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Problem Statement
Statistical models

Direct Numerical Simulations
True Contact Area

How does it grow with the squeezing force?
Conclusions & perspectives
How physical are the assumptions and results?

Objective:
link roughness parameters with the evolution of the true contact area
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Contact between rough surfaces



Contact under microscope
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Contact under microscope
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Problem statement & methods

Problem
m Solve contact problem for two elastic half-spaces E;, v and E, 1>
m With surface roughnesses zi(x, y) and z>(x, i)
m Balance of momentum V- ¢ =0,
m Boundary conditions —0;° = py
m Contact constraints g >0, p>0, gp=0,

where g(x, i) is the gap between surfaces,
p = —n- o - nis the contact pressure.

Methods

m Finite element method m Boundary element method

[1] Yastrebov, Wiley/ISTE (2013)

o
[2] Stanley & Kato, J Tribol 119 (1997)
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Problem mapping
@p()
E,, v
Z](xry) o
e A
(xY) Ey v

ﬁpn

E\E
m Flat elastic!!l half-space with £* = 2

Ez(l - V%) + E](l - V%)

® Rough rigid[” surface with z* = z, — 73
m Optimization problem!?: min 7

under constraints p > 0 and A%, f pdA = po,

A
with # = f plu-/2 + gldA, vertical displacement 1. and gaps g
A

[1] Barber, Bounds on the electrical resistance between contacting elastic rough bodies, PRSL A 459 (2003)
[2] Kalker, Variational Principles of Contact Elastostatics, ] Inst Maths Applics (1977)
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Problem mapping
@p()
E,v *=2(xy) - 7(xy) rigid
Z](xry)
s il
Zz(x,y) Ez’ v, o
ﬁpn ﬁpo

E\E
m Flat elastic!!l half-space with £* = 2
Ez(l - V%) + E](l - V%)

® Rough rigid[” surface with z* = z, — 73
m Optimization problem!?: min 7

under constraints p > 0 and f pdA = po,

with # = f plu-/2 +gldA, Vertlcal displacement 1, and gaps ¢

[1] Barber, Bounds on the electrical resistance between contacting elastic rough bodies, PRSL A 459 (2003)
[2] Kalker, Variational Principles of Contact Elastostatics, ] Inst Maths Applics (1977)
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nalytical models

Multi-asperity models

1] Greenwood, Williamson. P Roy Soc Lond A Mat (1966)

2] Bush, Gibson, Thomas. Wear (1975)

3] Mc Cool. Wear (1986) Geometric average 1/R = yfk1K7
4] Thomas. Rough Surfaces (1999) K1+ K
[5%] Greenwood. Wear (2006) 2

[6] Carbone. ]. Mech. Phys. Solids (2009)
[7] Ciavarella, Greenwood, Paggi. Wear (2008) P

[
[
[
[

Algebraic average  1/R =

Persson’s model

[8] Persson. . Chem. Phys. (2001)

[9] Persson. Phys. Rev. Lett. (2001)

[10] Persson, Bucher, Chiaia. Phys. Rev. B (2002)
[11] Miiser. Phys. Rev. Lett. (2008)

Cross-link studies

[12] Manners, Greenwood. Wear (2006)

[13] Carbone, Bottiglione. J. Mech. Phys. Solids (2008)
[14] Paggi, Ciavarella. Wear (2010)

P(s)

Asperity height, s
Fig. Multi-asperity models
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Analytical models

3g/L Surface height, z/L 30/L
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Fig. Roughness and detected asperities for L/A; = 4 and L/A; = 16
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Analytical models

_3g/L Surface height, z/L 30/L
Y M

z/L . z/L | x/L
Fig. Roughness and detected asperities for L/A; =4 and L/A; = 64
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Analytical models

1/3

contact force: F= %R”ZE*CSW

local penetration 0
LI LT LTI LT LT LTS IS L XL LIS LS

| F

" 3
tact radius: =( *)
contact radius: a AR

Fig. Hertz’s theory of contact
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Analytical models

