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The clearance flow patterns and pressure distribution determine the clearance
axial hydraulic thrust of a pump turbine, which has a substantial impact on the
unit axial imbalance. However, due to the tiny size and complex shape of the
clearance flow channel, there is no detailed description of the flow patterns and
pressure characteristics. In this study, we conducted a model test with particle
image velocimetry (PIV) measurements and CFD simulation of a rotating disk
flow that was a simplified model of the pump-turbine clearance flow. Itis shown
that a typical Batchelor flow is formed in the clearance region, demonstrating a
“core region + double-boundary layers” distribution for the circumferential
velocity along the clearance height direction; the core region rotates at a speed
of only around 41-42% of the rotating disk speed and is independent of the
clearance inlet pressure and clearance height. Driven by centrifugal force, the
flow is radially outward around the rotating disk, while inward around the
stationary disk in the meridian section, showing secondary flow vortices. The
pressure in the clearance region has a circumferentially symmetric and radially
quadratic distribution. Based on the liquid differential equilibrium equation and
core region circumferential velocity, the pressure and clearance axial hydraulic
thrust in the clearance region can be expressed as a function of the clearance
inlet pressure and the square of the runner rotating speed. These findings can be
used to investigate axial force imbalance issues of the pump-turbine unit.

KEYWORDS

pump turbine, clearance axial hydraulic force, clearance pressure distribution,
clearance flow patterns, circumferential velocity core region, rotating disk flow

1 Introduction

To achieve the goal of “carbon neutrality and emission peak,” the power system must
be dominated by clean energy, such as wind power, photovoltaic power, and solar energy,
which faces a new challenge to energy storage. As the main way to store energy on a large
scale, a pumped-storage plant plays an important role in ensuring grid safety and
enhancing performance, known as the “stabilizer” and “regulator” of the power
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system. In the power grid, pumped-storage power undertakes
functions such as peak and valley load regulation, frequency
modulation, phase modulation, spinning reserve, and black-start
with the advantages of quick start-up and fast regulation. To
match the time-varying demand of the power grid, pump-turbine
units frequently operate in various off-design conditions and fast
and frequent transitions of operating modes, which easily lead to
runner dynamic instabilities (Goyal and Gandhi, 2018). One of
the most concerning issues is the axial force imbalance of pump-
turbine units, which has been frequently reported, such as at the
Kazunogawa Pumped Storage Plant in Japan (Kurokawa et al.,
2002) and Tianhuangping Pumped Storage Plant in China (Le
and Kong, 2005; Mao et al., 2021). The unit axial instability can
be attributed to the imbalanced axial hydraulic thrust acting on
the runner (Zhang, 2017), which can be divided into the axial
hydraulic thrust in the main flow channel (MFC) and that in the
clearance flow channel (CFC) for the pump turbine. Many
studies showed that the axial hydraulic thrust in the CFC is
huge enough to affect the runner’s stability (Zhang, 2017; Fu
et al,, 2018). For example, a small variation in clearance leakage
could cause huge fluctuations of the clearance axial hydraulic
force, resulting in accidents of bearing burning and unit lifting
(Wu et al,, 2004; Wu et al., 2005). During the runaway transient
process, the axial hydraulic thrust in the CFC fluctuates violently
and is as important to runner stability as the axial hydraulic
thrust in the MFC (Hou et al., 2021b). However, because the
clearance flow patterns and pressure distribution and the
relationship between them are not clear, the axial thrust in
the CFC cannot be described quantitatively and accurately at
present. Moreover, the CFC design is largely dependent on
engineering experience because of a lack of relevant
specifications and references. In research methods, due to the
small size and complicated structure of the CFC, the model test is
constrained by geometric scale, while prototype observation is
difficult to perform. When taking the clearance flow as a part of
the CFD model, the calculation cost of multi-scale grid coupling
between the large grid in the MFC and the small grid in the CFC
is extremely high, and the results are not necessarily completely
accurate. All of the aforementioned limitations make the
clearance flow research stagnant, despite the fact that it is
critical to uncover the unit axial imbalance mechanism.
Fortunately, the clearance flow channel of the Francis pump
turbine is similar to a thin-layer cavity composed of two parallel
disks, in which one disk is rotating and the other is stationary.
Therefore, the clearance flow patterns and pressure distribution
of the pump turbine can be studied using a rotating-stationary
disk model, which is a simplified model of the clearance flow
channel of a pump turbine.

