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For capillary-driven liquid-liquid displacement in rectangular open microchannels, the square of the position 
of the liquid-liquid front increases linearly with time, whereas the flow velocity decreases with increasing 

channel width.  
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The dynamics of the spontaneous spreading of a liquid droplet along an open hydrophilic 

microchannel filled with another immiscible liquid, is primarily determined by the 

competition between the capillary driving force and the viscous drag. While the former force 

depends on the channel cross-section and dimensions, interfacial tension between two 

liquids and the contact angle formed between the channel’s wall and the two liquids, the 

latter arises from the motion of fluid molecules in the two bulk liquids. This paper focuses 

on to the influence of the outer (displaced) phase viscosity. In general, as the viscosity of the 

displaced phase increases relative to the viscosity of the displacing phase, the velocity of the 

liquid-liquid meniscus decreases. The experiments were interpreted by extending a 

previously established correlation for liquid-vapour systems (J. Phys. Chem. C, 2011, 115 

(38), 18761-18769) in open microchannels of the same geometry. The relationship between 

the liquid-liquid flow dynamics and the properties of the liquids (e.g. viscosities) is still 

unclear. Nonetheless, by taking a self-consistent empirical approach to estimate the 

influence of the viscosities on the flow kinetics for a given system, it is possible to obtain a 

reasonable theoretical description for the experimental system over a specific range of 

viscosity ratios.  
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Introduction 

‘Open’ microchannels are straight-forward to fabricate, simple 

to clean, and surface modification can be achieved using 

existing methodologies, which offers significant potential for 

use in microfluidic devices. The risk of channel clogging from 

ambient materials is off-set by the ease with which the channels 

can be cleaned for use and, in some cases, re-use. On the other 

hand, the flow in open channels cannot be driven by positive 

pressures applied to a reservoir of fluid, i.e. via traditional high-

precision pumps, because the fluid can escape through the open 

side of the channel. Alternative approaches to achieving flow 

include non-mechanical pumping mechanisms: interfacial 

tension-driven capillary action1, 2, thermocapillary3, 4 and 

electrowetting5, 6. These techniques exploit the advantage of the 

high surface-to-volume ratios involved to drive the fluid. 

Capillary-driven flow has the additional advantage that no 

additional equipment, such as power supplies, are required, 

making it ideal for handheld and disposable devices for 

diagnostic applications on-site, especially in remote locations. 

 

Capillary-driven flow refers to the spontaneous penetration of a 

liquid into a confinement – usually a channel or pore (e.g., a 

capillary tube, porous soil, or paper) - to displace a second 

fluid. The process is driven by the Laplace pressure across the 

curved meniscus and, for a cylindrical confining geometry, the 

rate of liquid penetration (against its vapour phase) has been 

successfully described by Washburn7: 

 

�� = �� ��� 	
�
 �     (1) 

 

Where x is the distance to the meniscus from the entrance of the 

capillary, R is the radius of the cylindrical capillary, µ is the 

dynamic viscosity of the liquid phase, γ is the interfacial tension 

of the liquid, θ is the static contact angle of the liquid on the 

channel wall, and t is time.  Eq. (1) predicts a linear dependence 

of x2 with time t, which can be simplified to: 

 

�� = � × �     (2) 

 

Page 2 of 7Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

where k is a ‘mobility parameter’ that depends on the details of 

the particular system (the channel dimensions, liquid properties, 

and wall wettability). 

 

In microfluidic applications, the channel geometry is not often a 

cylinder and one might expect that other common geometries 

will play a key role in dictating the performance of the device. 

We have previously shown that for wet (HF) and dry (plasma) 

etched open microchannels in glass, which has a very different 

flow field (due to a free and deformable interface present), the 

linear dependence of x2 on t holds8. The same dependence was 

also observed for open channels with different geometries, 

including triangular2, 9, rectangular10, and skewed U-shaped10 

channels. In our previous study, we also observed that the 

meniscus velocity decreased with increasing channel width8, 

which, at first glance, appears to counter Washburn’s prediction 

of faster meniscus velocities for increasing capillary radii. 

