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Abstract: Hydraulic torque converter is a kind of high speed rotating machine using viscosity
hydraulic oil as working medium, and its internal flow field is very complex. Thereby cavitation can
occur easily in the working process, resulting in severe degradation of torque converter performance,
noise, vibration and even failure. In order to reveal the effect of rotating speeds on the cavitation
characteristics, a full flow passage geometry and a computational fluid dynamics (CFD) model with
cavitation were developed to analyze the flow behavior in the torque converter. The results show that
cavitation occurs when the speed difference between pump and turbine exceeds 1400 rpm for the
basic model torque converter, which could be used as a useful indicator for the occurrence and degree
of severity of flow cavitation. The increase of pump rotating speed or the decrease of speed ratio
will intensify cavitation, which reduces the hydraulic transmission capacity and efficiency by over
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20%, and seriously alters the shape, size, vapor volume fraction and region of cavitation bubbles. In
extreme cases, more than 80% of the area on the suction side of the stator blade could be covered by
cavitation bubbles. Moreover, the increase of pump rotating speed also changes the critical cavitation
number and extends the cavitation range towards high speed ratio conditions not previously affected.

Rotating Speeds on the Cavitation These findings can provide guidance on how to choose the operating conditions of the hydraulic
Characteristics in Hydraulic Torque
Converter. Machines 2022, 10, 80.
https://doi.org/10.3390/

machines10020080

torque converter and how to improve its hydrodynamic performance and stability.
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1. Introduction

Hydraulic torque converter is a closed-loop fluid machine that transfers power by
the conversion between fluid kinetic energy and mechanical energy, and it serves as a
core component of an automatic transmission and hydraulic transmission since it is able
to provide continuously variable transmission, self-adaption to load, and absorption of
vibration from the engine [1]. Therefore, it is widely used in the transmission systems of
passenger cars, off-road vehicles, construction machinery, cruise ships, liners, tankers, large
marine vehicles, etc. A hydraulic torque converter is mainly composed of pump, turbine,
stator, and shell. The working fluid absorbs energy from the pump which is connected to
the engine, impacts the turbine which in turn drives the load, and flows back to the pump
via a stator. Each impeller contains a series of blades with different shapes and numbers, as
shown in Figure 1.

The internal flow state of a hydraulic torque converter is very complex, where the fluid
pressure, velocity and temperature vary drastically over different operating conditions. The
increasing demand for higher power density and higher speed leads to higher flow velocity
and lower local pressure, which consequently makes the flow inside the torque converter
40/). more prone to cavitation. Cavitation is a transient phase change phenomenon where vapor
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bubbles occur, grow, and collapse in liquid with the variation of local pressure. Moreover,
hydraulic transmission oil is prone to cavitation because it contains a huge amount of
dissolved gas and micro gas bubbles.

Pump  Stator Turbine Shell

Gearbox

vmdes ﬁdes

Figure 1. A basic model of hydraulic torque converter.

25 Blades

Cavitation could reduce the performance of the torque converter. Besides, the periodic
growth and collapse of cavitation bubbles would induce vibration and noise, and the
high pressure generated during cavitation collapse would cause erosion, thus cavitation
inside torque converters invariably leads to poor performance, short service life, or even
failure [2,3]. Cavitation in torque converters has become one of the key issues affecting
performance and reliability. Therefore, it is of great importance and practical significance
to study the cavitation characteristics of a torque converter.

In recent decades, the cavitation phenomenon of rotating fluid machinery such as
hydraulic torque converters and retarders have attracted more attention. Anderson et al. [4]
made a systematic study on cavitation inside torque converters under stall operating
conditions using various experimental methods. Watanabe et al. [5] predicted the cavitation
behavior of an automotive torque converter under stall, and studied the relationship
between cavitation and vibration through experiments. Dong et al. [6] found cavitation
grew near the stator leading edge and expanded with the increase of the pump rotating
speed, resulting in severe performance degradation in the hydraulic torque converter.
Tsutsumi et al. [7,8] studied the cavitation characteristics of a torque converter under
different charging pressures and operating conditions. Ju et al. [9] studied the cavitation
characteristics of a torque converter under various working conditions. They found that
cavitation mainly occurred in the stator, which leads to serious deterioration of torque
capability. Zhao et al. [10] studied the mechanism of bubble breakup in the hydraulic
torque converter numerically by implanting bubbles in it. Guo et al. [11,12] and Ran
et al. [13] investigated the evolution of transient cavitation in the torque converter, and
the results indicated that cavitation mainly occurred in the stator, and severely reduced
the performance of the torque converter. Liu et al. [14-16] studied the influence of stator
blade shape on the cavitation process of a torque converter and found out that cavitation
was directly affected by internal mass flow rate, which they then improved the torque
converter design considering the presence of cavitation. Kang et al. [17] and Dong et al. [18]
studied the flow structure and cavitation phenomena in a hydraulic retarder and found out
that cavitation appeared near the back and root of the rotor blade, and the vapor volume
fraction increased with the increase of rotor speed.

