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Abstract The dynamic interfacial tension caused by the

lower surfactant adsorption rate than the droplet generation

rate is an important issue in microfluidic study. A pressure

drop measurement method is proposed to determine the

dynamic interfacial tension during the droplet generation

process at a T-junction microchannel. Experimental results

show that in the transitional flow regime between squeezing

and dripping, the maximum pressure drop appears at the end

of filling stage defined by Glawdel et al. (Phys Rev E

85(1):016322, doi:10.1103/PhysRevE.85.016322, 2012a),

as the liquid–liquid interface starts to leave the side channel.

This pressure drop is composed of Laplace pressure and

flow resistance. Using the pressure drop measurements, the

contribution of fluctuated Laplace pressure is confirmed,

and the instantaneous interfacial tension at the maximum

pressure drop is calculated. Although the final droplet vol-

ume shows that almost no interfacial tension difference

exists at the breakup moment, the pressure drop result

unveils some discrepancies. Experimental results reflect the

variation of dynamic interfacial tension is a quasi-surfactant

diffusion-controlled process when the main channel is

totally blocked by the growing droplet at the end of filling

stage. However, this quasi-diffusion model no longer works

as the droplet does not block the channel, due to the strong

convection of two-phase flow. Surfactant sodium dodecyl

sulfate and Tween 20 also show different micelle dissoci-

ation rates in the variation test of concentrations.
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1 Introduction

In recent years, microfluidics has emerged as a new research

field and has enjoyed prosperous development ever since

1990s (Kobayashi et al. 2001; Cristini and Tan 2004;

Thorsen et al. 2001; Xu and Nakajima 2004). It has appli-

cable potential in various fields, such as chemistry, material,

biological analysis as well as information technology

(Whitesides 2006; Thorsen et al. 2002; Beebe et al. 2002;

Wainright et al. 2003). Fundamental research of microflow

offers potential applications with a solid theoretical basis

and points out possible directions. T-junction microchannel

is a widely used microfluidic structure for the generation of

mono-dispersed droplets or bubbles thanks to its simple

structure and relatively well-studied flow rules (Christopher

and Anna 2007; Xu et al. 2008). Capillary number, which

represents the ratio of shearing force to interfacial tension

(Ca = lu/c), is the most important parameter in the study of

microfluidics. Studies show that in a T-junction micro-

channel, the droplet size is mainly influenced by the flow rate

ratio of dispersed phase to continuous phase when capillary

number is small (Ca \ 0.01) (Garstecki et al. 2006), while in

case of bigger value of capillary number (Ca [ 0.1), the

competition between the shearing effect from the continuous

phase and the interfacial tension becomes the mainly influ-

ential factor (Christopher et al. 2008).

In most microfluidic processes, surfactants play an

important role in reducing interfacial tension between two

immiscible phases, facilitating the droplet deformation and

breakup and stabilizing the emulsion (Baret 2012). In a
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T-junction microchannel, different from traditional batch

process, the generation of droplets is continuous. This leads

to a phenomenon called dynamic interfacial tension, which

is a result of the longer surfactant adsorption time com-

pared to the short droplet formation time. This phenome-

non has been reported by Baret et al. (2009), where he

studied the droplet formation process and stabilization

process separately, demonstrating the dynamics of surfac-

tant adsorption plays a significant role in the droplet sta-

bilization. Another study carried out by van der Graaf et al.

(2004) confirmed the influence of dynamic interfacial

tension on droplet formation in membrane emulsification

process, which has a similar generation mechanism as the

droplet generation in T-junction microchannel. Different

ways of measurement have been taken to figure out this

value in microfluidic studies, including the works of Wang

et al. (2009) and Dong et al. (2013) trying to determine the

interfacial tension at the rupturing moment from droplet

size in T-junction and co-flowing dripping flows; the work

of Glawdel and Ren (2012) determining the interfacial

tension in droplet growing process from image analysis and

theoretical models in the transition flow of squeezing and

dripping; and the work of Brosseau et al. (2014) deter-

mining the interfacial tension on generated droplet from its

deformability in microchannel.

