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Lubrication
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(Elasto)hydrodynamic Lubrication Contacts
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Geometry and Pressure plots across an EHL contact
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Governing Equations | :
The Reynolds Equation

o (ph3dp +0 ph®ap\
ox\ n dx) dy\ n ady)
6{u d(ph) . d(ph) d Us 0Vs o”(ph)}
S

where,

pis the pressure, his the film thickness, n is the viscosity,

p is the density, tis the time, X, y Cartesian coordinates

andus, Vs are the surface velocities in tikeandy directions respectively.



Governing Equations Il :
The Film Thickness Equation

1D line contact:

(x ) dx

2 00
X 4 X—
h(x.y) = h , / In
6Y) =hoot o0+ 7 |
2D circular point contact:

B xydxdy
h(x’y)_h‘)”z 2Ry nE/ / V(x— —y)?’

Film thicknessh, at a point depends upon all the pressures!

Conservation law applied load carried entirely by lubricant film:

/ / p(x,y)dxdy = F



Typical solutions

Pressure

Film thickness Temperature



Governing Equations Il : Lubricant model (isothermal)

Density model (Dowson and Higginson)

5.8x 10719p )

p(P) = po (H 1+1.7x109p

[Pictured non-dimensional range-11.16]
Viscosity Modei (from Roelands equation)
a Z
n(p) = rloexp{ﬂ [—1+ (1+ ﬂ) ] }
z Po
[Pictured non-dimensional range-113300]

e More realistic rheological (non-Newtonian
models) may be used instead




Governing Equations IV :
The Energy Equation

For thermal cases the Energy Equation also applies:

106 00 00 0-6, JoH JoH
p{20T+Um0X+Vm0Y+ H [(Um Ub)ax —|—Vm0_Y]} =

10P oP oP
(62+ 6, —20) + [0 (— +Um=g +Vmao ) —

20T X oY
2B KUm ey

0P 0P Buk
) ]+ H 2
with the two surface temperatures given in the form

(36 — 20, — 6,)d
o H(X)y/X—¢

3k
2B2H?

Ba(X) _1+2;<Xa/



Non-dimensionalised pressure
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Line Contact - Thermal Slide to Roll Ratios

Temperature across domain

Slide to roll ratio given by

2(up —uq)
Up + U2

N

whereu; andu, are the rolling
velocities of the two surfaces.
Shown is the same example as
the previous slide with

pure rolling (¢¥=0) in red,

with increasing shear

(¥ =0.34,1, 1.4).



Standard EHL Solution Methods

Finite difference®on a regular mesh usingultigrid

e Solve (non-linear) Reynolds equation for new Pressure

— Contact Region solution schemes include:

« Distributive scheme [Lubrecht & Venner]
« Jacobi Line [Nurgat & Berzins]

— Non-contact region - G-S Line scheme

— Cavitation Region - Reynolds Equation not valid

e Update H using new P

— Computationally expensive bistultilevel Multi-integrationsubstantially reduces
work

e Update Density and Viscosity
e Evaluate Energy Equation by pointwise Jacobi along eaeh lin

e Hoo once per multigrid cycle through relaxation of force bakaeguation



Point Contact - Discretisation |
The Reynolds Equation:

1 PR 1
AT (PijH —PiiHT) e [8i+%,j(H+1,j —Ri)—& 1R~ H—l,j)}
1
TAY? [%,H%(Pu,wl— Ri)—&;-3(Rj— H,j—l)}
1 _
—&(M iHij—Pi_qjHi-1j)
D - H .3
where &) = p! o]
i jA
The Force Balance Equation:
NX NY 27-[

AXAY Z Rj="
i= jzl 3



Point Contact - Discretisation I

The Film Thickness Equation:

X|2 Y.2 2 Nx Ny
HlJ—HOO‘|‘ TR Z ZKIJK|H<|

— [ Xm|sinh ™ [ =2 ) —|Y,]| sinh™?
Xem P

—|Xp| sinh* (ﬁ> — Y| sinh?
Xp

+ [Xm|sinht (Y—Xr;) + |Ym|sinht



Point Contact - Discretisation |l
The Energy Equation:

