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ABSTRACT

For the purpose of automatic generation control (AGC), a portion of the
propeller hydro-turbine units in China is adjusted to operate within a restricted
range of 75%-85% load using computer-controlled AGC strategies. In
engineering applications, it has been observed that when a propeller hydro-
turbine unit operates under off-design conditions, a large-scale vortex rope
would occur in the draft tube, leading to significant pressure fluctuations.
Injecting air into the draft tube to reduce the amplitude of pressure fluctuations
is a common practice, but its effectiveness has not been proven on propeller
hydro-turbine units. In this study, a CFD model of a propeller hydro-turbine was
established, and 15 cases with different guide vane openings (GVO, between 31°
and 45°) under unsteady conditions were calculated and studied. Two air
admission measures were introduced to suppress the vortex rope oscillation in
the draft tube and to mitigate pressure fluctuations. The reason for the additional
energy loss due to air admission was then explained by the entropy production
theory, and its value was quantified. This study points out that when injecting
air, it is necessary to first consider whether the air will obstruct the flow in the
draft tube. Finally, based on simulation and experimental data under various load
conditions, pressure fluctuation analysis (based on fast Fourier transform, FFT)
was conducted to assess the effectiveness of air admission measures. This study
can provide an additional option for balancing unit efficiency and stability when
scheduling units using an AGC strategy.
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1. INTRODUCTION

The power system requires reliable generation
equipment to achieve stable operation. In order to produce
high-quality electricity while reducing environmental
pollution, achieving energy conservation and carbon
neutrality (Yu et al., 2021a), hydropower has become a
prominent option that needs to be vigorously developed,
due to its high energy density, power generation efficiency,
and stability (Pasche et al.,, 2017). Furthermore,
hydropower units can rapidly respond to grid demands,
thereby assisting in AGC (Goyal & Gandhi, 2018; Mao et
al., 2021). To ensure the integration of intermittent non-
fossil energy sources such as wind and solar power into
the grid successfully, and enhance the stability of the
power system, increasing the scale of hydropower
generation is crucial (Ardizzon et al., 2014). An adequate
installed capacity of hydropower can ensure that

electricity production and consumption are balanced
within the power system (Li et al., 2018).

Propeller hydro-turbine units are usually adopted to
generate electricity in low-head or low-head variation
water flow conditions (Krzemianowski & Kaniecki, 2023;
Sunsheng et al., 2023). The propeller hydro-turbine is
distinguished by its maximum discharge capacity, which
exceeds that of the Francis turbine at the same head
condition. Nonetheless, the runner blade angle of the
hydro-turbine cannot be adjusted, resulting in a highly
variable efficiency curve in the experiment's hill chart,
rendering it unsuitable for installation in hydropower
stations with significant head variations. Head conditions
at some hydropower stations have been altered by early
construction, and thus these units are often operated under
off-design conditions. Furthermore, in some small
hydropower stations in China, some hydro-turbines
intentionally generate electricity using smaller water
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NOMENCLATURE

AGC  Automatic Generation Control
CFD Computational Fluid Dynamics

D runner diameter

FFT Fast Fourier Transform

fn rotating frequency of runner

GVO  Guide Vane Opening

k turbulent kinetic energy

P production term

Q rated discharge

RANS Reynolds-Averaged Navier-Stokes
gg' direct dissipation

51")',' indirect dissipation

Sy entropy induced by the fluctuating velocity

174 time-averaged relative velocity
a volume fraction of vapor
B model constants

B model constants

u dynamic viscosity

Up turbulent eddy viscosity
Pw density of water

Ok model constants

Oy model constants

T torque of runner

) dissipation rate

@ relative vorticity

Flows (75%-85% rated power) for AGC purposes, thereby
causing the units to operate in partial load conditions
(Pasche et al., 2017). These off-design conditions can
cause the units to extra vibrate, posing a risk to the
hydropower station's stability and safety (Luo et al., 2013;
Liu et al., 2018).

Prior studies have demonstrated that the flow within
propeller hydro-turbines during part-load operation
becomes notably intricate. Specifically, a spiral vortex
rope emerges inside the draft tube cone, which can induce
significant pressure fluctuations within the hydro-turbine
units (Zhang et al., 2009; Pasche et al, 2017).
Consequently, this can impede the efficiency of the hydro-
turbine and jeopardize the stability of the hydropower unit.
The vortex rope is a cavitation phenomenon within a draft
tube, and it is a low-pressure area that is difficult to
mitigate. (Gohil & Saini, 2016; Luo et al., 2016). When
the vortex rope rotates inside the draft tube with the
rotation of the runner, it interacts with the draft tube wall,
causing vibration and hindering the normal flow of water,
leading to pressure pulsations (Favrel et al., 2018).