Previous works on the dynamic interfacial tension are

almost based on droplet diameter measurement or relative

complete image analysis from microscope experiments. In

this study, we introduce a pressure drop measurement

method assisted by simple image analysis, which could be

a good tool to determine the dynamic interfacial tension

during the droplet generation process. According to the

analysis of Riaud et al. (2013) based on the model of van

Steijn et al. (2010), the pressure drop between T-junction

microchannel (DP) equals to the Laplace pressure in the

growing droplet, which is a function of interfacial tension

and interface curvature radii during the droplet generation

process as shown by Eq. 1,

DP ¼ c � 1=RA þ 1=rA � 1=R� 1=rð Þ ð1Þ

where RA and rA are the interface curvature radii of droplet

head on width and depth directions, and R and r are the

interface curvature radii of droplet tail on the same two

directions. The interfacial tension at any time during the

droplet generation process can be calculated in theory from

the interface curvature and accurate enough pressure drop

measurements. In the recent years, studies have been effec-

tuated to plot out the pressure drop waveform of different

flow patterns in T-junction microchannel by simulation and

experiments (Abate et al. 2012; Xu et al. 2014). In our

research group, a meaningful method in measuring pressure

drop is given by the previous work of Riaud et al. (2013),

where they detected the pressure drop on several Pascal with

an accuracy of 1 Pa. We aim to use this measuring method to

study the dynamic interfacial tension during the droplet

generation process with synchronized videos in this study.

2 Experimental section

2.1 Materials

The systems we used were liquid–liquid two-phase systems

comprised of n-octane (Sinopharm Chemical Reagent Co.,

Ltd., China) as the dispersed phase and a serous of sur-

factant aqueous solutions as the continuous phase. We

chose two surfactants to effectuate experiments separately.

One is sodium dodecyl sulfate (SDS, CMC = 9.7 mmol/L,

about 0.28 wt% in water, Mikati 1993), which has a rela-

tively high monomer diffusion coefficient (8.0–11.2 9

10-10 m2/s, Glawdel and Ren 2012) due to its small

molecular weight (288.4 g/mol), and the other is Tween 20

(CMC = 0.058 mmol/L, about 0.07 wt% in water, Carn-

ero Ruiz et al. 2003), owing a relatively low monomer

diffusion coefficient (9.3 9 10-11 m2/s, Carnero Ruiz et al.

2003) and bigger molecular weight (1,227.2 g/mol). All

surfactant solutions were premixed thoroughly using a

magnetic stir plate until transparent. Some of their physical

properties are provided in Table 1, where the viscosities

were measured with an electromagnetically spinning

sphere viscometer (Brookfild LVDV-II?PRO, USA), and

the static interfacial tensions as well as the contact angles

of octane on microchannel wall with various surfactant

solutions were measured with a sessile tensiometer

(OCAH200, DataPhysics Instruments GmbH, Germany).

In this study, all the surfactant concentrations were much

higher than their critical micelle concentration (CMC).

2.2 Microfluidic device fabrication

Two identical T-junction microchannels, one for each kind

of surfactant solution, were both fabricated on 60 mm 9

Table 1 Physical properties of working systems in the experiment at

25 �C

Solution Viscosity lW

(mPa s)

Contact

angle h (�)

Static interfacial

tension ceq (mN/m)

0.5 wt% SDS 0.90 19.8 5.0

1.0 wt% SDS 0.93 14.4

2.0 wt% SDS 0.99 10.0

4.0 wt% SDS 1.11 6.1

6 wt% Tween 20 1.87 25.0 5.3

12 wt% Tween 20 2.42 19.2

18 wt% Tween 20 4.26 10.0
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30 mm 9 4 mm poly(methyl methacrylate) (PMMA) chips

using a CNC drill device. They were designed to adapt to the

pressure measurement platform, with two ports connected to

the pressure drop sensor as shown in Fig. 1. The dimensions

of all the microchannels were 620 lm width 9 600 lm

depth. Another 60 mm 9 30 mm 9 4 mm PMMA chip

was sealed over the microchannels at 75 �C 0.4 MPa, using a

thermal sealing machine (A274, Techson, China). Prior to

any experiments, the microchannels were filled with the

continuous phases for at least 4 h to avoid the wetting effect

of the dispersed phase.

