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Drainage-induced spontaneous film climbing in capillaries
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This study reports the ability with which surface tension gradients are formed plainly by
the drainage in a capillary containing a surfactant-laden liquid slug initially held in place
by a vacuum. Provided that a thin film forms on the walls transverse to the downward flow,
the drainage induces a surfactant gradient (i.e., Marangoni effect), which then leads to a
film-climbing event against gravity. The overall climbing effect is limited by the capillary
rise height (i.e., propensity for infiltration due to surface tension) and the surfactant
gradient formed postmeniscus drainage, thus revealing a twofold role of surface tension in
gravity-oriented capillaries hitherto unexplored. The interplay of mechanisms influencing
the climbing films include surfactant kinetics, diffusion, and advection of surfactants.

DOLI: 10.1103/PhysRevFluids.9.094005

I. INTRODUCTION

The ability with which surface tension gradients cause an upswell or backflow against a wall
is well documented in the presence of temperature gradients [1-4], surfactant generation by
biofilms [5,6], pulmonary surfactant transport [7,8], and surfactant concentration gradients in a
Landau-Levich (LL) [9-16] or Bretherton bubble (BB) [17-19] configuration. In each of these
studies, surface tension gradient-induced flows, or Marangoni flows, may be classified by three
modes [20]: thermal Marangoni [21-23], solutal Marangoni [24-26], and surfactant Marangoni
flows [27-29], where the latter is the focus of this study. Although there are numerous studies
harnessing Marangoni flows, their role in causing a backflow [30], or the film thickening effect
in the context of BB [31] and LL [13] films has been controversial due to studies showing that
instead of film thickening, film thinning is possible [17]. To understand how surfactants influence
the thin-film dynamics, the overall competition among the relevant forces must be accounted for.

Previous studies have shown that three physical features govern the dynamics: surfactant kinetics
(e.g., adsorption and desorption) [32], advection [33], and diffusion [34,35]. Bretherton first showed
that the discrepancy between the pure lubrication theory prediction of the film thickness is shown
for Capillary numbers below Ca < 5 x 1073, Ramdane and Quéré [9] balanced convection and
adsorption in a diffusion-limited scenario of a wire-coating problem, where film thickening was
attributed to Marangoni stresses. While the interplay of surfactant kinetics, advection, and diffusion
generally represent the dominant interfacial transport dynamics, many studies have noted the
potential influence of other physicochemical features on the film thickness such as the substrate
roughness [36-38] or more broadly, slip effects [15,31]. Other effects on the film thickness include
the influence of intermolecular forces [39,40], substrate charge, and surface impurities [41].

Recent works have shown the importance of thin-film formation in capillaries in the context of
thermal management [42] and particle separations [43], yet it is not well understood how surfactants
will affect the unsteady interfacial fluid dynamics inside capillaries. In this study, unsteady liquid
films were generated by evacuating liquid slugs of various lengths in capillaries of different
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FIG. 1. A general overview of the experimental procedure. (a) Schematic of the experimental setup. HSC
denotes high-speed camera and DSLR denotes digital single-lens reflex camera. LED denotes light-emitting
diode and +p and —p denote the compressor and vacuum lines, respectively, for the pneumatics controller.
(b) Schematic representation of the liquid slug before drainage and thin-film formation after the drainage. 0
denotes the liquid-vapor (LV) contact angle, / is the thin-film thickness, A the initial film thickness, D is
the inner tube diameter, R is the inner tube radius, ¢, the time it takes for the meniscus to reach the bottom
of the tube, 7 is the timescale related to the thin-film climbing, L, denotes the static capillary rise height, u is
the velocity in the x direction, and py,. and p,m, denote the vacuum and the atmospheric pressures, respectively.
(c) Steps involved in image processing of the film-climbing process.

diameters by gravitational drainage. Once the liquid slug drained, a residual thin film along the
capillary wall allowed for surface tension gradients formed by surfactant concentration gradients at
the liquid-air interface allowing the spontaneous motion upwards. The theoretical modeling efforts
and the critical timescales for the film-climbing event were explored in this study accounting for
advection, diffusion, and adsorption/desorption dynamics at the liquid-air interface.

