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Abstract Spatiotemporal filter velocimetry (SFV) was extended to Lagrangian
measurements with boundary-fitted measurement areas, and was applied to flows about single
spherical drops of glycerol-water solution falling in stagnant silicon oil under clean and
contaminated conditions to examine its applicability to the estimation of the Marangoni stress and
surfactant concentration at a moving interface. Effects of bulk concentration of surfactant on the
velocity field, the Marangoni stress and the surface concentration of surfactant were discussed from
the measured data. As a result, we confirmed that accurate velocity distribution in the vicinity of the
interface measured by SFV enables us to evaluate interfacial velocity and interfacial shear stresses
and to estimate the Marangoni stress, interfacial tension and surfactant concentration at the interface
with the assumption of negligible surface viscosity. The flow inside the drop and the interfacial
velocity become weak due to the Marangoni stress caused by the gradient of surfactant concentration
at the interface as the bulk concentration of surfactant increases. These results demonstrate that SFV

is of great use in experimental analysis of adsorption and desorption kinetics at a moving interface.
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Highlights

®  Spatiotemporal filter velocimetry is extended to boundary—fitted measurement
regions (BF-SFV).

® BF-SFV enables us to measure velocity distribution in the vicinity of an
interface accurately.

® Interfacial velocity and interfacial shear stress can be evaluated from the
measured velocity distribution.

® Distributions of the Marangoni stress, interfacial tension and surfactant
concentration at the interface are successfully estimated from the accurate

velocity distributions.



1. Introduction

Adsorption of surfactants at an interface changes the interfacial tension and
induces the gradient of the interfacial tension, i.e., the Marangoni stress which
affects the boundary condition at the interface and alters rates of mass and
momentum transfer between the two fluids. Thus, knowledge on adsorption-
desorption kinetics at an interface is of fundamental importance to understand
motion and mass transfer of drops and bubbles. Many studies (Levich, 1962;
Borwankar and Wasan, 1983; Bleys and Joos, 1985) have been carried out for
understanding and modeling adsorption-desorption kinetics. Most of them have
dealt with a static interface in a quiescent system. Several numerical simulations
(Cuenot et al., 1997; Takagi et al., 2003; Hayashi and Tomiyama, 2012) have been
conducted by using an adsorption-desorption model for the quiescent system to
predict distributions of surfactant concentration and the Marangoni stress at the
moving interface of a bubble or a drop. However, the applicability of the model to
a moving interface has not been examined through comparisons with experimental
data due to the difficulty in measuring surfactant concentration and the Marangoni
stress at a moving interface. Hence, development of an experimental evaluation
method of the Marangoni stress and surfactant concentration at a moving interface
is required for validations of numerical simulation and models used in those
simulations.

The Marangoni stress acting on an interface balances with the inner and
outer viscous shear stresses at the interface, in other words, a jump in the interfacial
shear stress takes place at the interface when the Marangoni stress occurs. Hence,
an accurate measurement of interfacial shear stresses in both phases would enable
us to evaluate the Marangoni stress. Imaging velocimetry such as PIV and
spatiotemporal filter velocimetry (SFV; Hosokawa and Tomiyama 2012; Hosokawa
et al.,, 2013) may provide velocity distributions in the vicinity of an interface.
However, the presence of an interface in a measurement region decreases the
measurement accuracy. Oguma and Fujisawa (2007) proposed PIV in a boundary-
fitted measurement region in which the recorded particle image was transformed
into a rectangular shape to calculate cross-correlation of the images. The boundary-
fitted measurement region enables us to accurately evaluate the gradient of
tangential velocity at an interface, compared with rectangular measurement regions.

