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ABSTRACT

The present work investigates the role of contact angle hysteresis at the liquid-liquid-solid interface (LLS) on the rod-climbing effect of two
immiscible Newtonian liquids using experimental and numerical approaches. Experiments revealed that the final steady-state contact angle,
0, at the LLS interface varies with the rod rotation speed, w. For the present system, 0,, changes from ~69° to ~83° when the state of the
rod is changed from static condition to rotating at 3.3 Hz. With further increase in o, the 0,, exceeds 90°, which cannot be observed experi-
mentally. It is inferred from the simulations that the input value of 0,, saturates and attains a constant value of ~120° for @ > 5Hz. Using
numerical simulations, we demonstrate that this contact angle hysteresis must be considered for the correct prediction of the Newtonian
rod-climbing effect. Using the appropriate values of the contact angle in the boundary condition, an excellent quantitative match between
the experiments and simulations is obtained in terms of the climbing height, the threshold rod rotation speed for the onset of climbing, and
the shape of the liquid-liquid interface. This resolves the discrepancy between the experiments and simulations in the existing literature

where a constant value of the contact angle has been used for all speeds of rod rotation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0115521

I. INTRODUCTION

An interesting non-intuitive behavior is displayed by the interface
of two immiscible Newtonian liquids in the presence of a vertically
immersed rotating rod. Beyond a certain rod rotation speed, the
liquid-liquid interface shows a climbing in the vicinity of the rod. This
non-intuitive phenomenon was first reported by Bonn et al," and they
named it as the Newtonian rod-climbing effect. The essential criterion
for climbing is that the lighter liquid should have higher viscosity; oth-
erwise, a dip is observed instead of a climb."” The name “rod-climbing
effect” comes from a similar phenomenon classically observed at the
air-liquid interface of viscoelastic liquids like polymer melts” and poly-
meric solutions.” © Although the stretched interface has a similar
shape in both, the Newtonian and the viscoelastic rod-climbing effect,
the governing mechanism is completely different. In the case of the
viscoelastic liquids, rod climbing happens due to the dominance of the
normal stress differences over the centrifugal force. However, in the
case of the Newtonian rod-climbing effect, the inertial force due to sec-
ondary flows in the heavier liquid provides the necessary driving force
for climbing of the interface.’ This mechanism of secondary flow-
driven rising of the liquid-liquid interface is confirmed by previous
studies but in a different geometry. For instance, Berman et al.” did
early studies on the upheaval of the liquid-liquid interface in a

spinning centrifuge tube. Similar phenomenon was reported by
Fujimoto and Takeda® in a stationary cylindrical container with a cir-
cular rotating lid on top. The particular case of the liquid-liquid inter-
face deformation by a rotating rod is studied by Zhao et al.” and Bonn
et al.' Zhao et al” demonstrated that rods of varied materials (Teflon,
PVC, stainless steel) produced comparable magnitudes of climbing
height. Based on this observation, the authors suggested that
Newtonian rod climbing is mainly hydrodynamic in nature and does
not depend on the wetting properties. They also supplemented their
experiments with simulations, which show a qualitative match, thereby
establishing the fact that the Newtonian rod-climbing effect can be
captured numerically through the Navier-Stokes equations using the
volume-of-fluid (VOF) approach for multiphase formulation.