II. METHODS
A. Experimental methods

A schematic illustration of the experimental setup is shown in Fig. 1(a). A pneumatic pressure
controller was utilized to regulate the vacuum pressure inside the tube and to facilitate the suction of
the solution from the collection Petri dish, enabling the liquid slug to reach the initial release height,
L. Following the completion of the suction process, the laboratory jack supporting the Petri dish was
lowered, thereby severing the connection between the liquid slug within the tube and the liquid pool
in the Petri dish. During the experiment, a valve was used to release the vacuum pressure and initiate
the downward flow of the liquid. Due to the fast dynamics of this problem, the falling meniscus of
the liquid slug was monitored by a high-speed camera (HSC; Vision Research, Phantom V211)
with a frame rate of 5000 frames per second (fps). The velocity of the meniscus was then tracked
using a custom-built matlab code. For capturing and analyzing the dynamics of the climbing film
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induced by the Marangoni stress, a digital single-lens reflex (DSLR) camera was operated at a frame
rate of 30 fps, and the backlight was provided by a light-emitting diode (LED) panel. To mitigate
dewetting on the tube surface, glass tubes were cleaned by 15-min ultrasonication in the following
sequence: detergent solution (Sparkleen, Fisher Scientific), ethanol, acetone, and deionized (DI)
water, and subsequently dried with compressed air. After ultrasonication with the detergent solution,
the tubes were rinsed with DI water before undergoing subsequent ultrasonication steps with ethanol
and acetone. The tubes were cleaned after each experimental trial to limit contamination from the
environment. As shown in Fig. 1(b), prior to drainage, the liquid slug was held at L briefly prior to
opening the valve to release the slug. Upon drainage (+ = 0), the meniscus fell rapidly and due to
the wetting tube walls, a thin film was left behind on the walls. t represents the relevant timescale
for the Marangoni stress-induced climbing film, where T = 0 corresponds to the moment the falling
meniscus reaches the bottom of the tube (r = 7). To capture the climbing film front, a custom-built
matlab code was used. Figure 1(c) shows the climbing film tracking procedure we used in the image
analysis. First, a region of interest was selected for analysis and converted into grayscale. Then, the
images were binarized using adaptive thresholding which enabled the distinction of the climbing
film by setting pixels below a certain intensity level to black (background) and those above are
set to white (climbing film). Furthermore, the noise, which may be caused by various factors such
as fluctuations in the lighting, was removed by eliminating connected components in the binary
image that have fewer than a specified number of pixels. Finally, the data for the climbing front
position was smoothed by local regression using weighted linear least squares and a second degree
polynomial model. This process was repeated for all frames, resulting in the time series of the
climbing film front position.

B. Sample preparation

To enhance the image contrast of the liquid, methylene blue (MB; Sigma-Aldrich) at a concentra-
tion of 0.1 wt. %, was dissolved in type 1 deionized water (18.2 M2 cm; Synergy, MilliporeSigma).
Sodium dodecyl sulfate (SDS; MilliporeSigma) was then added to the MB-water solutions. The
bulk concentration of SDS, denoted as C, varied between 0.1 and 7 mM.

C. Interferometry

To extract the film thickness (%) during the drainage within the tube, we directly measured the
thin-film thickness within the tube using interferometry. Since the thin films within the tube are
much smaller than the tube radii, we also compared the drainage to glass slides. We thus describe
two different procedures for obtaining thin films on a glass tube and glass slide.

Glass slide. A cleaned and plasma-treated glass slide was positioned vertically and the solution
was injected on its surface such that the whole width of the glass slide was wetted. Upon cessation
of the injection, the high-speed camera captured the video recording to capture the interference
patterns.

Glass tube. The solution was suctioned to the prescribed height inside a cleaned tube. In order
to diminish the curvature effect of the tube, two cleaned glass slides were attached on the opposite
sides of the tube using clear epoxy. The draining film region was illuminated by a 22.5 mW He-Ne
laser (632.8 nm; ThorLabs), and the interference patterns were recorded by the HSC with a frame
rate of 100 fps. At a given fixed region of interest far from the contact line, the fringes were counted
by analyzing the interference patterns between successive frames. Peaks in the intensity profile were
detected to identify the interference fringes. Using these detected peaks, the total number of fringes
(Ny) was counted from the start of the drainage until the contact line passed through the region of
interest, which occurs at late times due to dewetting. The total film thickness is then 7 = NyA/(2n)
where X is the laser wavelength and » is the refractive index of the solution. Therefore, the changes
in Ny in time provide the temporal changes in the film thickness at the region of interest.
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D. Fluid statics prior to drainage

