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Abstract: The vigorous development of low-head hydraulic resources and tidal energy with greater
stability and predictability is drawing attention to tubular turbines. However, many problems, such as
incorrect unit association relationship, insufficient unit output, and severe vibration, occur frequently
in tubular turbines, particularly when the water head is low. These phenomena cannot be known
through model machine tests and numerical studies. Therefore, this study takes the tubular turbine
with different water heads as the research object, in accordance with the actual boundary conditions.
The unsteady numerical research for the prototype machine is conducted while considering the free
surface in the reservoir area and water gravity. The internal flow characteristics of the tubular turbine
with different water heads and the influence of free surface on its performance are analyzed. The
research indicates the following: affected by the free surface and the water gravity, the pressure in the
entire flow passage of the horizontal tubular turbine increases with the increase in the submerged
depth. In addition, the short water diversion section allows the water flow from the reservoir area
to still have a certain asymmetry before reaching the runner. During the rotation process of the
runner, the surface pressure and torque of the blade have evident periodic fluctuations, and the
amplitude of the fluctuations will increase significantly with the decrease in H/D1. Moreover, in the
case of small H/D1, the amplitude of pressure pulsation in the draft tube is larger, and concentrated
high-frequency pressure pulsation occurs. These factors will lead to the occurrence of material fatigue
damage, unstable output, and increased vibration in low-head tubular turbines.

Keywords: tubular turbine; H/D1; numerical analysis; pressure pulsation

1. Introduction

In recent years, the development of ultra-low-head hydraulic resources and tidal
energy with greater stability and predictability has attracted much attention. In addition,
the tubular turbine is widely used for its evident advantages in the development of extra-
large flow, ultra-low-head hydraulic resources, and tidal energy. As its performance
and structure are different from those of conventional vertical shaft units, domestic and
foreign scholars conducted considerable work on research methods and technical means
through numerical simulation and model tests. Focusing on the analysis of special flow
phenomena (e.g., clearance flow and cavitation characteristics) of tubular turbines and
the improvement of energy characteristics [1–3], several studies have been carried out on
the energy characteristics, cavitation characteristics, vibration characteristics, and optimal
design of tubular turbines [4–6]. Particularly, the hydraulic vibration of the turbine and the
fatigue damage of the unit’s structural components caused by the hydraulic vibration have
attracted much attention [7–9]. At present, the problem of stress distribution, vibration
deformation, and material fatigue damage of overcurrent components is mainly solved
through fluid–structure coupling, and good research results have been achieved [10,11].
These studies greatly improved the overall performance of the tubular turbine.
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However, the operation of many power stations shows that many problems, such as
incorrect unit association relationship, damage to overflow components caused by cavi-
tation [12,13], insufficient unit output, and severe vibration, frequently occur during the
operation of ultra-low-head tubular power stations. In particular, severe vibration is an
important factor limiting the safe operation of ultra-low-head tubular turbines. Thus, the
power station has to limit the operating range of the unit to avoid severe vibration [14].
This study investigates the reasons for its severe vibration. In addition to factors such as hy-
draulic imbalance common to conventional power plants, low-frequency pressure pulsation
in draft tubes, cavity cavitation, Karman vortex trains, and interstitial jets, factors unique
to ultra-low-head tubular units also exist. Such factors are manifested in the following
aspects: (1) The hydrostatic pressure difference generated by the gravity of the water makes
the blade always experience a periodic cycle process of high pressure–low pressure–high
pressure [15,16]. Moreover, a single blade rotates around the shaft to experience torque
changes, forming periodic torque disturbances and causing dynamic oscillations, leading
to blade cracks in severe cases [17,18]. (2) The hydrostatic pressure difference caused by the
gravity of the water inside the tubular turbine makes the cavitation in the runner mainly
concentrated at the top [19], and periodic cavitation is formed with the periodic change in
position during the rotation of the blade that has occurred during cavitation. In addition,
the pressure pulsation generated by the jet in the gap on the blade end face will experience
high to low pressure with the rotation of the unit. The changes and the formation of
periodic pressure pulsation can induce vibration of the unit. (3) The hydrostatic pressure
difference in the tubular turbine affects the hydraulic balance of the water flow, making
the water moment act on the guide vanes and blades at different circumferential positions.
This case, in turn, causes the adjustment of the guide vane opening and the blade rotation
angle. Asynchrony, the occurrence of synergy deviation, further exacerbates the hydraulic
imbalance, resulting in increased vibration [20].

