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Long-wave equations and direct simulations for the breakup of a viscous fluid
thread surrounded by an immiscible viscous fluid
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We consider capillary driven breakup of a viscous liquid thread in a second immiscible viscous liquid
of infinite extent and arbitrary viscosity. Postulating the existence of long-wave dynamics, we use the
slenderness parameter € < 1 (proportional to the interfacial slope, for example) to construct consistent
asymptotic theories using matched asymptotic expansions at arbitrary viscosity ratios. Three canonical
models are found, two of which hold for asymptotically small values of the inner to outer viscosity ratio
A~ eZand A~ 1/1In(1/e), respectively, and the third valid for large A ~ 1/(¢2 In(1/€)). The smallest and
largest A produce appropriate limits of models described in the literature when the inner or outer fluid
is air, respectively. The intermediate A model is found to be ill-posed and a technique is described to
regularize it by considering terms arising from the asymptotic forms of the A ~ €2 model as its scaled
viscosity ratio becomes large, and from the asymptotic forms of the A ~ 1/(€2 In(1/€)) as its scaled vis-
cosity becomes small. Time-dependent direct numerical simulations based on boundary integral methods
are also used to predict the dynamics for a large range of viscosity ratios (0.001 < & < 20). Intermediate
values of A indicate that the dynamics is not long-wave, consistent with the asymptotic analysis, but are
self-similar in a pinch-off region with order one aspect ratio. Simulations at large and small values of A
produce intricate dynamics near pinching and in particular the formation of necks, threads and bulges.
The direct simulations and the asymptotic models valid at A ~ €% and A ~ 1/(e% In(1/€)) complement
each other and the former confirm the validity of the long-wave assumptions.
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1. Introduction

Liquid threads are encountered in numerous technological and industrial applications including ink-
jet printing, extrusion processes and emulsification, spraying, electrospinning, to mention a few.
The underlying phenomena are driven by capillary or Rayleigh instability—Rayleigh (1892)—that pre-
dicts that all waves longer than the undisturbed thread circumference are linearly unstable. Physically,
a cylindrical liquid thread that supports surface tension tends to minimize its surface area by driving the
system to drop formation. Utilizing this mechanism to produce a controlled stream of drops underpins
established technologies such as ink-jet printing—for more recent microfluidics applications, see Anna
et al. (2003). On the other hand, electric fields along the jet axis are used to suppress capillary instabil-
ity as applied in electrospinning technologies. In addition to the temporal instability modes uncovered
by Rayleigh, a liquid jet is also susceptible to spatial instabilities; these are disturbances with a fixed
frequency of oscillation that can grow downstream as they travel, see Keller ef al. (1973). As the Weber
number (equivalently the undisturbed jet speed) is reduced below a critical value the jet exhibits absolute
instability—two lower order poles in the dispersion relation merge to produce a pinch singularity—and
the jet grows in both space and time. Such phenomena also appear when a jet is surrounded by a sec-
ond fluid, as seen in the compound jet study of Chauhan er al. (2006). For an alternative analysis of
absolute-convective instability for certain evolution PDEs, see Fokas & Papageorgiou (2005).

The present study is concerned with the non-linear dynamics and ultimate topological jet-pinching
transitions that are seen in two-fluid jet systems, where a viscous liquid thread is surrounded by a second
immiscible viscous liquid (taken to be unbounded in the radial direction). A combination of computa-
tional techniques has been applied by various authors and we mention the boundary integral computa-
tions for Stokes flows by Newhouse & Pozrikidis (1992), Pozrikidis (1999), Lister & Stone (1998) and
Sierou & Lister (2003) along with Navier—Stokes computations by Chen er al. (2002), Hameed et al.
(2008b) and Doshi et al. (2003). It is evident from all these theoretical studies as well as experiments
(e.g. Cohen et al., 1999; Kowalewski, 1996) that the presence of a surrounding viscous fluid influences
significantly the analytical solutions found for single jets surrounded by a hydrodynamically passive
medium—see Eggers & Dupont (1994) and Papageorgiou (1995).

