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Torsional instability of constant viscosity elastic
liquid bridgesT

San To Chan, ‘2 Stylianos Varchanis, 2 Simon J. Haward (2 and Amy Q. Shen (= *

By experiment and simulation, we report that viscoelastic liquid bridges made of constant viscosity
elastic liquids, a.k.a. Boger fluids, can be effectively destabilized by torsion. Under torsion, the
deformation of the liquid bridge depends on the competition between elastocapillarity and torsion-
induced normal stress effects. When the elastocapillary effect dominates, the liquid bridge undergoes
elastocapillary instability and thins into a cylindrical thread, whose length increases and whose radius
decays exponentially over time. When the torsion-induced normal stress effect dominates, the liquid
bridge deforms in a way similar to edge fracture, a flow instability characterized by the sudden
indentation of the fluid’'s free surface when a viscoelastic fluid is sheared at above a critical
deformation rate. The vertical component of the normal stress causes the upper and lower portions
of the liquid bridge to approach each other, and the radial component of the normal stress results in
the liquid bridge thinning more quickly than under elastocapillarity. Whether such quick thinning

continues until the bridge breaks depends on both the liquid bridge configuration and the level of

rsc.li/soft-matter-journal torsion applied.

1 Introduction

Liquid bridges are formed when liquids are constrained
between two (or more) surfaces via the capillary force."* They
appear in a wide range of contexts including biology, medicine,
and engineering. In the context of biology, liquid bridges
enable animals like geckos to adhere to vertical walls.* In
medicine, liquid bridges can collapse the lung airway and cause
respiratory failure.® In engineering, industries such as electronic
packaging, food engineering, and additive manufacturing often
require functional fluids to be dispensed efficiently.” ™ In the
latter case, the liquid bridge connecting the dispensing nozzle
and the substrate is often viscoelastic in nature and needs to be
broken cleanly and quickly.

To destabilize liquid bridges, the current mainstream industrial
approach is to lift up the dispensing nozzle quickly.'® This elon-
gates the liquid bridge and enlarges the capillary force acting on its
surface, hence accelerating the breakup process. The elongation
method is simple; however, for viscoelastic fluids it has two serious
drawbacks. First, elongation causes high molecular weight polymer
chains in the viscoelastic fluid to stretch. This induces extension-
hardening of the fluid due to elastic stress in the polymer, which
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1 Electronic supplementary information (ESI) available: Numerical mesh and
time step convergence tests, distributions of stress along the liquid bridge free
surface, and the effect of the imposed rotational speed on the liquid bridge
thinning speed. See DOI: 10.1039/d1sm01804c
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resists the extensional flow and hence delays complete breakup of
the liquid bridge. Under these conditions, termed elastocapillarity,
the radius of the liquid bridge decays exponentially with a constant
(32) ', where A is the relaxation time of the viscoelastic fluid."*™*
Second, elongation causes secondary droplets™ and a long capillary
tail'® to form after the liquid bridge breakup, which may fall
randomly and contaminate the dispensing substrate.

Recently, Chan et al.'” propose that the aforementioned two
drawbacks of the elongation method can be overcome using
torsion, i.e., rotating one end of the viscoelastic liquid bridge
while keeping the other end fixed. Using a viscoelastic silicone
oil with a characteristic relaxation time of 2 € O(1 ms) as the
model fluid, they show that when the liquid bridge is subjected
to torsion it undergoes edge fracture, a flow instability char-
acterized by the sudden indentation of the fluid’s free surface
when a viscoelastic fluid is sheared at above a critical rate."”>*
The indent caused by the viscoelastic stresses propagates
towards the vertical centerline of the liquid bridge, which
creates a horizontal cut and causes the bridge radius to
undergo power-law decay, hence resulting in the clean and
quick breakup of the liquid bridge.

In this work, we take a step further and show that torsion
can effectively destabilize liquid bridges made of constant
viscosity elastic liquid (Boger fluid) as well. The Boger fluid
we used has a relaxation time of A € O(1 s), which is 1000 times
larger than that of the silicone oil used by Chan et al.’” Hence,
elastocapillarity is expected to play a much more pivotal role in
the liquid bridge deformation process. In fact, deformation of
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the liquid bridge under torsion depends on how the elastoca-
pillary effect competes with the torsion-induced normal stress
effect. When the elastocapillary effect dominates, the liquid
bridge undergoes exponential thinning; the fluid extension-
hardens as the liquid bridge becomes increasingly long and
slender over time. When the torsion-induced normal stress
effect dominates, the liquid bridge thins more quickly. In this
case, the liquid reservoirs at either end of the liquid bridge
approach each other, thus preventing the viscoelastic fluid
from hardening due to the extensional flow. Whether such
quick thinning leads to liquid bridge break up depends on both
the bridge configuration and the level of torsion applied.

2 Experiments
2.1 Experimental setup

The experimental setup consists of two coaxial circular plates of
radius R, = 3 mm and initially separated by a distance H, = 0.7 mm
(Fig. 1(a)). The plates are installed on a strain-controlled rheometer
(ARES-G2, TA instruments). The upper plate can translate vertically
and the lower plate can rotate unidirectionally. Between the two
plates, viscoelastic fluid of volume V=20 + 0.5 pL is injected using
a positive displacement pipette (MICROMAN®, Gilson) in order to
create a liquid bridge. In each experiment, the liquid bridge is
stretched from the initial height H, to a final height # < 5mm ata
rate of U, = 2.2 mm s . When H is reached, the liquid bridge is
allowed to relax for 5 s. Then, at ¢ = 0 s, the lower plate is accelerated
to a rotational speed Q within a time span of 0.15 s. The liquid
bridge is illuminated using a high intensity light-emitting diode
surface light (IHM-108/114, Leimac Ltd) connected to a digital
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Fig. 1 (a) Schematic of the experimental setup used to apply torsion to a

viscoelastic liquid bridge in this study. The setup consists of two concentric
circular plates of radius R, = 3 mm. The bottom plate can rotate at a
rotational speed of Q. The top plate can move vertically to vary H.
(b) Storage modulus G’ and loss modulus G” of the Boger fluid used in
this study. (c) Complex viscosity n* and shear viscosity n of the Boger fluid.
(d) Capillary breakup extensional rheometry (CaBER) result of the Boger
fluid. Scale bar in the inset image: 1 mm. All experiments were performed
using the ARES-G2 strain-controlled rheometer.
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pulse-width modulation controller (IDGB-50M2-24, Leimac Ltd).
Videos of the deformation process of the liquid bridge are recorded
using a high-speed camera (FASTCAM Mini AX100, Photron USA
Inc.) with a frame rate of 50 to 60 fps, a shutter speed of 3000 Hz
and a 12x zoom, 12 mm fine focus objective lens (Navitar Inc.).