The above phenomena occurring during the operation of the low-head tubular turbine
cannot be presented in the model test [21]. Thus, the traditional research method ignores
the influence of the fluctuation of the free surface and the water gravity in the reservoir
area. The traditional method cannot accurately reflect the actual situation of the tubular
turbine. Thus, a big difference exists between the operating performance of the turbine
and the expected target of the designer. Table 1 shows its model machine and prototype
machine parameters taking a power station as an example. Then, Figure 1 depicts the water
head (H) and the runner diameter (D1).

Table 1. Parametercomparison between the model machine and prototype machine of a tubular
power station.

Model Machine Prototype Machine

D1 (m) 0.34 7.5

H (m) 3 2.5

H/D1 8.82 0.33

Hydrostatic pressure difference in the runner chamber ∆P (Pa) Pg × 0.34 Pg × 7.5
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For the flow of the model to be similar to the prototype, the similar criteria number
must be equal. However, the water head of the tubular turbine is low, and the experimental
water head cannot be reduced proportionally during the model test. Moreover, the H/D1
of the above-mentioned power plant model machine is 26.7 times that of the prototype
machine. Then, the hydrostatic pressure difference ρgD1m in the model runner chambers is
only 4.5% of the hydrostatic pressure difference ρgD1p in the prototype runner. This result
shows that the model machine and the prototype machine fail to meet similar conditions.
Moreover, the tubular turbine has a short distance from the upstream and downstream
reservoir areas, which is a typical flow including the open channel part. Therefore, the
water flow of the model and the prototype is required to be similar under the action of
gravity to satisfy the Froude similarity criterion. In addition, the scale of physical quantities
between the model and the prototype is also constrained by this criterion. However, the
difference between the gravitational acceleration of the model and the prototype is very
small, and gp is approximately considered to be equal to gm. If the flow of the model
is similar to that of the prototype, then the parameters such as the velocity scale, flow
scale, time scale, acceleration scale, and pressure scale must all be a specific value, making
it more difficult to implement. In addition, the influence of the fluctuation of the free
surface in the reservoir area and the water gravity on the flow characteristics in the turbine
cannot be reflected in the model test. Therefore, the severe vibration and noise generated
during the operation of the low-head tubular turbine cannot be accurately known by the
model machine. With the increase in the size and capacity of the ultra-low-head tubular
turbine, the above phenomenon becomes more prominent and becomes an important factor
restricting the stable operation of the low-head tubular turbine. At present, the influence of
free surface and gravity on the internal flow of the tubular turbine has attracted the attention
of relevant scholars. The relevant literature showed that gravity has an important influence
on the dynamic stress characteristics of the cavitation performance of the horizontal tubular
turbine [22,23]. Furthermore, the dynamic fluctuation of the free surface [24,25] makes the
force on the runner blade of the tidal tubular turbine fluctuate greatly.

In view of the above situation, based on the numerical calculation model of prototype
machine performance that fully considers the free surface in the reservoir area and water
gravity, this research conducts a numerical study on the machine performance of tubular
turbines with different H/D1. The study also deeply analyzes the internal transient flow
characteristics and water pressure pulsation characteristics of the tubular turbine with
different H/D1. Moreover, the influence law of free surface and water gravity on proto-
type tubular turbines with different H/D1 is revealed. These research results provide a
theoretical basis for the hydraulic design and stable operation of the tubular turbine.

2. Materials and Methods

Any complex flow process in nature can be described by continuity equation, momen-
tum conservation equation, and energy conservation equation. The flow in the turbine is a
three-dimensional unsteady flow with water as the medium. Water is generally considered
an incompressible fluid, and the heat exchange amount is very small, and thus energy con-
servation can be ignored. Therefore, the complex three-dimensional viscous incompressible
flow in the turbine can be obtained from the following two equations to describe:

(1) Continuity equation

∂ρ

∂t
+

∂

∂xi
(ui) = 0 (1)

(2) Momentum equation

∂

∂t
(ρui) +

∂

∂xj

(
ρuiuj

)
= − ∂p

∂xi
+

∂

∂xj

(
µ

∂ui
∂xj

+ τij

)
+ Si (2)
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where ρ is the density of fluid, τij is the shear stress of fluid, µ is the viscosity coefficient of
fluid, and u is the velocity vector of fluid.

The water flow direction of the horizontal unit is perpendicular to the direction of
gravity. Hence, the influence of the gravity factor on the internal flow field of the turbine
needs to be considered in the numerical calculation; thus the source term in the equation is
defined as Si = ρg.

The flow simulation with the free surface focuses on how to track the free surface. The
problem can be solved in many ways, such as the steel lid law, marking particle method,
the height function method, and the volume of fluid (VOF) method. The advantage of the
VOF method is that it is the only function that can describe a variety of complex changes
in the free surface. Thus, in this study, the VOF method is used to solve the water–air
two-phase flow in the bulb turbine while considering the free surface. The position of the
free surface is determined by establishing and solving the transport and diffusion equation
of the volume function.

