only near the impeller
tip but also near the outlet guide vanes. Fig. 10 shows the radial
vorticity o, at the mid-span circumferential section r/D = 0.3
around one blade of the outlet guide vanes under different flow-
rate working conditions. Because the streamwise velocity in-
creases from the low flow-rate working condition to the high flow-
rate working condition, the angle of attack (the angle from the
chord to the direction of relative velocity to the blade with the
clockwise direction being negative) also decreases. Under the
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Fig. 8. Mean streamwise velocity distribution at the vertical section across the centerline under different flow-rate working conditions.
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Fig. 9. Pressure distribution at the vertical section across the centerline and TKE distribution at x/D = 2.85 (yz-section) under different flow-rate working conditions.
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Fig. 10. Radial vorticity at the midspan circumferential section around one blade of the outlet guide vanes under different flow-rate working conditions.

designed flow-rate working condition Q = 1.0Qp,, as shown in at x/D = 3.4 under different flow-rate working conditions. The
Fig. 10(b), the absolute value of vorticity is large. The flow is smooth radial vorticity shows the radial location over the outlet guide
near the boundary of the outlet guide vane and there is no flow vanes where flow separation takes place. From Fig. 11(a), it is seen
separation. Under the low flow-rate working condition Q = that under the low flow-rate working condition Q = 0.8Qpe,, the
0.8Qpeq, the angle of attack is negative, and the vorticity is small in radial vorticity near the tip of side A is relatively small, indicating
the area close to the tail of the upper surface of the outlet guide the separation occurs there. Under the high flow-rate working
vane, which means that the boundary layer detaches from the condition Q = 1.2Qye shown in Fig. 11(c), flow separation takes
upper surface into the wake [45], as shown in Fig. 10(a). Under the places near the blade root of side B, where the radial vorticity is
high flow-rate working condition Q = 1.2Qpe,, as shown in relatively small. Therefore, it can be deduced that the turbulence is
Fig. 10(c), the angle of attack is positive, and the vorticity in the area intense in the tip and root area under small and high flow-rate
close to the tail of the bottom surface of the outlet guide vane is working conditions, respectively. This feature is further demon-

small. As a result, the boundary layer at the bottom surface is un- strated below in Fig. 15(b).

steady and detached. Thus far, we have studied the TLV structure near the impeller
To further study the flow separation over the outlet guide vane, blade and flow separation over the outlet guide vane. In the

Fig. 11 shows the radial vorticity in the cross-stream plane located following content, we further demonstrates the effects of the TLV
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Fig. 11. Radial vorticity at the x/D = 3.4 (yz-section) under different flow-rate working conditions.

and flow separation on the turbulence statistics and the pump
working efficiency under various flow-rate working conditions.
Fig. 12 shows the TKE distribution in the circumferential section
located at r/D = 0.3 under different flow-rate working conditions.
By contrasting the results at three different flow-rate working
conditions shown in Fig. 12, it is evident that compared with the
designed flow-rate working condition Q = 1.0Qp,, the TKE near
the outlet guide vanes is relatively high under the low flow-rate
working condition Q = 0.8Qyq and high flow-rate working condi-
tion Q = 1.2Qpeq. The distribution of high TKE is consistent with the
flow separation phenomenon discussed above because the zones of
high TKE values often correspond to flow detachment [46].

To illustrate the statistical characteristics of the turbulence,
Fig. 13 plots the total TKE, kr, integrated over the entire computa-
tional domain. The integral TKE k7 is the lowest under the designed
flow-rate working condition Q = 1.0Qp,. The more the flow-rate
departs from the designed flow-rate working condition, the
higher the total TKE kr is.

Fig. 14 shows the TKE ky = %(u;u;)rgt as a function of the x-loca-
tion under different flow-rate working conditions, where (+);
represents averaging over the radial direction, circumferential di-
rection, and time. We divide the variations of ky into three zones. In
zone |, the TKE of the inflow is relatively low, and the TKE starts to
increase slightly from x/D = 2.5, the exit of the inlet guide vanes. In
zone I, the flow enters the rotating impeller at approximately x/
D = 2.7, and the primary peak of ky occurs around x/ D = 3.0. The
magnitude of the primary peak of TKE is larger under the low flow-
rate working condition Q = 0.8Qyq than under the designed flow-
rate working condition and high flow-rate working conditions.
Meanwhile, the value of the primary peak of kx under the high
flow-rate working condition Q = 1.2Qy, is close to that under the
designed flow-rate working condition Q = 1.0Qyg. This is because

0.075

0.070

0.065

2

k./

0.060

0.055

N L
0.7 0.8 0.9 1.0

Q/Q

beq

Fig. 13. Integral TKE under five different flow-rate working conditions.

the high TKE in zone Il is mainly induced by the TLV formed due to
the local adverse pressure gradient near the impeller blade tip,
which becomes larger as the flow-rate decreased. This result is
consistent with the high TKE around impeller blade tip shown in
Fig. 9. In zone IlI, a secondary peak occurs in the profile of kx around
x/D = 3.5, the wake area of the outlet guide vanes. Among the five
flow-rate working conditions, the magnitude of ky is the lowest
under the designed flow-rate working condition Q = 1.0Qjq, and
the more the flow-rate departs from the designed flow-rate
working condition Q = 1.0Qyq, the larger the value of ky is. This
is because the high TKE in zone III is mainly induced by the flow

k/U§: 0 003 006 009 012 0.15 0.18 021 024 027 03

|
L — \'-

(a') Q = 0~8Qbeq

Fig. 12. TKE distribution at the midspan circumferential section under different flow-rate working conditions.
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separation over the outlet guide vanes, which is present at both low
and high flow-rate working conditions, but is absent under the
designed flow-rate working condition. This result is consistent with
the high TKE around the outlet guide vanes shown in Fig. 12. To
summarize the study of the streamwise distribution of TKE, the first
peak of ky characterizes the strong turbulent motion generated by
the TLV at the gap between the impeller blades and casing, and the
secondary peak of ky is mainly induced by the flow separation over
the outlet guide vanes.