2.2 Liquid bridge radius tracking

The captured videos are analyzed using an in-house developed
Matlab (Mathwork, USA) program. The program thresholds
each video frame into black and white images, with the black
area being the background and the white area being the liquid
bridge. The liquid bridge radius is obtained by multiplying the
number of horizontal white pixels by the image resolution of
13.6 pm per pixel. The vertical position at which there is the
least number of horizontal white pixels is the position at which
the liquid bridge radius is minimal. The minimal radius (or
neck radius) R is tracked over time ¢.

2.3 Material characterization

The viscoelastic fluid used is a dilute solution (¢ = 0.025 wt%) of
high molecular weight polystyrene (Scientific Polymer Products,
M,, =2.25 x 10° g mol ") dissolved in oligomeric styrene (Herculus
Piccolastic A5 Resin).” It is a Boger fluid with nearly constant
shear viscosity and high elasticity.*® The rheology of the fluid was
characterized by a strain-controlled rheometer (ARES-G2, TA
instruments) equipped with a 25 mm diameter stainless steel 1°
cone-and-plate geometry. The small amplitude oscillatory shear
test was performed with a strain amplitude of 5% to obtain the
storage modulus G’ and the loss modulus G” in a frequency range
of 0.01 to 100 rad s~ ' and temperature range of 4 to 35 °C. The
data obtained at different temperatures were used to construct a
master curve at 25 °C (Fig. 1(b)) using the time-temperature
superposition principle.”” The steady-shear test was performed at
25 °C to obtain the flow curve in a shear rate range of 0.1 to 80 s .
Fig. 1(c) shows that both the shear viscosity # and complex
viscosity n* are nearly constant with respect to the shear rate j
and oscillation frequency w. The shear viscosity is approximated to
be # = 43.9 £ 2 Pa s; the complex viscosity is approximated to be
n* = 42.9 £ 0.7 Pa s. Capillary breakup extensional rheometry
(CaBER)"" was performed using the experimental setup shown in
Fig. 1(a) with H=5 mm and Q = 0 rad s~ . The neck radius of the
liquid bridge shows exponential decay (Fig. 1(d)), which signifies
elastocapillary instability. The relaxation time A = 5.29 £+ 0.02 s
of the Boger fluid was obtained by fitting the function
R = Aexp(—t/37) to the neck radius R(f) of the liquid bridge.
An optical tensiometer (Theta Attension, Biolin Scientific) was
used to measure surface tension ¢ = 40.5 £ 0.02 mN m™ " of the
Boger fluid by the pendant drop method® at 25 °C. The density of
the Boger fluid was measured to be p = 1000 kg m™>.

3 Simulations
3.1 Flow geometry

In the numerical simulations, we consider the three-dimensional
(3D) axisymmetric flow of a viscoelastic fluid confined between

This journal is © The Royal Society of Chemistry 2022
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two coaxial cylindrical solid plates of radius R, =3 mm (Fig. 1(a)).
The initial distance between the two plates is denoted as
H, = 0.7 mm. Cylindrical coordinates (r, 6, z) are employed to
describe this axisymmetric problem, where r, 6, and z denote the
radial, azimuthal, and axial coordinates, respectively. The velocity
in the fluid is denoted as u = [u(,2), uy(r,2), u,(r,2)], where each
component of the velocity varies only in the r and z directions
because of the axisymmetric flow assumption. Gravity acts along
the negative z-direction. The three phase contact lines that are
formed by the fluid, the surrounding air, and the solid plates are
assumed to be pinned. This means that the contact lines are not
allowed to move tangentially to the wall, and the contact angle
that is formed by the fluid and the solid is calculated implicitly
from the flow field. Initially, the fluid is at rest (u = 0) in a stress-
free condition, forming a cylindrical column between the two
plates. Then, the upper plate moves in the z-direction, separating
from the stationary lower plate, with a constant velocity equal to
Up,=2.2 mm s~ ' until it reaches a final separation of H = 3 mm.
After the elongation process, the liquid bridge is allowed to rest
for 5 s. Finally, at ¢ = 0 s the lower plate accelerates abruptly to a
constant rotational speed @2 and the torsional process begins.
As a side note, in the simulation we have assumed that the lower
plate accelerates to its full speed instantaneously. This assumption
holds as the actual acceleration time of the lower plate is negligible
compared to the relaxation time of the viscoelastic fluid.

3.2 Governing equations

The viscoelastic fluid has a constant density p and the fluid-air
interface has a constant interfacial tension ¢. The fluid has a
total dynamic viscosity 1, = 1, + 15, where 7 is the viscosity of
the Newtonian solvent and 5, = G4 is the contribution of the
polymer chains to the viscosity. Here, G and A denote the
elastic modulus and relaxation time of the fluid, respectively.
Note that the relaxation time A here is labeled uppercase to
distinguish it from the experimentally measured . The flow of
the present viscoelastic fluid is governed by the conservation of
mass and momentum, and the extended White-Metzner (eWM)
constitutive equation.?® The conservation equations for incom-
pressible fluids are:

Vu=0, 1)
Du ;
Py =V [FPIHGC D) 4] + pg, (2)
V. o Cc-1
ST o ©)

where P is thermodynamic pressure, C is the conformation
tensor, I is the unit tensor, and y = Vu + (Vu)” is the deforma-
tion rate tensor. The material derivative is given as D/Dt,
and the trace of the conformation tensor is given as tr(C).
Moreover, the inverted triangle V' over the conformation tensor
denotes the upper convected derivative. Finally, k is a material
parameter of the constitutive equation that governs the degree
of shear-thinning and extension-hardening of the fluid.>® Note
that when k£ = 0, the eWM model reduces to the Oldroyd-B
model and 4 = /.

This journal is © The Royal Society of Chemistry 2022
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3.3 Boundary conditions

In terms of boundary conditions along the free surface, the
velocity field satisfies a normal force balance between the
surface tension, total stresses in the liquid, and pressure in
the inviscid surrounding air. In addition, the liquid-gas interface
moves according to the usual kinematic conditions. On the
surfaces of the upper and lower plates, the no slip and no
penetration velocity conditions are imposed. Finally, flow
symmetry is imposed on the axis of symmetry. The interested
reader may refer to Varchanis et al.* for a detailed description of
the boundary conditions.