The existing literature does not account for the contact angle hys-
teresis (CAH) at the three-phase contact line (CL) of the liquid—
liquid-solid interface in the rod climbing of Newtonian liquids.
However, our previous work® outlines the role of CAH due to CL
pinning, but for an entirely different system of gas-liquid-solid inter-
face in the rod climbing of viscoelastic liquid. Dynamics of a liquid-
liquid-solid CL as opposed to gas-liquid-solid CL presents a more
complex system because the interaction of the two liquids with the
solid surface is comparable.g‘l[) In such systems, CAH can be observed
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depending upon the roughness and wetting properties of the solid sub-
strate,'' " surface energies of different materials," and viscous dissi-
pation due to flow near the three-phase CL.'”'® The origin of CAH
lies in the microscopic phenomena at the molecular level, but its effect
is observed at the macroscopic level.'”'? It is a challenging task to
model the moving the contact line, dynamic contact angle, and CAH
at the three-phase contact line. It has been extensively studied in the
past few decades and still an ongoing area of research.'”** Neglecting
the CAH in the free surface problems near a solid surface is an over-
simplification, and it may lead to wrong predictions.””” In the case of
the presence of CAH, the contact angle for a given system can exhibit
a range of steady-state values. However, Zhao et al’ modeled
Newtonian rod climbing with a constant contact angle of 90° irrespec-
tive of the rod rotation speed, which is not true as we show in the pre-
sent work. Although Bonn et al.' emphasized on the importance of
the capillary force due to the interface curvature near the rod, they did
not scrutinize the role of CAH on the Newtonian rod climbing. In the
present work, we provide experimental evidence for the existence of
CAH in the Newtonian rod-climbing effect shown by a stratified sys-
tem of silicone oil and DI water in the presence of a rotating stainless
steel rod. The quantitative discrepancy between the numerical and
experimental results of Zhao et al.” can be reconciled by accounting
for the change in the contact angle due to CAH. We show that, by
using the appropriate value of contact angle prescribed as a boundary
condition in the numerical simulations, different aspects of Newtonian
rod climbing can be captured precisely. In particular, the climbing
height, the threshold rod rotation speed for the onset of climbing, and
the shape of the oil-water interface have been used as the quantifying
parameters to test the proposed hypothesis.

Il. MATERIALS AND METHODS

The experimental setup consists of a vertical steel rod (diameter,
D ~10mm) inserted into a cubical acrylic tank of edge length
100 mm, with transparent walls as shown in Fig. 1. The rod rotation
speed, o, is controlled precisely with a stepper motor connected at the
upper end of the rod. w is varied from 0 to 650 RPM in steps of 50
RPM. However, in rest of this paper, we report o in Hertz (Hz) to rep-
resent the results in a consistent manner with the existing literature.'
A magnetic tachometer continuously monitors . It is observed that
the fluctuations in @ from a constant set value are small (= 0.05 Hz)
compared to the range and the step increment of @ considered in the
present study. Therefore, these fluctuations are neglected, and a con-
stant value of rod rotation speed is reported. Despite a robust arrange-
ment of mechanical bearings and couplings between the rod and the
stepper motor, lateral vibrations of the rod is inevitable. However, the
amplitude of lateral vibrations at the rod-water-oil interface location
is very small (~150 * 25um) compared to any other relevant length
scale of the system. Moreover, the oil-water interface is symmetric in
visual observation, suggesting that the lateral vibration of the rod is
insignificant for the purpose of present study. To perform the experi-
ments, the empty tank is first set in place with respect to the rod as
shown in Fig. 1. Then two immiscible Newtonian liquids are poured
into the tank. The heavier liquid is DI water, and the lighter one is sili-
cone oil. DI water is poured first after which silicone oil is poured
gently to prevent emulsification. 400 ml of liquid is poured to occupy a
liquid column height of 40 mm for each liquid. A clearance of 5 mm is
present between the tank bottom and the lower end of the rod. This
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FIG. 1. Schematic diagram of the experimental setup.