To date, numerous measures have been suggested to
ameliorate flow conditions in the draft tube and mitigate
the formation of vortex ropes (Muhirwa et al., 2020).
Common measures include implementing a baffle or fin
structure (Zhou et al., 2019), improving the shape of the
runner cone (Li et al., 2021; Qian et al., 2012), optimizing
the geometry of the draft tube (Arispe et al., 2018; Favrel
et al., 2021; Shrestha & Choi, 2021; Zhou et al., 2021,
2023), introducing high pressure water jet (Bosioc et al.,
2012; Foroutan & Yavuzkurt, 2014) or air into the low-
pressure zone inside the draft tube, or a combination of
these methods(Zhu et al., 2021). The SST k- turbulent
model and the homogeneous mixture assumption are often
used to conduct studies on the effectiveness of different
methods in mitigating pressure fluctuations in the draft
tube of turbine units. These studies were conducted using
computational fluid dynamics (CFD) numerical
simulation methods (Rajan & Cimbala, 2016), in
conjunction with experimental data obtained from
prototype testing (Ji et al., 2022). It has been found that
injecting air into the draft tube is one of effective ways to
alleviate pressure fluctuations in Francis turbine unit (Zhu
et al., 2021). For example, Qian et al.(2007) utilized the
RNG k-¢ turbulence model to inject air through a Francis
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turbine's spindle hole at rates of 0.25%, 0.50%, and 0.75%
of the discharge. The study found that an air-water ratio of
0.50% was effective in reducing the amplitude of the
turbine's low-frequency pressure pulsations. Similarly, Yu
et al. (2015, 2020) conducted numerical simulations with
a wider range of air admission rates ranging from 0.5% to
4.0% of water discharge at the inlet plane, which revealed
that the vortex rope diameter increased and the pressure
fluctuation amplitude slightly increased at a ratio of 0.5%.
However, when the air-water ratio reached 4.0%, the
amplitude of pressure fluctuation was significantly
reduced, and there was no significant dominant frequency
of pressure fluctuation. Zhu et al. (2021) developed
various strategies to eliminate the vortex low-pressure
zone in the draft tube of a Francis turbine. The study found
that using only air admission from the runner cone could
make the pressure distribution in the draft tube more
uniform. At higher air admission flow rates, this approach
transformed the spiral vortex rope into a cylindrical vortex
rope, which could not come into direct contact with the
draft tube wall, thereby reducing the amplitude of pressure
fluctuations in the turbine units. In order to analyze
whether the air admission causes more energy loss to the
turbine, the entropy production theory is used to analyze
the entropy production of each component of the turbine
before and after air admission. This method has been
applied to analyze the S-characteristics of the pump
turbine (Gong et al., 2017), or to analyze the energy loss
of the Francis turbine operating at partial load conditions
(Yu et al., 2021b). Due to computational resource
constraints and challenges in two-phase flow calculations,
there is relatively little research on the use of air admission
measures to reduce the pressure fluctuations in the draft
tube, and the previous research is mainly focused on the
Francis turbine units (Ji et al., 2022). There is still a lack
of numerical and experimental data for propeller hydro-
turbines.

In this study, two different air admission methods
were investigated by CFD simulation to alleviate the
vortex rope in a propeller hydro-turbine draft tube. The
degree of suppressing the vortex rope oscillation with
these two methods was evaluated. Using the entropy
production theory to determine the entropy production on
each component of the turbine, the energy loss due to the
air admission measure was quantified, and an attempt was
made to clarify the cause of the additional energy loss due
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Table 1 Specification of the hydro-turbine

Structural Performance
Value Value
parameters parameters
Stay vane 24 Unit rotating 128.7 r/min
number speed
Guide vane 24 ~Unit 1.603 m%/s
number discharge
Runner Desian
blade 5 €519 92.50%
efficiency
number
Runner Specific
diameter, D 3.33m speed, ng 492.4

to air injecting in the draft tube. The pressure fluctuations
were analyzed using the fast Fourier transform, with
particular emphasis on the effects of the two air admission
methods under a partial load condition. The main novelties
of this paper are that it analyzes the effect of air admission
measures using entropy production theory and it
concludes that air stagnation in the draft tube elbow is
responsible for the reduction in hydraulic efficiency. This
study also enriches the research data on the effect of air
admission on mitigating pressure fluctuations in the draft
tube of propeller hydro-turbine units. This study can
provide additional solution ideas and data for balancing
unit efficiency and stability when scheduling units using
an AGC strategy.

