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Abstract

Non-linear modal interactions in the dynamics of a vibrating drop are examined. The partial differential equations
governing the drop vibrations are formulated assuming potential flow and incompressibility. The solution is expressed in
terms of the eigenfunctions of the (linearized) Laplace operator in spherical coordinates. A small parameter ¢ is
introduced to scale the (small) deformation of the drop surface from its position of equilibrium. A 2: 1 internal resonance
is then imposed between the second and third modes of the resulting discretized system, and the ensuing non-linear
modal interactions are studied using the method of multiple scales. A bifurcation in the slow dynamics of the system is
detected that leads to amplitude modulations of the drop oscillations. The method employed in this work is general and
can be used to study other types of non-linear interactions involving two or more drop modes. © 2001 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

The study of the shape dynamics of drops and
bubbles has a long history. The review of previous
work in this area can be found in [1-3]. Viscous
and inviscid, linear and non-linear models of free
and forced interface oscillations were investigated
by various theoretical and numerical schemes for
the drop surrounded by gas and bubbles sur-
rounded by fluid [1-13]. The emphasis in these
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previous studies was on corrections to the eigen-
frequencies of the drop (bubble) and to the drop
(bubble) shape due to non-linearities and (or) vis-
cous effects. The response to the different initial
conditions as well as the dynamics and stability of
the drop (bubble) in the presence of external pertur-
bing fields have been also investigated in the pre-
vious works. Nevertheless, the behaviour of the
drop (bubble) in cases of internal resonances, i.e.,
when non-linear transfer of energy occurs between
pairs of modes due to non-linearities, has not re-
ceived much attention. As exception is [13] where
a 2:1 internal resonance in bubble oscillations was
considered. In [6] numerical simulations are utili-
zed to study modal interactions in drops. In [2]

0020-7462/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0020-7462(00)00046-9



804 I. Rozhkov et al. | International Journal of Non-Linear Mechanics 36 (2001) 803-812

modal interactions in drops are studied experi-
mentally. Modulations in the drop oscillations
(similar to the ones predicted herein) were detected
numerically in that work.

Usually, the theoretical consideration starts with
assumptions on the properties of the fluid flow and
on the (often axisymmetric spherical) geometry of
the drop (bubble). The assumption of potential flow
and incompressibility of the fluid within the drop or
outside the bubble lead to a Laplace equation for
velocity potential and, consequently, to an analyti-
cal solution in terms of spherical harmonics. Then,
the analysis for bubbles and drops diverges. The
fluid contained in drops is treated as incompress-
ible and therefore, does not allow pulsation-type
solutions (i.e., the zeroth-order spherical harmonic);
this is not necessarily the case for bubbles where the
outside fluid although incompressible can still lead
to bubble pulsations. This difference between drop
and bubble dynamics becomes important if we
want to study non-linear modal interactions. For
the bubble, the pulsating spherical mode (harmonic
of zeroth order) leads to parametric excitation of
higher harmonics beginning with that of order
2 (since the first-order harmonic corresponds to
zero natural frequency, i.e., to pure translation of
the bubble), since the mean radius of the bubble is
a time-periodic function. Therefore, the bubble dy-
namics are characterized by stability—instability
regions arising from Floquet analysis. On the con-
trary, in the absence of pulsations, the mean radius
of the drop can be considered constant, and no
parametric excitation of higher modes is possible.
In this case internal resonances between drop
modes can produce interesting non-linear energy
exchanges and modulate the drop oscillations. It is
the aim of this work to analyze in detail such
a non-linear modal interaction and to predict cha-
nges in the drop dynamics due to modal bifurca-
tions.

2. General formulation

We consider an incompressible and inviscid free
liquid drop. The drop is surrounded by a vacuum
or a tenuous gas. We assume potential flow within
the drop, and preservation of volume during drop

oscillations. Assuming that the initial equilibrium
shape of the drop is spherical, we are interested in
the dynamics of its surface under small perturba-
tions of its shape.