The transport and diffusion equation of the volume function is as follows:

∂ ∝q

∂t
+ uq

∂ ∝q

∂xq
= 0, (3)

where ∝q is the volume fraction of the q-th phase fluid in the control body.
When ∝q= 0, the q-th phase fluid does not exist in the control body.
When ∝q= 1, the control body is filled with the q-th phase fluid.
When 0 <∝q< 1, the q-th phase fluid and other phase fluids exist in the control body

simultaneously, and the phase interface is clear.
Therefore, according to the local fluid volume fraction, each control unit in the com-

putational domain is assigned variable values and physical properties. By solving the
VOF equation, the volume fraction of each phase in each control unit can be obtained,
combined with the phase volume fraction of nearby cells, and according to certain rules,
the phase boundary can be accurately described, and then, the control equation can be
solved discretely.

As the standard k-ε turbulence model has the characteristics of stability, simplicity,
and economy, this model has sufficient accuracy in a wide range of applications, including
boundary layer flow, flow in pipes, and shear flow. Therefore, in this study, the standard
k-ε turbulence model with simple, stable, and relatively high economy and accuracy is
adopted. The SIMPLE Calgorithm with better convergence in the actual calculation is
combined to solve the complex three-dimensional incompressible flow in the turbine.

3. Results

This study mainly examines the performance of the prototype tubular turbine under
the influence of free surface and water gravity, which is consistent with the actual situ-
ation. Figure 1 shows the selected computational domain (including the upstream and
downstream reservoir areas and the tubular turbine).

This study aims to study the distribution law of the flow parameters in the tubular
turbine under different H/D1 conditions and to explore the relationship between the
distribution law of the flow parameters and H/D1. Thus, different actual hydropower
turbines under different water heads and with five-, four-, three-, and two-blade runners
are selected as the research objects. Table 2 shows the basic parameters for each actual
hydropower turbine.

High-quality structured grids for all components of the turbine units are created by
using the commercial software ANSYS ICEM-CFD with multi-block templates. Considering
the large density difference between water and vapor, the phase interface is often clear
at the free surface. Moreover, sparse grids near the free surface will cause a wider phase
interface and a greater error in the results; thus dense grids are needed near the free
surface. Meanwhile, the volume fraction gradient of the water and vapor changes largely
at the phase interface; denser grids can help the better development between the water
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phase and the vapor phase. In addition, owing to the complex flow components of the
tubular turbine, its internal flow patterns are also complex. To accurately capture the
complex flow in the bulb section, guide vane, runner, and draft tube section of the tubular
turbine, these components require a more refined grid distribution. The upstream and
downstream reservoir areas are larger in size, and the flow is relatively stable, and thusthe
grid distribution is relatively sparse. This method can not only prevent the calculation
speed slowdown caused by the dense grids of the entire computational domain effectively
but also make a good simulation for the phase interface and complex flow state.

Table 2. Basic parameters of the tubular turbine at different heads.

Numberof Blades Number of Guide Vanes Hub Ratio Water Head
(m)

Runner Diameter
(m)

Rotating Speed
(r/min) H/D1

5 16 0.41 19 5.1 115.4 3.73
4 16 0.36 10.2 6.7 75 1.52
3 16 0.34 9 7.2 75 1.25
2 16 0.3 4.3 7.6 60 0.57

To reduce the influence of the number of grids on the numerical calculation results,
taking the three-blade turbine as an example, the average static pressure on the blade
surface is selected as the evaluation value to verify the mesh independence, as shown in
Figure 2. When the number of grids in the computational domain is greater than or equal
to 3.14 million, the static pressure value of the blade surface remains unchanged. Therefore,
the grid distribution with a computational grid number of 3.14 million is finally selected
as the calculation grid. The bulb section, guide vane, and draft tube use the same mesh
number. Moreover, the runner adopts the same mesh topology structure when the number
of blades is different, and the number of generated meshes varies with the number of
blades. Table 3 presents the specific grid distribution of each part, and Figure 3 shows the
grid distribution of the computational domain.
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Table 3. Grid number of each flow component.

Turbine Flow Parts Nodes Grid Numbers

Upstream reservoir area and diversion section 668,275 667,168
Guide vane 1,087,760 1,017,042

Draft tube and downstream reservoir area 391,208 404,160
Five-blade runner 1,847,738 1,699,093
Four-blade runner 1,478,185 1,359,274
Three-blade runner 1,108,630 1,019,456
Two-blade runner 950,086 909,637
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Figure 4 showsthe initial flow field in this study.The red region indicates the initial
position of the water, and the blue region indicates the initial position of the air. Boundary
conditions are set as follows:
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Inlet of the upstream reservoir: liquid height and hydrostatic pressure.
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The top of reservoir: opening surface (air inlet; the water volume fraction is 0).
Rotating components: the runner is the rotating component, and the rotating speed
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Medium: water and air.

