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Abstract

Application of the thrust bearings in different engineering designs generates the problems of thermal state, which generates
the wear of the fixed or tilting pads of bearing. These problems can be avoided by application in the design process the proper
methods and numerical algorithms that allow the calculation of bearing static characteristics, including the maximum oil film
temperature. The knowledge of thermal state of bearing should assure the reliable and durable bearing operation and is
important for the designers of thrust bearings.

This paper presents the results of calculations of some static characteristics of tilting-pad thrust bearing, including its
maximum oil film temperature under effect of tilt angle of the pad. Numerical solution by means of finite differences was
applied for the solution of geometry, Reynolds, energy and viscosity equations. Adiabatic oil film, laminar flow in the bearing
gap was considered. The developed numerical algorithm assures the computation of bearing performances, and it creates the
tool leading to the solution of thermal problems. Different values of operating speeds were assumed.
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AHHOTa M

ITpuMeHeHUe YTIOPHBIX TIOAIIMITHAKOB B Pa3/IMUHBIX WUH)XEHEPHBIX KOHCTPYKLUSX TOPOXKAAeT TPOOIeMbI TeIIOBOTO
COCTOSTHHSI, KOTOPOE TIPUBOAUT K U3HOCY HEMOJBKHBIX WM HAKJIOHHBIX BK/IAJbIIIEN MOAIIUIHUKA. VI306exaTh 3THX TpobiieM
MOJXKHO, TpUMeHsisl B IIpollecce IPOEKTHPOBAHHS COOTBETCTBYIOLME MeTO[bl U UMC/IeHHble aJrOPUTMbI, I103BOJISIOLINE
PaCCUMTHIBaTh CTaTHYeCKre XapaKTePUCTUKHU TIOAIIMITHMKA, B TOM UHC/Ie MAaKCUMAa/IbHYIO TeMIIepaTypy Mac/sHOM IJIeHKHU.
3HaHMe TEeTJIOBOTO COCTOSIHUSI TOAIIMITHUKA JIOJDKHO 00ecreurBaTh HAJIeXHYHO U JOJITOBEUHYIO PabOTy MOAIIMITHUKA W
SIBJISIETCSI B)KHBIM [1J151 pa3pab0TUMKOB YIIOPHBIX MOAIIAITHUKOB.

B pmaHHOM cTaThe Tpe[CTaB/eHbl pe3y/IbTaThl pACUeTOB HEKOTOPBIX CTaTU4YeCKMX XapaKTePUCTHK YIIOPHOTO TIOAIIUITHHAKA C
HaK/IOHHBIM BKJ/a/blllieM, B TOM YKCJIe ero MakCUMa/lbHOM TeMIlepaTypbl Mac/IsiHOM T/IeHKW TOJ AelCTBUeM yIvla Hak/ioHa
BK/aJpillia. [ pellileHUs YypaBHEHUUM reomeTpuu, PeliHosbjca, SHEPruu U BSI3KOCTU TPUMEHSUIOCh UMCeHHOe pelleHue
METOZIOM KOHEeUHbIX pa3HocTed. PaccmarpuBanach apuabarvueckass Mac/isiHasi TUIEHKA, JAMHUHADHOe TeyeHWe B 3a30pe
TIO/IIIUITHUKA. Pa3paboTaHHBIN UYHC/IEHHBIA aJrOpUTM 00eCreurdBaeT pacyeT XapaKTePUCTUK TMOJIIUITHUKA W CO3[aeT
WHCTPYMEHT JIJIsl PeLleHMsl TeMJIOBbIX 3a/au. B pacuetax mpe/nosiaraanuch pa3iMuHble 3HAUeHUsI pabOuMX CKOPOCTeH.

KiroueBble c1oBa: ruZipojuHaMuyecKasl CMasKa, yropHble MOAIIUITHUKY, HAK/IOH IVIMTKW, MaKCUMaJsbHas TeMIleparypa
Mac/sIHOM TIJIeHKH.

Introduction

Tilting pads thrust bearings are applied in the bearing system of the water turbines, main shafts of marine steam turbines,
spindles of heavy machine tools, gears, etc. These bearings can transfer large thrust loads from rotating shafts to supporting
structures.