First we formulate the equations governing the
motion of the drop and the associated boundary
conditions. The liquid satisfies the equation of con-
tinuity (Laplace equation for the velocity potential,
¢). Employing a spherical coordinate system with
the origin at the center of mass of the drop, and
assuming axial symmetry, Laplace equation is
given by,

rZar\| or
1 0. 0¢
+2 sinf)%(sm 0%> =0. (1)

The solution of (1) can be expressed as the linear
combination of spherical functions, "P,(6), where
P,(0) are Legendre polynomials of nth order
(n=0,1,2...).

In addition, Bernoulli’s equation for the pressure
within the drop is as follows:

2
e +p%+pgrcos(9+p=f(t), 2)
where p is the density of the fluid, and ¢ is the
gravity constant. In (2) we can set f(t) = 0, since
v = V¢, where p denotes the pressure. Expressing
v in (2) in terms of ¢, using spherical coordinates,
we obtain

_ 00 _p(% Z—L@ 2— rcos 0
P="=P% "2\%r 22\ 30 pg '

At this point we introduce the following
non-dimensional variables

p . r . t 9

"™ T g™

where, 1, is the radius of the drop in equilibrium,
and the superscript (*) will be omitted in the follow-
ing analysis. Using (4), the pressure assumes the
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following non-dimensional form:

0 1(0¢ 21 (0?2
= _E_E<E> _F<%> —rcosf (5)

The perturbed drop surface is described by the
relation F(r,0,t) = 0, where

F(@r,0,t)=r, — 1 —5(0,1), (©)

and 7 is a small perturbation. Taking the total time
derivative of the above relation describing the
surface, we obtain a kinematic condition satisfied
point-wise at the surface of the drop:

(% + V- V)F(r, 0,1) =0, (7)

where ry denotes the perturbed radius of the drop,
given by ry, =1 + 5. Taking into account (6) and
employing direct differentiation, (7) yields:

o op  1apan

— F%%_O' (8)

o or

Considering that the pressure difference on the
two sides of the surface of the drop is solely due to
surface tension, we obtain the following expression
for the pressure within the drop:

1
=p. +=-V-i, 9
P=pe+5 ©)
where p, is the external pressure, Bo = gprg /o is the
Bond number in dimensional variables, fi is the
outward unit normal to the surface r, = 1 + 5, and

21
V. n=-— _ZLS(’/I)’ (10)
r r

where L, denotes the surface Laplacian. For the
axisymmetric case this Laplacian is given by,

(0/00)(sin 6(0/00)). Expanding (10) in Taylor series
about the equilibrium r = 1 we get,

Ve =2 —(2n + L) + 2n(n + Lg(). (11)

The Taylor series in (11) was truncated up to order
n* (e.g. Longuett-Higgins [1]). Substituting (9) and
(11) into (5) and combining the resulting equation

with (8), we obtain a set of non-linear differential
equations governing 1 and ¢. Rescaling the vari-
ables as, n+—en, ¢ —n¢p, where ¢ is a small per-
turbation parameter, the governing equations take
the form:

2
(0)
pe’ + Bo + cos 0
_ a(l’) (1) €
=~y encos O — ept +BO(2VI+LS('7))
L2 (2N 2 (20) e
2\ar ) " 2\a0 be
2¢2 ¢
— (20" + nL(y) — e*n—
Bo 21"+ L) — & o
an 0p  Opan *¢
o " or - %00 T (12

In deriving (12) we expanded the external pressure
in the regular perturbation expansion, p, ~ p{® +
ep' + ... and retained terms up to order &,
Before proceeding with the analysis of Eq. (12)
we discuss certain restrictions imposed on the
variables  and p.:
(i) The assumption of uniform acceleration g of

the center of mass of the drop in the vertical direc-
tion leads to, p. = — 3, where “bar” denotes aver-
aging with respect to 0 in the vertical direction [3].

(i) The liquid in the drop was assumed to be
incompressible. Taking into account the following
expression for the instantaneous volume of the
drop, we get:

300

1 n (t2n
V= —J (1 +en)’sin0dOde

= ?[1 + 3eij + 3e2n% + O(e?)] (13)
where “bar” denotes averaging with respect to 0.
Thus, the requirement of volume preservation to
O(&*) during drop oscillations leads to the require-
ment, ij = > = 0.