2. NUMERICAL MODEL AND METHODOLOGY

2.1 Propeller Hydro-turbine Model and Structure for
Air Admission

The propeller hydro-turbine is used as the subject of
this study. This type of hydro-turbine flow passage
consists of five components including spiral casing, guide
vanes, stay vanes, runner, and draft tube, as well as three
short pipes for air admission installed in the draft tube
wall. A hole is left in the center of the runner cone for air
admission. The complete three-dimensional flow passage
of the hydro-turbine is shown in Fig. 1. The main
structural parameters and the main hydraulic performance
parameters are given in Table 1.

It is worth mentioning that the specific speed, ng, is
an important similar parameter that can reflect the
operating characteristics of the hydro-turbine and is
defined as follows:
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Fig. 2 Two structures for air admission (a) Center
hole of runner cone, (b)Short pipes for air admission
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where n is the rotating speed of the runner

(166.7r/min), P is the rated output of the hydro-turbine
(13MW) and H is the rated head (18.6m).

The prototype hydro-turbine was equipped with two
different structures for air admission as shown in Fig. 2.
Figure 2(a) shows the scheme of opening a hole in the
center of the runner cone and using this center hole to
inject air. This center hole is 100 mm in diameter. Figure
2(b) shows the scheme of using three short pipes with open
holes to inject air into the draft tube cone. There are 10
holes on each of the three short pipes for air admission,
arranged on the left and right sides of the end of the short
pipes, with 5 holes on each side. The diameter of the holes
is 25 mm. The short pipes were fixed inside the draft tube
of the prototype turbine and were not removable. The
supplemental air can enter the low-pressure zone in the
draft tube cone through the open holes in both schemes.

2.2 Grid Independence Verification

Due to the complex structure of the hydro-turbine, the
entire flow passage was discrete into five parts with
different mesh sizes and mesh types, and then the mesh of
each part was generated independently. Tetrahedral
unstructured grids were used for the spiral casing, runner,
and draft tube, and hexahedral structured grids were used
for the stay vane and guide vane. Numerical simulation
accuracy and the cost were balanced by evaluating the
mesh size around the runner, the guide vane, the short
pipes for air admission, and the runner cone. Figure 3
shows the meshes of each hydro-turbine component.

The efficiency and power of the unit were selected as the
indices for the grid sensitivity analysis. Six mesh models
with different grid numbers were designed for numerical
simulation under low flow conditions (GVO = 32°). When
the number of grid nodes is more than 3 million, the
fluctuation of efficiency is less than 0.2% and the
fluctuation of power is less than 0.1kW, as shown in Fig.
4. The calculation results of efficiency and power are
almost unaffected by the number of grids, which is
considered to be the convergence of the calculation. In this
study, there are 3.7 million grid nodes in the
computational domain, which can meet the numerical
simulation accuracy requirement. The final grid nodes
number of the selected mesh model is shown in Table 2.



H. Wu et al. / JAFM, Vol. 17, No. 1, pp. 219-232, 2024.

@

(b)

©

(d)

O

Fig. 3 Mesh of hydro-turbine (a) Spiral casing grids,

(b) Stay vane grids, (c) Guide vane grids, (d) Runner

grids, (e) Draft tube grids (including short pipes for
air admission)

8.6 : . 81.6
- 85 —— 812 2
Z 841 180.8 &
2383 ' 8043
5 i
A8 T - 80.0 =

= Power —— Efficiency
8.1 : : : 796
200 300 400 500 600

Number of grid nodes /104

Fig. 4 Grid sensitivity analysis

Table 2 Number of nodes of the propeller turbine grid

Component | Spiral casing | Stay vane | Guide vane
Nodes 0.27 1.06 0.80
(x109) . ) )

Component Runner Draft tube Total
Nodes
(x109) 1.05 0.52 3.70

2.3 Turbulence Model and Governing Equations

Based on the finite volume method, the commercial
computational fluid dynamics (CFD) software ANSYS
CFX 18.0 was used to solve the incompressible three-
dimensional unsteady turbulent flow inside the hydro-
turbine. The shear stress transport (SST) k-o turbulence
model based on the Reynolds averaged Navier-Stokes
(RANS) equations was used when no air was injected into
the hydro-turbine. This turbulence model can produce
simulation results with less error when simulating
complex internal flows, and it is less sensitive to free
stream conditions. This model uses turbulent kinetic
energy k and dissipation rate w to calculate the turbulent
eddy viscosity u;. The governing equations are shown in
Egs. (2)~ (3)( Menter, 1993).

] 9 9 a N
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where p,, represents the density of water, u represents the
dynamic viscosity, P represents the production term, oy,
04, and [* are the model constants.

In the case of air admission measures, the two-phase
gas-liquid flow inside the hydro-turbine was solved by
using a model based on the homogeneous mixture
assumption. The mixture density p and the viscosity u can
be described by Egs. (4)~(5).

p=pyay, +p(1—a,) Q)]
U=y, + (1 —ay) 5)

where v and [ are subscripts for the vapor and liquid, p
represents the density of the vapor-liquid mixture, « is the
volume fraction of the vapor.

