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Turbochargers play a key role in increasing the performance and efficiency of
modern internal combustion engines. However, their increased performance leads
to an increase in mechanical loads, both in the radial and axial directions. This
article examines modern methods for calculating the axial load on a turbocharger
thrust bearing to optimise tribounit design and improve its hydromechanical

characteristics. For this purpose, the analytical method of the control volume and
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numerical modelling in the Ansys Fluent software package, as well as software
developed by the authors, were used. Based on the results of the study, an
assessment of the applicability of these methods was performed, parametric
calculations of the bearing design were carried out and the most effective

geometric shape was determined.

1. Introduction

One of the most important components of a
modern internal combustion engine is a
turbocharger, which allows for increased power
and fuel efficiency, as well as reduced engine
weight and dimensions [1-3]. Modern consumer
demands dictate trends in improving the design of
a turbocharger in order to increase its efficiency,
environmental friendliness, reliability of its
elements and expand the operating ranges of the
turbo unit [4-7].

Particular attention is paid to the selection of
materials for turbocharger components, which are
subject to existing thermal and mechanical loads.

Turbine wheels, operating under extreme
temperature conditions, are often made of heat-
resistant nickel alloys, providing strength,

temperature resistance and oxidation resistance. To
reduce weight, turbine impellers are constructed of
titanium-aluminium alloys. The compressor wheel
is made of titanium alloys, ensuring low weight and
high strength. The rotor, which experiences
enormous torque and rotational speed, is made of
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high-strength heat-treated alloys. Bearings serve
as support assemblies made of bronze alloys that
provide antifriction properties [8,9].

Journal bearings, as support units of a
turbocharger, have a direct impact on its reliability,
durability and performance. The operation of
journal bearings directly affects one of the most
important indicators of turbocharger efficiency,
namely, mechanical efficiency [10]. The design of
tribounits should not only withstand the axial and
radial loads that occur during operation but also
ensure optimal values of friction losses [11,12]. In
turn, the hydrodynamic thrust bearing should be
given special attention, since friction losses in it
can amount to a third of the total friction losses in
the turbocharger bearings, even without applying
an axial load [13].

The impact of the thrust bearing in the
turbocharger rotor system significantly affects the
trajectories of motion and the magnitude of the
rotor oscillation amplitude. The difference in peak
amplitude values, according to Mutra et al. [14],
can reach 32 %. The performance characteristics of
the thrust bearing are significantly affected by the
purity and quality of the lubricant, as well as the
lubricant supply pressure. Low quality of engine oil
leads to a decrease in lubricating properties, failure
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of the oil wedge and premature wear of bearing
contact surfaces. In turn, insufficient lubricant
supply pressure increases friction losses and wear
[15]. The wear of the thrust bearing is also
noticeably affected by the values of axial loads
from the turbine and compressor.

Depending on the turbocharger's operating
conditions, the direction of the axial load on the
rotor changes. It can be directed toward the
compressor or the turbine. Dynamic shock loads
caused by combustion products can significantly
impact system performance if the direction of the
axial load changes [16]. Variable operating
conditions, combined with high pressure on both
sides of the turbocharger, create excessive thrust
loading, which can lead to thrust bearing and
turbocharger failure [17]. Thus, the axial load
acting on the rotor has a significant impact on the
service life of the turbocharger, its operating
efficiency and the stability of its operation over a
wide range of conditions.

Methods for assessing the axial forces acting on
the thrust bearing of the turbojet engine are the
subject of many works, which offer various
analytical, experimental and numerical
approaches. The research of Lee et al. [18]
presents an analytical and experimental study for
predicting the axial load acting on the thrust
bearing of a turbojet engine. To determine the
axial force, the thrust bearing deformation was
measured on a test bench at each load value. In
this case, not only the mechanical deformation of
the bearing was considered, but also its thermal
deformation. The authors plan to use the results of
the study to optimise the design of the tribounit in
order to reduce mechanical friction losses and
improve the energy efficiency of the turbo unit.