The initial condition of the experiments consists of a liquid slug held with vacuum pressure, py,c,
defined as [refer to Fig. 1(b)]

Pvac = Patm — pra (D

where p,m is the atmospheric pressure and B = L — L. Ly is the static capillary rise height given
by

4¢%cos 6
Ly=——7F7—, 2
D
where £, = /v /(pg) is the capillary length, y the surface tension, 6 the LV contact angle (measured
from the solid to the liquid-vapor interface), D = 2R the tube diameter, and R the tube radius. The
LV surface area, SA, sets the potential for surface tension gradients and is given by

SA = 27R? <ﬂ> 3)
1 —sin%0

At the limit of perfect wetting, SA = 27 R?, # = 0° and at the limit of no wetting 6 — 90°,
SA = 7R? and L, = 0. We presume that prior to the drainage of the slug, the bulk C < C,, (M/m?)
and surface I' < T, (M/m?) concentrations of surfactant are less than the critical micelle concen-
tration (subscript m) as soluble surfactants adsorb and desorb from the liquid-vapor interface. Above
C,,, micelles begin to form, yet without a further decrease in the surface tension. We thus assume that
the wettability of the tubes sets the initial amount of moles, 7, at the time ¢t = 0O s (i.e., right before
the drainage of the liquid slug), of the surfactants on the LV interface, n(t) = n,(0) = [SA(0)]T".
The equilibrium surface to bulk concentrations denoted by I'q and C, respectively, will set the
length scale [11,44], £p = I'eq/C, and I'¢q may be approximated by the Gibbs isotherm,

r - 1 dy
“4 T RTd(InC)’

with R the universal gas constant and 7 the temperature.

“4)

E. The governing timescales in the dynamics

Four competing effects presumably influence the dynamics as a draining liquid slug leaves behind
a film along the tube wall: (i) diffusion, (ii) adsorption, (iii) desorption, and (iv) advection.

Diffusion. Assuming that the surface diffusivity of SDS, D;, is comparable to the bulk diffusivity
D, and also presuming that the length scale for the bulk diffusion is much smaller than the surface
diffusion [45], the bulk diffusion dominates the diffusion dynamics relative to the surface diffusion,
and the relevant length scale for diffusion from the bulk to the interface is £ as described above.
The ability with which the surfactants reach the liquid-air interface during the drainage of the slug
will determine whether the climbing film may form, and the overall diffusion timescale is then
tp = 3D.

Advection. Irrespective of the capillary size, the meniscus shape is related to the capillary length
and thus £, sets the interfacial length scale, and the advection timescale is given by #tc = £./V,
where V is the average velocity within the draining liquid slug. Therefore, at the interface, the Peclet
number, Pe = tp/tc = VEZD/(DEC) = O(107% — 10°), for SDS concentrations between 1 and 7 mM,
where the dynamics are advection dominant at lower surfactant concentrations and diffusion dom-
inant at higher concentrations. We expect that if surface diffusion was important, then Pe becomes
Pe, = V{./D,, which would always make the dynamics advection dominant. Once a thin film forms
from the drainage of the liquid slug, the propensity for the climbing film to manifest will be set by the
Marangoni number, Ma; = (dy /dC)ACL/(uDy). Since Ma, > 1 for all experiments, it guarantees
an upward climbing film provided a surfactant gradient exists along the liquid-air interface.
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Surfactant kinetics. The adsorption timescale refers to the net adsorption in the surfactant kinetics
encompassing both the adsorption, t, = I,/ (k,C), and the desorption, #; = 1/k,, timescales, where
k, and k; are the adsorption and desorption coefficients, respectively, with the surfactants obeying
Langmuirian kinetics [46]. k, = 6.4 x 107% m/s and k; = 5.8 1/s, which were previously reported
for SDS [36]. Note that we defined k, = BI'),, where B is the adsorption rate constant [46]
(sometimes used as k, in the literature [47,48]). Several other dimensionless groups related to
the surfactant kinetics arise including the Damkohler, Da = I',,,/(£.C), Biot, Bi = k;¢, /V, and the
Langmuir, La = k,C/(k4I";,,) numbers. The Da relates the diffusion time to the kinetic timescales
(e.g., reaction-diffusion problems), Bi defines the relative importance of the interfacial surfactant ex-
change rate to the interface velocity, and La measures the rate of interfacial adsorption to the rate of
desorption driven by entropic effects at the interface [46—49]. In this study, Da = 01072 -10"hH
and Bi = O(1073 — 1072) and thus the surfactant diffusion and advection dominate the surfactant
kinetic effects. Interestingly, the La = 01072 — 10°) between 0.1 and 7 mM SDS concentrations,
which shows the relative importance of adsorption over desorption at higher surfactant concentra-
tions, which may potentially cause a reduction in the surfactant gradients along the thin film due
to the surfactant accumulation at the interface, albeit to a small degree relative to diffusion and
advection. At low SDS concentrations, we hypothesize that the drainage is advection dominant and
thus Marangoni flows should be present. As the surfactant concentration is increased in the solution,
the £p becomes smaller [50], which results in smaller diffusion and adsorption timescales while the
desorption timescale stays constant. We thus hypothesize that at higher surfactant concentrations,
the faster diffusion cancels out any surface tension gradients induced by advection, which would
prevent the climbing film from occurring.