If the velocity slip between the vapor and the liquid is
neglected, the basic governing equation for the mixture
can be described by Egs. (6)~(7).
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2.4 Numerical Scheme and Setting

Numerical simulations were performed for 15 turbine
operating conditions and their corresponding air
admission conditions between 0.8Q and 1.0Q (Q for rated
discharge) by adjusting the guide vane opening (GVO,
between 31° and 45°). The runner domain was set as a
rotating domain, while the rest of the parts were set as
stationary domains. The rotor-stator interfaces were used
to exchange data between the rotating and stationary
domains, and the general grid interfaces were used to
exchange data between the other domains. All solid
surfaces of the entire flow passage were set to no-slip
conditions.

For the numerical simulations in the transient frame,
the results of the steady case were used as the initial
values. To determine the time step in the unsteady
calculation, the independence of the time step was verified
using the pressure fluctuation data from the monitoring
point on the head cover.

The time step was set to 0.0018s, 0.0024s, 0.0036s,
and 0.0072s, corresponding to 200, 150, 100, and 50 steps
for each revolution of the runner, respectively. The data
were subjected to an FFT, then the pressure fluctuation
and the frequency spectra at this monitoring point were
obtained, as shown in Fig. 5. When the time step was set
to 0.0018s or 0.0024s, the amplitude at the dominant
frequency differs by 0.2%, which was considered
computational convergence. To balance computational
resources and accuracy, it was finally decided to set the
time step to 1/150 of the rotation period of the runner
(0.0024s), which means that 1 step was calculated for
every 2.4° rotation of the runner.

The convergence criterion root mean square (RMS)
was set as 105, and all residuals need to be less than 103,
The total calculation time of the unsteady simulation was
set to 10.8s. To reduce the influence of initial values on
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Fig. 5 Time step independence verification
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Table 3 Numerical simulation parameter settings

Turbulence model | RANS SST k-w
Multiphase flow Mixture Model
model Homogeneous Flow Model
Time step 0.0024 s
Boundary isnpl'erta' asing 1 9,248 MPa
pressure Draft tube outlet | 0.078 MPa
Type of boundary ;ﬁ?}ﬁ;'ggze Mass flow
for air admission rate inlet

center hole

GV

Runner center
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Fig. 6 Monitoring points in the draft tube

the unsteady calculation, the data of 7.2-10.8s were
selected for analysis and processing in order to better meet
the requirements of calculation accuracy. The main
parameters in the numerical simulation are listed in Table
3.

2.5 Monitoring Points

As shown in Fig. 6, a total of seven pressure
monitoring points were set to monitor pressure
fluctuations in the internal flow of the propeller turbine
draft tube. Since the vortex rope appears mainly in the
draft tube cone, three sets of pressure monitoring points
were set up inside the draft tube cone, at distances of 0.3D,
0.5D, and 1.0D from the runner center. Considering that
the draft tube is not symmetrical in the flow direction,
monitoring points were set up at both the left and right
sides of the draft tube wall. Since the pressure fluctuation
monitoring point of the prototype turbine was set only on
the head cover, a monitoring point was set at the same
position on the numerical model head cover to compare
the numerical simulation data with the experimental data.

3. RESULTS AND DISCUSSIONS

3.1 Numerical Simulation Verification

This section presents the results of a numerical
simulation test performed under low flow conditions that
produced an observable pressure pulsation phenomenon.
The experimental data of the prototype was used as a
benchmark for comparison. The experiment was
performed with a head of 16.5m and a guide vane opening
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adjusted to achieve a turbine power of 8.5MW (GVO
= 32°) to ensure consistency between the simulation and
prototype conditions. A Monitoring Point GV was set on
the head cover of the hydro-turbine in the numerical
simulation model, and the simulation was conducted in
unsteady condition.

Figure 7 presents a comparison between the
efficiency of the hydro-turbine under low flow conditions
obtained by numerical simulation and the characteristic
curve derived from experimental data on the hill chart. In
the numerical simulation, the efficiency of the hydro-
turbine is 81.22% (8.5 MW), 83.35% (9.0 MW), 85.25%
(9.5 MW) and 86.98% (10.0 MW) when the head was set
to 16.5 m. The experimental efficiency obtained from the
hill chart refers to the product of the hydraulic efficiency
n, and the volumetric efficiency n, . And that the
mechanical efficiency 7,, has been excluded. Therefore,
the physical meanings of the efficiencies in Fig. 7 are
consistent with each other. The experimental hydraulic

efficiency of the turbine is calculated by the following Egs.