There is no contradiction, however, since the width and height 

of the channel must both be considered, as discussed below. 

 

The similarity in the dynamics observed for capillaries and 

open channels led us to calculate the mobility parameter, k, 

used in Eq. (2). It was assumed that the flow is driven by the 

change in the free energy of the system as the liquid advances 

along the channel, and is opposed by the hydrodynamic viscous 

friction. After the initial transient regime (as the liquid 

accelerates near the entrance of the channel), these two forces 

balance one another. The result of this force balance, which is 

derived elsewhere8, indeed predicts a linear dependence as 

observed in our experiments, with the mobility parameter given 

by the equations: 

 

� = ���



�� ��� 	������� 	���
�� ����     (3) 

 

with 

 

���� = ��
�� ∑ �

�����,�	"## $��
� � − tanh *��

� �+, (no-slip BC)  

���� = ��-
�� ∑ �

�����,�	"## $��
. � − tanh *��

. �+, (full-slip BC) (4) 

  

In Eqs. (3) and (4), p=W/D denotes the aspect ratio of the 

channel width W to the depth D, while the function g(p) 

describes the dependence of the average flow velocity, thus of 

the viscous friction, on the aspect ratio of the cross section of 

the channel (rectangular channels). The increased width of the 

channel leads to an increase in both the capillary driving force 

and the viscous resistance, while the latter is increased more 

than the capillary force. Thus a faster velocity was observed in 

narrower channels. 

 

Liquid displacement of vapour in microchannels is an important 

phenomenon, particularly upon first-fill of a chip. However, 

liquid-liquid displacement is also very relevant to microfluidic 

systems and is of great importance in many industrial 

processes, including enhanced oil recovery and lubrication11, 12. 

The obvious difference from the more commonly studied 

liquid-vapour displacement lies in the fact that the viscosity of 

the outer (displaced) phase is seldom negligible compared to 

that of the inner (displacing) phase. Among the few liquid-

liquid systems investigated13-17, most have focused on liquid 

flow in closed channels, usually in circular capillaries. An 

analogous Washburn approach has been used to derive the 

dynamics of liquid-liquid flow in closed channels. However 

discrepancies between theoretical predictions and the 

experimental results have been observed. Although these 

discrepancies are usually attributed to the excess energy 

dissipation at the three phase contact line13, 16 a definite answer 

is yet to be obtained. In spite of its relevance, a complete 

description of the kinetics of liquid-liquid displacement in 

capillaries (or other closed or open geometries) is still lacking. 

Note that, for all of the studies of liquid-liquid displacement in 

capillaries, the hydrodynamic contributions of the displaced 

fluid were neglected, based on the assumption that the viscosity 

of the displaced liquid is not important for the flow kinetics. 

The effect of the displaced phase viscosity when it is 

comparable to the viscosity of the displacing phase on the 

dynamics of capillary-driven flow is still an open question.  

 

In this study, we have continued our investigation of the 

physical and material parameters which influence the dynamic 

of wetting in open microchannels8 by investigating the flow 

dynamics of one liquid displacing another immiscible liquid. 

For spontaneous spreading, the dynamics of the liquid 

spreading along a channel is primarily determined by the 

competition between the capillary driving force and the viscous 

drag force arising from the fluid motion in the two bulk liquids. 

Similarly to the previous studies of liquid-liquid displacement 

on a flat surface,18, 19 the aim here is to establish the role played 

by the viscosities of the two liquids and their interfacial tension 

on the dynamics of the liquid-liquid displacement in an open 

microchannel. 

Experimental  

Materials 

1-undecanethiol (98%), octanol (99%), decyl alcohol (99%), 

dodecane (99%), tetradecane (99%) and hexadecane (99%) 

were purchased from Sigma-Aldrich and used in the present 

study without further purification.  Ethanol (A.R., 99%), 

propan-2-ol (A.R.), and glycerol (99.5%) were obtained from 

Chem-Supply, Australia. Toluene (99.8%) was supplied by 

Merck Pty Ltd. Ultrapure water with a pH of 5.6 ± 0.1, a 

resistivity of 18.2 MΩ•cm and interfacial tension 72.4 mN/m at 

22 °C, was obtained from a NANOpore Diamond Barnstead 

system, and used in all experiments. 

