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Abstract: Recent experiments have shown interactions between the cavitation and fluid vortex
formation in a hydrodynamic torque converter. This study aimed to clarify the unsteady cavitation
trigger mechanism and flow-induced vibration caused by turbulence–cavitation interactions. The
mass transfer cavitation model and modified Reynolds-averaged Navier–Stokes k–ω model were
used with a local density correction for turbulent eddy viscosity to investigate the cavitation structure
in a hydrodynamic torque converter under various operating conditions. The model results were
then validated against test data. The multi-block structured gridding technique was used to develop
an orthogonally structured grid of a three-dimensional full-flow passage as an alternative analysis
method for the cavitation flow. The results indicated that the re-entrant jet is the main cause of
the shedding cavitation and breaking O-type cavitation. The re-entrant jet is driven by the reverse
pressure gradient to move upstream towards the stator nose, and it lifts and splits the attached
cavitation, which periodically induces shedding cavitation. When the cavitation was considered, the
prediction error of the capacity constant was reduced from 13.23% to <5%. This work provides an
insight into the cavitation–vortex interactions in a hydrodynamic torque converter, which can be
used to improve the prediction accuracy of the hydrodynamic performance.

Keywords: hydrodynamic torque converter; turbulence–cavitation interactions; re-entrant jet; shed-
ding cavitation; characteristics prediction

1. Introduction

The hydrodynamic torque converter is a typical coupled turbomachine that transfers
power via the interaction between the blades and transmission medium. A hydrodynamic
torque converter can provide a high output torque at a speed ratio (SR) of zero. Thus, the
working machine has good launching performance and the advantages of fluid coupling
and vibration damping. A hydrodynamic torque converter typically comprises three
elements: a turbine driving the transmission, a pump driven by an engine, and a stator
mounted on an overrunning clutch between the pump and turbine [1–3].

In recent years, hydrodynamic torque converters have been designed with increased
launching performance, power density, and rotation speed, which can increase the risk of
cavitation. Cavitation reduces the performance of a hydrodynamic torque converter, and its
inception and development destabilize the rotation speed. Cavitation has been observed in
many types of turbomachines, as shown in Figure 1. Bakir studied the relationship between
the head drop of the inducer and cavitation under the different flow rates conditions. They
found that under a specific range of the flow rate, the computational fluid dynamics (CFD)
results agreed well with the test [4]. Brennen studied the cavitation behavior inside a scaled
pump. A large number of cavitation bubbles at the trailing edge of the pump were observed
in their research [5]. Park tested the fully developed cavitation form of the propeller. The
sheet cavitation and tip vortex cavitation were found in their study [6]. Tsutsumi employed
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a transparent torque converter model to observe the cavitation form and location at low
rotational speeds. A large number of attached cavitation were found at the leading edge of
the stator [7]. Other researchers have studied cavitation in axial flow pump, water pump,
etc. [8–10]. Most of their research focuses on experimental observation and performance
testing, but only a few reports are available on the cavitation mechanism and transient
cavitation behavior of hydrodynamic torque converters.
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Figure 1. Cavitation in typical turbomachines. (a) cavitation generated in inducer, (b) cavitation
in tip vortices and marine propeller blades, (c) cavitation damage of a marine propeller blade, and
(d) cavitation generated in hydrodynamic torque converter.

Microwave telemetry, nearfield acoustic measurement, and particle image velocimetry
can be employed to predict the cavitation formation and process in a hydrodynamic torque
converter [11–17]. Nearfield acoustic measurement has been employed to directly detect
the cavitation effect of the flow field in a hydrodynamic torque converter with different
blade geometries [18–20]. Watanabe et al. performed numerical simulations to predict
the cavitation behavior of a hydrodynamic torque converter at SR = 0 and established a
relationship between cavitation and vibration [21]. Ju et al. studied the relationship between
the cavitation and performance of a hydrodynamic torque converter. They reported that
cavitation occurs mainly near the stator nose when SR = 0. Cavitation can cause the stall
capacity constant (CC0) and stall torque ratio (TR0) to drop drastically with advanced flow
separation near the stator [22]. Liu et al. proposed removing the interface between the



Appl. Sci. 2021, 11, 2798 3 of 22

turbine and stator when simulating the cavitation of a hydrodynamic torque converter
and setting a reference pressure level at the pump–stator interface near the shell, which
can increase the convergence and accuracy of a two-phase flow cavitation simulation [23].
Previous research mainly employed a periodic steady-state single-flow passage or a series
of experimental tests to predict the cavitation flow field of a hydrodynamic torque converter.
However, the strong interaction between the blades and flow field means that the cavitation
in a hydrodynamic torque converter cannot be in a stable state, and the cavitation bubbles
must exhibit dynamic behavior. The relationship between this dynamic behavior and
torque is not well recognized. The evolution mechanism and flow-induced vibration of
transient cavitation inside the hydrodynamic torque converter still need to be clarified.