PIV, however, measures the translation velocity of multiple particles in an
3



interrogation area, so that measured velocity is an area-averaged velocity and the
minimum size of the interrogation area (spatial resolution) strongly depends on
particle concentration. The transformation of digital particle images in the
boundary-fitted region induces expansion or compression of a pixel size, i.e.,
particle size, and therefore, the particle size in the transformed image is not uniform
and depends on the particle position. This position-depending particle-size
distribution could be an error source and the error becomes large as the curvature
or deformation of the boundary/interface becomes large. Since SFV measures
velocity of a single particle in a fixed measurement region and does not use a spatial
correlation process, it might be easily extended to an arbitrary measurement region
fitted to an interface without transformation of particle images. Since accuracy of
velocity measurement and spatial and temporal resolutions of SFV are as high as
laser Doppler velocimetry (LDV) (Hosokawa and Tomiyama, 2012), extension of
SFV to boundary fitted measurement region may be a promising way to accurate
measurement of interfacial shear stress and the Marangoni stress at an interface.
For surfactant concentration at an interface, several measurement methods
have been proposed so far. Radiotracer (Dixon, 1949; Tajima et al., 1970), X-ray
absorption (Takiue et al., 2003) and neutron reflection methods (Manning-Benson
et al., 1998) can measure surfactant concentration at an interface and are successful
tools to understand surface concentration and surface structure at an equilibrium
state. Their spatial and temporal resolutions are, however, not high enough to
capture adsorption-desorption kinetics at a moving interface. Optical methods
(Shen, 1989; Bain, 1998), i.e., ellipsometry, second harmonic generation (SHG) and
sum-frequency generation (SFG) provide better spatial resolutions, and therefore,
they are applied to distribution measurement of surface concentration at a moving
interface in a static shape (Manning-Benson et al., 1997, Hutchison et al., 1999;
Vogel et al.,, 2001). However, the optical signal deeply depends on types of
surfactant, and therefore, measurements are valid only for specific surfactants and
calibration is necessary for each surfactant. A fluorescently tagged surfactant lipid
(Bull et al., 1999) have been used to measure surfactant distribution at an interface
(Fallest et al., 2010; Strickland et al., 2015) and provided spatial and temporal
distributions of surface concentration of the surfactant. However, it is not easy to
carry out the measurement for various surfactants having various adsorption and

desorption constants. Since the gradient of surface concentration of surfactant
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induces the gradient of interfacial tension, i.e, the Marangoni stress, the surface
concentration could be evaluated from the Marangoni stress.

In this study, the SFV is extended to Lagrangian measurement with
boundary-fitted measurement regions, and it is applied to flows about single drops
of glycerol-water solution falling in a stagnant silicone oil under clean and
contaminated conditions to demonstrate the applicability of SFV to velocity
measurements in the vicinity of the interface. Velocity distributions not only outside
but also inside the drops are measured by using a refractive index matching method.
The interfacial velocity and interface shear stress are evaluated from the measured
velocity distribution near the interface. The Marangoni stress, interfacial tension
and concentration of surfactants at an interface are estimated from the measured
velocity distributions to examine the availability of SFV for validation of numerical
simulation taking into account adsorption and desorption of surfactants at an

interface.

2. Measurement Method

2.1 Principle of Spatiotemporal filter velocimetry

Figure 1 shows the principle of SFV, which processes time-series particle
images recorded by a high-speed camera in the image acquisition step. A
spatiotemporal filter Fs#(x,y,f), which is a cyclic function in space, is multiplied to
an intensity distribution /(x,y,f) of an image in an interrogation area, and the
resultant intensity distribution is integrated in the interrogation area to obtain the

integral intensity Is#(x., y., f) (spatiotemporal filtering step):

Ay Ax
Vet—  Xct+—-
Isp (e Yer ) = [ a3 [ sz 100y, OFsp (x, y, )dxdy (1)
c 2 c

2

where ¢ is the time, (x, y.) the center position of the interrogation area, and Ax and
Ay are the sizes of the area in x and y directions, respectively. When Fsx(x, y, f) is a
periodic function (period L,) with respect to x (ex. cos(2mx/L,)) and a particle with
velocity v, moves in the area, Is#(x., y., t) periodically fluctuates with the frequency

w/Ly. Hence, the frequency estimation of Isr yields particle velocity



(frequency/velocity evaluation step). The perpendicular velocity component v, can
be measured by using a cyclic function with respect to y as Fsr. Thus, we can
evaluate two velocity components of each particle in an arbitrary interrogation area
in the imaging plane from the time-series particle images. The direction of velocity
can be determined by using a moving filter function like the frequency shift in LDV
measurements. In this study, we use a cosine function for Fsr, and a wavelet analysis
is adopted to evaluate the frequency of Isr. Details of SFV can be found in

Hosokawa and Tomiyama (2012).