2.3 Online pressure drop measurement platform

The online pressure drop measurement platform is com-

posed by commercial pressure drop sensor (DP86-001D,

USA), electronic circuit amplifier (self-made), and oscil-

loscope (DOS3064, Hantek, China) connected to PC as

shown in Fig. 2. A vibration isolation shelf is also designed

to reduce the ambient mechanical signal noise. In our pre-

vious studies, we found this pressure drop measurement

platform worked well with error less than a few Pascal for

droplet generation frequency below 25 Hz (Riaud et al.

2013). With this apparatus, we can observe both the

constant pressure drop of Poiseuille flow in a rectangular

microchannel and the pressure drop fluctuation during the

bubble generation in a T-junction microchannel. A micro-

scope with a 109 objective lens and an attached CMOS

camera (PixeLINK 742U, Canada) was used to observe

flows in real time at the T-junction. Videos were recorded at

a speed of 270 fps in the experiment. A self-made syn-

chronizer was used to collect the video and the pressure

drop waveform at the same time. Experiments were con-

ducted using two separated syringe pumps (LSP02-1B,

Longer, China) to control the liquids’ flow rates. Different

flow rates of the dispersed phase (12.5–350 lL/min) and

continuous phase (50–1,400 lL/min) were effectuated with

a constant flow rate ratio of 1:4.

3 Results and discussion

3.1 Flow region and droplet size variation

Previous studies have shown that in a T-junction, the

breakup of plug-shaped droplet is mainly dominated by

pressure accumulation as it is generated (Garstecki et al.

2006). It is also indicated that in case of small capillary

number (Ca \ 0.01) or squeezing regime, the droplet

volume is in a linear relation with the flow rate ratio of

the dispersed phase to the continuous phase QO/QW,

L/w = a � QO/QW ? b. However, according to our exper-

imental results, at constant flow rate ratio (QO/QW = 1/4),

the droplet length still changed with the vicious shearing

effect of continuous phase even in the case of very small

evaluated capillary number (Ca = 0.0004–0.04, based on

the static interfacial tensions of working systems). The

explanation could be that QO/QW is much smaller than 1 in

our case, which is not the case in the work of Garstecki

et al. (2006). Therefore, the operating region in our study is

in the transition region between squeezing flow and drip-

ping flow which has been reported in many previous papers

(Christopher et al. 2008; Xu et al. 2008; Glawdel et al.

2012a). In this flow region, the dimensionless droplet

length L/w is a function of both two-phase flow ratio and

capillary number of continuous phase. As the phase ratio is

constant at 1/4 in the present experiment, the only variable

is the capillary number of the continuous phase.

As we doubted that there was dynamic interfacial ten-

sion issue during the droplet generation process, the droplet

length and the characterized shearing force of continuous

phase (lwQw/wh) were firstly plotted to show the effect of

surfactant concentrations in Fig. 3a, b. It is obvious that

shear force plays an important role in determining droplet

length in our experiments. Also, we can clearly see that

there is nearly no difference of droplet lengths in different

continuous phases composition at a constant shearing

Fig. 1 The structure of microchannel device. The first T-junction

microchannel is used to form microdroplets. The second one and the

bifurcate feeding pipe are used to connect the pressure drop sensor

Fig. 2 The pressure drop measurement platform in laboratory
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force, except the 6 wt% Tween 20 experiment at lwQw/

wh \ 0.04, which means the interfacial tensions at the

droplet breakup moment are almost the same for different

working systems. Using the static interfacial tensions to

calculate the capillary number as many previous works did,

we regress the non-dimensional droplet lengths versus Ca

as a power law:

L=w ¼ 0:58Ca�0:25: ð2Þ

The calculated curve from Eq. 2 is shown in Fig. 3c,

exhibiting the power law fits well with experimental data.

3.2 Pressure drop fluctuation during droplet generation

According to the droplet length at the end of droplet gen-

eration process, the interfacial tension is seemed equal to the

static interfacial tension for all the working systems. How-

ever, in the early stage of droplet growth at the T-junction,

we find different dynamic interfacial tensions still exist.