(iii) The origin of the spherical coordinate system
remains fixed at the center of mass of the drop, i.e.,

ncosf =0
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Combining (i), (i) and (iii) we obtain [3],

2
P9 = 3o €0 0, (14)
p = Ccos0, (15)
where

3 49
C= — EJ. 7P, (cos 0)sin 0 do
0

and 5'© is the first term of the regular expansion
n~n®+en™ + ... Similarly, it can be shown,
using (ii), that

p® = Ccosf (16)

where the coefficient C depends on both @ and
n'Y (note that correct to order ¢°, C depends only
on #'?).

Employing the above relations, (12) is rewritten
as,

0 1
—d) +ncosf + Ccos ——(2n + Ly(n)
ot Bo

. 5([5 6(]5 2)
= —¢eCcoslh — _<E> <%> — &ps

2

2¢ 0
~ Bo —(2n* + nLy(n) — ens o

o _op_ oo a%
ot or 2000 %

(17)

Note, that due to the previous perturbation ex-
pansions, both Egs. (17) are applied at r = 1, i.e., at
the non-dimensional equilibrium value of the
radius; in addition, in (17) we retain only linear
terms in &. We see, that the Bond number Bo is the
sole parameter for our non-dimensionalized sys-
tem. Harper et al. [3] performed a linearized analy-
sis of this problem, and studied the stability of the
surface shape to small perturbations. In doing so
they neglected the non-linear terms in (17), and
determined, that the lowest critical Bond number
for surface drop instability is

(Bo)., = 11.22. (18)

Below this value of Bo the surface is “absolutely
stable” in the linear sense, i.e., it does not blow up

[3]. In this work we include first-order non-linear
effects in the analysis, and study the drop oscilla-
tions near a particular value of Bo, which turns out
to be less than the linearized instability limit (18);
thus, no instability phenomena are expected to
occur in our analysis.

First we need to decouple the linear parts of
Eq. (17). Since we are interested in studying the
surface deformation of the drop, we eliminate the
velocity potential from these equations. Retaining
only O(1) terms in (17) we obtain the following
linearized system (similar to the system studied by

[3D):

00
(g + 7 cos0 + Ccosf
L o 0)

— g + L) =0,

an(o) a¢(0)
o or

= 0. (19)

Expressing the solution in terms of the eigenfunc-
tions of the Laplace operator in spherical coordi-
nates, we have that,

o(r,0,1) i .(cos ). (20)

Similarly, we expand the surface deformation in
series,
n= ), a(t)P,(cos0), 21

n=2

where a,(t) and b,(t) are the amplitudes of the
spherical harmonics; note, that aq=a; =
by =by =0 due to the previous condition (ii).
From the second of equations in (19) we obtain

B = (22)

where the following notations were employed:

n® = a,(t)P,(cos 0),

B = r"b,,(1)P,(cos 0). (23)
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Thus,
Py 1 oy

=_ . 24
ot n ot (24)

Substituting (24) into the first of Egs. (19) we
eliminate the potential and obtain a single ordinary
differential equation governing #":

a ;0) o0
oy Z 1\ 'cos 0

©1
2o

=0. 2
+Cc0s0+§ Bo 0 (25)

3. Solution by direct expansion

We now suppose that only two harmonics in (25)
are excited. The justification for such truncation of
the infinite series will be discussed later, and will be
based on a careful study of internal resonances in
the dynamical system under consideration. Setting
all amplitudes other than the ones corresponding
to the second and third harmonics equal to zero, we
obtain the representation,

7 = a¥P,(cos 0) + a¥’P5(cos 0), (26)

in terms of which (295) yields:

62 (0) 02 (0)
373 ﬂaz P,(cos0) + = 3 ;23 P5(cos 0)
+ a¥'P,(cos 0)P; (cos 0)
+ a®P5(cos 0)P,(cos 0)

4
— CP,(cos0) + Ea‘zo)Pz(cos 0)

10
+ Eago)P3(cos 0) = 0. (27

Multiplying (27) by P,, taking the average of the
result with respect to 0, and repeating the same
operations with P, we obtain a set of two coupled
linear ordinary differential equations governing the

dynamics of our system at O(1):

’a 8 6
Tzz Fpo T4 =0,
0% 9 30
P ga‘;” + —Boag°> =0. (28)

In deriving (28) we have used the following proper-
ties of Legendre polynomials:

2

o2
"o+ 1

& SN o n+1

nPPn= A~ qY%- P + dp Pn

L PPy =2 e Put Ly S
+%a2P1.