Sample preparation and characterization  

The microchips were prepared according to a procedure 

described previously using the same materials8. The channel 

widths range from 25 µm to 100 µm with a depth of 19.1 µm.  

The schematic diagram of the channel is presented in Figure 
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1A. Scanning electron microscopy (SEM) was used to image 

the cross section of the channels (see Figure 1B). SEM images 

confirmed the channel shape.  The etched channels were 

uniform and smooth, ideal for this experimental study. 

 

 

Figure 1. (A) Schematic diagram of liquid flow from a reservoir into a 

hydrophilic microchannel of width W. The liquid reservoir is a circular 
indentation (depth equal to that of the channel) with a diameter of 4 mm.  (B) 

SEM micrograph of the cross-section of the rectangular channel showing 

width W, depth D. (C) Experimental arrangement for dynamic top-view 
measurements. 

Experimental set-up  

The experimental set-up is shown in Figure 1C. A high speed 

camera (Photron, 1024 PCI) mounted on a microscope 

(Olympus, U-AN360-3) with 10x objective magnification was 

used for the experiments of liquid flow in open microchannels. 

The sample was placed in a clean glass Petri dish and immersed 

in a second liquid phase (organic phase), and a 5 µL MilliQ 

water (or MilliQ water/glycerol mixture) droplet was deposited, 

with a syringe pump (Cole Parmer), onto the reservoir area. 

Once the droplet contacted the inlet of the channel, the liquid 

started flowing in the microchannel due to the capillary force. 

The high speed camera (collecting frames with frequency of 

2000 Hz) allowed the position of the meniscus as a function of 

time to be tracked. The field of view for a single measurement 

is approximately 0.9 x 1.8 mm2. The software used for a 

graphic analysis of the recorded frames was ImageJ®. After 

each experiment, the sample was rinsed thoroughly with 

ethanol and MilliQ water and stored in a closed glass container 

under MilliQ water for further use. For each channel and liquid-

liquid combination, three series of independent measurements 

were conducted, showing good agreement between 

experiments. 

 

Results and Discussion 
 

Individual drops of liquid 1 were dispensed from a gas-tight 

micro syringe (Hamilton), and allowed to approach, under the 

influence of gravity, the reservoir of the channel (the reservoir, 

the channel, and the drop are all immersed in the immiscible 

liquid 2). The liquid 1 is chosen such that it wets the substrate 

better than liquid 2. After arriving at the liquid 2-solid interface, 

the drop spreads and gradually fills the surface of the reservoir. 

Once liquid 1 spreads to meet the inlet of the channel, it begins 

to fill the hydrophilic channel due to the capillary force. 

Measurement of the motion of the liquid-liquid meniscus began 

from the inlet of the channel. A typical plot of the distance of 

the moving meniscus, x, against time, t, is shown in Figure 2 for 

the dynamic liquid-liquid displacement in rectangular channels 

for four different channel widths. 

 

 
Figure 2. The progress of the liquid meniscus, x, versus time, t, for pure 

water displacing hexadecane (HD) in rectangular open channels of 
different width. 

 

In comparison with liquid-vapour systems in the previous 

study8, the dynamics for liquid-liquid systems is significantly 

slower, often by at least one order of magnitude. However, the 

qualitative behaviour is the same in both cases; the motion of 

the meniscus is always faster in a narrower microchannel. In 

Figure 3, the squared position of the meniscus, x2, is plotted 

against time, t, for water displacing hexadecane in rectangular 

cross-section microchannels. A linear relationship between the 

two is observed (this was also observed for all other liquid-

liquid systems examined in this study as listed in Table 1). In a 

similar manner to liquid-vapour systems, the linearity starts 

only after a short time t0 (t0 was determined by taking the 

intercept of the time axis based on a linear fit to the 

experimental data to an R2 value > 0.9996, achieved by 

progressively excluding the earliest data points in the linear fit), 

as shown in Figure 3. Typical values for t0 are within 0.02 s for 

liquid-liquid displacement in rectangular microchannels (for 

channel widths of 15, 25, 50, 75 µm, t0 was 21, 12, 10, 20 ms, 

respectively). As the moving meniscus is followed for at least 

several hundreds of milliseconds, a regime of linear 

dependence of x2 with t appears to be well-established.  