II1. RESULTS

A. Drainage of the liquid slug

Figure 2(a) shows the pre- and postdrainage images of 2 and 7.75 mm tubes for L = 4 cm. For
both cases, a small liquid slug remains at the tip of the tube after the drainage. As the tube diameter
is increased beyond a critical tube diameter (10—15 mm for water), no liquid is retained inside the
tube post drainage [51]. For smaller tube diameters, capillary forces help retain a taller residual slug.

We now seek to describe the drainage dynamics of the liquid slug. Assuming one-dimensional
flow approximation and that the control volume (CV) envelops the liquid slug and accelerates with it
(e.g., noninertial reference frame), the linear momentum by the Reynolds transport theorem provides
[52]

ZF —f padV = i/ ,OKdV+/ PV (V -i)d A, )
v dr Jy A

where 1 and A denote the volume and area integrals, respectively, V is the velocity, and 7 is the
unit normal vector. Y F represents the sum of all of the surface and body forces and fv paedV is a
consequence of the acceleration of the CV with respect to an inertial reference frame. In Eq. (5), the
right-hand side of the equation represents motion with respect to an accelerating coordinate system
and thus the rate of change of momentum inside the accelerating CV and the net momentum flux
through the control surface are both zero.

By assuming that the gravity, the pressure forces, and the viscous forces are the governing forces
acting on the liquid slug, > F can be written as pVg+ ApA — oA,,, where the first term is the
gravitational force, the second term is the pressure force (e.g., capillary force), and the third term
is the viscous resistance. We note that A = 7R is the cross-sectional area of the tube whereas
A, = 2w RL is the wetted area of the tube wall. o denotes the shear stress within the tube. Thus,
Eq. (5) may be written as

pVg+ ApA — oAy — pVawe = 0. (6)
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FIG. 2. Dynamics of the falling meniscus. (a) Meniscus position before and after the drainage for L = 4 cm
with D =2 mm and D =7 mm. The residual thin film on the wetting walls is shown above the residual
meniscus post drainage with minimal dewetting. (b) Temporal variations of « for different release heights
and tube diameters. (c) Temporal variations in the falling meniscus position at different release heights for
D =2 mm and (d) D = 7.75 mm. The dashed lines represent Eq. (16) and the error bars represent the standard
deviation of three experiments.

The shear stress, o, may be obtained from o = ,u% where % is the velocity gradient perpen-
dicular to the flow. Therefore, the viscous force is

Fo— V()
y =0A, = ;/,TQHRL). (7)

For fully developed flow, the shear stress in the tube may be expressed as 0 = 2uVpax/R where
Vinax 18 the maximum velocity, which occurs at the tube center. Thus, the viscous resistance for the
fully developed cases is given by F, = 4umw LV;,,x. However, for such short tubes utilized in our
study and at larger tube diameters, the fully developed flow assumption during drainage is invalid.
We thus considered the transient dynamics of the viscous losses and have derived the factor o ()
where it is related to the instantaneous viscous force as

aV(rt)
Fv = MT(ZﬂRL) = a(t)vmax~ (8)

To obtain «(¢), we consider the unidirectional unsteady pipe flow equation:

v dp (32V 18V)
_ “ vy

v _ _dp v 1oV 9
P PR (P ©)
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Z—‘Z’ is the pressure gradient of the draining liquid slug in the direction of the drainage. Given the

initial condition of V (r, 0) = 0 and the no-slip boundary condition at the tube wall, V (R, t) = 0, and
by nondimensionalizing the equation using