4. Experimental Verification of Numerical Calculation Method

For a tubular turbine, meeting geometric similarity and flow similarity in model testsis
difficult, and directly conducting research on prototype machinesis not easy. Thus, numeri-
cal simulation becomes the best method for the performance research of prototype tubular
turbines, and the feasible and reliable numerical simulation method is the key to the success
of numerical research. However, testing is difficult because of the inability to arrange the
measuring points on the unit and the lack of suitable measuring instruments to accurately
measure the flow velocity distribution and pressure distribution of the section.Therefore,
this study simplifies the tubular unit into a pressure pipeline containing upstream and
downstream water tanks for experimental research, as shown in Figure 5. The experimental
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model is designed according to the gravity similarity criterion. Figure 6 depicts the model
test and the arrangement of measuring points; the geometric scale is 1:50. Moreover, Table 4
presents the other corresponding physical quantity scales. At the same time, the numerical
simulation considering the free surface and water gravity forthe pressure pipeline model is
carried out.

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 18 
 

Figure 4 showsthe initial flow field in this study.The red region indicates the initial 
position of the water, and the blue region indicates the initial position of the air. Bound-
ary conditions are set as follows: 

Inlet of the upstream reservoir: liquid height and hydrostatic pressure. 
Outlet of downstream reservoir: liquid height and hydrostatic pressure. 
The top of reservoir: opening surface (air inlet; the water volume fraction is 0). 
Rotating components: the runner is the rotating component, and the rotating speed 

is given. 
Solid wall: solid wall with smooth no-slip boundary. 
Medium: water and air. 

 
Figure 4. Boundary conditions and initial flow field. 

4. Experimental Verification of Numerical Calculation Method 
For a tubular turbine, meeting geometric similarity and flow similarity in model 

testsis difficult, and directly conducting research on prototype machinesis not easy. Thus, 
numerical simulation becomes the best method for the performance research of proto-
type tubular turbines, and the feasible and reliable numerical simulation method is the 
key to the success of numerical research. However,testing is difficult because of the ina-
bility to arrange the measuring points on the unit and the lack of suitable measuring in-
struments to accurately measure the flow velocity distribution and pressure distribution 
of the section.Therefore, this study simplifies the tubular unit into a pressure pipeline 
containing upstream and downstream water tanks for experimental research, as shown 
in Figure 5. The experimental model is designed according to the gravity similarity cri-
terion. Figure 6 depicts the model test and the arrangement of measuring points; the 
geometric scale is 1:50. Moreover, Table 4 presents the other corresponding physical 
quantity scales. At the same time, the numerical simulation considering the free surface 
and water gravity forthe pressure pipeline model is carried out. 

 
Figure 5. Simplification of the model. 

    
(a) (b) (c) (d) 

Figure 6. Test model. (a) Pressure pipe; (b) upstream reservoir; (c) distribution of pressure meas-
uring points; (d) draft tube. 

Figure 5. Simplification of the model.

Sustainability 2022, 14, x FOR PEER REVIEW 7 of 18 
 

Figure 4 showsthe initial flow field in this study.The red region indicates the initial 
position of the water, and the blue region indicates the initial position of the air. Bound-
ary conditions are set as follows: 

Inlet of the upstream reservoir: liquid height and hydrostatic pressure. 
Outlet of downstream reservoir: liquid height and hydrostatic pressure. 
The top of reservoir: opening surface (air inlet; the water volume fraction is 0). 
Rotating components: the runner is the rotating component, and the rotating speed 

is given. 
Solid wall: solid wall with smooth no-slip boundary. 
Medium: water and air. 

 
Figure 4. Boundary conditions and initial flow field. 

4. Experimental Verification of Numerical Calculation Method 
For a tubular turbine, meeting geometric similarity and flow similarity in model 

testsis difficult, and directly conducting research on prototype machinesis not easy. Thus, 
numerical simulation becomes the best method for the performance research of proto-
type tubular turbines, and the feasible and reliable numerical simulation method is the 
key to the success of numerical research. However,testing is difficult because of the ina-
bility to arrange the measuring points on the unit and the lack of suitable measuring in-
struments to accurately measure the flow velocity distribution and pressure distribution 
of the section.Therefore, this study simplifies the tubular unit into a pressure pipeline 
containing upstream and downstream water tanks for experimental research, as shown 
in Figure 5. The experimental model is designed according to the gravity similarity cri-
terion. Figure 6 depicts the model test and the arrangement of measuring points; the 
geometric scale is 1:50. Moreover, Table 4 presents the other corresponding physical 
quantity scales. At the same time, the numerical simulation considering the free surface 
and water gravity forthe pressure pipeline model is carried out. 