The research of Wang et al. [19] is devoted to a
new experimental technique for measuring the axial
load acting on the rotor. Measurements are carried
out using a force sensor, which eliminates problems
of measurement repeatability or zero displacement.
The experimental results were compared with
numerical modelling data, and the measurement
error did not exceed 8.17 %. The authors found that,
at the same speed, the axial load of the compressor
increases with decreasing mass flow, and the axial
load on the turbine increases with increasing mass
flow. In this case, the most loaded areas are the rear
surface of the disc and the hub of the impellers,
which is confirmed by Gjika and LaRue [20].

The study by Tiainen et al. [21] presents a
comparison of various analytical methods for

estimating the axial load acting on the compressor
with the results of numerical modelling and
experiment. The authors note that the results of
numerical modelling underestimate the axial force
by 26 — 58 %. Analytical methods often provide a
large error in estimating axial force and require
data that are not available at the initial stages of
turbo unit design. To estimate the axial force
acting on the compressor rotor, the authors
propose a hybrid method that shows an error of no
more than 13 %, compared to the experiment.

Based on a review of the scientific literature,
there is a shortage of published papers devoted to
the determination of axial load and comparative
analysis of the results obtained using different
methods. The purpose of this work is to evaluate
the methods for determining the axial load acting
on the turbocharger thrust bearing and to select
the most optimal tribounits design to achieve the
best hydromechanical characteristics. The novelty
of this article lies in the comparison of analytical
and numerical methods for calculating the axial
force acting on the turbocharger rotor, as well as in
the practical application of these data in optimising
the geometry of the thrust bearing.

2. Numerical method for determining gas-
dynamic axial forces

One of the reasons for this investigation is the
failure of the turbocharger thrust bearing, shown
in Figure 1. The object of the study is the
turbocharger TKR 11N3 (D-160), developed by the
Chelyabinsk Automobile and Tractor factory. Its
appearance is shown in Figure 2. The diameter of
the turbine wheel is 160 mm and the diameter of
the compressor wheel is 170 mm. The operating
mode under consideration corresponds to a rotor
speed of 50,500 rpm.

Figure 1. Worn thrust bearing
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Figure 2. Visual appearance of the turbocharger
TKR 11N3 (D-160)

To calculate the gas-dynamic forces,
unstructured tetrahedral grid models were
generated for the compressor and turbine (Fig.
3). The length of the inlet and outlet channels
was increased by 8 characteristic diameters to
ensure a fully developed and stable flow in the
design domain. The number of cells varied from
9.4 million to 10.5 million. The maximum cell
size did not exceed 9.8 mm, and the minimum
was 0.003 mm. The convergence criteria were
changes in pressure and temperature at the
points. Dry air and exhaust gases for the
compressor and turbine, respectively, were
considered as working substances. The
properties of these substances are given in
Tables 1 and 2.

Inlet

(a) T~

Outlet

(b)

Table 1. Physical properties of exhaust gases;
reprinted from Zadorozhnaya et al. [22], licensed
under CC BY-NC 4.0

Tempe- . Heat Thermal Dynamic
Density, . . . .
rature, K /m3 capacity, | conductivity, | viscosity,
c | & keK | W/mK Pas
273 | 1.295 | 1042 0.0228 | 1.58x10~
373 | 0.950 | 1068 0.0313 | 2.04x107
473 | 0.748 | 1097 0.0401 | 2.45x107
573 | 0.617 | 1122 0.0484 | 2.82x10”
673 | 0.525 | 1151 0.0570 |[3.17x107°
773 | 0.457 | 1185 0.0656 | 3.48x107°
873 | 0.405 | 1214 0.0742 |3.79x10”
973 | 0.363 | 1239 0.0827 |4.07x107°

Table 2. Physical properties of dry air; reprinted from
Zadorozhnaya et al. [22], licensed under CC BY-NC 4.0

Tempe- . Heat Thermal Dynamic
Density, . . . .
rature, K /m3 capacity, | conductivity, | viscosity,
c | 6 J/keK W/mK Pas
273 1.293 | 1005 0.0244 |1.72x107°
373 0.946 | 1009 0.0321 |2.19x107
473 0.746 | 1026 0.0393 | 2.60x10~
573 0.615 | 1047 0.0460 |2.97x107°
673 0.524 | 1068 0.0521 |3.30x107
773 0.456 | 1093 0.0574 | 3.62x10~
873 0.404 | 1114 0.0622 |3.91x107
973 0.362 | 1135 0.0671 | 4.18x107

