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The aim of the study is to research the thermal
and high-speed operating conditions for the tendency
of the formation and distribution of fields of the vol-
ume fraction of vapor, pressure and temperature in the
lubricating layer of a radial bearing. In this work, the
numerical simulation of hydrodynamic processes in the
lubricant layer of a real design of a radial bearing of a
turbocharger. To solve the problem, authors used nu-
merical methods of calculation: the method of finite
differences and the method of finite dimensions. The
novelty of the work lies in determining the parameters
of the cavitation model for oil and carrying out calcula-
tions on a real design of a journal bearing, taking into
account the experimental results of thermometry. As a

result, studies were obtained of the dependence of the
change in the bearing capacity and volumetric vapor in
the lubricating layer depending on the thermal state and
the rotor speed. An assessment of the influence of
thermal and speed modes on the bearing capacity of a
turbocharger rotor bearing is carried out. The results
obtained indicate an increase in the volume fraction of
vapor with the rotor speed. In this case, the thermal
state of the bearing affects the shape of the vapor dis-
tribution and the value of the bearing capacity in the
lubricating layer.
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AHHOTAIINA

Henbio uccnenoBanus siBiseTcs U3yYeHHUE BIIU-
SIHASL TEIUIOBOTO M CKOPOCTHOTO PEKUMOB pabOTHI Ha
TEH/ICHIIMIO K (POPMHPOBAHHIO U PACIPEICIICHUIO I10-
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nieil 00beMHOI 10JM T1apa, TaBJICHUS! U TEMIEpaTypbl B
CMa304YHOM CJIO€ paIMalibHOTO TOIINITHNKA. B naHHON
paboTe MpOBOAWTCS YHCIEHHOE MOJIEIHUPOBAHHE TH-
POAMHAMHUYECKUX IPOIECCOB B CMa304HOM CIIOE pe-
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aJbHOM KOHCTPYKIWHU PaAHaIbHOTO IOANIMITHUKA TYp-
O6oxomripeccopa. st pemreHuss mocTaBIeHHON 3aadu
HCTIONB30BAIMCH YHCICHHBIE METOABI pacdeTra: METO.
KOHEYHBIX Pa3HOCTEH W METOJ KOHEYHBIX OOBEMOB.
HoBmsHa paboThl 3akifodaeTcs B ONpENeNieHHH Mapa-
METPOB KaBUTAIMOHHOW MOJEIH IJIsl MOTOPHOTO Maciia
U TPOBEACHUIO PACYETOB HAa peajbHOM KOHCTPYKLUHU
MOJIIUITHUKA CKOJBXKEHHUS, C Y4YETOM DJKCIEPUMEH-
TaJbHBIX PE3YJIbTaTOB TEPMOMETPUPOBaHUS. B pe3ynb-
TaTe WCCICAOBAaHUs OBUTH TIONYYCHBI 3aBHCAMOCTHU
M3MEHEHHUsl Hecylled CHOCOOHOCTHM NOJIIMITHUKA U
00BEMHOM JIOJIH Mapa B CMa304HOM CJIO€ B 3aBUCHMO-

CTH OT TEIJIOBOTO COCTOSHMSI M CKOPOCTH BpAIlEHHS
poTopa. IIpoBesneHa oleHKa BIUSHHS TEIIOBBIX U CKO-
POCTHBIX PEKHUMOB Ha HECYIIYI0 CIIOCOOHOCThH IIOI-
IIWIIHAKA poTopa Typbokommpeccopa. llomydeHHbIe
pe3yIbTaThl YKA3bIBAIOT HAa yBEIWYEHHE OOBEMHON J10-
JIM TIapa ¢ yBEJIMYEHHEM CKOPOCTH BPAILICHUS POTOPA.
[Ipu 3TOM TEmIOBOE COCTOSHHME TOIIUITHUKA BIIHSET
Ha (OpMy pacIipesieieHus apoB ¥ 3HaY€HHE HEeCYILEH
CIIOCOOHOCTH B CMa304HOM CJIOE.

KaroueBbie cioBa: TypOokoMmmpeccop, MOA-
LIMIHUK CKOJIBKEHMS, BBIYHCIUTENbHAs THIPOJHHA-
MHUKa, KaBUTALHUs, TETJIOBOE COCTOSIHUE.

