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Abstract: The hydraulic torque converter is a critical component in high-power tracked vehicles
such as bulldozers or bridge machines. Its axial force has a significant impact on the reliability
and load-carrying capacity of the transmission system, which is greatly influenced by the charging
oil conditions. To investigate the axial force characteristic of the torque converter and its charging
oil effects, a computational fluid dynamics (CFD) method is established by considering inner and
outer leakage regions, as well as inlet and outlet channels. Additionally, a novel axial force-testing
method is proposed, and the axial force testing and validation experiments on the torque converter
prototype have been completed. The research findings reveal that changes in oil viscosity resulting
from variations in charging oil temperature have a considerable impact on the axial force of the
torque converter. The axial force of the pump and turbine decreases as the temperature increases
due to varying pressure sensitivity among different components. The influence of charging oil
pressure on axial force follows a linear relationship, with its magnitude determined by the axial
unbalanced area of the hydraulic torque converter during its design and development. In addition, a
formula for the axial force of the hydraulic torque converter is proposed under different charging oil
pressures. Furthermore, a novel suppression of axial force has been proposed without altering the
structure, which has been validated as an effective method. The results lay a theoretical foundation
for the research and suppression of axial forces in hydraulic torque converters, and they also have an
engineering application value in the design of high-reliability and long-life converters.

Keywords: hydraulic torque converter; axial force; charging oil; computational fluid dynamics

1. Introduction

Hydraulic torque converter is a fluid-driven machine that uses oil circulation to trans-
fer energy. It offers functions such as stepless speed regulation, adaptive loading, and
engine vibration absorption, significantly enhancing a vehicle’s power, reliability, and off-
road capabilities. As a result, it has become a core component of transmission systems [1]
and is widely employed in tank armored vehicles, passenger cars, off-road vehicles, con-
struction machinery, ships, and other equipment. The hydraulic torque converter primarily
consists of three impellers: pump, turbine, and stator. The pump impeller is connected to
the engine, transferring energy to the working oil to drive the turbine impeller, which, in
turn, powers the load. The working fluid circulates back to the pump impeller through the
stator, forming a flow field circulation. Figure 1 shows a schematic diagram of its structure,
where points a, ¢, and f denote the outer inlet points of the pump, turbine, and stator,
respectively. Points b, d, and e represent the inner inlet points of the pump, turbine, and
stator, respectively. The ch segment represents the flow passage formed on the left side by
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the components connected to the pump and turbine. The ai, fj, and ch segments collectively
constitute the outer leakage area, while the bde segment constitutes the inner leakage area.

Hub
positive
direction h i
4|, e

Oil outletI

Figure 1. Hydraulic torque converter structure diagram.
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The hydraulic torque converter’s structure is complex, featuring a twisted space
circulation structure in its internal flow channel and a highly intricate flow state. High-
speed oil impacting the flow channel and vanes generate substantial axial forces, and
due to varying structural designs, the high-pressure oil acting on each impeller may not
be axially balanced, also resulting in axial forces. Consequently, significant axial forces
occur during the hydraulic torque converter’s operation [2]. These forces act on the
bearings and connecting components inside the hydraulic torque converter, increasing
the comprehensive load on the bearings and structural parts, significantly reducing their
service life, and substantially affecting the transmission’s reliability and lifespan. Therefore,
it is urgent to carry out research on the axial force of torque converters.

Further, hydraulic torque converters use viscous oil as the working medium. A
high temperature oil with a certain pressure and flow rate is continuously supplied by
the charging oil system during operation, which directly contributes to the formation of
axial forces. In addition, the structure of the supply system, as well as its pressure and
temperature variations, can also have a significant effect on the axial forces. However, the
characteristics of the axial force of the torque converter and the influence law are currently
unclear. Therefore, studying the influence of charging oil conditions on axial forces can lay
the groundwork for actively suppressing and optimizing axial forces in hydraulic torque
converters. Therefore, the study of the effect of charging oil conditions on the axial force
can provide a basis for the active suppression and optimization of the axial force of the
hydraulic torque converter.