Development of modern rotating machinery is strictly bound with an increase in applied loads, higher rotational speed and
generated power. From this technical point of view, the knowledge of pad temperature and particularly its maximum
temperature is very important.

The maximum oil film temperature is an important limitation that do not allow for any increase in loads and rotational
speeds of thrust bearings. The increase in the temperature of the lubricating oil is caused by the amount of heat released in the
oil film during the operation of the bearing. Hence, the researchers' interest in thermal phenomena occurring in thrust bearings
(1], [2], [3] and [5], [6].

The sliding surface of the tilting pad can be made from the traditional white metal or special polymers. The strengths
properties of such materials, their permissible operating temperatures, create limitations on the maximum oil film temperature.
Therefore, taking into account thermal phenomena in the process of designing and calculating a bearing seems necessary. An
additional problem that is important from the technical point of view is the transition from mixed friction to fluid friction and
vice versa during start-up and stopping phase of the machine. The period of mixed friction can generate very inconvenient
condition of bearing operation resulting in increase of temperature in oil film [7], [8], [9], [10] and [11], [12], [13].

The tribosystem of thrust bearing consists of tilting or fixed pads and thrust collar, the parts that are separated by the layer
of lubricant. The heat generated in the layer of lubricant determines the thermal behaviour of such tribosystem and has a
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decisive effect on its reliable operation. Improper choice of bearing geometrical and operational parameters generates thermal
problems of wear and finally the failure of bearing and bearing system.

The boundary parameters limiting the operation of thrust bearings are: minimum thickness and maximum temperature of
oil film (Fig. 1a); the horizontal line (boundary operation) results from limiting stress levels around the pad pivot [1]. From the
point of proper exploitation of rotating machine with tilting pad bearing, the control of the pad temperature is very important. It
results from the calculations and measurements of pad temperature that point out on the hot spot region that is placed at the
outer edge of the trailing edge. Then, the thermocouple should be located in this region (Fig. 1b and Fig. 1c).
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Figure 1 -
Parametrs limiting the operation of thrust bearings (a), the regions of largest oil film temperatures (b) and the standard position
of temperature measurements (c):
o — angular speed of thrust collar; 1, 2, 3 — point of highest temperature; shadowed field — range of larges temperatures in oil
film

Note: based on [1]

Tilting- or fixed pad temperature information is required b the designers to keep the bearing operation within the
temperature limit imposed by the sliding surface of bearing material. Additionally, it allows to evaluate oil film temperature
and power loss over a wide range of operating duties.

Thermal problems in different types of journal bearings result from an excessive oil film temperature, thermal gradients
generating the bearing distortion, heat flow to and from bearing [5], [6]. An excessive oil film temperature leads to the
degradation of lubricant and bearing material [6]. Exemplary damage to the axial part of high-speed axial-radial journal

bearing that was caused by an excessive oil film temperature shows Fig. 2 (melted bearing material was transferred into the oil
grooves between fixed pads) [4], [5].

Melted bearing material |
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Figure 2 - View of the axial part of radial-axial (fixed pads) bearing of high-speed compressor:
a — unloaded side; b — loaded side

Note: melted bearing material in the radial oil grooves

The ground for the safe operation of journal bearings, both radial and axial thrust at proper oil film temperature is the full
knowledge of bearing thermal performances particularly the oil film temperature distribution and its maximum value.
Static characteristics of tilting-pad thrust bearing are affected by the geometry of oil film, including the tilt angles of the

pad. These angles should be considered in two planes, however one of them, in the direction of pad rotation, is more important
and has larger effect on the bearing characteristics.



This paper presents the results of computation of the oil film maximum temperature of thrust bearing under effect of the
pad tilt angles. The numerical algorithm for calculation of thrust bearing with tilting pads and the assumptions of laminar and
adiabatic model of oil film was applied.

Oil film thickness, pressure and temperature distributions

The lubricant gap forms an average thickness hs which is the result of tilting pad rotation with regard to axes x and y
intersecting at the point s with coordinate (Rs, 6o, hs); this point correspond to the support point of pad.