3.4 Discretization

The system of the aforementioned partial differential equations
is discretized and solved using the Petrov-Galerkin stabilized
finite element method for viscoelastic flows (PEGAFEM-V) by
Varchanis et al.>*"** The computational grid is provided by the
quasi-elliptic mesh generator proposed by Dimakopoulos and
Tsamopoulos.>® The element size close to the free surface is
he ~ 3 x 10 °R, and the time step used is d¢ = 0.01Q .
All simulations are transient and terminate when either the
neck radius R becomes smaller than 0.01 mm, or when any
structure with radius of curvature smaller than 0.0015 mm
appears on the free surface. A detailed description of the mesh
and time step convergence tests, together with the simulation
results of several test cases, are given in the ESL}

3.5 Parameter fitting of the constitutive model

The rheology of the present viscoelastic solution is described by
the eWM model (eqn (3)), which is a thermodynamically
acceptable constitutive equation that can describe the rheology
of a wide range of viscoelastic fluids.”> We choose this
particular model because of its extensional properties. In the
simpler Oldroyd-B model, the slope of the exponential elasto-
capillary thinning is defined only by the value of . (see
Fig. 1(d)).""™* However, the eWM model predicts a power-law
evolution of the steady extensional viscosity versus the extension
rate when —1 < k < 0.>° Thus, the slope of the elastocapillary
thinning depends both on the values of A and k. This property of
the eWM model allows us to fit more precisely the elastocapillary
regime, and at the same time yields an overall better agreement
of the model with the experimental data.

Estimation of the material parameters of the model (i1, 4, k, #5)
was performed using a similar optimization protocol as that
proposed by Varchanis et al>* Initially, the sum 7o = 1, + 15 is
extracted from the flow curve (Fig. 1(c)). Subsequently, 15 can be
found from fitting the relation G” = s to the experimental curve of
G" from the frequency sweeps (Fig. 1(b)). Finally, values of 4 and k
are found by minimizing the numerical predictions of the 3D
model with respect to the experimental data for the evolution of
the neck radius R versus time ¢ for H=3 mm and Q =0 rad s "
The values of the material parameters that are found to give the
best match with the experimental data are: 5, = 8.8 Pas, 41 =7.86s,
ns =35.2 Pa s, and k= —0.1.

Soft Matter, 2022, 18,1965-1977 | 1967
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4 Dimensional analysis

The deformation of the viscoelastic liquid bridge under torsion
will depend on how inertia, elasticity, capillarity, viscous
dissipation and gravity interact,"*** which can be characterized
by four main dimensionless parameters. With RQ being
the characteristic velocity, the Reynolds number Re = pR*Q/y
characterizes the relative importance of inertial and viscous
stresses. The Weissenberg number Wi = AQ characterizes the
relative importance of elastic and viscous stresses. The capillary
number Ca = nRQ/c characterizes the relative importance of
viscous and capillary stresses. With g being gravitational
acceleration, the Bond number Bo = pgR*/c characterizes the
relative importance of gravity and capillary stress.

Having the four main dimensionless parameters defined,
interpretation of experimental and simulation results can be
simplified in two ways. The first way is to compare the magnitudes
of the dimensionless parameters. With a typical R = 1 mm and
Q=1-100rad s ', Re € O(10 °-10"%) and Bo e 0(0.1) are at least
an order of magnitude smaller than Wi, Ca € 0O(1-10%). Hence,
effects of Re and Bo can be safely neglected. The second way is to
define two additional dimensionless parameters, namely, the
elastocapillary number Ec and the recently introduced Tanner
number Tn."” The elastocapillary number Ec = Wi/Ca = lo/nR
characterizes the combined importance of elastic stress and
capillary stress as compared to viscous stress. The Tanner number
Tn = WiCa = /nRQ/o characterizes the relative importance of
torsion-induced normal stress and capillary stress. Essentially, Ec
and Tn represent the same set of dimensional parameters as
Wi and Ca. Importantly, however, Ec does not depend on the
rotational speed . Thus, by employing the pair of parameters Ec
and Tn, the effect of varying Q can be described with only one
dimensionless parameter instead of two.

In fact, simply by inspecting how the neck radius R and the
rotational speed Q affect the magnitudes of Ec and Tn, we can
obtain insights into how the viscoelastic liquid bridge may
deform under torsion. First, we consider the case where there is
no torsion applied, i.e., 2 = 0 rad s and Tn = 0. In this case,
the dynamics of the liquid bridge would be solely governed by Ec.
For a typical R = 1 mm, Ec € O(1), the liquid bridge dynamics
would depend on how the elastic, capillary and viscous effects
interact. As the liquid bridge thins, R becomes smaller. This
increases Ec and renders the viscous effect less relevant, even-
tually leaving the elastic and capillary effects in the force balance.
As previously discussed, in the elastocapillary regime, a liquid
bridge will thin exponentially over time according to the form
R oc exp(—t/37)."7* Next, we consider the case where there is a
moderate level of torsion applied such that Tn and Ec € O(1).
This corresponds to a typical R=1 mm and Q € O(1 rad s ). In
such a scenario, the torsion applied would cause the viscoelastic
liquid bridge be subjected to an additional normal stress. The
direction of the normal stress and its effects on the liquid bridge
are to be determined by the experiments and simulations that
follow below. However, as long as the liquid bridge thins and R
becomes small enough, Ec would eventually dominate Tn. The
liquid bridge can thus be expected to enter the elastocapillary
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regime and thin exponentially over time before its breakup. Lastly,
we consider the case where torsion governs the liquid bridge
dynamics, ie., Tn >» Ec for all observable values of R. This
corresponds to a typical 2 € 0(100 rad s~ ). In such a case, the
capillary effect would be insignificant. The liquid bridge would be
deformed solely by the torsion-induced normal stress; hence, it
would not enter the elastocapillary regime.

5 Results and discussion
5.1 Viscoelastic liquid bridge under torsion

Three patterns of deformation can be observed when a visco-
elastic liquid bridge is subjected to different levels of torsion.
Fig. 2 shows the liquid bridge configurations at different time ¢
with a fixed height H = 3 mm. When there is no rotation applied
to the bottom plate, i.e., Q = 0 rad s, the liquid bridge thins
slowly over time (Fig. 2(a)). During the initial stage of the
thinning process, say ¢t = 18.1 s, the liquid bridge surface curves
like a parabola. The parabolic shape is symmetric over the
liquid bridge’s horizontal mid-plane, which suggests that
gravity is indeed negligible as anticipated since Bo € 0(0.1).
At a later stage, say ¢ = 54.5 s, a cylindrical fluid thread appears
around the liquid bridge center, which signifies elastocapillary
instability. Following the onset of the elastocapillary regime,
the fluid thread becomes longer and thinner over time.

Applying a Q = 5 rad s~ ' rotation results in the liquid bridge
thinning more quickly than when no rotation is applied
(Fig. 2(b)). The thinning process is similar to the case of
Q=0rad s, except for in two regards. First, during the initial
stage of thinning, the liquid bridge surface is not parabolic but
rather more conical. Such a different shape suggests that
additional normal stresses develop in the liquid bridge when
it is subjected to torsion. Second, the liquid bridge enters the
elastocapillary regime faster. For instance, to achieve a similar
cylindrical shape (see far right images in Fig. 2(a) and (b)), the
case of Q@ =0rad s " needed 62.9 s but the case of Q=5rad s
only needed 34.1 s. From this we can deduce that the torsion-
induced normal stress has a destabilizing effect on the visco-
elastic liquid bridge.

