NANOSYSTEMS: PHYSICS, CHEMISTRY, MATHEMATICS, 2013, 4 (5), P. 592-604

RESPONSE OF A STRATIFIED VISCOUS HALF-SPACE
TO A PERTURBATION OF THE FREE SURFACE

IS, A. Chivilikhin, ?A.S. Amosov, 'I. F. Melikhov

1 St. Petersburg National Research University of Information Technologies,
Mechanics and Optics, St. Petersburg, Russia
2 Corning Incorporated, Corning, USA

chivilikhin@gmail.com, amosovas@corning.com, ivan.melikhov@gmail.com
PACS PACS 47.15.G-

The flow of a highly viscous liquid in a half-space due to the deformation of the free surface is investigated.
The viscosity of the layer adjoining to the free surface is different from the viscosity of the remaining
half-space. In the framework of small perturbation theory, the relationship between the deformation of the
free surface and the deformation of the layer/hali-space interface is obtained. It was demonstrated that the
volume and geometrical center of the perturbation on the interface and on the free surface are the same.
The dependence of the perturbation’s amplitude and width on layer thickness was investigated. The results
of numerical and analytical calculations are close, even for moderate free surface perturbations.
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1. Introduction

In this paper, we consider an infinite viscous half-space covered by a fluid layer
with a different viscosity. Using a Fourier transform-based approach, we calculated the
deformation of the layer/half-space interface due to the perturbation of the free surface.

A Newtonian viscous incompressible fluid was considered. Viscosities of the layer
and the half-space may not necessarily be the same, but they are assumed to be constant
within each domain. We considered the localized perturbation of the fluid near the free
surface, assuming it decays to zero infinitely far from the origin. Two formulations were
developed: i) 2D axisymmetric to describe flow perturbation caused by a small particle
(fig. 1-a) and ii) 2D planar to represent perturbation due to a long groove (fig. 1-b). In both
cases, the shape of the initial perturbation of the free-surface is described by a smooth
analytical function.

In section 2, we analytically derive the relation between the shape and amplitude
of the free surface perturbation and the corresponding deformation of the layer/half-space
interface.

In section 3, the analytical solution is compared to the numerical solution obtained
with COMSOL Multiphysics finite element package.

2. Analytical model

The analytical model was developed under the following assumptions:

e Planar or axisymmetric viscous flow
e The fluid dynamics can be described by the Stokes equations ( [6], [1], [7], [3], [4],

[91, [2])
e Perturbation amplitude is small compared to the layer thickness ( [5], [8], [10], [11])
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Fig. 1. Perturbation geometry: a) axisymmetric b) planar

e Fluid viscosity is constant within each domain (layer and half-space)

2.1. The problem statement

In the analytical model, a fluid layer of the thickness H covering an infinite half-
space is considered. The layer has viscosity p and the half-space has viscosity p;. Consider
the Cartesian coordinate system as shown on the figure 2 below. The axes z; and x5 form
a non-deformed planar boundary and the axis z is oriented through thickness having origin
on the free surface of the layer.
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Fig. 2. Coordinate system used in the analysis
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The Stokes equations for the surface layer take the form:
1
02V, + 8;51/2 =—0,P
W

1
O Vot gV = 0uP M)

where V,,, V, are the velocity components, P is the pressure, u is the viscosity of the fluid
in the layer. The summation over the repeated indexes is assumed. From (1), it can be
seen that pressure is a harmonic function:

02, P+ 03,P = 0. (2)

Zero tangential stress and a given normal velocity are assumed on the external free
boundary. Corresponding boundary conditions are:

Vilosg = Vagr 0oV +0:Va)|,_y = 0. 3)

Similarly to (1), the Stokes equations for the half-space domain become:
1
02V, + 6%5‘/2 = —0,P
251

1
2 2 _
azzva + 85,3‘/04 = Eaap (4)
02, P+ 03,P = 0.