2.2 Extension of SFV to boundary-fitted interrogation area

In SFV measurements of flow containing interfaces or curved walls, the
interface or the wall surface passes through an interrogation area is apt to cause
measurement errors. Hence, the measurement accuracy and resolution in the
vicinity of an interface or surface tend to be lower than those away from the
interface/boundary in spite of the importance of the flow near the interface/wall.
SFV is, therefore, extended to a general curvilinear coordinate as shown in Fig. 2.
Interrogation areas are formed to fit the interface/boundary, and therefore, the areas
are not rectangle but arbitrary shaped. The spatiotemporal filter Fsr in the
curvilinear coordinate (&, 1), is projected onto the non-rectangular interrogation

area to obtain [gz:

ISF(xC) yC' t) = ff I(X, y} t)M(X, y' t)FSF(E(x) y' t)' T](X, y' t)' t)dXdy (2)

where M is the window function which takes 1 and 0 in the inside and the outside
of the interrogation area, respectively. The area of the integration is an arbitrary
region which contains the interrogation area. The velocity in the (&, 1) plane can be

evaluated from the frequency of fluctuating /sr.

3. Experimental Apparatus

SFV was applied to flows about single drops of glycerol-water solution

(53.5 wt%, viscosity: pp = 6.13 mPa s, density: pp = 1132 kg/m’) falling in stagnant
silicone oil (Shinetsu Silicone, KF-96-300cs; viscosity: puc = 299 mPa s, density:
6



pc =967 kg/m’) in a rectangular container (170(W) x 170(D) x 500(H) mm) under
clean and contaminated conditions. Figure 3 shows the schematic of the
experimental apparatus. Millipore water was used to prepare the glycerol-water
solution. The concentration of the glycerol-water solution was determined so as to
match the refractive index of the solution with that of the silicone oil (Ninomiya
and Yasuda, 2006). The experimental conditions are summarized in Table 1. Triton
X-100 was solved in the glycerol-water solution as surfactant. The surfactant
concentrations C were 0.0, 0.2, 0.5, 1.0 and 10 x 10 mol/m’ for Cases 1, 2, 3, 4
and 5, respectively. The drop size was constant (8.3 mm) in all the cases, and the
drop Reynolds number was less than unity. The drop was released from the nozzle
located at the center of the cross-section of the container just below the surface of
the silicone oil. The duration from the start of drop generation to the release of the
drop was kept constant (1 sec.) so as to keep the initial contamination level constant.
The temperatures of the fluids were fixed at 25 + 0.5 °C.

Silicon dioxide particles (mean diameter: 3 um) were added to both fluids
as tracer particles. The particles mixed with ethanol and mixed well to elute oil-
based contaminants. Then, they were extracted from the contaminated ethanol by a
centrifugal separation. Then, the particles were mixed and stirred well with
Millipore water to remove ethanol and water-based contaminants. The particles
were extracted by the centrifugal separation. These processes were repeated at least
three times and the resultant particles were dried and added to the liquid phases.
Rhodamine B was dissolved in the glycerol-water solution at the concentration of
5.0x107 mol/m’ to distinguish the drop region from the other in visualized images.
The vertical center plane of the drop was visualized by a laser sheet (thickness: 0.2
mm, width: 25 mm, wavelength: 532 nm) irradiated from the bottom of the
container. The particle images were recorded by a high-speed camera (Photron,
FASTCAM SA-X2, frame rate: 12500 fps, resolution: 0.02 mm/pixel) and the
velocity distributions were measured by SFV. The velocity measurements were
carried out at y = 250 + 10 mm below the nozzle tip. The drop reached a quasi-
terminal condition before it reached y = 150 mm. The second camera located
perpendicular to the high-speed camera was used to check whether the laser sheet
passed through the center plane of the drop. Since the drop is spherical in the present
conditions, cylindrical coordinates, the origin of which was the center of drop, was

used to measure velocity in the vicinity of the interface. The size of the interrogation
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region was 0.3 mm in the radial direction and 6 deg. in tangential direction. Velocity
in the regions far from the interface was measure by using a rectangular area (0.3 x
0.3 mm). The uncertainty in SFV measurement was confirmed to be less than 5 %

in our previous study (Hosokawa and Tomiyama, 2012).

