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Abstract

Hydraulic dynamometer is the key equipment to measure the dynamic performance of high-
power gas turbines and steam, with its internal flow characteristics directly influencing
measurement accuracy and service life. This paper focuses on the power absorption
performance and internal flow characteristics of a hydraulic dynamometer with perforated-
disk rotor. A hydraulic test platform is established to measure the power absorption
performance of megawatt-level hydraulic dynamometers. When the rotor speed reaches
a certain value under the full-water condition, the power absorption of the hydraulic
dynamometer reaches its limit. Numerical simulations are applied to study the internal
flow characteristics and cavitation evolution features of the perforated-disk-type hydraulic
dynamometer. The flow within the outermost rotor pores is the primary factor influencing
unsteady flow behaviour, with dynamic–static interference playing a key role in inducing
flow excitation. Moreover, cavitation mainly occurs in the flow passages of the end rotor
and the outermost flow pores of the middle rotor, where the development and collapse
of cavitation bubbles lead to flow instability. As the rotation speed decreases, the power
absorption performance significantly decreases under cavitation conditions. These findings
provide a theoretical basis for the structural optimization and engineering application of
high-power hydraulic dynamometers.

Keywords: hydraulic dynamometer; perforated-disc rotor; power absorption performance;
unsteady flow; cavitation

1. Introduction
The high-power gas turbine is the driving force for ship navigation, the most important

equipment on board and the heart of the ship. Due to its large size and high power,
calibration testing for it is a major challenge. The hydraulic dynamometer is a device that
utilizes the relative motion between the stator and rotor to generate frictional torque and
circulating torque in the water inside the cavity for power absorption. The dynamometer is
the main equipment for measuring high-power gas turbines, and its measurement power
range can reach the megawatt level.

Traditional hydraulic dynamometer adopts the blade-type rotor, which increases the
water power by the blades to implement testing of gas turbine output power [1]. Hodgson
and Raine [2,3] studied the entire process of power measurement in a hydraulic dynamome-
ter, analyzed the main geometric parameters that affect the power absorption of hydraulic
dynamometer, established mathematical relationship theoretical formulas, and preliminar-
ily determined the relationship between the absorbed power of hydraulic dynamometer
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and the angles of stator and rotor blades, rotor radius, and water filling rate. The perfor-
mance response of hydraulic dynamometer absorption power with variations in speed
and flow rate under different filling ratios as well as the influence of different blade clamp-
ing angles on the performance of hydraulic dynamometer were studied by conducting
experiments. Du and King [4,5] explored the influence of hydraulic dynamometer water
volume on torque through a combination of empirical formulas and mathematical analysis.
Regarding parameter optimization and dynamic characteristics, the effects of blade angle
and water temperature on torque were analyzed by numerical simulations, confirming
the significant regulatory effect of flow parameters on performance. Lytviak et al. and Li
et al. [6,7] analyzed the comprehensive effects of interference fit between the rotor and the
rotating shaft, inertia force, pressure generated by the liquid flowing in the internal cavity
of the rotor and stator, and temperature of the water flow. The effects of stator vibration on
power absorption performance were studied. The rotor is the core component that absorbs
power and is an axial flow rotor. The blade angle, outlet placement angle, and impeller
diameter are the main parameters that affect the rotor structure. Reducing the inlet angle,
increasing the outlet placement angle, and rotor diameter can increase the rotor absorbed
power performance [8–10].