This study focused on the evolution of transient cavitation in the torque converter
and the flow-induced vibration caused by cavitation–turbulence interaction. The aim
was to clarify the cavitation mechanism of the flow field in a torque converter under the
influence of a complex multiphase flow. The findings of this study may help in developing
an effective cavitation suppression method for a turbomachine user.

2. Methodology

Because it is a transfer mechanism between the vapor and liquid phases, cavitation
poses great challenges to the grid resolution and stability of numerical simulations. To
simulate the transient cavitation phenomenon inside a hydrodynamic torque converter
accurately, the Reynolds-averaged Navier–Stokes (RANS) with shear stress transport (SST)
k–ω turbulence model and the Zwart–Gerber–Belamri cavitation model were employed to
simulate the internal flow field of a hydrodynamic torque converter.

2.1. Turbulence Model

The turbulent flow field of the hydrodynamic torque converter was solved with RANS
equations. The flow field of a hydrodynamic torque converter is considered as a mixture of
vapor and liquid. The fluid in the flow field always maintains the conservation of mass
and momentum, which can be expressed by the following equations.

Continuity equation:
∂ρ

∂t
+

∂(ρuj)

∂xj
= 0. (1)

Momentum equation:

∂(ρui)

∂t
+

∂(ρuiuj)

∂xj
= ρ fi −

∂p
∂xi

+
∂

∂xj
[(µ + µt)(

∂ui
∂xj

+
∂uj

∂xi
− 2

3
∂uk
∂xk

δij)]. (2)

Mixture density:
ρ = αvρv + (1− αvρl). (3)

In Equations (1) and (2), xi, ui, and fi are the components of the displacement, velocity,
and body force, respectively, that are in the i direction. µ and µt are the laminar and
turbulent viscosities, respectively.

The governing equations in the SST k–ω model are for the turbulence kinetic energy k
and specific dissipation rate ω:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xi

[
(µ + σkµt)

∂k
∂xi

]
+ Pk − β∗ρkω (4)

∂(ρω)
∂t + ∂(ρωui)

∂xi
= ∂

∂xi

[
(µ + σωµt)

∂ω
∂xi

]
− βρω2

+2(1− F1)ρσw2
1
ω

∂k
∂xi

∂ω
∂xi

+ αρS2
(5)
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The blending function F1 is defined as F1= tan h
{{

min
[
max

( √
k

β∗ωy , 500ν
y2ω

)
, 4ρσω2k

CDkωy2

]}4
}

CDkω = max
(

2ρσω2
1
ω

∂k
∂xi

∂ω
∂xi

, 10−10
) . (6)

At the boundary layer, the k–ε model is employed away from the wall. When F1 = 0,
the inner layer switches to the k–ω model. The turbulent viscosity is defined by

µt =
a1k

max(a1ω, SF2)
. (7)

where S is the invariant measure of the strain rate. The second blending function F2 is
defined as

F2 = tanh

[max

(
2
√

k
β∗ωy

,
500ν

y2ω

)]2
. (8)

In the stagnation zone, the SST k–ω turbulence model defines a production limiter to
prevent turbulence generation, which is defined as

Pk = µt
∂ui
∂xj

(
∂ui
∂xj

+
∂uj

∂xi

)
. (9)

Table 1 presents all constants in the SST k–ω turbulence model.

Table 1. Constant coefficients in the shear stress transport (SST) k–ω model.