For studies of the disk flow, Von Kirman (1921) found a
boundary layer around the rotating disk by self-similarly solving
a single rotating disk in infinite stationary fluid as early as 1921.
Bodewadt (1940) studied the rotating flow on a stationary disk
and found a boundary layer around the stationary disk in the
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same way as Kairmdn. Combining the research from Karmén and
Bodewadt, Batchelor (1951) proposed the flow between a rotating
and stationary disk with infinite boundary. It was found that
there were two separated boundary layers around the rotating
disk and the stationary disk, but the fluid between the two
boundary layers rotated at a fixed circumferential speed, called
the Batchelor flow. Different from Batchelor, Stewartson (1952)
pointed out that the fluid between the two boundary layers was
stationary, and only the boundary layer around the rotating disk
was rotating, called the Stewartson flow. The two flow patterns
represented different solutions to the flow equation, which were
verified by many studies (Mellor et al., 1968; Kreiss and Parter,
1983; Zandbergen and Dijkstra, 1987). In recent years, van Eeten
et al. (2013) found that the Stewartson flow was an intermediate
flow pattern that would eventually develop into the Batchelor
flow. The research on the rotating-stationary disk flow described
previously was conducted with an infinite boundary condition.

Under the finite boundary, most studies focused on the
qualitative flow pattern. Daily and Nece (1960) summarized
four kinds of flow patterns for a rotating—stationary disk flow,
which were the laminar flow and turbulence flow with combined
and separated boundary layers, respectively. Brady and
Durlofsky (1987) discovered that the flow patterns showed
if the flow did not
quantitatively conform to the self-similarity solution for the

Batchelor flow characteristics, even
two coaxial rotating disk models. During the transient
process, axisymmetric propagating waves and helical flow
were observed around the stationary disk when the rotating
disk was spinning to stop (Savas, 1983; Lopez and Weidman,
1996; Lopez, 1996). With the increase in the rotating disk speed,
the flow patterns showed circular flow, spiral flow, and
corrugated turbulence, successively (Gauthier et al, 2002;
Poncet et al,, 2009; Hendriks, 2010; Watanabe et al., 2016).
Singh (2014) found that the circumferential velocity of the
rotating-stationary disk increased gradually from zero on the
stationary wall to the maximum on the rotating wall for laminar
flow. For the turbulence with large flow leakage, Poncet et al.
(2005) observed a core region of circumferential velocity, which
increased with the increase of the flow coefficient. Gauthier et al.
(1999) and Serre et al. (2001) claimed that the circumferential
velocity of the core region was closely related to the radius. For
the pressure distribution in the rotating-stationary disk cavity,
Singh (2017) pointed out that the pressure drop in the cavity
increased with the rotating disk speed. In summary, the possible
flow patterns of disk flow systems have been widely investigated,
ranging from single rotating disk flow to flow between two disks
with infinite boundary, then to rotating-stationary disk flow with
finite boundary. However, the quantitative descriptions of flow
patterns, cavity pressure distribution, and the relationship
between flow patterns and pressure are not clearly clarified at
present.

To explore the clearance flow patterns and pressure
distribution in the clearance region of the pump turbine, we
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Testing setup of the rotating—stationary disk model test

conducted a model test with PIV measurements and CFD
simulations of a rotating-stationary disk flow that was a
simplified model of the pump turbine clearance flow. Based
on the model test and numerical simulation, some sensitive
factors that could affect the clearance flow patterns and
clearance axial thrust were analyzed. Finally, the calculation
formulas of clearance pressure and axial hydraulic thrust were
obtained by combining the theoretical analysis and model test,
providing a foundation for the axial force imbalance problems of
pump turbine units.

2 Testing setup and the numerical
simulation method

2.1 Testing setup for particle image
velocimetry measurement

The testing setup of the rotating-stationary disk model test is
shown in Figure 1. It was composed of a rotating disk, cylindrical
pressure tank, shaft, motor, upstream and downstream tanks, small
submersible pump, and pipes. The rotating disk was fixed on the
shaft in the center of the cylindrical pressure tank and driven to
rotate by the motor. In this way, a clearance cavity was formed
between the rotating disk and the head cover of the stationary
cylindrical pressure tank. In shape, it was similar to the clearance
flow channel that was composed of the hub upper surface and the
cover lower surface of the pump turbine. The rotating disk and tank
were made of plexiglass. The water flows into the tank from the
bottom plate and flows out of the tank at the middle of the head
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cover, and is then pumped from the downstream tank to the
upstream tank, forming the water recirculation. The velocity
in different height of the
rotating-stationary disk cavity were measured by PIV. The laser

distributions cross-sections
light was shot horizontally, while the images were captured from the
top of the cylinder pressure tank. The laser exposure plane was
adjusted to be perpendicular to the camera capture plane.

The geometrical characteristics of the rotating—stationary disk
cavity are shown in Figure 2A. The radii of the rotating disk and the
cylindrical pressure tank were 280 and 290 mm, respectively. There
was a 10 mm gap between the rotating disk and the pressure tank to
fill water in the clearance cavity. The cylindrical pressure tank was
divided into two parts along the height direction to adjust the
clearance height and a flange was used to connect them. The
adjustment range of the clearance cavity height was from
40-130 mm, which was consistent with the clearance heights of
most pump turbines at present. To simulate the shape of the seal ring
of the pump turbine, the shaft at the outlet was slotted with a depth
and height of 10 and 8 mm, respectively. The outlet pipe was sleeved
on the shaft with a 10 mm gap between them. In addition, a speed
sensor was set to monitor the rotation angular velocity of the rotating
disk, and seven piezometer tubes were arranged on the head cover of
the cylindrical pressure tank to detect the radial pressure distribution.
The photo of the model test is shown in Figure 2B.