Inlet 1

Outlet

Inlet 2

Figure 3. Calculation mesh model: (a) compressor and (b) turbine
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The simulation was performed in the commercial
software package Ansys Fluent. The flow rate at the
turbine inlet boundary was set to 0.7225 kg/s, and
the pressure at the outlet boundary was set to 101
kPa. The exhaust gas temperature in the casing was
equivalent to 678 K. The pressure at the compressor
inlet boundary was set to 101 kPa and the
temperature to 293 K. The pressure at the outlet
boundary was set to 225 kPa and the temperature to
458 K. The influence of roughness in the calculation
of gas-dynamic forces was not taken into account.
The solver settings and the choice of physical models
are described in the author's previous work [22].

3. Analytical method for determining gas-
dynamic axial forces

For the analytical calculation of the axial forces
acting on the turbocharger rotor, the control
volume method proposed by Nguyen-Schifer [23]
was used. The method shows good agreement
with the results of the numerical calculation, and
the error of the results is less than 10%. From the
assumptions, it can be noted that the flow is
stationary, and the viscosity on the walls of the
control volume is negligible. According to the
method, the axial force acting on the compressor
wheel can be divided into four components F;,
lec, F3,c and F4,C (Flg 4)

The force acting on the inlet surface of the
compressor wheel is expressed as:

np,D?
Fic=Aipy = le L, (1)

diffuser
L

o | ()
e

FCW

where A; is the compressor inlet cross-sectional
area, p; is the inlet pressure of the ambient air and
D, is the inflow diameter of the compressor.

The pressure force at the shroud surface can be
represented by the following expression:

, ()

+ pox D2 —D?)(py + po+
lec:As(m p2 j:n( 3 =D3)(p1+p2r)

2 8

where As is the projected area of the shroud surface
in the axial direction, p,« is the compressor outlet
pressure and D, is the compressor outlet diameter.
The impulse force acting on the surface of the
compressor wheel is expressed as follows:
QmncRTy
Fyc=—"—, (3)
A1p1
where Q¢ is the mass flow, R is the gas constant
and T, is the compressor inlet air temperature.
The force acting on the back surface of the
compressor wheel is calculated as:
n(D? - D?

F4,C = Abf,c pz* :%pz*' (4)
where Ayic is the compressor back-face surface
area and D,q10r iS the rotor diameter.

The resulting force acting on the compressor
wheel is expressed as follows:

Few=Fic+thc+Fc—Fac. (5)

The force acting on the turbine wheel is
calculated in a similar manner:

Fw==Fh1-FR1—-F1+Fr. (6)

@ o

D,

FTW

Figure 4. Axial forces acting on the turbocharger rotor
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The axial force acting on the turbocharger rotor
is defined as:

Frax =Fcw +Frw. (7)

The total value of the axial force acting on the
TCR rotor was —1449 N. The negative value
indicates the predominance of the force from the
turbine. The results of the analytical calculation of
the axial force components are given in Table 3.

Table 3. Values of the axial force components

Impeller Fi, N|{F3, N|F35,N|Fsy, N| F,N |Fro N
Turbine 1450|2755 18.3 |6394| 2171 2292
Compressor| 1449|1108 (2518 | 45.4 |-3620

4. Parametric study of thrust bearing design

The calculation was performed in a quasi-static
formulation using the software developed by
Tiainen et al. [24]. The calculation principle consists
of a gradual decrease in the initial clearance of the
thrust bearing and the determination of the bearing
capacity, which is compared with the calculated
axial load. In this case, the hydromechanical
characteristics of the tribounit were determined:
lubricant layer temperature, lubricant consumption
in the radial and circumferential directions, friction
losses and maximum hydrodynamic pressure.

The calculation was stopped when the bearing
capacity and the specified axial load were equal or
when the minimum difference between them was
reached. The working surface is formed by 6 pads
with working platforms separated by radial
grooves. Each pad contains an inclined (with a
coverage angle of 6;) and horizontal (with a
coverage angle of 0,) part. The full coverage of the
pad O varied from 49 to 54 degrees. The block
diagram is shown in Figure 5. The angle of the
inclined block was taken to be 20'. The inner radius
ri =11.7 mm and the outer radius r, = 19 mm.

