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In this Brief Communication we consider the shape of the rim of a very viscous film retracting with
velocity Uy under surface tension. We demonstrate that the film has a growing rim if and only if the
Stokes lengthv/Ug is smaller than the radial extent of the film. If the Stokes length is larger than
the radial extent of the film the retracting edge has no rim and the film is perfectly flat. These results
are discussed in light of recent experiments on the bursting of viscoelastic film$99® American
Institute of Physics.S1070-663(99)01202-7

In 1959 Taylot and Culick independently examined the retraction, with the film thickness increasing uniformly in
disintegration of a thin liquid sheet by the nucleation of atime. The exponential retraction velocity is a consequence of
hole. They discovered that the rim of liquid at the edge of thethe balance between viscous stresses and surface tension. On

film retracts at the velocity, the other hand, it was argued that the absence of a rim in the
retracting film is a consequence of viscoelasticity: the idea is
2y that the surface tension forces acting on the edge of the film

Uo= pe’ () are elastically propagated into the film at a velocify/p,

where u is the shear modulus of the film. This propagation

wherey is the surface tensiom, the density ane the thick- smooths out the rim, and leads to a flat film. Since both the
ness of the liquid film. This formula follows by balancing fluids used in the experimenta polymer melt and a molten
surface tension forces against inertia. In his original experiglasg are also viscoelastic, it was argued in Refs. 7, 6 that
ments, Taylor used an ingenious method to test the validityiscoelasticity explains the absence of a rim during the re-
of this formula, by measuring the radius of the thin sheetraction.
formed by the impact of a jet onto a solid surface. The radius We demonstrate in this Brief Communication that the
of the sheet is controlled by the competition between theabsence of a rim can also result from a purely viscous effect.
outward volume flux and the inward retraction of Hd). A flat film occurs as long as
The edge of the retracting film is terminated by a rim, whose
volume grows in time with the mass of fluid swept up. Keller UoL
and collaborator analyzed the shape and rate of growth of Re= v <1
the rim, finding that it is a cylindrical cap which grows in
time like t. The stability of this retracting rim was recently wherev is the kinematic viscosityl), the retraction veloc-
studied® ity, L the axial extent of the film and Reés the Reynolds

These analyses neglect viscosity, since the Reynoldsumber based on these parameters. The retraction of an in-
number of the retraction is typically very high. Recently, finite viscous film(which is not viscoelastjcindeed has a
Debrageas, de Gennes and Brochard-W§axamined the rim, whose shape is described by a self-similar evolution
disintegration of an air bubble in a very viscous liqif  similar to that uncovered by Kellér.

order 16 times the viscosity of watgrand found a number Generally, a thin film is characterized by two dimension-
of novel features(1) First, the retraction velocity grows ex- less parameterd:,/e= 5?/(ype) and Rg. The parameter
ponentially in time, with a characteristic timescaje/(2v), |, /e determines whether capillary waves precede the retrac-

with # the viscosity of the film;(2) second, the retracting tion of the film; Re determines whether or not there is a rim.
fluid is not collected into a rim, as in the Taylor—Culick There are thus three different regimé9:Reg>1, |,/e<1;
problem. Instead, the film remains perfectly flat through the(ii) Re>1, | ,/e>1; (ii) Re<1, |,/e>1. (The fourth
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FIG. 1. Film profile during the retraction process for the three different regita@segime (i), |,/e=1.37x 10" %, Rg=34130; (b) regime (i), |, /e
=137, Rg=1208; (c) regime (iii), |,/e=4.94 16, Rg=0.06. The aspect ratio is shown using arrows; arrow lengths are given in units of the film
thicknesse.

limit Re;<1, |,/e<1 cannot occur ife<L.) If the axial ~and capillary waves are visible preceding the froRtg.
film length is infinite (L— o) then the third regiméiii) does  1(a@)].
not exist. In the following we present simulations of the film The second set shows a retracting film with viscosity
shape for each of these three regimes. twenty times that of water. In this case/e>1 and Re

We commence by describing the thin viscous film by a>1. Although the rim still exists, it is not cylindrical and
thicknessh(x,t). If the film thickness varies slowly witlk  there are no capillary wavé&ig. 1(b)]. Again, after a tran-
the dynamics is well described by the lubrication equationssient period, the retraction velocity is observed to be consis-

(for a review, see Ref.)8 tent with the Taylor—Culick law. The rim is not cylindrical,
but has a horizontal extent controlled by the Stokes length
dth+a.(hv)=0, (2 viUg=l,e.

The final set of simulations shows a retracting film with
4y y viscosity one million times the viscosity of water and the
dvtvdw= Fﬁx(haxv)— — dyK. 3 horizontal extent of the film is smaller than the Stokes length
P (I,/e>1 and Re<1). Parameters were chosen to agree
) ) . Vo3l with the experiments of Debgeas, de Gennes and
Here,v(x,t) is the velocity ande=—h"(1+h"9)"““is the  Brochard-Wyart. In this situation, the rim at the edge of the
mean curvature of the film. In the pres;ﬁmgcontext,. thesgiim has completely disappeared, and as in the experiments
ehquat|oqs werekdenved by Err;ew; and D I expﬁndmg I the film thickness grows uniformly in timgFig. 1(c)]. The
:. € Na]}"tf]r Sf.tlo eé equaltlons dF;'r (?[ng W?\t/ﬁ engt tr_‘no Y3%im in the simulation is uniform to high precisiqess than
ions of the film. Our only modification of the equations is o, percent variation in the thicknass
the usage of the complete formula for the mean curvature. . . . .
. o Our simulations do not show the exponential regime
The reason for this modification is that Eqg8) and(3) then tound by Debr tal Th for this is that f
both capture long wavelength modulations of the film an jound by Lebrgeaset al. 1he reason for this 1S that our flow
fis one dimensional, and the exponential velocity law requires
this is not strictly asymptotically correct it is physically rea- & radial profile. However, we have verified that the charac-
sonable, and has successfully reproduced experimentfi"istic timescale for reaching the Taylor—Culick law is
shapes for axisymmetric jets220ur simulations solve Eqs. 7€/(27) as predicted and measured by Refs. 7,6.
(2—(3) with a standard second order finite difference scheme [N conclusion, we have shown three different regimes for
with implicit timestepping. Figures (&—(c) show simula-  retracting thin films; two of the regimes essentially corre-
tions of the equations in the various regimes. spond to the retraction laws found by Taylor and Culick. The
The first set shows a retracting low viscosity film in the third regime occurs when the Stokes scalé), is larger
casd ,/e<1 and Re>1. The retraction velocity is observed than the radial extent of the film. This regime is character-
to be constant, and in agreement with the Taylor—Culick lawized by a perfectly flat film without a rim, as observed in the
The rim of the film is a cylindrical cap which grows in time, recent experiments of Delyeaset al.
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