Increasing the rotational speed to Q = 50 rad s~ further
accelerates the thinning process of the liquid bridge. However,
the thinning process is drastically different from that at lower
rotational speeds. An obvious difference can be seen at
t = 0.48 s when helical wrinkles appear on the cylindrical
portion of the liquid bridge. As time proceeds, the liquid reser-
voirs on the upper and lower plates approach each other along the
cylindrical portion and merge at ¢t = 1.36 s. This triggers a
subsequent buckling instability at ¢ = 2.58 s, which can
dewet the liquid bridge from the experimental setup (see ESL T
Video S3). Because of this, the experiment has to be halted.

At an even higher rotational speed of Q = 200 rad s '
(Fig. 2(d)), the thinning process of the liquid bridge is rather
similar to the Q = 50 rad s~ case. For example, at ¢ = 0.25 s and
0.38 s there are helical winkles appearing on the cylindrical
portion. Also, the upper and lower liquid reservoirs approach

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Snapshots of the viscoelastic liquid bridge of H = 3 mm subjected to different rotational speeds Q captured at different times t. (a) @ = 0 rad s™*.

(b) @ =5rads ™™ (c) @ =50rad s (d) Q = 200 rad s~ * Scale-bar: 1 mm.

each other as time proceeds. However, in contrast to the
Q =50 rad s ! case, for the Q = 200 rad s™* case the liquid
bridge thins much faster. As a result, at ¢ = 0.57 s fluid in the
cylindrical portion drains out before the upper and lower liquid
reservoirs come into close contact. As the two reservoirs make
contact, they then touch each other rather irregularly several
times without coalescence, which snaps off the small fluid
filament connecting them and leads to complete breakup of
the liquid bridge (see ESI,T Video S4). The observed irregular
contact of the upper and lower liquid reservoirs may be
an inherent feature of the liquid bridge thinning process. How-
ever, it may also simply be due to the small mechanical noise of
the rotating lower plate being amplified at high rotational speed.

To inspect how the viscoelastic liquid bridge deforms under
strong torsion more clearly, Fig. 3 contains 6 images showing
how the cylindrical portion of the liquid bridge deforms under
Q =200 rad s in between ¢ = 0.22 s and 0.42 s. At t = 0.22 s
when the cylindrical portion just emerges, helical wrinkles
which exhibit 2 turns can be seen on the cylindrical surface.
As time proceeds, the number of turns increases to 3 at
t =0.25 s and to 4 at t = 0.28 s. Later, at ¢ = 0.35 s the number
of turns decreases back to 2, signifying that the upper and lower
wrinkles have merged with the liquid reservoirs on the upper and

This journal is © The Royal Society of Chemistry 2022

lower plates. After this merging event, the number of wrinkles
increases again to 3 at ¢t = 0.38 s and to 4 at ¢t = 0.42 s. The

3 turns 4 turns

Fig. 3 Zoomed in snapshots of the viscoelastic liquid bridge of H = 3 mm
subjected to a rotational speed of Q = 200 rad s~* captured at different times t.
Helical wrinkles can be seen on the liquid bridge surface; their number of turns

varies from 2 to 4. The left, middle and right column of images correspond to
helical wrinkles with 2, 3 and 4 turns, respectively. Scale bar: 1 mm.

2 turns
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wrinkling-merging process then continues, until the upper and
lower liquid reservoirs make contact, undergo irregular touching
and cause the liquid bridge to pinch off.

Having described qualitatively how the viscoelastic liquid
bridge deforms under torsion, next we describe some of its
quantitative features. Fig. 4(a) shows the experimentally
measured and simulated neck radius R(t) of the viscoelastic
liquid bridge subjected to rotational speeds of Q < 25 rad s~ .
The simulation results (broken lines) will be discussed later in
Section 5.3. For now, we shall focus on the experimental results
(solid lines). For Q = 0 rad s ' where there is no rotation
applied, the liquid bridge initially thins slowly over time due to
the high viscosity of the fluid. At t ~ 55 s, the neck radius starts
to decay exponentially over time with R(t) oc exp(—t/34). The
onset of exponential decay at ¢ ~ 55 s coincides with the
formation of the cylindrical thread of the liquid bridge, as
shown in Fig. 2(a), confirming elastocapillary instability.
Increasing the rotational speed to 2 =1 rad s ' and 5 rad s *
results in the liquid bridge entering the elastocapillary
regime incrementally faster. Further increasing the speed to
Q =10 rad s ' and 25 rad s, thinning of the liquid bridge
becomes even faster. However, the neck radius no longer decays
according to R(¢) oc exp(—t/34) but with a steeper slope, which
can no longer be explained by elastocapillary instability. Hence,

101

102 T P NEPEL X
0 10 20 30 40 50 60 70 80

t (s)

(b) 100 ‘ :

H =3mm
——50rads™!
120 rads™!
——150rads™*
——200rads™*

A'\\ ——275rads™?

10-1,

102—

0 1 2 3
t (s)
Fig. 4 Experimentally measured and simulated neck radius R(t) of the
viscoelastic liquid bridge of H = 3 mm subjected to different rotational
speeds Q. (a) @ < 25rad s, (b) > 50 rad s~ % Solid lines: experimental

results. Broken lines: simulation results.
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there must be an additional stress in effect other than the
elastic and capillary stresses, the only possible candidate of
which is the torsion-induced normal stress.

Fig. 4(b) shows the neck radius R(¢) of the liquid bridge
subjected to higher rotational speeds of Q > 50 rad s~ '. For
these higher speed cases, as the liquid reservoirs on the upper
and lower plates tend to approach each other (see Fig. 2(c) and
(d)), the true neck radius cannot be resolved precisely. Hence,
the curves of R(¢) appear to be noisy. Nonetheless, a clear trend
can be seen as Q is increased. For Q = 50 rad s~ where there is
no breakup, the neck radius first decays over time. Later, at
t ~ 0.5 s, as the upper and lower portions of the liquid bridge
make contact with each other, buckling instability occurs,
causing the neck radius to increase over time. Increasing the
rotational speed to Q = 120 rad s~ ' causes the liquid bridge to
break. The neck radius first decays over time with a rate higher
than that of 2 =50 rad s~ . At t & 0.5 s, quasi-periodic oscillation
can be seen due to the irregular touching of the upper and lower
liquid reservoirs. The oscillation continues until ¢ ~ 5 s when the
liquid bridge pinches off. Further increasing ©Q causes the neck
radius to decay even faster. For the Q considered, the corres-
ponding quasi-periodic oscillation starts roughly at the same time
att ~ 0.5 s (marked by the vertical dashed gray line in Fig. 4(b)).
However, the oscillation ends faster as Q is increased. For
instance, for @ = 150 rad s, 200 rad s~* and 275 rad s~' the
oscillation ends at t ~ 4 s, 3 s and 2 s, respectively.