The hydraulic dynamometer absorbs the output power of the power machinery
through the turbulence generated by the interaction between the stator and rotor. The
manifestation of the interaction between its overcurrent components is the temperature
and pressure changes in water. According to the research results of cavitation mecha-
nism [11–13], the increase in water temperature and the decrease in local pressure can
promote the occurrence of cavitation phenomenon. When the bubbles generated in the
medium develop into voids, they will collapse as they move to the high-pressure zone.
The energy generated by the collapse of the voids will be transmitted to the overcurrent
surface along with the thermal process, causing material damage and forming cavitation
erosion [14–16]. Cavitation is one of the most common faults in hydraulic dynamometers.
Many testing techniques, including PIV, are used to study cavitation phenomena inside
hydraulic machinery [17,18]. For high-power hydraulic dynamometers, the rotor and stator
need to be checked every 500 h during the application of a hydraulic dynamometer. Cavita-
tion mainly occurs at the junction of the variable cross-section U-shaped groove and the
end plane, causing circumferential block shedding at this junction with a maximum depth
of 10 mm. The cavitation of the guide ring components mainly occurs at the maximum
radial protrusion of the guide ring and the inner wall, causing a certain degree of block
shedding in this area with a maximum depth of 6 mm at the protrusion and 4 mm at the
inner wall. The cavitation of the rotor components mainly occurs at the bottom and top of
the variable cross-section U-shaped groove of the rotor, and the maximum size of the block
shedding caused by cavitation is about 10 mm × 6 mm × 80 mm [19,20].

The rotor is a critical area for changing the temperature and hydrodynamic perfor-
mance of internal fluid. The geometric dimensions of the rotor not only affect the power
absorption performance of a hydraulic dynamometer but are also key parameters de-
termining cavitation performance. Particularly, for the blade inlet angle, there exists an
optimal solution that can improve cavitation performance [21,22]. The dynamic and static
interference between the rotor and stationary components is another major factor caus-
ing cavitation erosion. Increasing the gap size appropriately can effectively alleviate the
negative effects of cavitation [23–25]. However, cavitation is currently the most difficult
problem to deal with in blade-type rotor hydraulic dynamometers.

In recent years, hydraulic dynamometers with perforated-disk-type rotor and stator
have been applied to measure high-power gas turbines. Compared to the blade-type
flow channels, perforated-disk-type flow channels can significantly improve the cavitation
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performance of hydraulic dynamometers. Nevertheless, there is limited research on the
performance and internal flow characteristics of this type of hydraulic dynamometer.
Therefore, this paper focuses on the study of the power absorption performance and
cavitation characteristics of a perforated-disk hydraulic dynamometer under different
rotation speed conditions. A hydraulic test platform has been established to measure the
power absorption performance of megawatt-level hydraulic dynamometers. Numerical
simulations are applied to study the internal flow characteristics and cavitation evolution
features of the perforated-disk-type hydraulic dynamometer. This work provides some
evidence for optimizing the design of hydraulic dynamometers, improving the operational
performance, and enhancing the cavitation characteristics.

2. Materials and Methods
2.1. Hydraulic Dynamometer Model

A hydraulic dynamometer with perforated-disk-type rotor is selected as the research
object in the paper. Its maximum absorption power is 30 MW, and the maximum speed
is 6500 r/min. The working fluid enters the suction chamber of the upper part of the
dynamometer through an inlet pipe and enters 9 rotors through 8 intermediate stators.
The interference effect between 9 rotors and 10 stators (8 intermediate stators and 2 end
stators) is used to convert the load power into water power. Then, the fluid enters the outlet
chamber of the lower part of the dynamometer through 9 drainage rings and flows out of
the dynamometer, forming the overcurrent structure of the hydraulic dynamometer, as seen
in Figure 1. The flow field inside the hydraulic dynamometer consists of an inlet chamber,
10 stators, 9 rotors, 9 drainage rings, and an outlet chamber, with geometric parameters, as
shown in Table 1.

(a) flow process  (b) composition of overcurrent components 

Figure 1. Hydraulic dynamometer structure.

Table 1. Design requirements of hydraulic dynamometer.