- t . \%
L S (10)
,OR2 R Vmax
where V, 7, and 7 are the dimensionless velocity, radius, and time, respectively,
v 19/ 9V
a7 T Za=\Taz ) (11)
or FoF\ OF
Separation of the variables results in
V(r,t 2 2\ Jo(Ank — A3t
(r )=1—(f) -8Y" ol R)exp iy (12)
Vmax R =1 AZJI ()"n) IOR2

where J;(X1) is the Bessel function of the first kind of order 1; A; refers to the first positive root of
Ji(A1) = 0. By taking the derivative of Eq. (12) and substituting it in Eq. (8), « is obtained as

2r 8 Ji(M%) —uAlt
=27RLu| —= + — R C). 13
= ”( R TR0 TP R (13)

Temporal variations of « are shown in Fig. 2(b) for two tube diameters and three release heights.
The value of « increases over time and eventually converges to the fully developed value, app =
47 Ly, for all cases. The app values for L = 4, 6, and 8 cm, are 5.02 x 10™*, 7.54 x 10™*, and 103
kg/s, respectively. For the D = 2 mm tube, the fully developed assumption is reasonable. However,
for D = 7.75 mm, it takes longer for « to reach the fully developed value. We average o over time
to obtain the average contribution of the transient viscous losses at the tube wall where the average

value is then

1 (" —27RLu[?2 8pR — A3ty

a=— adt:—“[—tf+L4exp <M—;’l)] (14)
tr Jo Iy R ,U,Al PR

The meniscus falling velocity, V (¢), may be obtained by solving the transport equation (6) by an
integrating factor and given as

V(t)——”pngL =BV e (- 15
T a L P TpR2L ) | (15

Integrating Eq. (15) in time provides the meniscus position, x(¢), given by

x(t) = £|:1 exp(—et)+1t — li| + L, (16)
ele €
where ¢ = g(1 — Ly/L) and & = & /(7 p>L). To validate the drainage problem and the theoretical
model, the position of the meniscus was tracked during drainage at three release heights (L = 4,
6, and 8 cm) inside two tubes with diameters of 2 and 7.75 mm using a HSC. Variations of the
meniscus position with time were obtained using a custom-built matlab code. The data averaged
from three experiments for each release height is shown along with error bars depicting the standard
deviation of the results and compared with the theoretical model in Figs. 2(c) and 2(d) for D = 2 and
7.75 mm. The experimental results have good agreement with the theoretical model. In the initial
stages, the majority of cases exhibit small error bars. However, the increasing error bars over time
may be attributed to dewetting on the tube walls giving less certainty in the measurements over time.
Increasing the tube diameter from 2 to 7.75 mm resulted in a faster drainage of the liquid, which
was due to the increased inertia of the liquid slug in the larger tube diameter.
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B. Post drainage of the liquid slug: The drainage of the thin liquid film

If the tube walls are wetting, the meniscus falls rapidly such that a thin film is left behind on the
walls. The viscous, gravity-driven thin-film drainage at steady state turns into

d’u  pg

dy>
where u(y) is the velocity of the draining film. y is the direction perpendicular to the surface and p is
the dynamic viscosity of the liquid. By taking the no-slip boundary condition at the surface (y = 0)
and zero shear at the film-air interface (y = h) into account, the Navier-Stokes (NS) equation may
be simplified as

, a7

0
u(y) = £ 2hy =y?). (18)
i
Thus, the average draining film velocity, %y, is calculated as
1 h pth
Ur = — dy = . 19
up =4 /0 u(y)dy 3 (19)

Since the film thickness changes over time slowly, the quasistatic film thickness is found by

setting a similarity variable, n = z(2v/g)~"/?>(x/t)~'/2, where v is the kinematic viscosity of the
film to solve
oh —gh? dh
G- (20)
ot v 0x

The following relationship was obtained previously by Jeffreys [53]:

he M Q1)
ogt

If the film thickness, h, was h ~ O(100 um), the drainage timescale, #4.,n = 3Lv/ (ghé) ~
O(1 s), where we recall that A is the initial film thickness and thus drainage of the thin film is
indeed much slower than the meniscus falling velocity.