 

 
Figure 3. The progress of the liquid meniscus, x2, with time, t-t0, for 

pure water flowing against hexadecane in rectangular microchannels. 

The solid lines show the linear fit, x2=k(t-t0) , to the data in the linear 
regime. 
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Table 1 Liquid-liquid systems and their material properties (T = 22 ± 1°C) a 

Systemb 1µ
(mPa·s) 

2µ
(mPa·s) 

2 1( )λ µ µ  12γ  

(mN/m) 

30% glycerol-water 

/toluene 
2.98 0.52 0.17 29.8 

20% glycerol-water 

/toluene 

1.99 0.52 0.26 30.8 

30% glycerol-water 

/dodecane (DD) 
2.98 1.30 0.44 41.1 

20% glycerol-water 

/dodecane 

1.99 1.30 0.65 42.8 

Water/dodecane 
0.89 1.30 1.46 50.5 

Water/tetradecane (TD) 
0.89 2.09 2.35 51.1 

Water/hexadecane (HD) 
0.89 3.16 3.55 51.3 

Water/octanol (OC) 
0.89 7.94 8.92 8.5 

Water/decanol (DC) 
0.89 12.45 13.99 8.5 

a The index 1 is used for displacing phase, while index 2 is used for the 
displaced phase. 
b The percentage refers to the volume percentage 

 

Increasing the viscosity µ of the liquids slows down the 

velocity of the meniscus but does not affect the linear 

dependence noted above nor the dependence of the rate of 

spreading on the width of the channel.  In summary, for all of 

the liquid-liquid systems studied (listed in Table 1) after a 

transient time t0, the flow dynamics obeys the same linear 

dependence given by Eq. (2) but with a different mobility 

parameter, k’: 

 

�� / �′ × �     (5) 

 

(Note that k and k’ are essentially the same and k’ was used for 

a distinction between liquid-liquid and liquid-vapour systems). 

Similar to k, k’ depends on the details of the particular system 

(including the channel cross-section and dimensions, and the 

viscosity and interfacial tension of the liquids). Deriving the 

expression for the mobility parameter k’, is a very difficult task 

because of the need to compute the velocity profile for a two-

phase flow in such open geometry.   

 

The key factor for liquid-liquid displacement is the viscosity 

ratio of the displaced phase to the displacing phase, λ. The fact 

is that a relationship between the velocity of the moving 

meniscus and the properties of the liquids (e.g., viscosities and 

interfacial tension) for liquid-liquid displacement in 

microchannels is still not clear. However, it may be expected 

that, at least qualitatively, the dynamics for liquid-vapour 

systems would be similar to that of liquid-liquid systems where 

the viscosity of the spreading phase is much greater than that of 

the displaced phase20, and that a transition to this would be 

observed as the viscosity ratio approached zero. For non-zero 

values of this ratio, it is expected that the two viscosities enter 

explicitly into the expression for the flow dynamics. An 

empirical derivation of this dependency, which is based on an 

extension of the approach used for the case of the liquid-vapour 

system8, is developed below. 

 

In all of the liquid-liquid systems investigated, for a given 

displacing liquid, the displacement rate decreases as the 

viscosity of the displaced phase increases. When the mobility 

parameter,  k’ in Eq. (5) is plotted against the aspect ratio, p (p 

= W/D), the data correlation between k’ and p for each system 

retains the general shape of the liquid-vapour correlation, but is 

shifted to lower values of k’ with increasing viscosity ratio, λ  

(see Fig. 4).  

Figure 4. Experimental derived mobility parameter values, k’ (derived 

from Eq. (5)), for water flow against another liquid phase in different 

rectangular channels with various aspect ratios, p. 