4. Results and Discussion

4.1 Validation of measured velocity

Figure 4 shows the pathlines of tracer particles, the distributions of velocity
v measured by SFV and the streamlines calculated from the measured velocity
distributions for the clean and contaminated systems. x and y are the coordinates
whose origin was fixed at the center of drop. The distance from the drop center and
the velocity v are normalized by the drop radius R and the terminal velocity V7r,
respectively. Internal circulation was successfully measured in the clean system
(Case 1), and it becomes weaker as the surfactant concentration increases. The
velocity inside the drop in Case 5 almost vanishes, and therefore, the velocity
around the drop clearly decreases due to the immobile interface. As a result, the
terminal velocity of the drop agrees well with the Stokes solution for a spherical
solid particle. Hence, this condition can be regarded as the fully contaminated
system. In the medium contamination cases (Cases 2, 3 and 4), the internal
circulation is not fore-aft symmetric. This implies that the interface is clean in the
front region and contaminated in the rear region. As C increases, the stagnant cap
formed in the tail region becomes larger, and the internal circulation moves forward
and weakens. This attenuation of the internal circulation changes the boundary
condition at the interface and increases the drag acting on the drop. As a result, the
terminal velocity of the drop decreases with increasing C as shown in Table 1.

Figure 5 shows comparisons between the measured and theoretical
tangential velocity distributions in the clean and contaminated drops. The curves
are the following Hadamard-Rybczynski and Stokes solutions for a clean drop and

a solid sphere, respectively.

Vrsin @ [2 _ R(2+3K) KR3 ] L
Vg = 2r 24n) - 2ri(ae) R~ foraclean drop (3)
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where 0 is the angle from the nose of the drop and « the viscosity ratio pp/pc. The
measured velocity distributions about the clean and contaminated drops agree well
with the theories, which indicates that SFV accurately measured velocity
distributions about the drops. It is also confirmed that the velocity distribution about
the fully contaminated drop is almost the same as that about a solid sphere (Clift et
al., 1978).

Figure 6 shows the azimuthal distribution of the tangential component vg;,
of the velocity at the interface, which is evaluated by extrapolating the interfacial
velocities from inside and outside velocity distributions in the vicinity of the
interface and taking the average of the interfacial velocities. The distributions in
Cases 1 and 5 agree well with the Hadamard-Rybczynski and Stokes solutions (Egs.
(3) and (4) at r = R), respectively. The small deference between the measured and
theoretical values in the rear part of the clean drop (Case 1, 6 > 150 deg.) might be
due to slight contamination in the clean system. In Case 2, the velocity distribution
in the front part of the drop agrees with that of the clean drop (6 < 60 deg.). This
region becomes small with increasing C, i.e., 6 < 30 and 10 for Cases 3 and 4,
respectively. The velocity in Case 2 in the rear part (0 > 150 deg.) is almost the
same as that of the fully-contaminated drop, i.e., zero. The angle 0 at which the
velocity reaches the value of the fully-contaminated system becomes small as C
increases, i.e, 0 = 120 and 90 deg. for Cases 3 and 4, respectively. These velocity
distributions in the intermediate surfactant concentrations disagree with Levich's
assumption (1962), i.e., the sinusoidal distribution, used to deduce the terminal
velocity of a fluid particle in a contaminated system.

Figure 7 (a) shows the radial component of the gradient of the tangential
velocity at the interface, which was evaluated from the inner and outer velocity
distributions. The measured velocity gradients agree well with theoretical gradients
calculated from Egs. (3) and (4) in clean and fully-contaminated systems,
respectively. However, there is a large gradient region in the outside of the drop and

a negative velocity gradient in the inside around 0 = 140 deg. in Case 2. The
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interfacial velocity in 0 <0 < 90 deg. in Case 2 is almost the same as that in Case
1, i.e. for clean interface, as shown in Fig. 6. The high velocity fluid around 6 = 90
deg. quickly decelerates due to the Marangoni stress around 6 = 140 deg. as shown
in Fig. 7 (b). Since the Marangoni stress acts at the interface, the interfacial velocity
quickly decreases whereas the effect of the Marangoni stress on the flow away from
the interface appears more downstream. Hence, the large velocity gradient and the
negative velocity gradient occur around 6 = 140 deg. in the outside and inside of

the drop, respectively.