(8)~(9).
=" =1 ®
n, =4t =1-"2 ©)

where H is head, AH is hydraulic loss, Q is flow, and
AQ is leaked flow.

The analysis shows that the maximum relative
deviation of efficiency in the numerical simulation is
0.32%, while the minimum is as low as 0.15%, under the
investigated conditions. This indicates that the numerical
model of pressure fluctuation of the propeller hydro-
turbine constructed in this study has a sufficient
calculation accuracy.

The fast Fourier transform was utilized to analyze the
dominant frequency and amplitude of the pressure
fluctuation (Cao et al., 2022). The pressure fluctuation
values at each monitoring point were subtracted from the
average value and converted into head values in meters.
The results of the comparison are shown in Fig. 8. It is
apparent from the frequency spectra that the dominant
frequency of the pressure fluctuation obtained from the
simulation matched with the experimental dominant
frequency of 0.27f, (f, for the rotating frequency of the
runner). The simulation results indicated that the
amplitude of the pressure fluctuation corresponding to the
dominant frequency was 0.096 m, while the experiment
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Fig. 8 Verification of simulation results against
experimental results

showed an amplitude of 0.131m. The deviation between
the two was within an acceptable range. The amplitude
error was primarily due to the position error of the
monitoring points during the experiment and simulation,
experimental measurement errors, and numerical errors.

3.2 Selection of the Air Flow Rate

In order to suppress vortex rope formation in the draft
tube of hydro-turbines, it is necessary to choose the
suitable air-water ratio when using two different methods
of air admission. Under the partial load condition,
characterized by a guide vane opening of 32° and a flow
rate of 0.85Q for the hydro-turbine, significant low-
frequency pressure fluctuations occurred in the draft tube,
resulting in the observation of a significant vortex rope.
The vortex rope region has high swirling strength, so the
Q-criterion can be used for vortex identification (Zhan et
al., 2020).

When using the short pipes with open holes to inject
air, the air flow rate was set to 0.01Q, 0.02Q, 0.03Q,
0.04Q, 0.05Q, 0.06Q, 0.07Q, 0.08Q, and the supplemental
air was evenly distributed at the inlet of the three short
pipes, and the boundary of the air inlet was set as mass
flow rate inlet. The simulation results demonstrated that
the vortex rope below three short pipes can be destroyed
when the flow rate of air admission reached 0.05Q.
Additionally, the air was able to enter the low-pressure
zone of the lower half vortex rope more smoothly, as
shown in Fig. 9. Therefore, an air flow rate of 0.05Q was
determined as optional for eliminating the vortex rope
using short pipes under partial load conditions.

When using the runner cone center hole to inject air,
the air flow rate was set to 0.011Q, 0.012Q, 0.013Q,
0.014Q, 0.015Q, 0.016Q, 0.017Q, 0.018Q. The reason for
setting the interval of the air flow rate smaller is that the
center hole is closer to the vortex rope and the air can go
directly into the region with a large pressure gradient.
Therefore, with the same flow rate, using the center hole
to eliminate the vortex rope effect may be better, and it is
not appropriate to use an excessive air flow rate. The
numerical simulation results showed that the vortex rope
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(a)

(b)
Fig. 9 Shape of vortex rope in the short pipe scheme.
(2)GV032° 0.04Q, (h)GV032° 0.05Q

(a)

&

(b)
Fig. 10 shape of vortex rope in the runner cone center
hole scheme (a)GV032° 0.013Q, (b)GV032° 0.014Q

was destroyed when the air flow rate reached 0.014Q, and
the optimal effect of eliminating the vortex rope was
achieved, as shown in Fig 10. Therefore, under partial load
conditions, the flow rate of air admission using the center
hole was chosen as 0.014Q.
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3.3 Vortex Rope and Pressure Distribution in the
Draft Tube

This section mainly discusses the morphology of
vortex ropes and the pressure distribution on the middle
cross-section of the draft tube under three different air
admission conditions. When hydro-turbine operated under
partial load conditions, the low-frequency pressure
pulsations generated in the draft tube were mainly caused
by vortex ropes.

As shown in Fig. 11, compared with the condition
without air admission, whether using short pipes or a
center hole of the draft cone to inject air, the length of the
vortex rope significantly decreased and the diameter also
reduced if the air flow rate was appropriate. However, new
vortices may generate around the short pipes.