2.2 Numerical simulation method

As the main way to study the clearance flow of a pump
turbine, CFD numerical simulation was also used to calculate the
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Simulation model and grid discretization. (A) Simulation model. (B) Grid discretization and boundary layer treatments.

rotating-stationary disk model in this study for two reasons. The
first is to find out the suitable numerical method for clearance
flow by comparing it with the test, and the second is to offer data
that are difficult to measure in the model test.

2.2.1 Simulation domain and grid discretization

As shown in Figure 3A, the numerical calculation domain
was completely consistent with the model test. Structural
hexahedral grids were used in the whole domain and all of
the walls were treated with boundary layers (Figure 3B). The
grid size for the first layer was set as 0.005 mm, and the grid
growth was controlled within 1.2. Grid independence verification
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adopted five stepwise levels, from 2.12 to 3.10, 4.21, 5.14, and
6.00 million. According to the results, the circumferential
velocity of the simulation was in good agreement with the
model test when the grid number was more than 6 million
and treated with boundary layers. Therefore, the 6.38 million grid
level was used for the simulations. For the boundary conditions,
the bottom of the cylinder pressure tank was set as the pressure
inlet boundary, while the outlet of the cylinder pressure tank was
set as the zero mass outlet boundary because of extremely small
clearance flow leakage of the pump turbine. The rotating disk and
shaft were specified as the rotating wall, while the rest surfaces
were set as the stationary wall.
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2.2.2 Numerical simulation method

The finite volume method of commercial software Fluent was
used for the simulations and the SIMPLEC pressure velocity
coupling algorithm was selected. The second-order scheme was
adopted both in space and time discretization. The time step size
was set as 0.001 s. Due to the driving action of the rotating disk,
the near-wall treatments and turbulence models are very
important for accurate CFD simulations.

2.2.2.1 Near-wall treatments and the turbulence model

There are two approaches for near-wall treatments at present.
One is the near-wall modeling approach, which can accurately
solve the viscous boundary layer but requires extremely fine
grids; the other is the wall function approach, which uses semi-
empirical wall functions to bridge the viscosity-affected region
between the wall and the fully-turbulence region. Even if the
viscosity-affected region is not resolved, the wall function
approach is ideal for calculations that do not pay much
attention to walls due to lower grid requirements. For the
advanced turbulence model SST and SAS-SST that are often
applied to the simulation of the pump turbine, the wall
treatments revert to near-wall modeling if the grid is fine
enough, while reverting to the wall function approach if the
grid is coarse enough. In theory, the near-wall modeling method
has some deficiencies, such as the regions with very low values of
turbulence kinetic energy might be treated with a near-wall
formulation, even if they are far away from the wall. However,
the Menter-Lechner (ML) near-wall treatment is designed to
avoid these defects.

Frontiers in Energy Research

2.2.2.2 Calculation method selection

To select a suitable simulation model, we compared the wall
function method and the near-wall modeling method of the
SAS-SST turbulence model, and the ML method of the k —¢
turbulence model in this model. Consistent with the analysis in
Section 2.2.2.1, the velocity distribution of the clearance cavity
obtained by the ML boundary treatment method matches best
with the test results, as shown in Figure 4A (T and S in this study
represent the results of the model test and numerical simulation,
respectively). In terms of velocity value, the velocity obtained by
the wall function method (the SAS-SST turbulence model with
coarse grids) is 15% larger than the test results, but their
distribution laws are similar (Figure 4B). In addition, the
velocity difference obtained by the ML boundary treatment
and near-wall modeling of SAS-SST with a fine grid is only
4.5%. Due to the advantages of the ML boundary treatment, the
ML wall treatment method of the k — ¢ turbulence model was
selected for the numerical simulation in this study.

It is worth noting that it is indispensable to reconcile the
contradiction between calculation accuracy and resources when
applying the CFD method to simulate the clearance flow of a
prototype pump turbine. Due to the large size of the prototype
pump turbine, the semi-empirical wall function method is often
used because it is very difficult to meet the fine grid requirements.
According to the aforementioned analysis, the circumferential
velocity obtained by the wall function method is 15% larger than
the model test in value, but their flow patterns are similar.
Therefore, the wall function approach can still be used to
analyze the clearance flow of the prototype pump turbine.
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3 Results and discussions

the the
circumferential velocity, and pressure are expressed as the

To generally describe results, radial size,

following dimensionless parameters:

= u L P = ﬁ, (1)
To WoTo Po

where 7, u, and p and r*, u", and p* are the radius,
circumferential velocity, and pressure before and after the
normalization, respectively; 1 is the radius of the rotating
disk, with a value of 280 mm; and wy and p, are the rotating
disk speed and the inlet pressure of the model, respectively. They
were set as 200 rpm and 2.12m because most calculation
conditions in this study were analyzed in this condition.