) i

r

Figure 5. Thrust bearing pad design

The following input parameters were used in
the study. The rotor speed was 50,500 rpm, the
excess oil supply pressure was 0.5 MPa and the
supply temperature was 90 °C. SAE 5W-40 engine
oil was used as the working fluid. The design
options for the pads that were considered in the
study are shown in Table 4.

Table 4. Thrust bearing design options for calculation

Groove width .
Option Pad coverage at average Ratio
angle 6, radius, mm 6=0/06,
1 2
2 2.5
49.230 10.770
3 3
4 3.5
5 2
6 2.5
52.470 7.530
7 3
8 3.5
9 2
10 2.5
54.615 5.385
11 3
12 3.5

The following assumptions were made when
conducting numerical studies:

e the lubricant flow regime is laminar,

e |ubricant particles at the boundary with the

solid body have a velocity corresponding to
a point on the body,

e radial movement of the pad is not taken into
account,

e pressure across the thickness of the
lubricant layer is assumed to be constant,

e hydrodynamic reaction of the lubricant layer
is directed normal to the pad surface,

e due to the symmetry of the problem, the
pressure fields were determined for a single
segment of the thrust bearing,

e thrust bearing segments are assumed to be
stationary, the tangential dimension of the
thrust bearing segment L is equal to the arc of
the average radius and the widthis b =r, —r;,

e inertial forces of the lubricating layer are not
taken into account.

An isothermal approach was used to assess
the thermal state of the bearing. The
hydrodynamic pressure field p(x,z) in the
lubricating layer of a non-Newtonian fluid is
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determined by integrating the generalised
Reynolds equation. The finite difference method
was used to solve the Reynolds equation,
ensuring the accuracy of the solution at pressure
convergence orders up to € = 10~. The number of
points in each element was 47 x 89.

The pressure task can be solved using various
iterative methods. A simple and flexible algorithm
that takes into account bearing geometry and
inequality conditions is the Seidel algorithm [25].
The iterative process for finding the pressure
distribution stops when the convergence condition
is met:

(pf" - pf)
F%I%pf} : %SE' ?

where p is the iteration number.

5. Results and discussion

As a result of the calculations, values of axial
force were obtained and compared with data
presented in studies by other authors. A
comparison of axial force values acting on the
thrust bearing is given in Table 5.

As can be seen from the presented results, the
values of the axial force vary significantly
depending on the selected calculation method,
operating mode and turbocharger dimension. In
this case, a fivefold difference is noticed between
the results of the analytical and numerical
methods. Some authors noted that the analytical
control volume method predicts axial force well at
low rotation speeds and in the absence of leaks.
Otherwise, the value may differ by 50 — 85 %. The
Nguyen-Schafer method also assumes constant
pressure in the area behind the rear surface of the
impeller, which is not confirmed by numerical
calculations and data from the works of other
authors [18]. This assumption leads to
overestimated values of the pressure on the rear

surface of the impeller and the axial force. The
absence of consideration of viscous forces in the
control volume method has an insignificant effect
on the axial force assessment, since the magnitude
of these forces is no more than 2.5 % of the total
value. Thus, it can be concluded that the analytical
method of the control volume is acceptable for
use, but it should be taken into account that it
overestimates the axial force many times, and
there is not enough experimental data for a full
comparison.

Based on the value of the calculated axial
reaction

nL

R= ij(x, z)dxdz,

r10

we can proceed to the results of modelling the
turbocharger thrust bearing. As a result of the axial
bearing calculation, the following hydromechanical
parameter values were obtained: load-bearing
capacity, lubricant layer temperature, friction
losses, oil flow rate and maximum pressure.

For comparison of variants with different pad
coverage angles 6, the results are presented in
Table 6. With an increase in the pad coverage
angle, the load-bearing capacity increases. At the
same time, friction losses increase by 6 —-11 %.
The highest load-bearing capacity is achieved with
a coverage angle of 49.23 and a ratio of 6 = 3. The
minimum permissible clearance in all variants is
equivalent to 9 um, after which a "breakdown" of
the load-bearing capacity is noticed. To
withstand the analytically calculated axial load, a
clearance of 17 — 18 um is required. To withstand
the numerically determined load, a clearance
greater than 50 um is required. A comparison of
the load-bearing capacity of the thrust bearing
depending on the size of the clearance with axial
forces obtained by different methods is shown in
Figure 6.