DT12- ‘DT11

DT22: ‘DT21
I L

DT32- \'DT31

@
J
(b)
,‘\Q « “wuy
(c)

Fig. 11 Morphology of vortex rope for partial load

condition (GVO 32°, 0.85Q) (a)No air injection,

(b)Injecting air by short pipes, (c)Injecting air by
runner cone center hole



H. Wu et al. / JAFM, Vol. 17, No. 1, pp. 219-232, 2024.

Pressure [Pa]

| ||
-10000.0 90000.0
-
—— »
‘i‘k“’
(a)
- -~
“‘ — =
(‘7 —~a—
)
\
(b)
e
‘- ___ -
—_®
4‘
4
\
(c)

Fig. 12 Pressure distribution in the draft tube for
partial load condition (GVO 32°, 0.85Q) (a)No air
injection, (b)Injecting air by short pipes, (c)Injecting
air by runner cone center hole

Figure 12 shows more visually that injecting air into
the draft tube results in a more uniform pressure
distribution. And it can reduce the amplitude of alternating
pressure on the draft tube wall caused by vortex ropes.

3.4 Energy Production and Efficiency Loss Analysis

At partial load conditions, although injecting air into
the draft tube can make the pressure distribution more
uniform, it can also result in hydraulic losses. Therefore,
it is necessary to analyze the hydro-turbine operating
conditions under air admission using the vorticity
transport equation and entropy production theory, and it is
important to reveal the mechanism between vortex ropes
and energy loss. The entropy production theory helps to
analyze the energy losses in the entire flow path of the
hydro-turbine.
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While neglecting the viscous diffusion term and

baroclinic torque term, the vorticity transport equation is
shown as Eq. (10).

DB_ — —>__) .—>
E—((u VW —-—w((V-V)

(10)

where & represents the relative vorticity, V represents the
time-averaged relative velocity.

From the perspective of the second law of
thermodynamics, the energy dissipation process inside the
hydro-turbine is irreversible, and the increase in entropy is
inevitable (Yu et al.,, 2021b). In the Reynolds time-
averaging method, time-averaged entropy production can
be divided into the time-averaged part and fluctuating part,
as shown in Eq. (11).

1z
D’

S=5St+ (11)

where Sg’ represents the direct dissipation, Sl;,’,’ represents
the indirect dissipation. In the internal flow process of a
hydro-turbine, due to the turbulence effect, the entropy

production rate induced by the fluctuating velocity ;’,’
dominates. Therefore, this term can be used as an indicator
to analyze the energy dissipation process (Zhou et al.,
2022). The generalized formula for calculating indirect

dissipation can be written as Eq. (12).

S.”,_Zu ou' 2+ ov' 2+ aw"\’
pr o [\ ax dy 0z
2
u [ou 61]’)
+ol=—+—
T[(By 0x (12)
N 6w’+6u' 2
dx 0z

s 6v’+6w’ 2
dz 0y ]

Where u’, v', w' are fluctuating velocity components.

Since the SST k- turbulence model cannot obtain the
velocity fluctuation component directly, a new solution
method is needed to obtain the entropy production due to
velocity fluctuation. The local entropy generation rate due
to velocity fluctuations is thought to be closely related to
the turbulent mode of € or , thus, the method proposed
by Kock (Kock & Herwig, 2004) is usually used to
determined SJ. The expression for S}/ is shown in Eq.
(13).

Sy =8
Where S is an empirical constant.

The value of g is given by Menter (Menter, 1994), the
scholar who developed the SST k — w turbulence model.

pwk

, B =0.09
T

(13)

For a certain part of the hydro-turbine, the entropy
induced by the fluctuating velocity can be obtained by

calculating the volume integral in Eq. (14).
Spr = [Shidv (14)

The results can be used to measure the magnitude of
energy losses on various parts of the hydro-turbine.
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Fig. 13 Entropy induced by the fluctuating velocity of
the hydro-turbine components (GVO32°)

In this study, the energy losses on various parts of the
hydro-turbine were compared under two different air
admission conditions and a no air condition. As shown in
Fig. 13, these losses were described by the volume integral

of the indirect dissipation term S[’,’,’ for each component,
denoted as S,/. It was found that the majority of the
energy losses occurred in the draft tube. The air admission
measures significantly increased the entropy induced by
the fluctuating velocity in the draft tube. However, it also

reduced the energy losses in other components.

To investigate the impact of the increased entropy, the
entropy production rate distribution is presented in Fig. 14.
It is found that injecting air into the draft tube results in an
increase in energy dissipation during the flow process. The
losses are particularly significant when the water flows
through the air outlet of the air admission structure in the
hydro-turbine. The water carries the air downstream to the
draft tube, and the air stays at the draft tube elbow,
obstructing the flow of water and causing efficiency
losses.

To quantitatively compare the efficiency loss caused
by the air admission, the total pressure on the interfaces
between each part of the hydro-turbine was used to
calculate the efficiency loss. The calculation formula is
shown in Eq. (15).

N = Pi—in—Pi-out x 100%

Dloss

(15)

This equation is applicable for calculating the
efficiency loss on hydro-turbine parts other than the
runner. Here, p,,.s represents the total pressure drop
between the spiral casing inlet and the draft tube outlet.
When calculating the efficiency loss on the runner, Eq.
(16) can be used as a substitute.