 
Figure 5. Simplification of the model. 

    
(a) (b) (c) (d) 

Figure 6. Test model. (a) Pressure pipe; (b) upstream reservoir; (c) distribution of pressure meas-
uring points; (d) draft tube. 

Figure 6. Test model. (a) Pressure pipe; (b) upstream reservoir; (c) distribution of pressure measuring
points; (d) draft tube.

Table 4. Physical scale of the experimental mode.

Name Formula Value

Geometric scale λL = lp/lm 50

Speed scale λV = λ0.5
L 7.071

Flow scale λQ = λ2.5
L 17,678

Pressure scale λP = λL 50

Time scale λt = λ0.5
L 7.071

Roughness scale λn = λ1/6
L 1.919

Figures 7 and 8 show the comparison of the pressure and flow velocity in the pressure
pipeline model obtained through numerical simulations and experiments, respectively.
From the figure, the flow state in the pressure pipeline obtained through the numerical re-
search method considering the free surface and water gravity is similar to the experimental
results. Moreover, the feasibility of analyzing the flow characteristics of a tubular turbine
considering free surface and water gravity by the numerical research method is further
verified. Therefore, this numerical simulation method considering the free surface in the
reservoir area and water gravity can be used to estimate the performance of the horizontal
tubular unit.
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5. Analysis and Discussion of Calculation Results
5.1. Analysis of the Internal Flow Field Characteristics of the Tubular Turbine with Different
Head Sections

Figure 9 shows the pressure distribution inside the unit under different H/D1. In the
entire calculation domain, the pressure above the free surface is constant at atmospheric
pressure. Below the free surface, the pressure of the runner part fluctuates because of the
output power when the runner rotates. Furthermore, the pressure in the rest flow parts
increases with the increase inwater depth. The pressure in the upstream channel of the
runner is determined by the water depth of the upstream reservoir area. Moreover, the
pressure of the downstream channel of the runner is determined by the water depth of the
downstream reservoir area. The reason is that the water head of the turbine is the difference
between the upstream and downstream water levels. This water level difference is also
the energy that the runner needs to convert; thusit also indirectly reflects the pressure
difference before and after the runner.When H/D1 is large, the upstream water level is
deep, and the downstream water level is shallow, and thusthe pressure changes before
and after the runner are evident. When H/D1 is small, a small difference between the
upstream and downstream water levels makes the pressure change before and after the
runner smaller.
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Figure 9. Pressure distribution in the flow channel.

To compare the speed distribution in the tubular turbine under different H/D1 condi-
tions, the relative velocity Cv is introduced:

Cv = ∑ Avi
Q

(4)

where A is the flow area, Q is the flow rate, and vi is the instantaneous speed of the
water flow.

In order to analyze the flow state of different parts inside the turbine in detail, corre-
sponding measuring points and observation planes are arranged inside the turbine. As
shown in Figure 10.
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circumferential direction before the guide vane inlet at different H/D1. It can be seen 
from the figure that with the decrease inH/D1, the uniformity of the flow velocity distri-
bution along the height direction of the guide vane is better. Along the circumferential 
direction, owing to the shunt effect of the bulb body and the upper and lower shafts on 
the flow, before reaching the movable guide vane, a small flow velocity area still exists 
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the most uneven. When passing through the guide vanes, the water flow is further 
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Figure 10. Schematic diagram of measuring point layout and observation plane position.

Figure 11 shows the relative velocity distribution at the inlet of the unit (Plane 1 of
Figure 10) at different H/D1. From the figure, in most of the areas of the inlet, the non-
uniformity of the flow velocity distribution at the inlet of different H/D1 units is different.
This non-uniformity is more evident along the direction of the inlet height. To be more
intuitive and quantify this inhomogeneity, the relative velocity from the top to the bottom
of the middle position of the inlet section is taken, as shown in Figure 12. From the figure,
when H/D1 is large, the uniformity of the flow velocity distribution along the height
direction is better. Moreover, when H/D1 = 0.57, the difference between the maximum
relative flow velocity and the average value at the middle position of the inlet section is
up to 0.163, whereas the remaining three H/D1 cases have only 0.071, 0.052, and 0.061,
respectively. The small H/D1 aggravates the non-uniformity of the incoming flow of the
unit, and thus the flow entering the unit is more concentrated at the top of the inlet section.
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Figure 13 shows the relative velocity distribution at different positions along the
circumferential direction before the guide vane inlet at different H/D1. It can be seen from
the figure that with the decrease in H/D1, the uniformity of the flow velocity distribution
along the height direction of the guide vane is better. Along the circumferential direction,
owing to the shunt effect of the bulb body and the upper and lower shafts on the flow,
before reaching the movable guide vane, a small flow velocity area still exists near the
end of the shaft. In addition, the flow velocity distribution near the bulb body is the most
uneven. When passing through the guide vanes, the water flow is further equalized by
the guide vanes. The uneven distribution of flow velocity in a small area caused by the
vertical shaft before the entrance of the guide vanes has been further improved. However,
unevenness still exists, as shown in Figure 14.
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5.2. Analysis of the Internal Pressure Pulsation Characteristics of the Tubular Turbine with
Different Head Sections

