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Abstract: Hydraulic torque converter is widely used in transmission units as it is able to provide
variable speed and torque ratio, isolate vibration, and absorb shock. The pursuit of a highly packed
power unit requires a high capacity/speed torque converter, consequently resulting in a higher
risk for cavitation and severe performance degradation, noise, vibration, and even failure. Exist-
ing cavitation models generally focus on water, and the empirical parameters are not suitable for the
cavitation prediction of torque converter which utilizes high viscosity oil as its working medium.
This paper focused on the influence of parameters on the performance and cavitation characteristics
of torque converter. A full flow passage geometry and different computational fluid dynamics (CFD)
models with cavitation were developed to predict torque converter fluid behavior by resolving
Reynolds-averaged Navier–Stokes equations using finite volume method (FVM). The numerical
results indicated that nuclei volume fraction, vaporization coefficient, mean nucleation site radius,
and maximum density ratio have great influences on the cavitation behavior. These parameters
altered the degree of cavitation and the pressure distribution on the surface of stator blades, and
affected the stall performance such as stall capacity factor and torque ratio. The cavitation model
was then modified to improve calculation accuracy. The test results showed that the prediction error
under stall operating condition was decreased from 6.7% to 2%. This study provides insight on
the influences of the empirical parameters on both internal cavitation behavior as well as overall
hydrodynamic performance.

Keywords: torque converter; cavitation parameter; nuclei volume fraction; cavitation vaporization
coefficient; CFD

1. Introduction

Hydraulic torque converter is a closed-loop fluid machinery which transfers power
by the conversion between fluid kinetic energy and mechanical energy, and it serves
as a core component of automatic transmission and hydraulic transmission (Figure 1).
Hydraulic torque converters are widely used in transmission systems of passenger cars, off-
road vehicles, commercial vehicles and construction machinery because it is able to provide
continuously variable transmission, self-adaption to load, and absorb vibration from the
engine [1]. The internal flow state of a hydraulic torque converter is very complicated,
the fluid pressure, velocity and temperature vary drastically over different operating
conditions. The increasing demand for higher power density leads to higher flow velocity
and lower local pressure, which makes the flow inside the torque converter more prone to
cavitation. Cavitation will occur when the local pressure is lower than the vapor pressure
of the working fluid, and it will not only reduce the performance of torque converter, but
also cause vibration, noise, and a series of unfavorable issues [2,3].
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Figure 1. A basic model of hydraulic torque converter (YD315).

Cavitation is a transient phase change phenomenon, vapor bubbles occur, grow, and
collapse in liquid with the variation of local pressure. Hydraulic transmission oil is prone
to cavitation because it contains a huge amount of dissolved gas and undissolved micro
gas bubbles. The periodic growth and collapse of cavitation will cause vibration and noise
of torque converter, and the high local pressure is generated during cavitation collapse,
all of these will lead to poor performance, short service life, and cavitation damage or even
damage the torque converter in severe cases. As the development of hydraulic torque
converter is toward high capacity, high speed, and high power–weight ratio, cavitation in
torque converters has become one of the key issues affecting performance and reliability.
Therefore, it is of great theoretical and practical significance to study the cavitation flow
phenomenon in a torque converter.

In recent decades, more and more attention has been paid to the research on the
cavitation of hydraulic torque converter and the parameters of cavitation model [4]. An-
derson made a systematic study on cavitation of torque converter under stall operating
condition by using various experimental methods [5]. Watanabe predicted the cavitation
behavior of automotive torque converter under stall, and studied the cavitation, vibra-
tion, and the relationship between them through experiments [6]. Dong found cavitation
grew near the stator leading edge and expanded with the increase of pump speed by
constant enthalpy vaporization model, resulting in severe performance degradation in
hydraulic torque converter [7]. Tsutsumi studied the cavitation characteristics of a torque
converter under different charging pressures and operating conditions by CFD method and
Rayleigh–Plesset cavitation model [8,9]. Jaewon studied the cavitation characteristics of
torque converter under various working conditions by Zwart model, found out cavitation
mainly occurred in stator, which leads to serious deterioration of torque capability [10].
Zhao studied the mechanism of bubble breakup in the hydraulic torque converter by
implanting bubbles in hydraulic torque converter, and calculated the bubble breakdown
process by VOF model [11]. Liu studied the influence of stator blade shape on the cavita-
tion process of a torque converter by Zwart model and found out cavitation was directly
affected by internal mass flow rate, then he improved the torque converter design consider-
ing cavitation [12,13]. Kang [14] and Dong [15] studied the flow structure and cavitation
phenomena in a hydraulic retarder by Zwart model, and found cavitation appeared near
the back and root of rotor blade, and the vapor volume fraction increased with the increase
of rotor speed. Guo investigated the dynamic cavitating flows inside a torque converter
using transient CFD model and Zwart cavitation model, the results indicated that stator
domain was the main place where cavitation occurred, and it brought about over 20%
degradation in capacity constant [16]. Zhou modified the parameters of Kunz cavitation
model by using the sequential approximate optimization method, and obtained the optimal
condensation and evaporation coefficients of the cavitation model [17]. Morgut compared
three widespread mass transfer cavitation models (the Kunz, Zwart, and FCM models),
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and tuned the empirical coefficients of different models by an optimization strategy [18].
Liu studied the parameters of centrifugal pump cavitation model (Zwart model) and found
that the calculation accuracy will be improved by declining the condensation coefficient,
the initial bubble radius or increasing the evaporation coefficient [19].