The emergence of long-wave dynamics depends critically on the viscosity ratio; it has been shown
that consistent long-wave models that can describe breakup can be found when the ratio of inner to outer
fluid viscosity A, say, is asymptotically small or large (see Doshi et al., 2003; Lister & Stone, 1998,
respectively). We employ rational asymptotic expansions to derive three canonical underlying long-
wave models for A ~ €2 << 1, A~ 1/In(1/€) <« 1 and A ~ 1/[€>In(1/€)] > 1, where € < 1 denotes the
slenderness ratio—see Section 2 for the definition. The A < 1 models are characterized by a Poiseuille-
like flow in the jet interior due to the viscous drag exerted by the surrounding fluid, whereas the latter
scaling having A >> 1 induces a plug flow to leading order in the jet interior. This latter case corre-
sponds to finite outer viscosity (albeit asymptotically small) modification of the equations studied by
Papageorgiou (1995) and these are recovered in the appropriate limit. The asymptotic analysis is based
on a combination of a long-wave lubrication approximation for the inner region fluid dynamics and
these are matched to the outer unbounded domain flow at the interface. The outer flow is represented
by an axially periodic distribution of singularities (Stokeslets and sources) placed on the jet axis; this
follows the original ideas of Handelsman & Keller (1967) and Geer & Keller (1968) for potential flows
and their extensions to Stokes flows by Buckmaster (1972) and Acrivos & Lo (1978). In addition to
deriving long-wave models, we carry out direct simulations based on boundary integral methods using
the techniques applied by Wang & Papageorgiou (2011) in a related problem. The computations follow
capillary pinching for XA in the range [0.001, 30]; for A neither too small nor too large (e.g. between
0.03 and 10, for instance), the breakup dynamics follow a self-similar scenario which is not long-wave,
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in agreement with the findings of previous studies (e.g. Sierou & Lister, 2003). When A is smaller or
larger and hence outside this regime, more intricate behaviour is found including sequences of necks,
threads and bulges in the vicinity of the pinch point. A full comparison between these simulations and
the asymptotic models developed here will be carried out elsewhere.

2. Long-wave models for the breakup of a fluid thread
2.1  Formulation

Consider an infinitely long cylindrical thread of viscous fluid with viscosity Ap surrounded by an
immiscible, unbounded fluid with viscosity w, so that A is the ratio of the interior to exterior viscos-
ity. We assume that inertia is sufficiently small for the evolution to be governed by the Stokes equations.
The unperturbed radius of the fluid thread is b and constant surface tension o acts at the interface.

We are interested in deriving consistent evolution equations valid for axisymmetric long-wave evo-
lution of the thread that are capable of predicting pinching. See, for example, Papageorgiou (1995) for
a successful application of such an asymptotic theory when A = oo. To achieve this, we assume that
disturbances of the interface shape have a typical axial length scale of order / and the ratio b/l =€ < 1.
In a cylindrical polar coordinate system (7,6, z), all lengths are non-dimensionalized by [/, which leads
to independent variables 7 =r/e and z in the interior or thread region with r and z in the exterior
region. With this scaling, axial perturbations are of order O(1) and the interface is located at r = GR(Z, 1).
Looking ahead, the separation of scales in the thread allows a lubrication analysis there, but the flow in
the exterior region is governed by an elliptic problem whose solution is described later. Pressure is non-
dimensionalized by the capillary pressure o/b in the interior or thread region and by o /[ in the exterior
region, while velocities, which are continuous across the interface that separates the two regions, are
non-dimensionalized by the capillary velocity o/u, and time is non-dimensionalized by ub/o. Depen-
dent variables in the thread region are denoted by lower case letters and the corresponding quantities in
the exterior region are denoted by upper case letters.

The governing equations are as follows:

In the interior or thread region, 0 < 7 < R(z, 1)

1 92 ap A 92 ap
(vl =2 (il )u=2, 2.1
( A 812>u oF e( Fe 02 )" %z @1
19 F
L Guy) + e2E . (2.1b)
ror 9z

In the exterior region, r > €R(z,1)

1 92 P 92 P
2 _ 2 . _
(7-ntia) o= (%) e o

10 oU.
-—@U) + —=+=0. (2.2b)
ror a9z

Here, Vf = (1/r)(9/9r)(r(d/9r)) and a similar expression for V;z represent the radial derivatives of the
Laplacian.
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The boundary conditions on the thread axis are
ou,
u(0,z,t) = —(0,2,1) =0, (2.3)
ar
and in the exterior region

U,U,— 0 asr— oo. 2.4

At the interface r = eINQ(z, 1), the conditions to be satisfied are continuity of velocity, the kinematic con-
dition and continuity of stress. The length scale for non-dimensionalization of these is /, and below we
use primes to denote 9/09z:
Continuity of velocity
u,=U,, u,=U,. (2.5)

The kinematic condition
R, —u, +eu,R =0. (2.6)

Tangential stress balance

< 0w, 1 s=n [ Ouy 10u; -, 0u,
ASR +-(1—-€eR)| —+ - —eR—
2 0z 0z

ar € or

- AU, 1 -, (03U, 93U - AU
={eR—L +-(1-¢*R z ) —eR—2 4. 2.7
{6 or T2 € )(81+8r) PR @7

Normal stress balance

2eA 1 du, =, (0u, 10u; 020Uz
(14 €2R?) L€ or 0z € or 0z

2e au, ., (dU, U, 522U,
—€eP+ ——— —€R + +€e°R"—
(1 +€2R?) | or 0z ar 0z
1 €’RR"
== — 1- — 5. (2.8)
R(1 + €2R*)1/2 (14 €2R?)