To further understand the effect of the flow-rate working con-
dition on the distribution of TKE, we examine the radial profile of
TKE kr = (uju})s;, where (-}, denote averaging over the circum-
ferential direction and time. Fig. 15 depicts the profiles of k; at two
specific streamwise locations, x/D = 3.0 and 3.4, where the primary
and secondary peaks of kyx occur (Fig. 14). Fig. 15(a) shows that at x/
D = 3.0, high k; occurs near the case. In this region, the magnitude
of k; increases as the flow-rate decreases. This indicates that the
high TKE ky in Fig. 14 at x/D = 3.0 is composed of high TKE k; near
the casing side. Collocated with the TLV, it demonstrates that the
high TKE is mainly caused by the TLV. Fig. 15(b) shows that at x/

0.5
Y
//
riD
=0.8Q,,,
=0.9Q,,,
=1.0Q,,,
=1.1Q,,
=1.2Q,,
0'(()).00 . 0.05 . 0.10 . 0.15 . 0.20 . 0.25 0.30
kU

(a) TKE k, of impeller wake at x/D = 3.0

x/D

Fig. 14. TKE ky integrated in the yz-section as a function of the downstream x location under different flow-rate working conditions.

D = 3.4, high TKE occurs near the casing side and near the hub in
the low and high flow-rate working conditions, respectively. This
high TKE region is consistent with the flow separation region
shown by the radial vorticity in Figs. 11 and 12.

Figs. 16 and 17 show the streamwise turbulence production P
and turbulence dissipation ¢ under different flow-rate working
conditions. The TKE equation can be expressed as:

Dk

! — —
Dt+VT =P —e¢, (13)
where k is the TKE, \/-T" is the diffusion of TKE, P = —u} = u]’.g—g is
the energy production, and & = ug—';:] %T“] is the energy dissipation.

The energy production represents the energy transfer from mean
flow to velocity fluctuations, which is the main source for sus-
taining the turbulent motions. The role of the energy dissipation is
to consume the TKE by viscosity. From the physical meaning of the
production and dissipation of TKE, it is understood that these two
processes lead to the loss the machine efficiency. Therefore, the

0.5

0.4
0.3
r/ D

0.2

0.1

0.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30
2
kU
r 0

(b) TKE k, of outlet guide vanes wake at x/D = 3.4

Fig. 15. TKE k; integrated in the circumferential direction as a function of radial location under different flow-rate working conditions.
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Fig. 17. Turbulence dissipation under different flow-rate working conditions.

investigations of the energy production and dissipation provide
insights into the flow physics, which are useful for the design and
modification of the axial-flow pump.

Figs.16 and 17 show that, in zone I, similar to TKE, the values of P
and e start to increase slightly from x/D = 2.5, the exit of the inlet
guide vanes. In zone II, the magnitudes of P and e are much larger
than those in zone I, because the flow is highly disturbed by the
rotating impeller blades from approximately x/D =2.7 tox/ D =
3.0. The values of P and ¢ both increase as the flow-rate decreases,
and they are evidently larger under low flow-rate working condi-
tions than under other flow-rate working conditions. From
approximately x/D = 3.0 to x/D = 3.3, which is the streamwise
location of the outlet guide vanes, P and ¢ under high flow-rate
working conditions become high in the five flow-rate working
conditions in the area of the outlet guide vanes. This is due to the
larger convection and flow separation at the high velocity of the
high flow-rate. In zone III, at x/D = 3.4, the trailing edge of the
outlet guide vanes, the values of P and & under both low flow-rate
working condition Q = 0.8Qpe, and high flow-rate working condi-
tion Q = 1.2Qy,, are larger than those under the designed flow-rate
working condition. As discussed above, the flow separation

dominates the larger magnitude of TKE production and dissipation
at off-designed flow-rate working conditions.

6. Conclusions

In this study, we developed a novel level-set function based
immersed boundary method to simulate a geometrically complex
pump. The LES of an axial-flow pump under five flow-rate working
conditions is conducted. The simulation results of energy efficiency
are compared with the data acquired from experiments and the
results are consistent with the data acquired from experiments. The
results can be summarized below.

e The LES results reveal that among the five different flow-rate
working conditions, the integral TKE reaches its minimum
value under the designed flow-rate working condition. The
more the flow-rate departs from the designed flow-rate working
condition, the higher the total TKE k7 is.

o Tip leakage flow and flow separation are closely connected with
high TKE magnitude under the off-designed flow-rate working
conditions. The tip leakage flow plays a leading role in
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generating high TKE at the tip of the impeller blades under low
flow-rate working conditions, and flow separation is responsible
for the high TKE in the wake of the outlet guide vanes under
both low and high flow-rate working conditions.

e The tip leakage flow occurs due to the adverse pressure gradient
in the gap between the impeller blade tip and the shell of the
pump. Visualization of the flow field shows that a vortex occurs
on the suction side of the impeller blade, which leads to a low-
pressure zone there. As the flow-rate decreases, the adverse
pressure gradient near the impeller tip becomes larger, resulting
in a larger magnitude of TKE. The flow separation over the outlet
guide vanes under the off-designed flow-rate working condi-
tions leads to the detachment of vortices from the two sides of a
guide vane into the wake, causing a high TKE magnitude in the
wake flow.
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