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Abstract. Prediction of the minimum oil film thickness and the maximemmpterature on the surface of the bearing pad
is crucial in the design and dimensioning of bearings. Roistloss, oil bath temperature and pad deflection are other
parameters of interest. Depending on the desired informmaéi numerical model requires different levels of detail.
The two dimensional Reynolds equation for pressure in théraican be solved isothermally or considering viscosity
variations in two or three dimensions, requiring solutiohtbe equations for thermal equilibrium in oil and pad.
Knowing the temperature distribution the deflection of thd due to pressure and thermal bending can be calculated
using a flat plate approximation. At the five free sides of thd peat transfer can be modelled. The temperature
distribution at the inlet to the pad can be calculated thrbugnuilibrium of thermal energy for the groove between
pads and the oil bath temperature from energy equilibriunttie entire bearing. The main theoretical contribution of
this paper is the elaboration and comparison of 7 differeathrematical models of increasing complexity. The results
are compared to experimental data for steady-state opamadf a 228 mm outer diameter bearing. It is found that for
the given bearing a two dimensional model is sufficient torege the minimum oil film thickness and the maximum
temperature on the pad surface. Three dimensional modedlages not improve the quality of the results.
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1. Introduction

The maximum oil temperature is an important parameter fabie operation of slider bearings since the babbitt coati
on a bearing pad loses strength and will experience credglatédmperatures. If the thickness of the oil film gets to elos
to the surface roughness the pad and collar surfaces maly lieading to mixed lubrication and possible bearing damage.
The minimum oil film thickness is therefore also of criticalportance. Being able to accurately predict these parasete
based on operating conditions is therefore a crucial taikéresign and dimensioning of bearings.

The heat generated through viscous dissipation in thedatinig oil is removed partly by the flow of the lubricant
and partly by conduction to the surrounding solids. The elbeity tends to zero at the bearing pad leading to much
higher temperatures than close to the collar. The bearidgyiladeflect due to elasticity and thermal bending caused by
temperature gradients in the pad. The influence of thermadibg is often negligible in small bearings while in large
bearings the deflection can be of the same order of magnigitfeeaninimum oil film thickness.

Many authors have dealt with modelling of hydrodynamic sithearings. Thermal deflections of the pads were first
considered by Sternlicht, Carter & Arwas (1961) in a 2 diniemzl model assuming adiabatic flow. Huebner (1974)
presented a 3 dimensional analysis performed on a sectpedhhrust bearing. He followed the general approach
suggested by Dowson (1962). A 2 dimensional analysis be&{l976) allowed for pad deflection, heat conduction to
pad and runner and used a hot oil carry over factor to deterihie change in temperature from the trailing edge of one
pad to the leading edge of the next. Vohr (1981) suggested asheat balance formulation to determine the temperature
at the inlet to the pads. Kim, Tanaka & Hori (1983) presentegifirst 3 dimensional model performed on a tilting-pad
thrust bearing. They however neglected pad deflectionkesEt Anderson (1991) extended the work presented in 1976
to 3 dimensions and gave a detailed discussion of heat &naosirelations for the back surfaces of pads.

This paper presents and compares models of increasing erityptonsidering the steady-state behavior of tilting-
pad thrust bearings under fully flooded operating conditidrhe momentum equations are reduced and integrated across
the oil film to give equations for the velocity componentsesé are introduced in the continuity equation and intedrate
across the oil film to give the Reynolds equation for 2 dimenai pressure in the oil film. The Reynolds equation is solved
subject to a viscosity distribution calculated through ¢inergy equation. The energy equation can be integratedsacro
the oil film to give a 2 dimensional viscosity distributionswlved in all 3 dimensions to give a 3 dimensional viscosity
distribution. The bearing pad deflects due to thermal graslieThis effect can be modelled using a 2 dimensional flat
plate approximation for deflection and 1 or 3 dimensionat lr@asfer through the pad. The leading edge oil temperature
is a boundary condition to the energy equation. It can beutatled through equilibrium of thermal energy for the graove