Most of the current research focused on the effect of cavitation on hydrodynamic ma-
chinery. Few reported on the cavitation mechanism and behavior under various operating
conditions. However, the pump and the turbine rotating speeds varies drastically during
operating, which in turn changes the cavitation behavior inside the torque converter. This
paper is devoted to studying the influences of the pump and the turbine rotating speed on
both internal two-phase flow field and overall hydrodynamic performance centered on the
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cavitation in the torque converter. These findings can serve as good guidance on how to
choose the operating conditions of the hydraulic torque converter and how to improve its
hydrodynamic performance and stability.

2. Numerical Method

ANSYS CFX was employed to resolve the Reynolds-averaged Navier-Stokes equation
of the full three-dimensional flow field based on the following assumptions [2]: (1) The
flow is incompressible and the heat transfer is ignored in the torque converter. (2) The com-
ponents are assumed to be absolutely rigid bodies, and deformation and axial displacement
are not considered. (3) The leakage is neglected.

2.1. Cavitation Model

The key to cavitation simulation is to establish a proper cavitation model [19] which
governs the transformation between liquid and vapor. The cavitation phenomenon of
hydraulic torque converter was studied based on the Zwart cavitation model in this
paper [11,13,20,21].

Assuming that the cavitation bubble is spherical and there is no slip between fluid
and cavitation bubbles, the dynamic equation of cavitation can be deduced from the
Rayleigh-Plesset equation,

RB dtz +§ 7 RB dt prB - pf ! (1)

2R 3 (dRB>2 4vrdRp 20 Po—p
where Rp is the cavitation vapor bubble radius, p is the liquid pressure, p, represents the
vaporization pressure, pr is the liquid density, and o7 is the coefficient of surface tension.
According to the Rayleigh-Plesset equation, the volume change of a single bubble depends
on the difference between vaporization pressure and liquid pressure. The above equation
reduces to:

dRp 2p,—p
—_— = —_—— 2
Therefore, the volume change rate of bubble can be described by:
dvg  d (4 53\ _ 2 [2po—p
The mass change of bubble is as follows,
dmp dVp 2 2p,—p
—L = p,—L = = 4
T Ov it 47TRBP7; 3 Pf ’ ( )

where p, represents the density of the vapor.

Zwart calculated the volume fraction () by multiplying the number of bubbles per
unit volume (Np) and the mass transfer rate of bubble volume (V) [21]. The expression is
as follows,

4
ry = VgNp = gnR%NB. (5)

The total interphase mass transfer rate is obtained as:

— dmp 3repe [2P0— P
Mo = Np dt Rp 3 pf ' ©
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This expression depends on the direction of phase transition. For the growth/vaporiza-
tion of bubbles, it is given by the equation:

. 3ropv |2 |pv — pl
me, = F = sgn(py — p), 7

where F is a factor expressing the mass conversion rate direction which includes vaporiza-
tion (Fygp) and condensation (Fypg) processes. Fyyp is much greater than F,,; because the
condensation process is much slower than the vaporization process [22].

The vaporization process begins with the nuclei and grows up to form bubbles. How-
ever, with the increase of vapor volume fraction, the nuclei volume fraction decreases
correspondingly; therefore, we replace r, in Equation (7) with 7,,,.(1 — 1) to give:

. _ 37’nuc(1 - ”v)Pv % |Pv - P| o
Mgy, = F Ry 3 o, sgn(po — p), ®)

where 7y represents the nuclei volume fraction, which is also expressed in NVF.
For the condensation process, the equation of mass transfer rate is:

o 3ropo [2p—po
mfv = Lcond R 3 pf : (9)

For vaporization, the mass transfer rate can be reorganized as:

= Srnuc(l - Tv)Pv %p’(] — p
ey, = —Foap Rp 3 pf 10

2.2. Full Three-Dimensional Computational Fluid Dynamics (CFD) Model of the Torque Converter

The torque converter is mainly composed of three impellers which are placed next to
each other. The fluid is first driven by the pump which connects to the engine, then enters
the turbine and drives the gearbox. Fluid coming out of the turbine and again goes back to
the pump domain after the stator (Figure 2). Therefore, the full flow passage was extracted
from a torque converter whose torus diameter is 315 mm, and every impeller domain
includes the hub, shroud, inlet, outlet, and blades. Then the steady-state CFD model was
developed in ANSYS CFX to simulate the cavitation of hydraulic torque converter, and an
automatic transmission fluid 15W—40 was used in the simulations.