In recent decades, the axial forces of hydraulic torque converters, etc., are of increas-
ing concern. In addition, the research methods have gradually transitioned from one-
dimensional beam theory to three-dimensional flow field analysis. Farag [3] investigated
the dynamical motion of a symmetric rigid body around a principal axis, which is filled
with a viscous incompressible fluid around its center of mass. In addition, revealed the
combined effect of both the viscous liquid and the movable mass on the suggested motion.
Chen et al. [4] used one-dimensional beam theory to calculate the pressure distribution
in each chamber of the hydraulic torque converter and study the axial force. Tan et al. [5]
investigated the suppression of the axial force of the pump and turbine in the hydraulic
torque converter by analyzing the distribution form of the unloading hole. They found
that increasing the radius of the unloading hole distribution circle and the diameter of the
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unloading hole was beneficial for suppressing the axial force of the pump and turbine. Fur-
thermore, Liu Chunbao, Yan Qingdong, and others computed the pressure of the flow field
in the hydraulic torque converter using computational fluid dynamics (CFD) calculations
to determine the internal force situation [6-10]. Sun Bo et al. [11] performed CFD numeri-
cal calculations to analyze the axial force of hydraulic couplings. Cai, Chai, et al. [12-14]
conducted tests and analyzed the external characteristics of the internal flow field of the
hydraulic torque converter using particle image velocimetry (PIV) and particle tracking
velocimetry (PTV) technology. Wu et al. [15] found that the angles of the inlet and outlet,
especially the angle of the turbine outlet, are very important for the performance of the
hydraulic torque converter. Chen et al. [16] discovered that there is an optimal blade angle
for the hydrodynamic retarder, which can achieve a stable internal flow direction and
maximum braking torque. Li et al. [17] proposed a performance optimization method for
hydraulic torque converters based on blade angle design and established its integrated
dynamics mapping relationship. Xiong et al. [18,19] conducted research on cavitation
caused by blades, using optimized Joukowsky airfoil profiles to reduce the degree of
cavitation in the torque converter. They used slotted stator blades to suppress cavitation.
Kunisaki et al. [20] measured the flow field structure in a hydraulic torque converter using
Particle Image Velocimetry (PIV). Hempy [21] and De Jesus Rivera [22,23] studied the
internal fluid behavior of a hydraulic torque converter using 29 pressure sensors.

Huang et al. [24] used the CFD method to calculate the axial force of the hydraulic
torque converter, established an internal and external flow field model, and carried out
a three-dimensional steady-state numerical simulation in ANSYS CFX™ to obtain the
axial force exerted on the three impellers. They compared the results with the axial force
calculated by the one-dimensional beam theory formula, verifying the accuracy of the
numerical model. They also used the method of drilling relief holes on the turbine hub to
reduce the axial force of the pump impeller and turbine. Gu [25] focused on the study of
adjustable guide vane centrifugal turbine hydraulic torque converter, simulated the axial
forces generated in different flow regions, and analyzed them separately. He found the
proportion of the axial force in different parts to the total impeller axial force, discovered
that the pump impeller axial force decreases as the turbine speed ratio increases and
reverses at high speed ratios, and optimized the turbine axial force through the form of
unloading holes. Zhang [26] studied the impact of supply oil pressure on the axial force of
the adjustable guide vane hydraulic torque converter. He used the CFD method to calculate
the axial force under different supply oil pressures and found that the greater the supply
oil pressure, the greater the axial force of the LB46 type torque converter. He also studied
the effect of guide vane opening on the axial force.