Using the pressure measurement platform, we can observe

this phenomenon. According to the experimental results,

two parts contribute to the total pressure drop (P = PS ?

DP): One is the steady pressure drop (PS) caused by the two-

phase flow resistance in microchannel, and the other is the

fluctuating pressure drop (DP) caused by interface evolution

during the droplet generation. As shown in the Appendix 1,

flow droplets were shown to have no detectable effect on the

pressure drop measurement. In a droplet generation period,

we observed the total pressure drop first increased quickly.

After reaching a maximum value, the total pressure drop

decreased and reached PS with the breakup of two-phase

interface. As shown in Fig. 4a, the measured pressure drop

has noises and we used a mathematical smoothing method to

show the variation of the pressure drop. The difference

between the total pressure drop and the steady pressure drop

defines the fluctuating pressure drop (DP) caused by the

Laplace pressure of two-phase interface, which can be rep-

resented by Eq. 1 (Riaud et al. 2013). Figure 4a shows the

evolution of pressure drop when continuously forming

octane droplets in 6 wt% Tween 20 aqueous solution. In this

figure, the pressure drop is periodic, corresponding to the

droplet generation frequency. Figure 4b shows the pressure

drop in one droplet generation period and its relation with

the droplet growing stage. From point A to point B(C), the

pressure drop increases with the filling of the main channel

by the dispersed phase. From point B(C) to point E, the

pressure drop decreases due to the stretching and breakup of

the interface. We found the highest pressure drop is almost

taking place at the end of filling stage defined by Glawdel

et al. (2012a), where the interface starts to leave the wall of

T-junction side channel.

Figure 5a, b show the average values and experimental

errors of all the maximum fluctuated pressure drops

(DPmax) at different operating conditions in at least 10

Fig. 3 Length variation of droplets at different operating conditions. a, b Droplet lengths with the variation of characterized shearing force.

c Comparisons of non-dimensional droplet lengths with the variation of Ca for all experiments. The dashed line is Eq. 2
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droplet formation periods. Interestingly, all the pressure

drop dots have tortuous raising tendencies with the increase

of two-phase flow rate: The general trend is that DPmax

firstly increases and then reaches a little falling between

500 and 1,000 lL/min. Finally, the maximum pressure

drop begins to increase again at higher flow rate. This is

very different from the constant interfacial tension system

as shown in Appendix 2. To figure out this special exper-

imental phenomenon, we checked our recorded videos and

found two growing droplet states in the experiment as

shown in Fig. 4b. One state exhibits the growing droplet

blocking the channel section before the highest pressure

drop point, and the other state shows a unblock channel

section with a bypass flow of continuous phase at the

bottom of the channel. These two droplet states have dif-

ferent interface curvature radii, and the transition point of

them is between 500 and 1,000 lL/min.

3.3 Determination of dynamic interfacial tension

According to our observations on the droplet generation

period, the pressure drop rises in the filling stage defined by

Glawdel et al. (2012a), where the droplet starts to flow out

of the side channel. During this process, the droplet stats to

block the channel and the curvatures of droplet head (RA,

rA) and droplet tail (R, r) change with time evolution. The

droplet head radius (RA) becomes smaller and smaller than

the droplet tail radius (R) on x–y plane as shown in Figs. 4

and 6, causing different Laplace pressure between two

sides of the droplet. At the end of the filling stage, the radii

of both droplet head and tail (rA = r) on the y–z place are

nearly constant at h/(2 cosh). Therefore, the fluctuating

pressure drop at the highest pressure drop point can be

simplified to

DP ¼ c � 1=RA � 1=Rð Þ: ð3Þ

After the filling stage of droplet generation, we observed

the pressure drop decreased. According to the work of van

Fig. 4 Pressure drop measurement results and their synchronous

microscope pictures. a Pressure drop waveform of continuously

forming droplets. The amplitude of the smoothing data (Savitzky–

Golay method with 100 dots as samples using two-order polynomial

smoothing equations) shows the maximum pressure drop. The

working system is octane/6 wt% Tween 20 solution system at

QO = 12.5 lL/min, QW = 50 lL/min. b The microscope pictures

and pressure drop fluctuations in a fluctuation period. Points

A–E reflect different droplet growing stages. The working system is

octane/2 wt% SDS solution systems at QO = 12.5 lL/min,

QW = 50 lL/min (top-left) and octane/1 wt% SDS solution systems

at QO = 200 lL/min, QW = 800 lL/min (bottom-right)

Fig. 5 Maximum pressure drops at different operating conditions.