6.,—6%"  6;—6.1j 6;—6 G—Hi1; . Hij—Hijis
N ’ ) U ;) ) I, ] U _U 1) ) V 1) I, ]

th—1
3K Ri—Roj  , Ri—R-1j , Ri—Rju
~ 2B?HZ (Oat 8 —261j) + Pebh [ onT U ax o PV 4y B
Ue\ Rj—R-1 Rij—Rj-1] Buk _
2B Umn— 22— Ve — ’ X nilr
“K m 2) AX " ay | T3 Milm
H.2. P.—P. U H.2. P.—P.
where Up— bl bl ,]—-1 e and Vo — Lj ) ,j—1
m 2K j AX T 2 m 2KNi AY

The Surface Temperature Equation:

| [Oak_1,j+ Oak] ]
O i = 1+ 4K k=1.j + TAk A,
i Xakzzll M 11 Fi (\/Xk Xe—1— VX Xk>



Grid Adaptation - Free boundary treatment

Pressure positive

point

Cavitation point

Included in

adaptive solve

Cavitation point

excluded from

adaptive solve

At least one point inside the cavitation region (zero pressuncluded in each pressure
solve



Multigrid

Standard iterative methods good at

removing high frequency errors Sow single grid convergence

relative to grid 1 ,
Bad at removing low frequency errors D.:a:
relative to grid _ tes |
Use of multiple levels of grid E :?: :
refinement accelerate convergence o2 |
on fine grids le-14

1e-16

On fine meshes more of the errors art
low frequency relative to grid

D 100 200 300 400 500 600
teration number



Multigrid Cycles

Prolongation— +Tf+
— Coarsening g 7}

Adaptive multigridmay be used...



Multilevel Multi-Integration

e Aim s to reduce work by summing

over as few elements as possible

e Sum over fine grid points near

singularity

e Add sum from all coarse grid points

e Correctinregion of influence

2 Y2 2 Nx Ny

XY
Hij =Hopo+ — +—+ — Ki i k1P
2 2 kZu;

This is similar to the fast multipole method



Differential Deflection Method

Reformulates the integral
Film Thickness equation as
a differential equation 08f

—+— Integral form
—©— Differential form

0°H
X2 :1—2(“] p;)

The new kernef; is more

of
“local” and hence more M

efﬁCient COmputationa”y T46 44 42 4 38 36 34 32 -3 28 -26

Distance X

0.4

Normalised kernel coefficient

0.2

NB: DDM kernel rapidly approaches 0; the basic kernel is mere everywhere



Point Contact - MLMI Speed-ups

MLMI computational times (s) for a single film thickness adbtion

Coarsest grid used in multi-integration

Level 3| Level4 | Level 5| Level 6 | Level 7
Level 5| 0.14 0.22 2.29 - -
of 6 0.35 0.50 2.30 28.5 -
solution 7| 1.14 1.26 3.21 28.2 397
Root mean square error of a typical calculation
Level 3 Level 4 Level 5 Level 6
Level 5| 3.2x107° | 1.2x10°° - -
of 6 || 3.5x107° | 1.8x107> | 7.2x10°° -
solution 7| 3.7x107° | 2.1x107° | 1.0x10™> | 3.8x10°°




Surface Roughness

e Real surfaces are not smooth

e Surface geometry can now be
measured

e Detalil requires very fine
meshes - hence fast solvers

e Important in applications
where gap is very narrow

e All roughness problems
transient




Grid Adaptation

e EHL calculations are very expensive on fine meshes

e Interesting behaviour restricted to the contact area

e Inlet region very important for good solutions

e Adaptive meshing allows solutions of similar accuracy, ¢theaper

e Refine based on either:
— pre-defined geometry
— monitor function, e.g. pressure
— error test

— adjoint calculation. ..
e \Work concentrated where needed

Deformation calculation not yet done on an adapted mesh



2-d Grid Adaptation - Results
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Grid dimension| Adaptation style| Speed up