The charging oil inlet of the whole model is located between the stator and the pump,
and the outlet is between the turbine and the stator. The liquid flows in a closed-loop
in the sequence of pump-turbine—stator, and the frozen rotor model [23] was applied to
the interfaces, i.e., the interface between adjacent domains, and where more details are
provided. The no-slip smooth walls were applied to all other surfaces, which assumes
that the speed of the fluid layer in direct contact with the boundary is identical to the
velocity of the corresponding boundary, as shown in Figure 2. The shear stress transport
(SST) turbulence model was adopted to calculate the boundary layer flow and the flow
separation caused. The time-step was set to auto timescale, and a total of 400 time-steps
were performed. The simulation was considered convergent when the root mean square
(RMS) residuals reached 1 x 1075.
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Figure 2. Full 3D flow model of the torque converter.

2.3. CFD Settings

As shown in Table 1, the torque converter cavitation was calculated by three CFD
models. The results of previous calculations were used as the initial value of the next
simulation to improve the convergence and accuracy.

Table 1. Detailed setting of torque converter CFD model.

Analysis Step No Cavitation I No Cavitation II Cavitation III
Analysis type Steady-state Steady-state Steady-state
Advection scheme Upwind High resolution High resolution
Interface model Frozen rotor Frozen rotor Frozen rotor
Cavitation model None None Zwart model

Time step 0.01s Auto timescale Auto timescale
Step number 400 300 400
Convergence target RMS1 x 107° RMS1 x 107° RMS1 x 107>
Turbulence model SST SST SST
Fluid properties 01 =8352kgm™3, y; =146 x 1072 Pa-s
Vapor properties =21 kg-m_s, Mo =12 X 10-5 Pa-s
Pump status From 1000 rpm to 3000 rpm
Turbine status From 0 rpm to 3000 rpm
Stator status Stationary
Boundary details No-slip and smooth wall

Firstly, the flow field inside the torque converter ignoring cavitation was solved by
a steady-state model with the upwind advection scheme. Then the steady-state non-
cavitation CFD model was performed by a high-resolution advection scheme and turbu-
lence numerics to provide an accurate flow field status. Lastly, the steady-state cavitation
model was performed at various pump and turbine rotating speeds.
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The detailed CFD model settings are listed in Table 1. The model has no inlet or outlet
boundaries because the fluid flows in a closed loop. Therefore, a pressure value of 0.4 MPa
was set at the charge oil inlet which is located at the interface between pump and stator
corresponding to the test, as shown in Figure 2. The internal fluid fields of the torque
converter under various operating conditions were calculated with non-cavitation and
cavitation models, and then the pump torque (Tp), turbine torque (T), stator torque (Ts),
and other performance indices were derived from the CFD results.

In addition, there are several cavitation parameters in the torque converter cavitation
model, which have been set according to the experimented conditions as detailed in [11]: Py
is the saturated vapor pressure, and it was set to be 700 Pa according to the vapor pressure
of automatic transmission oil, F,,,; is the cavitation condensation coefficient whose value
is 0.01 as condensation usually occurs slowly, Fyg is the cavitation vaporization coefficient
with a value of 20 to represent the growth (vaporization) rate of the cavitation bubbles, Rp
is the mean radius of cavitation bubble and the value of 2 x 10~° m is deemed reasonable,
MDR is the maximum density ratio of oil and vapor and its value is 1163, and finally NVF
is the volume fraction of the nucleation sites with a value of 5 x 107°.

2.4. Mesh Independence Analysis

The three impellers were discretized using unstructured tetrahedral elements. As the
cavitation bubbles were generally small, a refined mesh around the blade is required to
restore the real flow status and capture the cavitation flow behaviors.

A mesh independence test was performed with different mesh resolutions when the
pump rotating speed and turbine rotating speed were 2000 rpm and 800 rpm, respectively,
and the pressure was 0.4 MPa. The detailed settings of the flow analysis were completely
in accordance with the above CFD model of the torque converter, including the boundary,
surfaces, interfaces, material, solver, etc., as shown in the No Cavitation I model in Table 1.
Figure 3 shows the torque results of the pump, the turbine, and the stator over the different
mesh densities. The number of elements for the fluid domain of pump, turbine and stator
are 7,538,148; 4,319,448; and 2,442,091, respectively, when the torque variation of pump,
turbine and stator is 1.63%, 1.42%, and 1.90%, respectively.

800
700

E 600

£ 500

4003

300 pf

" 1 M 1 "
0 1x10’ 2x107 3x107
Total number of elements

(@) (b)

Figure 3. Mesh model and independence analysis results of torque converter. (a) The full flow mesh
model and the refined mesh of the blade. (b) Mesh independence analysis.

We refined the boundary mesh of the torque converter after the mesh independence
analysis, the mesh around the blade surface was densified with 12 layers of prism mesh
whose minimum height was 0.015 mm, and the Yplus values of the three impellers were
all less than 2, which means that the boundary layer and wall function can meet the
requirements of the CFD model. The final total element number was 22,431,217 after the
boundary mesh generation.