4.2 Estimation of Marangoni stress, interfacial tension and

surface concentration of surfactant
The difference At,¢ in the viscous stresses between the inside and outside of
the drop interface, t,0,, and T,0,0., reflects the sum of the other forces acting on the

interface, i.e., the Marangoni stress and stress due to surface viscosity.
AT?’Q:TTG,OM'TTH,M (5)

where 1,9 is evaluated by

—, (9vg
Tro —H\ S

— tooe) (©)

r=R R

Since the present system is steady and with no interface oscillation, the stress due
to surface viscosity could be much smaller than the Marangoni stress. Hence, At,9
is postulated to depend only on the Marangoni stress in the present system. At,g
normalized by pcV7/R is shown in Fig. 8. The normalized At,¢ is almost zero for
the clean drop (Case 1), which means there is no jump in the interface shear stress
for the clean drop. On the other hand, the normalized At,¢ does not vanish for the
fully-contaminated drop (Case 5). Although the normalized At,9 shows the same
trend as the shear stress on a solid sphere indicated by the dashed curve in the figure,
it is slightly lower than the shear stress on a sphere. This might be due to non-zero
interfacial velocity as shown in Fig. 6 as will be discussed using Eq. (14). In Cases
2, 3 and 4, the normalized At,¢ vanish in the front part of the drop and agree with

the fully-contaminated drop in the tail region. This result clearly indicates the
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formation of stagnant cap in the rear region of the drop. The region of the stagnant
cap increases with C. Non-zero At,g in the tail region (6 = 150 — 180 deg.) of the
clean drop is due to slight contamination of the liquid. These results clearly indicate
that the accurate velocity distribution measured by SFV enables us to evaluate the
interface shear stress and the other stresses acting on the interface, which can be
utilized for validation of numerical methods for predicting surfactant effects. The
Marangoni stress can be estimated by SFV if the surface viscosity is negligible.
Since the Marangoni stress is induced by the gradient of interfacial tension
due to accumulation of the surfactant at the interface, we can estimate the local
interfacial tension ¢ by integrating the following equation along the interface by

assuming no surface viscosity:

Arrg =Vso =12, (7

where Vg is the surface gradient. The estimated ¢ is shown in Fig. 9, where o7 is
the interfacial tension at the drop tip. The distributions of ¢ — o7 are smoother than
those of At,¢. This is due to the integration which reduces random errors in At 4. In
Case 1, o — o7 is zero, i.e., the interface is clean except in the tail region. In Cases
2 —4, 6 —oris also zero and constant in the front region, which indicates that o and
I" are constant in this region. Since the interfacial velocity near the drop nose in
Cases 2 — 4 has a gradient in 0 direction as shown in Fig. 6, the advection induces
non-zero gradient in I, in other words in o, if I is not zero. Thus, we can presume
that " vanishes and the interface is clean at the drop nose, that is, 67 is equal to the
interfacial tension oo (3.43x10 N/m) of a clean interface in Cases 2 - 4. To the
contrary, ¢ — oy in the tail region is lower than that in the front region due to the
accumulation of surfactant at the interface. The point where ¢ — o7 starts to decrease
moves toward the drop tip (0 = 0 deg.) as C increases. The gradient of o — o7 is
small in the tail region of the drop and o — o7 at 6 = 180 deg. decreases with
increasing C.

The relation between ¢ and surfactant concentration C in the equilibrium
state was measured by using a pendant-drop method (Staufter, 1965) in a quiescent
system of the two fluids to evaluate surfactant concentration at the interface from

the measured o. The measured ¢ decreases with increasing C as shown in Fig. 10
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and is well fitted by the following Szyszkowski’s equation (Rosen and Kunjappu,
2012):

(Tuq) =60 = RGT Ty In (1+§) (8)

where R is the gas constant, 7' the temperature, I',, the equilibrium surface
concentration, [, the maximum I" of monolayer adsorption and a the ratio of rate
constants for adsorption and desorption. I',,,, and a were evaluated by least square
fitting of Eq. (8) to the measured o, and they were 1.69x10° mol/m* and 1.02x10
mol/m’, respectively. o does not depend on C when C > 2.8x10™" mol/m’ due to the
formation of micelles. Hence, the micelles were not formed in the present
experimental range (C < 1.0x10" mol/m’).