Here, all quantities are evaluated on the interface, so that with our choice of radial coordinates, depen-
dent variables and their derivatives in the interior or thread region (denoted in lower case) are eval-
uated on 7= R(z, ), while analogous quantities in the exterior region (upper case) are evaluated on
r=e€R(z,1).

Our interest is to construct asymptotic long-wave models in the limit in which the fluid of the interior
region is a small aspect ratio ‘thread’, that is, as € — 0 with the interface slope R'(z,1) of order O(1).

2.2 The solution in the exterior or surrounding fluid

The assumption of small aspect ratio implies that flow quantities in the exterior fluid can be expressed
in terms of a distribution of point forces or Stokeslets f(z, ), that act in the axial direction, and a dis-
tribution of point mass sources g(z,t), where both distributions are located on the thread axis r=0.
The evaluation of flow quantities on the interface is given in the classical results of slender body theory
for Stokes flow, of which two early examples are Buckmaster (1972) and Acrivos & Lo (1978). The
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expressions that result and more details of their derivation are given in, for example, Hameed et al.
(2008a).

To summarize, in terms of f and g the flow quantities and their derivatives in the exterior fluid,
evaluated at the interface r = €R(z, t), are given by

2g
= —2¢eIn(1/€)f'R + + U.=4In(1/e)f —2In(1/e)g’ + -, (2.9a)
aU,
P=—4In(1/e)f +---, = - (2.9b)
r
iU, 8UZ 4f 4g/ 8Uz / ”
+ = 4+ 2 ..., =41In(l/e)f" —21In(1/e + .- 2.9¢
52 P - Py (I/e)f (1/e)g (2.9¢)

Here and below, an ellipsis denotes terms that are of higher order. The distributions f and g that appear
in these expressions have not yet been scaled with respect to €. Scalings are sought below, by looking
for distinguished limits that relate the viscosity ratio A to € in different regimes as € — 0, and which
result from satisfying the interfacial boundary conditions (2.5-2.8).

2.3 The solution in the interior fluid

A crucial observation that allows a rational determination of the different scaling relations between A
and € is that the flow induced in the interior fluid has a velocity profile that is either of Poiseuille- or
plug-flow type.

To see that these are the only two allowable forms of velocity profile within the thread, we introduce
a stream function v, where u, = (—e/7)(dvy/9z) and u, = (1/7)(3y/97). Eliminating the pressure p
between (2.1a), we find that v satisfies

SRS W WS A I W WSS B A WP . 210
r—=V: r— r\Vi—=)= € — =0. .
7V \757) 752 U 5o TR 97

So that, to leading order, from the boundary conditions (2.3) the stream function is given by
=4 =

Yo = Aoz, r)lr—é + Bz, r)%. .11

Using the stream function (2.11) to reconstruct the velocity and pressure, and then rescaling so that
the pressure p inside the thread is O(1), when Ag = dpo/dz &= 0 we find a Poiseuille-type velocity profile

dpo
pZPO(Z’t)'f‘"', uz_f aiz +BO(Z9I) 5
(2.12)
32p0 ;3 8B0 ( ) 7
U= ——
A\ 92 16
However, when Ay = 0 we find a plug-type velocity profile
1 —1 0By I
PZPO(ZJ)‘F"" uz:aBO(Zst)—i_"'v ur—ii( )E . (213)

To estimate the order of magnitude of the component of the velocity gradient du,/d7 for plug flow, we
return to the axial component of the momentum equation (2.1a) to find that radial dependence of u,
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occurs at an order €2 smaller than leading order, and that

1 € apo 3230 ;2
uZ_E)uBO(Z’t)—i_.“—i_)L((aZ_aZZ Z“I‘Bl(Z,t) + e (2-14)

2.3.1 Poiseuille flow in the interior fluid We perform order of magnitude estimates on the interfacial
boundary conditions when the flow in the thread is of Poiseuille type, per (2.12). We then look for
scalings of A, f and g with respect to € that provide a leading-order balance between a maximal number
of terms in each of the interfacial boundary conditions.

Continuity of radial velocity at the interface per (2.5), with (2.9a) and (2.12), gives

il LY 2eln(1/e)f R+ 2% (2.15)
— | ——=+—= | =-2eln(l/e =. :
A 9z 16 daz 2 €R

On multiplying through by A/e?, we have a potential balance between terms of orders O(1),
O((A1In(1/€)/€)f") and O((r/€®)g). Continuity of axial velocity at the interface, per (2.5) with (2.9a)
and (2.12), gives

€ [ dpo R?