Due to the previous truncation we have that
a; =a4 = - =a, =0, and, in addition [3],

C= —%ClzPl.

The system (28) gives us information about the
normal modes of the linearized system; however, in
this work we are interested in the next order of ¢ in
order to obtain the modulation equations for time
periodic solutions correct to O(e). Hence, repeating
the above manipulations for system (17) to order

O(e), and upon substitution of the perturbation
expansion a, = a¥’ + eay, a; = af + eay’, we
obtain the following corrected version of Egs. (28)
that account for leading non-linear effects:

0%a, N N 6
—= +—a, +=a
o> "Bo 717

9 (2a\*  16(0a\? 5%
“1a\ o 21\ ot 7o

52(1(0) 40 2 176 2
(0) 7 (0 (0)
7o ® T8 TaBe™ ]
Pay 9 30
o "57% Bo®
14924

0)

1604 049
:[15& ot

160%a) 384
5o o 1530“(20)“(30)} (29)
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A special note regarding the notation used in (29) is
in order. Due to the perturbation expansion used,
the right-hand sides of these equations contain the
O(1) approximations for the amplitudes, governed
by the linearized system (28). The right-hand sides
contain the non-linear estimates for the amplitudes,
defined immediately above (29).

4. Multiple-scales formulation

The system (29) is in the form of a weakly non-
linear dynamical system and, thus, is amenable to
analysis techniques from the theory of non-linear
dynamics. In what follows we will apply the
method of multiple-scales to study the “slow” dy-
namics [14]. Before we proceed to the analysis
a study of the linearized eigenfrequencies of (29) is
undertaken in order to justify the truncation of the
series (25). These eigenfrequencies are computed as,

19 121 54
Wy = E’

19 20 54
Wy = [— — [—/— + .
2 Bo Bo ' 35 (30)

We now restrict our attention to the special case of
1:2 resonance between the second and third har-
monics. This is achieved by selecting the parameter
Bo so that w, is nearly equal to 2w,. Under this
condition, a 1:2 internal resonance is possible, that
non-linearly couples the dynamics of the two
modes giving rise to non-linear phenomena having
no counterparts in linear theory. If no other low-
order integral relationships (such as 1:4, 2:3, etc.)
exist between the remaining harmonics and the
second or third harmonic, no additional internal
resonances exist and one expects that the remaining
modes are uncoupled (to first-order) from the ones
studied herein. In addition, the quadratic non-lin-
earities of (29) are expected to excite only the 1:2
internal resonance and no other higher order res-
onances. Hence, our truncation to two harmonics is
justified. From (30) the value of the parameter for
exact 1:2 internal resonance is Bo* = 2.40986. We
introduce a tuning parameter o, and choose the

Bond number so that near resonance occurs:
Bo = Bo* + ¢agy. (31)
Introducing (31) into (29) we obtain:

0%a, 8 6
61?2 + Bo *az + 7a3

_ 80'0 9 5a2 2 n 16 a(l3 2
o T 14\ o 21\ ot

50%a, 40%a,
MR

150t ot 15 ot?
160%ay 384

15 02 1530*“2“3]

and suppress the superscript star for Bo* in further
manipulations. We now introduce the following

linear coordinate transformation that decouples
the linear part of (32),

2\ _ ey 33
<a3>_[ ]<d3>’ G3)

where

300'0 |:168a2 @a3 14(32a2
——d; —

+

(32)

1, 8 [ , 8
Cy —6<601 —E) G, = 6<602 —E>

and analyze the resulting linearly decoupled system
employing the method of multiple scales [14]. To
this end, we introduce “slow” and “fast” scales,
Ty =t and T, = ¢t, and expand the amplitudes
d, and d; in regular perturbation expansions using
at the same time the new slow and fast independent
variables. Then the following series of subproblems
arises at different orders of approximation.
At order £°

