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ABSTRACT 

Numerical simulations of contaminated bubbles or drops adopt a model of adsorption-desorption 

kinetics developed for quiescent systems. However, the model has rarely been validated due to the lack of 

experimental data of surfactant concentration at a moving interface. Hence, we experimentally investigated 

surfactant concentration at the moving interface of a spherical drop falling in a stagnant liquid containing 

surfactant using the velocity distributions measured by spatiotemporal filter velocimetry (SFV). The molar 

flux of surfactant to the interface was also evaluated by substituting the measured velocity and surfactant 

concentration into the conservation equation of surface concentration of surfactant to examine the 

applicability of the Frumkin – Levich model to a drop falling in a contaminated system. We confirmed that 

the evaluation of surfactant concentration using SFV is of great use in understanding adsorption-desorption 

kinetics at an interface in a contaminated system and for validation of adsorption and desorption models. 

The measured results showed that the Frumkin – Levich model is not applicable to a moving interface, 

whereas it is applicable to an immobile interface, that the dependence of the molar flux on the molecular 

weight of surfactant is not so strong, and that the ratio of the surface concentration of surfactant to the 

maximum concentration, i.e. the surface coverage, is an appropriate index for judging an applicable range 

of the Frumkin – Levich model. 
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INTRODUCTION 

Adsorption of surfactants at an interface changes the interfacial tension and induces the Marangoni 

stress which affects the boundary condition at the interface and alters interfacial mass and momentum 

transfer rates. 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; Muradoglu and Tryggvason, 2008; 

Hayashi and Tomiyama, 2012, Dieter-Kissing et al., 2015) have been conducted by using an adsorption-

desorption model to predict distributions of surface concentration G of surfactant and the Marangoni stress 

at the moving interface of a bubble or a drop. However, the applicability of the model to the moving 

interface has rarely been examined due to the difficulty in measuring G and the Marangoni stress at the 

moving interface. 

Although there are several methods (Dixon et al., 1949, Takiue et al., 2003, Shen, 1989) for measuring 

G at an interface, few methods (Manning-Benson et al., 1997, Hutchison and Klenerman, 1999, Strickland, 

et al., 2015) are available for a moving interface. Evaluation of adsorption-desorption model requires 

measurements of molar fluxes of adsorption and desorption to a moving interface. Evaluation of the molar 

flux based on the conservation equation of G by measuring G and interfacial velocity is one of the possible 

methods. Although Vogel et al. (2001) measured interfacial velocity and G using second-harmonic 

generation (SHG) and boundary fitted DPIV, they did not carry out evaluation of the molar flux of surfactant 

and validation of available adsorption-desorption models. Hosokawa et al. (2017) proposed an evaluation 

method of G based on accurate velocity measurement using spatiotemporal filter velocimetry (SFV), and 

demonstrated its validity. Since the method provides interfacial velocity and G distributions, it can be used 

for evaluation of the molar flux. 

In this study, we applied the method to the moving interface of a spherical drop falling in a stagnant 

liquid containing surfactant to measure the molar flux of surfactant to the interface, which was evaluated 
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by substituting the measured velocity and surfactant concentration into the conservation equation of G. The 

applicability of the Frumkin – Levich model to a drop falling in a contaminated system was discussed based 

on the experimental results. 

 

EXPERIMENTAL APPARATUS 

Figure 1 shows a schematic of the experimental setup. Silicone oil (Shinetsu, KF-96-300cs, density rC: 

967 kg/m3, viscosity µC: 299 mPa·s) was filled in the rectangular container of 170 (D) x 170 (W) x 500 mm 

(H). A drop of glycerol-water solution (53.5 wt%, diameter d: 8.3 mm, density rD: 1132 kg/m3, viscosity 