- (814 +BO> =41In(1/e)f. (2.16)

Here, the term in g’ of (2.9a) has been neglected since its magnitude relative to the term in f is nec-
essarily smaller than that given by a leading-order balance in (2.15). On multiplying through by A /e,
(2.16) gives a potential balance between terms of order O(1) and O((A In(1/€)/€)f), so that no further
information for the scalings, relative to that already given by (2.15), is found.

Of the conditions to be satisfied at the interface, the kinematic condition (2.6) is the only one that
contains a time derivative, and it may be necessary to introduce a new time scale t = §¢ in order to retain
a time derivative in the evolution equation that is sought for the interface position R. From the continuity
of velocity at the interface, the velocity components can be expressed in terms of the Stokeslet and mass
source distributions f and g, respectively, so that (2.6) with (2.9a) gives

SR, =eIn(1/e) (—2f'R —4fR) + 2—;‘;. (2.17)
€

As in (2.16), the term in g’ that appears in the axial velocity of (2.9a) has been omitted here since it is
of higher order. The terms in (2.17) are of order O(5), O(e In(1/¢)f) and O(g/¢€), and we note that the
ratio of the magnitude of the terms containing f and g is the same as that found in (2.15), so that for the
scalings sought, only information about § is provided by a balance of terms in (2.17).

In the tangential stress balance condition at the interface (2.7), when the interior flow is of Poiseuille
type from (2.12) the one component du./d7 of the velocity gradient provides a contribution that is of
greater magnitude than all others to the tangential stress in the interior fluid. With (2.9b) and (2.9¢), the
tangential stress balance gives a potential leading-order balance among terms of the equation

dpoR  2f 2gR N 2¢’

3z 4 eR  €R*  €R’
These are of magnitudes O(1), O(f/€) and O(g/¢).

(2.18)
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In the normal stress balance condition (2.8), contributions to the viscous stress due to the interior
fluid are estimated from (2.12) and found to be at most of order O(e?), and are therefore neglected
relative to the interior pressure and surface tension, which are O(1). Contributions to the normal stress
due to the exterior fluid are estimated from (2.9b) and (2.9¢). The term of greatest magnitude that
contains f is of order O(e In(1/¢€)f’), which by comparison with (2.18) is necessarily of higher-order
relative to the interior pressure and surface tension. The Stokeslet distribution f therefore does not
appear in the leading-order normal stress balance, which becomes

4g 1

— = =. 2.19
eR? R ( )

pPo —

These are of magnitude O(1) and O(g/¢), which are in the same ratio as found in the tangential stress
balance relation (2.18), so that no further information for the scaling of g is found.

To find scalings that balance a maximal number of terms, we therefore have the information provided
by continuity of radial velocity at (2.15) and the tangential stress balance at (2.18) alone. Continuity of
radial velocity implies a possible balance of terms among

Aln(l/e) , g
€

1, f and A, (2.20)

€3
and the tangential stress balance implies a possible balance among

f

1, = and
€

g 2.21)
€

The kinematic condition then gives the magnitude of the time scale §, from a balance of terms among
5, eln(l/e)f and &. (2.22)
€

We note that the ratio of terms containing f and g is the same in both (2.20) and (2.22).
By inspection, not all terms of (2.20) and (2.21) can enter a balance, and there are two consistent
choices or canonical regimes for A as follows:

1. f~e€ and g ~ € to balance all terms in (2.21); theg A ~ € for a consistent balance in (2.20). In
this case, (2.16) implies that the axial velocity u,(R, z,) = 0 on the interface and (2.22) implies
that § =1;

2. g~€?In(1/e)f" and A ~ €3 /g to balance all terms in (2.20); then f ~ € for a consistent balance
in (2.21). This gives g ~ € In(1/€) and A ~ 1/1n(1/¢€), with § ~ €>In(1/€).

The scaling A ~ €? at 1 has been considered by Doshi et al. (2003) and Sierou & Lister (2003). For
completeness, we include some details of the derivation of the long-wave model for this scaling regime
in the Appendix, but the result is needed in the discussion below. Putting A = €%, where Ao = O(1),
dropping the zero-subscript on po and writing R for R (with some overuse of notation), we have

R 1 10 [0
P~ T (g, (2.23)
ot 1619 R 0z 0z

1 20R

D (2.24)

“rR T Roc
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Together with initial and boundary conditions this forms a closed system for the determination of R
and p.
We proceed with the scaling at 2 above, and write

A
= ey, g=€n(1/)go+---, S=e2In(1/e), (2.25a)
In(1/€)

u.=eln(1/uo+---, w=en(l/u+---, p=po+---, R=Ry+---. (2.25b)

This scaling retains all terms among (2.20), and hence all leading terms among (2.15-2.17), which
become