Zero perturbation infinitely far from the free surface is required:

Z— 00

The velocity field must be continuous through the interface:

VZ|z:H—0 = VZ|z:H+O7 Va|z:H—0 = Va|z:H+0- (6)
Also, both the normal and tangential stresses must be continuous:

(_P + Qllanz)L:H—o = (_P + 2“182‘/2)|Z=H+0’

1(0aVz + 0. Vo) .mpr o = 11(9aVz + 0 Vo) | g -
The equations of the evolution of the free boundary and the interface are the following:

atho = ‘/Z‘Z:07 8th = ‘élz:H? (8)

where ho(z1,2,t) and h(xy, zo,t) are the z-displacements of the free boundary and interface
respectively.

(7)

2.2. Calculation of the perturbation decay

Applying the Fourier transform, defined as (9) over the z; and z, coordinates to
the equations (1)-(8):

fe— / f(x)e ™ i 9)
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one can get the following equations:
1
02V — K2Vige = ~0.P;
"
9 9 ikeq
0. Vox — k"Vox = 7Pk 0<z<H, (10)
0.V + ikngk =0
02 P — kP =0
‘/zk|2:() = ‘/zok7 ﬂ(ika‘/zk + azvvozk)|Z:0 = O, (11)
1
02 Ve — KV = —0. Py
1
2 2 ikq
02 Vox — k" Vo = N_Pk z> H, (12)
1
0,V +ikgVp =0
02 P — kP =0

Vi
Vak = 07 (13)
Pk Z—00

Vzk‘Z:H,o = Zk’Z:HJrO? Vak|z:H70 = ak|Z:H+0> (14)

(=P + 200:Var) | e = (=Pic + 2010:Vard) . _ 10
ﬂ(ika‘/zk + azvak)’Z:Hf(] = M1 (ika‘/zk + azvak)‘Z:H+o .
athOk = Vzk‘zzoa athk = ‘/;klzzH . (16)

[t is convenient to separate the longitudinal Vk” and transversal V;' components of the
velocity V,x in Fourier space:

ko
Vi = ?Vi'k + Vs Vi =

(15)

ks
k

ko k
Vi, V= <5aﬁ - kQﬁ) V.

The equations (10)-(16) can be rewritten in terms of VkH and V-
1
2.V — KV = —0. Py
"
vl vl = Fp
"

0<z<H, (17)
agzvajl_{ - 1{32‘/21_( =0

0.V + ikVj = 0
2. Pc—K’Pc=0

Vidico = Vior  plikVaac + 0:K)| =0, (18)
(=P + 2p0.Vaa)| g0 = fohx
p(ikVac+ 0| = flh (19)

z=H—-0

€ _rl
luaZVak‘Z:H_O - faHk?

athOk = ‘/Zk‘zz()a 8thk = ‘/Zk|z:H7 (20)
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1
2.V — k*Vae = —0. P
H1

it b
= 0O<z<H (21)
agzvozjl_( - kQVaLk =0
0. Vo + ikV) =0
02 P — kP =0
(=P + 20110 Vaa)| .y 0 = fomx

WVt 0.V _ 4l
1 (ik Vo + 0. Vi) 0 Hk (22)
NlﬁzvaJl_{’Z:H_;,_o = ch_Hk

Vi

v,
=0. (23)

Vik

k Z—00

From the continuation equation (the third one in (17) and (21)) one can obtain:
Vil = 20.Va (24)

Taking into account the equation for V., we get the following boundary conditions for the
tangential stress:
(20k*Vaae + 0:P)|_, = 0,
uk*Va + 0.B)|_,;_y = 2k Vi + 0.F)|
The requirement of normal stress continuity on the interface becomes:
(=P +200:Vaad) ey o = (=P + 2010:Vare) |,y 0 - (26)

The equations of the evolution of the free boundary and the interface (20) involve only the
V.x term. To obtain it in the layer and hali-space domains, we write out the equations and
boundary conditions using (17), (21), (23), (25) and (26):

(25)

z=H+0"