µD: 6.13 mPa·s) was released from the nozzle (inner diameter: 5.0 mm) located 450 mm above the bottom 

of the container at the center of the cross-section. Water purified by using a Millipore system (Elix 3) and 

pure glycerol (Kishida-Kagaku) were used for the glycerol-water solutions. The concentration of the 

glycerol-water solution was determined so as to make its refractive index the same as that of the silicone 

oil to eliminate optical distortion of tracer-particle images in the drop (Ninomiya and Yasuda, 2006). The 

drop diameter and fluid properties were selected so as to keep the drop Reynolds number Re (=rCVTD/µC) 

less than unity, to make the wall (container size) effect negligible, and to keep enough measurement 

resolution to the drop size. Triton X-100 was selected and solved into the glycerol-water solution as 

surfactant since it has been frequently used in researches on effects of surfactants on the dynamics of 

bubbles and drops (e.g. Bel Fdhila & Duineveld, 1996; Duineveld, 1998; Zhang et al., 2001; Takagi et al., 

2003; Tagawa et al., 2014). SiC particles (mean diameter: 3.0 µm, density: 3210 kg/m3) were added to both 

phases as tracer particles after cleaning by mixing with water and ethanol to elute water-based and oil-based 

contaminants, respectively. Note that the migration of the tracer particles due to the gravity is negligibly 

small compared with the drop velocity. Fluorescent dye (Rhodamine B, concentration: 5.0 x 10-3 mol/m3) 

was solved in the glycerol-water solution to identify the drop region in recorded images. The concentration 

was the minimum concentration at which the drop region could be identified in the images recorded by the 

present imaging system. The drop shape was spherical and the temperature was 25 + 0.5 oC. Note that the 
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velocity distribution about a clean spherical drop in the present experimental apparatus was confirmed to 

agree well with the Hadamard – Rybczynski solution (Hosokawa et al., 2017). 

Since the drop reached the terminal velocity at 30 mm below the nozzle tip in the clean system, 

measurements were carried out at 30 and 40 mm below the nozzle tip. The measurement region at each 

elevation was +10 mm in the vertical direction. A laser sheet (wavelength: 532 nm, power: 2W, thickness: 

0.2 mm) was introduced from the bottom of the container and particle images were recorded by the high-

speed camera (Photron FASTCAM SA-X2, frame rate: 12,500 fps, resolution: 20 µm/pixel) at each 

elevation. Another camera was located at the position perpendicular to the high-speed cameras to confirm 

that the laser sheet passed through the center of a drop. For time-series particle images measured at each 

elevation, we carried out image processing in the following steps; (1) discrimination of the drop region 

utilizing the fluorescent intensity from Rhodamine B in the drop, (2) calculation of the drop center and 

interface detection, (3) generation of boundary-fitted measurement regions in the Lagrangian coordinate 

fixed at the drop center, and (4) velocity evaluation at each measurement region. Spatiotemporal filter 

velocimetry (SFV) with boundary fitted measurement regions (Hosokawa et al., 2017) was adopted for the 

accurate velocity measurement in the vicinity of a drop interface. The uncertainty at 95% confidence in the 

measured instantaneous velocity was less than 5% (Hosokawa and Tomiyama (2012)). Velocities averaged 

in the measurement regions (+10 mm) were calculated using over 100 instantaneous data for each 

interrogation area, and the uncertainty in the averaged velocity was less than 0.5%. Details of SFV can be 

found in Hosokawa and Tomiyama (2012) and Hosokawa et al. (2017). 

 Figure 2 shows examples of the pathlines and the velocity distribution averaged in the measurement 

region. VD in the figure indicates the drop velocity. Surface concentration G of the surfactant was calculated 

from the measured velocity distribution in the vicinity of the interface. First, the interfacial viscous stresses 

trq in both phases were evaluated from the radial gradient of the tangential velocity vq measured in the 

vicinity of the interface and the tangential component of interfacial velocity vqint: 

 

𝜏"#＝𝜇
𝜕𝑣#
𝜕𝑟 "＝(

−
𝑣#*+,
𝑅

																																																												(1) 
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where r is the radial coordinate and R the drop radius. Note that vqint was evaluated as the average of values 

extrapolated from inside and outside radial distributions of tangential velocity in the vicinity of the interface 

by using least square fitting. The difference Dtrq in trq between the inside and outside of the drop interface, 

trq,in and trq,out, indicates the sum of the other forces acting on the interface such as the Marangoni stress 

and the stress due to surface viscosity. In the present system, we confirmed that the Marangoni stress is 

main component of Dtrq and the other stresses are negligible (Hosokawa et al., 2017). Hence, Dtrq was 

regarded as the Marangoni stress hereafter. Since the Marangoni stress is caused by the gradient of 

interfacial tension s, the difference between s and the interfacial tension sT at the drop nose can be 

evaluated by integrating the following relation between Dtrq and s gradient: 