Current research on the axial force of torque converters predominantly employs
numerical calculations to examine the effects of structural elements, such as unloading holes
in the impeller, on the axial force. However, the effects of charging conditions, including
charging pressure and temperature, have not been considered in previous studies. In
addition, the research lacks relevant test techniques, experimental methods, and data. As a
result, it seriously limits the study of axial forces and their suppression. Therefore, a CFD
method was established in the research by considering inner and outer leakage regions, as
well as inlet and outlet channels. In addition, a novel suppression of axial force has been
proposed without altering the structure. Additionally, the impact of different charging oil
conditions on the axial force of the hydraulic torque converter has been investigated by
numerical methods and experimental techniques. This research has important engineering
application value and significance in enhancing the reliability and service life of hydraulic
torque converters.

2. Numerical Methods

Utilizing finite element simulation software, ANSYS CFX, the Reynolds-averaged
Navier-Stokes equation for three-dimensional flow fields is solved based on the following
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assumptions [27]: (1) the fluid is incompressible; (2) the components are rigid bodies,
neglecting deformation and axial displacement; (3) the flow is steady-state.

The axial force computational fluid dynamics (CFD) model proposed in this study
encompasses six components: the pump, turbine, stator, leakage region, inlet region, and
outlet region. As depicted in Figure 2, the leakage region is subdivided into outer and inner
leakage areas. The majority of the working fluid circulates between the pump, turbine, and
stator, forming the primary circulation of the torque converter flow field. The incorporation
of inner and outer rings, as well as inlet and outlet flow fields, allows for precise simulation
of unbalanced areas and oil supply conditions, ultimately yielding more accurate axial
force predictions.

(~  Hydraulic Torque Converter \ ner leakage

region

Blades

| -\

Full channel CFD model with Outer Inlet/outlet
\ leakage region J Stator

gakage regio

Figure 2. Calculation model of axial force in a full flow channel.

2.1. CFD Model and Boundary Settings

In the model configuration, given the presence of both stationary and rotating states,
interfaces between adjacent flow domains are established as frozen rotor models, facilitating
comprehensive data transfer across different flow domains. The remaining surfaces within
the flow domain are set as non-slip smooth walls, assuming the velocity of the fluid layer
directly in contact with the boundary is equal to the corresponding boundary’s velocity [27].
The shear stress transfer turbulence model (SST) [28] is employed to calculate boundary
layer flow and the resulting flow separation. Steady-state characteristics of the hydraulic
torque converter’s internal flow field are obtained using a steady-state computational fluid
dynamics (CFD) approach. To ensure computational accuracy, a high resolution is adopted
as the advection scheme, which uses a special nonlinear recipe for each node, computed to
be as close to 1 as possible without introducing new extrema. The detailed settings of the
CFD model are presented in Table 1 [29].

Table 1. Detailed setting of the CFD model.

Analysis Step Axial Force Simulation of the Torque Converter

Analysis type Steady-state

Advection scheme High resolution scheme
Interface model Frozen rotor

Time step Auto timescale

Step number 400

Convergence targe RMS1 x 107°

Turbulence model SST (Shear Stress Transfer)

Pump status 1800 rpm

Speed ratio 0

Stator status Stationary

Boundary details No-slip and smooth wall

Inlet conditions
Outlet conditions

Static pressure
Mass flow rate
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The inlet and outlet boundaries of the hydraulic torque converter’s CFD model are
configured according to the charging oil conditions during testing; the inlet is a static
pressure boundary, while the outlet is a flow rate condition. The pump speed is set to
Np = 1800 rpm, the turbine speed is 5 rpm, and the stator remains stationary. This operating
condition represents the starting condition with a speed ratio (SR) of 0.