In recent years, a series of cavitation models based on transport equation have been
proposed, the source term representing the vaporization and liquefaction processes is
used to simulate the mass transport between vapor and liquid. The source term contains
empirical constants, which are mostly obtained by numerical experiments of systemic
water tunnel [19], most of previous studies accepted default empirical settings for their
cavitation model. However, hydraulic torque converter is a fluid machinery with viscous
oil as working medium. Compared with water, viscous oil has a smaller density, higher
viscosity, lower vaporization pressure, smaller surface tension, and higher gas volume
content at the same temperature, all these factors have complex relationship with the
cavitation characteristics of viscous oil [20]. The empirical parameters of cavitation model
leads to pronounced errors in terms of viscous oil cavitation prediction, which need to be
studied in depth. Therefore, this study is devoted to the influences of cavitation parameters
on both internal two-phase flow field and overall hydrodynamic performance numerically
based on the cavitation characteristics of viscous oil, and the empirical parameters were
modified to increase cavitation prediction accuracy.

2. Materials and Methods

ANSYS CFX 19.2 was employed to resolve the Reynolds-averaged Navier–Stokes
equation of the full three-dimensional flow field. The following assumptions were put
forward to improve the convergence and accuracy of steady-state/transient numerical
calculation [2]: (1) The flow was incompressible and the heat transfer was ignored in
torque converter. (2) The components were assumed to be absolutely rigid bodies, and
deformation and axial displacement were not considered. (3) The leakage was neglected.

2.1. Multiphase Model

The key to cavitation simulation is to establish a proper cavitation model [21] which
governs the mutual transformation between liquid and vapor. There are mainly two kinds
of cavitation models—the state equation model and transport equation model. The state
equation model simulates cavitation by assuming the function relationship between density
and pressure, thus its accuracy relies on the assumed density-pressure function. The trans-
port equation model determines the multi-phase mass transfer rate by local pressure and
it is widely used in cavitation simulation, many multiple transport equation cavitation
models were developed and validated by numerous research now, such as Zwart-Gerber–
Belamri model [22], Kunz model [23], Schnerr–Sauer model [24], and Singhal model [25].
Compared with other models, Zwart cavitation model not only has higher accuracy and
better robustness, but also is easy to converge and obtain obvious cavitation movement [26].
Therefore, the cavitation phenomenon of hydraulic torque converter was studied based on
the Zwart cavitation model in this paper.

Under most engineering conditions, it is assumed that there are enough gas nuclei to
induce cavitation inception. Therefore, the emphasis is put on the reasonable description
of cavitation bubble growth and collapse. Based on the assumption that the cavitation
bubble is spherical and there is zero slip velocity between fluid and cavitation bubbles,
the dynamic equation of cavitation can be deduced from the Rayleigh–Plesset equation

RB
d2RB

dt2 +
3
2

(
dRB
dt

)2
+

2σ

ρ f RB
=

pv − p
ρ f

(1)

where RB is the cavitation vapor bubble radius, p is the liquid pressure, pv represents the
pressure in the bubble, ρf is the liquid density, and σ is the coefficient of surface tension.
According to the Rayleigh–Plesset equation, the volume change of a single bubble depends
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on the difference between vaporization pressure and liquid pressure. The above equation
reduces to
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2
3
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ρ f

(2)

Therefore, the volume change rate of bubble can be described by
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The mass change of bubble is as follows,

dmB
dt

= ρg
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= 4πR2
Bρv

√
2
3

pv − p
ρ f

(4)

where ρv represents the density of the vapor.
Zwart calculated the volume fraction (rg) by multiplying the number of bubbles per

unit volume (NB) and the mass transfer rate of bubble volume (VB) [22]. The expression is
as follows,

rv = VBNB =
4
3

πR3
BNB (5)

And the total interphase mass transfer rate is obtained as

.
m f v = NB

dmB
dt

=
3rvρv
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√
2
3
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(6)

This expression depends on the direction of phase transition. For the growth/vaporization
of bubbles, it is given by the equation

.
m f v = F

3rvρv

RB

√
2
3
|pv − p|

ρ f
sgn(pv − p) (7)

where F is a factor expressing the mass conversion rate direction, which includes vapor-
ization (Fvap) and condensation (Fcond) processes. Fvap is different from Fcond because the
condensation process is much slower than the vaporization process [27].

Although Equation (7) can be applied to the vaporization and condensation processes,
the equation needs to be modified during the vaporization process.