 

∆𝜏"# = 𝒆𝜽 ∙ 𝛻8𝜎 =
1
𝑅
𝜕𝜎
𝜕𝜃
																																																															(2) 

 
where eq is the unit vector in the azimuthal direction, q the angle from the nose of the drop and ∇S the 

surface gradient. Figure 3 shows an example of measured vqint, 𝜕𝑣# 𝜕𝑟, Dtrq and s–sT. Note that the black 

and gray curves in Fig. 3 represent the Hadamard – Rybczynski and Stokes solutions, respectively. The 

measured results in the front and rear parts of the drop agree well with the Hadamrd – Rybczynski solution 

and the Stokes solution, respectively. s – sT is zero and constant in the front region. The surface 

concentration G was evaluated from s using the Frumkin equation (Rosen and Kunjappu, 2012): 

 

𝜎 Γ = 𝜎= + 𝑅?𝑇ΓABC𝑙𝑛 1 −
Γ

ΓABC
																																																(3) 

 
where s0 is the interfacial tension in a clean system, RG the universal gas constant, T the temperature, and 

Gmax the maximum surface concentration of surfactant. The constant s – sT in the front region indicates 

that G is constant in this region. The non-zero vqint in the front region of the drop induces G gradient if G is 

not zero. Hence, the constant G in the front region indicates that G is zero, i.e., the interface is clean in the 

front part of the drop. The same results were observed in the present experimental conditions. Thus, sT is 

equal to the interfacial tension s0 (3.43x10-2 N/m) of a clean interface in the present experiments. An 
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example of the evaluated G is plotted in Fig. 3. The interface is clean (G = 0) in the front part and 

contaminated (high G) in the rear part. Note that the results of the numerical simulations by Cuenot et al. 

(1997) and Bel Fdhila and Duinebeld (1996) show sharp peaks in the viscous stress distributions whereas 

the present result indicates the relatively smooth distribution. This might be due to the difference in Re. In 

their conditions (Re = O(102)), strong advection rapidly increases G in the transition zone between the clean 

interface and the stagnant cap regions, and forms a high gradient in G which induces a strong peak in the 

Marangoni stress. The high-speed flow around the bubble quickly decelerated at the interface by the 

Marangoni stress and the high viscous stress is induced by the deceleration. Even in the present condition, 

a weak peak in the outside velocity gradient, i.e. viscous stress, can be observed around q = 140 deg. in 

Fig .3. Typical uncertainties in Dtrq, s and G, which were evaluated by the propagation of uncertainty in 

the measured velocity, were 2.8x10-1 Pa, 6.4 x 10-4 N/m and 2.4 x 10-8 mol/m2, respectively, and indicated 

by the error bars in Fig. 3. The variations of the measured data are smaller than the error bars. This indicates 

that the actual uncertainties in the measured velocity and the other quantities are lower than 5% and the 

corresponding values, respectively. 

Gmax in Eq. (3) was evaluated from the relation between s and the surfactant concentration C in the 

equilibrium state. s was measured by using a pendant-drop method (Stauffer, 1965) in a quiescent system 

of the two fluids. The measured s decreases with increasing C as shown in Fig. 4 and is well fitted by the 

following Szyszkowski’s equation (Rosen and Kunjappu, 2012):  

 

σ ΓGH 	=	σ0 − RGT	Γmax ln 1+
C
a
																																																						(4) 

 
where Geq is the equilibrium surface concentration and a the ratio of rate constants for adsorption and 

desorption. Gmax and a were evaluated by least square fitting of Eq. (4) to the measured s, and they were 

1.69x10-6 mol/m2 and 1.02x10-3 mol/m3, respectively. s does not depend on C when C > 2.8x10-1 mol/m3 

due to the formation of micelles. Since Eq. (4) is derived from Eq. (3) and the Langmuir isotherm, the good 

agreement between the measured s and Eq. (4) implies that Eq. (3) can be used to calculate G from s 

evaluated using the assumption that the relationship between G and s is the same as that in the equilibrium 
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state although there is some discussion on applicability of Eq. (3) to various surfactants (e.g. Fainerman et 

al., 2009) and several accurate models have been proposed (e.g. Kumar, et al., 2003; Krzan et al., 2004). 