The variation of average maximum pressure drop with the changing

of two-phase flow rate. The pressure drops are average values in at

least 10 droplet generation processes. Error bars signify the range

between the largest and the smallest values in 10 parallel experiments
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Steijn et al. (2010) and our previous analysis (Riaud et al.

2013), the droplet head radius on the y–z plane and the radii

of both droplet head and tail on the x–y place will not

change very much, but the droplet tail radius on the y–z

plane decreases quickly with the stretching of interface. In

this situation, the fluctuated pressure drop changes to

DP � c � 1=RA þ 2 cos h=h� 1=R� 1=rð Þ: ð4Þ

With keeping the decreasing of r in Eq. 4, DP decreases

quickly and becomes to zero at the breakup moment.

Theoretically, the interfacial tension at any moment

during a droplet generation process can be calculated with

accurate pressure drop experiment and the above two

equations. However, we cannot directly obtain 1/r in

Eq. 4 from common 2D observation, which currently

restricts the application of this method. Using the pressure

measurement method, we limit our analysis to the filling

stage using Eq. 3 in this paper with the DPmax we pro-

vided above. According to the geometries of droplet

blocking and unblocking the channel section at the

highest pressure drop moment, Eq. 3 can be decomposed

to Eqs. 5 and 6

DPmax � c � 2=w cos h� 1=Rð Þ blocking channel ð5Þ
DPmax � c � 2=b� 1=Rð Þ by�pass flow ð6Þ

where b is the filling depth of the droplet as shown in

Fig. 6d. Equations 5 and 6 are good tools to evaluate the

pressure drop in droplet generation process. However, in

order to make sure of the interfacial tension accuracy, we

directly used the measured radii of RA and R from recorded

pictures in calculation, as shown in Fig. 6a, b, and the

results are given in Fig. 7. According to the droplet length

analysis in Sect. 3.1 at droplet breakup point, the interfaces

are seemed saturated, at the DPmax point; however, the

adsorption is far from complete for both SDS and Tween

20. Putting aside the first experimental point for 4 %wt

SDS solution, other points all have an instantaneous

interfacial tension larger than the static value (ceq
SDS =

5.0 mN/m, ceq
Tween20 = 5.3 mN/m), due to the un-finished

adsorption of surfactant in the initial droplet formation

stage.

3.4 Adsorption of surfactant

In Fig. 7, the interfacial tension generally increases with

the total flow at moderated value, but decreases at larger

flow rate, except for the lowest 0.5 wt% concentration of

SDS solution. The transition point is near 500 lL/min,

fixed by the droplet growth state transition point we dis-

cussed above. According to the study of Glawdel et al.

(2012b), the mass transfer of surfactant in dispersed phase

during droplet generation in squeezing–dripping transi-

tional flow is mainly controlled by the diffusion rate of

surfactant. However, in our previous studies, we found that

the convection of two phases cannot be omitted especially

for working system contained surfactant in the continuous

phase (Wang et al. 2009). In order to determine the main

influencing factors on the dynamic interfacial tension, we

Fig. 6 Pictures and sketch

diagrams of the highest pressure

drop moment with and without

blocking channel by growing

droplets. a, b An experimental

picture and its sketch diagrams

of the droplet blocking the

channel section. c, d An

experimental picture and its

sketch diagrams of the droplet

with bypass continuous phase

flow
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plot the interfacial tension difference c - ceq versus (pD/

4t)1/2, which signifies the mass transfer coefficient

according to the penetration theory of Higbie (1935).

Figure 8 gives the results. In this figure, we can see the

interfacial tension first increases with (pD/4t)1/2, but then

slightly decreases. According to the experimental pictures,

this transition point corresponds to the critical point that

the droplet blocking channel at the highest pressure drop

moment. This phenomenon implies different mechanisms

of surfactant adsorption.