— Pi—in~Pi—out ~T®/Qin X 100%

Ni (16)

Ploss

where 7 denotes the torque of the runner, w denotes the
angular rotation speed of the runner, and Q;,, denotes the
volume flow rate at the spiral casing inlet.
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Fig. 14 Distribution of entropy production rate on the
cross-section of the draft tube (GVO32°) (a)No air
injection, (b)Injecting air by short pipes, (c)Injecting
air by runner cone center hole

It was found that the air admission measures will
increase the efficiency loss of the hydro-turbine, and the
increased efficiency loss is within the range of 3% to 5%,
as shown in Fig.15.

3.5 Pressure Fluctuations Before and After Air
Admission

In order to clarify whether the effects of reducing
pressure fluctuations by using the two measures for air
admission were good or not, the partial load condition with
guide vane opening of 32° (0.85Q) was selected to
analyze, and the iso-surface of vorticity was drawn, the
pressure pulsation in unsteady conditions was obtained, as
shown in Fig. 16.

The calculation results indicate that although
injecting air by short pipes or runner cone center hole can
reduce the low-frequency pressure pulsation caused by the
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Fig. 15 Efficiency losses of the hydro-turbine
components (GVO32°)

vortex rope, especially the amplitude corresponding to the
dominant frequency, the robustness of the two schemes is
different. Injecting air through the runner cone center hole
has less robustness in reducing the amplitude of pressure
fluctuation. As shown in Fig. 16(c), at the monitoring
point DT31 in the draft tube cone, air admission increased
the pressure pulsation. At the same time, it was observed
that the shape of the vortex rope in the draft tube was
extremely irregular, indicating that the flow state was
more chaotic. On the contrary, the scheme of injecting air
through short pipes can stably reduce the amplitude of
pressure pulsation at almost each monitoring point and
destroy the main body of the vortex rope.

As shown in Fig. 17, the dominant and partial
secondary frequencies of the pressure fluctuation have
been marked in the frequency spectra. In this partial load
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Fig. 16 Vortex ropes and pressure fluctuations of each
monitoring point under the part-load condition
(GV032°) (a)No air injection, (b)Injecting air by
short pipes, (c)Injecting air by runner cone center
hole
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Fig. 17 Frequency spectra of each monitoring point
under the typical part-load condition (GV032°) (a)No
air injection, (b)Injecting air by short pipes,
(c)Injecting air by runner cone center hole

condition, the dominant frequencies were found to lie
within the range of 0.27f, to 0.33f,, which correspond to
low-frequency, high-amplitude vibrations induced by the
vortex rope. The frequency of 5.0f, corresponds to the
vibrations resulting from the passage of the runner blades.
It was observed that the use of short pipes for air admission
to eliminate the pressure pulsation in low-frequency was
more effective than injecting air through the runner cone
center hole as a solution.
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Pressure at each monitoring point

This section primarily analyzed the pressure
fluctuation intensity at six monitoring points on the draft
tube wall. Numerical simulation calculations were
performed for conditions with guide vane openings
ranging from 31° to 36°, including cases without air
admission, and with air admission through the short pipes
or the runner cone center hole.

Air admission was performed for a duration of 10.8s
in unsteady condition, and pressure pulsation data from
the last 3.6s were selected for analysis to avoid
convergence problems that may be caused by the initial
state. This is because the initial flow field affects the
calculation of the pressure pulsations for a small period of
time from just entering the unsteady calculation, but this
effect diminishes with time. Therefore choosing data
before the end of the calculation for analysis is the
preferred choice. Moreover, the pressure fluctuation data
obtained within 3.6s can satisfy the requirement of FFT on
the amount of data. The pulsation amplitude data of the
alternating pressure at a monitoring point within 10 hydro-
turbine revolutions (3.6s) was calculated using FFT and
defined as the pressure fluctuation intensity at this
monitoring point, with the unit in meter, as shown in Fig.
18. It can be observed that as the guide vane opening
increased, the amplitude of pressure fluctuation gradually
decreased to a lower level.

Referring to the location of the monitoring points
shown in Fig. 6, DT11 and DT12 are located to the right
and left of the draft tube wall, respectively. It is found that
when the monitoring point is close to the runner center, the
pressure fluctuation amplitude on the right side (DT11) is
smaller than that on the left side (DT12). On the contrary,
when the monitoring point is far from the runner center,
the pressure fluctuation amplitude on the right side (DT31)
is greater than that on the left side (DT32). This is caused
by the asymmetry of the draft tube. On the same left side,
the pressure fluctuation close to the runner (DT12) is
greater. On the same right side, the pressure fluctuation far
from the runner (DT31) is greater. This is because the
vortex rope can have more contact with these two
positions, resulting in greater pressure gradients and larger
pressure fluctuations on the draft tube wall.