Machines 2022, 10, 80

7 of 22

3. Experiment and Validation
3.1. Hydraulic Torque Converter Test Rig

The test cell consists of a motor and a generator to simulate various speed conditions.
The speed and torque sensors with calibration accuracy of 0.25% are mounted at the
input and output ends of the torque converter, respectively. Besides, the working fluid
was supplied by a hydraulic system. The test speed ratio (SR = Nt/Np) is related to
the pump rotating speed (Np = 1500, 1800, 2000, and 2200 rpm) and the turbine rotating
speed (N1 = 0-2200 rpm), which are controlled by the motor and generator, respectively,
during the experiment. And the internal liquid pressure (Pc = 0.4 MPa) and temperature
(Tc =90 °C) are controlled by the hydraulic system, as shown in Figure 4.

Speed & Torquef Hydraulic Torque Speed & Torque
- Sensor 1 onverter Box Sensor 2
, . I

Generator

orque Converter

Figure 4. Torque converter test cell.

3.2. Validation of CFD Model

Under the same conditions as the experiment, the torque of the pump, turbine, and
stator can be obtained by simulation. Besides, these performance metrics were always used
to evaluate the basic cavitation performance of the torque converter [1,24], including torque
ratio, efficiency, and capacity constant, which are defined as,

Tp

(11)
The performance of the torque converter before and after considering cavitation
were analyzed, which were also compared with the actual performance measured by
the experiment in Figure 5. And the error (as follows) between the simulation results of
cavitation model and experimental data was also analyzed and is shown in Figure 5d.

(KCavi - Kexp) (77Cuvi - ﬂexp) (CCCuvi - Ccexp)
K Kexp 7 Mexp cc Ccexp 12)

The results at various speeds revealed that cavitation deteriorated torque converter
performance, especially under low speed ratio operating conditions and high pump rotating
speeds, and the simulation accuracy was improved by considering cavitation [7]. On
comparing to experiments, the maximum error of the cavitation model drops below 5.5%,
whereas the model ignoring cavitation yielded a maximum error of 17.4%. The validation
results prove that cavitation occurred under low speed ratio conditions, and the cavitation
model is able to calculate torque converter performance reasonably accurately.
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Figure 5. Comparison of torque ratio, efficiency, and capacity constant between no cavitation, cavita-
tion, and test under various Np and SR. (a) Np = 1800 rpm. (b) Np = 2000 rpm. (c) Np = 2200 rpm.
(d) Error of the cavitation simulation.

4. Results and Discussion
4.1. Cavitation Characteristics of Hydraulic Torque Converter

The flow field simulations of the hydraulic torque converter under various pump
rotating speeds and speed ratios are carried out by the CFD models with and without
cavitation. The pump rotating speed varied from 1000 rpm to 3000 rpm, and the turbine
rotating speed was determined by speed ratio which varied from 0 to 1 at intervals of 0.1,
the pressure was 0.4 MPa and the temperature was 90 °C. The torque of each component
can be derived from the CFD results, and then the performance indices such as efficiency,
capacity constant and torque were determined. In order to study the influence of cavitation
on the performance of torque converter in detail, we compared the performance deviations
between the results from CFD model with cavitation and CFD model without cavitation,
which is then able to indicate the level (or contribution) of cavitation, including capacity
constant deviation, efficiency deviation, and torque deviation, as shown in Figure 6. The
formulas are as follows,

(T]Clzvi 777N0Cﬂvi) .

(CCCuvi 7CCNuCavi)
"INoCavi ’ :

— (TCuvifTNoCavi).
DT o CCNDCnvi

D, = =
TNoCavi 1

(13)

Dcc
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Figure 6. Influence of cavitation on hydraulic performance of torque converter under various Np and
SR. (a) Capacity constant (CC). (b) Efficiency (). (c) Torque of turbine (T). (d) Torque of stator (Ts).

It can be concluded from Figure 6 that the occurrence and influence of cavitation are
related to the rotating speeds, and cavitation has a significant effect on the performance of
the torque converter. All performance indices decrease drastically with an increasing pump
rotating speed and a decreasing speed ratio, indicating that high pump rotating speed
and low turbine rotating speed will aggravate cavitation and cause serious performance
deterioration. In our simulations, cavitation intensity/degree reaches its peak under stall

condition when Np = 3000 rpm, and cavitation will reduce the torque of the turbine by
20.3%, the capacity constant by 18.1%, and the efficiency by 5.8%.

4.2. Cavitating Flow Field in the Torque Converter
4.2.1. Cavitating Flow Field

The 10% vapor volume fraction distribution inside the torque converter at stall when
Np = 3000 rpm is shown in Figure 7. The figure clearly shows the existence of cavitation in
the torque converter and the distribution of vapor inside each component.