1
P2V —k*Vay=~-0.P. O P—kP=0 0<z<H, (27)

W

2 2 1 2 2
(9ZZV2k—k Vzkzﬂ—asz 8ZZPk_k Pk:O Z>H, (28)
1

‘/;k|z:0 = VVZok) (2ﬂlk2‘/;'k + asz)}Z:() = Oa (29)
‘/Zk’z:HfO = ‘/Zk’z:HJrO? 82‘/Zk’z:H70 = 8Z‘/Zk’z:HJr07 (30)
(=P + 200 Vaad) | .oy o = (=P + 2010:Vaa) |, - (31)
(2uk*Vax + 0. Fx) }z:H—O = 2mk*Va + 0. F) ‘Z:H-‘ro ’ (32)

Vi
Z = 0. 33
First, consider the half-space domain z > H. To simplify the system, we assume V, to be
represented in the form:

- z—H

Vik = Ve + Py. (34)

M1
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In that case:

PV —k*Va=0 PP —k*P=0 z>H, (35)
Ve = Ve FE=1), B = nge_k(z_m,
_H 36
Vik = ( Vamx + : Py ) e HE 1), (36)
21
In the layer domain 0 < z < H, we assume the velocity V.y is represented as:
~ - H
Vi =V + - P. (37)
Therefore, . )
PV — V=0 PP —kPe=0 0<z<H. (38)
The solution of these equations is:
_ sinh(kz2) sinh(k(H — 2))
Po=Py———=
KT T HkGinh(kH ) Lok sinh(kH) (39)
z—H __\ sinh(kz) sinh(k(H — 2))
= — = —P
Vi (VZHk * o2u 1 ) sinh(kH) N (VZOk * 2 Hk) sinh(kH)

Using (36), (39) and the corresponding boundary conditions, the equations connecting
V., Vaok, Poxs Pry, Pjyy. may be summarized as:

H
(pcosh(kH) + py sinh(kH)) Vg — pVoor = 5P0k
2(p — )k sinh(kH)V, g + cosh(kH) Py + sinh(kH) P, = Py
40)
_ H 1 . _ 1 . (
ke "™V — k (VZOk + ﬂ) Pox + o sinh(kH) Py, = o sinh(kH) P,
2uk sinh(kH)V,ox + Py — cosh(kH)Pox = 0.

This system of equations allows one to find the relation between the V, gy and V,qy:

Ve = 7Vaok (41)
or

hx = vhox. (42)

The attenuation coefficient  is the ratio of the amplitudes of the displacement of the
interface to the displacement of the external free boundary:

kH (sinh(kH) 4+ mcosh(kH)) + cosh(kH) + msinh(kH)
kH (m — L) + (cosh(kH) + msinh(kH)) (cosh(kH) + L sinh(kH))’
here H is the layer thickness, k is the length of the Fourier coordinate vector, m = p/p;,
p is the layer fluid viscosity, wu; is the half-space fluid viscosity. Applying the inverse

Fourier transform to (41) and integrating the result over time, the interface deformation
can be obtained:

+oo
hz,y G / / k2 + k2> how(ka, ky ) ’W+kyy} dk,dk, (44)

With a given deformation shape hg, one can evaluate the normalized interface deformation
amplitude using the explicit expressions:

—+o00 +oo
k:2 k;2 “ikamthod) dydy | dk,dk,
5= e [ [ (Vi m) [ mtee et vy

v = (43)
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in the axisymmetric case, and:

5= 27T1A0 /+OO {7(|k|)/_+oo ho(x)e_ik‘”dx} dk

—00 o0

in the planar case.

2.3. Subsequent analytical results

Using the approach described above, a number of conclusions correlating the pa-
rameters of the free-surface perturbation and interface deformation can be made.