2.2. Mesh Independence Analysis and Model Accuracy Verification

The flow domain grid utilizes an unstructured tetrahedral grid, with grid indepen-
dence analysis performed at various grid sizes to ultimately determine the grid size, as
depicted in Figure 3a. The global grid size is set to 1 mm for the impeller and leakage area
flow domains, while a 2 mm global grid size is designated for the inlet and outlet flow
domains. As indicated by the independence analysis, by continually reducing the grid size,
the calculation result variation rate remains below 3%. Subsequently, a boundary layer grid
refinement is conducted on the blade surface with a minimum size of 0.003 mm and eight
layers, resulting in a final total grid count of approximately 6.1 x 107. Numerical results
reveal that the average values of the complex blade geometry’s near-wall faces are below 2.
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Figure 3. Analysis of numerical model: (a) mesh diagram; (b) mesh independence analysis; (c) model

accuracy verification.

Torques for the pump (Tp), turbine (TT), and stator (T’s) are extracted from the numeri-
cal results. A comparison of the torque ratio (K) and energy capacity coefficient (CC) tests
and simulations is conducted for different impeller speeds during the starting condition, as
shown in Figure 3b, in order to verify the model’s accuracy. The results indicate that the
simulation error for the hydraulic torque converter’s performance parameters in the CFD
results is within 10%, demonstrating the model’s credibility.
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3. The Axial Force Testing System of the Hydraulic Torque Converter
3.1. The Testing Method for Axial Forces

The structure and operating principle of axial force sensors are shown in Figure 4. The
axial force sensor features a ring structure, facilitating easy installation on the shaft. Inside
the sensor, multiple ribs with attached strain gauges connect the inner and outer rings.
Both the inner and outer rings have a convex circular ring to bear the axial force, resulting
in the deformation of the ribs. The full bridge circuit, comprised of strain gauges, converts
force data into strain output voltage signals, ultimately yielding accurate axial force data,
as illustrated in Figure 4. The axial force sensor has an input voltage range of 0-12 V, an
output range of 0-5 V, a measurement range of 0-30,000 N, and an error of 0.1% FS.

0 Inner ring Inner ring stress surface

Transmitter

Nl
i

. Inner ring stress surface
internal \ \ \\
structure

Figure 4. The structure and operating principle of axial force sensors.

Strain gauge

As shown in Figure 5, two axial force sensors are installed on the stator seats on both
sides of the stator, while multiple elastic retaining rings are mounted on the stationary
stator seat. This testing scheme can measure the axial force of different impellers by using
different installation methods for the circlip. The installation method of the circlip in
Figure 5 can measure the axial force of the stator. The axial force of the stator is transmitted
to the axial force sensor, and the other side of the sensor is supported by the circlip. At
this time, the force received by the sensor can be considered the axial force of the stator.
Changing the installation method of the circlip can measure the axial force of the pump
and turbine.

Turbine Pump
Stator

Axial force N =N ir Thrust
SRl 1 sl 10 m bearing

7 i W= 5 Sensor wire
v X v
Circlip Stator seat

Figure 5. Structural diagram of axial force test scheme.
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3.2. Hydraulic Torque Converter Axial Force Test Bench

The hydraulic torque converter axial force test bench can simulate the normal operating
conditions of the converter, with a driving unit consisting of a 250 KW motor and a 315 KW
Generator for the load unit. Speed and torque sensors are installed at the input and output
ends of the torque converter, with maximum ranges of 5000 rpm and 3000 Nm, respectively.
Flow, pressure, and temperature sensors are installed at the inlet and outlet of the torque
converter housing.

During the test, speed and speed ratio conditions are achieved by controlling the
driving motor and loading motor speeds. The supplementary oil pressure (0.3-1.2 MPa)
and operating temperature are controlled by the hydraulic pump station, as shown in

Figure 6.
>
Mass flow | -1
eMm pera
Data acquisition

Rotating speed Rotating speed system

Torque Torque
Generator Sensor o P Sensor Motor

Test

Torque |+
\ convgrter / fixture

L0 0il supply
' system

i

Figure 6. Hydraulic torque converter axial force test bench.