®unancupoBanue: Pabora BeimonHeHa npu puHaHCOBOM moxmepxke Poccuiickoro @onna dyrmamentanpHbIX Mc-
crenoBanmii (mpoekt Ne 20-48-740007\20) u Vpanbckoro otmenenus Poccuiickoit akamemun Hayk (mpoekt Ne 0407-

2015-0005).

Introduction

The reliability of various units and ma-
chines is determined by the durability of
tribological conjugations, which should en-
sure operability in conditions of high tem-
peratures and an extended range of rotational
speeds of the rotor shaft.

Turbochargers are used to forcing the
internal combustion engine. The use of turbo-
charging leads to an increase in the pressure
and temperature of the gases in the cylinders.
Accordingly, the amount of heat that is re-
moved from the parts of the cylinder-piston
group to the oil system and the cooling sys-
tem increases. This leads to an increase in the
total thermal load. Journal bearings are ele-
ments that receive radial or axial loads in a
turbocharger. According to studies [1, 2], the
most common cause of turbocharger failure is
the failure of journal bearings (from 43.8 to
47.9% of cases).

The hydromechanical operational char-
acteristics of journal bearings are affected by
a wide range of parameters: the quality of the
lubricant and its operational parameters; build
quality of both the turbocharger and the bear-
ing assembly; rotor balancing; temperature
condition; speed and load conditions during
operation [3], etc.

The most probable types of destruction
of journal bearings are: abrasive, adhesive,
fatigue and cavitation wear [4]. Temperature
conditions have a direct impact on the proba-
bility of abrasive and adhesive wear. With in-
creasing temperature, the viscosity of the lub-
ricant decreases, and the bearing shell ex-
pands. As a result, the thickness of the lubri-
cant layer is reduced. This can lead to bound-
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ary lubrication and damage to friction bearing
surfaces from contact with abrasive particles.
In the worst case, a local break of the oil film
occurs. In this case, metal contact zones arise
where, under the influence of molecular forc-
es, micro-welding bridges are formed. These
bridges cause deep gap of the material, i.e.
adhesive wear.

It should be borne in mind that in-
creased temperature loads affect the perfor-
mance of seals. Lubricant leaks increase;
overheating of tribological conjugations leads
to an increase in the amplitude of oscillations
of the rotor. These factors increase the likeli-
hood of contact between the blades and the
turbocharger housing, which leads to their
destruction and failure of the rotor shaft.

In turn, cavitation occurs due to a drop
in oil pressure below the saturated vapor pres-
sure of the liquid. Due to this, cavitation cavi-
ties (bubbles) appear, which are common in
the hydrodynamic flow. With increasing pres-
sure, the bubbles explode, which leads to cav-
itation wear. Many hydraulic devices are af-
fected by this type of wear: turbine blades,
pumps, journal bearings, etc. [5, 6]. There-
fore, this phenomenon cannot be ignored in
hydrodynamic calculations.

Other works [7, 8] confirm the signifi-
cant influence of the static and dynamic char-
acteristics of a sliding bearing on the efficien-
cy and stability of turbomachines.

The relevance of the study is confirmed
by the numerous works devoted to the study
of physical processes occurring in the bearing.
When studying the processes occurring in
friction units, various techniques are used.



Currently, CFD modeling, which allows cal-
culating the characteristics of stream process-

es using computational and physical-
mathematical methods, has become wide-
spread.

The study [9] is devoted to a three-
dimensional CFD model for studying friction
losses of bearings of a neck of a turbocharger.
The study had an isothermal assumption ne-
glecting viscous heat and viscosity changes.
In his next work [10], the author got rid of
this assumption.

Serrano research also focuses on heat
transfer processes occurring in turbochargers.
In study [11], the main problem is that during
engine hot stops due to lack of oil flow within
the captured oil in the turbocharger bearing
burns, since the turbine housing exchanges
heat with the central housing. The formation
of coke can lead to a significant reduction in
the endurance of the turbocharger, since the
bearings become clogged and damage the
shaft.

