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Abstract: During operation, the support bracket is the main part to withstand the axial loads of the
pumped storage unit. Moreover, the effects of axial loads including the hydraulic thrust of runner
flow and the weight of runner body may cause the support bracket deformation and fatigue dam-
age. For the safe and stable operation, the simulation of the axial force and the structural analysis of
the support bracket of a pumped storage unit was carried out in this paper. The CFD simulation
result has revealed the variation rule of the axial force in different operating conditions. Using AN-
SYS Mechanical, the static stresses and deformation of support bracket with axial loads were calcu-
lated. The results release the location and variations of maximum stress and maximum deformation
caused by the axial loads. By comparing the predicted maximum axial force with the admission
force calculated by the structural analysis, it is found that the axial force of the researched machine
is within the safe range. This study provides the reference for the safety and stable operation of the
pumped storage unit.
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1. Introduction

Pumped storage is a kind of energy that can consume excessive energy when the
generation is larger than the consumption and provide energy to the grid when the supply
is not enough. Till today, pumped storage is the only large energy that can balance the
energy in the power grid [1]. In recent decades, pumped storage units developed rapidly
in the worldwide for its pivotal role in the electric systems [2]. With the develop of the
new renewable energies such as wind and solar energy, the supply to the power grid be-
comes more and more intermittent because of the unstable weather and alternate of day
and night [3,4]. With the new condition, the pumped storage units start and stop within
very short time frequently to meet the requirements of both generating mode and pump
mode [5]. Because of the special design, pump-turbine units have to withstand more hy-
draulic excitations than the other types of hydraulic turbines. During operation, the sup-
port bracket is the main part to withstand the axial loads of the whole unit. The axial loads
include the hydraulic thrust of runner flow and the weight of runner body, typically up
to millions of tons in general [6]. The overload in axial direction may cause the support
bracket deformation and fatigue damage which lead to the runner move down and even
be unconducive to the operation stability. Therefore, it is important to have deeper re-
search on the support bracket of pumped storage units in order to analyse the conse-
quence of the axial forces on the structure and avoid serious damage and fatigue.

Theoretical analysis of the axial force of hydraulic machinery is the most commonly
used method in engineering [7]. Xiangyang Li, Zhongyu Mao, et. al simulated the load-
rejection process of a pump-turbine unit. The CFD calculation have considered the full
leakage in runner crown and shroud. The research found that the pressure difference be-
tween crown leakage and internal-runner near outlet is the key factor in inducing axial
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force [8]. Jinwei Li, Yuning Zhang, et. al quantitatively investigated the hydraulic force on
the impeller of a pump turbine through CFD and found that both the amplitude of the
force and its dominant components strongly depend on the operating conditions [9]. With
the gradual improvement of computer performance and the continuous improvement of
computational fluid dynamics (CFD) technology, CFD has become an important method
for studying the flow characteristics of units [10] and axial force characteristics [11]. On
the basis of axial force analysis theory and gap modeling, many researchers further apply
CFD to the research and analysis of hydraulic machinery axial force. Shi Weidong et al.
found through CFD simulation that the axial force on the inner surface of the runner ac-
counts for a large proportion of the hydraulic mechanical axial force, which is the most
important factor affecting the axial force [12]. Zhou et al. found through CFD simulation
that the axial force on the inner surface of the runner is restricted by hydraulic design, and
balancing the pressure difference between the gap between the front and rear cover plates
of the impeller is the main method and feasible way to adjust the axial force of the hy-
draulic machinery [13].