(1) Asserting k£ =0 in (41) and applying 7|,_, = 1, one can get:
/VzH &’z = /Vzo d*z (45)

or

/atho dQ.ZU = /3thd2:(: (46)

Integrating (46) over the time and asserting zero initial deformations of the free
surface and interface, one can obtain the equality of the interface deformation
volume and the free surface deformation volume:

/hod% = /hd% =V. (47)

(2) Differentiate (42) by k, and apply & = 0. Taking into account:

(‘f_kl . =0, g—ZZ . = —i/xah(x) d’z, aa};(z( . = —i/xaho(x) d*x
one can obtain:
/xah(x) d*r = /xaho(x) d*x
or
{Ta) = (Za)o, (48)
where:

(xq) = %/wah(x) d*z, (Ta)o = %/xaho(x) d*x

are the coordinates of the geometrical centers of the interface and free surface
respectively.
(3) Diflerentiate (42) by k, and ks and apply k£ = 0. Taking into account

62")/ 82hk
— _H2§ - _ h(x) d?
Dkadks |,_, B kel / Tatsh(x) dz,
9% hoi
S ho(x) d2
radhs| . /xaxﬁ o(x) d*x

one can obtain the following:

/maxﬁh(x) d’zr = /xax@ho(x) d*x +VH?* 503

or
(xawgh) = (xawgh)o + H26a5, (49)
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(5)

where
1
(xawgh) = V/xaxgh(x) d*x, (xawgh)o = /maxgho(x) d*x.
Asserting a = § = 1 leads to relation of the mean-square width of the deformations
on the interface and free surface:
(@1) = (al)o + H*  (a3) = (a3)o + H (50)

Consider the squared cross sectional dimensions R* = 2% 4+ x3. Using (50) one can
get the following expression for the dimensional change of the perturbation:

(R*) = (R*) + 2H*. (51)

Integrate (42) over the two-dimensional k-space:

/hk d*k = /»y(k)hOk d*k.

Taking into account [ hyx d*k = (2m)? h| _,, the next relation can be obtained:

hlxeo = @/V(k)fmk &k (52)

Consider a free space deformation of the small cross sectional dimensions comparing
to the layer thickness H. In this case, the Fourier image of such deformation is
localized in a domain of bigger scale than H~!. On the other hand, v(k) attenuates
rapidly with k> H~'. Therefore, (52) can be represented as:

_ 1 27, 14 2
Mo = g2 / k) hodico k= 553 / y(k) d*k. (53)
Since k and H enters in (k) as product kH, (53) can be rewritten in the form:
V
h|x:0 = m(b(m)a (54)
where
o1 £ 2 _ M
Using the expressions v|,_, =1, 8‘977 0= 0, %82—8”’,% o= —H?0,p5 obtained above
@ | k=0 o =0

we can expand ~ in Taylor series:
7—1—%/{:2]{2—0—...
Equation (42) can be expressed in the form:
e = (1  SRH 4 ) Fo. (56)

Applying the inverse Fourier transform to (56) and truncating the series after the
second term one can obtain:

h(x) = (1 + %H2A> (), (57)

where A = 97 + 07 is the Laplace operator by the plane coordinates. Formula (57)
is valid when the perturbation width is much larger than the layer thickness H.
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As an example of (57), consider the deformation of the free surface described by
ho(x) = Aexp(—ayx? — apx3), a1 H> < 1, apH? < 1. In this case, the interface
deformation becomes:

h(x) = (1+ H?[a1 (20127 — 1) + (20013 — 1)]) Aexp(—aqa] — awz).

[t can be shown that the interface deformation amplitude is smaller than the one
for the free surface:

hly—o = [1 = H*(o] + a3)] ho

x=0 "
On the other hand, with |2;| > 2= and |z2| > 5=, the interface deformation is

larger than the one for the iree surface.

3. Numerical model

To obtain a numerical solution, COMSOL Multiphysics was used. Two-dimensional
planar and axisymmetric models were implemented. These models have only minor differ-
ences in their setups. Both use Laminar Flow and Moving Mesh interfaces.

A domain of layer and half-space is described by two rectangles with different Fluid
Properties. Symmetry boundary conditions on the side faces are set (Axial Symmetry and
Symmetry in axisymmetric case). The slip boundary condition is applied along other
boundaries.