Multi-asperity models = b
A
[1] Greenwood, Williamson. P Roy Soc Lond A Mat (1966) \\Q“ S
[2] Bush, Gibson, Thomas. Wear (1975) &
[3] Mc Cool. Wear (1986) &
[4] Thomas. Rough Surfaces (1999) S
[5%] Greenwood. Wear (2006) T LT
[6] Carbone. ]. Mech. Phys. Solids (2009) AV
[7] Ciavarella, Greenwood, Paggi. Wear (2008) Q- ASSNSRANSNSNNNNNNNY
5
7
Persson’s model =
[8] Persson. J. Chem. Phys. (2001) = e
[9] Persson. Phys. Rev. Lett. (2001) L‘
[10] Persson, Bucher, Chiaia. Phys. Rev. B (2002) = ASO000 0NN NNNNNNY
[11] Miiser. Phys. Rev. Lett. (2008) é
R
Cross-link studies Normalized pressure, p/p
Fig. Persson’s model
[12] Manners, Greenwood. Wear (2006)
[13] Carbone, Bottiglione. J. Mech. Phys. Solids (2008) >
[14] Paggi, Ciavarella. Wear (2010) (9P(p, %) = 19 P(p,0) P(0,0) =0
aV(0) 2 gp? !
Cky
7y — 1 _ nE* [ 13ppr -
V(Q) = 1E'my(Q) = I [ Db (kydk
ki
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Comparison of models

Multi-asperity models Persson’s model
1. Evolution of the real contact area A(py) for A/A; — 0
A x  Po

A v E

Kser = V27 ~ 2.5 according to [2-5] Kkp = 8/ ~ 1.6 according to [6-7]

2. Evolution of the real contact area A(pg) for VA/A

. ) .
/\An = Alpo, )/ Ap according to [2-5] /\% = erf ( / ﬁ ‘FJ ) according to [6-7]
[1] Greenwood, Williamson, P Roy Soc Lond A Mat 295 (1966) [6] Persson, J. Chem. Phys. 115 (2001)
[2] Bush, Gibson, Thomas, Wear 35 (1975) [7] Persson, Phys. Rev. Lett. 87 (2001)
[3] Mc Cool, Wear 107 (1986) [8] Persson, Bucher, Chiaia, Phys. Rev. B 65 (2002)

[4] Thomas, Rough Surfaces (1999) [9] Miiser, Phys. Rev. Lett. 100, (2008)

[5] Greenwood, Wear 261 (2006)
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Simulations set-up

o Cut-off parameters: L/, ® L/As = {1,2,4,8,16} ® {32, 64,128, 256,512}
o Hurst exponent H = {0.4,0.8}

¢ 10 random surface realizations per combination of parameters

e Discretization: {L/Ax} x {L/Ax} = 2048 x 2048

o Search for contact area A’, gap field g(x, ) and gap PDF P(g)

Liy=16, LI, =32,0=18 Liiy=4, Lii =64, a=12.3 Liy=1, LA, =128, a=311.7

zoom

rough surface

spectral density
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Contact area and contact pressure evolution

k=1, k=32, H=0.8
k=16, k,=32, H=0.8
Contact pressure, p(x,y)

=
d
5%
o
g
2
%
8
=
]
g
£
9

| "‘u b ) ‘-‘ '-‘ﬁ. '.-N F 4
PP G '-,‘.«‘ Y /
_f\‘ l?.’f)':.:':‘\.’.‘: l,ﬁ
WUy ‘

0.8

Contact area, a(x,y)
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Contact area and contact pressure evolution
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Contact area and contact pressure evolution
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Results: contact area

g

5 Corrected simulation results
~ i 1
S 5 H=038
~ i~

< S Ll =16

N s
< N . LL=32, (=2, a=18
o ; 4 Lii =64, (=4, a=27
£ 8/ [/ L7 =128, (=8, a=53
g < s
& Lij=8
g LI, =64, (=8, a=53
= Lii,=128, =16, a=117
K / L/j, =256, (=32, a=28.6
=
3 Lij =4

Lk =128, (=32, a=30.1
Lij, =256, (=64, a=78.6
— LA =512, {=128,a=2142

0.0 0.2 0.4 0.6 0.8 1.0 12 14 16 18

Normalized nominal pressure, p,/E >k\‘Zm2

Multi-asperity models asymptotic!?, Persson’s model’®!
[1] Bush, Gibson, Thomas, Wear 35 (1975), [2] Carbone, Bottiglione. J. Mech. Phys. Solids (2008), [3] Persson. J. Chern. Phys. (2001)
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Results: contact area