geometry ensures that the length of rod dipped in each liquid is more
than 25 mm, which is above the limit for the dip length to have any
significant effect on the Newtonian rod-climbing phenomenon.” The
dynamic viscosity of DI water, u, ~1 mPa s, and silicone oil,
U, ~ 355 mPa s, are measured using a cone-plate (40 mm diameter)
geometry of a rheometer (Anton Paar, MCR 302). Interfacial tension
at the oil-water interface, y ~ 34 mN/m, is measured by using optical
contact angle measuring and contour analysis systems (OCA 15EC,
Dataphysics) by creating a pendant drop of water inside an oil bath.
Densities of DI water, p,,, and silicone oil, p,, are not measured, and
their standard values are considered as 998 and 968 kg/m3, respec-
tively. A DSLR camera (Model: D850, Nikon) and an LED light source
are placed at two opposite faces of the liquid tank to track the shape of
the oil-water interface near the rod. Images are captured using a
macro lens (Sigma 105 mm) in combination with the DSLR camera at
high resolution (~25 um/pixel) revealing some unique features of the
Newtonian rod climbing, which are not reported in the previous stud-
ies. Experiments are performed by slowly ramping o from the static
condition to attain a desired constant value. Sufficient time (~20s) is
allowed at constant w for the oil-water interface to achieve a steady
stable shape. Finally, the rod rotation is stopped abruptly, and the
interfacial meniscus is allowed to recede and occupy the steady static
shape. This whole cycle from initial static rod to constant « and the
final static condition is considered as one dataset. A minimum of three
datasets have been used for averaging and error analysis. Additionally,
we employed particle image velocimetry (PIV) technique to measure
the secondary flow velocity field in the meridional plane of water
phase. PIV measurements are performed using glass spheres with
mean particle size in the range ~9-13 um and density ~1100kg/m’
(purchased from Sigma-Aldrich) as the tracer particle. Meridional
plane of interest is illuminated by a laser sheet created with the help of
a cylindrical lens. PIV recordings are done at 1000 frames per second
using a high-speed camera (Photron Fastcam Mini AX100) in combi-
nation with a Navitar zoom lens (6.5X zoom 6000 series). PIV record-
ings are analyzed using PIVIab software available in MATLAB.
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I1l. NUMERICAL METHODS

A finite volume-based commercial computational fluid dynamics
(CFD) code (ANSYS 2021-R2) is employed to perform the numerical
simulations. The volume-of-fluid method (which is a surface tracking
method) is applied to a fixed Eulerian mesh in order to solve the mul-
tiphase system. All the physical properties and variables are shared by
the fields, and their volume-averaged values are employed at the inter-
face. The interface is tracked by solving the transport equation for the
aqueous phase volume fraction o, varying between 0 and 1,

%erVaW:O, (1)
where u stands for the velocity field and ¢ for time. A single set of the
Navier-Stokes equations was solved for both the fluids,

ap

—+V. =0, 2

5 T Y =0, (2)
Opu T
W+V-puu:—Vp+pg+V-y(Vu+Vu)—|—FU. (3)

The density is denoted by p, p stands for the pressure field, g stands
for the gravitational acceleration vector, u is the dynamic viscosity,
and F, stands for the surface tension force, which is treated as a body
force. Equations (2) and (3) depend on the volume fractions through
the characteristics of the density and viscosity. The volume-weighted
value of the properties is used in the computational cells having both
of the phases,

p = dwp, + (1= ou)p,, 4)
U=ty + (1 = o) thys (5)

where the subscripts 0 and w stand for oil and water, respectively. The
wall adhesion model is also employed which allows for defining the
contact angle by taking the input parameter 0,, from the user. The cor-
responding equation for the normal vector, #, of the interface adjacent
to the wall is given by

n = n,, cos(0,,) + n;sin(0,,), (6)

(a)

P

scitation.org/journal/phf

where n,, is the normal vector to the wall, n; is the tangential vector to
the wall, and 0,, is the wall adhesion angle. 0,, is an input based on
experimental observations if 0,, < 90° and is obtained through an
iterative process in case 0,, > 90°. This provides a method for modu-
lating the curvature, «, of the interface in the cells nearest to the rod
such that

Vo,
=" 7
V| (7)
k=V-n (8)

n

The surface tension force term is evaluated as follows:

KV, p
Pw + Po
2

)

F, =0,

The effect of 0,, is incorporated into the momentum conservation
equation [Eq. (3)] through the F, term. Because this term depends
upon the curvature, k and hence the normal vector, n of the liquid-
liquid interface near the rod [Eq. (8)], which in turn depends upon the
0,, [Eq. (6)]. The F,, term captures the force due to the surface tension,
and it is mathematically modeled by the continuum surface force
model.”* The equations discussed in this section are dependent on the
volume fractions of each fluid within the cell. Further details pertain-
ing to the simulations are provided in the supplementary material
(Note S1).