Schematic view of tilting pad geometry shows Fig. 3. Oil film thickness is described by Eq. (1).
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Figure 3 - Schematic view of tilting pad and oil film geometry:
R;, R; — inner an outer radius of the thrust tilting pad, § — angle of the thrust tilting pad length
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where: B dimensionless oil film thickness, h; — oil film thickness at the point s with coordinates (Rs &), mi, m;
— tangents of pad tilt angle, r, ¢ - cylindrical system coordinates, R — mean radius of the thrust pad, 8, — angle of the insert
support line.

The flow of mass and energy in a lubricating film govern three basic laws: conservation of mass, maintaining the quantity
of motion and the energy conservation. Applying these laws, the Navier-Stokes and geometry of oil film equations allow
obtaining the Reynolds, energy, viscosity equations [2], [3], [4], [5], [6]; their solution gives the static characteristics of thrust
tilting pad bearing for adiabatic or diathermal model of oil film.

Equation (2) describes the distribution of the pressure in the oil film in dimensionless form.
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where: P~ dimensionless oil film pressure, 7 , o — coordinates of cylindrical system, § — insert angle, io-
dimensionless dynamic viscosity of lubricant.

Energy equation transformed into dimensionless form (Eq. 3) gives the oil film temperature distribution.
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where: f - temperature, p, — Peclet number P, = pcvhga) /A €y — specific heat of oil, P — oil density, K — heat
transfer coefficient, g _ Ahskyo, T. —average temperature of oil film, ) —thermal conductivity coefficient of the
o, g,q 0 flow of oil in radial and peripheral directions.

The dimensionless viscosity of lubricant describes exponential Eq. (4) [4].
- - N
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where: A, B — factors including the influence of temperature on the oil viscosity, T, — reference temperature.
Iterative solution of equations (1) through (4) gives the fields of oil film pressure, temperature and viscosity. Application of
the parabolic approximation [4], [5], [6] allows determination of temperature values T( 0, z) on the boundaries of bearing. In

the regions of negative pressure of oil film and on the bearing edges, nil pressure values were considered, i.e. p(0,2) =0 -

The system of equations (1) through (4) was solved numerically by means of finite difference method. It was found that
the sufficient accuracy of computation can be obtained applying the net with the number of nodes 1 x m = 11 x 21. In order to
find the discrete values of the functions at individual mesh nodes, the equations (2) and (3) were transformed into the form of
differential equations. In the pressure distribution equation (2), the derivatives were replaced by the (central) difference
quotients: In case of the energy equation (3), it was more convenient to use backward difference quotients [4], [14], [15].



Results and discussion of calculations

Developed numerical algorithm allows calculation of the bearing static characteristics, i.e. oil film thickness, pressure,
temperature and velocity distribution as well as the quantities characterizing such properties as: bearing load capacity, friction
torque, coordinates of oil film resultant force, oil streams as well as maximum values of pressure and temperature.

The following geometrical data were assumed: oil film thickness hs at the point with coordinates (R &), inner and outer
radius of the plate R; and R», tangents m; and m, of tilt angle of pad with regard of axis s, and s, 6, d — angle of pad and angle
of supported line, were assumed respectively. Operational data were as follows: dynamic oil viscosity coefficient p , dynamic
oil viscosity coefficient at the reference temperature p o, thermal conductivity coefficient in the oil ) , thermal conductivity
coefficient in the pad ) ., factors a, b including an effect of temperature on the oil viscosity, average temperature of oil film
Tc, reference temperature Ty, temperature of oil at inlet edge Tp, heat transfer coefficient k. The range of rotational speeds
varied from 50 rpm through 1000 rpm.

Different pad tilt coefficents m; and m, were considered. Dimensions of tilt pad: inner, external and mean radius were r;=
0,10915 and r;= 0,20915, Imen= 0,1592 respectively. T,=20°C, n,=0,297 Nsm?p,= 898kg/m’, c¢,= 1980J/kg’C, A= 0,1450
J/ms°C. Assumed nodes number were: peripheral direction m=21 and radial direction n=6.