 The experiments were conducted at three different concentrations of the surfactant under the critical 

micelle concentration as shown in Table 1. Since we assumed that the surface concentration of surfactants 

is zero at the drop nose, we selected the concentration so as to keep the drop nose clean, which was 

confirmed in Hosokawa et al. (2017). Geq in Case 1, 2 and 3 were 1.12, 1.40 and 1.53x10-6 mol/m2 (66, 83 

and 91% of Gmax), respectively. The change in the terminal velocity between two elevations (Y = 30 and 40 

mm) was less than 3 % in all conditions. The drop Reynolds number was less than unity in all cases. 

  

RESULTS AND DISCUSSION 

Figure 5 shows the measured velocity distributions and pathlines about a drop at Y = 30 and 40 mm for 

each surfactant concentration C. The drop falls downward and the internal circulation is formed due to the 

shear stress at the interface. As the drop falls, the surfactant accumulates at the interface of the drop tail, 

and therefore, the internal circulation disappears in the tail region due to the immobile interface. Thus, the 

low velocity region is formed in the drop tail. The internal circulation is weaker and the low velocity region 

is wider at Y = 40 mm than at Y = 30 mm due to accumulation of surfactant at the interface during the 

translation from Y = 30 to 40 mm. The internal circulation becomes weak and the low velocity region 

becomes wider with increasing C. These results clearly indicate that the surface concentration G changes 

due to the adsorption and desorption between Y = 30 and 40 mm and the resultant change in the velocity 

field is successfully captured by SFV. 

The measured velocity distributions were compared with the model proposed by Sadhal and Johnson 

(1983) for a spherical fluid particle with a stagnant cap in the limits of low Reynolds number and high 

Péclet number. The model gives the following stream functions 𝜓 and 𝜓 in outside and inside of the 

particle: 

𝜓 = 𝑟K −
1
𝑟

𝑃M 𝑥 𝑑𝑥
M

cos ST#
+ 𝐶V 𝑟TVWK − 𝑟TV 𝑃V 𝑥 𝑑𝑥

M

cos ST#

X

VYM

							(𝑟 ≥ 𝑅)										(5) 
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𝜓 =
3
2
𝑟\ − 𝑟K 𝑃M 𝑥 𝑑𝑥

M

cos ST#
+ 𝐶V 𝑟VW] − 𝑟TVWM 𝑃V 𝑥 𝑑𝑥

M

cos ST#

X

VYM

								(𝑟 < 𝑅)							(6) 

where Pk(x) is the kth Legendre polynomial and Ck are given by 

𝐶M = −
𝜇`

4𝜋 𝜇` + 𝜇b
2𝜙 + sin 𝜙 − sin 2𝜙 −

1
3
sin 3𝜙 +

2𝜇` + 3𝜇b
2 𝜇` + 𝜇b

																										(7)	

𝐶V = −
𝜇`

4𝜋 𝜇` + 𝜇b
sin 𝑘 + 2 𝜙 − sin 𝑘𝜙 + sin 𝑘 + 1 𝜙 − sin 𝑘 − 1 𝜙

																																																																																								−2
sin 𝑘 + 2 𝜙
𝑘 + 2

+
sin 𝑘 − 1 𝜙
𝑘 − 1

	 (𝑘 ≥ 2)																				(8)

				

where f is the angle of the stagnant cap region. Figure 6 shows the comparison of the interfacial velocity 

vqint normalized by the drop velocity VD between the model and the experimental results at Y = 40 mm. The 

measured vqint/VD in the front region agrees with the model in the clean case (f = 0 deg.), and that in the 

rear region vanishes due to the formation of stagnant cap. The low velocity region in the rear, i.e. the 

stagnant cap region, becomes wider as C increases, and therefore, f increases with C. The distribution of 

vqint/VD and its change with f are well represented by the Sadhal & Johnson model. Judging from the 

velocity distribution in the transient region between the clean interface and the stagnant cap region, the 

measured velocity distributions in Cases 1, 2 and 3 correspond to the model results calculated with f = 40, 

