Accepted Manuscript %

TRIBOLOGY
INTERNATIONAL

Ediors: ichelFilon, Hong Liang and Weimin L

Numerical analysis and optimization of surface textures for a tilting pad thrust bearing

Daniel Gropper, Terry J. Harvey, Ling Wang

PII: S0301-679X(18)30179-8
DOI: 10.1016/j.triboint.2018.03.034
Reference: JTRI 5178

To appearin:  Tribology International

Received Date: 6 February 2018
Revised Date: 27 March 2018
Accepted Date: 30 March 2018

Please cite this article as: Gropper D, Harvey TJ, Wang L, Numerical analysis and optimization
of surface textures for a tilting pad thrust bearing, Tribology International (2018), doi: 10.1016/
j-triboint.2018.03.034.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.triboint.2018.03.034

ACCEPTED MANUSCRIPT

<—runner L] (a) 50 (b) 50

Rtexture

£ £ £
330 830 330
® ® ®
g g g
&= &= &=

o 05 1 15 2 25 o 05 1 15 2 25 o 05 1 15 2 25
Specific load (MPa) Specific load (MPa) Specific load (MPa)



Numerical analysis and optimization of surface textures for a
tilting pad thrust bearing

Daniel Gropper *, Terry J. Harvey, Ling Wang

! National Centre for Advanced Tribology at Southampton (nCATS), Faculty of Engineering and the
Environment, University of Southampton, Southampton SO17 1BJ, UK

*Corresponding author. E-mail address: D.Groppett@rsac.uk

Abstract

A thermo-hydrodynamic model previously developedthg authors is applied in this
paper to study the influence of surface texturingtiee performance of a tilting pad thrust
bearing with offset line pivots. Utilizing an inter-point algorithm, texture depth,
circumferential extent and radial extent are nuoadly optimized to improve three bearing
performance parameters: minimum film thicknesstifsn torque and maximum temperature.
Results are presented for various operating camditand texture densities. It is found that,
for most cases, optimum texturing parameters dep&gdificantly on the operating
conditions, optimization objective and texture dgnsWhereas minimum film thickness
values can be increased by up to 12 %, only mim@rovements are achievable in terms of

friction torque and maximum temperature.
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Nomenclature

Eps Eer Et

coefficient for viscosity temperature relationship
lubricant specific heat (J/kg/K)

tolerance value for pressure, equilibrium and tewipee
solver

optimality tolerance

local film thickness (m)

film thickness at pivot (m)

texture depth (m)

iteration

convection parameter

texture arc length at mid radius

coefficients for viscosity temperature relationship
local pressure (Pa)

volumetric flow rate (r¥s)

Reynolds number

relative texture depth

radial coordinate (m)

inner pad radius (m)

outer pad radius (m)

temperature (°C)

friction torque (Nm)

temperature (°K)

runner velocity (m/s)

applied load (N)

texture design vector

relative texture extent in circumferential directio
pitch angle (rad)

relative texture extent in radial direction

difference in load carrying capacity and applieaid@N)
circumferential distance from centre of pressurgitot (rad)

fractional residuals for pressure, equilibrium &ewchperature
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solver

first order optimality

lubricant dynamic viscosity (Pa.s)
fractional film content
circumferential coordinate (rad)
circumferential coordinate of pivot (rad)
texture aspect ratio

lubricant kinematic viscosity (cSt)
frictional power loss (W)

lubricant density (kg/f

texture density

rotational speed (1/s)
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1 Introduction

Although first papers on the application of artdicsurface textures for enhancing the
performance of tribological contacts were publisdedades ago, a large quantity of research
is still being conducted. This is mainly due to tteck of universal texture design
recommendations, as it has become clear that, tdethy@ fact that surface textures can be
optimized, the optimum design depends significamty the application, the lubrication
regime and even the operating conditions [1]. Ontb@most popular applications of surface
texturing are hydrodynamic bearings, where the naéimis a performance improvement in

terms of minimum film thickness, friction torquemperature and wear.

This paper is concerned with textured tilting pladist bearings, an application of surface
texturing that has hardly been given any attentfone of the only studies was published
recently by Zouzoulas and Papadopoulos [2]. Theypared the hydrodynamic performance
of a conventionapoint-pivoted tilting pad thrust bearing with a pocketed, grabwend
dimpled design using commercial CFD software. Tésults showed that minimum film
thickness, friction torque and maximum temperatta@ be improved considerably. Best
performance improvements were achieved by the pedkbearing, followed by the one
having circumferential grooves. A parametric studyealed the dependency of optimum
texturing parameters on the operating condition amdimization objective. For the
investigated cases, a texture depth of 30 um amadial texture extent of around 70 % were

recommended.

