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Abstract

Granular media, fluidized by a vibrating wall, is studied in the high frequency (v — o0) small amplitude (4 — 0) limit.
It is shown that there exists an asymptotic regime such that if the product Aw>/* is kept constant, then the behavior of the
fluid in the bulk remains independent of the actual value of the amplitude with the corresponding value of the frequency.
Furthermore, we show that in this asymptotic regime the boundary condition associated to the vibrating wall can be
replaced by a stationary heat source. The value of this heat flux proves to be proportional to 42w*? and depends on the
fluid transport coefficients and on the wall oscillation waveform. Numerical solutions of the full hydrodynamic equations
confirm these predictions.
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1. Introduction

Granular matter is usually kept fluidized by means of vibrating walls. Commonly a hydrodynamic approach is
used to describe the bulk of the granular fluid (see for example Refs. [1-4]). However, a detailed consideration of
the boundary condition is difficult because of its explicit time dependence. In the case of high frequency and
small amplitude oscillations, successive collisions of the grains with the wall are uncorrelated. For this reason, in
this limiting case the wall has been usually modeled as an stochastic boundary condition. It has been argued that
the wall can be replaced by a thermal wall at a fixed granular temperature, that scales as T wan~m(Aw)?, where m
is the particle mass, and 4 and o are the oscillation amplitude and frequency, respectively [5]. Also, kinetic
approaches have been used to characterize the vibrating boundary condition [6,7].

In previous articles [8,9], we have shown that, at high vibration frequencies, instead of a fixed temperature,
the wall imposes a permanent energy influx. If the vibration frequency exceeds the collision rate, then kinetic
theory must be used, predicting an energy influx depending to (Aw)* [9]. A hydrodynamic approach is
expected to be applicable for vibration frequencies smaller than the collision rate and predicts an energy influx
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proportional to A°w*?2. A succinct account of this last prediction has already been published in a short
proceeding of a conference [8]. Here we give detailed analytical evidences of its validity and derive an explicit
expression of the injected energy for a sinusoidal oscillation as well as a generic waveform. For the sake of
clarity, we shall limit ourselves to the analysis of a two-dimensional fluid, but the results are trivially extended
to the case of a three-dimensional system. In order to check the validity of our predictions, we finally present
some numerical results obtained from the simulation of the full compressible granular hydrodynamic
equations.

2. The hydrodynamic model

We consider a granular fluid confined in a rectangular box L, x L, oriented along the main axes, that is
{0<x<Ly,y,<y<Ly}. The wall at y =y, acts as a “piston”” which perpetuate an sinusoidal oscillatory
motion of amplitude 4 and frequency w along the Y direction

yp(0) = Asin(w1), (1)

so that the average (over a period) of the piston coordinate, y,, is zero: (y,) = 0.

If the oscillation frequency is significantly smaller than the collision frequency, the wall motion does not
produce non-hydrodynamic behavior near it. It is then reasonable to assume that the granular fluid can be
described by appropriate two-dimensional hydrodynamic equations, like those used in Refs. [1-4], namely

Z—f = —%(pvx) - %(pvy), @)
o =fx—p(v-V)vx—%Haﬁx(nm%vx+%n[%vx+%uy] ~ 5= 05 o 3
p%:fy — p(v- V), —%ﬁ%(n+C)%v},+%n[%uy+%vx} —%(n —C)%vx, “4)
pcv%—f: —pew - VT — T(S;)pV-V—V-Q+Z [aa)l:k +2§k —5,»kV-vr+§(V~V)2 -, (5)

where f and f, are the components of the body forces acting on the granular fluid (e.g. gravity), and
I' = I'(p, T) represents the energy dissipation rate (due to inelastic collisions). In what follows, we shall limit
ourselves to the study of quasi-elastic granular fluids allowing us to use the elastic Enskog expressions for the
transport coefficients. In particular, the heat flux is simply given by the Fourier law Q = —xVT. We remark
that the evolution of the system is governed by the usual hydrodynamic equations for compressible Newtonian
fluids [10,11], with the addition of an energy sink term I'(p, T) [4,13].

Initially, the fluid is assume to be uniform and at rest. The boundary conditions are those of thermally
isolated stress free rigid walls. In particular, the ¥ component of the fluid velocity at y = y, must be equal to
the piston velocity

v(y = y,) = vy = Ao cos(wi). (6)
The other boundary conditions in the Y direction read

0 oT

G -2 =uv,(y=L,)=0. )

0y y=ypLy Oy Y=ypsLy

3. High frequency limit

Solving the complete hydrodynamic equations with the presence of an oscillating wall and the energy sink
term can only be done numerically, the more so since transport coefficients are state dependent. However, in
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the limit of high frequency oscillations, the properties of the fluid in the close vicinity of the piston can be
studied separately. In fact, in this limit the motion induced by the oscillating wall is rapidly damped (viscous
dissipation). The mechanical energy is then transformed into heat, leading to a thermal energy source at some
short distance from the wall. Beyond this boundary layer one thus expect that no oscillations will be observed.