It was found that cavitation occurred near the blade leading edge of the three impellers,
and the cavitation inside the stator was the most serious from the volume and quantity of
cavitation bubbles and the area covering the blade surface, followed by the turbine and the
pump. Cavitation in the stator domain mainly occurred near the head on the suction side
and covered most of the blade head [25], and then the cavitation bubbles broke and flowed
downwards. It is worth noting that a small amount of cavitation bubbles also appeared
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at the tail of the blade. For the turbine, cavitation mainly occurred at the head near the
suction side, covering only a small portion of the blade. Besides, only a small amount of
cavitation bubbles can be found at the head of the pump blade.

10% vapor volume fraction in the pump
10% vapor volume fraction in the turbine
10% vapor volume fraction in the stator

Figure 7. The 10% vapor volume fraction distribution in torque converter at stall when Np = 3000 rpm.

The vapor volume fraction distribution in Figure 8 shows that most cavitation bubbles
were generated in the stator domain, with the highest vapor volume fraction exceeding
90%, and a small amount of cavitation also appearing at the tail of the blade. Cavitation in
the pump and the turbine occurred only to a small extent, and the maximum vapor volume
fraction was about 30%.

F _ _ Oilvapour Volume
0 N0, N0, N0, N0, 0L 0. N0, Ny N0, N

2, /> /5 )5 ) Fraction

Figure 8. The vapor volume fraction distribution in torque converter at stall when Np = 3000 rpm.

The flow velocity distribution and variation in the torque converter also play a key
role in cavitation. It can be found from Figure 9 that the velocity in the turbine and
stator is greater than that in the pump. Moreover, reverse flows were observed in these
impellers [26], which were located on the suction side of the stator blade near the inlet,
in the middle of the turbine flow passages and on the pressure side of the pump blade
near the inlet [27]. These reverse flows were located near the cavitation site, which would
induce cavity breakoff and hence cause vibration and noise. It is worth noting that the
velocity at the turbine inlet was higher than that at the stator inlet, but no intense cavitation
was detected. The reason is that the turbine inlet was adjacent to the pump outlet, and the
high-speed rotation of the pump gives rise to high centrifugal pressure, which adds up the
overall pressure level at the turbine inlet, resulting in less-intense cavitation (Figure 10).
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Figure 9. The velocity vector of oil and vapor distribution in torque converter at stall when Np = 3000 rpm.
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Figure 10. The absolute pressure and velocity nephogram in torque converter at stall when Np = 3000 rpm.

The absolute pressure distributions along the streamwise direction in the stator domain
under various speed ratios are shown in Figure 11. The results show that if cavitation is
ignored, unrealistic negative pressure can be found on the suction side of the stator blade
near the entrance, resulting in an overprediction of stator torque. The results from the
cavitation model show that cavities occurred near the absolute negative pressure region
clipping the absolute pressure to the vapor pressure, consequently leading to performance
reduction. It can be concluded that the existence of cavities would change the pressure
distribution drastically, resulting in torque reduction and performance degradation, and
the simulation results for the CFD model without cavitation are unrealistic as negative
absolute pressure occurs, which can be seen in Figure 12. It also shows that the results
considering cavitation can effectively improve the calculation accuracy.
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Figure 11. Comparison of the absolute pressure of stator blade surface between no cavitation and
cavitation under various SR when Np = 3000 rpm.
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Figure 12. Comparison of the stator torque between simulation and test at stall under various Np.

4.2.2. Cavitation Characteristics under Different Rotating Speeds

The 10% vapor volume fraction distribution in Figure 13 shows that cavitation began
to appear in the stator at stall when Np = 1500 rpm, and the cavitation range expanded with
an increasing pump rotating speed [28]. When the pump rotating speed reaches 3000 rpm,
most of the suction side of the stator blade was covered by cavitation and some bubbles
were detached from the blade head and flowed downstream. The cavitation region shrinks
with an increasing speed ratio, and no obvious cavitation bubbles could be found when
SR > 0.5 in our simulations.

The 10% vapor volume fraction distribution in the pump and the turbine domain
indicates that the cavitation degree is directly related to the pump rotating speed and
inversely related to the speed ratio, as shown in Figure 14. The cavitation mainly occurred
at the pressure side in the pump domain; on the contrary, cavitation bubbles appeared on
the suction side in the turbine domain. Moreover, cavitation firstly occurred in the stator
domain, followed by the turbine and the pump with the increase of pump rotating speed
or the decrease of speed ratio. It should be noted that there was no cavitation in the torque
converter at high speed ratios when Np < 3000 rpm, and the working conditions with
SR > 0.5 will not be described in detail.
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Figure 14. The 10% vapor volume fraction distribution in the pump and turbine domain under
various Np and SR.