Considerably more studies are available concerfikegl geometry thrust pad bearings.
Marian et al. [3], for example, presented a paramatimerical study on a parallel thrust pad
bearing with square dimples and recommended ciretanfial and radial texture extents of
50 % and from 90 to 100 % respectively in termdoaid carrying capacity. Henry et al.
conducted experiments on textured parallel thrusaribgs under static hydrodynamic
conditions [4] as well as start-up conditions [Bhder static hydrodynamic conditions, it was
found that texturing can significantly improve begrperformance in terms of friction torque
and minimum film thickness. Under start-up condisiptexturing was able to decrease the
peak in friction torque although some of the inigeged texture designs prolonged the time
required to establish purely hydrodynamic lubrigati Fouflias et al. [6] compared the
performance of textured, pocketed and tapered+bandllel thrust pad bearings via CFD and
concluded that the pocketed pads result in higloast carrying capacities. In a later study
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[7], they numerically optimized pocket dimensiomsl ashape utilizing Genetic algorithms.
Another optimization study was published by Papaddgs et al. [8] for convergent thrust
pad bearings. They showed that the optimum texdutent in circumferential direction and
the optimum texture depth depend on the convergeaioe and that the highest possible
texture density should be chosen. Papadopoulols ] resented a parametric CFD study
and concluded that 67 % and 75 % of the pad shHmailéxtured in circumferential and radial
direction respectively in terms of load carryingpaeity. Moreover, a texture depth close to

the encountered minimum film thickness was recondadn

Although these findings are to a certain extentliegple to pivoted pad bearings, more
research is needed for this application; in paldicuegarding the influence of surface
texturing on the equilibrium position of the patdoreover, previous research is generally
limited to only a few operating conditions and rieséd parametric studies due to the
complexity of the flow and associated high compatatimes. No optimization of surface

patterns has been performed previously for tilpad bearings.

The present paper is focussed on optimizing texaterns for tilting pad thrust bearings
and investigate their dependency on the optiminatibjective and operating condition. To
allow a mathematical optimization for various cdrafis in reasonable time, a fast numerical
model previously developed by the authors findsliegion [10]. The model utilizes an
adaptive and non-uniform finite volume discretiaati where discontinuities are directly
incorporated in the discrete system. Moreoverctmaputational speed is improved by taking
advantage of multicore processing, using resuttsifthe equivalent untextured bearing and
evaluating the bearing equilibrium through a cormabon of the Newton-Raphson method
and Broyden’s algorithm. In this paper, the preslgudeveloped model is applied in
combination with an interior-point method to matladically optimize texture designs in
terms of circumferential extent, radial extent amctture depth for three optimization
objectives: a maximization of the encountered mummfilm thickness, a minimization of
frictional torque and a minimization of the maximuwemperature. An in-depth analysis
regarding the dependency of the optimum texturegdesn the operating conditions and
optimization objective as well as achievable perfance improvements under hydrodynamic
conditions are presented. Furthermore, texturegdegicommendations are given for a wide

range of conditions.

2 Model setup
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The thermo-hydrodynamic model applied in this papetescribed in detail in Ref. [10]
and is therefore only given briefly in the followgin

2.1 Bearing and texture geometry

The bearing considered is a partially texturedntiltpad thrust bearing with offset line

pivots (see Fig. 1).

(a) <—runner (b)

v ? o

htextlu re ‘ ‘ \

Fig. 1 (a) Pad details with coordinate system, (b) tilting pad thrust bearing geometry and (c)
exemplary texture pattern with @ =70 %, B =70 %, Aexture = 10 pm and prexrure =
40 %.

Only partial texturing is considered as it is well known from literature that partial
texturing outperforms full texturing for the case of parallel pad bearings [1]. The pads
have an inner radius of 30.25 mm, an outer radit®@@®5 mm and span an angle of 46.05°
with the pivot being located at 60 % from the inklthough it is known from literature that
a pocketed or grooved design may provide betteiopeance for parallel and convergent
contacts under hydrodynamic conditions [1], the selmo surface pattern consists of 529
individual angular sector shaped textures with lattom profile arranged in a 23 x 23 grid.
This design was chosen as individual textures ntayas lubricant reservoirs and trap wear
debris and therefore outperform a pocketed padrucmtecal mixed lubrication conditions
while still providing reasonable performance unbdgdrodynamic conditions. The first row
of textures is elongated towards the inlet to priamabricant supplyand only angular

sector shaped textures are considered to most closely approximate a pocketed
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configuration as recommended in literature [1]. The texturegoatts fully defined by four
parameters: The texture dept) (:.re), the circumferential extent of the textured afen
the radial extent of the textured arga and the texture densitpyture)- The film thickness

over the pad area can be expressed as

h(6,r) = h, +7 sin(Hp - 9) sin a,- (1)

whereh,, is the film at the level of the pivo#,, the angular location of the pivot and the

pitch angle. The texture depth is simply added eWwer textures are located during the
numerical preparation of the filbhmickness distribution.