"

N3]
Pl
g p—
5 Corrected simulation results
& :
= 2
) g
'oc .
g
>

S H=08

> Liy =16

§ =32, (=2, a=18
g 5 , Li,=64, (=4, a=27
£ &/ / Li=128, (=8, a=53
g < K

£ Li,=8

g Lii,=64, (=8, a=53
= /7 L3, =128, C=16, a=117
K LI, =256, (=32, a=286
é Liy=4

Lk =128, (=32, a=30.1
Lij, =256, (=64, a=78.6
— LA =512, {=128,a=2142

gion of interest

0.0 0.2 0.4 0.6 0.8 1.0 12 14 16 18

Normalized nominal pressure, p,/E >k\‘Zm2

Multi-asperity models asymptotic!?, Persson’s model’®!
[1] Bush, Gibson, Thomas, Wear 35 (1975), [2] Carbone, Bottiglione. J. Mech. Phys. Solids (2008), [3] Persson. J. Chern. Phys. (2001)
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Real contact area: interpretation of results?

V.A. Yastrebov

True contact area fraction, A’ (%)

0.01 0.02
Normalized

[

0.03 0.04 0.05
nominal pressure, p,/E™Nm,

Raw data

Lecture 7

Simulation data
Bm k=32, a=18
k=16] == k =64, a=27
=a k=128,0=53
vy k=32, a=55
k=4 dvv k=64 a=123
vy k=128 a=303

oo k=32, a=413
=i {ook$:64, a=1116
oo k=128a=3117

Yastrebov, Anciaux, Molinari, Int ] Solids Struct 52 (2015)
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Numerical error correction

m Contact area is overestimated in simulations: |
Agim > Ay
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Numerical error correction

m Contact area is overestimated in simulations: =
Asim > Ax‘

m The overestimation is localized at boundary nodes:
Agm > A > AT

sim
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Numerical error correction

m Contact area is overestimated in simulations: &

Agim > Ax Discrete perimeter S,

m The overestimation is localized at boundary nodes:
Agm > Ao > AT

sim

m Boundary area ~ perimeter S;:
Agim — AR = SdAx

sim
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Numerical error correction

m Contact area is overestimated in simulations: &

Agim > A Discrete perimeter S,
sim *

m The overestimation is localized at boundary nodes:
Agm > Ao > AT

sim

Boundary area ~ perimeter S;:
Agim — AR = SdAx

sim

B Manhattan S; vs Euclidean metric S:
(S) = 5<5a)
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Numerical error correction

m Contact area is overestimated in simulations: &

Agim > A Discrete perimeter S,
sim *

m The overestimation is localized at boundary nodes:
Agm > Ao > AT

sim

Boundary area ~ perimeter S;:
Agim — AR = SdAx

sim

B Manhattan S; vs Euclidean metric S:
(S) = 5<5a)

m True contact area estimation:

Ac % A = B Salix
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Numerical error correction: corrective facto

Contact area fraction, a/A”

0 x/Ax 1

A 1+1In2
Corrective factor = <Z“m2> v f j Asm P(x, @) dxdp = $
x2

p=0. 15038761899481015160699'3

-1+In2
True area estimation: A = Agm — %SI{AX
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Numerical error correction: convergence Stlldy

60

40

Raw contact area

oo N=256
e N=512
e N=1024
e N=2048
e N=4096

True contact area fraction, A/A, (%)

Normalized external pressure, p/E~/m,

[1] Yastrebov, Anciaux, Molinari, Tribol Int 114 (2017)
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Numerical error correction: convergence Stlldy

60

40

Corrected contact area

v N=256
v N=512
v—v N=1024
v N=2048
v N=4096

True contact area fraction, A/A, (%)

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Normalized external pressure, p/E\/m,

[1] Yastrebov, Anciaux, Molinari, Tribol Int 114 (2017)
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Morphological correction

e Morphology of contact clusters

N=128, raw N=2048, raw
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Morphological correction

e Morphology of contact clusters

= 1 :
[ _ 2
N=128, raw N=128, smoothed N=2048, raw

Topologically preserving smoothing results in realistic cluster geometry
[1] Couprie & Bertrand, | Electr Imag 13 (2004)
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Real contact area: accurate resul