Design Parameters Value

inlet pipe diameter/m 0.2
stator diameter/m 0.658

stator hub diameter/m 0.222
stator number 10

rotor diameter/m 0.544
rotor hub diameter/m 0.178

rotor number 9
outlet pipe diameter/m 0.2
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2.2. Experimental Devices and Methods

The hydraulic dynamometer performance test platform is set up to investigate the
hydraulic absorption power performance and cavitation characteristics of a hydraulic
dynamometer at different rotation speeds. The test platform is made up of tested hydraulic
dynamometer, power load, electric butterfly valve, water supply pump, pipelines and
water reservoir, as illustrated in Figure 2. The hydraulic dynamometer performance test
system with electromagnetic flowmeter, tachometer, and pressure sensor is used to capture
and gather test data. The circulating water is supplied by water reservoir, and its flow
rate and pressure are increased by a water supply pump. The pipeline water enters the
hydraulic dynamometer for energy conversion, achieving power measurement of the
power load. The electric butterfly valve is set at the water supply pipe to control the
flow rate of the hydraulic test system. The electromagnetic flowmeter is used to measure
and collect the flow data in the pipeline. The upstream and downstream pipeline lengths
of the flowmeter are longer than ten times of the pipe diameter. Pressure sensors are
installed in the pipelines connecting the tested hydraulic dynamometer, spaced two pipe
diameters apart from the dynamometer inlet or outlet. The absorbed power of a hydraulic
dynamometer is the core indicator for evaluating the performance, and the absorbed power
T is defined as Equation (1):

T = ρlQ(u2vu2 − u1vu1) (1)

where ρl, Q, u2, vu2, u1 and vu1 are the water density, flow rate in the hydraulic dynamome-
ter, tip velocity at the rotor outlet, circumferential velocity at the rotor outlet, tip velocity at
the rotor inlet, and circumferential velocity at the rotor inlet, respectively.

 
(a)  (b) 

Figure 2. Hydraulic dynamometer performance test platform: (a) hydraulic dynamometer perfor-
mance test system, (b) the on-site installation diagram of the tested hydraulic dynamometer.

2.3. Numerical Simulation Method

Numerical simulations are used to analyze the internal flow characteristics and cavi-
tation evolution characteristics of a hydraulic dynamometer using the commercial CFD
software, ANSYS CFX. The internal flow field of the hydraulic dynamometer consists of
30 computational domains, including an inlet chamber, 10 stators, 9 rotors, 9 drainage rings,
and an outlet chamber. Considering the complex internal flow and multiple computational
domains of hydraulic dynamometer, the SST k-ω turbulence model is used to solve the
momentum equation, as shown in Equations (2)–(9). The finite volume method is applied
to discrete control equations and 25 ◦C water is used as the working fluid. The numerical
simulation adopts transient simulation, with a rotation of 1 degree as the duration and
a total rotation time of 8 revolutions. The dynamic and static interfaces between stator and
rotor, as well as between the rotor and the drainage ring, are set to “transient rotor–stator”.
In the numerical simulation method, the inlet boundary is set to “total pressure” with the
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experimented pressure of dynamometer inlet, while the outlet boundary condition is set to
“velocity” with the accurate velocity component of the dynamometer operation condition.

∂

∂t
(ρk) +

∂

∂xi
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∂
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where β* = 0.09, α1 = 5/9, β1 = 0.075, σk1 = 0.85, σω1 = 0.5, α2 = 0.44, β2 = 0.0828, σk2 = 1.0,
σω2 = 0.856.

The simulation for the cavitation evolution in hydraulic dynamometer is based on the
homogeneous flow model of gas–liquid two-phase coupling, and the Schnerr–Sauer model
is used to simulate phase transition between gas–liquid two phases, incorporating mass
transfer from liquid to gas phase:

α
dρv

dt
+ ρv

dρv

dt
+∇

(
αρvV

)
=

ρvρl Dα

ρDt
(10)

where ρv is the gas phase density, kg/m3; ρl is the density of liquid phase, kg/m3; ρ is the
density of mixed phase, kg/m3; α is the gas phase volume fraction.