During the actual operation of the tubular turbine, the pressure on the blade at different
positions is different because of the influence of the hydrostatic pressure caused by the
water gravity. During the operation of the turbine, the blade will experience a pressure cycle
process behaving as “high pressure–low pressure–high pressure.” To study the different
effects of the hydrostatic pressure generated by the water gravity on the water pressure
distribution on the blade surface under different H/D1 conditions in detail, four monitoring
points on the blade (Figure 15) were selected to conduct the transient state analysis of the
blade surface pressure pulsation. Figure 16 shows the pressure coefficient Cp (Cp = P/ρgH)
fluctuation on the blade under different H/D1. From the figure, under different H/D1
conditions, the pressure distribution on the blade surface changes periodically during the
operation of the horizontal tubular turbine. The vertical displacement experienced by the
part of the blade near the shroud is close to the runner diameter D1. Thus, the hydrostatic
pressure change experienced is ρgD1. The vertical displacement experienced by the part
of the blade near the hub is close to the hub diameter db; thusthe hydrostatic pressure
change experienced is ρgdb. Moreover, the pressure change on the blade surface is the
joint action of the hydrostatic pressure and the dynamic water pressure. Furthermore, the
dynamic water pressure on the blade surface changes less with height, and the change law
of the pressure fluctuation is mainly dominated by the hydrostatic pressure. Therefore, the
magnitude of the pressure fluctuation on the blade near the shroud is greater than that
near the hub. As H/D1 decreases, the submerged depth of the runner increases, and the
hydrostatic pressure difference from the top to the bottom of the runner chamber increases.
When the blade makes one revolution, the fluctuation amplitude of the pressure at different
positions on the blade increases significantly. Tubular turbine blades are prone to vibration
under the action of this unbalanced periodic pressure fluctuation, and even material fatigue
damage occurs. Particularly in the case of ultra-low H/D1, the vibration of the tubular
turbine is more severe, and this phenomenon is more consistent with the actual operation
of the power station.



Sustainability 2022, 14, 5133 12 of 17

Sustainability 2022, 14, x FOR PEER REVIEW 12 of 18 
 

5.2. Analysis of the Internal Pressure Pulsation Characteristics of the Tubular Turbine with 
Different Head Sections 

During the actual operation of the tubular turbine, the pressure on the blade at dif-
ferent positions is different because of the influence of the hydrostatic pressure caused 
by the water gravity. During the operation of the turbine, the blade will experience a 
pressure cycle process behaving as “high pressure–low pressure–high pressure.” To 
study the different effects of the hydrostatic pressure generated by the water gravity on 
the water pressure distribution on the blade surface under different H/D1 conditions in 
detail, four monitoring points on the blade (Figure 15) were selected to conduct the tran-
sient state analysis of the blade surface pressure pulsation. Figure 16 shows the pressure 
coefficient Cp (Cp= P/ρgH) fluctuation on the blade under different H/D1. From the fig-
ure, under different H/D1 conditions, the pressure distribution on the blade surface 
changes periodically during the operation of the horizontal tubular turbine. The vertical 
displacement experienced by the part of the blade near the shroud is close to the runner 
diameter D1. Thus,the hydrostatic pressure change experienced is ρgD1. The vertical dis-
placement experienced by the part of the blade near the hub is close to the hub diameter 
db; thusthe hydrostatic pressure change experienced is ρgdb. Moreover, the pressure 
change on the blade surface is the joint action of the hydrostatic pressure and the dy-
namic water pressure. Furthermore,the dynamic water pressure on the blade surface 
changes less with height, and the change law of the pressure fluctuation is mainly dom-
inated by the hydrostatic pressure. Therefore,the magnitude of the pressure fluctuation 
on the blade near the shroud is greater than that near the hub. As H/D1 decreases, the 
submerged depth of the runner increases, and the hydrostatic pressure difference from 
the top to the bottom of the runner chamber increases. When the blade makes one revo-
lution, the fluctuation amplitude of the pressure at different positions on the blade in-
creases significantly. Tubular turbine blades are prone to vibration under the action of 
this unbalanced periodic pressure fluctuation, and even material fatigue damage occurs. 
Particularly in the case of ultra-low H/D1, the vibration of the tubular turbine is more 
severe, and this phenomenon is more consistent with the actual operation of the power 
station. 