Once I'max and or are known, we can estimate the local surfactant
concentration I' at the interface from the measured c—cr using the following

Frumkin’s equation (Frumkin, 1925) by assuming an equilibrium condition.

0=00+RGTFmaxln(l -t ) 9)

max:

Figure 11 shows the estimated local surfactant concentration I" at the interface for
each case. The lines in the figure show I',., and the equilibrium surfactant
concentrations I'¢,. I increases with increasing 0 due to the adsorption of surfactant
to the interface and by the advection of the surfactant on the interface toward the
tail, that is, the surfactant adsorbed on the interface flows toward the tail by the
interfacial velocity and accumulates in the tail region to form the stagnant cap. In
the stagnant cap in the drop tail, vein; vanishes and I" is almost constant at I',, in
Cases 2 —4, i.e., I" in the tail region reaches the equilibrium state in these conditions.
These results imply that (1) the assumption of clean interface at the drop nose is
reasonable in these conditions and (2) the adsorption of surfactants is in an
equilibrium state and Eq. (9) holds in the present conditions although the
applicability of Eq. (9) to a nonequilibrium condition is not guaranteed. Hence, "
in Case 5 is estimated by assuming that o at @ = 180 deg. is the same as ¢ at I',,.
The tip of the drop in Case 5 is contaminated. The interfacial velocity almost

vanishes in Case 5, and therefore, the effect of advection on the surfactant
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concentration at the interface becomes very weak. Hence, the difference of I’
between 6 = 0 and 180 deg. is small in Case 5, whereas it is large in Cases 2 — 4 due
to the advection of I. Since the stress due to surface viscosity vanishes for the clean
interface and for the stagnant cap region in which the interface is immobile, the
effects of the surface viscosity on the estimations occur only in between the clean
interface near the drop nose and the stagnant cap near the drop tail. When the
surface viscosity is not negligible, the estimated Marangoni stress is larger than the
actual value, and therefore, the estimated I at the drop tail is higher than the actual
values. Since I is less than or equal to I'., in many cases, the result that I" at the
drop tail is almost the same as I',, implies that the stress due to the surface viscosity
is negligible in the present conditions. Note that it is not easy to provide all
parameters for evaluation of surface viscosity, and therefore, most of numerical
simulations of contaminated bubbles or drops do not take into account the surface
viscosity. Hence, the present method for estimating I" based on the assumption of
negligible surface viscosity is valuable for validation of numerical simulation even

for a system in which the surface viscosity plays some role.

4.3 Discussion on interfacial velocity of fully-contaminated drop
If the Marangoni stress acting on a spherical fluid particle is the same as the

viscous stress acting on a solid sphere, we obtain

100 _ 3uvr
T RO 2 R

At sinf (10)

Integrating Eq. (10) and assuming that I at © = 180 deg. reaches the equilibrium

state yield
3
o =>uVr(1 + cos6) + o(Teq) (11)

Comparing Egs. (8), (9) and (11), we obtain

' = Ty — Tegexp {3 T (1+ cosB)} (12)

2 RgTTmax
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Equation (12) is plotted in Fig. 11. Although the trend of the measured I" in Case 5
agrees with Eq. (12), it is higher than Eq. (12) especially in the front part of the
drop. Thus, the gradient of T, i.e., the Marangoni stress is smaller than the shear
stress at a sphere surface. This explains the non-zero interfacial velocity in Case 5
shown in Fig. 6. Note that the magnitude of the non-zero interfacial velocity is less
than a few percentages of the terminal velocity as shown in Fig. 6, so that the effect
of the non-zero interfacial velocity on the drop velocity is very small.

The conservation of I in the steady state is given by (Levich, 1962, Stone,
1990)

V, Tv;, =Vs DV + S (13)

where v, is the interfacial velocity, D the diffusion coefficient and S the molar
flux due to adsorption and desorption. If v;,, vanishes under a fully contaminated

condition, the equation (13) reduces to

VgDV +S=0 (14)

The first term makes I constant over the interface and the second term makes I'
approach an equilibrium value. Hence, the equation (14) gives a uniform
distribution of . These terms therefore tend to decrease the Marangoni stress. On
the other hand, the advection term in Eq. (13) tends to enhance the gradient of I'
and the Marangoni stress. Hence, non-zero v;, is necessary even in a fully-
contaminated condition and the boundary condition of a fully-contaminated
spherical drop is not completely the same as the solid sphere. Note that adsorption
of surfactant on an interface decreases C near the interface and the low C region
develops toward the drop tail due to advection about the drop. I' also decreases
toward the drop tail due to the decrease in C, and therefore, the Marangoni force
acts to increase the interfacial velocity. The present experimental results indicate
that the decrease in C in the vicinity of the interface is negligible because I" at the
drop tail reaches I',, calculated using the bulk concentration of the surfactant in Fig.
11.