Many researchers have focused on the structure characteristics of pumped storage
units. Tanaka investigated the runner dynamic stress and vibration due to hydraulic ex-
citation forces in both experimental and theoretical aspects. The relationship between run-
ner vibration and the interaction of runner blades and guide vanes was revealed [14].
Egusquiza et al. monitored the vibration of several pumped storage units in 15 years and
analyzed the vibration evolution of units. They found damage in the generator, in bear-
ings, in supporting structures caused by vibration and presented the damage would
change the vibration of units interactively [15]. The vibrations of the upper and lower
brackets and the top cover were all measured for three water heads in Zhang et al.’s study.
It found that the vibration of top cover is more sensitive to the variation of water head
than the upper and lower brackets [16]. In numerical simulation, He et al. studied the
stresses and deformation of pump turbine runner based on the one-way fluid structure
interaction method. The maximum stress locations are always at the fillets of blade lead-
ing edges near the band [17,18]. However, there are relatively few historical studies in the
area of structure characteristic of support brackets, let alone the axial force simulation on
the pump turbine units. In this paper, the stresses and deformation of support bracket
with a certain range axial load are analyzed based on ANSYS. In addition, the character-
istics of the axial force will be analysed based on the computational fluid dynamics (CFD)
method. This study will be helpful to predict the structure characteristic of support brack-
ets and enhance the operation stability of pumped storage unit.

2. Method and Model

2.1 The structure analysis method

The structural motion equation for a linear structural system can be written as [19,20]:
M{ii} + C{u} + K{u} = {F} (1

where M is the mass matrix, Cs is the damping matrix, K is the stiffness matrix, {u},
{u}, {ii} is the vectors of node deformation, velocity and acceleration, {Fs} is the vectors of
force loaded on structure.

The static stress ¢ can be calculated by:

o = D;B{u} (2)

where D: is the elastic matrix and Bs is the strain-displacement matrix.
The equivalent von Mises stress oc can be calculated using the fourth strength theory:

1
0. = \]E [(07 — 02)? + (0, — 03)2 + (03 — 01)?] 3)

where o1, 02 and o3 are the first, second and third principal stress.
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2.2 The CFD simulation method

This study uses CFD numerical simulation as a method to carry out the simulation
and analysis of the internal flow of the pump-turbine. Based on the Reynolds Time Aver-
age (RANS) method, the continuity equation, momentum equation, and energy equation
can be written as the following equations:

0y @)
axi -
Tt o 25 = 0 [ ps,, + 245, — pi] 5)
P ot pY; an - axj poij Hoy — pUuY,;
2 ap d o [ oT 9 I
Y (Pheor) — T ox, (pujhior) = o, <At PP ujhsta> + o, [w;(2uS,, - puy))] (6)

Where, u represents the velocity, t represents the time, p represents density, x is the
component of the coordinate system, 6 is the Kroneker number, u is the dynamic viscos-
ity, pu,u) is the Reynold stress, S, is the averaged strain rate tensor, T is temperature,
hsta is the static enthalpy, &t is the total enthalpy and A: is the thermal conductivity coeffi-
cient.

Because of the disclosure of Reynolds Time Average simulation equation, turbulence
model is required to be introduced to close the equation. Based on Boussinesq assumption,
vortex viscosity coefficient i is defined. The tensor relation between Raynold stress and
averaged strain rate tensor is built up as following;:

2

3 k&;; 7
In this equation, k is the turbulence kinetic energy. In this research, the SST k-w model

is used as the turbulence model [21,22]. By combination the standard k-¢ model and Wil-

cox k-w model, the adaptation of k-w model is increased and it will be able to solve the

strong reverse pressure gradient flow and strong boundary layer shear flow. The turbu-
lent kinetic energy k equation and the dissipation rate w equation are as follows:

—puiu; = 2pSij —
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Where, P is turbulence generation term, Fi is the mixing equation, ok, 0w, fr and Co
are model coefficients, and I+« is the turbulence scale, which can be calculated by I
w=k1/2‘6kw.

3. Model and simulation settings

3.1 Model of CFD
3.1.1 Meshing
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Runner(with seal
gap)

Figure 1. Flow passage model of pump-turbine

Before CFD simulation, the calculation domain needs to be meshed. The grid is di-
vided by a structured/unstructured unit hybrid grid structure. Structured grid is used in
the geometrically regular area in order to save the storage space and improve computing
and addressing capabilities. The unstructured grids are used in geometrically irregular
areas to improve geometric adaptability and grid quality, and enhance computational
convergence.

In this study, the calculation domains of draft tube, runner and its seal and gap, mov-
able guide vane, fixed guide vane, and volute were separately meshed. Because the runner
and its seal and gap have a significant influence on the calculation of the axial force, the
grid of the runner and its seal and gap is particularly refined. The number of grid nodes
is determined after the GCI grid convergence checking [20], as shown in Table 1.