β* α1 β1 σk1 σω1 α2 β2 σk2 σω2

0.09 5/9 3/40 0.85 0.5 0.44 0.0828 1 0.856

2.2. Cavitation Model

The mass transfer mechanism between the vapor and liquid phases is described using
the Zwart–Gerber–Belamri cavitation model. The difference between the local and vapor
pressures in the flow field drives the mass transfer rate between the vapor and liquid
phases (i.e., the rate of cavitation in the flow field). The cavitating flow field is determined
by the mass transfer rate between the vapor and liquid phase [24]. The cavitation rate is
governed by the transport equation:

∂

∂t
(αlρv) +∇·

(
αlρv

→
Vv

)
= Re − Rc, (10)

where αl is the volume fraction of liquid phase, ρv is the density of the vapor phase,
→
Vv is

the velocity of the vapor phase, and Re and Rc are the mass transfer source terms related to
the evaporation and condensation, respectively, of the vapor.

The evaporation mechanism responsible for cavitation in the hydrodynamic torque
converter flow field is governed by Re. When the local pressure in the flow field is less
than the vapor pressure, the liquid phase partially converts to the vapor phase, which
determines the formation of cavitation in the flow field. The source terms in Equation (10)
for the evaporation are expressed by

Re = Fvap
3αnuc(1− αv)ρν

RB

√
2
3

pν − p
ρl

. (11)

The cavitation bubbles inside the hydrodynamic torque converter compress when
they move toward the high-pressure region, and the cavitation condensation mechanism is
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determined by Rc. When the local pressure in the flow field exceeds the vapor pressure,
the vapor phase starts to condense. The source terms in Equation (10) for the condensation
are expressed as

Rc = Fcond
3αvρν

RB

√
2
3

p− pν

ρl
, (12)

where p is the mixture pressure, pv is the vapor pressure, and ρl is the density of liquid
phase. Different empirical factors are assumed in ANSYS Fluent help profiles as follows:
RB = 10−6 m, αnuc = 0.0005, Fvap = 50, and Fcond = 0.01.

The turbulence level of the flow is clearly related to the cavitation, and fluctuations
in the turbulence velocity are greatly influenced by cavitation shedding. Therefore, the
cavitation and turbulence models need to be combined to resolve the multiphase problem
of the hydrodynamic torque converter, which is usually solved as a flow of pure oil with
large prediction errors.

2.3. Simulation Setup

Many researchers employed the single flow passage to develop the cavitation flow
field of the torque converter, and the internal flow field was always in highly developed
transient turbulence. The rotor–stator interaction and turbulence between the impellers
make the flow field distribution of a single flow passage no longer have rotational sym-
metrical characteristics. Obviously, the CFD model establishment is incorrect. The torus
meridian view and the single flow passage are shown in Figure 2, which indicates the
layout of the six domains of the torque converter in this paper. Except for pressure inlet
(charge pressure, Figure 2a is displayed with a cyan line), pressure outlet (backpressure,
Figure 2a is displayed with a cyan line), adjacent domains are connected by an interface,
and the remaining boundaries are walls. Figure 3 is a cross-sectional view of the torque
converter. According to the sectional view of the torque converter, the full-flow transient
passage model was implemented in our study to increase the prediction accuracy for the
hydrodynamic torque converter. The charge pressure and backpressure were set at 0.8 and
0.4 MPa, respectively, for the S–P and T–S clearances near the shell (Figure 4).
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Figure 4. Structural mesh model of the hydrodynamic torque converter.

To capture the flow behavior around the blade, the grid element size near the blade
was refined with 12 layers of prism elements. The grid element growth rate from the first
layer to the following layer in the 12 layers of prism elements domain was 1.2, and the
near-wall grid element height was 1 mm. To ensure that the average y+ value was <1,
the height of the first layer grid element was set to 0.025 mm. Figure 4 was generated
with the software ANSYS ICEM. To balance the relationship between computational effort
and accuracy, a mesh independence study was performed. The simulation calculations of
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torque converter models with different grid densities were carried out under stall operating
condition. Setting the same boundary conditions, algorithms, and convergence criteria,
the CFD results under different grid elements are shown in Figure 5. The results indicated
that refining the grid had a small effect on the torque when the global grid element size
was 3 mm. The commercial software ANSYS FLUENT was used to simulate CFD models
comprising 4.48 × 106 grid elements with a global grid element size of 3 mm.
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Compared with single-phase simulation, converging a multiphase simulation is very
challenging. To improve the convergence and accuracy, the time step of the multiphase-flow
simulation was reduced five times compared with that of the single-phase flow simulation.
The Zwart–Gerber–Belamri cavitation model was employed, which is more stable than
that of Singhal et al. cavitation model [25]. The time step was taken as 0.0001 s. In total,
1200 time steps were calculated, during which time, the pump completed at least four
revolutions. Table 2 presents the details of the CFD model parameters.