The deformation of the bottom boundary is prescribed by an analytical expression
which is linear with respect to time (Prescribed Mesh Displacements is used). The side
faces are free for vertical deformation and locked for horizontal. Displacement of the
interface is described by Prescribed Mesh Velocity: velocity of the mesh is equal to the
local fluid velocity.

Since we model incompressible flow in a small finite domain, we have to keep the
volume to satisfy mass conservation. In the case of the two-dimensional problem, it can
be said that we have to keep the area of the domain. There are three ways to solve this
problem. The first one is to choose deformation function which satisfies the conditions
described above. For example, it can be a sinusoidal function. The second option is to add
negative deformation far enough from the area of interest. Since the phenomenon under
study is local, its effect should be negligible. The third option is to allow the top border
deformation, i.e. assume the free boundary condition on the top border. Again, since the
perturbation is local, the effect of the free boundary shouldn’t be significant.

The parameters of the model are layer thickness, layer/half-space viscosity ratio
and the boundary deformation shape. The primary result of the model is the shape of the
interface after the deformation.

Parametric Sweep was used to compute the model for different layer thicknesses
and viscosities. The hali-space thickness was kept constant at 15m. The layer thickness
was varied from 0.5m to 2m in 0.1 m increments. Viscosity ratios of 0.1, 1 and 10 were

considered. The free surface perturbation was described by functions hg(x) = % cos <2§—OI)

(only for planar case) and ho(z) = Age o |

Linearity with respect to perturbation amplitude The analytical model asserts that for
small perturbations, the normalized interface deformation doesn’t depend on the surface
defect amplitude. Numerical computation shows that this is correct, even for quite large
amplitudes compared to the layer thickness (fig. 4).
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Fig. 3. Velocity magnitude and the deformations of the iree surface and the interface

Normalized interface amplitude
A, =0.05 m (solid), A, = 0.25 m (dashed)
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Fig. 4. Normalized interface deformation due to different amplitudes of the
free surface perturbation (axisymmetric model)

3.1. Result comparision

A number of numerical experiments were made for different parameters of the free
surface perturbation, layer thickness and viscosity ratio. As a result, the dependences of

the interface perturbation amplitude on the layer thickness was obtained. First, consider

planar harmonic free surface perturbation described by ho(z) = 42 cos (2;_;0) Since the

Fourier transform of this function is:

hok = %TF [0(k —2m/Xo) + 0(k + 2w/ Xo)] s



602 S. A. Chivilikhin, A.S. Amosov, I. F. Melikhov

it’s easy to find analytical expression for the interface displacement h(x):
2mH
h(z) = ho(x)y ( 3 ) .
0

Comparison with the numerical results gave very good agreement (fig.5). On all figures
below, dashed lines correspond to the analytical approach and dots correspond to the
numerical solution.
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Fig. 5. Interface perturbation due to harmonic deformation of the free surface
(planar case)
e
In the case of Gaussian deformation ho(x) = Age * , the analytical approach re-
mains accurate even for large deformation amplitudes A, (figures 6-7).

4. Conclusion

Numerical and analytical models were developed to analyze the propagation of
the free surface perturbation in the layered viscous half-space. Analytical formulas for
perturbation amplitude and width on the interface between the hali-space and the layer
were obtained. The results may be summarized as follows:

Axisymmetric Axisymmetric
Ag=0.25m,A;=0.25m A=0.25 m, Ag=0.5m
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Fig. 6. Interface perturbation due to Gaussian deformation of the free surface
(axisymmetric case)
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Planar
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Fig. 7. Interface perturbation due to Gaussian deformation of the free surface
(planar case)

e Perturbation of the interface between the layer and the remaining half-space de-
creases rapidly with the layer thickness increase

e Propagation depends on the ratio of the viscosities: higher viscosity of the hali-
space fluid helps to reduce perturbation on the interface

e Propagation depth increases with the wavelength of the initial perturabtion on the
free surface

e For the same wavelength, a smaller amplitude of the the initial perturbation causes
a smaller deformation of the interface. Normalized perturbation remains almost the
same.
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