Table 1 Mesh node number of all the components

Component Number of the nodes
Draft tube 348822
Runner 3663918
Runner seal and gap 5894860
Guide vane 1957000
Stay vane 834840
Spiral casing 301592
Total 13001032

3.1.2 Simulation configuration

Based on the fluid domain as shown in Figure 1, the flow is calculated under pump
conditions. The fluid flows from the draft tube and flows out from the spiral casing. There-
fore, the boundary conditions are given as follows: 1) The draft tube inlet is given as a
speed inlet, and the speed value depends on the discharge; 2) Pressure outlet is given to
the spiral casing outlet, and the average value is set. The pressure is 1 Atm; 3) All wall
boundaries are set as non-slip wall surfaces; 4) Each part is connected by a junction surface
model.

The steady-state calculation is the first step of the calculation. The maximum number
of iterations is set as 600, and the convergence criterion is that the residual error between
the momentum equation and the continuity equation is less than 1x10-. Base on steady-
state calculation results, transient calculations are performed. There are 360 time steps in
each cycle of the runner and the maximum number of iterations per time step is 10 to
ensure convergence. The convergence criterion is still the equation residual between the
momentum equation and continuity is less than 1x10%. In steady-state calculations and
transient calculations, the discrete format of the convective term of the momentum
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equation is set to high precision, and the discrete format of the convective term of the
turbulent transport equation is set to the first order.

3.2 Model of the structure

The researched case is the model of the structure of a support bracket of a pumped
storage unit in China shown in Figure 2. The diameter of the basic support part is 4 m
while the diameter with eight supporting arms is 10 m. The end of eight arms were fixed
by the concrete foundation and the bottom were connected with the generator stator. In
the simulation, the end of supporting arms and the bottom were set as fixed support. In
the pumped storage unit, the axial loads including the hydraulic thrust of runner flow
and the weight of runner are loaded on the thrust bearing. In this study, the axial loads
were set as a certain range value and loaded on the bushes of thrust bearing uniformly.
The material density of support bracket is 7.75 kg/m?. The Young’s modulus is 2.1x10" Pa.
The Poisson’s ratio is 0.3.

Tetrahedral meshes were used for the structure model meshing shown in Fig. 2. Since
stress concentrations often occur at the corner of support plates, the fillet of the plates
were modeled accurately. The mesh at these sensitive areas were refined to avoid stress
concentrations due to the mesh. To meet the criteria for mesh independence check, the
final meshes used in this study have 0.55 million nodes and 0.3 million elements.

Fixed
Support 1

Fixed
Support2

Figure 2. The three-dimensional model of the support bracket

Figure 3. The calculation model of the support bracket

4. Results and Discussion

4.1 Axial force prediction
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The variation of the axial force of the unit with the discharge coefficient Cy predicted
by CFD (the negative value means the downward axial force) is shown in Figure 4, where
the direction of the axial force is downward. Based on the figure, it can be seen that basi-
cally the absolute value of the downward axial force on the runner decreases with the
increase of the flow rate while it increases a little when the discharge is large. In addition,
when the discharge is low, the axial force decreases significantly to around 1.4x105 N.
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Figure 4 Variation of runner axial force with flow rate

The causes of the axial force on the runner will be analysed here. The meridional map
of runner, including the crown and band gap, is shown in Figure 5. The reason for the
axial force on the runner is relatively complicated. The main causes come from the pres-
sure difference between the crown gap and the runner, and the pressure difference be-
tween the band gap and the runner. According to the division of areas #1 and #2 in the
figure, it can be seen that in area #1, the pressure of the crown gap is pei, the pressure of
the adjacent position of the runner is pe, the pressure of the band gap is psl, and the pres-
sure of the adjacent position of the runner is ps2. Usually, pe=ps: and pe2=ps:. Therefore, pei-
pa=psi-ps2, that is, the axial force of the runner in the #1 area is balanced. On the contrary,
in #2 area, the pressure pe in the crown gap and the pressure p« adjacent to the runner are
difficult to balance, causing the runner to receive upward or downward axial force.