The models presented are:
An isothermal hydrodynamic(HD) model only solving theyRalds equation.
A 2D adiabatic thermo-hydrodynamic(THD) model solvihg D energy equation.
A 2D THD model in which heat transfer to the collar and 1Dtheansfer through the pad is considered.
A 2D thermo-elasto-hydrodynamic(TEHD) model in whiclileletion of the pad is introduced.
A 3D adiabatic THD model.
A 3D THD model solving the 3D energy equation for the oil &heat transfer through the pad.
7. A 3D TEHD model.
All models require specification of the collar temperature.
Simulated values of film thickness, oil temperature andifnicloss are compared to experimental results presented
by Glavatskikh (2000, 2001). A sketch of a bearing pad anatioedinate system used are presented in Fig. 1.
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2. Governing Equations

The bearing is assumed to work under conditions where th@firlg assumptions can be adopted.
() The fluid is Newtonian and incompressible. (iv) Viscosity varies with temperature only. All other
(i) The flow is laminar. fluid properties are constant.

(i) Body forces and effects of inertia are negligible. (v) Deflections of the collar surface are negligible.
2.1. Fluid film

Subject to the assumptions (i) to (v) and through an ordeimédsion analysis the governing equations for the fluid film
are reduced to the standard form employed in lubricatioarthe
The continuity equation and the momentum equations:
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The momentum equations can be integrated twice across lttigrmoito give the velocity components. With the
boundary conditions that., vy andv, are zero at = h, thatv,. andv, are zero and thaty is equal tavr at z = 0 they
become:
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Nomenclature T = temperature K]
B = arc length of pad at mean radius [m] T, = oil bath temperature [K]
c = oil thermal capacity [I/kg/K] T. = collar temperature K]
D = flexural rigidity of pad [Nm] T;, = oilinlet temperature [K]
E = Young’s modulus for bearing pad [NAh Ty = leading edge temperature K]
F, = load per bearing pad [N] vr,vg, = Vvelocity componentsin, § andz di-  [m/s]
h = oil film thickness [m] v, rections
ho = film thickness at pivot point [m] V-, Vo = Kirchhoff stresses [N]
H = convection heat transfer coefficient [WIf] V,;; = oil flow through bearing [rfVs]
k = oil thermal conductivity [WImIK] w = deflection of pad in direction of, [m]
ky = pad thermal conductivity [WIm/K] 2 = coordinate in the direction of film [m]
ki,ke = coefficients for viscosity relation [-] thickness
M,,M,= moments of pressure around pivofNm] Zp = coordinate in the direction of pad[m]
point thickness

My = thermal bending moment on pad [Nm] « = coeff. of linear thermal expansion [1/K]
M, ,My= bending moments on pad [Nm]  a, = roll angle of pad [rad]
M,y = twisting momenton pad [Nm] o, = pitch angle of pad [rad]
P = pressure [N/ 0 = angular coordinate [rad]
Q = heat flow [W] 6o = pad angle [rad]
Qqen = generated heat in bearing w] 6, = angular coordinate at pivot point [rad]
r = radial coordinate [m] 04 = angular extent of groove [rad]
r1 = pad inner radius [m] W = oil viscosity [Ns/n¥]
ro = pad outer radius [m] v = Poisson’s ratio for pad material []
Tp = radial coordinate at pivot point [m] p = oil density [kg/n?]
tp = bearing pad thickness [m] w = angular velocity of collar [rad/s]
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Figure 1: Left: An illustration of a bearing pad and the terology used in the paper. Right: The coordinate system used.
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The velocity components can be introduced in the continedfyation and integrated across the oil film thickness to
yield a generalized Reynolds equation as suggested by Do@962):
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Viscosity can be considered constant or to vary in two orgllimensions. Considering the temperature to be constant
in the z-direction the integraldy, F}, Gy and G; can be calculated analytically simplifying the Reynoldsiaipn
considerably. Subject to a known viscosity distributior ¢ine boundary condition that pressure should be zero at the
edges of the bearing pad Eq. 5 can be solved to give the peedistmibution in the oil film.