V.A. Yastrebov

True contact area fraction, A’ (%)

Simulation data

= =32, 0=18

k=164 m-u k =64,
=—a k =128,0

v v k=64,

vy k=32 a=55
k=4 {
v k. =128,a=303

°

k=1 {c

14 Sy
3‘0
@@v
12 =
o) 5 :
< gggg
B o
10 ,ﬁ%g’
o R
" -7
8 8588 <7
'8888 L
>
B
] 3
6 £ s
i
g o
-
5° -
& ;
4 ot
-
-
>
2
o ;
0 0.01 0.02 0.03 0.04 005 0.06

Normalized nominal pressure, p,/ENm,

Raw data

M1 Yastrebov AnciathENIETari Tnt T Solids Struct 52 (2015)
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Real contact area: accurate result

14

12 Corrected
< simulation data
8 simulation data
e = =32, a
< k=164 ma k =64,
= 10 =8 k=128, a=>5.
g
=
3 k=4
£ 8
<
L
=
< k=1 {
51
= 6
S
=
o
o
Q
S 4
=
=

>
2 "
0
0 0.01 0.02 0.03 0.04 0.05 0.06

Normalized nominal pressure, p,/ENm,

Corrected data
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Real contact ar accurate results

V.A. Yastrebov

True contact area fraction, A’ (%)

1af
at Ay

of [t At |

10

8 27

6 .

4 e

2 A

0

0 0.01 0.02 0.03 0.04 0.05 0.06
Normalized nominal pressure, p,/ENm,

Corrected data

Corrected
simulation data
= k=32, a=138
k=164 w8 k=64, 0a=27
=k =128,0=53
vv k=32, =55
k=4 § vv k=64, a=123
vv k,=128,0=303

°
Iq:l{c k
oo k

°

11 Yastrebov AnciahE GG Lari T Mech Phus Solide 107 (2017)
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Real contact ar accurate results

141
al Ay

12k Corrected
o simulation datz
‘a\u J simulation data
~— —a
E k=16 { =a
:, 10 ! aa
S
2 v
2 k=4 {v—v
£
— 8 A€ v
< 4 o8
o g S oo
= o k=1 {o ok
5 . oo
s ° i e
= : R4
S Re
Q o
o .
S 4 -
2
= {

"l
-
-
) .
0
0 0.01 0.02 0.03 0.04 0.05 0.06

Normalized nominal pressure, p,/ENm,

Corrected data
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Results: contact area

14 ’ Corrected simulation results
g 12 H=038
pt LIy =16
g o8 LI,=32, (=2, a=18
= 10 6o LIA=64, (=4, a=27
S oo [f), =128,(=8, a=53
Q
E 3 L, =8
S ¢ ¢ LIl,=64, (=8, a=53
3 © O L/, =128, (=16, a=117
g 0 9 [/} =256, (=32, a=28.6
=
S Lij,=4
4 i 6o LA,=128, (=32, a=30.1
A oo L/),=256 (=64, a=78.6
5 A B8 /) =512, (=128,0a=214.2
0
0 0.03 0.06
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Results: contact area

7

14 g imulati
ot A ¢ #X Corrected simulation results
g 12 . S ” “:ﬂ; H=0.
Z o Earateat Li%, =16
N fl'// ss LA=32 (=2, [a=18
= 10 A eteet 66 LIi=64, (=4, |la=27
S : ° ¢ [/3=128,(=8, |la=53
Q
E 3 L, =8
S ¢ ¢ LIl,=64, (=8, |a=53
3 © O L/, =128, (=16, la=11.7
g 0 9 1) =256, (=32, |a=286
=
S Lij=4
4 i 6o LA =128, (=32, la=30.1
A oo L/),=256, (=64, a=78.6
5 A B8 /) =512, (=128|a=214.2
0
0 0.03 0.06
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Phenomenological relationship