129x 129 Geometry 37.7%
257x 257 Monitor function | 49.9%
513x513 Error test 48.8%




1-d Adaptation using Adjoints Calculations
e Friction is aquantity of interest
e Adjoint solve is lightweight and gives sensitivity to the IQo

e Can undertake refinement to get friction accurately

0.4 T T 12
functional : 1/H ——

refinement level ——

0.2 4 11
41 10
0

oint

-0.2 |

0]
mesh level

-04 F

7
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Non-dimensional pressure, P

Discontinuous Galerkin Finite Elements
Uses finite elements — normally not very stable for EHL
High order polynomials are used "®rder or more
High accuracy from small number of unknowns

Adaptivity may be in both space and order

1

FD 524289 ——
09F FD 131073 —— 1]
FD 65537 ——
08}
FD 4097 ——
07F FD 2049 —— -
FD 1025 ——
FD 513 ——
06} -
DG 168 dof —— SSsssiisss
05} 5
04F 2
03}
02}
O.l L L L
0.9 0.905 0.91 0.915 0.92

Non-dimensional distance through contact, X



Transient EHL Problems

e EHL is an inherently transient field

e Novel use of a standard ODE solver coupled with standardergewice test linked to
MG solver

e Continue iterations to reduce errors using Shampine cgeviee test:

H ™ () — K™ (5

9 || < 0.3%0l

1-o0

wheretol is an error tolerance for the iteratiof; || a suitable normim the multigrid
iteration number, and is an estimate of the rate of convergence

e Use of standard ODE techniques to predict next timestepisnhi



Differential Algebraic Formulation

In discretised form, for solution vecto’s H and P, the system can be written:

0

Reynolds Equation: F(P,pH, [pi—l])
Film thickness: H =hy+KP

K is a large dense block Toeplitz (non-singular?) matrix

There is no explicit transient derivative of pressure, leetiis is not an ODE but a DAE
system

Assuming non-singularity this has DAE index 1



Variable Time Stepping using Local Error Control

e Define the local errors ik andP by leH andleP

e Standard error equations in DAE form [Petzold]

1 0 H,, — Hre

oF oF
~1-ATSEL —AT2H le
AT AT K le 0 0 P, — pPred

I

NI =

T

pred
leH oF, OFy _\ (Ha—HE™)
_AT(AT +apH|e—H+ﬁle—P> -



Transient EHL Problem - Reversal

e Models mechanical situations where engine parts move, ®g,agears
e Entrainment velocity slows down e Goes through Oms- at 0.1s

e Speeds up in opposite direction

2.2e-07
2e-07 po
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0
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Film thickness (m)

Minimum .,

0 0.05 0.1 0.15 0.2
Time (s)

Plot of central and minimum film thickness



Transient EHL Problem - Reversal

Reversal from 0.05m3 to -0.05ms? in 0.2s.



Step change ratio, r
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Parallelism - Why is it necessary for EHL?
Industry is now after solutions to real surface roughnesslpms
This will require meshes of 1006QL0000 points
Such large arrays cannot be stored — and worked with — on &gangcessor
Parallelism will enable the work to be shared without connpisdbng the accuracy

Speed-ups for the current problems are easily attainable



Parallelism - How we do it using MPI

e The domain is divided into lengthwise strips for pressusngity and viscosity
— This enables simple load balancing
— The Reynolds Equation line based solution method is unadng
— Density and viscosity are local calculations and are ongdusr pressure

— Communication is accomplished without extra effort

e The deformation calculation is done similarly - MLMI comgaites matters

— Ghost cells add an extra difficulty in getting both perfeeddalancing and
minimising communication

— The coarsening requires global broadcasts
— Strip division is fixed for the summation prolongation pres¢o fix local
communication costs (Top and bottom processors may beybiakb)

Using Threads (in SCIRun) all communications are reduceddimgle barrier.