60 and 75 degrees, respectively, whereas the model underestimates the maximum velocity at the clean 

interface. Figure 7 shows comparisons between the velocity distributions measured at Y = 40 mm and those 

calculated by the model. The model well represents the position and strength of the internal circulation, the 

size of low velocity region in the rear part and the velocity distribution about the drop in spite of its stepwise 

boundary condition at the interface. This might be due to high viscous diffusion of the momentum at the 

low Reynolds number. These results indicate that the Sadhal & Johnson model gives reasonable predictions 

of velocity distribution of a contaminated spherical drop under low Reynolds number and high Péclet 

number conditions, provided that a reasonable angle of the stagnant cap is given. 

Figure 8 shows vqint, G and each term in the conservation equation of G: 
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𝜕Γ
𝜕𝑡
+ ∇8 ∙ 𝒗8Γ = 𝐷8∇8KΓ + 𝑆																																																												(9) 

 
calculated from the data measured at Y = 30 and 40 mm. In Eq. (9), vS is the surface velocity, DS the diffusion 

coefficient at the interface and 𝑆  the molar flux of surfactant due to adsorption and desorption. The 

magnitude of each term was calculated by substituting the measured vq and G into each term to evaluate 𝑆 

as the residual. DS was assumed to be the same as the diffusion coefficient D in the bulk. The first term in 

the LHS was evaluated from the difference in the measured G and the transit time of the drop center between 

Y = 30 and 40 mm. The advection and diffusion terms were evaluated from the averaged distributions of vS 

and G measured at Y = 30 and 40 mm. Typical uncertainties in 𝜕Γ 𝜕𝑡, ∇8 ∙ 𝒗8Γ, 𝐷8∇8KΓ and 𝑆 were 

1.6x10-7, 1.3x10-7, 2.0x10-10 and 2.9x10-7 mol/m2/s, respectively. G increases with q especially in 120 < q 

< 170, 90 < q < 160 and 60 < q < 150 deg. for cases 1, 2 and 3, respectively. G at the drop tail (q = 180 

deg.) approaches the equilibrium value Geq as the drop moves from Y = 30 to 40 mm. The stagnant cap 

region in which vq vanishes extends toward the drop front and vq upstream of the stagnant cap decreases 

due to the accumulation of surfactant as the drop falls. ¶G/¶t takes positive values over the interface and its 

peak locates around q = 150, 130 and 120 deg. for cases 1, 2 and 3, respectively. The diffusion term in Eq. 

(9) is negligible in comparison with the other terms, i.e. the effect of surface diffusion on G distribution is 

negligible. The advection term takes positive values in q < 140, 120 and 105 deg. for cases 1, 2 and 3, 

respectively. It takes negative values in the tail region of the drop. The advection decreases G in its positive 

region and increases G in the tail region. 𝑆 takes positive values over the interface, which means that the 

adsorption is larger than the desorption over the interface in the present cases. 𝑆  takes high values 

especially in the region of positive advection. 

The Frumkin – Levich model for a quiescent system is frequently adopted in numerical simulations and 

analytical derivations of contaminated interfaces (Cuenot et al., 1997; Takagi et al., 2003; Muradoglu and 

Tryggvason, 2008; Hayashi and Tomiyama, 2012; Dukhin et al., 2016): 

 
𝑆 = 𝑘 𝐶8 ΓABC − Γ − 𝑎Γ 																																																												(10)  
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where k is the adsorption rate constant and CS the molar concentration of surfactant in the vicinity of the 

interface. Note that k is evaluated from measured dynamic interfacial tension, i.e. time history of s 

measured by the pendant drop method by the same procedure as Kumar et al. (2003), which also provided 

the diffusion coefficient D ( = 2.0 x 10-10 m2/s). The procedure implied that the adsorption process in the 

present experimental range was in mixed control. Figure 9 shows the relation between 𝑆 and G together 

with Eq. (10) which is calculated by assuming CS = C. Note that the adsorption is stronger than the 

desorption in the present system, i.e., CS < C, and therefore, the assumption of CS = C tends to overestimate 