Once a thin film is formed on the walls post-meniscus drop, the existence of surface tension

gradients (%) will create Marangoni stress along the thin film. Thus, at the liquid-air interface

Oy =h), u‘;—; = Z—Z = Z—é% and there is no slip on the wall [u(y = 0) = 0)] By solving the NS

equation for thin-film drainage [i.e., Eq. (17)] and applying these boundary conditions, the velocity
profile within the thin film will be governed by
hdy aC

8 12
h)y==>h"+———. 22
u(h) 2v + udC ox 22)

We suspect that the Marangoni and the gravitational drainage velocities should scale as uy; ~
ho dy .
% 3¢ and ug ~ £ %, respectively.

For the drainage of the thin liquid film in a tube, we solved the NS equation for gravity-driven
drainage in cylindrical coordinates considering a no-slip condition at the tube wall (r = R), and zero

shear at the film-air interface (r = R — h); the velocity at the film-air interface was obtained as

R—h
u(R — h) = f—i[th—hz + 2R —hY In — } (23)

By solving this equation implicitly for 4, and letting # = x/¢, an approximation was obtained
for the temporal variations of the film thickness during the film drainage. In Fig. 5, the initial
thin-film drainage height was similar across all cases involving both the flat plate and the cylindrical
geometries and across all surfactant concentrations. We note that the cylindrical case initially
overestimated the film thickness; however, it aligned well with the tube interferometry results
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FIG. 3. Temporal variations of climbing film front position. (a) D = 3.9 mm; (b) D = 7.75 mm. Sudden
changes in the slope in (b) are caused by dripping from the tube, where the recoil enhances the climbing effect.

at intermediate times. At late times, the thin-film dewetting caused stronger deviations from the
theoretical models.

Three solutions of MB containing various SDS concentrations (0.1, 0.5, and 1 mM) below the
C,, were drained from tubes with diameters of 3.9 and 7.75 mm. The release occurred at different
heights (L = 6, 8, and 10 cm). Following the drainage of the liquid slug, a climbing film emerged
from the top of the meniscus at the bottom of the tube, where the motion was induced by the
surface tension gradient resulting from the drainage of the SDS solution. Temporal variations of the
climbing front position for all studied cases are shown in Fig. 3. The experiments were conducted
three times, and the averaged results, accompanied by their corresponding error bars, are presented.
x = 0 is the release position of the initial liquid slug prior to release. Thus, depending on the release
height of the liquid slug, x(t = 0) varies for different cases. We found that the initial surfactant
concentration had a weak effect on the climbing rate although at 1 mM (D = 3.9 mm), the climbing
rate was faster. We attribute this to the higher surfactant aggregation at the liquid-air interface
causing a stronger Marangoni stress. For cases with higher release heights (D = 7.75 mm), sudden
acceleration of the climbing film was observed for the 1 mM surfactant concentration at 6 and 8 cm
[Fig. 3(b)], which was attributed to drop pinch-off at the tip of the tubes. The pinch-off events causes
the climbing film to recoil and accelerate.

IV. DISCUSSION

Based on our hypothesis, advection must dominate diffusion and surfactant kinetics for film
climbing. To validate our hypothesis, experiments were also conducted for two higher SDS concen-
trations (3 and 7 mM) at three release heights (6, 8, and 10 cm). The schematic and experimental
representation of the postigdrainage dynamics is shown in Fig. 4 for the drainage of 1, 3, and 7 mM
SDS solutions inside a D = 7.75 mm tube for the release height of L = 10 cm. A clear climbing
film post drainage can be observed for C = 1 mm as seen in Fig. 4(a). For C = 3 mm, the drainage
film forms on the tube walls, but no climbing film is observed. For this case, diffusion, adsorption,
desorption, and advection timescales are calculated as 2 x 1073, 046, 0.17, and 7 x 1073 s. Tt is
evident that the diffusion timescale is considerably smaller than the advection, which shows that the
problem is not advection dominant anymore. This observation proves our hypothesis that at higher
SDS concentrations, diffusion gains more dominance and eventually diminishes the surfactant
gradients caused by advection as the result of gravitational drainage. For 7 mM, it was observed
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(a) Advection-dominant (b) Diffusion-dominant (c) Fast drainage
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FIG. 4. Schematic and experimental representation of postdrainage dynamics: (a) advection-dominant
(C =1 mM) case where the strong flow creates axial surfactant gradients at low surfactant concentrations;
(b) diffusion-dominant (C = 3 mM) case where the dominant diffusion of surfactants to the liquid-air interface
prevents surfactant gradients at intermediate surfactant concentrations; and (c) fast drainage (C = 7 mM) case
where we postulate that surfactants at the contact line cause a surfactant gradient to enhance drainage of the
thin film at the highest surfactant concentrations. ucy, is the contact line velocity due to dewetting and u,, is the
Marangoni velocity.