The vaporization process begins with the nuclei and grows up to bubbles. However, with
the increase of vapor volume fraction, the nuclei volume fraction decreases correspondingly;
therefore, we replace rv in Equation (7) with rnuc(1 − rv) to give

.
m f v = F

3rnuc(1− rv)ρv

RB

√
2
3
|pv − p|

ρ f
sgn(pv − p) (8)

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

.
m+

f v = Fcond
3rvρv

RB

√
2
3

p− pv

ρ f
(9)

For vaporization, the mass transfer rate can be reorganized as

.
m−f v = −Fvap

3rnuc(1− rv)ρv

RB

√
2
3

pv − p
ρ f

(10)
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2.2. Geometry Model of the Torque Converter

The full flow passage (Figure 2) was extracted from a base torque converter whose
torus diameter is 315 mm. The torque converter mainly consists of pump, turbine and
stator, and the liquid flows in a closed-loop, the fluid flows circularly in the sequence of
pump—turbine—stator. In order to realize the information exchange between different
domains, it is necessary to establish interfaces models between adjacent domains. Moreover,
the pump speed (NP) is a fixed value of 2000 rpm, the turbine speed (NT) is a variable value
with a range from 0 to 1600 rpm, the stator speed (NS) is always 0 rpm, and the speed ratio
condition is determined by pump speed and turbine speed (SR = NT/NP). We focused on
the analysis of the cavitation performance of the torque converter under stall operating
condition when cavitation reached its maximum extent.

Figure 2. Full 3D flow model of the torque converter.

2.3. Mesh Independence Analysis

The three impellers were discretized using unstructured tetrahedral elements in ICEM-
CFDTM of ANSYS 19.2. 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.

The accuracy and efficiency of the solution are directly affected by the mesh density.
In theory, a higher grid number would yield better accuracy; however, more mesh requires
higher computing resources. Therefore, an appropriate mesh density should be determined
by mesh independence analysis to achieve a proper balance between accuracy and com-
puting cost, and the mesh model is considered independent if further refining the mesh
produces less than 3% variation in results.

A mesh independence test was performed with different mesh resolutions, the refer-
ence pressure level was 0.4 MPa, and the pump speed was 2000 rpm, SR was 0.4. Figure 3
shows the torque results of pump, turbine and stator over variant mesh densities through
the CFD calculation. Taking into account the computational efficiency and accuracy com-
prehensively, the element numbers of pump, turbine and stator are 7,538,148; 4,319,448; and
2,442,091 respectively, and the torque variation of pump, turbine and stator is 1.63%, 1.42%,
and 1.90% respectively, which satisfies the requirement of mesh independence, as shown
in Table 1, and the bold font is the final chose mesh model.

Table 1. Data of the mesh independence analysis.

Order
Number of Elements Torque Variation

Pump Turbine Stator Total TP% TT% TS%

01 613958 663382 305766 1583110 0 0 0
02 1060830 1198570 527300 2786700 4.20 5.25 8.05
03 2415170 3555930 1201990 7173100 4.51 4.22 5.84
04 7538148 4319448 2442091 14299687 1.63 1.42 1.90
05 12440100 5315250 3003070 20758500 0.69 1.27 1.85
06 16541600 6631990 3748490 26922000 0.58 0.96 1.21
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Figure 3. Mesh model and independence analysis results of torque converter.

The mesh around the blade surface is densified with 12 layers of prism mesh whose
minimum height is 0.015 mm, the mesh quality is analyzed again, and the Yplus values
(which is a non-dimensional variable representing the distance from the wall to the first
node away from the wall) of three impellers are all less than 2, which means that the
boundary layer and wall function can meet the requirements of high accuracy. The final
total element number is 22,431,217 after the boundary mesh generation.

2.4. CFD Settings

The parameter study on torque converter cavitation is carried out according to the
flow chart shown in Figure 4. The internal flow of torque converter is three-dimensional,
viscous and turbulent. The full flow model of torque converter was firstly established and
then the meshing and mesh independence analysis were carried out, the mesh around the
blade surface was refined and its Yplus should be less than 2.

Figure 4. Flow chart for the torque converter cavitation calculation using CFD.
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The CFD calculation was divided into four steps to improve the accuracy and the
convergence of the simulation, and the results of previous calculations were used as the
initial value of next simulation because the convergence of solution is directly affected by
initial value.

Firstly, the characteristics of torque converter ignoring cavitation were solved by a
steady-state model with the upwind advection scheme, then the non-cavitation steady-state
CFD model was performed by high-resolution advection scheme and turbulence numerics
to provide accurate flow field status. Thirdly, the steady-state cavitation behavior was
simulated using the high-resolution scheme and default cavitation parameters based on
the non-cavitation model results. Lastly, a series of steady-state CFD cavitation models
with cavitation empirical parameters were carried out using the steady-state non-cavitation
outputs as its initial condition to study the influence of cavitation model parameters.
After the calculation, the results were processed and the effects of cavitation parameters
were analyzed.