2.2 Fluid mechanics

The incompressible Reynolds equation is appliegvaduate the pressure distribution over
the pad area. In polar coordinates and incorpayatiass-conserving cavitation, the applied
Reynolds equation reads
d ( ph*dp\ 10 (ph®dp\ _ . d(Oph) @)
arrnar rd6 nae“‘”

a0
where p is the local pressurgy the lubricant densityw the rotational speed; the

dynamic viscosity an® the fractional film content as described in [12] fo incorporate
JFO boundary conditions. A modified adaptive non-uniform finite volume rhetl is
applied to discretize the equations, where disoaittes are directly incorporated in the
discrete system to reduce discretization errors @mputation time [13]. Although the
approach allows the consideration of concentratedia effects, they are disregarded in the
present study for improved computational perfornearitis is justified by the low Reynolds
numbers and high texture aspect ratios encount®aarica and Fillon [14] showed that the
validity of the Reynolds equation for textured sigds depends on these two parameters.
Here, the Reynolds number is defined Res= pUh,,;,/n and the texture aspect ratio as
A = U/Riexture, Wherel is the arc length at the mid radius of the text&wevaries over the
pad area due to local changes in viscosity (cabgethe local changes in temperature) and
runner velocityA varies with the radius, as the textures are défir@ng a constant angular
span. Hence, multiple combinations of Reynolds remsland aspect ratios are encountered
for each simulation. For all performed simulatioRs,ranges from 1 to 36 anmtdfrom 8 to
104. Encountered combinations result in good agee¢inetween the Reynolds and Navier-

Stokes models with respect to the predicted loagiog capacity.
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The mesh is adapted to the investigated textureerpaby aligning control volume
boundaries with discontinuities. The mesh is defibg the number of control volumes inside
individual textures, in-between adjacent texturesvall as the number of control volumes for

the untextured portions of the pad (see Fig. 2).

VTV

il m\mnmnumi

I I

Hwummwrrm‘mm i

(NN
AN O l,lm‘ i

YT mummmnumum 11T

Fig. 2 Computational mesh with 4 x 4 control volumes inside individual textures, 2 x 2
control volumes in-between adjacent textures, 8 control volumes for the untextured pad area
in circumferential direction and 4 control volumes each for the untextured pad areas in
radial direction.

The utilized mass-conserving cavitation algorithm requires an iterative solution of
the discrete Reynolds equation [12], therefore, a Gauss-Seidel method with pointwise
relaxation is applied for both pressure and film content. A constant pressure at the pad
boundaries 10~° Pa) and no-slip conditions are imposed. The immastops when the
fractional residual reaches values smaller thaeqgoral to a pre-defined tolerance value (for

this worke,, = 107°).

Ji-1ii- 1

Ji—Lii- k 1

p,, pl! Z Z —0;;
Z Z It = )
= =2 l]

2.3 Bearing equilibrium

The bearing equilibrium is found by a combinatidnttte Newton-Raphson method and
Broyden’s method with Sherman-Morrison formula, vehthe Jacobian matrix is evaluated
using a perturbation approach and finite differeioceulae. The Newton-Raphson method is
applied only for the first temperature iteratiorheTequilibrium for following temperature
iterations is evaluated with Broyden’s method foh&nced computational speed due to the
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time saved in the determination of the Jacobianrirmafor details about the applied
methods and formulae the reader is referred to Ref. [10]. The convergence of the

equilibrium solver is checked by the following eribn:

lsw|  166|

&, = +—x<e 4
T W, 6, ¢ (4)

where a tolerance value ef = 10~* is used.

2.4 Thermal effects

The lubricant temperature is evaluated using aeceffe temperature method, where a
convection parameter @f.,,, = 0.75 is used [15, 16], i.e. it is assumed that 75 %hefheat

caused by viscous shearing is removed by convection

Teff = Tintet + Kcon (5)

Tine: 1S the temperature at the pad inlgtthe frictional power lossQ;, the lubricant
inflow andc, the specific heat of the lubricant. The inlet temgture rise due to the hot-oil-
carry-over effect is considered according to R§Zs.17]. The maximum temperature is
approximated empirically b4 = 2T,ff — Tinier and McCoull and Walther's equation is

applied to calculate the temperature dependentsitsc[16]:

logiollogio(vese + a)] = n—mlogyo(Tog) (6)