Table 2. Detailed computational fluid dynamics (CFD) model settings.

Analysis Type Transient

Fluid properties ρl = 860 kg m−3, µl = 0.0258 Pa s
Vapor properties ρv = 2.1 kg m−3, µv = 1.2 × 10−5 Pa s

Turbulence model SST k–ω
Advection scheme High resolution
Convergence target RMS 1 × 10−4

Pump status Fixed at 2000 rpm
Turbine status Variable within 0–1600 rpm
Stator status Stationary

Charge pressure 0.8 MPa
Backpressure 0.4 MPa

Transient formulation Second-order upwind
Other term spatial discretization Second-order upwind

Time step 1 × 10−4 s
Boundary details No slip and smooth wall

Vapor pressure (pv) 110 Pa
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3. Transient Cavitation Behavior in a Hydrodynamic Torque Converter

3.1. Validation of the CFD Model

The detailed specifications of the pump, turbine, and stator are summarized in Table 3.

Table 3. Structural parameters of the hydrodynamic torque converter.

Element Inlet Angle Outlet Angle Number of Blades

Pump 123◦ 64◦ 29
Turbine 32◦ 157◦ 24
Stator 120◦ 33◦ 22

The hydrodynamic performance of a torque converter is defined by several operating
parameters that are described as follows.

SR (Speed ratio) : SR =
TTurbine
NPump

(13)

TR(Torque ratio) : TR =
TTurbine
TPump

(14)

η (Efficiency) : η =
NTurbine × TTurbine

NPump × TPump
= SR× TR (15)

CC (Capacity constant) : CC =
TPump

ρgNPump
2D5 , (16)

where NPump and TTurbine are the rotational speed (rpm) and TPump and TTurbine are the
torque (N m) of pump and turbine, respectively. D represents the diameter of the torus.

CC represents the capacity of the power transmission, 10−6 min2r−2m−1.
The details of the hydrodynamic performance calculation and experimental apparatus

of the hydrodynamic torque converter were reported previously [26]. CFD models with
and without cavitation were used. Figure 6 compares the calculated hydrodynamic perfor-
mances with the test data. The calculated hydrodynamic performances were consistent
at high SRs (SR ≥ 0.3). However, the CFD models differed tremendously in terms of the
torque ratio and capacity constant at low SRs (SR < 0.3). The experimental data indicated
that the capacity constant increased with increasing SR at low SRs, whereas the trend
reversed at high SRs. The calculated capacity constant without cavitation did not show this
trend with a maximum error of 13.23% under the stall operating condition. In contrast, the
calculated capacity constant with cavitation had a maximum error of <5% at low SRs. The
capacity constant considering cavitation increased with the SR, which agrees with the test
data. The two CFD models returned slightly higher values than the test data at high SRs,
which could be attributed to the flow leakage at the shell and core of the hydrodynamic
torque converter being neglected. When SR ≥ 0.3, the two CFD models were consistent
regarding the torque ratio. When SR < 0.3, the CFD models had maximum errors of 4%
and 8% with and without cavitation, respectively, for the torque ratio.

The CFD results indicate that the development of cavitation reduces both TR and
CC at low SRs (SR < 0.3). At high SRs (SR ≥ 0.3), the two CFD models agreed with each
other, which was attributed to the disappearance of cavitation. In general, the model
considering cavitation predicted the capacity and torque ratio more accurately than the
model without cavitation.
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3.2. Transient Cavitation Behavior in the Hydrodynamic Torque Converter under the Stall
Operating Condition