The data in Table 2 shows that the critical working condition for cavitation occurrence
varies with the pump rotating speed and the speed ratio. The critical cavitation condition
shifts towards a high speed ratio with the increase of the pump rotating speed.

The relationship between cavitation conditions and the speed difference between the
pump and the turbine (ANpr) is provided in Table 3. The data show that cavitation will
occur in the stator when ANpr is greater than 1400 rpm; moreover, cavitation appears in
the turbine and the pump when ANpr is greater than 2000 rpm and 1700 rpm, respectively.
It can be concluded that cavitation degree and range increase with the increase of ANpr,
which could be used as a cavitation indicator to reflect the critical cavitation condition.
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Table 2. The occurrence of cavitation inside the torque converter under various Np and SR.

Np/rpm SR=0 SR =0.1 SR=0.2 SR =0.3 SR=0.4 SR=0.5 SR =0.6 SR =0.7 SR=0.8
1000 Ao Ao dAoO dAoO dAoO Ao Ao gAO OAO
1200 0AoO gAo gAo gAo gAo dAoO dAoO dAO dAO
1500 oiAe 0AO dAo dAo gAo gAo gAo gAo gAo
1800 UaA® gire gire dAo dAO dAO dAO OAO OAO
2000 HAO® JA® YA YA dAoO OAO OAO OAO OAO
2200 HAO® HAO® UA® YA dAoO dAoO dAoO 0AO OAO
2500 HAO® HAO® HAO® 0JA® VAN J OAO OAO OAO OAO
2800 HAO® HAO® HAO® JA@® YA dAO OAO OAO OAO
3000 HAO® HAO® HAO® HAO® UA@® 0re dAoO 0AoO OAO

Note: JAO means no detectable cavitation in the pump/turbine/stator, MA® means cavitation in the
pump/turbine/stator.
Table 3. The cavitation occurrence inside the torque converter under various ANpr.

ANprt/rpm <1400 1400 1500 1600 1700 1800 1900 2000 >2000

Cavitation in the pump | | | a | | a | |

Cavitation in the turbine A VAN VAN VAN A A A A A

Cavitation in the stator @) [ [ [ J [ J [ J o o o

Note: JAO means no detectable cavitation in the pump/turbine/stator, HA® means cavitation in the
pump/turbine/stator.

It can be found from Figure 15 that both cavitation extent and vapor volume fraction
increase significantly with the increase of the pump rotating speed, especially in the stator
blade. Besides, the cavitation volume and vapor volume fraction decrease, and even
disappear when the turbine rotating speed (speed ratio) increases. It is worth noting that
high pump rotating speed makes the torque converter more prone to cavitation. Higher
pump rotating speed indicates greater cavitation degree and longer cavitation range.

Np=2000 rpm Np=2500 rpm Np = 3000 rpm

0.0

()

M

0.2 SR

|

04 SR

SR=

Turbine Stator Pum; Turbine Stator Pum; Turbine Stator Pum;
_\ *\ _\ Oilvapour Volume
7 %, g, ¢ s N, 2, 9, N0 EX ~a, % @5 Fraction

Figure 15. The vapor volume fraction distribution in torque converter under various Np and SR.

Figure 16 shows that the overall cavitation level, which is indicated by the average
and maximum vapor volume fraction, increases with the increase of the pump rotating
speed and decreases with the increase of speed ratio. Moreover, the maximum vapor
volume fraction exceeds 0, indicating the occurrence of cavitation bubbles, when ANpr is
greater than 1400 rpm. Therefore, the critical cavitation condition for this torque converter
is ANpr = 1400 rpm.

It can be found from Figure 17 that cavitation occurred when the average velocity ex-
ceeded 17 m/s and the average pressure was lower than 0.453 MPa, the degree of cavitation
is directly proportional to the average velocity and inversely proportional to the average
pressure. It will increase the average velocity in the stator and aggravate the cavitation phe-
nomenon when increasing the pump rotating speed or reducing the speed ratio. It should
be noted that the influence of the pump rotating speed on average pressure in the stator
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domain is greater than that of speed ratio, and the pressure change rate under cavitation
conditions is less than that under no cavitation conditions with the increase of speed ratio at
the same pump rotating speed. This is also one of the main manifestations of cavitation.

Oilvapour Volume Fraction

1.0
0.185
08 0.148
0.6 - 0.111
&
0.4 - 0.074
0.2 0.037
0.000
2000
Np (rpm)
(a)

Oilvapour Volume Fraction

0.960
0.8 0.768
0.6 AN = 1400 rpm L 0.576
]
v
0.4 - 0.384
0.2 0.192
o , 0.000
2000 2500
Np (rpm)
(b)

Figure 16. The vapor volume fraction spectrogram in stator domain under various Np and SR. (a) The

average vapor volume fraction spectrogram. (b) The maximum vapor volume fraction spectrogram.