4. The Influence Mechanism of Charging Oil on Axial Force

The supply system determines the inlet pressure and temperature of the hydraulic
torque converter. The inlet pressure affects the pressure distribution in the converter’s flow
field, significantly impacting the axial force as a whole. Changes in temperature alter the
properties of the working fluid, such as viscosity and density, which greatly influence the
axial force and the external characteristics of the torque converter.

4.1. Axial Force at Different Temperatures

Figure 7 shows the viscosity and density change curves of 15W-40 oil at different
temperatures as measured in the experiment. It can be observed that as the working
temperature increases, the viscosity and density of the oil gradually decrease, with the
viscosity decreasing more rapidly at lower temperatures [30]. The impeller axial force
changes under starting conditions when the pump speed is 1800 rev/min, as shown in
Figure 8. In this study, the positive direction of axial force is defined as the direction from
the pump to the turbine, while the opposite direction is considered negative (Figure 1).
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Figure 7. Viscosity, density change curve with temperature.
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Figure 8. Diagram of axial force changing with temperature.

The results show that the pump axial force is positive, while the turbine and stator axial
forces are negative. The pump axial force is most affected by temperature, followed by the
turbine, while the stator axial force is barely affected by temperature. In addition, the axial
forces of the pump and turbine both decrease as the temperature increases, with a more
rapid decline at lower temperatures and a tendency to stabilize at higher temperatures.

According to the schematic diagram of the hydraulic torque converter (Figure 1), the
axial force can be decomposed. The subscripts P, T, and S represent the pump, turbine, and
stator, respectively, while the superscripts represent different positions, such as bl for the
blade, hub for the inner, sh for the outer ring, and in for the internal leakage region. The
axial force is expressed as

Fp = FYl + Fp" + FY + Fif + Fg + Ff
Fr=FY + i 4 Ft 4 B+ F 4 Bl (1)
Fg = F2'  Flvb 4 Fgh 4 Foi 4 F[)

Taking the ch section as an example, the pressure change trends at different tem-
peratures for the non-dimensional position are shown in Figure 9. The pressure change
trends are similar at different temperatures, with the overall pressure increasing as the
temperature rises and approaching stability above 50 °C. Figure 3c indicates that as the
temperature increases, the torque ratio also increases, enhancing the “stirring capability” of
the pump. Therefore, temperature changes do not affect the simple circumferential flow
pattern within the ch section but rather affect the pressure at point c at the pump outlet,
thereby influencing the pressure distribution in the leakage area.



Machines 2023, 11, 730 9of 16

—=— 30C —e— 50C —4— 70C

0.90

Absolute pressure (MPa)

o7 bt
h0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ch dimensionless position

C

Figure 9. Absolute pressure change diagram of ch section.

Figure 10 illustrates the distribution of absolute pressure, mass flow rate, and flow
velocity in the axial flow plane within the torque converter. It can be observed that at low
temperatures, the pressure gradient is relatively small, with high pressure occurring at the
impeller outlet and turbine inlet. As the temperature increases, the high-pressure region
begins to appear on the outer ring of the turbine, while the low-pressure region emerges in
the guide vane area. Additionally, the pressure distribution gradient increases with rising
temperature. Furthermore, the mass flow rate of the oil increases as the temperature rises,
with substantial changes at low temperatures. When the temperature exceeds 60 °C, the
mass flow rate distribution stabilizes, with its peak value appearing at the inlet of the guide
vane and turbine.

12=10F
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1.0=10F
bl 9.0x10°

i 80x10°
702 10°
6.0x10°
50=10°
40=10°
30=10°
20x10°
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1251072
1055 1077
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0
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3.15%10"
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1410
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Figure 10. The contour of absolute pressure, mass flow rate, and velocity in the meridional view.
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From Figure 10, it can be seen that at low temperatures, the oil has a high viscosity,
low flow velocity, and low mass flow rate, resulting in lower impact force/pressure on the
wall at the same position. As the temperature increases, the viscosity of the oil decreases,
the flow velocity direction remains unchanged but the value increases, and the flow field
pressure gradually increases and stabilizes. Moreover, compared to the trend of density
changes, the changing pattern of viscosity due to increased temperature is more consistent
with the changes in flow field pressure, flow velocity, and mass flow rate. Therefore, it can
be concluded that the impact of temperature on axial force is mainly caused by viscosity.