Heavy cavitation was predicted by the calculations in the stator under the stall oper-
ating condition, and only sheet cavitation was detected in the turbine. The fluid coming
out of the turbine struck the stator blade with a large incidence angle, which resulted
in a local high-velocity and low-pressure region on the suction surface near the leading
edge and a large reverse flow downstream. The reattachment point of the reverse flow
was located approximately 0.38 of the blade length, which was induced by a local reverse
pressure gradient. Figure 7 depicts the periodic behavior of stator cavitation under the stall
operating condition, which indicates vapor shedding and confirms that the reentrant jet
shedding mechanism was captured well using the CFD models. The cavitation shedding
was triggered by a reentrant jet, which formed upstream of the reattachment point of the re-
verse flow and was then driven by the reverse pressure gradient to move upstream toward
the leading edge. The attached cavitation cloud finally detached, and the process repeated.
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The height of the attached cavitation cloud at the leading edge increased with cav-
itation development, which can aggravate its unsteadiness. O-shaped cavitation was
predicted at the peak of the attached cavitation near the stator leading edge, which has
not previously been discovered by other researchers studying cavitation in hydrodynamic
torque converters. Bin Ji and Cheng Liu at Wuhan University and the Beijing Institute of
Technology, respectively, have similarly been researching hydrofoil cavitation, and they
predicted shedding horseshoe cavitation and U-type cavitation [27,28]. With the further
development of the reentrant jet, the O-type cavitation broke, and the attached cavitation
was cut off. The occurrence of stator cavitation was determined by the circulation flow
rate and incidence angle. When the circulation flow rate approached the threshold for
cavitation inception, the attached cavitation was predicted in the hydrodynamic torque
converter. Cavitation then became unstable with increasing mass flow rate, and the reen-
trant jet driven by the reverse pressure gradient moved towards the stator nose. The jet
then lifted and cut off the attached cavitation, which triggered the shedding cycle. O-type
cavitation could be predicted at the stator leading edge when the mass flow rate fulfilled
certain conditions. The stator cavitation showed three forms depending on the reentrant jet,
i.e., attached, O-type, and shedding cavitation. Four stages, i.e., inception, development,
shedding, and collapse were observed.

The Q criterion was introduced to capture the vortex structure in the internal flow
field [29], which is defined by

Q =
1
2

(
‖Ω‖2 − ‖S‖2

)
, (17)

where Ω (vortex tensor) and S (strain rate tensor) are the antisymmetric and symmetric
portions, respectively, of the velocity gradient tensor.
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Figure 8 depicts the vortex structure near the turbine and stator blades. The details
of the turbulent flow are given under non-cavitation and cavitation conditions. The
attached cavitation at the turbine leading edge induced a large-scale shedding vortex and
significantly modified the structure of the local vortex. The fluid velocity on the leading
edge of turbine was greater without cavitation than with cavitation. It indicated that the
flow velocity without cavitation effects was overestimated. It is the result of blockage of
the flow passage caused by cavitation bubbles. Because of the fully developed turbulence,
the vortex structure of the turbine was scattered and chaotic when cavitation effects were
not included, as shown in Figure 8a. As shown in Figure 8c, a measurable separation
vortex was predicted at the turbine leading edge due to the attached cavitation, and the
largest-scale vortex structure appeared at the maximum camberline location of the turbine
blade. As shown in Figure 8b,d, measurable vortex separation was predicted at the leading
edge of the stator because of the reentrant jet splitting the attached cavitation; this was
closely related to the shedding cavitation of the stator. In contrast, there was no obvious
shedding and separation vortex structure in the stator domain when cavitation effects were
not considered. In general, cavitation intensified the flow blockage effect, which reduced
the mass flow rate and caused the boundary layer to separate. The velocity in the internal
flow field was over-predicted without cavitation, which increased the prediction error for
the hydrodynamic performance. The flow field with cavitation more truly reflected the
interaction between the cavitation and vortex fields. This indicates that the cavitation and
vortex structures generally demonstrated strong interdependence.Appl. Sci. 2021, 11, x FOR PEER REVIEW 12 of 24 
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Figure 8. Vortex distribution near the turbine and stator blades under non-cavitation and cavitation
conditions (Q = 2.4085 × 106 s−2). (a) vortex distribution without cavitation (turbine), (b) vortex
distribution with cavitation (turbine), (c) vortex distribution without cavitation (stator), and (d) vortex
distribution with cavitation (stator). (1-separation vortex, 2-scatter vortex, 3-attached vortex, and
4-shedding vortex, (SR = 0).
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Figure 9 shows unsteady cavitation in the stator and turbine domains under the stall
operating condition. There was no measurable cavitation in the pump domain, where
the pressure was high because of the high rotation speed. The cavitation in the turbine
domain can be classified as stable attached cavitation. The stator cavitation was an unstable
cloud cavitation. Cavitation bubbles formed near the leading edge of the suction surface of
the turbine blade, which could block the turbine flow passage and reduce TR0. The fluid
coming out of the pump struck the turbine blade at a large incidence angle, which resulted
in a local high-velocity region on the suction surface near the leading edge and induced
cavitation in the turbine domain.
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Figure 9. Unsteady cavitation in the stator (left) and the turbine (right) domain under SR = 0 condition.