The detailed CFD model settings are listed in Table 2. The pressure setting in the
torque converter has no inlet or outlet boundaries because of the closed-loop flow. There-
fore, 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. The internal fluid fields of
the torque converter under stall operating condition were calculated with non-cavitation
and cavitation models, and then the pump torque (TP), turbine torque (TT), and other
performance indices were derived from the CFD results.

Table 2. Detailed setting of torque converter CFD model.

Analysis Step No Cavitation I No Cavitation II Cavitation III Cavitation IV

Analysis type Steady-state Steady-state Steady-state Steady-state
Advection scheme Upwind High resolution High resolution High resolution

Interface model Frozen rotor Frozen rotor Frozen rotor Frozen rotor
Cavitation model None None Zwart model Zwart model

Cavitation parameters None None Default values Changed values
Time step 0.01 s Auto timescale Auto timescale Auto timescale

Step number 400 300 400 400
Convergence target RMS 1 × 10−5 RMS 1 × 10−5 RMS 1 × 10−5 RMS 1 × 10−5

Turbulence model SST SST SST SST
Fluid properties ρl = 835.2 kg·m−3, µl = 1.46 × 10−2 Pa·s
Vapor properties ρv = 2.1 kg·m−3, µv = 1.2 × 10−5 Pa·s

Pump status Fixed at 2000 rpm
Turbine status Fixed at 0 rpm
Stator status Stationary

Boundary details No-slip and smooth wall

In addition, there are seven parameters in the torque converter cavitation model.
Pv is the saturated vapor pressure, and the vapor pressure of automatic transmission oil
is very low, it was set to be 110 Pa in our previous studies [13]. Fcond is the cavitation
condensation coefficient whose default value is 0.01 as condensation usually occurs slowly.
Fvap is the cavitation vaporization coefficient with a much higher default value (50) to
represent the growth (vaporization) rate of the cavitation bubbles. RB is the mean radius of
cavitation bubble, and the default value of 2 × 10−6 m is considered reasonable. MDR is
the maximum density ratio of oil and oilvapor which is used to clip the vapor density for all
terms except the cavitation source term itself, its default value is 1000. NVF is the volume
fraction of the nucleation sites with a default value of 5 × 10−4. CRRF is the cavitation rate
under relaxation factor, and its default value is 0.25 [22,27,28].

In order to further study the cavitation model, the performance of torque converter
with different cavitation parameters was calculated to analyze the sensitivity of each
parameter. Herein the parameter study was conducted by varying each parameter while
keeping the rest at their default level. The value ranges of the parameters were confirmed
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based on a large number of investigations and our numerical calculation. The specific
levels of each parameter are shown in Table 3.

Table 3. Different parameters of cavitation model.

Parameter Definition Value

Pv/Pa Saturated Vapor Pressure 10 100 500 1000 5000
Fcond Cavitation Condensation Coefficient 0.0001 0.005 0.01 0.05 0.2
Fvap Cavitation Vaporization Coefficient 0.1 1 10 50 100

RB/m Mean Radius 7 × 10−8 2 × 10−7 2 × 10−6 2 × 10−5 2 × 10−4

MDR Maximum Density Ratio 10 100 1000 10,000 50,000
NVF Nuclei Volume Fraction 5 × 10−8 5 × 10−7 5 × 10−6 5 × 10−5 5 × 10−4

CRRF Cavitation Rate under Relaxation Factor 0.001 0.005 0.05 0.1 1

3. Hydraulic Torque Converter Test Rig
3.1. Macro Characteristic Test of Hydraulic Torque Converter

The test cell consists of a motor (300 kW) and a generator (300 kW) to simulate various
speed conditions. The speed and torque sensors of Sensor Technology Ltd., with calibration
accuracy of 0.25%, are installed at the input and output ends of the torque converter respec-
tively, the maximum range is 5000 rpm and 2000 Nm respectively. Besides, the pressure and
flow in the torque converter was supplied by a hydraulic system. The test speed ratio is re-
alized by controlling the speed of motors (NP = 2000 rpm) and generator (NT = 0–1600 rpm)
during the experiment, and the internal liquid pressure (Pc = 0.4 MPa) and temperature
(TC = 90 ◦C) are realized by controlling the hydraulic system, as shown in Figure 5.

Figure 5. Torque converter test cell and its components.

3.2. Micro Pressure Test Inside Hydraulic Torque Converter

Based on the torque converter test cell, the pressure sensors were integrated into
stator blades to obtain the pressure information of flow field and cavitation in the torque
converter, as shown in Figure 6. The micro pressure test data in torque converter will
support and verify the modification of cavitation model parameters.

The features of these transducers include small foot print, high natural frequency,
extreme resistance to vibration and shock, and wide temperature range. Which with size of
1.3 × 1.8 × 6.2 mm and frequency response of 1 × 10−4 s, the pressure range is 0–1.7 MPa,
operating temperature range is −65 ◦F to +250 ◦F (−55 ◦C to +120 ◦C), and measurement
accuracy by ±0.1%.
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Figure 6. Micro pressure test of internal flow field in torque converter.