3.1 Clearance axial hydraulic thrust of the
pump turbine

For the pump turbine, the clearance flow channels are the
small gaps between the rotating and stationary parts. It can be
divided into the clearance region between the hub upper surface
(rotating surface) and the head cover lower surface (stationary
surface), and the clearance region between the shroud lower
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surface (rotating surface) and the bottom ring upper surface
(stationary surface). The schematic of the runner axial forces is
shown in Figure 5A, where F; is the axial hydraulic force in the
main flow channel in the upward or downward direction; F, is
that in the hub clearance in the downward direction; F3 is that in
the shroud clearance in the upward direction; F4 is the self-
weight of the runner in the downward direction; Fs is the
buoyancy force in the upward direction; and Fg is the axial
force acting on the shaft end in the downward direction. The total
axial force on the runner is the summation of these six forces.
Compared with other axial forces, the summation of F, and Fs is
small enough to be neglected. Since the value of Fj is fixed, it will
not be discussed in this study. The sum of F;, F,, and F; is the
total axial hydraulic thrust of the runner.

Because the clearance regions are directly connected with the
vaneless space of the main flow channel, the inlet pressure of the
clearance flow channel is equal to the pressure in the vaneless
space and is extremely high (Figure 5B) (Hou et al.,, 2021b). After
entering the clearance flow channel, the pressure in the clearance
flow channel drops inward along the radial direction due to the
pressure consumption caused by a strong rotating shear flow.
Different from the main flow channel, the hydraulic pressure in
the clearance flow channel cannot be converted into kinetic
energy; therefore, the pressure drop is relatively low. Radially
inward, the pressure in the clearance channel decreases slower
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than that in the main flow channel; therefore, the axial thrust of
the clearance flow channel is greater than that of the main flow
channel on the hub or shroud of the runner. The enormous
pressure in the clearance region generates a huge axial hydraulic
thrust on the runner, which can be calculated by integrating the
pressure acting on the hub and shroud (Figure 5C). Similarly, for
the rotating-stationary disk model, the pressure in the clearance
cavity acts on the rotating disk and produces an axial hydraulic
thrust. To calculate the clearance axial hydraulic thrust, it is
essential to clarify the flow pattern and clearance pressure
distribution laws and the relationship between them.

3.2 Clearance flow patterns and pressure
distribution

The
distribution were investigated with a disk rotating speed

clearance basic flow patterns and pressure
wo of 200 rpm and a clearance height hy of 40 mm. PIV
was used to measure the velocity distributions in eight
horizontal cross-sections of the clearance cavity (0.15 hy to

0.85 hy with an interval of 0.1 hg).

3.2.1 Clearance flow patterns

The velocity contours in the 0.45h, section of the
rotating-stationary disk cavity obtained by the model test and
numerical simulation are shown in Figure 6A. Qualitatively, the
main flow patterns show a strong rotating shear flow under the
driving action of the rotating disk. The circumferential velocity is
circumferentially uniform but increases outward along the radial
direction. Driven by the centrifugal force, the water flows
outward around the rotating disk in the meridian section,
then flows inward around the stationary wall because of the
boundary effect (Figure 6B), forming secondary flow vortices. To
maintain continuity, the water body near the stationary wall
continues to supply water to the rotating wall. In terms of velocity
magnitude, the circumferential rotating shear flow dominates the
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flow patterns in the clearance cavity, and the radial and axial
velocities are very small.

Quantitatively, the circumferential velocity follows linear
distribution laws along the radial direction (Figure 7A), except
for the outer edge position of the rotating disk, which is impacted
by boundary effects. Along the height direction, a “core region +
double boundary layers” distribution is presented for the
circumferential velocity (Figure 7B). The circumferential
velocity in the core region is constant along the height
direction, suggesting that the water body in the clearance
cavity rotates like a rigid body. The circumferential velocity is
the largest on the rotating disk surface, while it is zero on the
stationary wall due to the non-slipping wall, and the core region
velocity is between them. Around the rotating wall and the
stationary wall, two boundary layers are formed with
thicknesses of §; and &, respectively. In terms of the value, &,
is larger than 4, and both of them increase with the radius, which
is consistent with the conclusion of Singh (2014).

In the laminar flow condition, Singh and Zosimovych (2016)
found that the circumferential velocity continuously decreased
from the maximum on the rotating disk to zero on the stationary
disk, and no velocity core region exists by linearizing the N-S
equation. According to the flow pattern classification from Daily
and Nece (1960), the flow patterns in the rotating-stationary disk
cavity belong to the turbulent flow. Moreover, because the
distance between the two disks is substantially greater than
the thickness sum of the two boundary layers, the boundary
layers around the rotating and stationary walls are separated,
called Kdrman and Bodewadt boundary layers, respectively. In
short, the flow patterns in this model test show a “core region +
double boundary layers” distribution and belong to typical
Batchelor flow. The flow in the clearance cavity is dominated
by the circumferential velocity of the core region, in which the
inertial force is considerably larger than the viscous force, and
there is no velocity gradient along the height direction.