IV. RESULTS AND DISCUSSION

In the present setup, as the rod is set to rotate at a constant speed,
the oil-water interface achieves a stable steady-state profile after few
seconds of initial transience. Figures 2(a)-2(e) (Multimedia views) pre-
sent the steady-state interface shape for different rod rotation speeds.
A stable shape of interfacial profile is observed only below a maximum
rod rotation speed, ®,,,, (~10Hz for the present case). Beyond this
speed, instead of a stable interface, water-in-oil emulsion is formed
through sheet breakup and ring instability as shown in Fig. 2(f)
(detailed discussion in the later section). The present study is mainly

FIG. 2. (a)-(e) Steady-state profile of oil-water interface near the rod rotating at 0, 5, 7.5, 8.3, and 10 Hz, respectively. (f) Emulsification and ring instability at «» = 10.8 Hz.

Multimedia view: https://doi.org/10.1063/5.0115521.1
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focused on the regime o < w,,,; where stable interfacial profile is
observed.

The existing literature on the rod climbing of Newtonian liquids
does not elaborate on the effects of contact angle and assumes that it
has a constant value of 90°. Recently, Chandra et al.” have shown that
the CAH due to the pinned CL plays an important role in modulating
the rod-climbing effect of viscoelastic liquids. Similar observations are
made in the present study for the rod climbing of Newtonian liquids.
The contact angle, 0,,, at the three-phase CL of oil-water-rod interface
is neither constant nor necessarily 90° as shown in Fig. 3 (Multimedia
view). For the materials considered in the present condition, 0,, ~ 69°
when the rod is in static condition [Fig. 3(a)]. As the rod is set to rotate
at some constant frequency, the oil-water interface tries to go upward
to balance the inertial force due to secondary flows in the lower liquid."
Here, we observed that this inertial force is manifested not only in
terms of vertical displacement of the oil-water interface but also in
terms of the change in 0,, [Fig. 3(b)]. There is a gradual increase in
0,, with increasing speed of rod rotation. For o up to 3.3 Hz, 0,, is less
than 90°, and it is experimentally observable as shown in Fig. 3. With
further increase in w, 0,, becomes greater than 90°. For the case of
0,, > 90°, the three-phase CL is hidden behind the deformed interface,
and it cannot be imaged due to the lensing action of the bulged liquid
meniscus. Experiments at even higher frequencies reveal the existence
of a very thin film of oil between the climbed interface and the rod as
shown in Fig. 4. This suggests the possibility that the three-phase CL
always remains pinned at its initial position [refer to the schematic in
Fig. 4(b)] throughout the course of the rod-climbing experiments, and

Oil

w = 10 Hz

Thin-film
of oil

<«— Thin-film

ARTICLE scitation.org/journal/phf

FIG. 3. Right half of the stable interfacial
profile near the rod showing the presence
of CAH at the oil-water-rod interface.
CAH can be observed by comparing the
contact angle, 0,, for (a) static rod, and
(b) rod rotating at 3.3 Hz. Multimedia view:
https://doi.org/10.1063/5.0115521.2

2 mm

the observed climb occurs in a region of liquid slightly away from the
rod surface. In such a scenario [Fig. 4(a)], it becomes difficult to define
and measure the contact angle formed at the actual location of the
three-phase CL. Therefore, we define an apparent contact angle, 0,
which is the angle that the oil-water interface appears to make with
the rod just before experiencing an almost singular dip [Fig. 4(b)]. 0,
can also be thought as the contact angle that the oil-water interface
appears to make with the rod surface if the thin film of oil is neglected.
Oupp is used in place of 0,, in the simulations for the cases of the rod
angular frequencies, where 0,, > 90° in the experiments. The detailed
methodology adopted in the present work for supplementing the
experimental results with simulations is illustrated in the form of a
flow chart in Fig. 5. Process is straightforward for lower rod rotation
frequencies where 0,, < 90°. In these cases, the input value of 0,, in
simulations is directly obtained from the experimental images. For the
cases where 0,, > 90°, we use the apparent contact angle, 0, in place
of 0,,. 0y, cannot be measured from the experimental images due to
the hindrance of the bulged meniscus. Therefore, it has been used as a
fitting parameter in the numerical simulations, and its value is iterated
in steps of 5° starting from 90° to match the climbing height obtained
from the corresponding experiment. Step size of 5° is chosen because
any smaller change in 0,,, leads to a change in the climbing height
smaller than the present grid resolution of 1 mm (keeping all other
variables fixed). In principle, one can consider an arbitrary small step
size of 0, and very fine meshing in simulations to get more accurate
results. However, to reduce the computational cost, a step size of 5° in
the iteration of 0, is considered. The chosen step size and grid