4. Parameter Study Results and Discussion
4.1. Influence of Cavitation on Hydrodynamic Performance

The torque of pump, turbine and stator can be obtained by the simulation. The perfor-
mance metrics are torque ratio (K = TT/TP), efficiency (η = K*SR) and capacity constant
(CC = TP*D−5*ωP

−2), and the overall performance is compared with experimental data
(Figure 7). The mass flow rate (MF) was also extracted from the simulation results to reveal
the influence of cavitation.

Figure 7. Comparison of torque ratio, efficiency, and capacity constant between no cavitation,
cavitation, and test at various speed ratio under cavitating and non cavitating conditions.

The results revealed that cavitation deteriorated torque converter performance, which
is the same as that of our previous studies [29]. When SR ≤ 0.4, the cavitation degree
increased with the decrease of speed ratio and reached its maximum at stall operating con-
dition (SR = 0), and the cavitation phenomenon disappeared when SR > 0.4. The influence
of cavitation on the performance of hydraulic torque converter mainly lies in torque ratio,
and capacity constant. As a result of cavitation, the torque ratio decreased by 3.7%, and the
capacity constant decreased by 21.9% as shown in Figure 7.

The error comparison of turbine torque, torque ratio, efficiency and capacity constant
between no cavitation and cavitation at various speed ratio under cavitating conditions
is shown in Figure 8. It can be concluded that the error reaches the maximum under stall
when cavitation was ignored, and the maximum capacity constant error was reduced from
19.6% to 6.7% by considering cavitation (Figure 8). However, a higher accuracy model
could be achieved if proper empirical coefficients were adopted. Therefore, we studied
the influence of empirical parameters to reveal the influence of the model parameters on
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the cavitation performance and flow state and optimized the cavitation model for torque
converter cavitation simulation.

Figure 8. Error comparison of turbine torque, torque ratio, efficiency, and capacity constant between
no cavitation and cavitation at various speed ratio under cavitating conditions.

4.2. Analysis of Parameter Sensitivity

We analyzed the characteristics and internal flow field of torque converter under stall
by establishing and solving the cavitation CFD models with different parameters. After the
analysis and comparison of various parameters, the influence degree (the change rate of
the torque converter performance caused by the parameter modification of the cavitation
model) was calculated to express the relationship between cavitation model parameters
and CFD results, as shown in Figure 9.

Figure 9. Influence degree of all cavitation parameters on capacity constant, torque ratio, and mass flow rate of torque
converter at stall.

By comparing the additive influence degree of each parameter, we found out that the
influence degree of them follows NVF > Fvap > RB > MDR > CRRF > Fcond > Pv.

It can be concluded from Figure 9. that NVF and Fvap both have a great influence
on the performance of torque converter, especially on capacity constant and mass flow
rate, yet they have limited influence on stall torque ratio. While RB, MDR, and CRRF have
limited influence, which is also mainly reflected in capacity constant and mass flow rate.
Other cavitation parameters have little effects on the performance of the torque converter,
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such as Fcond and Pv. It is worth noting that the capacity constant and mass flow rate of
the torque converter varied pronouncedly under different cavitation parameters, while the
torque ratio under stall is mildly affected by the cavitation parameter settings.

4.3. Analysis of the Influence of Significant Cavitation Parameters

The sensitivity analysis of cavitation parameters revealed the influence of the seven
parameters on the performance of torque converter. In order to further study the in-
fluence of parameters on cavitation, we determined four significant cavitation model
parameters—NVF, Fvap, MDR, and RB, and analyzed the effects of each parameter on
hydraulic characteristics, cavitation bubbles volume shape, oil vapor volume fraction,
and cavitation evolution process of torque converter in depth. We emphasized the investi-
gation of flow behavior and hydrodynamic performance at stall operating condition with
the most serious cavitation phenomenon.

The oil vapor volume fraction distribution in stator domain as shown in Figure 10,
we found that cavitation mainly occurs at the leading edge of stator suction surface and
the trailing edge of pressure surface. However, the cavitation near the blade tail is very
small compared with that near the head, which is not convenient for observation and
comparative analysis. Therefore, we focus on the cavitation of stator blade head.

Figure 10. Oil vapor volume fraction distribution near the stator blade of torque converter.

4.3.1. Nuclei Volume Fraction—NVF

The performance of torque converter under various NVF is shown in Figure 11.
It is clear that nuclei volume fraction has a great influence on the performance of the
torque converter. The capacity constant, torque ratio and mass flow rate decrease with
an increasing NVF when NVF ≤ 5 × 10−5. NVF exhibits limited influence on the overall
performance when NVF exceeds 5 × 10−5.

Figure 11. Capacity constant, torque ratio, and mass flow rate of torque converter at stall under
various nuclei volume fractions.

The absolute pressure distribution diagram of the middle streamline on stator blade
surface (Figure 12) shows that there is a big differential pressure between the suction
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surface and pressure surface of stator blade, which decreases gradually from head to
tail, the differential pressure makes torque converter play a role in transmitting torque.
In addition, the pressure decreases drastically on the pressure surface of stator blade with an
increasing NVF, and the pressure change near the head is more obvious, while it decreases
slightly on the suction surface, which leads to the reduction of mass flow rate, capacity
constant and torque ratio. However, there are also some errors caused by calculation and
streamline selection (such as the high value of NVF = 5 × 10−4).