1 32p() RS 3B() R() 2g0
————=4+ —— ) =2¢f/Ry — ==, u, continuous, 2.26
A1<8z216 9z 2> oo = 220
1 3[)() R(2) .
— | — — + By | =4fy, u, continuous, 2.27)
)»1 aZ 4
2
9:Ry = —2fyRo — 4foR;, + %, kinematic condition. (2.28)
0

In the stress-balance boundary condition, the mass source distribution g does not contribute at leading
order in this scaling regime, and after a little rearrangement we have

R%d
fo= —§0 %, tangential stress balance, (2.29)
z
1
po= R normal stress balance. (2.30)
0

Both By and fj can be eliminated between (2.26) and (2.27) to give an expression for the mass source
strength g, while (2.28) gives fy directly. Both expressions are in terms of Ry and py. Then, from (2.28)
and (2.30), after dropping zero-subscripts, we find the pair of long-wave evolution equations

oR 1 1 10 ap
-+ — ) =— (R*L), 2.31
0T (4 + 16k1> R oz ( 8Z> ( )
1
=—. 2.32
P=x (2.32)

From (2.27) and (2.29), the term By that appears in the velocity profile (2.12) is given by By = —(1 +
201)(Rp'/4).

2.3.2  Plug flow in the interior fluid. 'When the flow in the thread is of the plug-flow type, the velocity
profile is given by (2.13). Long-wave models for this case have been considered by Papageorgiou (1995)
for a Stokes flow thread and by Eggers & Dupont (1994) for a Navier—Stokes thread, with inviscid
surroundings adopted in both studies. Lister & Stone (1998) extended the long-wave model for a Stokes
flow thread to include viscous surroundings, by somewhat heuristic reasoning, and the result is given
here.
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There is only one significant scaling regime when the flow in the thread is of the plug-flow type, and
the scalings are

A2
=
€21In(1/¢)

u,=eln(1/u+---, wu=eIn(l/up+---, p=po+---, R=Ro+---. (2.33b)

f=¢fo+---, g=o(In/e)), 8=e*In(l/e), (2.33a)

The long-wave model is given by

OR = R Row _

— — 4+ —— =0, 2.34
or TV T 2% 2:34)
9 ow oR
Jo— [ 3R?— — =2w, 2.35
a9z ( 81> * 0z v (&9

where the zero-subscript on R has been dropped and we have set u,o = w.

3. Discussion of the long-wave models

The three long-wave models given above agree or match when the relevant limits of the viscosity ratio
are formed.

To see this, first consider the limit of the small viscosity regime model (2.23) and (2.24) as its
viscosity parameter Ao — 00. Since § = 1 in this regime, per (A.la), it has time T = ¢. If this is rescaled
to a new time T = 7/A¢ and the limit Ay — oo is taken, after eliminating p, one finds the single equation

oR 1 9 40 (1

—=——|R"— (=), (3.1)

0t 16ROz 9z \ R
for R, where T is a slow time relative to T = ¢. This is the same as the limit of the intermediate viscosity
regime model of (2.31) and (2.32) when its viscosity parameter A; — 0. To form this limit, the slow
time t of (2.31) is rescaled to T =17/X; and p is eliminated via (2.32). In this case, 7T is a fast time
relative to the time 7 of (2.31) and (2.32).

Next, consider the limit of the intermediate viscosity regime model of (2.31) and (2.32) when its
viscosity parameter A; — oco. Eliminating p between (2.31) and (2.32), we immediately find the equation

aR 1 0 10 (1
—=——(R"— (=), (3.2)
ot 4ROz 9z \ R

which is also (3.1) with time rescaled. Equation (3.2) is the same as the limit of the large viscosity

regime model (2.34) and (2.35) as its viscosity parameter A, — 0, as is seen once w is eliminated and a
little manipulation of the z-derivatives is performed.

3.1 The leading-order intermediate viscosity regime model is ill-posed

It turns out that the intermediate viscosity regime model of (2.31) and (2.32) is ill-posed in the sense
that the growth rate of small-amplitude disturbances of a cylindrical thread grow without bound with
decreasing wavelength (on the other hand, note that the small and large A models are linearly well-posed
in the sense that disturbances do not have unbounded growth rates as the wavenumber tends to infinity).
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On setting R=1 + &(z, ) in (2.31) and (2.32) and linearizing, we find the backward heat equation

_ bt 33
Sr—_4< +%)§zz- ()

It follows immediately that the large viscosity limit of the small viscosity model, given by (3.1), and
the small viscosity limit of the large viscosity model, given by (3.2), are also ill-posed, since both are
found when p is eliminated between (2.31) and (2.32) and time is rescaled.