To explore the reason why each part generates an increased axial force but the total
axial force decreases, the pressure sensitivity is defined as

Py — Py

2 —t1"’ @)

Ot~ =
where {2 and #1 are the oil supply temperatures and P¢; and Py, are the average pressures
of each part when the oil supply temperature is {2 and #1.

Figure 11 illustrates the pressure sensitivity of various parts of the pump. The average
pressure rises most sharply at the working temperature of 30 °C to 50 °C, and the axial
forces of each part also increase rapidly. Among them, the pressure sensitivity in the inner
is the smallest, while the pressure sensitivity in the inner leakage area is the largest. This
means that the leftward axial force generated by the pump’s inner has the smallest increase,
while the rightward axial force generated by the inner leakage has the largest increase.
Therefore, this is reflected in the total impeller axial force as a decrease in the impeller axial
force value and a trend to reverse direction (rightward). After 50 °C, the pressure in each
part tends to stabilize, and the pressure sensitivity is generally at a relatively low level.
Among them, the pressure sensitivity in the ai section is the largest. Compared to other
parts, the pressure decreases slightly, and the axial force generated by the ai section changes
the least. Thus, this is reflected in the total impeller axial force as a slow decrease in the
impeller axial force value and gradual stabilization.

2000

1500 (777 7 7

1000 ]

500

Sensitivity(Pa/C)

ch shroud

-1000
Figure 11. Pressure sensitivity diagram of each part of the pump.

Therefore, for the pump and turbine, the decrease in axial force with increasing
temperature is mainly due to the pump’s inner being less sensitive to pressure and the
inner leakage area being most sensitive to pressure. At high temperatures, the pressure
sensitivity of each part is generally low, so the change in impeller axial force becomes
smaller. Meanwhile, the axial force-bearing area of the inner leakage and inner in the stator
is small, generating a small axial force. Therefore, the stator axial force is less affected by
temperature and remains stable near the initial value.
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4.2. Axial Force under Different Pressure of Charging Oil

In the static state of the torque converter, experiments were carried out to measure the
axial forces of each impeller under different charging oil pressures. The results are shown
in Figure 12. It can be observed that the axial force measured by the turbine is directly
proportional to the supply oil pressure, while the axial force experimental data measured
by the sensor on the pump side is 0. This is because at this time, the axial force directions
of both the pump and turbine are negative and act together on the bearing on the turbine
side. Therefore, when the pump axial force is in the negative direction, the axial force
experimental values collected by the sensor at the turbine in the experiment are the sum of
the axial force values of the two impellers.

\—O— exp —ll— Pump —k— Turb\

-5000 [~

-4000 [~

3000 [~

Axial force(N)

2000 =

-1000 =

0 L 1 L 1 L 1 L 1 L 1
0.2 0.4 0.6 0.8 1.0 1.2
Oil pressure(MPa)

Figure 12. Diagram of axial force changing with oil supply pressure under static state.

As shown in Figure 13, in the static state, the torque converter is filled with oil, and
the pressure in all areas is essentially consistent. At this time, the stator has equal axial
force-bearing areas on both sides, and its axial force is nearly zero. The turbine is also fully
immersed in oil, but the size of the turbine axial force is directly proportional to the supply
oil pressure. This is caused by the uneven pressure distribution in the fj section, as shown
in the figure. The fj section is directly connected to the outlet flow channel, resulting in the
pressure attenuation shown in the figure. Therefore, there is an initial axial force to the right
in the turbine. Although the axial force-bearing areas on both sides of the pump are the
same, the ai section is connected to the inlet flow channel, and there is a similar pressure
attenuation in the ai section, resulting in an initial axial force to the right in the pump.