In the pump condition, the lower the discharge is, the larger the head is, as well as
the outlet pressure of the runner. At this moment, the guide vane opening is small, which
confines the high-pressure fluid in the runner side. The high pressure in the crown gap
makes pis>>pes, which increases the down-ward axial force.

Figure 5 Meridional map of runner with indication of hub and crown leakages
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4.2 Influence of axial force on the support bracket

Based on the FEM method in ANSYS, the stresses and deformation of support bracket
with axial load on thrust bearing bushes were analyzed. The axial loads are from 5x10¢ N
to 2x107 N [3][4]. For the sake of brevity, the axial force loaded on thrust bearing will be
referred by the abbreviations ‘AF’ in below. Since the distribution rules of equivalent
stress and deformation are uniform with different AF, Figure 6 and Figure 7 only show
the distribution at AF = 1x107 N to explanation.
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Figure 6 The equivalent stress distribution of support bracket at AF = 1x10’N
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Figure 7 The axial displacement distribution of support bracket at AF = 1x10’N

As can be seen from the Figure 6, the maximum stresses often concentrate on the
corner of support plates. When the AF reaches to 1.0x107 N, the maximum stresses on
support bracket have been up to 278 MPa. From the displacement distribution, we can see
that the maximum axial deformation is around 2 mm in this case and the location is on
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the inner circle of thrust bearing. The deformation gradually decreases as the radius in-
creases since the end of support arms are fixed. Interestingly, there is tiny upward defor-
mation between the 2 fixed locations of support arms.

Figure 8 provides the variation of the maximum equivalent stress and the maximum
deformation in support bracket with different AF loaded on thrust bearing. The results
indicate that the maximum equivalent stress and the maximum deformation changed lin-
early with the AF. While the AF=5x10° N, the maximum stress is 125 MPa and the maxi-
mum deformation is Imm. However, while the AF exceeds around 1.25x107 N, the maxi-
mum stress is exceeded the admissible stress of Q345, which might cause structure yield
and deformation. Meanwhile the maximum deformation exceeds around 2.5 mm, which
would lead to the runner move down and the gap in crown and band change. This result
can provide reference for the design of pumped storage units, especially the structure de-
sign of support bracket and hydraulic design of pumped storage turbine. According to
Figure 4,the maximum axial force imposed on the runner is 1.83x105 N, which is far lower
than the admission force of 1.25x107 N. In this case, the bracket is in safe condition in all
of the operating conditions.
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Figure 8 Variation of the maximum equivalent stress and the maximum deformation in support
bracket with different AF

5. Conclusions

In this investigation, the aim was to discuss the influence of axial force on the struc-
tural characteristics of support bracket of pumped storage unit by means of CFD and FEM.
Firstly, the fluid domain of a pump-turbine is built and the axial force is simulated. Then
the FEM is applied on the structure of the bracket. The location of the maximum equiva-
lent stress and the maximum deformation are found. In the end, the simulated axial force
is compared with the admission force of the structure. This research should be helpful for
improving predictions of the impact of axial load on support bracket and the whole
pumped storage units. The main results are:

1. The computational fluid dynamics method in this case has considered the gap be-
tween the upper crown and the lower ring of the runner, which can effectively pre-
dict the axial force characteristics of the runner and provide a theoretical basis for the
safe and stable operation of the pump turbine unit. Gap modeling will increase the
computational cost, but it provides a solution to the problem of axial force.

2 Under the pump mode, the pump turbine is subject to strong axial force. Especially
when the flow rate and the guide vane opening is small and the head is high, the
downward axial force is relatively large, which will cause safety hazards to the sup-
port bracket. The axial force in pump turbine is mainly caused by the pressure im-
balance between the upper and lower gaps and the runner.

3 The maximum stresses often concentrate on the corner of support plates and the larg-
est deformation occurs on the location of thrust bearing. While the axial loads exceed
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1.25x107 N, the stress on the corner of support plates would exceed the admissible
stress, causing bracket downward deformation and leading to the runner move
down and the gap in crown and band change. The predicted maximum axial force is
1.83x10° N, which is within the admission force range.
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