m Contact area A grows with applied pressure p as
T
Po Po SR
— =a(a) —— - b(a [7} 2
Ap E* \2m;, ) E* \2m; b
m Contact area fraction A’ = A/A( grows with normalized applied & ** . o
pressure p’ = py/E*\2my E . Yig
g4 %
= ;R
& .,
A = a(a)p’ - b(a)p’? S B
m With ~universal adimensional constants: - b
a(a) = 2.35 - 0.057 In(a — 1.5) ki
1.9
) — — / — 1.5 3 10 30 100 300 1000
b(a) = 2.85 — 0.24In(ar — 1.5) T 7
m Pressure dependent friction coefficient: .
b(a)
) = 1—- —29 45
HP') = o [ a(a)l ] .
40
T‘/Xﬁtxh i the % ‘ggﬁ‘tﬁl{nE sh'eZa{{‘[%i‘action the contact interface can bear. = 15| _—
5 5
S 30 g eat o m oo
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Conclusions

m Contact area growth almost linearly for small pressures and saturates at bigger
pressure

m The key parameter of the contact area growth is the RMS slope or its variance 2m;,
m Contact area depends weakly on Nayak parameter « = nig114/111;

A = a(a)p’ - bla)p’?

with a(a) = 2.35 - 0.057 In( — 1.5), b(a) =2.85—-0.24In(a — 1.5)
m No effect of fractal dimension Dy per se on the contact area
it affects the contact area only through the Nayak parameter
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Flow through the
contact interface



Problem statement

Problem

m Thin creeping flow in contact interface:
Navier-Stokes — Stokes — Reynolds equation

m In addition: incompressible fluid, immobile walls:

¢
V.q= =-—V
1=0, 4="35,V"
q(x,v) is the fluid flux,
g(x,y) is the gap (opening) fields,
pr(x, y) hydrostatic fluid pressure,
Lt is the dynamic viscosity.
periodic oudee m Gap profile g(x, y) for x,iy € (0,L)

Rigid flat

m Atinlet: pf = pi,

At outlet: pr = pout

At lateral sides: periodic q,(y = L) = —q,(y = 0)

Linear problem: use FEM
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Analytical approach

Effective flow estimation
m Averaging over surface (x) = 1/Ay f/\o xdA gives:
(q)=-K_-(Vpp)
m For isotropic case, normalized scalar effective transmissivity along pressure drop OX:
;o 12u( g )L
(P~ pa)

m Using effective medium!'?! approach

(o) 3 .
“‘A/)f 8P de =

1
3 329 T 5
J g +K@r”70 2

A’ = A/A is the contact area fraction, P(g) is the gap probability density.

[1] Kirkpatrick. Rev Modern Phys, 45 (1973)
[2] Lorenz & Persson. Europ Phys | E: Soft Matter, 31 (2010)
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Danger: geometrical overlap

m Geometrical overlap model is highly inaccurate

~P(zy-2)

PDF, P(g)

8

gap,
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Danger: geometrical overlap

m Geometrical overlap model is highly inaccurate

~P(zy-2)

PDF, P(g)

gap,

PDF, P(g)

L L L overlap contact area——

gap, g
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Solid contact results: gap distribution

10°
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Solid contact results: gap distribution

10°
140 — Py
— P(z—2)+aeWh
i 29—2
120 Plz)—2)

—

=

& 100

>

=

2

o 80

©

>

=

= 60

Q

©

Qo

4

a 40
2
.000  0.005 0010 0015 0020 0025 0030 0.035

20

0%00 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Gap, g
Area fraction A" = 9.5%
Gap probability density VS geometrical overlap model (dashed line)
Near contact interface F(g) ~ P(zo — z) + aexp(=b+/zg — 2) 57/98

V.A. Yastrebov



Solid contact results: gap distribution
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Solid contact results: gap distribution
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Geometrical overlap: morphology and percolation

= Geometrical overlap model is highly inaccuratel'"?!

Geometrical overlap model

Complete mechanical model

[1] Dapp, Liicke, Persson, Miiser, Phys. Rev. Lett. 108 (2012)

[2] Yastrebov, Anciaux, Molinari. Tribol Lett, 56 (2014)
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Geometrical overlap: morphology and percolation

= Geometrical overlap model is highly inaccuratel'"?!

Geometrical overlap model

Complete mechanical model

[1] Dapp, Liicke, Persson, Miiser, Phys. Rev. Lett. 108 (2012)

[2] Yastrebov, Anciaux, Molinari. Tribol Lett, 56 (2014)
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Geometrical overlap: morphology and percolation

= Geometrical overlap model is highly inaccuratel'"?!