b J !
J | e
o
! : 3 Turbine
€ g
an |5 g
¢ 18
b I's S
k2 | é
a | Pum
— | P
AN
ai section fj section

Absolute pressure
[MPa]

] AN \
0.660 0.661 0.662 0.663 0.664 0.665 0.666 0.667 0.668 0.669 0.670

Figure 13. Pressure distribution diagram of axial flow surface in the full flow field of the
torque converter.
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Under the starting condition with the pump speed of 1800 rev/min, the axial force
of the impeller changes with the pressure of the charging oil, as shown in Figure 14. For
every increase of 0.1 MPa in supply oil pressure, the axial force of the turbine decreases

by approximately 100 N, the pump decreases by approximately 600 N, and the stator
remains unchanged.

16,000 -16,000

—l-Pump —~@-Turb Stator

14,000 | A—l\—A—A—A - -12,000

12,000 [ - -8000

Axial force(N)
Axial force(N)

10,000 - -4000

8000 I I I I 0
0.4 0.6 0.8 1.0

Oil pressure(MPa)

Figure 14. Change diagram of impeller axial force with oil supply pressure.

Taking the pump as an example, the changes in the average pressure of each part are
shown in Figure 15. Their change rates are the same and are directly proportional to the
charging pressure. Therefore, combined with the fact that the charging oil pressure does not
change the external characteristics of the hydraulic torque converter, it can be concluded
that the change in pressure of charging oil does not affect the performance and internal
flow characteristics of the hydraulic torque converter. By changing the charging pressure,
the axial force changes due to the overall pressure distribution increasing or decreasing.

1.8

| |—=— blade —@— hub —&— shroud
1.6 F|—e—ai ch inner

14l

T12t
=3

\

$1.0
o
Sos}
é L
206} /-/
0.4—/
-. 1

0.2

0.4 0.6 0.8 1.0 1.2
Oil pressure (MPa)

Figure 15. Variation of average pressure of each part of the pump with oil supply pressure.

Different flow passages exert different directions of axial force on the impeller, and
their total axial force receiving area is defined as the axial imbalance area. According to
the schematic diagram of this model structure shown in Figure 16, point i and point h
of the pump are on the same horizontal line, but there is a wall surface S at point h that
generates rightward axial force. The overall axial force of the pump is directed to the left,
and bearing 1 is in an interference fit with the pump, with the force acting on bearing 1
applied to the pump.
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Figure 16. Structural diagram of a hydraulic torque converter.

Therefore, the axial imbalance area of the pump is related to the area S and the force

of bearing 1, and the axial imbalance area of the turbine is related to the force of bearing 1,
while the stator has no imbalance area. The axial imbalance areas of the three impellers are
as follows (the negative sign indicates that the direction of the generated axial force is to
the right):

Sp = —0.006 m?2

St =0.001 m> . 3)

S S = 0 1’1’12

Therefore, the variable of the torque converter impeller axial force affected by the oil
supply pressure complies with the formula:

AFp = AP-Sp
AFr = AP-St , (4)
AFs = AP-Sg

where AP represents the increase or decrease in oil supply pressure and AF represents the
increase or decrease in axial force.