Table 5. Comparison of axial force values acting on a thrust bearing

. Axial force, N

Reference Rotation Wheels

speed, rom diameter, mm Analytical Numerical E .

xperiment
method method

Wang et al. [19] 90,000 84-93 - 183 200
Thiyagarajan et al. [26] 1200 - -60 - -83
Mishra and Behera [27] 100,000 96-102 —4540 - -
Dadaev [28] 24,000 - - 280 289
Current research 50,500 160-170 —-1449 —244 -
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Table 6. Calculation results with different pad coverage angle 6

. M|n|.mu..1m Load-bearing | Lubricant layer Friction Oil flow rate,| Maximum | Pad coverage
Option| permissible . o 3 o
capacity, N | temperature, °C| losses, W m’/s pressure, MPa| angle 6,
clearance, um
1 3640 122.8 5363 1.06x107 77.4
2 3881 121.6 5342 1.10x107 154
- 49.230
3 3938 119.8 5268 1.15x%10 242
4 3881 121.6 5342 1.10%x1072 154
5 3684 123.6 5735 1.11x107 91.3
6 3867 122.1 5713 1.16x107° 199
9 - 52.470
7 3888 119.5 5487 1.21x10 270
8 3837 116.9 5199 1.26x107 262
9 3698 124.2 5989 1.14x1072 102
10 3838 122.2 5942 1.20%x1072 226
— 54.615
11 3825 119.2 5666 1.26x10 264
12 3753 116.0 5229 1.30x107° 226
4000 \ I Based on the results, it can be concluded that
3500 \ — Load-bearing capacity | | there is a significant difference between the data
2000 \ = = Axialforce (numerical) | | obtained by the analytical method and that obtained
\ Axial force (analytical) by 3D numerical modelling. The analytical method
2500

N
v

Load

2000 \\\
1500
1000 AN

500 S~

/5 O N PR pupy=

0 10 20 30 40 50
Mminimum permissible clearance, um

Figure 6. Load-bearing capacity of thrust bearing as a
function of minimum permissible clearance and
comparison with axial forces obtained by different
methods

In this figure, the blue line shows the change in
load-bearing capacity as the lubricant film thickness
changes. Upon reaching a thickness of 8 um, a sharp
drop in load-bearing capacity is observed. The
yellow and orange lines show the axial force values
calculated using analytical and numerical methods
to determine the required clearance for bearing
operation at rotation speeds of 50 — 500 rpm.

6. Conclusion

This paper presents a study of the evaluation of
methods for determining the axial load acting on
the turbocharger thrust bearing, as well as the
results of selecting the optimal tribounit design to
achieve the best hydromechanical characteristics.

of the control volume developed by Nguyen-
Schéfer is acceptable since it is simpler and faster in
estimating the axial load, but due to a number of
assumptions, it can significantly overestimate it. For
a full comparison of the adequacy of the methods,
there is not enough experimental data. In addition,
in the scientific literature, no sources were found
that included all the specified research methods.
Furthermore, analysis of other authors' work
confirmed a wide range of values for the axial force
acting on the rotor, making it difficult to assess the
accuracy of a specific method without experimental
studies for the selected turbocharger model.

Parametric studies of the turbocharger thrust
bearing revealed the following dependencies. With
an increase in the pad coverage angle, the load-
bearing capacity increases. Friction losses also
increase by 6—11%. The highest load-bearing
capacity is achieved with a coverage angle of 49.23
and a ratio of full and horizontal coverage (& ratio)
of 3. The minimum permissible clearance in all
considered variants is equivalent to 9 um, after
which a "breakdown" of the load-bearing capacity
is noticed.

Further research is planned to be devoted to
the influence of the thrust bearing on the
dynamics of the turbocharger rotor, as well as to
the assessment of changes in its hydromechanical
characteristics due to skew.
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