The equation for conservation of energy reduces to:
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Considering viscosity to be constant in thelirection and integrating across the oil film gives a 2D fakation:
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where Sy contains the energy added through heat transfer-at0 and atz = h. St is determined in section 2.2. The
boundary conditions on temperature are:

T(r,0,2) = Ti(r) , T(r,0,0) =T, Toi(r, 8, z=h) = Tpea(r, 8, 2p=0) (8)

The leading edge temperatufB, is assumed to be uniform in Determination off}. is discussed later. No boundary
condition is needed in thedirection as the oil flows out of the domain at both radial fdaries.

2.2. Heat Transfer

Heat conduction in pad:
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The boundary conditions at the back of the pad can be foreullat
aT 0.7, —0.2 »p—0.4
HT-T, = —kpg L H(r,0,t,) = 25.5(rw)"'u"“B (20)
p 'Zp=lp

whereT, is the oil bath temperature, adfi(r, 6, t,,) is the convection coefficient at the back of the pad as statétities

& Anderson (1991). They sho# (r, 6, t,) to be accurate withid{jéggé% for pads of greatly varying size having either



line or point pivots. They state that experiments indichtgevalues ofd at the leading, trailing and inner radial surfaces
to be twice as high and the value at the outer radial surfabe four times as high. These values are used.
On the oil/pad-surface the boundary conditions on tempezatre
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pad (Ta 97 0) = Toil (7“7 97 h) 5 (11)

Heat transfer through the pad can be treated in a simplifigdbyaonly modelling heat transfer at the back of the
pad and treating conduction in the pad as a 1D problem. Thisufiation is used in combination with the 2D integrated
energy equation for the oil film. The oil temperature in tragtiulation is considered uniform in thedirection and the
Nusselt numberNu = 7.55 (Kays & Crawford, 1993) for a fully developed velocity prefibetween parallel plates is
used to calculate the convection heat transfer coefficegntad and collar. Th8r-term in Eq. 7 thereby becomes:
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Following the general procedure of Vohr (1981) andT;. can be determined so as to fulfill equilibrium of thermal
energy for the entire bearing and for the groove between. gegigiming that all the generated heat flows into the oil bath
and is mixed with the cold oil, the oil bath temperattigis determined from the heat generated in the oil due to viscou

shearQ en:

St = (T -T,) (12)
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The heat balance in the groove is not readily determined.t ldemnvected to the collar at the trailing edge of the
pad where the exit oil is hot. At the leading edge of the paddwewthe collar may conduct heat to the oil. Heat is
convected from the hot exit oil to the colder oil bath. All segphenomena are difficult to quantify and few experimental
results are available in the literature. Vohr (1981) stateaverage experimental value of the groove convectioriicigeit
Hg. = 2960 W/m?/K for a bearing ofr; = 0.43 m, r, = 0.585 m andd,,. = 6° = 0.105 rad operating at50 rpm.
Vohr’s result is extrapolated using laminar flow theoryisgathe convection coefficient to be proportional to the squa
root of velocity divided by the distance between pads. Tiege heat transfep,,,. can then be determined.

Oy = / Hyo(T. — To)dA,  H,y = 2960\/ 0105rad (14)

T, = Tin + dA (13)

z=0

Ogr  15.71rad/s

The thermal energy of the oil entering the bearing at theitgpedge can be determined:

Qoil,le = Qoil,te - Qgr y Qoil,le = /(T - Ta)CPUHdA y Qoil,te = / (T - Ta)CPUHdA (15)
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The expression states energy conservation on a contraheolWith the additional assumption that no thermal energy is
transported in the radial direction in the grodije can be found.

2.3. Deflection of bearing pad
The deflection of the pad is modelled using a flat plate fortmugollowing Boresi, Schmidt & Sidebottom (1993):

V2(V2w) = L —V2MT whereD = By andMr = B tp(z - tﬁ)asz (16)
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In the case of 1D heat transfer the temperature varies lindaough the pad and the integral determiniihg- can be
solved analytically. A pad with a point pivot is restricted® = Ow/dr = dw/90 = 0 at the pivot point. At the free
edges of the plate the boundary conditions are that the Kafflshear stresses and bending moments are zero, and at the

four corners the twisting moments are zero:
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\ read data from file |

deflection fraction=
deflection fraction+deltadeflection
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>

} oil film thickness | Newton Raphson-
. _ iteration:
| pressure distribution (linear system) | new tilt angle