Figure 12. Absolute pressure on stator blade at stall under various nuclei volume fractions.

Figures 13 and 14 are the oil vapor volume fraction and the bulk interphase mass
transfer rate on the middle streamline of stator blade under various NVF. The results reveal
that with the increase of NVF, the oil vapor volume fraction and the mass transfer rate of
the head and tail on blade surface increase gradually, but they are always 0 in the middle
of blade, indicating that cavitation mainly occurs at the leading edge of the stator suction
surface, and the increase of NVF will aggravate the cavitation degree.

Figures 15 and 16 show the 10% vapor volume fraction distribution in the stator
domain and the oil vapor volume fraction distribution on the stator blades under various
NVF. We ignored the trend error caused by blade selection and found, the volume of oil
vapor bubbles at the head of stator blade gradually increases with an increasing NVF, and
covers the entire head of the stator blade when NVF is greater than 5 × 10−6. The oil vapor
volume fraction on the surface of blade exhibits an increasing trend, the area with high oil
vapor volume fraction gradually expands as the NVF increases.

Figure 13. Oil vapor volume fraction on stator blade at stall under various nuclei volume fractions.
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Figure 14. Bulk interphase mass transfer rate on stator blade at stall under various nuclei volume
fractions.

Figure 15. The 10% vapor volume fraction distribution in stator domain at stall under various nuclei volume fractions.

Figure 16. Oil vapor volume fraction distribution on stator blades at stall under various nuclei volume fractions.

Figure 17 reveals that the volume of bubbles, the length of bubbles and the high oil
vapor content area increase with an increasing NVF. As NVF represents the volume fraction
of the nucleation sites, higher NVF indicates more oil vapor nuclei in the fluid, which
consequently leads to an increasing volume of bubbles and deteriorated performance of
torque converter. In conclusion, cavitation becomes more serious with the increase of NVF.
The reason is that higher NVF indicates more nuclei sites, which results in heavier cavita-
tion.

Figure 17. Oil vapor volume fraction distribution in stator domain at stall under various nuclei volume fraction.

4.3.2. Cavitation Vaporization Coefficient—Fvap

The performance of torque converter under various Fvap is shown in Figure 18. Cavi-
tation vaporization coefficient also has a significant influence on the performance. The in-
crease of Fvap will decrease capacity constant, torque ratio and mass flow rate of the
torque converter.
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Figure 18. Capacity constant, torque ratio, and mass flow rate of torque converter at stall under various
cavitation vaporization coefficients.

The absolute pressure distribution diagram of the middle streamline on stator blade
surface (Figure 19) shows that with the increase of Fvap, the differential pressure between
the two sides of stator blade decreases gradually, which leads to the reduction of mass flow
rate, capacity constant, and torque ratio of torque converter.

Figure 19. Absolute pressure on stator blade at stall under various cavitation vaporization coefficients.

Figures 20 and 21 depict the oil vapor volume fraction and the bulk interphase mass
transfer rate on the middle streamline of stator blade under various Fvap. We found that
the oil vapor volume fraction and the mass transfer rate of the head and tail on blade
surface increase gradually with an increasing Fvap, indicating that the increase of Fvap will
aggravate the cavitation.

Figure 20. Oil vapor volume fraction on stator blade at stall under various cavitation vaporization co-
efficients.
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Figure 21. Bulk interphase mass transfer rate on stator blade at stall under various cavitation
vaporization coefficients.

The 10% vapor volume fraction distribution in stator domain and the oil vapor volume
fraction distribution on stator blades under various Fvap are shown in Figures 22 and 23.
The influence of Fvap is similar to that of NVF. Increasing Fvap leads to more and higher
density oil vapor volume fraction.

Figure 22. The 10% vapor volume fraction distribution in stator domain at stall under various cavitation vaporization coefficients.

Figure 23. Oil vapor volume fraction distribution on stator blades at stall under various cavitation vaporization coefficients.

The volume of bubbles around blade head increases with the increase of Fvap. To be more
specific, the area with high gas content grows and expands, and the length of the oilvapor
bubble also increases as Fvap increases (Figure 24). The reason is straight forward—the
increase of the vaporization coefficient indicates quicker vaporization process, consequently
leading to more bubbles generation and lower torque converter capacity and mass flow
rate. In conclusion, the increase of Fvap will promote the cavitation process.

Figure 24. The oilvapor volume fraction distribution in stator domain at stall under various cavitation vaporization coefficient.
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4.3.3. Mean Radius—RB

The performance of torque converter under various RB is shown in Figure 25. It is
clear that mean radius has a significant influence on hydrodynamic performance. The mass
flow rate, capacity constant and torque ratio of the torque converter exhibit a positive
correlation with RB.