𝑆. The measured 𝑆 agrees with Eq. (10) in the region of G > 0.7 x 10-6 mol/m2, in which vq is less than 5% 

of VD. This indicates that the Frumkin – Levich model is valid for a stationary interface, and that the present 

method based on velocity distribution measured by SFV gives reasonable evaluations of 𝑆. On the other 

hand, the measured 𝑆 is much larger than Eq. (10) in the region of G < 0.7 x 10-6 mol/m2, where vq takes 

higher values. This difference tends to increase when the correct CS is used for evaluating Eq. (10) to plot 

the lines in Fig. 9. Thus, this difference is not caused by the assumption of CS = C and implies that the 

Frumkin – Levich model underestimates 𝑆 at a moving interface. Although further experiments using 

various surfactants in various fluid properties are necessary to obtain general characteristics of adsorption 

to moving interfaces, we could confirm that there is a case in which the Frumkin – Levich model cannot 

apply for evaluation of 𝑆 to moving interface. 

 The possible error sources in the estimated 𝑆 could be (1) the use of the diffusion coefficient D of the 

bulk liquid for DS in Eq. (9), (2) difference between the interfacial velocity vS and the velocity of surfactant 

molecules at the interface due to interaction of the molecules (error in evaluating the advection term) and 

(3) presence of surface viscosity which induces an error in the Marangoni stress. Since the diffusion term 

in Eq. (9) is less than 0.1% of the maximum value in 𝜕Γ 𝜕𝑡, the influence of the use of the bulk diffusion 

coefficient is negligible. In general, the interaction between molecules and interfacial viscosity become 

stronger as the molecular weight increases (Sato et al., 1998). We therefore carried out experiments using 

Triton X-141 (TX-141) as the surfactants, whose chemical properties are shown in Table 2. The results are 

shown in Fig. 10 together with the results using Triton X-100 (TX-100). Although the molecular weight of 
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Triton X-141 is about 20% higher than that of Triton X-100, there is no difference in 𝑆 between the two 

surfactants. This indicates that the sensitivity of molecular weight, i.e., the interaction between molecules 

and interfacial viscosity is low. Thus, the difference between the measured 𝑆 and Eq. (10) in G < 0.7 x 10-

6 mol/m2 is not caused only by the above error sources, and it is highly probable that G cannot be evaluated 

by the combination of Eqs. (9) and (10) for mobile interface. Note that, improvements in numerical 

simulations for bubbles/drops in contaminated systems is required even when the difference between the 

measured 𝑆 and Eq. (10) is caused by the molecular interaction or the interface viscosity, since they are 

not taken into account in most of the numerical methods. 

 The generalized Frumkin model is frequently used for more complex adsorption-desorption kinetics 

(Chang et al., 1998; Casandra et al, 2017): 

 

𝑆 = 𝑘B𝑒𝑥𝑝 −
𝐸B
𝑅𝑇

𝐶8 ΓABC − Γ − 𝑘t𝑒𝑥𝑝 −
𝐸t
𝑅𝑇

Γ																																																		(11) 
 
where ka and kd are the adsorption and desorption constants, respectively. Ea and Ed are the activation 

energies which are frequently given by the exponential function of G: 

 
𝐸B = 𝐸B= + 𝜈B Γ ΓABC +																																																																																		(12) 
𝐸t = 𝐸t= + 𝜈t Γ ΓABC +																																																																																		(13) 

 
where Ea0, Ed0 and n are the constants and na and nd the constants representing the effect of intermolecular 

interaction on adsorption-desorption kinetics. Substituting Eqs. (12) and (13) into Eq. (11) yields 

 