5.2 Time evolution of Ec and Tn

In Section 4, we argued by dimensional analysis that the
dynamics of the viscoelastic liquid bridge under torsion can
be characterized by inspecting the magnitudes of the elasto-
capillary number Ec and the Tanner number Tn. This urges us
to plot Ec and Tn over time ¢ for different rotational speeds £,
as shown in Fig. 5. For Q = 5 rad s~ (Fig. 5(a)), initially Tn is an
order of magnitude larger than Ec, implying that the torsion-
induced normal stress effect governs the initial deformation
process of the liquid bridge. After ¢ ~ 30 s as Ec becomes an
order of magnitude larger than Tn, the elastocapillary effect
becomes dominant, explaining why the neck radius decays
exponentially with R(¢) oc exp(—#/34). For Q = 25 rad s *
(Fig. 5(b)), the crossover of Ec and Tn occurs at a smaller R
compared to that of Q = 5 rad s~ . Also, Ec and Tn are of the
same order of magnitude even at the smallest measurable R,
which suggests that torsion-induced normal stress effect is
significant during the whole liquid bridge thinning process.
Because of this, a quicker thinning mode was observed in this
case. For Q = 50 rad s, initially Tn e O(10") is four orders of
magnitude larger than Ec € O(1), suggesting that the elastoca-
pillary effect is insignificant and deformation of the liquid
bridge is solely driven by the torsion-induced normal stress.
The normal stress brings the upper and lower liquid reservoirs
towards each other. The liquid reservoirs make contact and
coalesce before the liquid bridge’s neck drains out (see ¢ = 1.36 s,
Fig. 2(c)). Effectively, this causes R to remain in the same order of
magnitude over time, rendering Ec and Tn to remain in the same

order of magnitude over time as well. For Q = 200 rad s/,

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Time evolution of the experimentally measured neck radius R (left y-axis) and elastocapillary number Ec and Tanner number Tn (right y-axis) for
different rotational speeds Q. (a) 2 = 5rad s ™. (b) Q = 25rad s (c) 2 = 50 rad s % (d) @ = 200 rad s~ %.

initially Tn e 0O(10°) is five orders of magnitude larger than
Ec € O(1). As in the Q = 50 rad s~ " case, the torsion-induced
normal stress brings the upper and lower liquid reservoirs
towards each other. However, for Q = 200 rad s the thinning
speed of the liquid bridge’s neck is higher. As a result, the liquid
bridge is able to thin a significant amount before the liquid
reservoirs make contact (see Fig. 2(c)). In effect, R decreases over
time, which in turn causes Tn to decrease over time and Ec to
increase over time, respectively.

5.3 The second normal stress difference N,

When the Tanner number Tn dominates the elastocapillary
number Ec, torsion-induced normal stress governs how the
viscoelastic liquid bridge deforms. From Fig. 2(c) and (d), we
know that the torsion-induced normal stress causes the upper
and lower liquid reservoirs to approach each other. To be able
to do so, the total stress tensor T = —PI + G(C — I) + 55y must
contain an axial component T,, compressive to the liquid bridge
free surface. From Fig. 4, we know that torsion causes the liquid
bridge radius to decay faster. Hence, T must contain a radial
component T, as well. The above two observations lead us to
hypothesize that torsion destabilizes the viscoelastic liquid bridge
through the second normal stress difference N, = Ty, — T}

We test this hypothesis using axisymmetric viscoelastic flow
simulation. Fig. 4(a) shows the simulated (broken lines) and
experimentally measured (solid lines) neck radius R(t) of the
liquid bridge subjected to rotational speeds of < 25 rad s .
For all Q, the simulation and experimental results agree reasonably
well. For instance, for @ =0 rad s, 1 rad s™* and 5 rad s, the
simulation is able to capture the elastocapillary thinning behavior
of the liquid bridge when R gets small enough. Also, the simulation

This journal is © The Royal Society of Chemistry 2022

can reproduce the experimentally observed trend of the liquid
bridge thinning behavior when @ is increased. However, there is
one main difference between the simulation and experimental
results. For Q = 10 rad s and 25 rad s, the simulation halts
when R reaches 0.27 mm and 0.32 mm, respectively (see blue and
purple lines). This implies that there is a certain structure with a
radius of curvature smaller than 0.0015 mm appearing on the
liquid bridge free surface, see Section 3.4. The neck radius R at
which this torsion-induced structure appears decreases when 2 is
increased; in other words, the torsion-induced structure appears
earlier in the liquid bridge thinning process when a higher level of
torsion is applied. In fact, a scaling relation between the imposed
rotational speed @2 and the liquid bridge thinning speed can be
obtained by inspecting the simulated R(f) curves in a log-log plot;
interested readers are referred to the ESL}

The aforementioned torsion-induced structure is hypo-
thesized to be caused by the second normal stress difference
N,. Also, its formation is likely to be related to the quicker
breakup of viscoelastic liquid bridges subjected to higher rota-
tional speed Q. To see how the torsion-induced structure looks
and how it is related to N, and the liquid bridge breakup process,
we visualize the distributions of the simulated dimensionless
radial normal stress 7. = T/, axial normal stress 77, = 7../n<,
shear stress 7. = T,./nQ and second normal stress difference
N3 =T:. — T; in the liquid bridge at different times ¢ with a
fixed height H = 3 mm. To provide a more quantitative picture,
and to see how T;., T:. and T, together deform the liquid
bridge, we also visualize how the dimensionless normal trac-
tion distributes on the liquid bridge free surface at different
times ¢. With fi the outward pointing unit normal vector on the
free surface, the dimensionless traction vector has the form

Soft Matter, 2022, 18, 1965-1977 | 1971
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™ = A'T* = A'T/yQ. With n, and n, the radial and axial

components of fi, the radial component of the dimensionless

traction vector is v, = *n, T}, + n.T., and the axial component

ist:=nT; +nT..

Fig. 6
T*

rzy

stresses 17,
T, and N; are distributed in the liquid bridge for
Q =1 rad s " at different times ¢. The time evolution of the
radial normal stress 7). and the shear stress 7,. are rather
simple. For T, it is negative around the liquid bridge neck for
all time ¢. On the neck surface, 7. acts towards the negative
r-direction and hence facilitates liquid bridge thinning. For 77,
it is positive in the top half and negative in the bottom half of
the liquid bridge for all time ¢. Around the liquid bridge neck,
T acts towards the negative r-direction similar to 7 ; hence, it
tends to facilitate liquid bridge thinning. In the top half of the
liquid bridge, T acts towards the positive z-direction; while in
the bottom half, 1t acts towards the negative z-direction. Hence,
T tends to expand and flatten the free surface. On the other
hand, the time evolution of the axial normal stress T, is more
complicated. Initially at ¢t = 5.85 s, T, is positive on the whole
liquid bridge free surface; it tends to compress and curve the
free surface as opposed to T.. As time proceeds to t =15.85 s, the
magnitude of T, on the free surface decreases. Furthermore,
around the liquid bridge vertical centerline, a region of positive
T:. emerges. Here, the liquid bridge is in a state of exten-
sional stress and the fluid undergoes extension-hardening. At
t = 31.85 s, the previously positive 77, on the free surface turns
negative, it therefore tends to expand and flatten the free surface
similar to T.. Also, as the liquid bridge thins, the distance
between the free surface and the center positive 77, region
becomes shorter. Later at ¢t = 47.85 s, the neck free surface