DZdY + w?dY =
D3dY + wid =0, (34)
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with solution,

dY) = A, T 4 cc.

dY) = Aze' 2" 4 cc.

where c.c. denotes the complex conjugate,
Do =d/dTy and i = (— 1)"/%. The complex ampli-
tudes are in turn expressed as

A3 = %06361133

Ay = Suyelf;

where the real amplitudes o; and phases f;,i = 1,2,
are determined at the next order of approximation.
At order ¢':

D3 + widy = Uyo0ds’ — 2Dy D, dY’

+ U1[Dod"]* + U, [D3ds"1ds

+ Us[d$’]? + c.c. + unimportant terms
DY + widy = Vsoody —2DyD,dY

+ V1[Dody"1[DodS’] + V[ D3ds1dS

+ V3[D3ds"1dY + V,dYdy)

+ c.c. + unimportant terms, (35)

where Dy = d/dT, we retained only secular terms
for 1:2 resonance [3] and the various coefficients
are defined by,

1
Uy = o= (150 = 4C: — ¥

|

1
U, = ﬁ(%_gcz - %Cz - %Cg)a

1 384 176 , 40
U3"cz—-c1<1sBoC2'_2130C2“7§5C2>

8C2 — 30C1 0o

Uy=——— 36

4 C2 — Cl BOZ’ ( )

1 2 16
Vy =c._c.v (5C; +31C1C, —14(Cy + Cy)),
2 1

V, = ! (3C, +%c3icC 12c,),

2 — C2 _ Cl 1 7 2 15%-2

1
Vy=———06GC +

iC1C, —11C
Cz —Cl 2 15 1)7

1 80 352
Vo=——|—C, +—=C3C
4 CZ—C1<7B0 1 1B 12

- &(C1 + Cz))

15Bo
30C2 — 8C1 ()
=2 % 90
C,—Cy Bo

Introducing the new tuning parameter ¢ so that
the two frequencies are related by w; = 2w, + og,

o= ko, (37)
where

_ by 363 1

203 Bo? Bo? (121 54\ V2|

and eliminating secular terms from (35), we get the
following modulation equations:

.6012 : ﬁz aoly .
— iB, __ 1ﬁ + U 1[32
oT, »a7,° Dok’
+ K(w%(Ul + U,) — Uj)e® 77T =0, (38)
1
0oy ﬁs i
i elﬁs _ lﬂs 14 lﬁa
aTl aTl + 52(1)2](
oy 0
+ 420)3(0\)2(/01 V1 + Vz(,l)% + V3CO%
2
_ V4)ei/i2 +ieT, —ifs — 07
or
oo 0 _
16T2 — ocZ% + a3l e?f i ioTy o g0, =0,
1 1
0oz I
i — 0 + o300, I, et ~ 216 TioTh
oT, 35T1 30213

+14GOC3 =0. (39)
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Setting ¢ =23 — f, — 0Ty, and separating real
and imaginary parts in (39) we obtain the following
set of four first-order equations:

Jo .

ﬁ + 031, sin¢g =0,

O .

ﬁ — az0,1, sing =0, (40)
0

az% — O(%Il COS(b —13(70(2 = 0,

O(3ﬁ - 0(30(2[2 COS¢ - 140-0(2 - 0,

where

I = w3(Uy + Uy) — Us
L=

5

4(])1
I, — Wy W1 V1 + Vz(])% + V3C0§ — V4
2 — 40)2 )
U, Vs
I3 =—— I, = .
? 2(01]( N 2(02](

Introducing the polar transformation

12 1/2
0y = 0COSY, O3 = oc<l—> siny,
1

where y = 8, — B3, (41)

we get the relations

L?) = 0= a = const,

. 2
sin

¢ =ols +oclzcos¢<2cosy— / >,
cos?y

v = al, sinysin ¢, (42)

where I5 = 21, — I — 1. Egs. (42) constitute a dy-
namical system of the two-Torus and 7, ¢S x S.
The first of the above equations is equivalent to
a statement of energy conservation during the non-
linear modal interactions between the second and
third harmonics of the drop. Hence, the analysis is
performed on an isoenergetic manifold. Moreover,
it turns out that system (42) is integrable with a first
integral of motion given by