The above hand waving arguments can be written down on a precise mathematical basis by means of a
multiple scaling analysis [12]. The first step is to consider the limit @ — oo while the amplitude 4 — 0. For this
we introduce a small dimensionless positive parameter &,

w=awme"", A=Ay, ®)

where Ag~O(1), wy~0O(1) and the exponent « is a positive parameter. The mathematical analysis is simplified
significantly if the amplitude 4 decreases sufficiently fast so that the piston velocity v, = Aw cos(w?) vanishes
in the limit w — oo, since otherwise the system develops shock waves leading to extremely complex patterns.
Therefore, we assume that the exponent o> 1, which indeed insures that the piston velocity |v,| = Aowoe!
vanishes in the limit ¢ — 0.

Next, since the piston motion (forcing term) involves the product wf = &' wyt, the system will evolve in two
separate time scales: a fast ““‘microscopic” time scale 7y, and a slow ““macroscopic” time scale 7|, defined as

h=c¢'t, 1=z, )

with fo~O(1). With this scaling ¢, fully captures the oscillatory motion of the wall while #; describes the
phenomena taking place at slower time-scales. Similarly, we introduce a short and long space length scale, y,
and y,, respectively associated to #y and ¢,

="y yi=dy, (10)
where f is a positive parameter whose value have to be fixed by consistency arguments. We may thus write any

hydrodynamical quantity A(r, £) as & = h(x, yo, y1, to, t1). Noticing that t; = ety = ¢ and y, = &fy, = y, one gets
the following space—time transformations:

0 , © 0
— =& —+— 11
ot ° B on (11)
0 0 0
— B
==& —+ . (12)
0y 9y
Inserting these transformations into Eq. (4), we obtain to the dominant order in ¢

0 1—2p © 0

—v,=¢ —m+H=—wu,, 13
P ayo(” )@yo » (13)

which directly implies that
B=1 (14)

Noticing that the original coordinate ye€[y, L,] and y,=é4psin(wotp), we find that
Yo € [Ao.s“*l/2 cos(woty), e/ 2Ly]. Given that we have assumed that o>1, we conclude that, to dominant
order in ¢, y, € [0, 00]. The boundary conditions associated to Eq. (13) thus read

v,(yp =0,1) = &~ Agwg cos(woty),

vy(yg = 00,1) = 0. (15)

Since the transport coefficients are state dependent, i.e., they are function of p and T, we cannot solve Eq. (13)
for now. Nevertheless, it is important to recall that this equation describes the behavior of v, in the boundary
layer, i.e., in the closed vicinity of the piston. Therefore, v, should contain a part that scales as the piston
velocity amplitude |v,| = wee*~!. But it should also contains a part that describes the behavior of the fluid
away from the boundary layer, at the macroscopic scales (3, f1). We thus scale v, as

Uy:UO(X,ylstl)+v(x>y09ylat03Z1)6a_]9 o>1. (16)
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We note that the function vy(x, y,, t1) trivially satisfies Eq. (13) so that the structure of this latter equation is
not modified by the scaling (16).

Let us now consider the continuity equation (2). Using the transformations (11) and (12) one readily finds
that

op 1
“F o? 17
5.~ 0, (a7

which implies that to dominant order in ¢ the density is constant in the boundary layer. Furthermore, the
relation (17) suggests an expansion of the form:

p(r, 1) = po(x, y1s11) + &2 (X, po, V1 L0, 11) + £02(X, Yo, V1 tos 1) + - -+ (18)

Consistency arguments lead to the very same type of expansions for all the other hydrodynamical field
variables, i.e.,

Ux(l', t) - uo(xayl; tl) + 31/2”1(3@}’0’)’1; [0, tl) + - s (19)
T(ra Z) = To(x:yla tl) + SI/ZTI(X,)/O,)’], ZO) Zl) + Y (20)
with the exception of the Y component of the velocity (cf. Eq. (16)), which should be expanded as

vy =vo(x, 0 + & or + &P+, a1 (21)