The bearing is supplied with ISO VG 32 ail € 0.6, n = 9.6487, m = 3.7940, p = 875
kg/m?®, ¢, =2035 J/kg/K) at a constant temperature of 30 °Caafidw rate of 1.85 I/min per
pad. Temperatures and viscosity are computed iitehat The procedure stops when

temperature convergence is reached according to

kf+f1 Toyy|

e

t = T — % =6e (7)
eff

where the tolerance value used in this wor is 1075,

2.5 Texture optimization

The optimization of a given texture design involViesling the texturing parameters that
minimize or maximize a certain bearing performapeeameter. In the present study, three

optimization objectives are investigated: (i) thaximization of the minimum film thickness
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(i) the minimization of the friction torque andii)ithe minimization of the maximum

temperature. These can be expressed as nonlinestraioed optimization problems:

max R, (X), subject to Xpmin < X < Xjax (8)
X

min T;(x) , subject to X, < X < Xy (9)
X

min Ty, g, (X) , subject to X, < X < Xpgx (10)
X

wherex is a vector containing the texture design paramsete= (Aioxture @ B)E. Xmin
and x,,,, are the lower and upper bound constraints for thmestor, herex,,;, =
(0 um, 10 %, 10 %)t and x4, = (75 um, 95 %, 95 %)*. The texture density cannot be
optimized, as the optimum density is always 10019 Therefore, three fixed densities are
investigated here: 40 %, 50 % and 60 %. The opétidr is performed in MATLAB with
the functionfmincon [18] utilizing an interior-point algorithm and feard finite difference
estimates. Multiple processor cores are utilizecetaluate the gradients of the objective
functions and start values af= (10 um, 50 %, 50 %)¢ and a step tolerance af~8 are
used. The procedure stops when the first ordemaity is equal to or below the optimality

tolerances, < e, = 107>,

2.6 Numerical procedure

After importing the input file, the numerical pratee starts by preparing the mesh and

initializing the film thickness distribution (seégF3).
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Fig. 3 Smplified flow chart for the numerical texture design optimization.

After this, the discrete Reynolds equation is asdedhand solved using the Gauss-Seidel
method until pressure convergence is reaclgds<(e,). The film thickness distribution is
then updated by the Newton-Raphson and Broydenthadeuntil the pad is in equilibrium
(e. < e.). The effective temperature method is subsequeafiplied to update inlet
temperature, effective temperature and effectibeidant viscosity until thermal equilibrium
is reached §; < e;). This series of steps is initially executed foe tequivalent untextured
pad, where a coarse uniform mesh is used, andrédpeated for the textured pad using all
results from the untextured pad. This methodologgd$ to a significant reduction in
computation time [10]. What follows is the compidgatof the objective functions as well as
other important bearing performance parametersy asdilt angle, power loss and flow rates.
To evaluate the gradients of the objective funajdhe above computations are performed
simultaneously on the available processor coredififierent texture design vectons The
interior-point algorithm then updates the texturesign to minimize or maximize the

objective function until the optimality toleranceaches the specified toleraneg £ ¢e,).

3 Computational results
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The numerical model was developed with MATLAB 2016bhd all simulations are
performed on a desktop workstation wiitiiel Corei7-3770 @ 3.40 GHz CPU and 16 GB of
RAM.

3.1 Mesh study

To ensure accurate results, a number of mesh stadéeconducted for a reference case,
where the bearing runs at 1000 rpm and a film tiesk similar to the one encountered at an
operation at a specific load of 1.0 MPa. A textdesign witha = 70%, f = 70% and
htexture = 15 pm is considered for this purpose. The mesh stuadebased on the predicted
load carrying capacity as this was found to bepdmr@meter most influenced by the mesh size
based on numerous test simulations. Computatiomgarformed for 10 meshes, ranging
from 5476 to 288369 degrees of freedom for textigesities of 40%, 50% and 60%. The
results are plotted in Fig. 4 in terms of the difece in predicted load carrying capacity with

respect to the load carrying capacity computed thighfinest mesh.

1.E+01

1.E+00

error <0.5%

1.E-01

Relative difference to reference value (%)

1.E-02 . .
1.E+03 1.E+04 1.E+05 1.E+06
Degrees of freedom

Fig. 4 Results of the mesh study for texture densities of 40%, 50% and 60%.

It can be seen that, independent of the textursigernthe mesh with 21316 degrees of
freedom results in a deviation of less than 0.5%er&fore, all simulations presented in this
paper are conducted with this mesh, consisting odrrol volumes inside each individual

texture, 2 control volumes in-between adjacentuted, 8 textures for the untextured pad
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area in circumferential direction and 4 controluroks each for the untextured pad areas in

radial direction (this mesh is shown in Fig. 2).