Article [12] is devoted to the study of
internal convection in small turbochargers.
The author focuses on ignoring heat loss in
small turbochargers. But at low loads, this
energy transfer can reach values even higher
than the mechanical power of a turbocharger.
Therefore, this paper presents a brief method-
ology for measuring and modeling these heat
fluxes using a simplified lumped model, and
also analyzes the main convective heat trans-
fer coefficients.

In article [13], a study was made of the
performance of journal bearings, taking into
account thermal and cavitation effects. More-
over, the author compared the characteristics
of journal bearings, which were operated with
different lubricating fluids (Water, sea water,
lubricating oil). According to the results of the
study, the maximum temperature of the bear-
ing with oil lubrication is achieved in the area
with the minimum film thickness. But for
bearings that are lubricated with plain and sea
water, the maximum temperature value is
formed in places with a minimum film thick-
ness.

The three-dimensional calculation mod-
el presented by Gil [14] allows one to study in
detail the heat transfer processes occurring in
the central housing and lubrication channels,
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as well as to determine the maximum temper-
ature at different points in the system of the
bearing assembly of an vehicle turbocharger.
According to the results of the work, the au-
thor concludes that the model can be used as a
diagnostic tool for assessing the phenomena
of oil coking, as one of the most common
failure conditions in turbochargers. The dis-
advantage is the simplified design of the tur-
bocharger. But it can be justified by the desire
to apply a more accurate methodology for
calculating the phenomena of heat transfer.
Moreover, the study is conducted for a small
number of speed regimes. And also there is no
calculation of gas-dynamic processes of the
impellers to create more detailed initial data
of temperature fields.

The main purpose of research [15] was
to study the effect of an oil whirl and cavita-
tion on the static and dynamic characteristics
of a journal bearing. Comparison of the mod-
els of single-phase and two-phase flows
showed that the pressure of the oil film had
similar distribution features in the zone of a
converging wedge. But there was a difference
in the diverging part of the gap. Moreover, the
presence of cavitation reduced the maximum
pressure in the liquid film.

In modern studies, dedicated to the
study of hydro-mechanical characteristics of
journal bearings, there are a number of seri-
ous assumptions. They influence the truth of
knowledge about the operation of the bearing
assembly. First of all, it is worth noting the
simplified bearing geometry [10, 13, 15]. The
geometry is often simplified to a sleeve with
multiple grease inlets. Because of this, it is
impossible to adequately recreate the picture
of the ongoing physical processes in real bear-
ing designs. The second significant disad-
vantage is the lack of consideration of the
skew of the rotor depending on the speed and
thermal operating conditions. And this affects
the reliability of the results obtained from the
calculation model.

From the foregoing, we can conclude
that the study of hydrodynamic processes oc-
curring in radial journal bearings is an urgent
task. In this work, the simulation of physical
processes in the lubricant layer of the real de-
sign of the turbocharger radial bearing is car-
ried out. The purpose of this study is to study



the influence of thermal and high-speed oper-
ating modes on the tendency for the formation
and distribution of the gas volume fraction,
pressure and temperature fields in the lubri-

Description of construction

The object of research was the radial
journal bearing of the turbocharger, manufac-
tured by Scientific and Production Associa-
tion “Turbocomplekt”. Operational speed is
90,000 rpm. The diameter of the axle of the
rotor is 8 mm, and the diametrical clearance is
27 um. The length of the bearing surface from
the turbine side is 6 mm, and from the com-
pressor side it is 4.8 mm. A section of a sim-
plified design of a turbocharger is shown in
Fig. 1. A more detailed creation of a computa-
tional grid model taking into account the inner
prismatic layers is described in [16].

Conclusion mathematical model

The hydrodynamic forces in the lubri-
cating layer of a liquid enclosed between two
arbitrarily moving surfaces were determined
based on the determination of the pressures in
this lubricating layer. The pressure distribu-
tion was determined by solving the Reynolds
equation The Reynolds equation was solved
using the multigrid method. The convergence

cating layer of a radial bearing. An assess-
ment of the influence of thermal modes and
speed modes on the bearing capacity of a tur-
bocharger rotor bearing is carried out.

Fig. 1. The simplified turbocharger model 50.09.16
Puc. 1. Ynpowennas mooeno mypboxomnpeccopa
50.09.16

parameter was set at 10-4. In doing so, the
non-Newtonian properties of the lubricant
were taken into account [16]. The Swift-
Stieber boundary conditions were used.