 
Figure 15. Pressure monitoring location. Figure 15. Pressure monitoring location.

Sustainability 2022, 14, x FOR PEER REVIEW 13 of 18 
 

 
Figure 16. Pressure variation on the blade of different H/D1 during rotating. 

To analyze the pressure pulsation in the draft tube of the tubular turbine with dif-
ferent H/D1, two monitoring points above and below the inlet section of the draft tube 
are selected, as shown in Figure 10. Figure 17 shows the variation curve of the pressure 
with time at each monitoring point and its frequency spectrum characteristics. From 
Figure 17, the frequency of pressure pulsation in the draft tube is relatively complex, but 
for the same unit, the pressure pulsation and frequency spectrum characteristics at the 
top and bottom of the draft tube have the same law. The pressure difference between the 
two monitoring points at the same time is the static pressure difference caused by the 
elevation difference. Moreover, the frequency characteristics are the same except for the 
difference in amplitude. The draft tube has a typical low-frequency pressure pulsation 
under different H/D1 with frequencies of 1.87, 1.256, 0.706, and 1.956Hz. When the water 
head is high (H/D1 = 3.73), the pressure pulsation in the draft tube is mainly dominated 
by low-frequency pressure pulsation. However, with the decrease inthe water head, 
when the H/D1 is 1.52, 1.25, and 0.57, respectively, the pressure pulsation is very com-
plex, and the high-frequency pressure pulsation signals with a frequency of 1500 to 2300 
Hz appear concentrated. Furthermore, the amplitude of the pressure pulsation of each 
frequency in the draft tube increases with the decrease inthe H/D1. The smaller the H/D1, 
the more severe the hydraulic vibration caused by the pressure pulsation in the draft 
tube, which will have a great impact on the stability of the turbine. 

  

Figure 16. Pressure variation on the blade of different H/D1 during rotating.

To analyze the pressure pulsation in the draft tube of the tubular turbine with different
H/D1, two monitoring points above and below the inlet section of the draft tube are
selected, as shown in Figure 10. Figure 17 shows the variation curve of the pressure with
time at each monitoring point and its frequency spectrum characteristics. From Figure 17,
the frequency of pressure pulsation in the draft tube is relatively complex, but for the same
unit, the pressure pulsation and frequency spectrum characteristics at the top and bottom
of the draft tube have the same law. The pressure difference between the two monitoring
points at the same time is the static pressure difference caused by the elevation difference.
Moreover, the frequency characteristics are the same except for the difference in amplitude.
The draft tube has a typical low-frequency pressure pulsation under different H/D1 with
frequencies of 1.87, 1.256, 0.706, and 1.956Hz. When the water head is high (H/D1 = 3.73),
the pressure pulsation in the draft tube is mainly dominated by low-frequency pressure
pulsation. However, with the decrease inthe water head, when the H/D1 is 1.52, 1.25, and
0.57, respectively, the pressure pulsation is very complex, and the high-frequency pressure
pulsation signals with a frequency of 1500 to 2300 Hz appear concentrated. Furthermore,
the amplitude of the pressure pulsation of each frequency in the draft tube increases with
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the decrease inthe H/D1. The smaller the H/D1, the more severe the hydraulic vibration
caused by the pressure pulsation in the draft tube, which will have a great impact on the
stability of the turbine.

Sustainability 2022, 14, x FOR PEER REVIEW 14 of 18 
 

 

 

H/D1 = 3.73 

 

 
H/D1 = 1.52 

 

 

H/D1 = 1.25 

 

 

H/D1 = 0.57 

Figure 17. Characteristic distribution of pressure pulsation in the draft tube. 
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Figure 17. Characteristic distribution of pressure pulsation in the draft tube.
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5.3. Analysis of Torque Characteristics of the Tubular Turbine with Different Head Sections

To facilitate the analysis of the torque on the blades at different positions of the runner,
the torque percentage is introduced, and its expression is shown in Equation (5), where Mi
is the torque value of a single blade, and i is the blade number.