3.2 Validation

The accuracy of the applied numerical model in terof h,;,, Tr and Tp,,, was
investigated in detail in Ref. [10] by comparisothaCFD results. It was shown that average
deviations to CFD were 5.3, 1.4 and 3.6 % with eesppo minimum film thickness, friction
toque and maximum temperature respectively. Thegetnly the numerical implementation
and convergence of the optimization procedure basedhe interior-point algorithm is
analysed here. For this purpose, an exhaustivenedia study is performed for a thrust pad
With piexture = 50 % operating at 1000 rpm and 1.0 MPa specific loalde Dbjective
functions are evaluated for a total of 1573 textigsigns parameterized as follov$: % <
a <80% (step5%), 30% < B <90% (step5 %) and 5 um < hexryre < 30 um (step
2.5 um). The optimization is then performed for four difént start values at the corners of
the parameter spaceg., ;1 = (10 pm,30 %,30 %)", Xsiare2 = (10 pm, 80 %, 90 %)*,
Xstartz = (30 pm, 30 %, 90 %)%, X5earea = (30 pm, 80 %, 30 %)*.

Fig. 5 shows the parametric results in terms oféheive difference to the optimum value
as well as the paths of the optimization algorithwinere iterations of the interior-point
algorithm are indicated by black “x” markers andrsand end values by black and yellow

circles respectively.
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Fig. 5 Validation of the optimization algorithm for the three optimization objectives. (a)
minimum film thickness, (b) friction torque and (c) maximum temperature.

Based on the optimality tolerance, the interiompalgorithm converges for all cases,
needing between 26 and 43 iterations. Furtherntbeeprediction of the optimum texturing
parameters is independent of the start value. Withe parameter space investigated, local

minima (maxima) are also global minima (maximagli¢gating a successful optimization.

It is noticeable that the optimum texture desigasjdowever, depend on the optimization
objective. Whereas the optimum texture depth islyfandependent of the optimization
objective (5.2 um < hgexeyreope < 17.5 um), the optimum extents of the textured area
show a significant dependence on the optimizatlgeative; for the presented cadd: % <
Aopt < 72 % and 68 % < f,,: < 86 %. It is further observable that the area around the

optimum texture design where the objective functratue is only a few percent away from
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its optimum is different for the three optimizatiojectives. Whereas the minimum film
thickness is very sensitive to a change in texturparameters around the optimum,
reasonably good friction and temperature charatiesi can be achieved with a texture
design that is a bit further away from the optimdrhis means that, for the considered cases,
the chosen texture design would most likely be thamethe design resulting in the highest

minimum film thickness.

3.3 Optimization results

The texture design optimization is performed fototal of twelve operating conditions
(1000, 2000, 3000 rpm at 0.5, 1.0, 1.5, 2.0 MPakd optimization objectivesif;,, T,
Tmax) @nd three texture densities (40, 50, 60 %), teguln a total of 108 simulations. The

required computation time for each optimization vaasund 40 minutes. Note that a cubic

spline interpolation is used to smoothen the gragasented in the following.

3.3.1 Optimum texture depth

Results of the optimization in terms of the optimtaxture depth are shown in Fig. 6.

50

45 +

w
(4]

Optimum texture depth (um)

15

10

5

W
o
T

n
]
T

n
o
T

(@)

0

0.5

1 1.5 2 2.5

Specific load (MPa)

50 (b)

45

25

10

0.5

Specific load (MPa)

1

1.5

50

45 |

25

2000 rpm

\ 1000 rpm
° 3000 rpm

hmin

0.5 1 1.5 2 2.5
Specific load (MPa)

Fig. 6 Optimum texture depth for different operating conditions and optimization objectives

for a texture density of (a) 40 %, (b) 50 % and (c) 60 %.

The results show that the optimum texture deptredép on the applied load and speed,

the optimization objective as well as the textuemsity, ranging from 9 to 47 um. A clear
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relation between the optimum texture depth andofferating condition is present for 4R
cases considered, Whelig,,¢yre 0pe iNCreases with an increase in speed and decreattes
an increase in load, indicating a dependencl;gf; e op: ON the minimum film thickness.
The results further demonstrate that the optimuriute depth depends on the texture
density, where a higher density entails deepeutest The optimization objective does have
an impact on the optimum texture depth as well. Wae predicted values ff.tyre opr Are
almost identical for the optimization @f andT,,,,, values are considerably higher when the

bearing is optimized in terms ff,;, (on average about 11 %).

To further analyse the relation between the optintexture depth and the minimum film
thickness, results are plotted again in terms ef rigslative texture depth defined &8s=
htexture/Mmin, Whereh,,;,, is taken from the equivalent untextured bearirtherathan the
texture bearing to allow a selection of the textdepth based on easily available data from
the conventional bearing (see Fig. 7).