el FIG. 4. Topology of the steady-state inter-
face in the vicinity of the rod rotating at
high  frequencies (w > 5Hz). (a)
Experimental image showing thin film of
oil trapped between water and the rod sur-
face at w = 10Hz. (b) Schematic show-
ing macroscopic contact angle 0,,, at the
location of apparent contact between the
rod and the oil-water interface, if the thin
oil film is neglected.

of oil

Water

Pinned

+—— contact line
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Compare simulation and Change contact angle
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FIG. 5. Flowchart illustrating the methodology of the present work.

resolution are sufficient to identify the essential physics of the present
work, that is, to identify the role of CAH in the rod climbing of
Newtonian liquids. Once the suitable 0, is known, contour of simu-
lated interfacial profile is compared with experiments and error is esti-
mated. The values of input contact angle at different w as used in
numerical simulations are shown in Fig. 6. For » < 3.3 Hz, the value
of 0,, is less than 90° and the presented values have been obtained
directly from the measurements using the experimental images. The
error bar represents the standard error of three repeated experimental
runs. For @ > 3.3 Hz, the value of 0,, goes beyond 90°, which cannot
be measured experimentally; therefore, Happ has been used in place of
0,,. Since the simulation is performed by iterating the 0, in steps of
5°, the gray shaded region (Fig. 6) represents the region of uncertainty.

It is worth noting that in the process of defining 0, the thin
film of oil between the rod surface and the oil-water interface is
neglected. This thin-film formation is purely an interfacial phenome-
non, which occurs due to the interplay of the energies among the
water—oil, water—rod, and oil-rod interfaces.”””° Therefore, even if the

~ 901 . ]
D
| |
80- i 1
i
704 & ]
o 2 4 6 8 10
o (Hz)

FIG. 6. Variation of the input contact angle with the angular frequency of the rod.
Standard error in the case of 6, < 90° is obtained from the experiments. For
0, > 90°, there is an uncertainty of 5° represented by the shaded region.
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film is neglected in the numerical simulation, there is no significant
change in the hydrodynamics of the problem. To probe this further,
velocity field of secondary flows in meridional plane of water phase is
measured using particle image velocimetry (PIV) technique. This
showed a satisfactory match with the flow field obtained from the
numerical simulations as shown in Fig. 7. Here, the presence of the
bulged meniscus, glare from the rod surface due to laser illumination,
and limited field of view did not allow us to perform the PIV measure-
ments near the rod. Therefore, PIV data are shown (Fig. 7) only for a
region away from the rod. The match of secondary flow field between
experiment and simulation supports our hypothesis that the main
physics of the Newtonian rod climbing remains unaffected even if the
thin oil film is neglected. The effect of this thin film is indirectly cap-
tured in the simulations by virtue of the 0, which was implicitly
kept as 90° in the simulations of Zhao et al.”

The present study shows that 0,, plays an important role in the
rod-climbing effect of Newtonian liquids. By providing the appropri-
ate values of 0,, (from Fig. 6) as a boundary condition, different aspects
of the Newtonian rod-climbing effect can be captured properly in the
numerical simulations. A visual comparison of simulated and experi-
mental interfacial profiles for different rod rotation speeds is shown in
Fig. 8. The present work investigates the effect of 0,, in terms of the
climbing height, the threshold rod rotation speed for the onset of
climbing, and the interfacial profile. Discussion on each aspect is pro-
vided in Subsections IV A and IV B.