that the high SDS concentrations caused dewetting on the tube walls hindering the formation of
the thin films upon drainage as seen in Fig. 4(c) (see Supplemental Material [54] and compare the
1 mM case with the 7 mM case). We suggest that near the precursor film in the contact line of the
draining film, surfactants are densely packed at the highest surfactant case, where such effect is not
as strong at lower surfactant concentrations. Therefore, once the liquid slug is drained for the 7 mM
case, the Marangoni effect acts in the direction of the drainage causing stronger dewetting. We thus
show that increasing the SDS concentration beyond a critical threshold (= 3 mM) not only fails to
yield the climbing film but also hinders the formation of thin wetting films in general.

If a climbing film forms, we may describe the climbing dynamics in the following way by
adopting the same assumptions as Xue et al. [16] except that we have set the origin at the release
height of the liquid slug as opposed to setting the origin at the start of the climbing film. The key
difference between the Xue et al. study and the current study lies in the fact that in the present study,
the Marangoni stress is purely due to drainage and not due to a sudden change in the surfactant

concentration between the pure thin liquid film and a surfactant bath. From Eq. (22), the velocity
_dy 2 ac

ratio of Marangoni, uy, to the gravitational drainage, ug, is given as Ay = aC pgh x Considering
¢ ~ € Ay is estimated as
_dy 2C 24)
7= dC pghL’
By substituting the film thickness from Jeffreys’ solution for film thickness [53] (h = %), the
velocity ratio is obtained as
dy 2C [ pgt 172
o= ——| 22| . (25)
dC pgL| ux
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FIG. 5. Temporal variation of the draining film thickness across various MB and SDS surfactant concen-
trations. The black line is the Jeffreys solution [Eq. (21)] and the blue line is Eq. (23).

By setting x = L, the climbing film timescale (z,) is calculated by

A% upgl?
T = f—dyz (26)
4(C%)
The dimensionless climbing film front position (¥) and time (%) are obtained as ¥ = x/L and
T = 1/14, respectively, where x is the climbing film front position. The expected Marangoni upward
climbing rate is given by

F=1-13 27)

In order to obtain the value of 7, an estimation of the film thickness (%) was obtained from
Fig. 5. The experimentally derived /& was also used to calculate A, and 74 for each case. In order
to compare the experiments with the model (¥ = 1 — £2/3), the climbing film time () and position
(x) were nondimensionalized using L and t,, respectively. The nondimensional results for all SDS
concentrations and release heights are portrayed in Fig. 6 along with the model. ¥ = 1 refers to the
tip of the tube where the climbing film starts and ¥ = 0 signifies the release height of the liquid slug.
After nondimensionalizing the data, there was a notable collapse across different concentrations and
release heights, showing good agreement with the theoretical model particularly at early times (i.e.,
before drop pinch-off events).

V. CONCLUSIONS

Surfactant-laden liquid slug drainage and the subsequent spontaneous film climbing was inves-
tigated inside circular capillary tubes. We found that the draining film imparts a surface tension
gradient that results in a climbing film. Different tube diameters, liquid slug release heights, and
surfactant concentrations were studied. The key findings are as follows:

(1) Decreasing the capillarity diameter resulted in a deceleration of the liquid slug drainage due
to the increased capillary and viscous resistance.

(2) At low surfactant concentrations, advection was dominant, which enabled the formation of
climbing films caused by surfactant gradients.

(3) At higher surfactant concentrations, diffusion overcame advection and suppressed the sur-
factant gradients.
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FIG. 6. Dimensionless temporal variations of the climbing film front position and comparison with the
model [Eq. (27)] for (a) D = 3.9 mm and (b) D = 7.75 mm. The surfactant variation was between 0.1and
1 mM across liquid slug release heights between 6 and 10 cm.

(4) At the highest surfactant concentrations close to the critical micelle concentration, there was
no residual thin film or a climbing film and instead, instant dewetting as the liquid slug drained was
observed.
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