1.05 (a) 1.05 (b) 1.05 (C)
1 1} 1+ %&1
< 095 < 095 - 095 »
3 3 =S y;
[0} (0] ()
kel o kel / »
o o o Lo
2 09 2 09 . 2 09F o 0/(/.';?/-/‘
2 2 o ol o B,
] - ® /s o o~ »
= 2 2 » 2 " o
s \ s /el K & -
® 085 ® 085 o ... @y ,,_}/_/! ® 085 1000 rpm
£ p £ R SRS g £ 2000 rpm
> » 3 ~ &~ =
E /o/ A € [ = Z e E 3000 rpm
° v 5 =4
O ost ii;!? i O osf O o8t — hmin
o & T I
g; = Ty
....... Tmax
0.75 0.75 0.75
07 . \ ) 07 . . \ . . 07 : . . . ‘
0 05 1 15 2 25 0 05 1 15 2 25 0 05 1 15 2 25
Specific load (MPa) Specific load (MPa) Specific load (MPa)

Fig. 7 Relative optimum texture depth for different operating conditions and optimization
objectives for a texture density of (a) 40 %, (b) 50 % and (c) 60 %.

The optimum relative texture depth is almost independent of the rotational speed
and only varies dlightly with a change in applied specific load, where the optimum
relative texture depth decreases with an increase in load when the pattern is optimized

for h,,;; and increases with an increasein load for the other objectives. However, asthe
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changes are marginal and a texture depth deviating only slightly from the optimum will

still result in almost optimal performance as presented in Fig. 5, justify the ssmplification

of the data by averaging over the 12 investigated operating conditions. This results in a
recommended relative texture depth of 0.87, 0.981a01 for densities of 40, 50 and 60 %
respectively if a high minimum film thickness isstted. To optimize the bearing in terms of
friction and maximum temperature, the relative setdepth should be slightly lower at 0.8,
0.84 and 0.9 for the three investigated densittessa rule of thumb, a relative texture
depth of just under 1 seemsto be preferable. In fact, it is well known that a relative texture
depth of approximately 1 results in best perforneafar partially textured fixed geometry
parallel and near-parallel hydrodynamic contaclisThe found values for the relative texture
depth confirm that this is also true for the caSpivoted pad bearings. Furthermore, slightly
deeper textures seem be the better for increaBmgntnimum film thickness whereas lower
texture depths are preferred for a reduction aftibh and temperature. This was also
concluded in the parametric CFD study for pointgp@d pads by Zouzoulas and
Papadopoulos [2]. The high dependency of the optirntexture depth on bearing speed and
specific load makes it clear that the texture déyath to be selected for the expected operating

condition or will be a compromise for the expeatadge of conditions.

3.3.2 Optimum circumferential texture extent

Results for the optimum extent of the texturedwagn circumferential direction are given

in Fig. 8.
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Fig. 8 Optimum circumferential texture extent for different operating conditions and
optimization objectives for a texture density of (a) 40 %, (b) 50 % and (c) 60 %.

It is notable thaty,,, is almost independent of the rotational speed elsag the texture
density. However, values significantly depend oa tptimization objective and specific
load, ranging from 39 to 74 %,,, decreases with an increase in specific load when
optimized forh,,,;,,, starting at about 73 % and ending at about 6F18é.opposite is the case
whena is optimized forTy, where values range from 50 % to 65%. Interesting),, is
independent of the specific load when optimizednfmnimizing the maximum temperature,
allowing to recommend a single value of 41 %. Tdaa be explained by the high influence
of the texture extent in circumferential direction the centre of pressure and therefore the
equilibrium of the pad in terms of the tilt anglBo minimize the maximum temperature, a
high lubricant inflow is desired, which is achievaglincreasing the film thickness at the pad
inlet by increasing the convergence ratio or tilgjle. For the investigated bearing and pivot
position, this is achieved by texturing about 4bfthe pad. The presented results show that
as a rule of thumb about 3/4 of the pad shouldelzséuted in circumferential direction for
maximizing the minimum film thickness, just ovelfrat the pad for minimizing friction and

about 2/5 of the pad for minimizing the maximum pemature.

3.3.3 Optimumradial texture extent
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Regarding the optimum extent of the textured regioradial extent, values range from 56
to 91 % (see Fig. 9).
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Fig. 9 Optimum radial texture extent for different operating conditions and optimization
objectives for a texture density of (a) 40 %, (b) 50 % and (c) 60 %.

Bopt IS mostly independent of the rotational speed @mg shows a relevant dependency
on the specific load when optimized in terms of fitietion torque, wherg,,, gets smaller
with an increase in load, ranging from 70 to 561#4s also evident that a higher texture
extent is required for higher texture densitiethalgh differences are small. Similarly to the
optimum extent in circumferential direction, the shoinfluential parameter is the
optimization objective. If optimized in terms of mmum film thickness, the radial extent
should be between 66 and 72 %. Much higher valuespeedicted when the bearing is
optimized for minimizing the maximum temperature this casep,,; should be between 84
and 91 %. The reason behind this is that the hitjfestexture extent in radial direction, the
higher the lubricant inflow, which promotes cooliagd results in lower temperatures. In
fact, the lubricant inflow is increased by 9 % ore@ge with respect to the untextured
bearing. The results show that as a rule of thutign be concluded that a relatively high
extent in radial direction of approximately 87 %recommended when the objective is a
minimization of the maximum temperature. About 2f3the pad should be textured for

optimum performance regarding the minimum film Kmess and good frictional behaviour.
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4 Discussion