Mx<eps, My<eps LS
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\ velocity distribution |

temperature and viscosity distribution, temperature in oilbath, inlet
temperature profile (nonlinear system — iterativ solution)

[ deflection of pad (linear system) |

L viscosity change<eps
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deflection fraction<1 yes
no

\ write results to file |

Figure 2: Flow chart for program

2.4. Bearing equilibrium

The film thickness can be calculated as a geometrical ral&tdween the roll and pitch angles and the film thickness at
the pivot point. Linearizing to only contain first order tesiyields:

h =ho— (rp—rcos(d —8p))a, —rsin(d — 0p)a, +w (29)

The pressure distribution can be integrated over the padtargive the resulting force and the moments around the
pivot point. The moments must be zero at the equilibriumtpmsof the pad.

F, = / pdA | 0=M, = / prsin(d —6,)dA , 0=M, = / p(rcos(d —0,) —rp)dA (20)
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Solving these equations for a given pressure distribupad,deflection and loa#, yields the distribution of the film
thickness over the pad.

2.5. \Viscosity relation
Viscosity is calculated as a function of temperature usimgx@ression by Roelands( Hamrock et al. (2004)).

§= 10[k1-(1+%)k2—4200] (21)

3. Solution Method

Coordinates are transformed using the following transégions: 0 = 0/, ¥ = r/r1, 2 = z/h, %, = 2,/t,, which

for the fluid form a nonorthogonal coordinate system. Seamdeér finite differences are used for solving Eq. (5) and
(16). Equations (6) and (7) are solved using a second ordés finlume formulation for gradients in thedirection
while upwinding is used for the convective terms in thand7-directions. Integrals are evaluated using the composite
trapezoidal rule. The problem is solved using an iteratice@dure as depicted in the flowchart in Fig. 2. The Newton-
Raphson method is used for adjusting the pitch and roll anglg and o, until the moments in Eg. (20) around the
pivot point are below some threshold. Proper variable foansations(Huebner, 1974) set the Reynolds equation and th
equations for moment equilibrium on a form in which they ar@eipendent of oil film thickness, It is therefore only
necessary to iteratively adjus}, ando,.

The discretized Reynolds equation and plate equation itatestinear systems of equations which can be solved
using direct means. A sparse equation solver from a reputadgdar algebra library is chosen. The discretized energy
equations for oil and pad and their boundary conditions titoihs a nonlinear system of equations. It is chosen to solve
for temperature, viscosity and oil bath temperature at éimestime using a point iterative Gauss-Seidel SOR solver.

The first sweep of the equations causes the temperaturibdiiin to be overestimated. This causes the pad deflection
to be overestimated. As a result the oil film thickness distion and viscosity distribution in the next sweep may eaus
the energy equation to diverge. To overcome this problem affitaction of the calculated deflection is applied to the oil
film distribution. An outer loop increases the fraction ta&on



4. Results and discussion

Simulation results are compared to experimental data pregéy Glavatskikh (2000, 2001) considering a 228 mm outer
diameter six pad bearing. The pads are supported by sphgitiots and coated with a babbitt layer less than 1 mm thick.
Data for the considered bearing, operating conditions agasarements are given in Tab. 1 and Fig. 3.

Simulations of the bearing are done using a grid o£30 control volumes in the radial and circumferential dii@ts
- and in the case of 3D models 20 control volumes in the z-tlorof the oil film and 20 in the zdirection of the bearing
pad. A uniform collar temperature of 61°C is used. Resultsstaited in Tab. 2. A grid convergency study showing the
convergence of maximum temperature, minimum oil film thieds1and power loss is shown in Tab. 3. lllustrations of
the numerical results are given in Fig. 4. In Tab. 2 a measumke of power loss is stated. It represents the total power
loss in the bearing and contains losses from the frictioméeh the pads and the collar and losses stemming from the
churning of the oil in the oil bath. The calculated power Idsgs not include churning losses. It can therefore not be
directly compared to the measured value.

The 3D-TEHD model gives a power loss 18 % lower than the medsuailue. The oil film thickness at the trailing
edge is 13 % too high. At the leading edge it is 15 % too smallc@ated temperatures at the leading edge are higher
than the measured ones. At the trailing edge they are lowaearttte measured ones. The temperature rise from the leading
to the trailing edge is 23 % smaller than the one measuredteFhgerature rise from bearing inlet to the trailing edge of
the pad is 23.8 K which is 7 % less than the measured value.