At different speed ratios (SR = turbine speed/pump speed) with a pump speed of
1800 rev/min, taking the pump as an example, the change in oil supply pressure at different
speed ratios will cause the same magnitude of offset in the pump axial force. As shown in
Figure 17, the pump axial force curve shifts up or down as a whole based on the oil supply
pressure, so Formula (3) also satisfies the calculation of axial force variables at different
speed ratios.
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200F g o o o o
> I e
Z10,000 |

8 LA
S 8000 | \
s | "
% 6000 |- o\
b \\
\
4000 \
2000 1 1 1 1 ,
0.0 0.2 0.4 06 08

SR

Figure 17. Diagram of axial force of pump with different oil supply pressure varying with speed ratio.
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4.3. Test Verification

Figure 18a shows the impeller axial force numerical results and experimental data at
different charging oil temperatures under starting conditions with a speed of 1800 rev/min.
The results indicate that the numerical simulation results are in good agreement with the
experimental results, with a calculation error of less than 5%. The axial force calculation
model for this torque converter can accurately simulate the actual axial force and its
changing trend.
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Figure 18. Comparison of axial force simulation and tests: (a) varying with oil supply temperature;
(b) varying with oil supply pressure.

As seen in Figure 18b, which displays axial force results at different pressures, the
change in charging oil pressure has the most significant impact on the impeller axial force,
showing an inverse relationship. Moreover, the experimental results also verify the accuracy
of the axial force numerical simulation, with a calculation error within 5%.

5. Conclusions

Based on the CFD simulation results, this study investigates the impact of different
charging oil conditions on the axial force of the hydraulic torque converter. The charging
oil conditions include the temperature and pressure of the charging oil. Experimental
validation is conducted to verify the accuracy of the CFD simulation results. The following
conclusions are drawn:

(1) A CFD numerical calculation model of the axial force of the torque converter is
proposed, which consists of the flow field of the torque converter and its leakage
region. The experiments demonstrate that the results from the simulations are within
5% error. The CFD model is able to accurately simulate the axial force of the torque
converter under various operating conditions, which is of significant importance for
the precise calculation of the axial force in hydraulic torque converters.

(2) A novel experimental method for testing axial forces in the hydraulic torque converter
is proposed. The axial forces on the impellers within a closed-coupled wheelset are
measured accurately through the arrangement of different sensors and circlip in the
hydraulic torque converter.

(3) Research indicates that the axial forces on the pump and turbine are in the same
direction and act on the turbine-side bearing under certain conditions, resulting in
stress concentration in the bearing and reduced life. Thus, it is important to pay
particular attention to the shaft bearing characteristics and its suppression on the
turbine side during the design of the torque converter.

(4) The axial force of the torque converter is significantly influenced by the temperature
of the charging oil. The increase in temperature causes a reduction in the axial force
of the pump and turbine, while it is unchanged in the stator. In addition, the variation
in temperature directly affects the viscosity of oil, leading to significant changes in



Machines 2023, 11, 730 15 of 16

the axial force. Consequently, the use of a lower viscosity fluid is more effective in
reducing and suppressing the axial force of the torque converter.

(5) The charging pressure of the torque converter affects its axial force, especially in
the pump. The results indicate that the axial forces of the pump wheel and tur-
bine gradually decrease as the pressure increases, while the axial force of the stator
keeps constant.

(6) Research shows that the axial unbalanced area is an important parameter for predict-
ing axial force variation, which determines the direction and magnitude of the axial
force change of the hydraulic torque converter. A formula of axial force is proposed
that enables fast prediction of turbine axial forces under various conditions.

Overall, the influence of charging oil on the axial force was studied for the hydraulic
torque converter. However, further research is needed in order to delve into the formation
mechanism of axial forces in hydraulic torque converters and explore their correlation with
factors such as flow field, blade design, and fluid properties. By suppressing axial forces on
the impellers, it will be possible to enable them to operate for longer durations under lower
load conditions.
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Nomenclature

CC =Tp x D™ x wp~2, Capacity constant [kg/rad?/m?]
D Torque converter torus diameter [m]

K =Tt/Tp, Torque ratio

Np Rotating speed of pump [rpm]

Ns Rotating speed of stator [rpm]

Nt Rotating speed of turbine [rpm]

F; Impeller axial force [N], i represents different impellers
F/  Axial force[N], where i represents different impellers and j represents different positions
S; Axial imbalance area [m?], i represents different impellers
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