3.2 Regularization

Both of the limiting evolution equations (3.1) and (3.2) hold at leading order. The inclusion of viscous
effects in either of the models (2.23-2.24) or (2.34-2.35) at the next order can render them well-posed
or, in other words, regularize them.

Consider the small viscosity model (2.23-2.24) first. To form a regularized model when Ay > 1, it
is necessary to use (2.23) to express the time derivative 9, R in (2.24) in terms of spatial derivatives, and
then to rescale to the new time 7 = /A that was introduced in (3.1). Putp =R~ + Q/Ag + - - - to find
an expression in terms of spatial derivatives for Q. On substitution of this in the time-rescaled version
of (2.23), one finds

R 1 0 [.,0 (1 18,0 (1a [0 /[1
o " 2 (rE(2))+ (RIS (RE (= LG4
0t 16ROz 0z \ R 1280R 0z dz \ R? 9z 0z \ R

Small-amplitude, linearized disturbances given by R = 1 + £(z, 1) satisfy

1

1
= — . 35
E 16 g&Z 128)\.0 EZZ.,Z ( )

The fourth derivative term regularizes the model equation by damping the growth of short wavelength
disturbances. It has the same eigenvalues as the linearized Kuramoto—Sivashinsky equation; see, for
example, the review by Hyman & Nicolaenko (1986).

To regularize the large viscosity model (2.34-2.35) when 1, < 1, put w = (9;R/2) + A0+ -+ in
(2.35) to find that Q = 20.(R?3R). Then, from (2.34) we have

R 1 9 1 A 9 ’R
R _ LI (pad (IN) 3429 (08 (o RYN (3.6)
9t  4R03z \ 9z \R 8R az \' 0z \' 9z

Linearized small-amplitude disturbances &(z, ), where R = 1 + £(z, 1), satisfy

1

3
75& - ?Ezzzz’ (3-7)

€r=_4

and, as at (3.5), the fourth derivative term regularizes the model.

A means of regularizing the intermediate viscosity model is to include higher-order terms in €
in the curvature or capillary stress term of the normal stress-balance boundary condition (2.8). In a
long-wave approximation, the leading-order effect of curvature is given by the component in the plane
z = constant, which is sometimes referred to as hoop stress. The component in the orthogonal plane
adds a higher-order z-derivative to the second of (2.31) and (2.32), to givep=1/R — 628Z2R. Linearized
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small-amplitude disturbances &(z, ), where R = 1 + £(z, t), then satisfy

_ ! 1 ,
gr = —Z (1 + 4)”) (%}Z +€ Ezzzz) s (3.8)

which provides a high frequency cut-off or negative growth rate for disturbances with wavelength less
than O(e).

4. Direct numerical simulations

In this section, we report on numerical simulations for the capillary breakup of a slender drop in Stokes
flow. The velocity on the drop interface is governed by the boundary integral equation (see Lister &
Stone, 1998 or Pozrikidis, 1999)

A—1 PV
Uq (Xo) — o+ ), Qupy (X, Xo)up (X)n,, (x) dI(x)

1
=650 /1 K Moyp (X, X0)ng (x) dI(X), 4.1

where [ is the interface profile, which has outward normal n and curvature «. Here Qup, and Mg
are the axisymmetric version of the Stresslet distribution (or double layer potential) and the Stokeslet
distribution (or single layer potential), respectively. An adaptive grid technique, which is similar to
that described by Lister & Stone (1998), is used to resolve the necking region before pinch-off. In the
computations reported here, the initial interface profile was represented by about 200 points, which
was increased to around 450 at the time of the final profile. In addition to axisymmetry, the interface
is symmetric about the plane z = 0. The initial interface profile is sufficiently elongated that, near the
point where the drop pinches of,f the dynamics is expected to closely follow the dynamics of an axially
periodic thread.

Our interest is in the behaviour near pinch-off as the viscosity ratio A varies. This has been consid-
ered theoretically by Zhang & Lister (1999) and Sierou & Lister (2003), and in experiments by Cohen
et al. (1999) and Kowalewski (1996). To compare with the majority of these studies, in this section the
thread radius is denoted by # instead of R, the axial fluid velocity is v and the radial velocity is u, instead
of u, and u,, respectively.