The net mass source phase is

R =
ρvρl

ρ

dα

dt
(11)

The relationship between gas volume fraction and quantity is as follows:

α =
nb

4
3 πR3

b

1 + nb
4
3 πR3

b
(12)

Combine Equation (11) and Equation (12) to obtain

R =
ρvρl

ρ
α(1 − α)

3
Rb

√
2(Pv − P)

3ρl
(13)

where R is the gas–liquid two-phase mass transfer rate; Rb is the bubble radius, m. The
expression of bubble radius Rb is
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Rb =

(
α

1 − α

3
4π

1
nb

) 1
3

(14)

where nb is the number of bubbles per unit volume, nb = 1013/m3.
The hexahedral meshes are applied to 30 independent computational domains of the

hydraulic dynamometer in Figure 3. The maximum nondimensional wall distance y+ value
is less than 1 in Figure 4. The finer grids are devoted to the computational domain after
the grid independence test using the grid convergence index (GCI). The GCI is defined
in Equation (15), and this grid GCI test on account of the absorbed power p values at
the dynamometer speed condition of 6000 r/min is displayed in Table 2. The mesh with
3.22 × 107 grid points is selected in this work, considering the computing capacity and
grid error.

GCIk = εs
ri

k,k+1 φr(k,k+1)

ri
k,k+1 − 1

(15)

where εs is the safety factor, and from 1.25 to 3.00, ri
k,k+1 is the mesh refinement ratio,

φr(k,k+1) is the relative error between grids.

 

Figure 3. Computation domain and grid.

   

Figure 4. Y+ value distribution on rotor wall surface.

Table 2. Grid independence analysis.

Parameters Values

Number of elements N1/N2/N3
2.14 × 107/3.22 × 107/
4.12 × 107

Computed absorbed power T corresponding
to N1, N2, and N3, MW T1/T2/T3 31.85/31.24/31.16

Apparent order p 1.32
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Table 2. Cont.

Parameters Values

Grid convergence index corresponding to N1,
N2, and N3

GCI1/GCI2/GCI3 3.26%/2.24%/1.89%

3. Result and Discussion
3.1. Power Absorption Performance of 30 MW Hydraulic Dynamometer

The power absorption performance characteristics of a 30 MW hydraulic dynamometer
are measured on the hydraulic dynamometer performance test platform. The dynamometer
is operating under rated rotation speed conditions, and its power absorption performance
develops along the black tested curve in Figure 5 when the dynamometer tank is full of
water. This operating condition is considered as the full-water operating condition. The
tested power of the dynamometer gradually increases as the rotation speed increases. When
the speed reaches 4700 r/min, the tested power reaches its peak (30 MW). The rotation
speed continues to increase after it exceeds 4700 r/min, and the tested power remains
constant. When the dynamometer tank is not filled with water, the absorbed power value is
less than that under the full-water operating condition and this condition is called the water
shortage condition. The dynamometer operates at a certain rotation speed under water
shortage condition, and its power absorption performance follows the blue dashed line.

 

Figure 5. Experimental and numerical performances of hydraulic dynamometer.

The experimental tests for dynamometer power absorption performance have verified
the applicability of the numerical simulation method applied in the paper. The full-water
operating conditions of the hydraulic dynamometer are simulated at critical rotation
speeds including 2000 r/min, 3000 r/min, 4000 r/min, 5000 r/min, and 6000 r/min. With
the increase in dynamometer rotation speed, the variation patterns of tested power and
simulated power are similar. However, the simulated value is slightly higher than the
tested one, which is due to inevitable manufacturing errors and fitting errors in the actual
device. The maximum simulation error is 4.3% in working conditions with a high-frequency
dynamometer, and the numerical simulation results are reliable.