The above results on velocity, interfacial shear stress, Marangoni stress,

surface tension and surfactant concentration at the interface of spherical drop can
14



be utilized for validation of an adsorption-desorption model developed for a

quiescent system in numerical simulations of flows with moving interfaces.

4. Conclusion

Spatiotemporal filter velocimetry (SFV) was extended to Lagrangian
measurements with boundary-fitted measurement areas for accurate velocity
measurements in the vicinity of an interface or boundary. Velocity distributions in
the vicinity of single drops of glycerol-water solution falling in stagnant silicone oil
were measured by SFV and a refractive index matching method. Experiments were
conducted for clean and contaminated conditions to demonstrate the applicability
of SFV to the estimation of the Marangoni stress and surfactant concentration at the
interface. As a result, we confirmed that SFV accurately measured the velocity
distribution in the vicinity of the interface and that the accurate velocity data
enabled us to evaluate the interfacial velocity and the interface shear stresses, and
to estimate the Marangoni stress, the interfacial tension and the surfactant
concentration at the interface with the assumption of negligible surface viscosity.
The influence of the surfactant on the velocity distribution was well captured by the
SFV measurements. The measured velocity distributions and the measured velocity
gradients at the interfaces of the clean and fully-contaminated drops agreed with
the Hadamard-Rybczynski and Stokes solutions, respectively. The Marangoni stress
was also well estimated from the velocity distribution measured by SFV and it was
confirmed that the trend of the Marangoni stress acting on a fully-contaminated
spherical drop is the same as that of viscous stress acting on a solid sphere, though
its magnitude is slightly lower than that of the viscous stress. The surfactant
concentration estimated from the measured velocity distributions gave reasonable

values for the various bulk contamination of surfactant.
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Nomenclature

SIS

F SF-

1 SF-

VTI

xCJ yC:

Subscript

ratio of rate constants for adsorption and desorption

concentration of surfactant

diffusion coefficient

drop diameter

spatiotemporal filter function
intensity

integrated intensity

cycle of spatiotemporal filter function
window function

drop radii

gas constant

coordinate in radial direction

molar flux due to adsorption and desorption
temperature

time

terminal velocity

velocity

coordinate in horizontal direction

coordinate in vertical direction

center position of interrogation area in x and y directions

Marangoni stress

size of interrogation area in x and y directions

surfactant concentration at interfacial
viscosity ratio

viscosity

coordinate in tangential direction
density

interfacial tension

interfacial shear stress

curvilinear coordinates

[mol/m’]
[mol/m’]
[m?/s]

[m]

[m]

[m]
[J/K/mol]
[m]
[mol/m*/s]
[K]

[s]

[m/s]
[m/s]

[m]

[m]

[m]

[Pa]

[m]

[mol/m?]

[Pa s]
[deg.]
[kg/m’]
[N/m]
[Pa]
[m]
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0: clean system

C: continuous phase
D: drop
eq: equilibrium
in: inside of drop
int: interface
max: maximum
out: outside of drop
S: surface

drop tip
X: x component
y: y component
0: 6 component
Oint: 0 component at interface