shows how the dimensionless

View Article Online
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approaches the center positive 77, region. The positive, exten-
sional T stretches the liquid bridge neck into a cylindrical
thread. As the free surface of the thread is now parallel to the
z-axis, T, can no longer act on the free surface. Hence, deformation
of the cylindrical thread becomes locked in the r-direction.
Subtracting 7. from T, gives the second normal stress difference
N3. Initially at ¢ = 5.85 s, N5 is positive both on the neck surface
and around the vertical centerline of the liquid bridge. Later at
t = 15.85 s and 31.85 s, the positive N; becomes more and more
concentrated around the vertical centerline. On the liquid bridge
free surface, close to the upper and lower plates, the magnitude of
N3 is close to zero. Finally at ¢t = 47.85 s when the liquid bridge neck
is turned into a cylindrical thread, N; is positive in the entire region
of the thread; elsewhere, it is close to zero.

Fig. 7 further shows how the dimensionless traction
vector t* is distributed on the liquid bridge free surface for
Q=1rad s . The dimensionless radial and axial coordinates of
the free surface are (rf,zf) = (res/Rp,zis/Rp) (black broken
lines). The radial component 1} of the traction vector is
visualized as (rf, — 0.51}, zf,) (orange dots). By this visualization
scheme, for 7 > 0 which acts towards the positive r-direction,
(rg — 0.577, z;,) will lie on the left hand side of (rf, zf; ), vice versa
for 77 < 0. The axial component t} of the traction vector is
visualized as (r, zj, + 0.57%) (green and blue dots). The reason
of using two colors for 7} is to distinguish the top and bottom
halves of the liquid bridge. For t} > 0 which acts towards the
positive z-direction, (rf,zf + 0.5t7) will lie above (rf, zf), and
vice versa. Initially at ¢ = 5.85 s (Fig. 7(a)), around the neck of the
liquid bridge (0.2 < z* < 0.8), ! is negative and hence tends to
facilitate liquid bridge thinning. Away from the neck, t} is
compressive to the liquid bridge free surface; it tends to

t=585s t =15.85s t=31.85s t=47.85s
., — a2 | -
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
* * N
rrrirz ZZ! 2
Fig. 6 Snapshots of the simulated dimensionless radial normal stress T7. = T,,/nQ, axial normal stress T2, = T../nQ, shear stress T = T,./nQ and

second normal stress difference N3 = T2 — T}, in the viscoelastic liquid bridge of H = 3 mm subjected to a rotational speed of Q = 1rad s~

different times t.
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Fig. 7 The simulated dimensionless radial normal traction t; = n, T}, + n.T. (orange dots) and axial normal traction ¢} = n, T + n.T?. (green dots) acting
on the free surface (black broken lines) of the viscoelastic liquid bridge subjected to a rotational speed of 2 = 1 rad s™* at different times t, where n, and n,
are the radial and axial components of the surface unit normal vector A. (@) t = 5.85s. (b) t = 15.85s. (c) t = 31.85s. (d) t = 47.85 s.

increase the curvature of the free surface. Later at t = 15.85 s
(Fig. 7(b)), for 0.4 < z* < 0.6, T turns positive and tends to
oppose liquid bridge thinning. For 0.1 < z* < 0.9, 7, tends to
expand and flatten the free surface. At ¢ = 31.85 s (Fig. 7(c)), for
0.4 < z* < 0.6, 7, turns negative with its minimum located at
the neck of the liquid bridge (z* & 0.5). For 0.1 < z* < 0.9, as
before, I is expansive to the free surface. Its magnitude
increases over time, which signifies extension-hardening of
the fluid. Finally at ¢ = 47.85 s (Fig. 7(d)), the neck of the liquid
bridge (0.3 < z* < 0.7) has turned into a thin cylindrical thread
with a dimensionless neck radius R* = R/R, ~ 0.014. This
implies a dimensionless Laplace pressure of p; ~ ¢*/r* = 22,
where o* = ¢/yR,Q2 is the dimensionless surface tension,
matching the magnitude of ¢} ~ —22 observed in Fig. 7(d).
On the other hand, the high value of p; and the extension-
hardening of the fluid together result in the much higher
magnitude of the expansive ¢} around the liquid bridge neck, as
compared to those observed at previous times (see Fig. 7(a)-(c)).

For Q = 5rad s~ (Fig. 8), initially at ¢ = 1.05 s, the shape and
stress fields of the liquid bridge are essentially the same as
those observed in the case of 2 =1rad s (see t = 5.85 s, Fig. 6).
However, several previously unobserved features appear later in
time. For instance, at ¢ = 10.25 s, the liquid bridge neck is seen
to be more curved with a sharp cusp as opposed to smoothly-
curving, as observed in the @ =1 rad s~ case. A small region of
positive T appears at the cusp; it tends to oppose liquid bridge
thinning locally there. Slightly above the cusp T, is negative,
and slight below it is positive. This implies that 7). tends to
oppose liquid bridge thinning at the cusp. Also, it tends to
compress and sharpen the cusp even further. As time proceeds
to t = 20.25 s, the cusp is sharpened. A positive region of 77,
appears around the cusp; similar to 77, it tends to compress
and sharpen the tip. Finally at ¢ = 30.25 s as the liquid bridge
neck turns into a cylindrical thread, stress fields in the bridge
once again become similar to that observed in the Q=1 rad s™"
case (see ¢t = 47.85 s, Fig. 6). Fig. 9 shows the normal traction ¢*

on the liquid bridge free surface for the case of Q =5 rad s .

This journal is © The Royal Society of Chemistry 2022

At ¢ = 1.05 s (Fig. 9(a)), the distributions of both 7} and 7} are
similar to those observed in the case of Q = 1 rad s " (see
Fig. 7(a)), except their magnitudes being smaller. As time
proceeds to ¢t = 10.25 s (Fig. 9(b)), the liquid bridge neck is
turned into a sharp cusp. Locally at the cusp (z* ~ 0.5), T} turns
positive. Compared to the Q =1 rad s~ ' case (see Fig. 7(b)), the
magnitude of the positive 7} is much larger, and its distribution
is much narrower, resembling a singularity. Away from the
cusp, the magnitude of the negative 77 is increased. Meanwhile,

*

7} is compressive at the cusp; again, the narrow distribution
and large magnitude of 7} at the cusp resemble a singularity.
Away from the cusp, 1} becomes expansive to the liquid bridge
free surface. Later at ¢ = 20.25 s as the cusp is sharpened further
(Fig. 9(c)), the magnitudes of both the positive 7} and the
compressive 11 at the cusp are increased. Away from the cusp,
the magnitude of the negative 77 and expansive 7} are also
increased. Finally at ¢ = 30.25 s (Fig. 9(d)), the neck of the liquid
bridge (0.4 < z* < 0.6) is stretched into a thin cylindrical
thread. Because of the high Laplace pressure p; there, 7; turns
negative and 1} becomes expansive.