3.2. Porous Flow and Hydrodynamic Characteristics

The working fluid enters the stator channel from the inlet chamber, then flows into
the rotor channel, and flows out of the hydraulic dynamometer through the drainage
circulation to the outlet chamber. Figure 6 shows the entire process of the fluid flowing from
the upper inlet chamber into the stator channel and from the lower outlet chamber out of
the dynamometer. Considering the impact of a performance inflexion point of 4700 r/min,
hydraulic dynamometer operation conditions of 4000 r/min and 6000 r/min are selected to
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study the inner flow characteristics. The flow velocity of the fluid in the inlet pipe and stator
is low; the flow velocity increases sharply when it enters the rotor flow channel. The rotor
is the core flow channel for fluid energy exchange inside the dynamometer, and it is also
a key overcurrent component for absorbing power. The fluid velocity in the porous flow
channel of the rotor is significantly high, and the flow is particularly intense. Compared
to the speed condition of 4000 r/min, the flow velocity in the rotor channel is higher at
the speed condition of 6000 r/min, indicating greater fluid energy. The high-speed rotor
can absorb greater measured power. The fluid enters the drainage ring from the rotor
outlet, rectified by the drainage ring and enters the casing outlet chamber. The significant
change in flow velocity occurs at the junction of the drainage ring and the casing outlet
chamber. The fluid flowing out of the nine drainage rings is concentrated at the casing
outlet chamber, forming a mixed flow field and causing non-uniform flow distribution. As
the rotor speed increases, this non-uniform flow becomes more intense and prone to shock
vibration, which has a negative impact on the torque measurement of the casing and the
operational stability of the device.

 
   

  (a) 4000 r/min  (b) 6000 r/min 

Figure 6. Flow velocity evolution in hydraulic dynamometer.

Obvious vortex structures appear in the internal flow channel of the hydraulic dy-
namometer, as shown in Figure 7. The Q criterion is used to capture and identify vortex
structures in the flow field inside hydraulic dynamometers, explore vortex structures
of various scales and intensities in the flow, and analyze the generation, shedding, and
development of vortices:

Q =
1
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)
− ∂u
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− ∂u
∂z
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∂x

− ∂v
∂z

∂w
∂y

(19)

The vortex structure inside the hydraulic dynamometer intensively exists in the rotor
flow channel, stator–rotor interface, rotor–drainage ring interface, and drainage ring outlet.
High intensity vortex motion mainly occurs in the rotor flow channel, especially in the
porous structure of the rotor. The high-speed rotation of the rotor induces unsteady
fluid flow. The flow velocity gradient in the rotor channel is large, which easily leads to
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separated flow and induces large vortex structures, resulting in vortex-induced phenomena.
Compared to the middle rotor, the vortex intensity in the end rotors at both ends is higher.
There is no flow on one side of the end rotor, resulting in additional flow impact and
more obvious flow separation, leading to higher vortex intensity. There are obvious vortex
structures in the outflow of nine drainage rings, which is due to the interference between
high-speed outflow and low-speed fluid inside the casing, inducing vortex excitation
phenomenon. Compared to the speed of 4000 r/min, the vortex excitation inside the
rotor at 6000 r/min is more pronounced, indicating that high-speed rotors can induce
greater flow excitation when absorbing more power, resulting in measurement errors and
unit vibrations.

 

 

   
  (a) 4000 r/min  (b) 6000 r/min 

Figure 7. Vortex intensity distribution inside hydraulic dynamometer.

It is obvious that the rotor is a key component for water flow energy exchange and
power measurement in the hydraulic dynamometer. The porous structure of the rotor
increases the kinetic and pressure energy of the fluid. Considering the symmetry of the
rotor–stator structure, nine rotors have been numbered in Figure 8, and the flow distribution
on the center plane between rotor 1 and its right stator is shown in Figure 9. The obvious
characteristics of orifice outflow appear in the center plane, where the fluid velocity flowing
out from the rotor orifice structure is significantly higher, especially the outermost orifice
flow. Moreover, the fluid in some of the orifices below, namely the orifices near the outlet
of the hydraulic dynamometer, has a higher flow velocity in the same circle of orifice flow.
The outlet of the drainage ring is located below the dynamometer, and the fluid in the rotor
flows toward the drainage ring. The increase in flow rate in the limited space causes an
increase in flow velocity. Specifically, there are some fluids with higher velocities in the
outermost layer to the left below the rotor. The rotation of the rotor is clockwise, and the
high-speed flow area here indicates that there is still some high-speed fluid in the rotor flow
channel that has not flowed to the drainage ring. As the rotation speed increases (from 4000
r/min to 6000 r/min), this phenomenon becomes more pronounced. This part of the flow
belongs to ineffective flow, and the flow area inside the drainage ring should be increased
to alleviate this flow distribution.