The theory of thermal processes in An-
sys Fluent is based on the energy equation,
which has the following form:

%(pE) +V(B(pE +p)) =V <keff|7T — Z 'hjf,- + (reffﬁ)> + S (1)
]

Here ket is effective conductivity,
Kett=k+ki, where k¢ is turbulent thermal con-
ductivity, determined in accordance with the

turbulence model used, and ij is the diffusion

particle flux j.

On the right side of equation (1), the
first three terms represent energy transfer due
to conductivity, particle diffusion, and viscous
dissipation. At the same time, Sh includes vol-
umetric heat sources, which are determined
by the user, but not heat sources, which are

L F
dt

+
a2 2

formed during volumetric or surface reactions
at a finite rate. Because enthalpy of formation
is taken into account when calculating the to-
tal enthalpy.

To simulate cavitation, it is necessary to
correctly take into account the process of
growth and destruction of bubbles. Therefore,
cavitation models are based on the general-
ized Rayleigh-Pless equation, which describes
the growth of one vapor bubble in a liquid
[17]:

n Ry ——— ()

Pb—PJ_ﬂ 20



Where Ry is bubble radius, o is liquid count multiphase flows or flows with multi-
surface tension coefficient, pr is liquid density, phase particle transport, the influence of slid-
u is liquid kinematic viscosity, Py is bubble ing velocities between the liquid and gaseous
surface pressure, P is local far-field pressure. phases, as well as thermal effects and com-

Equation (2) is quite difficult to apply pressibility of the two phases. The advantages
when modeling a multiphase flow. Therefore, of the model include: the ability to take into
neglecting the second-order terms and the sur- account non-condensed gas, a high degree of
face tension force, the equation takes the fol- agreement between the results of numerical
lowing form [18] simulation of flows in centrifugal pumps and

R, [2R-P experimental data. But due to the selection of
TR ER 3) k, the model has poor convergence [22].
% In order to eliminate the disadvantages

Based on equation (3), three mass trans- of the Singhal model, the Zwart-Gerber-
fer models were created: th(? Singhal model, Belamri model was created. A series of sim-
the  Zwart-Gerbert-Belamri ~ model,  the plifications was introduced into the model:
Schnerr-Sauer model [19, 20, 21]. o the density of the liquid and the density of the

In chronological order, the very first in- liquid with bubbles are identical, there is no
terphase t_ransfer model is thfa Singhal model. non-condensed gas in the liquid. The final
It takes into account all flrst-_order effects mass transfer equation of the Zwart-Gerber-
(phase change, k_)ubble dynamics, turbulent Belamri model is as follows:
pressure fluctuations, and non-condensable
gases). In particular, the model takes into ac-

IfP<P,, Re = Fiap st ) \/EPbi_P. (4)
Ro 3 p
3 2R -P
If P> 2 Re = Feond o \/T (5)
Ry V3 nm

curate than the Singhal model [22]. In the pre-
Where Fvqp is evaporation coefficient, sented work, the Zwart-Gerber-Belamri mod-
Feond 1S condensation coefficient, oany IS nu- el is used, since it is more "flexible" due to
cleation site volume fraction, g is liquid den- the selection of coefficients for solving the
sity, pv is vapor density, Py is saturation vapor required problem. From the analysis of [23,
pressure, ay is vapor volume fraction. 24], the necessary parameters were selected
The advantage of this model is good for modeling cavitation in motor lubricating
convergence and selection of coefficients for fluid, presented in table 1.
certain tasks. However, the model is less ac-
Table 1
Cavitation model parameters
Parameters Value
Bubble diameter, pm 2
Nucleation site volume fraction 0,004
Evaporation coefficient 0,02
Condensation coefficient 0,01
Vaporization pressure, Pa 5400
Heat transfer processes are radically dif- the liquid at each place in space does not
ferent in laminar and turbulent flows. In the change. In the extreme case of turbulent flow,
extreme case, with low viscosity and thermal heat transfer occurs and leads to a rapid tem-
conductivity in the laminar flow, heat transfer perature equalization in different parts of the
is absent in principle, and the temperature of flow. Since intensive heat exchange occurs
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inside the turbulent region due to strong mix-
ing of the liquid, which is characteristic of
any turbulent motion [25].