The calculation results showed that the pressure
fluctuation amplitudes at each monitoring point, except for
conditions at monitoring points DT32 and certain
conditions at monitoring points DT31, are reduced to
some extent. When the guide vane opening is smaller than
33 °, injecting air through the runner cone can reduce
pressure fluctuation intensity to a greater extent. When the
guide vane opening reaches 34° or greater, injecting air
through short pipes can achieve better results. For the
reason of pressure fluctuation amplitude increasing at
monitoring point DT32 after air admission in conditions
with a small guide vane opening, it may be the air
admission changes the shape and position of the vortex
rope, causing the remaining vortex rope to be closer to this
area and increasing the pressure gradient and the pressure
fluctuation intensity near DT32. The above analysis
indicates that both air admission measures have an effect
in alleviating pressure pulsations in the draft tube.
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Fig. 18 Amplitude at the dominant frequency of the
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The average data of the amplitudes in the dominant
frequency of six monitoring points in the draft tube were
selected to provide a simple quantitative description of the
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Fig. 19 Average amplitude of pressure fluctuation
with different guide vane openings and the effect of
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overall intensity of pressure fluctuations on the draft tube
wall and a comprehensive evaluation of the effect of the
two types of air admission, as shown in Fig. 19.

When the guide vane opening is less than 34°, using
the runner cone center hole to inject air can reduce the
pressure fluctuation by up to 18.18%, while using the short
pipes to inject the air can reduce by up to 12.53%. This
means, under partial load conditions with a flow rate of
about 0.85Q, using the center hole can reduce the pressure
fluctuation by more. However, this measure also has the
problem of not being able to reduce the amplitude at some
monitoring points. In contrast, using short pipes can
reduce the amplitude at almost all monitoring points. It is
difficult to reduce the pressure fluctuation amplitude when
the hydro-turbine is operating in partial load, especially
operating near the deep partial load. Using the center hole
to inject air can improve the effect, and it can also provide
a new feasible idea for the study of reducing the pressure
fluctuation inside the draft tube.

When the guide vane opening is greater than 33°, as
in 35°, using short pipes to inject air is more effective than
injecting air from the center hole. The former can reduce
the amplitude of pressure fluctuation by up to 54.52%,
while the latter can only reduce the amplitude by 37.16%.
This indicates that when the hydro-turbine flow is closer
to the rated flow, it is more suitable to use the short pipes
for air admission.

4. CONCLUSION

This article presents an unsteady numerical simulation of
two-phase flow in a propeller turbine using the Reynolds-
averaged Navier-Stokes (RANS) equations under the
homogeneous mixture assumption. The focus of the study
is to analyze the impact of vortex ropes on pressure
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fluctuations inside the draft tube, and to evaluate
additional energy loss due to air admission by entropy
production theory. The effectiveness and applicability of
two different designs of air admission measures have also
been analyzed in this study. The study's results lead to the
following conclusions:

1) The result of pressure fluctuation in the draft tube
showed that, for the horizontal plane closer to the
runner, the amplitude in the dominant frequency on
the left side (Refer to Fig. 6) is higher. In contrast,
for the horizontal plane away from the runner, the
amplitude in the dominant frequency on the right side
is higher. The locations where the vortex rope
contacts the draft tube wall usually exhibit larger
pressure gradients, leading to greater pressure
fluctuations.

2) Injecting an appropriate flow rate of air into the draft
tube have a positive effect by shortening the length
and reducing the diameter of vortex ropes, resulting
in a more uniform pressure distribution inside the
draft tube. Two different methods of air admission
were evaluated in this study. Using short pipes to
inject air can eliminate the portion of the vortex rope
below the short pipes while injecting air through the
runner cone center hole can almost completely
eliminate the vortex rope.

3) The entropy production theory analysis shows that
additional energy loss occurs when air is injected into
the draft tube. Because the air is pushed downstream
by the water flow and stays in the draft tube elbow.
This phenomenon impedes the flow of water, and
further causes a reduction in hydraulic efficiency of
about 3%-5%.

4) The two measures of air admission have different
advantages. Injecting air through the runner cone
center hole is better suited for the situation of small
guide vane openings and low flow rates, and it can
reduce the pressure fluctuation amplitude
additionally. However, this method can -easily
disrupt the normal flow, resulting in increased
pressure fluctuation amplitude in some monitoring
points while decreasing in others. Injecting air
through short pipes is a method with better
robustness, which is better suited for part-load
conditions to minimize pressure fluctuations,
especially for conditions close to the rated
conditions.
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