Parallelism - MPI Timings (4097x4097)

Number of Snowdon NGS Memory Ksum
Np Time | Effic. Time | Effic. | Mb | Iso-memory| Grid Used
1 - - 2807 65x65
1520.87| 1.00 || 1073.58| 1.00 | 1413 0.99 65X65
4 701.71 | 1.08 || 554.05 | 0.97 713 0.98 65x65
402.81 | 0.94 || 278.07 | 0.97 || 363 0.97 65X65
16 228.59 | 0.83 || 146.91 | 0.91 || 188 0.93 65X65
32 163.25 | 0.58 || 98.67 | 0.68 || 101 0.87 65X65
64 142.93 | 0.33 || 79.96 | 0.42 || 59 0.74 128x128
128 410.41 | 0.06 || 237.40 | 0.07 || 41 0.53 256x256




Efficiency

Parallelism - Modelling the performance

1 2 4 8 16
Number of processors

Points per grid
Model 257x257 —
Model 513x513
Model 1025x1025 —x—
Model 2049x2049 —&—
Model 4097x4097
Model 8193x8193
Model 16385x16385 —e—

Actual
Actual
Actual
Actual
Actual
Actual

Actual 16385x16385

257x257

513x513
1025x1025
2049x2049
4097x4097
8193x8193




Problem Solving Environments (PSES)
PSEs are advantageous because they
e allow synchronous computation and visualisation
e can connect powerful visualisation tools to every dataset
e remove the need for much recompilation of codes
e allow users to change the problem being solved mid-stream

Dataflow often through a pipeline structure joining togetm®dules for different tasks.



PSEs - Module Control Panel

Iterations .
Domam
size
Grid
level
1Tan§en
Surface options
feature:
Relaxatior . .
parameter Non—-dimensione
parameters
Steering

capabilities




PSEs - ECLIPSE in IRIS Explorer

IRIS Explorer is a commercial “visual programming enviroemhfor customised
visualisation applications” — NAG.
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The Grid and IRIS Explorer

e |IRIS Explorer modules can be used to launch other processes:
— on the same machine as the visualisation
— somewhere else on the network
— on the Grid (using Globus)

All of these may be parallel jobs

e Communication is done through the gViz library:
— Input parameters can be taken from the widgets
— Input data can come from other input modules
— Output data is released for visualisation

e As a separate job is started (and left running) then the lmeadhine can focus on the
visualisation



Shell’'s Optimisation Application

e Wish to find set of lubricant model parameters (e.g. visgppiessure, temperature
coefficients) which best match observed data

e Typically over 10 such parameters to optimise

e Physical observations already taken for different loadi(®), ambient temperatures
(2) and slide:roll ratios (6)

Therefore must perform non-linear optimisation of

36

2
KF = (F-num — F-eXp)
jZ]_ | J

= EachZF evaluation needs 36 numerically expensive EHL calculation

e Shell uses a simplex method to optimise



Hierarchical Parallelism on the Grid
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Summary |

e Line and Point contact EHL solutions have been solved fofahewing cases
— Steady: Newtonian, generalised Newtonian, non-Newtqrrarmal

— Transient: Newtonian, generalised Newtonian, thermatsasth

x Surface roughness

x Variable loads

+ Variable rolling speeds
x Variable contact radi

e Fast multilevel schemes have been used on meshes%g.njlllion points
e Adaptive meshes have been used

e Discontinuous Galerkin finite elements

e Adjoint calculations for quantities of interest

e Variable timestepping has been introduced



Summary |

Problem Solving Environments for EHL have been constructed

— Both IRIS Explorer and SCIRun have been successfully used

Parallelism has been used for multilevel calculations

— Both MPI and thread based versions were devised

The PSE has been Grid enabled from within IRIS Explorer

— Input data can be taken from the control panel for from inpatioles
— Output data is visualised outside of Grid resources

— Steering capabilities still present

Hierarchical parallelism of an optimisation code, with thdL solver as the work unit,
has been implemented



Future Work

e Transient rheological models

e Realistic surface roughness



Future Work

e Transient rheological models

e Realistic surface roughness