K(y, ) = scosy* + 2cos ysin ¢ cos ¢, (43)

where s = ol5/I,0. Equilibrium (singular) points of
(41) correspond to points where dK/dy =0 and
dK/d¢ = 0. The latter relation gives

cosysin?cosp =0=¢ =0, x
and
y =0,7m,7/2,3n/2. (44)

Substituting each of these possibilities into the
relation dK/dy = 0, gives

2cos¢p —s =0,
3cosy? —scosy —1 =0. (45)

Taking into account that |cosy| <1 and
|cos ¢| < 1 we get the bifurcation value of s:

Spig = + 2 (46)

The lines y = 0,  are invariant lines in the phase
plot of system (42), and y = /2 and 3n/2 lead to
cos¢p =0 or ¢ =m/2,3n/2. So the only possible
bifurcations can occur at s = 4+ 2 which corres-
ponds to ¢ = + 7.86 for o = 1.

In Fig. 1 we present the phase trajectories of (42)
for two different values of the tuning parameter,
o = 7.0 (Fig. 1a, before the bifurcation) and ¢ = 8.0
(Fig. 1b, after the bifurcation). We note that the
Saddle-node bifurcation as o is decreased past 7.86
generates an stable-unstable pair of equilibrium
points and a homoclinic loop connecting the unsta-
ble equilibrium with itself.

In order to determine what is the effect of the
bifurcation on the surface shape of the drop we
resort to the old amplitudes, computed by

a, = cosy(et)cosLmw,yt + 2y(et) + P(et)
+ eat + O(e?)) + sin y(et) cos(m,t + y(et)
+ P(et) + eat + O(e?)) + Oe).
as = Cy cosy(et)cosRmyt + 2y(et) + ¢(et)
+ eat + O(e?)) + C, sin y(et) cos(w, t + y(et)
+ ¢(et) + eat + O(e?)) + Ofe). (47)

Now, in order to observe the effect of the bifurca-
tion on the drop oscillations we select the initial
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(®) 0.5 1 1.5 2 2.5 3

Fig. 1. (a) Phase portrait of the system before the bifurcation
o =70. (b) Phase portrait of the system after bifurcation
g =8.0.

conditions, corresponding to the homoclinic loop
for “slow” variables, before (¢ = 7.0) and after
(0 = 8.0) the bifurcation. The resulting transient
responses for variables a,(t) and as(t) are depicted
in Figs. 2 and 3. We note that on the homoclinic
orbit the envelope of mode 2 decays with time, and,
as a result, after sufficiently long time the drop
oscillates predominantly in the third spherical

a2

|

5

-10

HH)I\HHI
e

L
.

N

-10

Fig. 2. Transient responses ¢ = 7.0.

mode. Close to the homoclinic orbit the second
mode undergoes fast oscillations with slow
envelope modulations of long periods. When no
homoclinic orbit exists the second mode undergoes
large-amplitude modulated oscillations, with
shorter period envelope modulations.

5. Discussion

We considered a drop of inviscid, incompressible
fluid in a gravitational field. In contrast to most
previous linearized studies, we included leading-
order non-linear effects in our model, and
preceeded to an analytical study of the drop oscilla-
tions. Specifically, we studied a 2:1 internal
resonance between the second and third spherical
modes of the drop, and used the method of
multiple-scales to study the slow-flow modal inter-
actions (energy exchanges) between the two modes.
An interesting feature of our analysis is that it leads
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a2

10

-10

a3

b‘”k ‘\‘» | \\ \s ‘\

Fig. 3. Transient responses ¢ = 8.0.

|

|
i

it
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|

|
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to a completely integrable system on the 2-torus.
The analysis reveals that a bifurcation occurs in
the slow flow that leads to long-time amplitude
modulations of the drop oscillations. After the
bifurcation (when no homoclinic orbit in the slow
dynamics exists), the amplitude modulations are of
shorter duration and of larger amplitude and much
more rigorous non-linear energy exchange occurs
between modes. As a general result, the homoclinic
orbit leads to energy localization in the third (high-
er) interacting mode. The analysis can be extended

to bubbles (in the absence of pulsations), and to
higher-order modal interactions in drops.
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