3.3. Cavitation Phenomena at Different SRs

Figure 10 shows the vapor volume fraction distribution in the hydrodynamic torque
converter with cavitation. The cavitation bubbles in the turbine and stator domains de-
creased as the turbine rotation speed increased. When SR < 0.3, an unstable cloud cavitation
was predicted within the stator, as shown in Figure 10a. When SR ≥ 0.3, there was no
measurable cavitation in the stator because of the decreased mass flow rate. Stable attached
cavitation developed in the turbine under the stall operating condition. When SR = 0.1, the
cavitation bubbles became smaller and gradually vanished. When SR ≥ 0.2, the cavitation
bubbles dissolved in the turbine, as shown in Figure 10b. These results indicate that no
cavitation bubbles were generated in the pump under general operating conditions.
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4. Cavitation Effects

4.1. Pressure Distribution on the Stator Blade Surface According to the Two CFD Models

Figure 11 shows the load distribution on the stator blade with and without cavitation.
The torque resulted from the pressure difference between the suction surface and pressure
surface of the blade. The fluid coming out of the turbine struck the leading edge of the stator,
which caused a significant pressure drop at the suction side immediately downstream.
Without cavitation, the predicted pressure on the suction side may even drop below zero,
which indicates cavitation risk [30].The pressure difference between the pressure and
suction sides was lower with cavitation than without cavitation, which was attributed to
the negative pressure on the suction side being clipped by the vapor pressure. The pressure
difference on the blade surface was over-predicted when cavitation was not considered,
which explains the large prediction error for the hydrodynamic performance. It would be
worth noting out that the vapor pressure is very small (about 10−4 MPa) so it is effectively
zero in the figures.
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Figure 11. Stator blade load distributions with cavitation and non-cavitation at different SRs.

To define the position of the monitoring points around the blade, x is the length of
the curve between the points on the camberline and the leading edge of the blade. The
intersection of the normal of the bisecting point on the camberline and the blade surface
(the intersection point is the position of the blade surface y = 0) is considered and the outer
normal of the blade surface is taken as the y direction at this intersection point, and the
height of the monitoring point from the blade surface is y. c represents blade camberline
length. The definition of camberline for blades can be found in Ref. [30]. The low-pressure
region slowly shifted from x/c = −0.015–0.225 (SR = 0) to 0.018–0.217 (SR = 0.2). The
cavitation center shifted from x/c = 0.106 to 0.142. These results indicate that the cavitation
zone moved downstream of the suction surface of the stator blade as the SR increased. The
mass flow rate coming out of the turbine and striking the stator blade decreased, which
caused the flow stagnation point to transfer from the pressure side to the suction side. This
increased the pressure on the suction side and reduced the risk of cavitation.

4.2. Mass Flow Rate and Capacity Loss in the Hydrodynamic Torque Converter

The dimensionless cavitation number σ was employed to evaluate the cavitation risk.
A smaller cavitation number indicates greater cavitation risk. The cavitation number is
defined by

σ =
pre f − pv

0.5ρvre f
2 , (18)

where pre f , pv, and vre f are the reference pressure (charge pressure), vapor pressure, and
reference velocity, respectively. Mass flow rate represents the cyclic mass flowing through
the torque converter per unit time, and specifically refers to the mass flow of the flow
section at the inlet of the stator. For a hydrodynamic torque converter, the cavitation
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number is calculated by substituting vre f with the average circumferential velocity (U) in
the torus cross-section of the torque converter. This is defined using

U =

.
m

Aρ
, (19)

where
.

m is the circulating mass flow rate of the hydrodynamic torque converter. The mass
flow rate depends on the cascade parameters and operating conditions. Therefore, the
cavitation number comprehensively expresses the operating conditions, charge pressure,
and cascade shape of the hydrodynamic torque converter. For a given torus design, A is
constant. In this study, A was set to 2.56 × 10−2 m2.