Geometrical overlap model

Complete mechanical model

[1] Dapp, Liicke, Persson, Miiser, Phys. Rev. Lett. 108 (2012)

[2] Yastrebov, Anciaux, Molinari. Tribol Lett, 56 (2014)
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Geometrical overlap: morphology and percolation

= Geometrical overlap model is highly inaccuratel'"?!

Geometrical overlap model Percolatlon

Complete mechanical model

A'=50%

A ~40.2%

[1] Dapp, Liicke, Persson, Miiser, Phys. Rev. Lett. 108 (2012)

[2] Yastrebov, Anciaux, Molinari. Tribol Lett, 56 (2014)
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Creeping fluid transport
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Contact area & trapped fluid

m Contact area does not conduct flow Fluid flux, log;o(Igl / 1glya0)

Fig. Fluid flux
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Contact area & trapped fluid

m Contact area does not conduct flow Fluid flux, log;o(Igl / 1gl )
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Contact area & trapped fluid

m Contact area does not conduct flow

Zfxy) # - - - - - - - - SR f T T - S o

2Z(xy) TEEEEEEEEEEEEE - - .

tu,

Fig. Fluid flux
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Contact area & trapped fluid

m Contact area does not conduct flow Fluid flux, log;o(Igl / 1gl a0

¥ 2

7 Fig. Fluia flux (zoom) )
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Contact area & trapped fluid

m Contact area does not conduct flow Fluid flux, log;o(Igl / 1gl a0

m Islands of trapped fluid =
non-simply connected contact spots do not
contribute to conduction

m Thus the effective transmissivity depends on
the
effective contact area:

A=A+ A
/73 .
24 18 the Sealast angpaadion
m Effective medium transmissivity:

i)\l 3
o’ P(eo
(1_/1/)] 3 (5)1 dq:l

3 1 0
] g +I<“Hm0

[1] Shvarts, Yastrebov. Trapped Fluid in the Contact Interface, JMPS:119 (2018)
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Contact area & trapped fluid

m Contact area does not conduct flow Fluid flux, log;o(Igl / 1gl a0

m Islands of trapped fluid =
non-simply connected contact spots do not
contribute to conduction

m Thus the effective transmissivity depends on
the
effective contact area:

A=A+ A
/73 .
24 18 the Sealast angpaadion
m Effective medium transmissivity:

nea
o’ P(eo
(-4 [ S0 ag= 5

3 AP
5 g +I<“Hm0

[1] Shvarts, Yastrebov. Trapped Fluid in the Contact Interface, JMPS:119 (2018)

V.A. Yastrebov Lecture 7 82/98



Contact area & trapped fluid

m Contact area does not conduct flow Fluid flux, log;o(Igl / 1glyax)

m Islands of trapped fluid =
non-simply connected contact spots do not
contribute to conduction

m Thus the effective transmissivity depends on
the
effective contact area:

A=A+ A
/73 .
24 18 the Sealast angpaadion
m Effective medium transmissivity:

o,
, §’PE) 1
(1 —Aéﬂ)j “’7/2 g =3

3 i
g 8 +I<“ﬂm0

[1] Shvarts, Yastrebov. Trapped Fluid in the Contact Interface, IMPS:119 (2018)
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Contact area & trapped fluid

m Contact area does not conduct flow Fluid flux, log;o(Igl / 1qlax)

m Islands of trapped fluid = -2 _ 1 . 0
non-simply connected contact spots do not . § 47 X y ;
contribute to conduction

m Thus the effective transmissivity depends on
the
effective contact area:

A=A+ A
/73 .
24 18 the Sealast angpaadion
m Effective medium transmissivity:

n\: ’%
. $PR) 1
(l—/léﬂ)j ”1’7;,211&1: 3

3 ’ -
g 8 +I<“ﬂm0

:: e
Fig. Fluid flux
[1] Shvarts, Yastrebov. Trapped Fluid in the Contact Interface, ]MPS:119 (2018)
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Contact area & trapped fluid

m Contact area does not conduct flow Fluid flux, log;o(Igl / 1qlax)

m Islands of trapped fluid =
non-simply connected contact spots do not
contribute to conduction

m Thus the effective transmissivity depends on
the
effective contact area:

A=A+ A
,s .
47 15 the seniast angpiadioy
m Effective medium transmissivity:

o R
: $P) 1
(l—/l:‘ﬂ)j - . ~ dg = 5

3 ’ -
g 8 +I<“ﬂm0

Fig. Fluid flux

[1] Shvarts, Yastrebov. Trapped Fluid in the Contact Interface, JMPS:119 (2018)

V.A. Yastrebov Lecture 7 85/98



Effective contact area
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Effective contact area

V.A. Yastrebov

Affective contact area fraction, A /A, (%)
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Normalized effective transmissivity
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Effective transmissivity

m Effective area wrt load:

Al ~2.15p

® 80

m Normalized load:

P’ =po/E*N2my

m Normalized effective transmissivity wrt
effective area:

K, ~ 500 exp(—=28A.)

60

40

20

Affective contact area fraction, A’

01 02 03
Normalized nominal pressure, p' = p,/E™N2m,
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Effective contact area fraction, A’
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Effective transmissivity

m Effective area wrt load:
Al ~2.15p

m Normalized load:
P’ =po/E*N2my

m Normalized effective transmissivity wrt
effective area:

K, ~ 500 exp(—=28A.)
m Recall:
12u( g+ )L

K. =
3/2
my APf

eff

m Express the mean flow:
1 1312 AP,
B K qmy, APy

(4x) = 12uL

m Finally:

41.7 exp(—42.57py /E* \/1112)1713/2Al’f
uL
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Conclusion & current work

Main result:

Mean flow (far from the percolation) through contact of nominal area L X L:

41.7mo®? APy
uL

()~ — -exp(—42.57 Po )

E* \fm,
Kf}fs g}%ﬂg%%gs‘éﬁgg %:{%'p between the inlet and the outlet,

po is the nominal applied pressure,

E* is the effective elastic modulus.

Roughness parameters:

my is the variance of roughness,

2m, is the variance of roughness gradient.
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Conclusion & current work

Main result:

Mean flow (far from the percolation) through contact of nominal area L X L:

41.7mo®? APy
uL

Lexp (—42.57 P )

<£]x>2— E”\/@

Kﬁfs g}%ﬂg%%gs‘éﬁgg %%’p between the inlet and the outlet,
po is the nominal applied pressure,

E* is the effective elastic modulus.

Roughness parameters:

my is the variance of roughness,

2m, is the variance of roughness gradient.

Beyond the one-way coupling:

® Monolithic two-way FEM!'! framework coupling solid and fluid equations (thin flow,
Reynolds equation) with contacts including islands of non-linear compressible fluid

[1] A.G. Shvarts, J. Vignollet, V.A. Yastrebov. "Computational framework for monolithic coupling for thin fluid flow in contact interfaces". Computer Methods in Applied Mechanics
and Engineering, 379:113738 (2021).
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General conclusion

The most critical assumption is the existence of the small wavelength cutoff

V.A. Yastrebov Lecture 7 93/98



General conclusion

The most critical assumption is the existence of the small wavelength cutoff

m Fractal limit:
Let A; — 0, then 111, — oo and Vpy < 00, A” — 0
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General conclusion

The most critical assumption is the existence of the small wavelength cutoff

m Fractal limit:
Let A; — 0, then 111, — oo and Vpy < 00, A” — 0

® Add some physics:
Let As ~ A, thenn, < C < coand Vpy > 0,A” >0
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General conclusion

The most critical assumption is the existence of the small wavelength cutoff

m Fractal limit:
Let A; — 0, then 111, — oo and Vpy < 00, A” — 0

® Add some physics:
Let As ~ A, thenn, < C < coand Vpy > 0,A” >0

= But, at A-scales, continuum mechanics and especially continuum contact!!! do not
work.

[1] Luan & Robbins. Nature 435 (2005).
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General conclusion

The most critical assumption is the existence of the small wavelength cutoff

m Fractal limit:
Let A; — 0, then 111, — oo and Vpy < 00, A” — 0

® Add some physics:
Let As ~ A, thenn, < C < coand Vpy > 0,A” >0

= But, at A-scales, continuum mechanics and especially continuum contact!!! do not
work.

m Search for relevant physics that could justify 1. > A.

m Candidates: plasticity (scale dependent), surface energy and adhesion, interaction
potential.

[1] Luan & Robbins. Nature 435 (2005).
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Thank you for your attention!