Despite the fact that the circumferential velocity in the core
region increases as the radius grows, the rotating coefficient k
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(rotating velocity radio of the core region to the rotating disk)
remains constant and does not change with the radius
(Figure 7C). When wy and h, are set as 200 rpm and 40 mm,
respectively, k is about 0.413 for the model test, while it is around
0.42 for numerical simulation. Elena and Roland (1996) and
Cheah et al. (1994) investigated the rotating coefficient k at a
fixed radius and found that k is also around 0.41. Therefore, the
model test and numerical simulation results in this study are
reliable.

For the turbulent plane Couette flow, it is composed of
two plates, in which one plate translates with constant
velocity in a direction and the other is stationary. Similar
to the rotating-stationary disk flow, the velocity core region
was also formed for Couette flow, and it flowed at 0.5 times
the moving plate velocity (Bech et al,, 2006; Pirozzoli et al.,
2014). However, the rotating coefficient of the core region
for the rotating-stationary disk is less than 0.5 for two
reasons. The first is that the circular shear deformation
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rate in the core region is not equal to zero due to the
rotating effect; therefore, the driving action of the rotating
disk needs to provide more energy consumption to keep up
with the shear deformation rate. In addition, the radial
secondary flow in the radial direction weakens the
circumferential velocity in the core region due to the
centrifugal force and the boundary effect.

3.2.2 Pressure distributions and the axial
hydraulic thrust

In the model test and numerical simulation, the cavity
pressure shows a circumferentially symmetric distribution.
Due to the energy consumption caused by the strong rotating
shear flow, the pressure gradually drops inward in the radial
direction (Figures 8A,C). For the water body in the clearance
cavity, the core region circumferential velocity of the strong
rotating shear flow dominates the major flow patterns in the
clearance cavity due to the driving action of the rotating disk,
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while the radial velocity is extremely small. Therefore, Eq. 2 can
be obtained by applying the liquid equilibrium differential
equation in the radial direction. Due to the extremely small
radial velocity, the surface forces are equal to the mass forces on
any fluid mass in the radial direction (Figure 8B), and Eq. 2 can
be simplified as Eq. 3:

_9P\aydz—(p+ 2P -
<p ax)dydz (p + ax>dydz +pfrdxdydz=0, (2)

op

3%~ pfx (3)

where p is the density; p is the pressure; and f . is the mass force,
which is the centrifugal force for the flow in the cavity. Assuming
that the core region rotational velocity is kwy, we can modify Eq.
3to

dp = p(kwo)zr. (4)

By integrating Eq. 4 from the outer edge of the rotating disk, we
can obtain the radial pressure drop Ap and the pressure
distribution p in the clearance cavity as Eq. 5 and Eq. 6:
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AP — P(k;)()) (R% _ r2)’ (5)
=p1— P_(k;)()) (Rf - 72)’ (6)

where R; and p,; are the radius and pressure, respectively, at the
outer edge of the rotating disk. According to Eq. 6, the pressure
distribution along the radial direction can be expressed as a
function of the clearance inlet pressure p; and the
circumferential velocity of core region kwy.

As shown in Figure 8C, the pressure distribution estimated
by Eq. 6 matches well with the model test and numerical
the
0.413 according to Section 3.2.1, and the maximum error is

only 1.2%. Therefore, Eq. 6, which is based on the premise of the

simulation when rotating coefficient k is set as

accurate circumferential velocity of the core region, can be used
to calculate the clearance pressure distribution. Even though the
pressure distribution calculated by Eq. 6 neglects the flow losses
caused by the radial secondary flow and wall friction, and only
takes the losses caused by the strong rotating shear flow into
account, it is still relatively accurate because the strong rotational
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shear flow is the primary source for the energy consumption in
the clearance cavity.

3.3 Sensitive factors of clearance flow
patterns and pressure distributions

According to the aforementioned analysis, the flow patterns

Batchelor the
disk the
circumferential velocity has a “core region + double

present a  typical turbulence  in

rotating-stationary cavity, ~which means
boundary layers” distribution. However, the pump turbine is
frequently subjected to a variety of off-design operations and
frequent and quick transition processes. Under these operating
conditions, the change of the runner rotational speed and the
clearance inlet pressure change in real-time. Moreover, for the
clearance flow channel sizes of the pump turbine, the radial size
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is determined by the runner diameter, while the height size
(clearance height) is variable and largely dependent on the
engineering experience. At present, the clearance height of the
Francis pump turbine ranges from a few centimeters to tens of
centimeters. Under these different conditions, how do the flow
patterns evolve in the clearance cavity? Are the Batchelor flow
characteristics still maintained? How does the rotating
in the What is the
relationship between flow patterns and pressure distribution?

coefficient change core region?
These questions need to be further investigated. Therefore, the
effects of the disk rotating speed, clearance inlet pressure, and
clearance height on the flow patterns and pressure distribution

in the clearance cavity were studied in this study.