Possible reasons for the discrepancies are discussedfiolldveing. The treatment of the heat transfer in the groove
is crude and gives rise to errors in the leading edge oil teatpee. The oil temperature at the leading edge is congidere
uniform in z. Most certainly the oil will be colder at the pad surface tl@nhe collar surface, so the description used
overestimates the temperature at the pad surface. This xpéirethe errors in the pad temperatures at the leading.edge
Convection coefficients at the free sides of the pad may béigio The convection coefficients used are mean values
which are constant in the circumferential direction. Thevflat the back and at the inner and outer radii of the pad is
driven by the motion of the collar and shaft and is a boundaygi flow which develops from the leading edge of the pad.
The convection coefficients are therefore higher at theimgatthan at the trailing edge. These two points may explain
the too small temperature rise from the leading to the trgiédge. The discrepancies in the ail film thickness show that
the calculated pitch angley, is too small. This may partly be caused by a calculated paedfh which is too small.
The pad is considered to be a flat plate of uniform thicknesigevit reality it has cutouts (Glavatskikh, 2000) at the
leading and trailing edges giving larger deflections. Als®pad is considered to be initially flat while it may be slight
crowned due to machining inaccuracies. The pressure ag#uing edge is set to zero. The velocity boundary layer at
the collar surface is however much larger than the oil filngkhess at the leading edge. Therefore the oil is stagnated
as it approaches the pad leading to an inlet pressure buitetfgoe the leading edge. Assuming an inlet pressure larger
than zero results in a larger pitch angle reducing the etrtrealeading edge. Simulations have shown that the combined
effects of inlet pressure build up and increased deflectimntd the effects mentioned above cannot however fully @xpla
the errors in oil film thickness. The errors in temperaturéclviare discussed above may also influence the pitch angle.

In comparison to the results of the 3D-TEHD model the isatt@model overestimates the minimum oil film thick-

number of pads 6

inner radius 57.15 mm
outer radius 114.3 mm
pivot radius 85.725 mm
pad angle 50.0°
pivot angle 30.0°

pad thickness 28.58 mm
oil type VG46
viscosity at 40 °C | 39.0 mPas

viscosity at 100 °C

5.4 mPas

density 855.0 kg/mi

thermal capacity | 2090 J/kg/K ;

thermal conduc. 0.13 W/m/K

axial load 52265 N L%

shaft speed 1500 rpm

Inlet temperature | 40 °C

Oil flow 15 L/min (a) film thickness measurements (b) temperature measurements

Figure 3: Locations of measurements are shown. Tempesatuneanea-

Table 1: Data for the bearing considered.sured in the pad 3 mm below the babbitt layer.



experi- | HD- | 2D- 2D- | 2D- 3D- 3D- | 3D-

mental | ISO' | THD! | THD | TEHD | THD! | THD | TEHD

value adiab. adiab.
T. [°C] 61 61.0 | 61.0 61.0 | 61.0 Grid convergency study
Trnaz [°Cl 772 | 7111699 |[786 |684 |689 15 x 15 x (10 + 10)
Tnaz pabbitt[°Cl 69.6 | 68.3 67.2 | 66.5 Pomin [pm] 20.38
Tr [°C] 52 50.6 | 49.1 56.1 | 54.0 Trnaz [°C] 70.27
T, [°C] 53 49.6 | 48.3 56.6 | 53.9 Power loss [kW] 2.617
T5 [°C] 51 497 | 48.3 549 | 52.1 30 x 30 x (20 + 20)
T, [°C] 62 61.8 | 60.7 62.4 | 61.7 Pmin [pm] 20.12
Ts [°C] 68 63.3 | 62.3 65.6 | 64.9 Trnaz [°C] 68.94
T [°C] 67 65.4 | 64.2 65.8 | 64.8 Power loss [kW] 2.629
hy [pm] 58 439 | 49.1 | 474|560 |475 |357 |49.2 60 x 60 x (40 + 40)
ho [pim] 20 269 | 244 | 240 | 248 |240 |[212 | 225 honin [pm] 20.04
Romae [1m] 530 | 60.2 [58.2 | 715 |583 |43.1 |63.6 Trnaz [°C] 67.87
Pmin [pm] 238 [ 19.4 [19.8 [ 21.3 [195 [19.1 | 20.1 Power loss [kW] 2.635
Power loss [kW]| 3.2 2.61 | 243 293 | 2.63