Figure 25. The capacity constant, torque ratio and mass flow rate of torque converter at stall under
various mean radius.

The absolute pressure distribution diagram of the middle streamline on stator blade
surface (Figure 26) shows that with the increase of RB, the pressure has gradually increased
on the pressure surface of the blade; however, the suction surface pressure decrease first and
then increase. When RB =2 × 10−6 m, the suction surface pressure reaches the minimum
value. As a result, the differential pressure between the two blade sides increases with the
increase of RB, which increases the mass flow rate, the capacity constant and torque ratio
of torque converter.

Figure 26. The absolute pressure on stator blade at stall under various mean radius.

Figures 27 and 28 illustrate the oilvapor volume fraction and the bulk interphase
mass transfer rate on the middle streamline of stator blade under various RB. It is clear
that the oilvapor volume fraction of the head and tail on blade first increases and then
decreases with the increase of RB. It reaches the highest value when RB = 2 × 10−6 m.
The mass transfer rate of the head and tail on blade surface decreases with an increasing
RB. However, the oilvapor volume fraction and the bulk interphase mass transfer rate on
the middle of blade surface are always 0 under various RB, it shows that cavitation mainly
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occurs at the leading edge of stator suction surface, and the change of RB will affect the
cavitation degree in torque converter.

Figure 27. The oilvapor volume fraction on stator blade at stall under various mean radius.

Figure 28. The bulk interphase mass transfer rate on stator blade at stall under various mean radius.

Figure 29 shows the 10% vapor volume fraction distribution in stator domain under
various RB, we can conclude that the volume of oilvapor bubbles at the head of stator blade
grows slightly with the increase of RB, and finally covers the entire head of stator blade.

Figure 29. The 10% vapor volume fraction distribution in stator domain at stall under various mean radius.

The oilvapor volume fraction distribution in stator domain under various RB is shown
in Figure 30. With the increase of RB, the length and the volume of bubbles increases.
However, when RB =2 × 10−4 m, the oilvapor volume fraction decreases in spite of an
increasing bubble length and volume. The reason is that it is easier for bubbles to grow
when the radius of the gas core is bigger, which increases the bubble volume.
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Figure 30. The oilvapor volume fraction distribution in stator domain at stall under various mean radius.

4.3.4. Maximum Density Ratio—MDR

The performance of torque converter under various MDR is shown in Figure 31. It is
clear that maximum density ratio has a little influence on torque ratio; however, MDR
has a pronounced influence on capacity constant and mass flow rate when MDR is less
than 1000. With the increase of MDR, the capacity constant and mass flow rate of torque
converter decrease; however, when MDR exceeds 1000, further increase in MDR will not
induce significant variation in hydrodynamic performance.

Figure 31. Capacity constant, torque ratio, and mass flow rate of torque converter at stall under various
maximum density ratios.

The absolute pressure distribution diagram of the middle streamline on stator blade
surface (Figure 32) shows that with the increase of MDR, the pressure on pressure surface
decreases, but it has little change on suction surface, which leads to the reduction of mass
flow rate and capacity constant. It is worth noting that the absolute pressure distribution
remains unchanged when MDR is greater than 10,000.

Figure 32. Absolute pressure on stator blade at stall under various maximum density ratios.
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Figures 33 and 34 show the oil vapor volume fraction and the bulk interphase mass
transfer rate on the middle streamline of stator blade under various MDR. The results show
that the oil vapor volume fraction increases gradually with the increase of Fvap, while the
mass transfer rate decreases with the increase of Fvap. There is little variation in both
volume fraction and interphase mass transfer rate when MDR ≥ 10,000.

Figure 33. Oil vapor volume fraction on stator blade at stall under various maximum densities.

Figure 34. Bulk interphase mass transfer rate on stator blade at stall under various maximum
density ratios.

Figure 35 shows the 10% vapor volume fraction distribution in stator domain under
various MDR. We ignored the trend error caused by blade selection and conclude that the
increase of MDR leads to little change in the volume of oil vapor bubbles at the head of the
stator blade.

Figure 35. The 10% vapor volume fraction distribution in stator domain at stall under various maximum density ratios.

We found out that the volume and the length of bubbles in the blade head did not
change much with the increase of MDR; however, the oil vapor volume fraction increases
gradually (Figure 36). The results reveal that the maximum density ratio has little effect on
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the volume and the distribution of bubbles, but it will affect the oil vapor content per unit
volume, i.e., the vapor density. In conclusion, cavitation becomes more serious with the
increase of MDR, it is worth mentioning that the calculation results will no longer change
when MDR ≥ 10,000.

Figure 36. Oil vapor volume fraction distribution in stator domain at stall under various maximum density ratios.

5. Cavitation Parameters Modification and Calculation

Based on the parameter study results and the properties of viscous oil that as the
working medium of torque converter, we modified the parameters of cavitation model to
improve the simulation accuracy, as shown in Table 4.

Table 4. Parameter modification on torque converter cavitation model.