A. Climbing height and threshold rod rotation speed

It is already shown that the climbed interface experiences a sharp
dip extremely close to the rod (Fig. 4); therefore, climbing height can-
not be defined in terms of the vertical displacement of the three-phase
CL on the rod surface as done in our previous work.” Here, we define
the climbing height, H, as the vertical distance between the points of
maximum elevation of the steady-state interface at a given w and the
static condition as shown in Fig. 9. The climbing heights at different @
obtained from experiments and simulation are shown in Fig. 10.
Simulation results are shown for two different cases: first, assuming a
flat meniscus near the rod surface, that is, 6,, = 90° as used in the
existing literature” and second, by using the corrected value of 0,,, (from
Fig. 6) as proposed in the present study. It is clear from Fig. 10 that, if

0.03m/s
B 50

0.03m/s 40

30

(ww) syeuIploo) [eIXy

N
o

Radial Coordinate (mm)

FIG. 7. Velocity field in the meridional plane of the water phase obtained from
experiments using PIV (left) and from simulations (right) at & = 10Hz for the
geometry used in the present work. Red box indicates the region of interest for PIV.
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FIG. 10. Variation of the simulation and experimental non-dimensional climbing
height, h* = "’ , with the angular frequency of the rod.
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FIG. 8. Stable interfacial profile obtained
from simulations (a1)-(c1) and corre-
sponding experiments (a2)—(c2) for rod
rotation speeds of 0, 6.7, and 10Hz,
respectively.

FIG. 9. The stable interfacial profile when
the rod is (a) in static condition and (b)
rotating at @ = 7.5Hz. The height of
climb of the interface is denoted by H.
Red circle indicates the maximum eleva-
tion point of the interfacial profile.

a constant value of 0,, = 90° is considered, that is, the CAH is ignored,
then the climbing height obtained from simulation deviates significantly
from the experimental values. Also, the threshold rod rotation speed,
@y, for non-zero climbing is predicted to lie between 1.67 and 2.5 Hz,
whereas zero climbing is observed even at 3.3 Hz in the experiments.
Accounting for the CAH and hence by using the appropriate value of
0, the climbing height as well as w,, is predicted properly in the simu-
lations. In the existing literature, cy, is attributed to the critical rod rota-
tion speed for the onset of secondary flows due to Taylor-Couette
instability in the heavier liquid." The present study shows that cy, is the
rod rotation speed required not just for the onset but to produce the sec-
ondary flows strong enough to either overcome the pinning force or to
increase the 0,, beyond 90°, whichever is achieved earlier. It should
be noted that, for @ > 3.3 Hz, the value of 0,, goes beyond 90° and
0,y = O4pp is chosen in such a way that the simulated climbing height
matches with the experiments. In such cases, the veracity of the pro-
posed mechanism is ascertained by looking at the match of interfacial
profiles obtained from simulation and experiments.
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B. Interfacial profile

Figure 11 presents the interfacial profile obtained from simula-
tion (red curve) overlapped on the experimental images. For
o < 3.3 Hz, the value of 0, is less than 90°, which is measured directly
from the experimental images. Providing these measured values of
0,, as input to the simulations, a proper prediction of climbing height
(Fig. 10) and interfacial profile is obtained [Fig. 11(a) and 11(b)]. For
® >3.3Hz, the value of 0,, = 0,, is chosen to match simulation
climbing height with the experiments. For the same value of 0, a
good agreement is found between the experiments and the simulated
interfacial profile [Fig. 11(c) and 11(d)]. It is worth noting that the
contact angle obtained from the output of the simulation is slightly dif-
ferent from the value provided as an input [120° for Figs. 11(c) and
11(d)]. The reason for this lies in the linear interpolation of the geo-
metric reconstruction scheme to reconstruct the interface (refer to
supplementary material Note S2). The error in the match between the
experimental and the simulated interfacial profile is within a root
mean square value of 0.6 mm for all @ considered in the present study.
This error is calculated by taking the root mean square of the vertical
deviation between simulation and experimental interfaces at 1000
equally spaced radial locations spanning from the rod surface to 4.5R
(R being the rod radius). Details of error estimation procedure are pro-
vided in the supplementary material (Note S3). It is clear from Figs. 10
and 11 that the modification of 0,, captures the interface deformation
both qualitatively and quantitatively. This reinforces the fact that,
neglecting the thin oil film present between the deformed interface
and the rod, does not lead to any loss of the physics of the problem if
0,, is properly accounted for. Another interesting observation is that