Velocity [m/s]

ANpr = 1400 rpm

1500 2000 2500

Np (rpm)
(@)

Absolute Pressure [Pa]

506k

485k

- 464k

SR

L 443k

422k

402k

|
1500

2000 2500
Np (rpm)

(b)

Figure 17. The average velocity and average absolute pressure spectrogram in the stator domain under

various Np and SR. (a) The average velocity spectrogram. (b) The average absolute pressure spectrogram.

4.3. Cavitation Number and Interphase Mass Transfer

The non-dimensional cavitation number ¢ is a measure of the cavitation degree.
Cavitation occurs when ¢ drops below the critical level, and smaller cavitation number
indicates a higher degree of cavitation. The cavitation number in the torque converter can
be calculated using the following,

o= Pref”Pr (14)

0.5010%, ¢
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where p,r represents the charge pressure, p, is the saturated vapor pressure, p; is the
oil density, and v, is the equivalent average velocity inside the torque converter, which
correlated directly to the mass flow rate, given as:

MF

U}’Ef - Tm . (15)

Here, A is constant throughout the whole flow passage, A = 2.7 x 1072 m? in this model.

As shown in Figure 18, ¢ is positively related to the speed ratio and negatively
correlated to the pump rotating speed. The influence of the pump rotating speed on the
cavitation number is much greater than the turbine rotating speed. At the same time,
the critical cavitation number is also the key feature to determine whether cavitation has
occurred or otherwise. It is worth noting that the critical cavitation number is also affected
by the torque converter rotating speed effect and the internal unsteady flow field. We
can conclude from Figure 18 that increasing the pump rotating speed will reduce the
critical cavitation number of the torque converter, and extend the cavitation range towards
high-speed ratio conditions.

100

critical cavitation number

[
1500 2000 2500
Np (rpm)

Figure 18. The cavitation number under various Np and SR.

The capacity constant ratio (CCcavi/ CCNocavi, the simulation ratio of the capacity
constant with and without cavitation) was determined and shown in Figure 19 to illustrate
the capacity losses caused by cavitation. Combined with the relationship between cavitation
number and pump rotating speed and speed ratio, we can conclude that the capacity
constant ratio increases with the increase of the cavitation number, the speed ratio and the
decrease of pump rotating speed. In addition, the data show that cavitation occurs when
the capacity constant ratio is less than 0.99, and gradually weaken to disappear when it is
higher than 0.99.

The vapor mass fraction, the oil absolute pressure and the bulk interphase mass
transfer rate between oil and vapor on the stator blade surface at various pump rotating
speeds and speed ratios were compared and analyzed.

The bulk interphase mass transfer rate between oil and vapor on the stator blade
surface demonstrates that there was a conversion of the two phases at the head and tail
of the stator blade, and most of it was positive, thereby resulting in vaporization at the
corresponding area, as shown in Figure 20. A higher bulk interphase mass transfer rate
indicated more intense cavitation. It can be seen clearly that positive bulk interphase mass
transfer occurred only when Np was greater than 1500 rpm, and increased with the increase
of the pump rotating speed and the decrease of speed ratio.
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Figure 19. The capacity constant ratio with regard to cavitation number under various Np.

Figure 20. The bulk interphase mass transfer rate between oil and vapor on stator blade under
various conditions. (a) Under various Np when SR = 0. (b) Under various SR when Np = 3000 rpm.

The vapor mass fraction on the stator blade under various pump rotating speeds and
speed ratios (Figure 21) expresses the distribution and movement of cavitation bubbles on
the blade surface. The data show that the cavitation bubbles were mainly distributed on
the head and tail of the stator blades, and the vapor mass fraction on the head of the blades
was much greater than that on the tail. Moreover, with the increase of pump rotating speed
and the decrease of speed ratio, the coverage area gradually expands from a small part on
the head to more than half of the whole blade suction surface.

As the absolute pressure will be limited by the vapor pressure when local pressure
drops below the critical level, the absolute pressure distribution on the surface of the stator
blades is able to reflect the position where cavitation occurred, as shown in Figure 22. It
shows that the pressure may drop to vapor pressure (700 Pa) at the head and tail of the
blades under certain pump rotating speeds and speed ratios, which indicates that cavitation
occurs at the corresponding area. As the pump rotating speed increases or the speed ratio
decreases, the cavitation area, most of which is located at the head, grows towards the tail
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and takes up to 80% of the blade surface at stall when Np = 3000 rpm. In addition, the

pressure on the stator pressure side is directly proportional to the pump rotating speed and
inversely proportional to the speed ratio [29].
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Figure 21. The vapor mass fraction on stator blade under various conditions. (a) Under various Np
when SR = 0. (b) Under various SR when Np = 3000 rpm.
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Figure 22. The absolute pressure on stator blade under various conditions. (a) Under various Np
when SR = 0. (b) Under various SR when Np = 3000 rpm.