Parameter Pv/Pa Fcond Fvap RB/m MDR NVF CRRF

Default Value 110 0.01 50 2 × 10−6 1000 5 × 10−4 0.25
Modified Value 700 0.01 20 2 × 10−5 1163 5 × 10−5 0.25

According to the properties of fluid, the density of hydraulic transmission oil and gas
are 835.2 kg/m3 and 0.718 kg/m3 at 90 ◦C, and the dissolved and undissolved gas in the
hydraulic oil promotes the cavitation process and increase the saturated vapor pressure.
Therefore, we modified the relevant parameters that MDR = 1163 and Pv = 700 Pa.

The maximum influencing parameter—NVF—was modified to 5 × 10−5 to correct
the over-prediction of cavitation by the original cavitation model parameters, which can
significantly reduce the volume of cavitation bubbles and the oil vapor volume fraction.
Besides, we modified RB to 2 × 10−5 m which can reduce the rapid growth and collapse of
bubbles caused by the excessive initial bubble radius. Fvap was modified to 20 due to the
vaporization degree and vaporization rate of viscous oil are less than that of water.

However, we did not modify Fcond and CRRF because our results show that these two
parameters have little effect on the cavitation performance of torque converter.

We calculated the hydrodynamic performance of torque converter under cavitation
working conditions using the modified parameters to verify the accuracy of the new
cavitation model. Figure 37 shows the comparison of torque ratio, efficiency and capacity
constant between original model, modified model, and test at various speed ratio under
cavitating conditions, and the errors of turbine torque, torque ratio, efficiency, and capacity
constant between modified cavitation model and test at various speed ratio under cavitating
conditions as shown in Figure 38.

Through the comparison of calculation results before and after parameters modifica-
tion, we can conclude that the results of modified cavitation model parameters are more
consistent with the test, especially the capacity constant. The error of capacity constant
was reduced from 6.7% to within 2% when SR < 0.4, and other performance results of
torque converter maintain a higher accuracy. In conclusion, the modification of cavitation
model can effectively improve the calculation accuracy of hydrodynamic torque converter
cavitation performance.

In addition, we obtained the pressure data at different positions on stator blade
through the micro pressure test inside hydraulic torque converter, as shown in Table 5.
Compared with the internal flow field extracted from the CFD results, we found that the
error between the calculated results and the test was within 8%, which further verified the
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accuracy of the modified cavitation model. It is worth noting that the average pressure on
the suction surface of the stator blade is obviously less than the oil supply pressure, which
is caused by cavitation that occurred at this position.

Figure 37. Comparison of torque ratio, efficiency, and capacity constant between the original model
and modified model and test at various speed ratios under cavitating conditions.

Figure 38. Errors of turbine torque, torque ratio, efficiency, and capacity constant between modified
cavitation model and test at various speed ratio under cavitating conditions.

Table 5. Pressure data at different locations on stator blade.

Position on Stator Blade Head of Suction Surface Head of Pressure Surface Tail of Pressure Surface

Simulation average pressure (Pa) 16,374 1,212,461 639,934
Test average pressure (Pa) 17,763 1,298,350 611,840

Error (%) −7.82 −6.62 4.59

6. Conclusions

The present work investigated the hydrodynamic performance of torque converter and
cavitation fluid field by establishing a full 3D steady-state CFD model, and the cavitation
effect was also considered. A series of cavitation models were investigated and the influence
of empirical parameters on the cavitation model were analyzed. The study made the
following conclusions clear:

(1) Cavitation occurred in a high power-weight ratio torque converter, especially under
low SR operating conditions. It has a great change on the hydraulic performance of
the torque converter. We should consider the cavitation processes in the analysis of
the torque converter to obtain high-precision calculation results.

(2) The seven parameters of the cavitation model have different effects on the degree
of cavitation. NVF is the most important factor, Fvap and RB rank the second, MDR,
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CRRF, Pv, Fcond are among the least influential parameters. Changing the model
parameters according to the actual conditions could improve the prediction accuracy
of cavitation model.

(3) The parameters affect the cavitation hydrodynamic performance and cavitation behav-
iors in different ways. For instance, NVF and Fvap are the most influential factors to
the capacity constant and mass flow rate of torque converter. However, all parameters
have little influence on the stall torque ratio of the converter.

(4) The cavitation flow field and bubble distributions in the torque converter are closely
related to the cavitation model parameters. RB and NVF have great influence on
the shape of the cavitation bubble, RB mainly affects the length and the thickness of
bubbles, and NVF mainly affects the length. MDR and Fvap have little effect on the
bubble shape, but RB has a great effect on the air content in the bubble.

(5) For the base torque converter, the modified cavitation model improved the calculation
accuracy under cavitation operating conditions.

It is worth noting that this paper only reveals the effects of a single parameter; how-
ever, interaction effects are possible between parameters. Further studies are required to
comprehensively investigate the effects using more samples.

In our future work, we will consider the surface tension of viscous oil and further
modify the cavitation model, pay more attention to the prediction of cavitation inception,
study the transient cavitation behavior in the torque converter at higher speed by transient
calculation and transient measurement technology.
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