The flow on the center cross-section of nine rotors was extracted to analyze the power
absorption performance and internal flow characteristics of rotors at different positions,
as shown in Figure 10. There are obvious high-speed and low-speed zones in the flow
inside the outermost orifice. The size of the orifice in the porous structure of the rotor is
relatively small, and the obvious high and low speed flow will generate a large rotation
speed, causing intense vortex motion and inducing significant vortex excitation. This
indicates that the flow inside the outermost pore is significantly unstable, which affects
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the measurement accuracy and operational stability of the hydraulic dynamometer. The
flow–velocity differences in the inner two layers of orifices are relatively small, and the
flow inside the orifice is relatively steady. Compared to the middle rotor of Sections 2 to 8,
the flow velocity variations at Section 1 and Section 9 in the end rotor are smaller. The end
rotor only has one side of the stator receiving water, resulting in a small flow rate and low
flow excitation.

 

Figure 8. Rotor numbering diagram.

 
   

  (a) 4000 r/min  (b) 6000 r/min 

Figure 9. Flow velocity evolution in the center plane between rotor and stator.

High-speed flow mainly appears in the outermost orifice of the rotor, accompanied by
significant secondary vortices. These fluids flow out of the rotor and into the drainage ring
for rectification. Obvious fluid-induced excitation occurs at the dynamic static junction of
the rotor and the drainage ring. The dimensionless pressure coefficient C is introduced to
evaluate the flow-induced excitation phenomenon inside the hydraulic dynamometer, as
shown in Equation (20):

C =
∆P

0.5ρv2
u2

(20)

where ∆P = P − P, P is static pressure at the node and P is average pressure.
Compared to the end rotor, the internal flow excitation in the middle rotor is more

pronounced. Based on the junction between the 5# intermediate rotor and the drainage
ring as a monitoring point, the pressure time-domain characteristics of the 4000 r/min and
6000 r/min operating conditions are recorded, as shown in Figure 11. The obvious pressure
pulsation changes occur at the junction of the rotor and the drainage ring, with a total of
24 peaks and 20 valleys, consistent with the number of orifices on the outermost layer of the
rotor, indicating that the dynamic and static interference between the rotor and the drainage
ring is mainly influenced by the porous structure on the outermost side of the rotor. The
pressure variation amplitude is greater under the condition of 6000 r/min, illustrating
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that an increase in the power of the tested load will exacerbate the instability of the flow
inside the hydraulic dynamometer. Compared to the speed condition of 4000 r/min,
the flow velocity in the rotor channel is higher at the speed condition of 6000 r/min,
indicating greater flow excitation. Figure 12 shows the frequency-domain distribution of
pulsating pressure at the junction of the rotor and the drainage ring. The pressure pulsation
characteristics are similar at different speeds, and the frequency of the maximum amplitude
is related to the shaft frequency. Compared to the 4000 r/min operating condition, the
pressure pulsation amplitude of the 6000 r/min operating condition is larger, indicating
that the water excitation degree of the hydraulic dynamometer is more severe at high
speeds, resulting in larger unit vibrations and unstable torque measurement values.

         
  (a) Section 1  (b) Section 2  (c) Section 3 

       
  (d) Section 4  (e) Section 5  (f) Section 6 

       
  (g) Section 7  (h) Section 8  (i) Section 9 

Figure 10. Flow development in the rotor channel under 6000 r/min operating condition.
   