4.1 Performance of the untextured bearing

To evaluate the influence of texturing on the beaperformance, the key characteristics

of the conventional untextured bearing are evatuak®r these computations, a uniform

mesh with 101 x 101 control volumes is used. Resrk presented in Fig. 10.
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Fig. 10 Performance of the untextured bearing: (a) minimum film thickness, (b) friction
torgue and (c) maximum temperature.

As expected, the minimum film thickness is proporél to the operating speed and

inversely proportional to the applied load. Opemtat a specific load of 2.0 MPa and a
rotational speed of 1000 rpm, a minimum film oftjusder 12 um is predicted. The highest
value is predicted for an operation at 0.5 MPa 3@d0 rpm (46 um). Both friction torque
and maximum temperature are proportional to thdéieghfpad as well as the rotational speed.
For the considered bearing, values range from 3003 Nm and from 36 to 58 °C f@f

andT,,,, respectively.

4.2 Performance of the textured bearing

The relative performance of the textured bearintdy wespect to the untextured bearing is

evaluated for all 108 optimized texture pattere®(5ig. 11).
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Fig. 11 Performance change caused by texturing: (a)-(c) change in minimum film thickness,
(d)-(f) change in friction torque and (g)-(i) change in maximum temperature.

It should be remembered that all considered texgaterns in this graph are optimized for
either hp,;n, Ty OF T, Therefore, given results can be interpreted ghdst achievable
improvements through surface texturing. Note howeabwat a significant degradation in
bearing performance may occur if a particular siafalesign is used under operating
conditions it was not designed for. For examplenstder the design with 50 % texture
density optimized for maximizing,,;, at 0.5 MPa and 3000 rpnh{ysyreop: = 43 UM,
Aopt = 73 %, Bope = 70 %). As shown in Fig. 11, this particular desigoreasesh,,;,, by
about 9 % while not having a noteworthy influencefiaction torque nor temperature. If this
pattern was used at 2.0 MPa specific load and 1980 the minimum film thickness would
be decreased drastically by about 14 %. Althoughfiiistion torque is not influenced much,

the maximum temperature would also be increaseii8% with respect to the untextured
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bearing. This highlights the importance of a thgtoutexture design for a specific

application.

The results also show that the beneficial influeatexturing increases with an increase
in texture density for all considered cases. Howevés is expected, as it is known for other
partially textured contacts that the density canbetoptimized as a higher density will
always improve bearing performance [1]. Thereftine, beneficial impact of the considered
texture designs could most likely be further enleainby using higher texture densities.
However, this was not done as the density is lidhibg stress concentration and mixed

lubrication considerations.

Interestingly, by far most of the investigated tegt patterns improve all three of the
considered performance characteristics, indepenafetite optimization objective, although
highest improvements of a particular performanceupater are obviously always achieved
by the pattern that was optimized for this paramefxceptions to this are the patterns
optimized to improve the minimum film thickness, ialhincrease maximum temperature and
friction for cases where the bearing operates @tdpecific loads. Whereas the achievable
improvement of the minimum film thickness reachedugs of up to 12 %, possible
enhancements in terms of friction torque and teatpee are rather small, being only about 4
and 6 % respectively, likely not justifying the d#pgation of surface textures under

hydrodynamic conditions.

It is also noteworthy that the convergence ratidhaf pads in equilibrium is no longer
determined solely by the pivot position, whichhe ttase for conventional tilting pad thrust
bearings. The high influence of the texture extemircumferential direction on the centre of
pressure also entail a dependency of the conveegeim on the circumferential texture
extent, as investigated also by Yagi and Sugima#. [Interestingly, the studied texture

patterns always decrease the convergence ratid-(ge&2).
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Fig. 12 Change in convergence ratio caused by texturing for different texture densities: (a)
40 %, (b) 50 % and (c) 60 %.

It can be seen that regarding the patterns optimized for T,,,,, the convergence ratio
is slightly decreased by approximately 4 % independently from texture density and
operating conditions. Slightly higher changes are encountered for the patterns
optimized for T, being decreased by about 6 % for low load and speed and up to 18 %
for high load and speed. The most significant changes in convergence ratio are
encountered when the texture pattern is optimized for h,,;,. For a texture density of 40
%, texturing causes the convergence ratio to drop by 14 % to 26 %, depending on the
operating conditions. For texture densities of 50 % and 60 % the convergence ratio is
decreased by 20 % to 33 % and 27 % to 41 % respectively. In summary, all optimized
texture patterns cause the bearing to operate at lower convergence ratios, reaching

valuesof up to 41 %.