For a surfactant whose concentration is above the CMC,

the adsorption proceeds in three steps: the micelle disso-

lution, the diffusive or convective mass transfer of sur-

factant, and the interface adsorption equilibrium (Alvarez

et al. 2010; Brosseau et al. 2014). For the SDS solution

system, at (pD/4t)1/2 \ 10-4 m/s, our data seemed corre-

sponding with the diffusion-controlled adoption equation

given by Eastoe and Dalton (2000),

c� ceq�
RTC2

eq

CD

ffiffiffiffiffiffiffi

Dp
4t

r

¼ k

ffiffiffiffiffiffiffi

Dp
4t

r

ð7Þ

where Ueq is the saturated adsorbing capacity of surfactant

on the interface, C is the surfactant monomer concentra-

tion, and D is the diffusion coefficient of surfactant. From

Fig. 8, we can clearly see that there is a linear relation

between c - ceq and (pD/4t)1/2 at (pD/4t)1/2 \ 10-4 m/s.

The concentration of SDS has little effect on the dynamic

interfacial tension, reflecting the surfactant monomer con-

centration is stable in these solutions; thus, the SDS micelle

dissolution is fast. The dashed line in Fig. 8a is a correlated

formula:

c� ceq ¼ k

ffiffiffiffiffiffiffi

Dp
4t

r

; k ¼ 100 ðN s=m2Þ ð8Þ

Equation 8 is seemed obey the basic diffusion-con-

trolled model given by Eq. 7. But during the calculation

Fig. 7 Dynamic interfacial tensions at different operating conditions.

The calculated instantaneous interfacial tensions at the highest

pressure drop moment with the changing of two-phase flow rate.

The interfacial tensions are average values of at least 10 droplet

generation processes. Error bars signify the range between the largest

and the smallest values

Fig. 8 Dimensionless interfacial tension with the variation of droplet

growth time. The droplet growth time t represents the time between last

interface breakup to the highest pressure drop point in the experiment.

The dash line in a has a slop of 100 Ns/m2, and all the dash line in b has a

slop of 500 Ns/m2. The diffusion coefficients are 9.6 9 10-10 m2/s for

SDS according to Glawdel and Ren (2012) and 9.3 9 10-11 m2/s for

Tween 20 according to Carnero Ruiz et al. (2003)
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process, we found the slop k is much larger than the the-

oretical value of RTCeq
2 /CD, which is 2.4 N s/m3 for the

SDS system (Ceq = 3 9 10-6 mol/m2). We guess the

reason is the different growth process of droplet in flowing

continuous phase comparing to the static droplet in the

interfacial tension meter. The interface movement causes

non-uniform distribution of surfactant on droplet surface

(Baret et al. 2009), which makes the whole process much

more complex, and we therefore do not obtain a pure dif-

fusion-controlled equation. For a more precisely express,

we called surfactant adsorption rule in the blocking channel

filling stage ‘‘quasi-diffusion-controlled process’’ in this

paper. For the Tween 20 system, in spite of the three

solutions exhibiting linear relation between c - ceq and

(pD/4t)1/2, it should be noticed that they do not have a

tendency passing through the origin point and obviously,

the Tween 20 concentration has strong influence on the

interfacial tension even when the concentration exceeds a

thousand times the CMC. Hence, we believe the adsorption

is limited by the low micelle dissolution rate. Three eval-

uated lines are provided in Fig. 8b with the following

equation just to show the interfacial tension variation ten-

dency at (pD/4t)1/2 \ 3 9 10-5 m/s

c� ceq ¼ k

ffiffiffiffiffiffiffi

Dp
4t

r

þ b; k ¼ 500 ðN s=m2Þ;
b ¼ 5:5; 2:5; 0� 10�3 ðN=mÞ

ð9Þ

When the growing droplet cannot block the main

channel at the filling stage, the quasi-diffusion limited

curve does not fit our data anymore. The calculated inter-

facial tension decreases with the increase of the two-phase

flow rate, which implies that convection dominates the

mass transfer of surfactant. This convection should happen

at the open corner of the channel, and it is enhanced at high

flow rates by the reduction of the filling depth of the

growing droplet (b). Comparing the two surfactants SDS

and Tween 20, it is clear that the adsorption of small ionic

surfactant is faster than the big neutral ones. In microfluidic

droplet generation studies using the SDS aqueous solution,

several times higher concentration than its CMC is enough;

however, the concentration of Tween 20 should be much

higher than its CMC due to its poor mass transfer perfor-

mance and low micelle dissolution rates.