(a) (b)
Unstable
behavior
w=10Hz w=10Hz
0, = 90° 0, = 120°
mm

ARTICLE scitation.org/journal/phf

FIG. 11. Match of the steady-state interfa-
cial profile obtained from experiments and
simulation (red contour) at different rod
rotation frequencies: (a) 0, (b) 2.5, (c) 6.7,
and (d) 10 Hz.

the simulation predicts an unstable interface at & = 10 Hz for 6,, = 90°
[Fig. 12(a)], whereas 6,,=120° predicts stable interface at the same
rotation frequency [Fig. 12(b)], which matches perfectly with the
experimental observation [Fig. 11(d)]. This further supports our claim
that the contact angle must be corrected to properly model the
Newtonian rod-climbing effect.

C. Trend of 0,, with ®

It is observed that the variation of 0,, with @ shows an interesting
trend (Fig. 6). There is an initial increment and then saturation of
0,, with increasing ®, and this can be explained by accounting for the
observed thin film of oil. Figure 13 shows the schematic of interfacial
profile corresponding to a different rod rotation speed, w; and respec-
tive contact angle, 0,,;. At frequencies lower than ,, (~4.2 Hz for the
present case), there is a gradual change in 0,, which happens because
the three-phase CL is pinned on the rod surface. However, once the
rod rotation speed exceeds y, there is a very steep increase in 0,, until
it saturates at a particular value, 0, which, in the case of the present
study, is 120° with an uncertainty of =5°. At such high frequencies,
the system occupies a configuration where a thin film of oil is present
between the rod and the climbed meniscus (Fig. 4). In such case, 0,, is
replaced by 0, which is the angle formed at the location of apparent
contact between the rod and water—oil interface. Since there is no
actual contact of the interface with the rod surface, pinning and CAH
cannot occur. This is analogous to the de-pinned CL on the oil-coated
rod surface of our previous work related to the rod-climbing effect of

FIG. 12. Configuration of the two liquids
obtained from simulation at & = 10 Hz for
(@) 0,=90° (b) 6,=120°. Interface
shows unstable behavior in the experi-
mental timescale for 0, =90°, and the
presented figure corresponds to the state
after running the simulation for 20s of
physical time. Stable interface is obtained
for 0,=120°.
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FIG. 13. Schematic showing the interfacial profile and the corresponding contact
angle at different rod rotation frequencies. This depicts the mechanism for satura-
tion of contact angle beyond a certain frequency.

viscoelastic liquids.” This explains that the contact angle will not
change further and assumes a constant saturated value.