To determine the flow regime, the
Reynolds criterion is used. The mathematical
equation defining the Reynolds criterion for a
journal bearing is as follows [26, 27]

zdneS d
R, = <413 [—
¢ 2 ]‘\/s

He
Where d is shaft diameter, m; n is rota-
tional speed of turbocharger shaft, s2; p is

density of oil, kg/m3; ue — dynamic viscosity
of engine oil, Pa-s; S — diametrical clearance,
m.

In most works [10, 13, 15], the flow of
fluid in the bearing is assumed to be laminar,
not taking into account turbulence at the inlet
of the oil supply (Fig. 2). Therefore, in the
simulation of cavitation in the journal bearing
assembly must bbriented on the turbulent
fluid flow regime.

Fig. 2. The Flow regimes in different parts of the bearing:
1 — laminar; 2 — turbulent
Puc. 2. Pesicumvt meuenus 6 pA3TUYHBIX YACMAX NOOUUNHUKA:
1 - ramunapueiil; 2 - mypoynreHmuoiil

The effect of turbulence has a signifi-
cant effect on cavitation. The turbulence mod-
el should predict the point of separation of the
flow from the wall, where a critical vacuum
occurs. When analyzing works [23, 24] de-
voted to cavitation in various mechanisms
where engine oil is the working fluid, a ten-
dency was observed to use the k-¢ RNG mod-
el (the RNG modification increases the accu-
racy of prediction of separated flows). Since
there is no possibility of checking with exper-
imental data to select the most suitable turbu-
lence model, it was decided to use the k-¢
RNG model.

For calculation, the Ansys Fluent 19.2
software package is used. The general calcu-
lation algorithm has not changed and corre-
sponds to the algorithm from the previous

work [16]. Among the innovations, one can
single out the introduction of the multiphase
flow model, namely, the Multiphase model.
This model is suitable for flows loaded with
bubbles and particles, which is consistent with
the task of modeling cavitation. In the calcu-
lation, the Coupled algorithm was used with
the Pseudo Transient and High Order Term
Relaxation options connected.

When modeling, we used the parame-
ters of motor oil intended for use in diesel
forced engines operating in difficult condi-
tions mainly in the summer. All parameters,
except the thermal conductivity of the oil,
changed depending on the temperature. Table
2 presents the parameters of engine oil and oil
vapor.

Table 2
Parameters of oil and oil vapor
- L . Thermal
. Specific heat, Dynamic viscosity .
Phase T, K | Density, kg/m3 * . * conductivity,
J/(kg*K) coefficient, Pa*s W/ m*K
Liquid 343 869,56 2070,5 0,0368 0,12




363 857,3 2152,1 0,0194
383 845,04 2233,7 0,0116
393 838,91 2274,5 0,0092
413 826,65 2356,1 0,0062
433 814,39 2437,7 0,0044
Vapor - 0,0245 - 1,34e-05 0,0261

For the calculation, two thermal operat-
ing regimes were chosen: regime I, close to
normal operating conditions, and regime Il
with excess temperature, simulating the oper-
ation of a turbocharger when it goes beyond

the range of normal operating conditions. The
model has 8 inlets and 4 outlets. The bounda-
ry conditions of the turbocharger thermal re-
gimes are presented in Table 3.

Table 3
The boundary conditions of the turbocharger thermal regimes
Temperature, K
Thermal state . Pressure, - ’
option Field KPa Turbine side Middle Outlets Corr;?drgssor
| Inlet 400 363 — 343
Outlet 101 383 373 363
0" Inlet 400 413 — 393
Outlet 101 433 423 413
Using the developed software for calcu-
lating the dynamics of a flexible rotor of a L 1
turbocharger on two hydrodynamic journal
bearings, the relative eccentricity y was calcu- i
lated at different speed and thermal regimes
of operation of the turbocharger. After that,
the geometric model was changed and the
calculation process was carried out in Ansys n, rpm

Fluent 19.2. The dependence of the relative
eccentricity y on temperature and rotational
speed is shown in Fig. 3.