Exemplary results of computations that were obtained at assumed bearing parameters are given in Fig. 4 through Fig. 15;
in these figures, the oil film thickness at the point with the coordinates (R; o) h; was assumed as 0,213E-03. Dimensionless oil
film thickness at assumed values of tilt angles m; =-0,0013685 and m,=0,00076 shows Fig. 4; the lowest values are at the
trailing edge of pad (j=21).
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Figure 4 - Dimensionless oil film thickness at assumed values of tilt angles of tilting pad

Figure 5 through Fig. 7 show the oil film pressure distributions on the thrust tilting pad. Three-dimensional pressure field
on the pad illustrates Fig. 5. The isobars of pressure (at rotational speed n=100 rpm) present Fig. 6; maximum value (mesh
points i=11 and j=21) is observed in the region of external part of pad trailing edge and in the direction of thrust collar rotation.
Oil film pressure distribution in peripheral direction and for different redial coordinates shows Fig. 7; pad tilt in two directions
was assumed and maximum value of oil film pressure is pn.x = 0,16 MPa at the coordinates i =9 and j = 19.



Figure 5 - 3D oil film pressure distribution on the thrust-tilting pad
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Figure 6 - Isobars of oil film pressure on the tilting pad
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Figure 7 - Oil film pressure distribution in the peripheral direction on the tilting pad

Oil film temperature distribution on the tilting pad and its isotherms present Fig. 8 and Fig. 9 respectively; for assumed
bearing parameters; the temperatures of oil film are in the range of 40°C to 51°C and maximum temperature is placed at the
coordinates i=11 and j=21 (trailing edge of pad).



An effect of tilt angle m, on maximum value of oil film pressure pm. and temperature T, at different rotational speeds of
thrust collar and for constant value of m; show Fig.10a (m; # 0, m, = 0) and Fig. 10b (m; # 0 and m, = 0). In both cases, an
increase in the rotational speeds causes the increase in pme and Tna. However, nil value of tilt angle m, generates higher T
(e.g. at n=300 rpm and for m;=-0,01469 and m,=0 then Ty ~#55°C, but T,,~45°C at m;=-0,01469 and m,=-0,0007).

m,=- 0,0013685 m,=0,00076

Figure 8 - Oil film temperature distribution (3D) on the tilting pad
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Figure 9 - Isotherms (in °C) of oil film temperature distribution on the tilting pad

Note: — upper part of temperature field close to the trailing edge

Figure 11 shows maximum oil film temperature versus pad tilt angle m; at different rotational speeds of thrust collar and
assumed values of pad tilt angles m.. In case of m, equal nil, the pad tilt angle is in the range up to 0,002 (Fig. 11a). However,
when m, is larger than nil the tilt angle m; of the pad is in wider range, up to 0,0025 (see Fig. 11a and Fig. 11b). However, at
m,=0,0 the pad tilt angle m; should be used up to the approximate value 0,0018 because the maximum temperature reaches the
value almost 90°C (Fig. 11a). In case of m,> 0 the maximum temperature 90°C occurs at the pad tilt angle approximately
0,0023 (Fig. 11b — see rotational speed 500rpm).
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Figure 10 - Maximum oil film pressure and temperature versus different rotational speeds of thrust collar for pad tilt angles:
a-m#0,m=0;b-m;#0and m, # 0
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Figure 11 - Maximum oil film temperature versus pad tilt angles m; and for different tilt pad angles m.:
a-m,=0,0; b—m, =0,00076

Maximum oil film temperature versus oil film thickness h, at pad support point and different rotational speed of thrust
collar tilt and assumed values of pad tilt angles m; and m. shows Fig. 12. In both cases, maximum oil film temperature shows
the decrease at the increase in hs. At the assumed value of m; and for m,=0 (Fig. 12a) or m»#0 (Fig. 12b) there is an increase in
maximum temperatures of oil film with increasing rotational speeds. However, this increases if characterized by higher
temperatures in case of m,=0 (Fig. 12a) and lower temperatures when m,#0 (Fig. 12b).

Effect of different rotational speeds of thrust collar on the maximum oil film temperature for assumed pad tilt angles
illustrates Fig. 13 (a — constant m;, b — constant m,).