Appendix

Velocity measurement using rectangular measurement areas was carried out
to examine advantages of the boundary-fitted measurement areas in velocity and
velocity gradient measurements. The image processing procedure is shown in Fig.
Al. Since the measured velocity in the measurement area containing an interface is
an averaged value of the velocities in both phases, we introduced an image window
to discriminate particles in one phase from those in the other phase. That is, the
original image was binarized with a threshold level which was determined as an
intermediate level between the intensity of fluorescence in the drop and that of
background in the outside. The binarized image contained tracer particles in the
outside region, and the particles were removed by using a morphological filter to
obtain the image window for extracting the inside particles. The image window for
the outside particles was obtained by inverting the image window for the inside
particles. These windows indicate a phase distribution and we call them as the phase
indicator window, MP. The original images were masked by a rectangular mask
moving with the drop (Lagrangian mask: ML) and one of the phase indicator
windows to obtain time-series particle images in the inside or outside of the drop.
Thus, M in Eq. (2) is the product of MP and ML. Each set of time-series images of
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particles was analyzed by SFV to obtain velocity distributions in the inside and
outside of the drop. Hence, the effective measurement area containing an interface
is not rectangle but non-rectangular as shown in Fig. A2. The definition point of the
measured vector was set at the center of the filtered measurement area, thus,
velocities of both phases were measured in a rectangular measurement area
containing an interface.

The interfacial velocities vg;,, measured using the rectangular measurement
areas in Cases 1 and 5 was plotted in Fig. A3 together with those using the
boundary-fitted measurement areas. The curves indicate the theories given by Egs.
(3) and (4). Although there is small difference between the velocities measured by
both methods in Case 5 in which vy, is nearly zero, the difference between the
theoretical and measured vg;, in the case using the rectangular area is larger than
that in the case using the boundary-fitted area. Figure A4 shows the normalized
Marangoni stress At,o/(1LcV7/R) which was estimated from the velocity distributions
measured by the two methods. The difference between the theories and the data
measured using the rectangular area is larger than those using the boundary-fitted
area not only in Case 1 but also in Case 5. This is due to not only measurement error
but also error in interpolation of rectangularly arranged data to obtain the radial
gradient of the tangential velocity. These results clearly indicate that the boundary-
fitted measurement area improves accuracy in SFV measurement of flow containing

a curved interface or boundary.
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Figure captions

Fig. 1 Principle of spatiotemporal filter velocimetry.
Fig. 2 SFV for boundary fitted interrogation area.
Fig. 3 Experimental setup.

Fig. 4 Effect of contamination level on velocity distribution about a falling drop. ((a) Casel: C =
0.0 mol/m® (0.0% CMC: clean), (b) Case 2, C = 2.0 x 10” mol/m’ (0.7% CMC), (c) Case 3, C =
5.0 x 10” mol/m’® (1.8% CMC), (d) Case 4, C = 1.0 x 10 mol/m’ (3.6% CMC), (b) Case 5, C =
1.0 x 10" mol/m® (35.7% CMC: fully-contaminated))

Fig. 5 Tangential velocity distribution in inside and outside of a drop.

Fig. 6 Tangential velocity distribution at drop interface. (The solid and dashed curves indicate the

Hadamard-Rybczynski and Stokes solutions, respectively.)
Fig. 7 Velocity gradients at interface.

(a) Distributions of velocity gradients at interface. (The solid and dashed curves indicate the

Hadamard-Rybczynski and Stokes solutions, respectively.)
(b) Schematic of velocity distribution modulated by the Marangoni stress

Fig. 8 Difference between viscous shear stresses between the inside and outside of the drop
interface. (The solid and dashed curves indicate the Hadamard-Rybczynski and Stokes solutions,

respectively.)
Fig. 9 Distribution of estimated local interfacial tension.
Fig. 10 Effect of C on .

Fig. 11 Distribution of estimated surfactant concentration at interface.

Fig. A1 Image processing procedure.

Fig. A2 Definition points of velocities in a rectangular area containing an interface.

Fig. A3 Comparison of tangential velocity distributions measured by SFVs using rectangular and
boundary-fitted measurement areas.

Fig. A4 Comparison of the Marangoni stress estimated from velocity distributions measured by

SFVs using rectangular and boundary-fitted measurement areas.

Tablel Experimental conditions
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Tablel Experimental conditions

Case 1 Case 2 Case 3 Case 4 Case 5
Concentration of Triton 0 0.2 0.5 1.0 10.0
X-100:C [x10” mol/m’] (0% CMC)  (0.7% CMC) (1.8% CMC) (3.6% CMC) (35.7% CMC)
Drop diameter: d [mm] 8.3 8.3 8.3 8.3 8.3
Terminal Vel[";iltgfz ' N 275 254 2.15 1.95 1.86
Reynolds number: Re 0.73 0.69 0.59 0.52 0.50
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Fig. A2 Definition points of velocities in a rectangular area containing an interface.
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