𝑆 = 𝑘B∗𝑒𝑥𝑝 −
𝜈B
𝑅𝑇

Γ+

ΓABC+ 𝐶8 ΓABC − Γ − 𝑘t∗𝑒𝑥𝑝 −
𝜈t
𝑅𝑇

Γ+

ΓABC+ Γ																																					(14) 

 
where ka* = ka exp(-Ea0/RT) and kd* = kd exp(-Ed0/RT). Equation (14) covers many models on the 

adsorption-desorption kinetics such as models proposed by Kumar et al. (2003) and Lee et al. (2003) as 

well as the Frumkin-Levich model. By assuming ka* = k, kd* = k a and n = 0.1, Eq. (14) can be fitted to the 

experimental data as shown in Fig. 9, where the values of ( wx
(yz{x|

} ,	 w~
(yz{x|

} ) are (-18.0, -22.0), (-13.0, -21.4) 

and (-9.4, -19.5) for Cases 1, 2 and 3, respectively. The curves well represent the trend of measured 𝑆 in 
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the low G regions. Hence, Eq. (14) can be used to represent the present experimental results, although 

further experiments are necessary to clarify the physical mechanism of the high 𝑆 in the low G region. 

It is important to judge whether 𝑆 can be evaluated by the Frumkin – Levich model or not. Figure 11 

(a) shows a comparison of G among the three conditions using Triton X-100. When G/Gmax is larger than 

0.45 (about a half of Gmax), the measured 𝑆 agrees well with the Frumkin – Levich model and depend on 

C. To the contrary, the measured 𝑆 takes higher values than the model and the dependence on C is weak 

in G/Gmax < 0.4. 𝑆 takes a peak around G/Gmax = 0.1 and decreases as G/Gmax decreases. Figure 11 (b) shows 

the normalized plot of G and 𝑆 based on the Frumkin – Levich model. The 𝑆 in the high G region agree 

well with the model, whereas those in the low G region take high values. Although the boundary (the arrow 

position in the figure) between the two regions depends on C in Fig. 11 (b), it does not in Fig. 11 (a). Hence, 

G/Gmax is the better index than G/Geq to judge whether 𝑆 can be evaluated by the Frumkin – Levich model 

or not. This implies that the applicability of Frumkin – Levich model depends not on the degree of 

equilibrium but on the surface coverage ratio of surfactants. 

Although further experiments are required, some improvement of adsorption – desorption kinetics is 

definitely required for accurate simulations of a moving interface in a contaminated system.  

CONCLUSIONS 

The spatiotemporal filter velocimetry (SFV) was applied to a flow about a single drop of glycerol-

water solution falling in a stagnant silicone oil. The drop shape was spherical and the drop Reynolds number 

was less than unity. Triton X-100 was used as the surfactant. The distributions of surface tension and 

surfactant concentration along the longitudinal line of the interface were evaluated using the velocity 

distributions in the vicinity of the interface. The magnitude of each term in the conservation equation of 

surface concentration of surfactant was also evaluated from the data measured at two elevations. The 

experiments were carried out for three different concentrations of surfactant. Experiments using Triton X-

114 was also carried out to examine effect of molecular weight on the molar flux of surfactant to an 

interface. As a result, we confirmed that (1) the Frumkin – Levich model gives good estimation for the 
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molar flux of surfactant in the stagnant cap region of the drops, whereas it is not applicable to the moving 

interface, (2) the generalized Frumkin model gives better fit to the molar flux of surfactant to a moving 

interface than the Frumkin – Levich model, (3) the dependence of the molar flux on the molecular weight 

of surfactant is not so strong, and (4) the ratio G/Gmax is the better index than the ratio G/Geq in order to judge 

whether 𝑆 can be evaluated by the Frumkin – Levich model or not in the present experimental range. 

These results clearly show that the evaluation of surfactant concentration using SFV is of great use in 

understanding adsorption-desorption kinetics at an interface in a contaminated system and in validation of 

numerical simulations taking into account adsorption and desorption of surfactant. Although further 

experiments using various surfactants in various fluid properties are necessary to obtain general 

characteristics of adsorption at moving interfaces, we could confirm that there is a case in which the 