The mass flow difference between the cavitation model and the non-cavitation model
is shown in Figure 23. When cavitation occurs, the generated bubble would block the flow
passage and reduce the mass flow rate of the working fluid [30]. The data show that the
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increase of the pump rotating speed and the decrease of speed ratio will lead to a decrease
of mass flow, indicating that more intense cavitation leads to a lower oil mass flow rate,
consequently resulting in lower torque.

MassFlow Deviation [%]
0.0

ANpr = 1400 rpm L 72

--10.9

-14.5

-18.1

2000 2500
Np (rpm)

Figure 23. The influence of cavitation on mass flow in torque converter under various Np and SR.

5. Conclusions

@

@)

®G)

4)

The full flow passage CFD models with and without cavitation were put forward to
study the overall hydrodynamic performance as well as the internal flow field under variant
pump rotating speed and speed ratios. The results from both models were compared and
analyzed to investigate the effects of rotating speeds and speed ratios on the cavitation flow
inside a hydraulic torque converter. The following conclusions are drawn:

The pump rotating speed and speed ratio have strong influences on the cavitation
characteristics of the torque converter. The cavitation degree demonstrates a positive
relationship with the pump rotating speed and a negative relationship with the speed
ratio. Higher pump rotating speed and lower speed ratio lead to bigger cavitation
regions and more performance degradation. Therefore, one should consider the
cavitation effects when designing high capacity and high Np torque converters.

The difference between Np and Nt could be used as a useful indicator for the occur-
rence and degree of cavitation. We found out that cavitation takes place when ANpt
is greater than 1400 rpm regardless of the variations of the pump rotating speed and
speed ratio, and the cavitation degree is directly related to ANpr.

Cavitation will not occur if the torque converter runs at low pump rotating speeds (less
than 1500 rpm). However, cavity bubbles begin to emerge and the cavitation range
expands when pump rotating speed increases, consequently resulting in performance
reduction. The stall operating condition is the most critical for cavitation under
different pump rotating speeds, and the cavity bubbles may cover as much as 80%
of the stator blade suction surface when Np reaches 3000 rpm, which would lead to
strong vibration, noise and even cavitation erosion. Moreover, the increase of pump
rotating speed also changes the critical cavitation number and extends the cavitation
range towards high speed ratio conditions not previously affected.

The results show that the cavitation area, the cavitation extent and the vapor volume
fraction increase with the increase of the pump rotating speed and decrease with the
increase of the speed ratio. Cavitation bubbles block the flow passage, reduce the
mass flow rate and alter the pressure distribution on the blade surface, consequently
leading to lower torque and capacity.
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Nomenclature

ANpr Np-Nrt, The speed difference between pump and turbine [rpm]
A Toroidal area [m?2]

cc Tp*D~*wp 2, Capacity constant [kg/rad? /m3]
D Torque converter torus diameter [m]

Dcc (CCcavi — CCnNocavi)/ CCNocavir Capacity constant deviation
Dy (Tcavi — TNoCavi)/ TNoCavi, Torque deviation
Dy (Mcavi — YNoCavi)/ INoCavi, Efficiency deviation
Ecc (CCcavi — CCexp)/ CCexp, Capacity constant error
Ex (Kcavi — Kexp)/Kexp, Torque ratio error

Ey (7Cavi — Mexp)/ Mexp, Efficiency error

Feond Cavitation Condensation Coefficient

Foap Cavitation Vaporization Coefficient

K Tt/Tp, Torque ratio

MDR Maximum Density Ratio

MF Mass flow rate [kg/s]

Np Number of bubbles per unit volume

Np Rotating speed of pump [rpm]

Ns Rotating speed of stator [rpm]

Nt Rotating speed of turbine [rpm]

NVF Nuclei Volume Fraction

p Liquid pressure [Pa]

Pref Reference pressure [Pa]

Po Pressure in the bubble [Pa]

p, Saturated Vapor Pressure [Pa]

Rp Mean Radius [m]

rg Vapor volume fraction

SR Nt/Np, Speed ratio

Tp Pump torque [N m]

Ts Stator torque [N m]

Tr Turbine torque [N m]

Vg Mass transfer rate of bubble volume

Vref Reference velocity [m/s]

Vref Equivalent average velocity [m/s]

Zp Pump blade count

/] K*SR, Efficiency

of Liquid density [kg/m?]

01 Liquid oil density [kg/m3]

0o Vapor density [kg/m?]

o Cavitation number

or Coefficient of surface tension

wp Pump rotating speed [rad/s]

wr Turbine rotating speed [rad/s]
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wy vapor mass fraction

m Interphase mass transfer per unit [kg/s]
Cavi Cavitation

exp Experiment

NoCavi No cavitation

P Pump

S Turbine

T Stator
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