Figure 12 shows the relationship between the cavitation number and dimensionless
capacity constant and vapor volume. The vapor volume decreased as the cavitation number
increased. As the capacity constant approached unity, the influence of cavitation on the
hydrodynamic performance and internal flow field decreased. When the cavitation number
σ ≥ 10.5 (i.e., SR ≥ 0.3), cavitation had an almost negligible effect.
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Figure 13 compares the mass flow rate and capacity constant with and without cavita-
tion. Cavitation decreased the mass flow rate by nearly 50 kg/s under the stall operating
condition, which reduced TR0 and CC0. The capacity constant and mass flow rate showed
the same tendencies with and without cavitation at high SRs, which indicates that cavitation
had disappeared.
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4.3. Spectral Analysis of the Stator and Turbine Torque

The vapor volume is a convenient parameter for understanding the transient behavior
of cavitation flows [31,32]. In the stator, the evolution of the cavitation flow can be illus-
trated by the time history of the vapor volume. The variation of the vapor volume was
periodic because of cavitation shedding from the suction side, as shown in Figure 14. The
predicted cavitation shedding frequency was approximately 199 Hz. The O-type cavitation
and shedding cavitation induced a variation of 0.24 × 10−6 m3 in the vapor volume in the
stator domain, which degraded the hydrodynamic performance. The cavitation shedding
frequency agreed well with the frequency of the stator torque, which indicates that the
cavitation flow induced the vibration of the stator.

In the turbine, the evolution of the cavitation flow can be illustrated by the time
history of the vapor volume. The vapor volume variation due to the rotor–stator interaction
and turbine cavitation was periodic, as shown in Figure 15. The complicated cavitation
processes may be attributed to the turbine blades, which are twisted in 3D. The cavitation
frequency agreed well with the frequency of the turbine torque, which indicates that
the cavitation flow induced the vibration of the turbine, as shown in Figure 15d. The
turbine had the attached cavitation type, so the turbine torque was mainly attributed to the
interaction between the pump and turbine. In addition, the attached cavitation shifted from
the shell to the core with a non-uniform distribution, which induced instability. In general,
the cavitation flow and torque demonstrated strong interdependence, and a cavitation flow
induced vibration of the impeller torque.
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4.4. Normal Velocity Distribution at the Stator Surface with the Two CFD Models

The velocity field may illustrate the features of the cavitating flow and turbulence flow
structure more directly. Figure 16 shows the normal velocity (The normal direction refers
to the y direction, i.e., the outer normal direction of the blade surface. The stator blade is
stationary, so the fluid velocity on the surface of the stator blade identical to 0.) distribution
on the suction side of the stator blade under the stall operating condition. The normal
velocities predicted by the two CFD models with and without cavitation were compared
at different monitoring locations along the suction side. The velocity was greater without
cavitation than with cavitation, which indicates that the velocity was over-predicted when
cavitation was not considered. With cavitation, a measurable vortex at x/c = 0.3 of the
blade length was observed, which was triggered by cavitation in the stator. The shedding
cavitation in the stator was driven by the reverse pressure gradient, which blocked the
flow passage. This indicates that cavitation in the stator intensified the flow blockage effect,
which reduced the capacity constant and mass flow rate.
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4.5. Effect of the Backpressure

Not only the inception and development of cavitation but also the backpressure
conditions are important for inferring the cavitation control in a hydrodynamic torque
converter. Figure 17 shows the vapor volume distribution in the stator of the hydrodynamic
torque converter at different backpressures. The backpressure had a significant effect on
both the cavitation intensity and stability. At a backpressure of 0.2 MPa, the cavitation
reached its maximum intensity because the difference between the charge pressure and
backpressure is greatest. The cavitation intensity decreased as the backpressure increased
further. Only attached cavitation was predicted in the stator domain when the backpressure
reached 0.8 MPa, at which point, the cavitation intensity in the stator reached its minimum.
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This indicates that the oil operating conditions are essential for controlling cavitation
in turbomachinery.
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Table 4 presents the vapor volume and cavitation number at different backpressures.
The pressure difference between the charge pressure and backpressure decreased with
increasing backpressure, and the pressure in the entire working chamber increased. The
vapor volume gradually decreased with an increasing cavitation number. This indicates
that a reasonable increase in the backpressure can significantly suppress the cavitation risk
inside the hydrodynamic torque converter.

Table 4. Cavitation numbers under various backpressure conditions.