Table 2: Comparison of experimental and numerical restilts.= %(TC+TM) in the

Table 3: Grid convergency

models marked with In the other model§;, is determined by energy conservation as study conducted on the

described in the texl,=61°C is the condition necessary to close the numerical probl

3D-TEHD model.
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Figure 4: Results from the 3D-TEHD simulation of the beagongsidered by Glavatskikh (2000, 2001).

ness by 19 %. Considering the simplicity of the model thisiitds quite good. The 2D models only slightly overpredict
the maximum babbitt temperature and minimum oil film thickheompared to the the 3D models. They seem to overes-
timate the temperature rise along the pad and estimatelaitgle which is much higher than the one calculated in the
3D-models. A pitch angle very close to the one which is experitally determined. The 2D and 3D adiabatic models
predict oil film and temperature distributions which onlffeli slightly. The difference between the models as heasftex

is included is therefore a result of the different accuracgnbdelling heat transfer. And the seemingly more accuriate o
film thickness calculations in the 2D case must thereforeobsidered to be an accidental effect of less accurate boynda
conditions on the energy equation in the z-direction.

Both 2 and 3 dimensional modelling provide good resultsHgy,, although the predicted pitch angles are very
different. The reason is that,,;, is insensitive to changes in boundary conditions whichrgflp influence the pitch
angle. A higher pitch angle demands a higher mean oil filmktieéss because of equilibrium with the applied load.
Raising the pitch angle while keeping the minimum oil filmckmess constant provides a higher mean film thickness.
This effect in combination with a higher side leakage causgs, to be insensitive to raising,, for the bearing in
guestion.

In order to determine minimum oil film thickness and maximueblbitt temperature a 2D model seems to be sufficient
for the considered bearing.

The bearing is small compared to bearings which are used imgtance hydro power plants. In larger bearings the



effects of thermal deflections of the pads are much largethdrconsidered bearing deflection of the pad causes the oil
film at the inner and outer corners at the trailing edge to pear 10 % larger than the minimum located approximately
at the mean radius. In larger bearings the deflection mayedhesoil film to be 100 % larger at the two corners than at
the mean radius. 3D calculations of temperature may therebessary for an accurate prediction of pad deflection and
oil film thickness.

A 2D integrated description is meaningful only if streamebnare nearly parallel. If the pitch angle is large reverse
flow may occur at the leading edge. In cases where reversedleignificant a 2D model may not accurately determine
the temperature distribution.

For the bearing in question the 3D model does not improvedhaltis obtained by a 2D model. Considerable work
must be done in improving the boundary conditions in ordegartdit from the increased complexity of a 3D description.

5. Conclusion

Numerical models have been developed in order to deterrampdrature distribution and oil film thickness in a tilting-
pad thrust bearing. The Reynolds equation has been soletrgbisnally and subject to 2D or 3D viscosity distributions.
The deflection of the bearing pad due to pressure and thgrimdiiced moments has been modelled using a flat plate
approximation. The thermally induced moments are caledl&tom the temperature distribution in the pad which has
been solved using 1D and 3D models. The inlet temperatunédigon has been determined through an energy balance
for the groove between pads. The collar temperature musttt@ssa boundary condition.

Simulations have been carried out to compare with expetiahelata available in the literature. These are data for
steady-state operation of a bearing of 228 mm outer diameter

Simulations show that an isothermal model predicts themum oil film thickness within 30 % of the actual value.
2D and 3D models both determine the minimum oil film thickniesse within 15 % and the temperature rise from inlet
to trailing edge to be within 7 % of the measured values.

The 3D models do not improve the accuracy. More detailedrtreat of the boundary conditions on pressure and
temperature is necessary in order to profit from the inctasmplexity of a 3D model.
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