Frumkin – Levich model cannot be applied to the evaluation of molar flux of surfactant at a moving 

interface. 
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Nomenclature 

 a: ratio of rate constants for adsorption and desorption [mol/m3] 
 C: concentration of surfactant  [mol/m3] 
 D: diffusion coefficient  [m2/s] 
 d: drop diameter [m] 
 R: drop radius [m] 
 RG: gas constant [J/K/mol] 
 r: coordinate in radial direction [m] 
 𝑆: molar flux of surfactant to an interface [mol/m2/s] 
 T: temperature [K] 
 t: time [s] 
 VD: drop velocity [m/s] 
 v: velocity [m/s] 
 x: coordinate in horizontal direction [m] 
 Y: distance from nozzle tip [m] 
 y: coordinate in vertical direction [m] 
 Dtrq: Marangoni stress [Pa] 
 G: surface concentration of surfactant [mol/m2] 
 µ: viscosity [Pa s] 
 q: coordinate in tangential direction [deg.] 
 r: density [kg/m3] 
 s: interfacial tension [N/m] 
 t: interfacial shear stress [Pa] 
 
Subscript 
 0: clean system 
 C: continuous phase 
 D: drop 
 eq: equilibrium 
 in: inside of drop 
 max: maximum 
 out: outside of drop 
 S: surface 
 q: q component 
 qint: q component at interface 
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FIGURE CAPTIONS 

Fig. 1 Experimental setup 

Fig. 2 An example of measured velocity distribution about single drop. 

Fig. 3 Evaluation process of surfactant concentration. 

Fig. 4 Effect of C on s. 

Fig. 5 Measured velocity distribution about a drop. 

Fig. 6 Measured and theoretical interfacial velocities. 

Fig. 7 Measured and theoretical velocity distributions about a drop. 

Fig. 8 vq, G and budget of G (a: Case 1, C = 0.2 x 10-2 mol/m3, b: Case 2, C = 0.5 x 10-2 mol/m3, c: Case 3, 

C = 1.0 x 10-2 mol/m3)  

Fig. 9 Relationship between G and 𝑆.  

Fig. 10 Comparison of 𝑆 between Triton X-100 and X-141. 

Fig. 11 Molar flux of surfactant due to adsorption and desorption 

 

Table 1 Experimental conditions 

Table 2 Physical properties of surfactants 
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Fig. 1 Experimental setup 
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Fig. 2 An example of measured velocity distribution about single drop. 
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Fig. 3 Evaluation process of surfactant concentration. 
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Fig. 4 Effect of C on s. 
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(a) Case 1 (C= 0.2x10-2 mol/m3) 

  
 (b) Case 2 (C= 0.5x10-2 mol/m3) 

  
(c) Case 3 (C= 1.0x10-2 mol/m3) 

Fig. 5 Measured velocity distribution about a drop (left half: pathline, right half: velocity vector). 
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Fig. 6 Measured and theoretical interfacial velocities. 
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Fig. 7 Measured and theoretical velocity distributions about a drop. 
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           (a: Case 1, C = 0.2 x 10-2 mol/m3,  
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(a) Case 1 (C =0.2x10-2 mol/m3)              (b) Case 2 (C =0.5x10-2 mol/m3) 
 

 
 

 (c) Case 3 (C =1.0x10-2 mol/m3) 
 

Fig. 9 Relationship between G and 𝑆. 
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Fig. 10 Comparison of 𝑆 between Triton X-100 and X-141. 
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(a) Comparison among cases 1, 2 and 3 
 

 
 

(b) Normalized 𝑆 and G based on the Frumkin - Levich model 
 

Fig. 11 Molar flux of surfactant due to adsorption and desorption 
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Table 1 Experimental conditions 
 

 Case 1 Case 2 Case 3 
y [mm] 30 40 30 40 30 40 

C [mol/m3] 2.0x10-3 5.0x10-3 1.0x10-2 

D [mm] 8.3 8.3 8.3 
VD [m/s] 0.0273 0.0266 0.0232 0.0229 0.0207 0.0205 

Re (=rCVDD/µC) 0.73 0.71 0.62 0.61 0.56 0.55 
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Table 2 Physical properties of surfactants 
 

 Triton X-100 Triton X-141 
M [g/mol] 647 537 

Gmax [mol/m2] 1.69 x 10-6 1.57 x 10-6 
k [m3/mol/s] 9.4 9.3 
a [mol/m3] 1.0 x 10-3 9.4 x 10-4 

 