For Q = 10 rad s~' (Fig. 10), the simulation halts when R
reaches 0.27 mm (see blue curve, Fig. 6), which implies that
there is certain torsion-induced structure appearing in the
liquid bridge thinning process. At ¢ = 0.45 s, the shape and
stress fields of the liquid bridge are the same as those observed
in the @ =1 rad s™* (see t = 5.85 s, Fig. 6) and 5 rad s~ " (see
t =1.05 s, Fig. 8). At t = 2.75 s, just like the case of 5rad s ', a
small region of positive 7). and negative N; appear on the cusp
of the liquid bridge. T, turns negative at the cusp, and T, is
negative slightly above the cusp and positive slightly below the
cusp. Later at ¢ = 3.95 s, the stress fields are highly similar to
those observed in the Q = 5 rad s~ case (see ¢ = 10.25 s, Fig. 8)
both in terms of their magnitudes as well as their distributions in
the liquid bridge. However, the cusp for the Q = 10 rad s~ * case is
seen to be sharper. Such a difference in the neck curvatures can
be rationalized via the dimensionless surface tension ¢* = 6/yR(,
the magnitude of which for the Q = 10 rad s™" case is 2 times
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Fig. 8 Snapshots of the simulated dimensionless radial normal stress T} = T, /nQ, axial normal stress T = T../#Q, shear stress T,. = T,./nQ and
second normal stress difference Nj = T, — T in the viscoelastic liquid bridge of H = 3 mm subjected to a rotational speed of Q = 5 rad s* captured at
different times t.
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Fig. 9 The simulated dimensionless radial normal traction t; = n, T}, 4+ n.T;; (orange dots) and axial normal traction t} = n,T;. + n-T7. (green dots) acting

on the free surface (black broken lines) of the viscoelastic liquid bridge subjected to a rotational speed of @ = 5 rad s~ at different tirﬁés t, where n,and n,
are the radial and axial components of the surface unit normal vector . (@) t = 1.05s. (b) t = 10.25s. (c) t = 20.25s. (d) t = 30.25 s.

smaller than that for the Q = 5 rad s~ ' case. Given that the and (b)). Later, at ¢ = 3.95 s (Fig. 11(c)) as the cusp is sharpened,
stress fields are highly similar in the two liquid bridges, the one the distributions of the positive t' and compressive 7} at the
having the lower o* (or higher Tn) would have a lower resistance  cusp and the negative ¢ and expansive t* away from the cusp
against deformation. This explains why the cusp for the appear to be narrower compared to the Q = 5 rad s™' case
Q =10 rad s ' case is sharper than that for the Q@ = 5 rad s™* (see Fig. 9(c)). Lastly at ¢ = 5.15 s (Fig. 11(d)) when the cusp
case. Finally at ¢ = 5.15 s, the cusp has developed into a notice- is developed into an indent, the distribution of the positive t*
able indent. The previously negative 77, turns positive. Hence, at the cusp becomes even narrower, and its magnitude is
it tends to compress and sharpen the indent together with 7. increased. This can be explained by considering the radius
Fig. 11 further shows the distribution of the normal traction 7 of curvature of the indent. Moments before the simulation
on the liquid bridge free surface. At ¢ = 0.45 s when the halts, the indent has a dimensionless radius of curvature
lower plate just started to rotate (Fig. 11(a)) and ¢ = 2.75 swhen a* = a/R, = 0.0005, (see ESLT Video S2). This implies a
the cusp just appears at the liquid bridge neck (z =~ 0.5) dimensionless Laplace pressure of p; = ¢*/a* ~ 61.5, which
(Fig. 11(b)), the distributions of 7 and ¢! are similar to matches the magnitude of 7, ~ 60 observed in Fig. 11(d). The
those observed in the case of @ = 5 rad s ' (see Fig. 9(a) high value of p; also causes the compressive t* to have a higher
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Fig. 10 Snapshots of the simulated dimensionless radial normal stress T7 = T,,/n<Q, axial normal stress T = T.,/nQ, shear stress T% = T,,/nQ and

zz rz

second normal stress difference N3 = T7. — T in the viscoelastic liquid bridge of H = 3 mm subjected to a rotational speed of Q = 10 rad s * captured at

different times t.

magnitude at the cusp as compared to ¢ = 2.75 s and 3.95 s (see
Fig. 11(b) and (c)).

5.4 Similarity to edge fracture

The indent that we observed in the Q = 10 rad s~ " case (see

t = 4.9 s, Fig. 7(c)) deserves attention. In fact, the critical role of
the second normal stress difference N,, the shape of the indent
and its associated stress fields closely resemble edge fracture.
Edge fracture is a flow instability characterized by the sudden
indentation of the fluid’s free surface when a viscoelastic fluid
is sheared at above a certain critical shear rate.””>* Historically,
Tanner and Keentok'® first realized that the second normal
stress difference N, is important in driving edge fracture.
By assuming a semicircular indent of radius a in a second-
order fluid with surface tension o, they derived a criterion of

edge fracture which reads |N,| > 20/3a. Since then, several
experimental, computational and theoretical works have
confirmed Tanner and Keentok’s postulation.'® > Of particular
interest are the simulation studies of Hemingway and
Fielding,”*** which showed how edge fracture and the curvature
of the viscoelastic fluid’s free surface are interrelated. When the
free surface is concave, normal stress can be localized in the
viscoelastic fluid, which then leads to edge fracture. Building on
Hemingway and Fielding’s findings, Chan et al.'” showed that
edge fracture can also occur when a liquid bridge made of
viscoelastic silicone oil is subjected to torsion. In that study,
the silicone oil had a zero-shear viscosity of 1, € O(10 Pa s),
characteristic relaxation time of 2 € O(1 ms) and surface tension
of ¢ € 0(10 mN m™ ). Assuming a neck radius of R = 1 mm, the
elastocapillary number Ec € 0(10 ) was negligible compared to