3.3.1 Effects of the disk rotating speed
The disk rotating speed was set as 200-400 rpm with a
gradient of 50rpm to analyze the influence of the disk
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rotating speed on the velocity and pressure distribution in the
clearance cavity.

3.3.1.1 Flow patterns

Under different disk rotating speeds, the circumferential
velocity in the cavity still presents a linear distribution in the
radial direction, but it increases with the increase in the disk
rotating speed (Figure 9A). Along the cavity height direction, the
core regions of the circumferential speed are formed under all the
disk rotating speeds (Figure 9B). However, the circumferential
velocity of the core region increases with the rise of the disk
rotating speed. The thickness of the boundary layer on the
rotating and stationary disks decreases with the increase in
the rotating speed, which is consistent with the law that the
boundary layer thickness decreases with the increase of velocity
(Cao and Qiu, 1998). Although the circumferential speed in the
core region increases with the rise of the disk rotating speed, the
rotating coefficient k in the core region remains constant under
different disk rotating speeds (Figure 9C). The rotating
coefficient k of numerical simulation is slightly larger than
that of the model test, around 0.42 to 0.43 and 0.41 to 0.42,
respectively (Figure 9D). We simulated the clearance flow
patterns during the runaway transient process of a prototype
pump turbine and discovered that the circumferential velocity in
the core region had a positive correlation change with the
rotating disk speed, while the rotating coefficient in the core
region did not dramatically change with the disk rotating speed
(Hou et al., 2021b).

For the rotating-stationary disk cavity, the rotational
Reynolds number, defined by Eq. 7, varies with the radius and
rotating speed. When the rotating speed decreases to only
200 rpm, the average Reynolds number is 9.2 x 10°. Although
the Reynolds number in the clearance cavity is not high enough,
it is difficult to maintain laminar flow. For the clearance flow of
the prototype pump turbine, it is more difficult to maintain
laminar flow because of the larger radius and higher rotating
speed. Therefore, Batchelor turbulence is the main flow pattern
in the clearance flow channel of the pump turbine, and the core
region rotates at a speed of around 41-42% of the rotating disk
speed.

Re = wyr? /v, (7)

where v is the kinematic viscosity.

3.3.1.2 Pressure distributions

According to the clearance flow patterns, the energy
dissipation in the disk cavity is mostly caused by strong
rotating shear flow. The stronger the rotating intensity, the
greater the energy dissipation. Consistent with the
aforementioned analysis, the cavity pressure decreases
gradually inward radially, and the higher the disk rotating
speed is, the greater will be the pressure drop (Figure 10A).
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The pressure drop Ap increases in a parabolic law with the
disk rotating speed, which matches well with Eq. 5
(Figure 10B). Ap of numerical simulation is slightly larger
than that of the model test, which can be attributed to the
slightly higher rotating speed of the core region for the
numerical simulation. However, the two are in good
agreement with a difference of less than 5%.

Eq. 5 can be used to fit Ap acquired from the model test and
numerical simulation, as shown by the black and red curves,
respectively, in Figure 10B. The fitted k value of the model test
and numerical simulation values are 0.413 and 0.423,
respectively, which are in good agreement with the
aforementioned flow pattern analysis (0.41-0.42 for the model
test and 0.42-0.43 for the numerical simulation). Therefore, the
core region rotates at a speed of around 41-42% of the rotating
disk speed, which can accurately predict the pressure distribution
in the clearance cavity based on Eq. 6 and the axial hydraulic
thrust by integrating the cavity pressure.

3.3.2 Effects of the clearance inlet pressure

For the pump turbine, because the clearance regions are
directly connected with the vaneless space of the main flow
channel, the clearance pressure is closely related to the clearance
inlet pressure (pressure in the main flow channel), which
violently fluctuates during various transient processes.
However, it is still unknown whether the inlet pressure affects
the velocity and pressure distribution of the clearance cavity.
With the help of the rotating—stationary disk test, the velocity and
pressure distributions for the clearance inlet pressure ranging
from 1.22-2.42 m with a gradient of 0.3 m were studied. Due to
the limited inlet pressure in the model test, the inlet pressure of
30 m was increased for the numerical simulation to analyze the
influences of the clearance inlet pressure on the velocity and
pressure distributions.