5 Conclusions

This paper presents the numerical optimizationwfage textures for tilting pad thrust
bearings in terms ofexture depth, circumferential extent and radial extent ¥arious
operating conditions and optimization objectivesnimum film thickness, friction torque
and maximum temperature). The authors’ previouslyetbped fast numerical model based
on an adaptive non-uniform finite volume discreiima of the Reynolds equation is utilized
in combination with an interior-point algorithm perform a texture design optimization on a

normal desktogomputer within 40 minutes.

The results show that the optimum texture deptredép significantly on the operating
conditions and texture density but is mostly indefsnt of the optimization godlt is also
found that the optimum texture depth should be just dlightly smaller than the

encountered minimum film thickness of the untextured bearing. The optimum texture
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extent in circumferential direction is largely inmdent of rotational speed and texture
density but does depend on the specific bearing éval the optimization objective. Around
3/4 of the pad should be textured for high minimiiim thickness values, just over half of
the pad for low friction values and about 2/5 & fhad for low maximum temperatures. The
optimum texture extent in radial direction only dads on the applied specific load and the
optimization objective. A radial extent of 87 % iscommended for low maximum
temperatures and approximately 2/3 of the pad shbaltextured for both high minimum
film thickness and good friction characteristichirde densities are investigated, where the
highest density of 60 % results most significant performance improvements. Whereas
minimum film thickness values can be improved bytopl2 %, friction and temperature

characteristics can only be improved marginally.

Overall, the results highlight the importance opraper texture design, which is only
possible if the bearing application and predomingpérating conditions are known. The
presented numerical model allows a fast optimizaéind initial selection of texture designs.
A final texture design may then be chosen basedadsiitional CFD simulations or
experimental studies. It should be pointed out thataccuracy of the present model may be
improved by considering elastic pad deformations atilizing a more sophisticated thermal

model based on the energy and heat transfer egsatio
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Fig. 1 Pad details with coordinate system, (b)ntjtpad thrust bearing geometry and (c)
exemplary texture pattern withe =70 %, £ =70%, hiexture =10 um and

Ptexture = 40 %.

Resolution: 2165 x 1772 Preferred size: 11 x 9 cm PIl: B0O0

Fig. 2 Computational mesh with 4 x 4 control volwriaside individual textures, 2 x 2
control volumes in-between adjacent textures, &robwolumes for the untextured
pad area in circumferential direction and 4 contr@lumes each for the untextured
pad areas in radial direction.

Resolution: 1772 x 1378 Preferred size: 9 x 7 cm I: BEO

Fig. 3 Simplified flow chart for the numerical texé design optimization.

Resolution: 1181 x 2165 Preferred size: 6 x 11 cm PI: B00

Fig. 4 Results of the mesh study for texture desssiif 40%, 50% and 60%.

Resolution: 1772 x 1772 Preferred size: 9 x 9 cm I: BEO

Fig. 5 Validation of the optimization algorithm fohe three optimization objectives: (a)

minimum film thickness, (b) friction torque and fopximum temperature.
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Fig. 6 Optimum texture depth for different opergteonditions and optimization objectives
for a texture density of (a) 40 %, (b) 50 % andg@)%.
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Fig. 7 Relative optimum texture depth for differeygerating conditions and optimization
objectives for a texture density of (a) 40 %, (8)% and (c) 60 %.
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Fig. 8 Optimum circumferential texture extent foiffetent operating conditions and

optimization objectives for a texture density of48 %, (b) 50 % and (c) 60 %.

Resolution: 3740 x 2165 Preferred size: 19 x 11 cPI: 500
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Fig. 9 Optimum radial texture extent for differemperating conditions and optimization
objectives for a texture density of (a) 40 %, (8)% and (c) 60 %.
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Fig. 10 Performance of the untextured bearing: f@imum film thickness, (b) friction

torque and (c) maximum temperature.
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Fig. 11 Performance change caused by texturing: (@) change in minimum film thickness,
(d) - (f) change in friction torque and (g) - (hange in maximum temperature.
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Fig. 12 Change in convergence ratio caused byriegtdor different texture densities: (a) 40
%, (b) 50 % and (c) 60 %.
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Research highlights of the paper with title:
Numerical analysis and optimization of surfacetexturesfor atilting pad thrust bearing

» Texture patterns are optimized in terms of texture depth, circumferential extent and
radial extent.

» Three optimization objectives are considered: minimum film thickness, friction torque
and maximum temperature.

* For most cases, optimum texture parameters depend on the operating conditions,
optimization objective and texture density.

e The minimum film thickness can be improved by up to 12 %.

* Only marginal improvements are possible with regards to friction torque and

maximum temperature.
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