Lister & Stone (1998) use scaling arguments in the intermediate to large viscosity regime to reason
that both the minimum radius of a thread Ay, and the axial scale near the pinch point zyin = z2(Amin)
behave linearly in time as pinch-off is approached. They support this with the results of boundary
integral computations when A = 1, and we show the results of our computations at the same viscosity
ratio in Fig. 1. Figure 1(a) shows the interface profile from the initial instant to a time 7 = (¢, — ) of
approximately 1073 just before pinch-off, when the minimum thread radius is close to 107*; here
denotes our numerical estimate of the pinch-off time. Figure 1(b) shows the axial velocity versus z at
the same sequence of times. Figure 1(c) shows the minimum thread radius Ay, versus t in a log—log
plot, which confirms the scaling relation %, ~ t; the dashed line has slope 1. Figure 1(d) shows the
axial velocity vy, .~ at the minimum thread radius versus the logarithm of the minimum thread radius
In(/1yin). This shows a logarithmic increase in vy, , and the slope of the dashed line in this panel is in
complete agreement with the results of Lister & Stone (1998), which they put on a sound theoretical
footing based on the asymptotic behaviour of the thread profile away from the pinch point towards a
pair of cones.
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FI1G. 1. Evolution of a drop with viscosity ratio A = 1 approaching pinch-off. (a) Interface profiles at a sequence of times as time
to pinch-off r — 0. (b) Axial velocity v on the interface versus axial coordinate z at the same sequence of times. (c) The log—log
plot of minimum radius Ay, versus 7. (d) Axial velocity vy, . at the minimum radius z = hpyi, versus In(/min), with the slope of
dashed line showing that v,

‘min

~ —0.0243 In(hin) + constant.

'min

Following these earlier studies, we introduce the similarity variables

— <min h
f= " HE)=—. 4.2)

hmin min

By expressing profile data at times close to pinch-off in terms of H (&) and &, our computations support
the conclusion that in a neighbourhood of the pinch point the profile takes a self-similar form when 2 is
in the approximate range 0.02 < A < 20, as seen in the top three panels of Figure 2.

For very small and very large values of A, the approach to self-similar structure, if it occurs, is
less clear. The lower panels of Fig. 2 show results of simulations when A =0.001 (left panel) and
A =30 (right panel) over a larger interval in £. In both cases, oscillations of the rescaled profile appear
away from & =0. This is consistent with the emergence of fine-scale structure of the thread profile
that develops as pinch-off is approached, which appears to be more prevalent at more extreme values
of L. Two examples of fine-scale structure are shown in Fig. 3 when A = 0.02 (top panels) and A =30
(lower panels). These show typical thread structures that occur at these values of A although they have
developed from different initial thread profiles from the data of Figs | and 2. The right-hand panels
show that on increasingly small length scales as pinch-off is approached, a sequence of necks, threads
and bulges form, and the location zp;, of the minimum thread radius can change discontinuously when
the decrease in radius at a minimum is overtaken by the decrease at a location nearby. This behaviour
has been noted in many numerical simulations of capillary pinch-off and in the experiments reported,
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Fi1G. 2. Rescaled profiles showing H (§) = h/hmin versus & = (Z — Zmin)/hmin for different A. A =0.03, 0.1 and 10 show a collapse
of the data to self-similar form as pinch-off approaches, while sufficiently small or large A do not show such collapse convincingly,
if it occurs. The legend indicates values of minimum neck radius /sy, for which the data are extracted from the time-dependent
computations.
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Fi1G. 3. Interface profiles near pinch-off with A =0.02 (upper panels) and 2 =30 (lower panels). The left-hand panels show the
global interface shape and the right-hand panels show fine-scale structure in a close-up near the pinch point.

for example, by Cohen et al. (1999) and Kowalewski (1996). Brenner et al. (1996) develop stability
results for families of similarity solutions that occur in long-wave models of pinch-off which may offer
a theoretical basis for this.

Figure 4 shows self-similar profiles extracted from the data at the final time just before pinch-off for
A in the range 0.03 < A < 1 in Fig. 4(a) and in the range 1 < A < 20 in Fig. 4(b). The profiles closely
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FiG. 4. Self-similar profiles extracted from the data near pinch-off, with A =0.03, 0.05, 0.1 and 1 in (a) and A =1, 5, 10
and 20 in (b).
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F1G. 5. The cone slope S5 (left panel) and S_ (centre panel) together with the parameter Hy (right panel, where Ay, = Hot)
versus L. The dashed lines indicate a fit to the power laws S ~ 2027 8~ 5705 and Hy ~ 206,

resemble the results of Zhang & Lister (1999) and Sierou & Lister (2003). In the first of these two
studies, the results of time-dependent boundary integral computations of a pinching profile are given in
the range 1—16 < A < 16 while in the second study the boundary integral formulation is expressed directly
in terms of similarity variables and the range is extended to 0.002 < A < 500. The data of Fig. 4 show
the approach to constant profile slope as & — 300 as noted in these two studies and in Lister & Stone
(1998). This marks the connection to a pair of axisymmetric cones on either side of the pinch point,
with a steeper cone of slope S and a shallower cone of slope S_.