(a) 4000 r/min  (b) 6000 r/min 

Figure 11. Time-domain diagram of pulsating pressure at the rotor outlet.
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(a) 4000 r/min  (b) 6000 r/min 

Figure 12. Frequency-domain diagram of pulsating pressure at the rotor outlet.

3.3. Effects of Cavitation on Power Characteristics

Cavitation is the main physical phenomenon that affects the stable operation of the
hydraulic dynamometer, increases measurement errors, and is also the most frequent fault.
Figure 13 shows the actual cavitation situation of the stator matched with the middlemost
5# rotor. Obvious cavitation pits and imprints are displayed on the actual stator orifice
structure, especially on the outer side of the outermost layer orifices of the stator where
cavitation is evident. The cavitation coefficient σ is introduced to investigate the cavitation
flow characteristics in the flow channel of the hydraulic dynamometer:

σ =
P − Pv

0.5ρv2
u1

(21)

where Pv is the saturated vapor pressure and vu1 is the rotor inlet circular velocity.

 

Figure 13. Cavitation corrosion of model hydraulic dynamometer.

During the power testing process of a hydraulic dynamometer, excessive flow in the
external pipeline system can easily cause an increase in the internal fluid flow velocity of
the dynamometer. When the flow velocity exceeds the rated flow velocity, it will cause an
abnormal decrease in pressure and induce cavitation at the maximum flow velocity point,
which is inside the outermost layer orifice of the rotor. The increase in flow velocity causes
a decrease in pressure. When the cavitation coefficient σ drops below 0.8, the absorbed
power of the hydraulic dynamometer begins to decrease in Figure 14. As the rotation
speed decreases, the slope of the power cavitation performance curve gradually increases,
and the power attenuation becomes slower. When the cavitation coefficient decreases σ to
0.5, the amplitude of the decrease in the absorbed power of the hydraulic dynamometer
significantly increases. Especially under high-speed operating conditions (5000 r/min
and 6000 r/min), the decrease in power absorption values is significant. This is due to
the high fluid velocity inside the high-speed rotor, which makes it easier to cause a sharp
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drop in flow field pressure. Figure 14 shows the cavitation performance of a hydraulic
dynamometer when the water tank is filled with water. When the dynamometer tank is not
filled with water, the fluid is more likely to separate from the rotor wall, leading to more
pronounced cavitation phenomena.

 

Figure 14. The power absorption performance of hydraulic dynamometer, with cavitation state at
different rotation speeds.

The generation of air bubbles in the rotor pore not only blocks the flow channel but
also causes damage to the mating stator wall surface due to bubble rupture. As the rotor
rotations and the pressure inside the pore decreases, bubbles begin to form, develop, and
burst. When σ is at 0.9 in Figure 15, air bubbles appear in the outermost orifice at the outlet
of the end rotor (Section 1 and Section 9), and no air bubbles are found in the middle rotor
(Section 2–Section 8). The size of the end rotor flow channel is relatively small, and the flow
velocity is relatively high, causing the pressure to drop first to the vaporization pressure,
that is, the cavitation phenomenon first occurs in the end rotor flow channel.

       
  (a) Section 1  (b) Section 2–Section 8  (c) Section 9 

Figure 15. Distribution of air bubbles inside the rotor at σ = 0.9.