3.3.2.1 Flow patterns

As shown in Figure 11A and Figure 11B, the clearance inlet
pressure does not affect the circumferential velocity distribution
in the rotating-stationary disk cavity. Because of the increased
boundary impact, the circumferential velocity exhibits a little
reduction at the disk boundary position when the clearance inlet
pressure reaches 30 m. In the radial direction, the water flows
outward near the rotating disk and inward near the stationary
disk due to the imbalance between the pressure force and
centrifugal force. When the centrifugal force remains constant,
the larger the pressure force, the greater will be the radial force
imbalance and the boundary effect, resulting in a slight decrease
in the circumferential velocity at the boundary location.
However, if the location is far from the boundary effect, the
circumferential velocity in the core region is unaffected by the
clearance inlet pressure, and still presents a “core region + double
boundary layers” distribution.
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3.3.2.2 Pressure distributions

The pressure in the clearance cavity increases with the
increases of the clearance inlet pressure, though it shows
similar distributions and radially decreases inward the clearance
cavity under different clearance inlet pressure conditions
(Figure 12A). Although the pressure in the cavity is closely
related to the clearance inlet pressure, the total pressure drop
Ap in the cavity is unaffected (Figure 12B), which is consistent
with the conclusions of Eq. 5 and Eq. 6. The pressure in the cavity
can be expressed as the inlet pressure and the square of the
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circumferential velocity of the core region, while the pressure
drop is only related to the latter. According to the circumferential
velocity distribution in the core region, when the inlet pressure
increases to 30 m, the circumferential velocity decreases slightly at
the boundary position, resulting in a small decrease in the pressure
drop due to the influence of the boundary effect.

3.3.3 Effects of the clearance height

The clearance flow channel of the pump turbine is a thin-
layer cavity composed of the runner and the cover lower surface
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or bottom ring upper surface. Due to the lack of design
specification, the clearance cavity height is largely dependent
on experience. At present, most clearance heights range from a
few centimeters to more than 10 cm, and even the cavity height
changes along the radial direction. To investigate the effects of
the clearance height on the flow patterns and pressure
distribution in the cavity, the clearance height hy was set as
40-130 mm with a gradient of 30 mm.

3.3.3.1 Flow patterns

As shown in Figure 13A, the circumferential velocity
gradually decreases with the increase of the clearance height
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at the outer edge of the rotating disk but remains invariable at the
inner edge and middle position. Due to the strong centrifugal
force near the rotating disk, the water flows outward in the radial
direction and crashes against the boundary. After the collision,
the water flows inward near the stationary wall. The larger the
cavity height, the broader the collision interaction range, in
which the circumferential speed was weakened to a great
extent. Although it is greatly weakened, the circumferential
13B).
However, the rotating coefficient k in the core region

velocity remains Batchelor turbulent flow (Figure

gradually decreases with the increase of the clearance height
near the outer edge. Therefore, the clearance height has little
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effect on the circumferential velocity if the location is far from the
influence range of boundary effects.

For the clearance flow channel of the pump turbine, the
clearance cavity height is nearly equal to the height of this
rotating-stationary disk model, while the clearance radial size
is much larger than the influence range of the boundary
effect. Therefore, we can assume that the clearance height
has little effect on the clearance flow patterns of the pump
turbine.

For the laminar flow in the rotating-stationary disk
Singh (2014)
circumferential velocity decreases with the increase of the

cavity, demonstrated that the average
clearance height. For the turbulence with large leakage flow,
Poncet et al. (2005) discovered that the flow patterns in the
rotating-stationary disk are not sensitive to the clearance
height, which is consistent with our conclusion. Therefore,
once the Batchelor turbulence flow with boundary layer
the the

circumferential velocity of the core region is unaffected by

separation is formed in clearance cavity,
the clearance height when the location is far away from the
boundary. However, when the clearance height increases to a
certain extent that the stationary disk no longer affects the
flow near the rotating disk or the influence weakens, the
Batchelor flow and the core region of circumferential velocity
will no longer be formed. The flow patterns will eventually
transform into a single free rotating disk flow. It cannot
happen to the clearance flow of the pump turbine because
of the limited space in the height direction. Therefore, once
the Batchelor flow is formed in the clearance cavity, the
clearance height has little effect on the circumferential
velocity in the core region if the location is far from the

boundary effect.
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3.3.3.2 Pressure distributions

Under different clearance heights, the pressure distribution
along the radial direction shows a substantial variation near the
outer edge of the disk but remains unchanged at the inner edge
and the middle position of the rotating disk (Figure 14A). Near
the outer edge of the disk, the larger the clearance height, the
smaller the circumferential velocity and the smaller the energy
dissipation, resulting in a smaller pressure drop. Therefore, the
total pressure drop Ap decreases with the increase of the
clearance height (Figure 14B).

We numerically simulated the pressure distributions of the
clearance channel with different clearance heights for a pump
turbine and found that the clearance height is not sensitive to the
clearance pressure distribution (Hou et al., 2021a). Therefore, the
clearance height has little effect on the pressure distribution in
the clearance cavity of the pump turbine if the location is far from
the boundary effect.

3.4 Clearance axial hydraulic thrust of the
pump turbine

3.4.1 Clearance flow patterns

Compared with the rotating—stationary disk model test in
this study, the clearance flow of the prototype pump turbine has a
higher Reynolds number and larger radial size, which leads to
The
core region + double

Batchelor turbulence in the clearance flow channel.

circumferential velocity shows the
boundary layers” distribution. Though the fact that the
circumferential velocity in the core region increases with the
increased rotating disk speed, the core region rotates at a speed of

around 41-42% of the rotating disk speed. In the meridian
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section, the water flows outward around the rotating disk, while
flowing inward around the stationary wall, forming the
secondary flow vortices.