4 Conclusion

In this paper, we introduce a pressure drop measurement

method assisted by simple image analysis to determinate the

dynamic interfacial tension during the droplet generation

process in a T-junction microchannel. Using the relation

between Laplace pressure and the fluctuation pressure drop,

we calculate the instantaneous interfacial tension at the

highest pressure drop point and find this apogee coincides

with the end of the filling stage of droplet growth defined by

Glawdel et al. (2012a) as the liquid–liquid interface starts to

leave the side channel. By analyzing the dynamic interfacial

tension, we find that although the surfactant nearly finished

its adsorption process at the rupturing moment, there is still

dynamic interfacial tension phenomenon in the initial

droplet filling stage of liquid–liquid squeezing–dripping

transition flow. This result shows the advantage of the

pressure measurement method compared with our previous

droplet size method (Wang et al. 2009). The variation of

interfacial tension exhibits quasi-diffusion-controlled rules

at the situation that the growing droplet blocks entirely the

channel section prior to reaching the highest pressure drop.

However, once the blockage cannot be totally achieved due

to high flow rate, this model no longer works. The strong

convection flow caused reduction of interfacial tension.

Surfactant SDS and Tween 20 also show some discrepancy

in the mass transfer rate and micelle dissolution rate. The

SDS concentration has little effect on the dynamic interfa-

cial tension, but low concentrations of Tween 20 causes

high value. Nonetheless, surfactant adsorption is a com-

plicated process, and we will enforce ourselves to develop

new method to reveal the 3D interface evolution during the

droplet generation, which is helpful for improving the

pressure measurement method.
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Appendix 1

To eliminate the possibility that pressure drop fluctuation

comes from passing droplet over the sensor, we designed

another microchannel that was identical as the one in

Fig. 1, except the position of pressure measurement points:

Instead of measuring the upstream and downstream of a

T-junction, here we focused on the two-phase flow in the

straight microchannel. Two pressure measurement points

were placed at the downstream of the T-junction with a

distance of 20 mm. In annex test, QC and QD were chosen

at 200 and 50 lL/m to make sure that there is only one

droplet at each between A and B, as shown in Fig. 9.

First of all, the blank experiment was conducted without

the feeding of dispersed phase. About 2 % SDS–water

solution was pumped into the microchannel at 200 lL/m,

and the pressure drop was shown by bottom line in Fig. 9.

Small fluctuation whose amplitude \1 Pa came from the

mechanic and electronic noises, which have been com-

monly observed in our experiment. Then, the two-phase

510 Microfluid Nanofluid (2015) 18:503–512
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flow was carried out at QC = 200 lL/m and QD = 50 lL/

m. Droplet was generated at 0.67 Hz. The corresponding

pressure drop we measured is given by the top line in

Fig. 9. No evident periodic pressure fluctuation (DP) like

Fig. 4 was observed in the two-phase flow, and the only

difference was just the constant steady pressure drop (PS).

This is just because of the increase of total flow rate.

According to this experiment, we can conclude that droplet

that passes over the sensor would not have an obvious

influence on the pressure drop measurement during droplet

generation.

Appendix 2

To verify the ‘‘pressure drop-based method,’’ we used air/

n-pentanol system to do a calibration experiment, which

did not have surfactant. All the operating conditions are

nearly the same as above statement, such as the flow ratio

and channel treating time (for the wetting property). From

Fig. 10, we can see that DPmax is almost unchanged com-

paring to Fig. 5, due to the unchanged interfacial tension.

Using Eqs. 3 and 4, we obtain the surface tension of

n-pentanol: 25.8 mN/m, which is close to the reported

value 24.75 mN/m in the book from Riddick (1986).
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