Torque percentage = (
Mi

∑ Mi
)× 100% (5)

Figure 18 shows the torque at different H/D1 generated by the blades in different
positions. The average value of the torque percentage of each blade is used as a reference
value. The average value is defined as follows: the torque suffered by the entire runner is
recorded as 100%. When the free surface and water gravity are not considered, the torque
suffered by each blade is the same, and the average torque percentage of each blade is
100/N (%), where N is the number of blades.
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When considering the free surface and water gravity, Figure 18 shows that when
the H/D1 is different, the blade torque at different positions deviates from the average
value. When the blade starts to rotate around the shaft from the bottom of the runner
chamber, the change process of torque is as follows: during the rotation of the blade from
the bottom to the top of the runner chamber, the torque increases from the average value to
the maximum value and then gradually decreases to the average value; when the blade
rotates from the top to the bottom of the runner chamber, the torque starts to decrease from
the average value to the minimum value and then gradually increases to the average value.
The maximum and minimum torque of the blade mainly occurs at the horizontal position,
and the position where the torque is close to the average value is the top and bottom of the
runner chamber. Therefore, when the runner rotates, the maximum torque always occurs
when the blade rotates against the water gravity. Moreover, the minimum value always
occurs in the process of the water flow gravity pushing the blade rotation. Each blade bears
the fluctuation of the torque when the runner rotates.
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Table 5 shows the variation of the blade torque relative to the average value for
different H/D1. From the table, the influence of free surface and water gravity on blade
torque varies with H/D1 and the number of blades. The smaller the H/D1 is, the lowerthe
number of blades is, and the greater the torque fluctuation is, which is not conducive to
the safe and stable operation of the turbine. Therefore, when a two-blade runner is used
in an ultra-low-head power station, although a small number of blades can maximize the
overflow of the turbine, problems such as the increase inblade area and the large fluctuation
of torque are unfavorable to the safe and stable operation of the power station.

Table 5. Relative variation of torque.

H/D1 Torque Increase Value Torque Reduction Value

3.73 +0.83 −0.85

1.52 +1.293 −1.706

1.25 +1.802 −2.056

0.57 +2.75 −2.75

6. Conclusions

In this study, a numerical study on the prototype tubular turbine with different H/D1
is carried out under the consideration of the free surface in the upstream and downstream
reservoir areasand water gravity. The distribution and development law of different
hydraulic elements in the prototype tubular turbine during the operation are analyzed; the
main conclusions are as follows:

(1) Owingto the short water diversion section of the tubular turbine, the water flow
from the reservoir area to the inlet section undergoes a sudden change in the flow channel,
which makes the axial symmetry of the flow velocity distribution poor, and the lower the
H/D1, the more evidentthis phenomenon is. Although the bulb body and the guide vane
have an apparent equalizing effect on the water flow, the axisymmetric of the water flow
along the circumferential direction before reaching the runner is still poor.

(2) Periodic pressure fluctuations will appear on the blade when the runner rotates.
The smaller the H/D1 is, the submerged depth of the runner increases, and the amplitude
of the water pressure fluctuation on the blade increases significantly. Under the action of
this unbalanced periodic pressure fluctuation, the blade of the tubular turbine is prone to
vibration and even material fatigue damage.

(3) Under different H/D1, a low-frequency, high-amplitude pressure pulsation occurs
in the draft tube. The amplitude of this low-frequency pressure pulsation increases with
the decrease in H/D1. Moreover, when H/D1 decreases, the high-frequency pressure
pulsation signal with a concentrated frequency appears in the draft tube, which will cause
the hydraulic vibration of the low-head turbine.

(4) During the rotation of the runner, the torque of a single blade will fluctuate peri-
odically. The maximum torque appears at the horizontal position of the runner and in the
process of overcoming the water gravity. Moreover, the minimum value appears at the
horizontal position of the blade, whereasthe water gravity pushes the blade to rotate. With
the blades at the top and bottom of the runner chamber, the torque is close to the average
blade. The fluctuation of blade torque becomes stronger with the decrease in H/D1, which
is not conducive to the stability of the output of the turbine.

It can be seen from the research results that for a horizontal tubular turbine, the sub-
merged depth of the runner increases with the decrease inthe water head, the unbalanced
hydrostatic pressure caused by water gravity from top to bottom in the runner chamber
makes the hydraulic imbalance and hydraulic vibration inside the turbine, as well as the
fluctuation of the output, more severe. This conclusion can well reveal the reasons for
the unstable output and severe vibration of the tubular turbine during operation at the
ultra-low water head. Severe vibration will inevitably cause fatigue damage tomaterials
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and affect the life of the unit.Therefore, in the next stage of the research, the fluid-structure
coupling analysis of the prototype tubular turbine can be carried out to reveal the stress–
strain characteristics of the tubular turbine runner blade and provide effective guidance for
the hydraulic design and operation of the tubular turbine.
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