3.4.2 Clearance axial hydraulic thrust

It is difficult to estimate the pressure distribution in the
clearance cavity of the pump turbine by Eq. 6 before we recognize
the clearance flow patterns and the rotating coefficient k.
According to the analysis in this study, the k value of the core
region can be quadratically fitted to 0.413 and does not
dramatically change with relevant factors. Therefore, Eq. 6 can
be modified as follows:

p=p1 - 0.085pw} (R} — %). 8)

To verify the correctness of Eq. 8, we did a numerical
simulation of a prototype pump turbine containing the
clearance flow channel and obtained the pressure distributions
in the clearance cavity (the related parameters were shown in
reference (Hou et al., 2021b)). Due to the contradiction between
calculation accuracy and calculation resources, the wall function
method was used to solve the clearance flow channel of the pump
turbine. As shown in Figure 15, the simulated pressure drops
faster than that calculated by Eq. 8. However, the numerically
simulated pressure matches well with that calculated by Eq. 6
when the circumferential velocity of the core region increases by
15% (k is equal to 0.413 x 1.15). The main reason is that the
simulated circumferential velocity of the core region solved by
the wall function method is 15% larger than the model test. The
larger velocity consumes more energy and leads to a larger
pressure drop in the clearance region. Therefore, Eq. 6 and
Eq. 8 can be used to predict accurately the clearance pressure
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distributions of the pump turbine. Actually, k is about 0.413 in
the clearance region both for the model test and fine numerical
simulation, and the modified pressure distribution of Eq. 8 tends
to be smaller, as shown in the red curve in Figure 15.

According to the pressure distribution law in Eq. 8, the
clearance axial thrust acting on the runner can be expressed
as a function of the clearance inlet pressure and the square of the
runner rotating speed by integrating the pressure on the rotating
wall.

FC = ﬂ(R%r - Rgr) [pll’ - 0043/)(031, (R%r - Rgr)]’ (9)

where F. is the clearance axial hydraulic thrust; Ry, and Ry, are
the outside and inside radius, respectively, of the clearance flow
channel; py, is the clearance inlet pressure; and wy, is the rotating
speed of the runner.

4 Conclusion

In this study, a rotating-stationary disk model that was a
simplified model of the pump turbine clearance flow was
measured by PIV measurements and simulated by CFD
simulation to study the clearance flow patterns and pressure
distributions and the relationship between them. The results
show that the circumferential velocity in the clearance region
presents a distribution of “core region + double boundary layers.”
The pressure in the clearance region has a circumferentially
symmetric and radially quadratic distribution. Quantitatively,
the clearance pressure and axial thrust can be expressed as a
function of the clearance inlet pressure and the square of the
runner rotating speed, which provides a basis for the axial force
imbalance problems of pump turbine units.

(1) Driven by the rotating disk, the flow patterns in the clearance
flow channel present a typical Batchelor turbulence flow with
separated boundary layers. The circumferential velocity core
region is formed in the middle region along the height
direction, while Kdrmdn and Bodewadt boundary layers
are formed on the rotating and stationary disks. Due to
the centrifugal force and boundary effects, the flow is radially
outward around the rotating wall, while inward around the
stationary wall in the meridian section, showing secondary
flow vortices. Numerically, the strong rotating shear flow in
the core region dominates the clearance flow patterns.

(2) The core region rotates at a speed of around 41-42% of the
rotating disk speed for all conditions. The circumferential
velocity in the core region is dominated by the rotating disk
speed, while being unaffected by the clearance inlet pressure
and the clearance height if the location is far from the
boundary effect.

(3) Based on the liquid differential equilibrium equation and

circumferential velocity in the core region, the clearance
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pressure and axial hydraulic thrust can be expressed as a
function of the clearance inlet pressure and the square of the
runner rotating speed, which provides a basis for the axial
force imbalance problems of the pump turbine unit.
(4) In terms of CFD numerical calculation for clearance flow,
although the circumferential velocity obtained by the
empirical wall function method is 15% larger than the
model test in value, their velocity distribution laws are
similar. Therefore, it is still feasible to calculate the
clearance flow of the prototype pump turbine by using
the wall function method to reconcile the contradiction
between calculation accuracy and resources.

For the theoretical analysis of the findings in the study, the
accurate calculation of the two viscous boundary layers serves as
the foundation for the core region. In fact, despite extensive
research on the turbulent boundary layer, the relative theory is
extremely immature, and most theories applied in engineering
are summarized from experiments and calculations. In recent
years, many numerical simulations based on the Reynolds-
average method were used to numerically calculate the
boundary layer. However, the turbulence boundary layer
equation for the Reynolds-average approach has a pulsation
item that is difficult to solve theoretically. Therefore, intensive
studies in conjunction with numerical calculation techniques and
tests will be required to calculate the turbulent boundary layer of
the rotating disk in the future.
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