The data show a monotone increase of S and non-monotone behaviour of S_ as A increases, and a
maximum of S_ occurs when A 2~ 0.5. The dependence of the cone slope on A is explored further in the
data of Fig. 5. There, the left panel shows S versus X in a log—log plot, which includes a dashed line of
slope 0.27. This is the scaling relation for S given by Sierou & Lister (2003) for large A and is in close
agreement with the experimental result of Cohen et al. (1999) that S, ~ A%2?%%07 gver a broad range
of A. The centre panel of Fig. 5 reiterates the non-monotone behaviour of S_, and its dashed line has
slope —0.5 to show the fit of the data to S_ ~ A% for A > 1 which has been noted by Zhang & Lister
(1999). The right panel of the figure shows Hy versus A, where Ay, = Hyt as t — 0; here the dashed

line has slope —0.6 while the experimental data of Cohen er al. (1999) suggest the scaling relation
Hy ~ 3,~0-53+005
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F1G. 6. Axial velocity vp, , at the minimum thread radius z = Ay versus In(/miy) for values of the viscosity ratio A from 0.05 to
20, indicating logarithmic increase in axial velocity near pinch-off. Solid lines show the simulation results. Dashed lines in the top
two panels for small A (A =0.05 and 2 = 0.1) are obtained by neglecting the contribution from the double layer potential of (4.1)
and (4.3), while the dashed lines in the lower two panels for larger A (A = 10 and A = 20) include the double layer contribution.

Lister & Stone (1998) give an estimate for the linear increase of the axial velocity at the minimum
radius vy, with In(/min) when A = 1 by analysis of the flow induced by surface tension in the asymptotic
cones that neighbour the vicinity of the minimum radius or pinch point. This is given by estimating
the right-hand side of (4.1) due to the single layer potential over the cone surfaces. The result can be
generalized to include A # 1 by estimating the integral on the left-hand side of (4.1) due to the double
layer potential, and if we make the approximation that v > u with v >~ constant on the cone surfaces,
which is expected to hold for large A, we find that the contribution to v due to a single cone with semi-
angle « is

14+ 3 1
(er +( = D3 sin” 2a> Vi, ~ g 50 20 InCiin). (4.3)

The net contribution to v due to both cones is given by linear superposition, with cone angles «; and
o,. In Fig. 6, the solid lines show vy, . versus In(/pyip) from our computational data, with nearly linear
behaviour in the final stage as hp;, — 0 when pinch-off is approached. The dashed lines in the top two
panels of the figure give the estimate for v, of (4.3) for small A when the contribution from the double
layer potential, which is proportional to A — 1, is neglected. In the lower two panels, the dashed line
gives the estimate of v, of (4.3) for large A with the contribution due to the double layer potential
included.

min

5. Conclusion

Capillary pinching of a viscous thread or drop immersed in another viscous fluid has been considered
analytically and computationally at zero Reynolds numbers. The viscosity ratio between inner and outer
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fluids is arbitrary. The first part of the study considers the emergence of long-wave models as the viscos-
ity ratio A varies. Three canonical models are found at increasingly larger values of X, and the analysis
is found in Section 2. The lowest and largest viscosity ratio models, A ~ € and A ~ 1/(€?In(1/¢)),
respectively, are well-posed and provide appropriate limiting forms for the inner or outer region being
air, respectively. The intermediate case A ~ 1/1n(1/¢) is ill-posed, however, and indicates that a long-
wave model may not be appropriate in this case. This is consistent with our direct numerical simulations
for arbitrary A based on boundary integral methods that show that, at intermediate X, a self-similar solu-
tion emerges but with unit aspect ratio. Additional investigation of the derived long-wave models and
comparison with additional direct simulations is beyond the scope of the present work and is currently
being studied by the authors.
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Appendix

For the scaling A ~ €Z atitem 1 of Section 2.3.1, set
A=hoe?, f=efo+--, g=ego+---, 8=1, (A.la)
w.=1/up+---, w=uo+---, p=po+---, R=Ry+---. (A.1b)

This scaling retains all terms among (2.21), and hence all leading terms among the components of the
stress-balance boundary conditions (2.18) and (2.19), which become

poRo _ 2 _ 280K | 280

= > , tangential stress balance, (A.2)
0z 4 Ro RO RO
480
Po — —5 = —, normal stress balance. (A.3)
R; Ro

In this scaling regime, the continuity of velocity and the kinematic condition as expressed by (2.26—
2.28) are modified by setting the Stokeslet distribution f; to zero. When this is done, after eliminating
By between the relations analogous to (2.26) and (2.27), one finds an expression for gy. Using this to
eliminate g in the relation analogous to (2.28), the result (on dropping subscripts) is (2.23). When the
expression for g is substituted in (A.3), one finds (on dropping subscripts) (2.24).

The Stokeslet strength f; uncouples from the leading-order dynamics in this scaling regime, as noted
in Hameed e al. (2008a). It can be found from (A.2).
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