To obtain the value of the exponent o, we observe that the transport coefficients being function of p and T,

they can also be expanded in powers of ¢!/? in a similar way as the expansions (18)—(20). For instance,
K = ko(x,,t1) + &% 4 - - -. In consequence, the temperature equation, Eq. (5), reduces to
0T 0 . ov\?
o =Ko 5 Tt + 272 — . 22
Poce g = "o ! +e (no + o) > (22)

Requiring that the generated heat through the viscous heating term and its subsequent transfer beyond the
boundary layer must be of the same order in &, one directly finds that

n=3 (23)

We note that the above value of o is consistent with our main assumption, «> 1. In particular, the piston
velocity now reads

v, (1) = &"/* Ao cos(wto). (24)
We now come back to Eq. (13) which takes, to dominant order in &, the following simple form:

3 GR

o = Ay — 25

atovl Oéyévl’ (25)
with

i:(i1+é')/p=/10(x,y1,t1)+61/221+-~-. (26)
The associate initial and boundary conditions are (cf. Eq. (15)):

U](yo, 0) == 0,

v1(0, 79) = Aowg cos(woty),  v1(yy = 00,7) = 0. (27)
The general solution of Eq. (25) reads [15]:

2 o0 2 y%
01(¥s o) = Aowo —= dée™ COS( - wofo>, (28)
‘ \/;f Yo/24/ 20to 25262

where

= \/21()/60(). (29)
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In the “‘stationary regime” (i.e., after a transient time) the solution (28) reduces to

v1(¥g, o) = Aowo exp(—y, /) cos(yy /€ — woto), (30)

which clearly shows that the size of the boundary layer scales as w~'/2. The same scaling exponent was

obtained first by Stokes in the case of horizontal wall oscillations [11]. This scaling can be found by
dimensional analysis when linear hydrodynamics describes the boundary layer, hypothesis that is fulfilled in
our case because o> 1 and is also satisfied in the case studied by Stokes.

Let us now consider again Eq. (22) which describes the behavior of the energy in the boundary layer. The
velocity profile vi(y,, ty) contributes with a positive energy source (viscous heating). It represents the energy
injected by the oscillatory motion of the piston into the boundary layer which is just transported by heat flux
and released to the main fluid core, but no volumetric dissipation takes place. These two processes must be
balanced correctly, otherwise the total energy at the boundary layer, defined as © = p,c, fooo dy, Ty, will
diverge as time increases. Using the explicit form of vy, Eq. (30), and the fact that 07, /0y, must vanish at

infinity, one obtains
2
+A§wg/2,/% x <1 +§Cos(2wto+n/4)>. 31)

The right-hand side has a constant contribution plus an oscillatory term in #. In order that @ remains finite in
the limit ¢y — oo, the constant contribution must vanish identically, i.e.,

— Aol /W_ (32)
0

This result seems to be in contradiction with the boundary conditions of vanishing heat flux, Eq. (7). However,
according to the multiple-scaling expansion, the heat flux has to be computed as Q,, = —x0071 /0y, — k007 /oy,
and it is the sum of these two terms that must vanish at the lower boundary. The second term can be interpreted as
the macroscopic heat flux Q7“?, i.e., the one that is observed in the slow scale (#1, y;). Eq. (32) thus implies that
the macroscopic boundary condition for the heat flux at y;, =0 is

d oT,
a1, = Ty,

Yo=0

. oT,
06x0

Yo=

. 0Ty . oT,
05— =Ko
ayl ylz() ay()

A T
=A(2)a)(5)/2 / (Po,8 0)Po

Note that the viscosity coefficient appears in (33) because the mechanism responsible for the generation of the heat
source is the viscous dissipation of the density waves. In three dimensions, the expression (33) remains valid with
the change 2 =31+ .

It is now a matter of simple algebra to show that at the next non-trivial order in & (¢(¢)) the ““‘macroscopic”
field variables {p,(x,y;, 1), vo(x, ;. t1), To(x,»,, 1)} obey the original hydrodynamic equations with fixed
(non-vibrating) boundary conditions. The other major difference is that the heat flux at the lower boundary is
not zero, but given by Eq. (33).