The significant cavitation occurs in the outermost orifice of the middle rotor flow
channel when the cavitation coefficient decreases to 0.7, as seen in Figure 16. Bubbles
mainly appear in the outermost orifices near the rotor and drainage ring. When cavitation
occurs in the rotor flow orifice, the cavitation blocks the flow orifice, and the surrounding
fluid pressure gradually increases. When the cavitation breaks, the surrounding high-
pressure liquid rushes into the cavitation space, eroding the stator in contact with the rotor.
Combined with the stator damage diagram in Figure 13, the location of stator cavitation
corresponds to the outermost orifice of the rotor, indicating that the numerical simulation
results are consistent with the actual cavitation situation. When the fluid flows out of the
rotor channel, its flow velocity is the highest, and the water pressure is the lowest at this
time, so cavitation is prone to occur.
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  (a) Section 1  (b) Section 2  (c) Section 3 

       
  (d) Section 4  (e) Section 5  (f) Section 6 

(g) Section 7 (h) Section 8 (i) Section 9

Figure 16. Distribution of air bubbles inside the rotor at σ = 0.7.

When the cavitation coefficient further decreases (σ = 0.5), the cavitation phenomenon
gradually develops from the outermost pore flow to the inner pore flow and first occurs in
the orifices near the rotor outlet in Figure 17. The diffusion of the cavitation phenomenon
is particularly evident in the end rotor flow channel. Due to the influence of air bubbles,
the cross-sectional area of the liquid flow decreases. Compared with the non-cavitation
condition, the flow inside the orifice is more unsteady, the high-speed zone is significantly
increased, and the flow excitation effect is more obvious.

    
 (a) Section 1 (b) Section 2 (c) Section 3 

    
 (d) Section 4 (e) Section 5 (f) Section 6 

Figure 17. Cont.
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 (g) Section 7 (h) Section 8 (i) Section 9 

Figure 17. Distribution of air bubbles inside the rotor at σ = 0.5.

4. Conclusions
This work investigates the power absorption performance and internal flow character-

istics of a hydraulic dynamometer with perforated-disk rotor. A hydraulic test platform
is established to measure the power absorption performance of megawatt-level hydraulic
dynamometers. Numerical simulations are applied to study the internal flow characteristics
and cavitation evolution features of the hydraulic dynamometer. The research results are
as follows:

(1) The power absorption performance of a hydraulic dynamometer gradually in-
creases, as the rotor rotation speed increases. When the speed reaches 4700 r/min, the
tested power reaches its maximum value (30 MW), and increasing the speed will not cause
an increase in the absorption power. The dynamometer operates at a certain rotation speed
under water shortage condition, and its power absorption value is less than that in the
full-water condition.

(2) The unsteady flow characteristics of perforated-disk rotors mainly depend on the
flow inside the outermost pores. There are obvious high-speed and low-speed zones in
the flow inside the outer pores of the rotor, causing intense vortex motion and inducing
significant vortex excitation. As the rotation speed increases, the amplitude of flow-induced
pressure pulsation significantly increases, with the maximum amplitude of pressure pulsa-
tion at 6000 r/min increasing by 1.4 times compared to 4000 r/min. Dynamic and static
interference is a key factor in inducing the flow excitation characteristics of high-speed
hydraulic loads.

(3) After cavitation occurs, the power absorption performance of a hydraulic dy-
namometer significantly decreases. As the rotor rotation speed increases, the decrease in
power absorption value obviously increases. The cavitation phenomenon occurs in the
outermost flow pores of the end rotor and the middle rotor. The development and collapse
of bubbles can cause instability in the pore flow, and the fluid-induced excitation effect is
more pronounced.
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Nomenclature

T absorbed power, MW
Q flow rate, m3/h
ρl water density, kg/m3

u1 rotor inlet tip velocity, m/s
vu1 rotor inlet circumferential velocity, m/s
u2 rotor outlet tip velocity, m/s
vu2 rotor outlet circumferential velocity, m/s
P static pressure, Pa
Pv vapor pressure, Pa
ρ mixed phase density, kg/m3

ρv gas phase density, kg/m3

α gas phase volume fraction
R gas–liquid two-phase mass transfer rate
GCI grid convergence index
n rotation speed, r/min
u flow velocity component at the x axis, m/s
v flow velocity component at the y axis, m/s
w flow velocity component at the z axis, m/s
Q Q criterion number
C pressure coefficient
σ cavitation coefficient
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