Charge Pressure
(MPa)

Backpressure
(MPa)

Vapor Volume
(10−6 m3)

Mass Flowrate
(kg s−1)

Cavitation
Number

0.8 0.2 4.1827145 308.50446 9.474
0.8 0.4 2.46 293.31395 10.480
0.8 0.6 2.4342955 287.00041 10.946
0.8 0.8 1.8027153 277.24304 11.731

5. Conclusions

Due to the limited test equipment, the author could not study the cavitation behavior
inside the torque converter through experiments. The cavitation behavior inside the torque
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converter calculated by the author through CFD can provide a reference for the research
of turbomachine cavitation, and more accurate cavitation prediction needs to be verified
by experiments. The transient turbulent and cavitation flow in a hydrodynamic torque
converter was numerically investigated with a RANS turbulence model and Zwart–Gerber–
Belamri cavitation model, and the simulation results were compared with experimental
data. The proposed CFD model agreed well with the experimental data in Figure 6. The
study focused on the evolution of cavitation and its effect on the torque characteristics,
especially the formation and development of O-type cavitation and shedding cavitation
structures around the stator blades. The following conclusions were made:

(1) Under non-cavitating flow conditions, the velocity and pressure were over-predicted,
which increased the prediction error for the hydrodynamic performance. Especially under
the stall operating condition, cavitation reduced the mass flow rate by nearly 50 kg/s,
which reduced the capacity constant by 13.23%. With cavitation taken under consideration,
the pressure below the saturated vapor threshold (110 Pa) was clipped out, which accu-
rately reflects the interaction between the cavitation and vortex field in a hydrodynamic
torque converter.

(2) Three cavitation forms (attached, O-type, and shedding) and four stages (inception,
development, shedding, and collapse) were predicted in the stator because of the reverse
reentrant jet. The reattachment point of the reverse flow was located at approximately
x/c = 0.3 of blade length (dimensionless). The turbine cavitation was the attached type.
There was significant interaction between the cavitation behavior and torque characteristics,
and cavitation generated quasi-periodic fluctuations in the torque, where the cavitation
shedding frequency was approximately 199 Hz. The results clarified the evolution of
cavitation and the cavitation mechanism at low SRs, and they provide a theoretical reference
for the optimal design of hydrodynamic torque converters with a high power density. When
SR ≤ 0.1, cavitation mainly occurred in the turbine and stator domains, and no measurable
cavitation was predicted in the pump domain where high pressure was dominant owing to
the high rotation speed. When 0.1 < SR < 0.3, cavitation only occurred in the stator domain.
When SR ≥ 0.3, visible cavitation bubbles disappeared, and cavitation had almost no effect
on the hydrodynamic performance.

(3) The pressure of the working chamber increased with the backpressure, which
reduced the cavitation risk. Thus, increasing the working chamber pressure appears
to be an effective measure for suppressing cavitation in turbomachinery. The torque
converter should be designed to increase the backpressure and decrease the pressure
difference between the charge pressure and backpressure, which can significantly improve
the cavitation suppression effect.

The cavitation suppression measures considered in this study were limited. Future
work should consider the effectiveness of varying the charge pressure, backpressure,
charge pressure and backpressure location configurations, cascade parameters, and sup-
pression slot.
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Abbreviations

SR speed ratio
D hydrodynamic torque converter torus diameter, mm
NTurbine turbine rotation speed, rpm
NPump pump rotation speed, rpm
TTurbine turbine torque, Nm
TPump pump torque, Nm
TR torque ratio
CC capacity constant, 10−6 min2r−2m−1

η efficiency
pc charge pressure, Pa
αl liquid volume fraction
ρl liquid density, kg m−3

v velocity, m s−1
.

m mass flow rate, kg s−1

RB bubble radius, m
pv vapor pressure, Pa
p mixture pressure, Pa
αv vapor volume fraction
ρv vapor density, kg m−3

αnuc volume fraction of the nucleation site
Fvap vaporization constant
Fcond condensation constant
ρm mixture density, kg m−3

µm mixture dynamic viscosity, Pa s
µl liquid dynamic viscosity, Pa s
µv vapor dynamic viscosity, Pa s
σ cavitation number
pre f reference pressure, Pa
vre f reference velocity, m s−1

c blade camberline length, mm
List of Sub-Indices
Test test data
NOC non-cavitation CFD results
Cavi cavitation CFD results
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