70 70 o
TacC]
T Tnex [C] ‘ nrpm] n [rpm]
60 0 60 50 —
—=— 100 gy
. 150 e
200 VIR o
200 —s%— 500
50 50 *

40

m,=-0,0013685 he [m m,=-0,0013685
my=0,0 Al m,=0,00076 hs [m]
' —
30 | | 30 | |
1,00E-04 1,50E-04 2,00E-04 2,50E-04  1,00E-04 1,50E-04 2,00E-04 2,50E-04
a) b)

Figure 12 - Maximum oil film temperature versus assumed oil film thickness hs for different rotational speeds of thrust collar
at assumed value of m; and different values of m,:
a-m,=0,0; b—m, = 0,00076



Note: oil film temperature at the pad inlet was Tp=40°C
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Figure 13 - Effect of rotational speed of thrust collar on the maximum oil film temperature for different pad tilt angles m;:

a — constant m;; b — constant m,

On the assumption of different, both tilt angles m; and m,, the maximum oil film temperature shows almost linear run (Fig.
14); these temperatures are increasing with the increase in rotational speed of thrust collar.

However, when the tilt angle of pad m; is larger than nil and the angle m,=0,0 then the different run of temperatures is
observed (Fig. 15); there is almost no difference in the maximum temperatures of runs for close values of m; (Fig. 14 the lines
1 and 4). In this discussed case, the maximum temperatures of oil film are lower as compare to the case in which the angles m;

and m; differ from nil.
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Figure 14 - Effect of different pad tilt angles on the maximum oil film temperature of pad versus rotational speeds of thrust
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Figure 15 - Effect of different pad tilt angles m; # 0 at m, = 0,0 on the maximum oil film temperature of pad versus rotational
speeds of thrust collar

It results from Fig. 14 and Fig. 15 that there is a larger increase in the maximum oil film temperatures when both tilt angles
are greater than nil. Considering, e.g. two cases, the first with the angle m;=1,4226E-3 and m,=0,2593E-3 (Fig. 14) and the
second case when m;=1,4226E-3 and m, =0,0 (Fig. 15) it can be stated that the increase in maximum temperature is larger in
the first case; it certifies the necessity to consider both angles of pad tilt in calculations of thrust tilting pad bearings.

Figure 16 shows maximum oil film temperature versus rotational speeds of thrust collar at assumed value of oil film
thickness and tilting pad angles.
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Figure 16 - Maximum oil film temperature versus rotational speed of thrust plate at assumed value of oil film thickness

It results from Fig. 16 that at lower temperatures of supplied lubricant there is similar increase in temperatures for
considered rotational speeds of thrust collar (Fig. 16, increases for the temperatures 30°C and 40°C; are 17,22°C and 18,14°C,
respectively). However, at the temperature of supplied lubricant equal to 50°C an increase in maximum oil film temperature is
10,8°C (Fig. 16, upper line for 50°C).

Conclusion

Theoretical calculations and experimental data, as well as the analysis of the results obtained from these studies, allow the
formulation of the following conclusions:

1. The geometry of the oil film expressed by the tilt angles of the pad has a significant effect on the operating
characteristics of the axial thrust bearing.
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2. Pad tilt parameters m; and m; at an assumed film thickness at the point of pad support cause the changes in oil film
temperature distribution and its maximum values.

3. An increase in the rotational speed of the thrust collar causes the increase in maximum oil film temperature at the
increase of pad tilt angles.

4. The isobars and the isotherms of oil film pressure and temperature distribution on the tilting pad point on their
maximum value positions, which are placed at trailing edge, upper region of tilting pad.

5. Higher temperatures of supplied lubricant assure smaller increase in its maximum temperatures at the increase in
rotational speeds of the thrust plate.

6. A thermocouple controlling the maximum oil film temperature should be placed in the hot spot region of the pad. Such
solution is very important for reliable operation of thrust bearing.

In the process of bearing design, it is necessary to take into account two angles of tilt pad and analyse the obtained
maximum temperatures of oil film. The results giving higher temperatures of oil film and maximum temperatures should be
considered as more extreme case. In such situation, the design of bearing should be more resistant against accidental overriding
of permissible temperatures of operation.
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