This result can be generalized to an arbitrarily wall oscillation periodic waveform. Consider for instance a
wall oscillating periodically with frequency wyg. Instead of the simple sinusoidal form (24), the wall velocity v,
now reads

Nnacro
2

Yo=0

(33)

$,=0

v, = &4 gy Z [a, cos(nwgty) + b, sin(nwyty)]- (34)

With this boundary condition, the “‘stationary solution’ of the velocity equation (25) takes the following form:

v1(¥g, o) = Aowo Z exp(—yo/n/Oan cos(yon/n/t — wonty) + by sin(yy/n/ — aonty)]. (35)
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Repeating the same procedure as before, one can then show straightforwardly that the boundary condition for
the heat flux at y; = 0 is now given by

/2 T
Q;nacro _ FAga)(S)/z A(Poag 0)Po

F=Y" nla,+b). (37)

: (36)
»1=0

with

This prefactor F can be easily computed (at least numerically) for an arbitrary waveform. For example, if the
wall moves up and down with constant velocity +4¢wg, then F = 2.73772. Another waveform used in
computer simulations consists in a bi-parabolic oscillation, where the wall moves with piecewise constant
acceleration +2Vywy /7, reaching a maximum velocity +Agwg [9]. In this case, F = 0.674857.

Finally, it is interesting to note that the granular dissipative mechanism I'(p, T) and the body forces appear
only in the slow (hydrodynamic) scale, i.e., they do not play any role in the fast scale (z1,y,) where the only
hydrodynamic mechanism that is involved is the viscosity. The origin of this difference is pertained to the fact
that the effects of both granular dissipation and body forces are independent of length or time scales. This is
obviously not the case for viscous effects which get enhanced at short scales.

4. Simulations

To check the validity of our results, we have solved numerically the hydrodynamic equations (2)—(5), using
the quasi-elastic expressions of transport coefficients for dense granular systems and the Enskog expression of
the dissipation coefficient I' [4,13]. More precisely, we have considered a two-dimensional square box of size L
filled with a granular fluid of global density p,, a constant restitution coefficient o, and subjected to a
gravitational field g pointing downward (opposite to Y direction). The boundary conditions correspond to
thermally insulated static stress free rigid walls, except for the bottom one which oscillates periodically with
amplitude 4 and frequency . It can be shown that this system develops a vertical temperature gradient, due
to the energy dissipation, that may be large enough to trigger a convective instability [14]. The convection is
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Fig. 1. Time evolution of the total circulation @ for different simulations described in the text. The dotted, dashed and dot-dashed lines
correspond to simulations S1, S2, and S3, with a vibrating wall such that 4w>* = 4.22949 in the three cases, while w; = 20, w, = 40, and
w3 = 60. The solid upper line correspond to simulation S4 with a fixed wall that injects energy give by Eq. (33). Finally, the bottom solid
line corresponds to simulation S5, with a vibrating wall such that the product Aw is the same as in S1.
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characterized by an order parameter @, defined as the sum of integrals of the velocity field along concentric
paths centered about the geometric center of the box (total circulation): @ = Y~ ['v-dl This order parameter
proves to be vanishingly small if there is no convection and distinctly nonzero (positive or negative) in the
presence of convective rolls.

We have considered a variety of different situations. In all cases we have started with a same homogeneous
mass density p, = 0.4 and global granular temperature 79 = 1. The other parameters are L = 50, o = 0.96,
and g = 0.03. The first simulation, S1, has been performed with a reference frequency w; =20 and an
amplitude 4; = 0.1. For the next two other simulations, S2 and S3, we have chosen w; = 40 and w3 = 60, and
set the amplitudes such that 4w>/* takes the same value as in SI (about 4.23). We observe that these
simulations give the same time evolution and asymptotic value of @ (see Fig. 1). A fourth simulation S4 has
been done with a static non-insulating wall that continuously injects into the system an energy flux as given by
Eq. (33). Remarkably, the evolution of @ coincides with the values obtained in the vibrated cases. Finally, a
fifth simulation S5 has been performed with a vibrating wall such that the product Asws = A, that would
give the same results as in S1 if the scaling were A~w~!. The results show a complete disagreement of the
evolution of @, confirming that the correct scaling is A~w=>/4.

5. Conclusion

In conclusion, we have shown that if wall oscillations are of high frequency and small amplitude, a finite
limiting case is obtained if the amplitude scales as 4 = Aow /4. If two experiments were performed with
different oscillation frequencies and amplitudes such that the value of Aw>/* is preserved, they would produce
the same macroscopic flows.

Furthermore, in the high frequency limit, we have shown that the time dependent boundary condition can
be replaced by a simple stationary boundary that injects heat. The value of the injected heat depends on the
local density and temperature at the wall, and is proportional to A>w3/2. This result greatly simplifies the
theoretical analysis of fluids subjected to a vibrating wall constraint. Finally, our predictions are fully
supported be numerical simulations of the corresponding hydrodynamical equations.

Note that although we have made the analysis for two-dimensional systems, the results are easily extended
to three dimensions. The same scaling and a similar expression for the injected heat were obtained compared
to the two-dimensional case.
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