D. Discussion on ring instability

As the o is increased beyond a certain value, @,,,, (10 Hz for the
present case), a steady shape of interface is not observed. The forma-
tion of ring instability and water-in-oil emulsion happens at such high
rotation frequencies.” Figure 14 (Multimedia view) presents the tran-
sient evolution of interfacial profile and subsequent emulsification at
o = 10.8 Hz. The process of emulsification begins with the formation
of a fingerlike structure [Fig. 14(a)], which starts moving up along the
rod with a velocity ~2 mm/s for roughly 3.7s. This causes the forma-
tion of an enclosing sheet of water, referred to as sheet instability by
Zhao et al.,” around the inner thin film of oil [Fig. 14(b)]. Once the fin-
gerlike structure has reached its maximum height, the water sheet per-
sists for ~0.5s before it breaks up and gets emulsified [Fig. 14(c)].
This causes the uppermost fingerlike structure to get disconnected
from the bulk of the water and form a ring-like structure around the
rod [Figs. 14(d) and 14(e)]. This is the ring instability as reported by
Bonn et al.' The ring also gets emulsified in a few seconds, and the
emulsion gets dispersed into the bulk of the oil. After this, another fin-
gerlike structure forms at the interface and the entire process repeats
itself. It is observed that every successive cycle of ring instability and
emulsification takes a longer period of time than the previous one
(Fig. 14). In the first cycle, the water sheet persisted for ~0.5 s, while in
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the third cycle, it persisted for more than 40s. The possible explana-
tion for this observation may lie in the altered hydrodynamic condi-
tions due to increased amount of water-in-oil emulsion, and studying
this is beyond the scope of the present work. The method of correcting
0,, in simulations to properly capture the rod-climbing effect of
Newtonian liquids as proposed in the present study is applicable only
for the regime ® < w,,y, Where steady-state profile is observed. In
this regime, the thin film of oil can be neglected, and the physics can
be captured through an apparent contact angle. However, if
@ > Wy, then the simulation with the present parameter cannot be
used to supplement the experimental results because the interface no
longer reaches a steady state but shows a highly transient and unstable
behavior (Fig. 14). Moreover, the & > @q, regime involves emulsifi-
cation through the breakup of a thin film. This would require a very
fine mesh in the simulation to accurately capture this phenomenon,
such that it can also account for the thin film of oil and water. Hence,
we limit the numerical results of the present study until the regime of
angular frequencies @ < @, where a steady-state interface exists,
and the thin film of oil can be neglected.

V. CONCLUSION

In the present work, we have studied the rod-climbing effect of
Newtonian liquids in a stratified system with silicone oil of viscosity
355 mPa s being the lighter liquid and DI water as the heavier liquid.
Using a stainless steel rod of diameter 10 mm, steady-state climbing
profiles are observed for rotation speeds, o, up to 10 Hz. Beyond this
speed, ring instability and subsequent emulsification are observed.
Experiments revealed that the contact angle 0,, at the oil-water-rod
interface shows a hysteresis based on the rod rotation speed. To pre-
cisely model the Newtonian rod-climbing phenomenon, we propose
that the contact angle hysteresis must be accounted in the boundary
condition by using the correct value of 0,, at any given w. The pro-
posed methodology yields a quantitative match between experiments
and simulations in terms of climbing height, threshold rod rotation
speed, and shape of the oil-water interface. For higher values of @
(>5 Hz), the value of 0,, becomes more than 90° and cannot be mea-
sured experimentally due to obstruction from the bulged meniscus. At
such high frequencies of rod rotation, a thin film of oil trapped
between the rod and the climbed portion of water is also observed. In
these cases, the thin film of oil can be neglected and the dynamics of
Newtonian rod climbing can be captured in terms of an apparent con-
tact angle, 0. Using it as a fitting parameter, the value of 0, is
obtained from the simulation to match the experimental climbing

FIG. 14. Transient evolution of interfacial profile at » = 10.8 Hz. Time is in seconds. The frame at {= 0 s corresponds to the initiation of an axisymmetric fingerlike structure.
(a) and (b) This structure begins to move along the rod surface at an average velocity of 2 mm/s. (c) At t=4.2 s, the sheet of water breaks down. It gets fully emulsified within
a second as can be observed in (d). This causes the fingerlike structure to get disconnected from the bulk fluid, thereby showing a ring instability (d) and (e). Multimedia view:
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height. Reliability of 0, is confirmed by matching the simulated
interfacial profile with the experiments. The proposed methodology is
applicable only for the o up to which a steady and stable interface is
observed (10Hz for the present case). Beyond this e, the proposed
method cannot be applied due to the transient nature of the phenome-
non and the requirement of a very fine grid size in simulations to
account for emulsification assisted by the thin-film breakup.

SUPPLEMENTARY MATERIAL

See the supplementary material for simulation details, deviation
of output contact angle from the input value in simulation, and error
estimation for the match of experimental and simulated interfacial
profile.
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