(@a)t=045s (b)t=2.75s (c)t=3.95s (dt=5.15s
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Fig. 11 The simulated dimensionless radial normal traction t; = n,T;, + n.T,. (orange dots) and axial normal traction tf = n.7T,. +n.T.. (green dots)
acting on the free surface (black broken lines) of the viscoelastic liquid bridge subjected to a rotational speed of @ = 10 rad s~* at different times t, where
n, and n, are the radial and axial components of the surface unit normal vector . (@) t = 0.45s. (b) t =275s.(c) t =395s. (d) t =515s.
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the Tanner number Tn e 0(10%). Due to the relatively low values
Ec and Tn compared to those in the current study (see Fig. 5(b)—(d)
for example values), the indents that Chan et al."” observed were
much rounder than those observed here; they had a more well-
defined semicircular tip with a characteristic size of O(0.1 mm).
Nonetheless, the distributions of the stress fields observed in both
studies share a number of similarities, the most crucial of which is
N, being negative at the indent tip. Hence, we have evidence to
believe that the indent formation seen in Fig. 7(c) shares the same
physical mechanism as edge fracture. As a side note, since
the second normal stress difference of Boger fluids subjected
to rheometric flows that approximate the planar Couette flow
is generally very close to zero, it had been argued that edge
fracture cannot occur in Boger fluids; experiments performed
using parallel-plate rheometers (H <« Rp) support this view."
Nonetheless, our results show that as long as the Boger fluid is
configured as a liquid bridge with H ~ R, edge fracture is possible.
Hence, there is a gap between those earlier attempts to explain edge
fracture and the observations in our current study. More works
need to be done to fill in this gap.

5.5 Effect of the liquid bridge height H

So far, we have been able to describe the viscoelastic liquid
bridge thinning problem with only two dimensionless
parameters, namely, the elastocapillary number Ec and the
Tanner number Tn. However, this is because we have fixed
the initial condition of the liquid bridge in all our experiments
and simulations. In reality, geometric parameters such as the
liquid bridge height H will also affect the liquid bridge thinning
dynamics. To summarize our experimental observations, we
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Fig. 12 A phase diagram based on the experimental observations showing
how the dimensionless height H* = H/R, and the characteristic Tanner
number Tn. = /117Rp$'22/a affect the liquid bridge behavior. Black square: stable
regime in which the liquid bridge does not breakup. Orange triangle:
elastocapillary breakup regime in which the liquid bridge undergoes elasto-
capillary thinning before its breakup, as shown in shown in Fig. 2(a) and (b).
Green circle: buckling regime in which the liquid bridge undergoes the
buckling instability shown in Fig. 2(c). Blue inverted triangle: quick breakup
regime in which the liquid bridge undergoes a quicker, non-elastocapillary
thinning mode before its breakup, as shown in Fig. 2(d).
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present a phase diagram showing how the dimensionless
height H* = H/R, and the characteristic Tanner number
Tn, = ).anQZ/o together determine the liquid bridge behavior
(Fig. 12). To visualize the data points more clearly, v/Tn, is shown
instead of Tn.. The liquid bridge behavior is characterized into
four regimes. First, there is the stable regime (black squares) in
which the liquid bridge does not break up. Second, there is the
elastocapillary breakup regime (orange up-triangles) in which the
liquid bridge thins into a cylindrical thread before its breakup (see
Fig. 2(a) and (b) for example). Third, there is the buckling regime
(green circles) in which the liquid reservoirs on the upper and
lower plates are brought towards each other by the torsion-
induced axial normal traction 7,, leading to the buckling of the
liquid bridge (see Fig. 2(c) for example). Lastly, there is the quick
breakup regime (blue down-triangles) in which the liquid bridge
neck drains out before the upper and lower liquid reservoirs
approach each other (see Fig. 2(d) for example). For H* = 1, the
liquid bridge is unstable, hence the stable regime is not observed.
The elastocapillary breakup regime is seen for /Tn. < 1000, the
buckling regime is seen for 1000 < /Tn. < 2000, and the quick
breakup regime is seen for v/Tn. > 2000. Decreasing the height to
H* < 1 renders the viscoelastic liquid bridge more resistant to
breakup. For instance, the elastocapillary and quick breakup
regimes are seen in a narrower range of v/Tn.; for H* = 0.83,
the quick breakup regime even disappears. For H* < 0.93, the
stable regime is seen when no rotation is applied (y/Tn. = 0).
Also for H* < 0.93, the buckling regime is observed over an
increased range of \/Tn.. Buckling is facilitated because the same
amount of fluid is confined in a shorter column; thus, due to the
compressive action of the axial normal traction t,, the upper and
lower liquid reservoirs approach each other more easily. On the
other hand, increasing the height to H* > 1 does not alter the
liquid bridge behavior much. The phase boundaries between
different regimes are seen to remain at similar values of v/Tn..
Incidentally, we note that the phase diagram depicted in Fig. 12 is
only valid for liquid bridges with a dimensionless volume of
V* = 3V/4nR,’ ~ 0.18. It is expected that if V* is decreased,
surface tension will drive the liquid bridge to become less stable
for the same dimensionless height H*. The areas of those
unstable regimes in the phase diagram can hence be expected
to enlarge. On the other hand, if V* is increased, the liquid bridge
will become more stable. Gravity may start to interfere as the Bond
number Bo increases. In such a case, a new axis will have to be
introduced to the phase diagram. However, inertia can still be
assumed to be negligible due to the small magnitude of the
Reynolds number Re.

6 Conclusions

We have presented a simple method to break viscoelastic liquid
bridges quickly and cleanly. By using a viscoelastic fluid with
nearly constant shear viscosity (a Boger fluid), we showed by
experiment and simulation that applying rotation to one end of
the liquid bridge could effectively destabilize the liquid bridge.
Destabilization of the liquid bridge depends on how the

This journal is © The Royal Society of Chemistry 2022
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elastocapillary effect and torsion-induced normal stress effect
interact. The elastocapillary effect is quantified by the
elastocapillary number Ec, which characterizes the combined
importance of elastic stress and capillary stress as compared to
viscous stress. The torsion-induced normal stress effect is
quantified by the Tanner number Tn, which characterizes
the relative importance of torsion-induced normal stress and
capillary stress. When the elastocapillary effect dominates
(Ec >» Tn), as time proceeds, the liquid reservoirs on the upper
and lower endplates separate from each other. In effect, this
turns the liquid bridge into a cylindrical thread whose radius
thins exponentially over time. On the other hand, when the
torsion-induced normal stress effect dominates (Tn > Ec),
helical wrinkles appear on the liquid bridge surface. As time
proceeds, the radial normal stress T}, drives the liquid bridge
neck towards the vertical centerline. Also, the vertical normal
stress T, drives the upper and lower liquid reservoirs towards
each other. Hence, deformation of the liquid bridge free surface
is driven by the second normal stress difference N, = T, — T},
Such dependence on N, points to the possibility that the
observed deformation of the free surface shares the same
physical mechanism as edge fracture, a flow instability char-
acterized by the sudden indentation of the fluid’s free surface
when a viscoelastic fluid is sheared at above a critical rate."”>*
However, now it is still unclear how exactly the liquid bridge
deformation observed in the current study is related to edge
fracture. Also, how the helical wrinkles are formed remains
unknown. Future works are to be done to unravel these mysteries.
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