Results

As a result, the values of various pa-
rameters were obtained. Figure 4 compares
the fields of the gas volume fraction for dif-
ferent modes of heat loading.

The results show that cavitation prevails
in the first (1) thermal regime. In this operat-
ing mode, steam occupies a larger part of the
liquid layer than in thermal regime Il. The
maximum value of the volume fraction of gas
is also observed in mode I, regardless of the
rotation speed. A significant difference (44%)
in the gas volume fraction is observed at
20,000 rpm.
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Fig. 3. The dependence of the relative eccentricity
¥ on temperature regime and rotational speed
Puc. 3. 3asucumocmv omnocumensnozo
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Figure 5 compares the distribution of
pressures at different modes of heat loading.
The results showed that the pressure distribu-
tion depends on the relative eccentricity,
which depends on the thermal operating con-
ditions of the bearing and the rotor speed. At
10000-30000 rpm, the maximum pressure
value is observed in the | operating mode
from the compressor side, because the dynam-
ic viscosity coefficient is higher due to lower
temperatures compared to the turbine side. At
90,000 rpm, the maximum pressure is record-
ed in mode I1. This is due to the high value of




eccentricity in comparison with the first
mode.

Figure 6 compares the temperature
fields at different thermal conditions. The ro-
tor speed is 90,000 rpm. In thermal mode II,
the flow from the inlets is distributed less ef-
ficiently than in the first one. This affects the
temperature distribution in the lubricating
layer. Most likely, this is due to the high value
of the relative eccentricity. There are no other

significant differences in temperature distribu-
tion.

The dependence of the bearing capac-
ity on the thermal regime and rotation
speed is shown at Figure 7. The maximum
bearing capacity is achieved at thermal re-
gime I, which indicates the need to operate
the turbocharger under normal temperature
conditions. Thus, the bearing assembly will
show the best hydromechanical characteris-
tics.

I thermal regime

II thermal regime

Turbine side
bearing

Scale

0.000 n=90000 rpm; x=0,61

Compressor
side bearing

Turbine side Compressor
bearing side bearing

s

n=90000 rpm; x=0,8

Fig. 4. Comparison of the vapor volume fraction fields for different thermal conditions
Puc. 4 Cpasnenue noneii 00vemuoll 0onu napa 0isk pA3IUIHbIX MENI08bIX PENCUMOB
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I thermal regime II thermal regime
Pressure, - - Pressure, - -
Turbine side Compressor Turbine side Compressor
Pa : : g Pa : ; :
bearing side bearing bearing side bearing
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240405
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1.142+06 K g - 5.430+05
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5720405 2740405
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5.400+03 5400+03
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1210+07 P 333007
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9.42¢+08 ool . 2590407
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4046406 1116407
2708+06 7.408+06

1.35¢+06 3.70e+06
~ym n=90000 rpm; x=0,61 5.408+03 n=90000 rpm; x=0.8

Fig. 5. Comparison of pressure fields for different thermal conditions
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mfﬂwm (méxture) miwum (mixture)
383.00 43300
37895 429.00
37490 42500
37085 421.00
366.80 417.00
36275 413.00
35869 409.00
35464 405.00
350.59 401.00
346,54 397.00
34249 39300
’T K]
Fig. 6 Comparison of the distribution of thermal fields for different thermal conditions. I, 1l — thermal mode
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n, rom

Fig. 7. Dependence of bearing capacity on thermal
conditions and rotor speed
Puc. 7. 3asucumocmo necyweii cnocobrocmu
on menjioe0co pescuma u 4acmomaosl epauierusl pomopa

Conclusion

In this work, the simulation of physical
processes in the lubricant layer of the real de-
sign of the turbocharger radial bearing is car-
ried out. The obtained temperature fields indi-
cate uneven thermal loading of the turbine
and compressor bearings. This fact signifi-
cantly affects the position of the flexible
asymmetric rotor in the gap space. The fol-
lowing results were obtained:

* The volume fraction of steam prevails
in the | thermal mode of operation.

* The pressure distribution depends on
the eccentricity, which depends on the thermal
operating conditions of the bearing and the
rotor speed.

* In most cases, the pressure on the
compressor side is higher than on the turbine
side due to different fluid parameters.
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