 

Obviously, the dependence of the flow velocity on the viscosity 

of the displaced phase is not negligible. This is in agreement 

with the hydrodynamic investigation of droplet spreading on a 

flat surface surrounded by another immiscible liquid by 

Foister18, who performed experiments over a wide range of 

viscosities. 

 

Thus, a simple vertical shift factor, α, was determined for each 

system such that the data could be collapsed onto the 

correlation for the liquid-vapour system. α was defined as: 

 

�1 = 2�     (6) 

 

Where k is the mobility parameter describing the dynamics of 

liquid-vapour displacement in open rectangular channel, see 

Eq. (3)8. 

 

Eq. (3) fits the results remarkably well with a no-slip boundary 

condition at the liquid-vapour interface. A similar immobile 

boundary condition may also apply at a liquid-liquid interface21-

23 and was assumed that this is the case for the liquid-liquid 

displacement experiments here. In Eq. (3), it is noted that the 

mobility parameter, k, for water displacing vapour, consists of a 
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dimensional factor involving some physical parameters (e.g. 

interfacial tension and viscosity) and a scalar, function g(p) 

which dictates the exact shape (the ‘master curve’). For the 

same liquid-liquid displacement in the same channel, the reason 

for k’ to vary when vapour is replaced by another liquid is 

solely that the liquid properties (e.g. interfacial tension and 

viscosity) change, corresponding to the change of driving force 

and viscous drag force. The influence of the change in the 

driving force may be calculated using a surface energy 

analysis2, 8 as has been discussed in the previous study8. If it is 

assumed that the contact angle is small and that the displacing 

liquid completely fills the channel, the influence from the 

change of the interfacial tension to the mobility parameter k’ 

can be written as: 

 

�1~ �4�
�4

�     (7) 

 

The influence of the change of the viscous drag force remains 

unclear. Here, it is assumed that the effect of the displaced 

phase viscosity can be accounted by a function, α(λ), 

depending only on the viscosity ratio λ, not on each of the 

viscosities independently. According to this assumption, Eq. (7) 

can be written as: 

 

�1 = �4�
�4

2�5��     (8) 

 

For each set of data, α(λ), can be calculated from the 

experimentally derived values, α , and the ratio of the 

interfacial tensions. The values α(λ) are listed in Table 2.  

 

Table 2. Shift factors for the correlation of liquid-liquid with liquid-

vapour systems. 

 

 

 

 

 

 

 

 

 

 

 

A power law fit to this finite set of values, is proposed in this 

 

2�5� = ��1 7 5�8     (9) 

 

study. As shown in Figure 5, this model is compatible with the 

experimental results; the fitting parameter obtained are x=1 and y=-

1, with a correlation coefficient R2 of 0.9. 

The proposed dependence of α (λ) on λ is particularly simple 

and physically reasonable in that the viscous dissipation arising 

from the fluid flow in the two bulk liquids enters simply as a  

 

Figure 5. Derived α(λ) values versus viscosity ratio, λ. Line 

corresponds to the best fit of the data (R2=0.9). 

 

sum of viscosity terms. Also, it has the correct asymptotic 

limits, i.e., so that in the limit of either λ>>1 or λ<< 1, the flow 

dynamics becomes that of the displacing, or being displaced by 

air. If Eq. (9) holds, Eq. (8) can then be expressed as: 

 

   �1 / �
�9:

�4�
�4

�         (10) 

 

 

Eq. (10) is then rewritten as: 

 

   �1 / ��4��

49
�

�� ��� 	������� 	���
�� ����         (11) 

 

This velocity dependence on the sum of viscosities with 

comparable viscosity ratio was also observed for liquid-liquid 

displacement on a flat surface18, 19. This empirical prediction for 

the flow dynamics will now be considered against the 

experimental data obtained for other liquid-liquid systems, such 

as water-glycerol mixtures displacing a variety of liquids, as 

described below.  

 

Eq. (11) predicts that for fixed D (which is the case of the 

present study), the product [(µ1+µ2)/γ12]k’ is a function of the 

aspect ratio p only. Figure 6 showed that, when plotted in this 

way, there is a good collapse of the experimental data onto a 

master curve. This compares well with the prediction of Eq. 

(11), which implicitly assumed a no-slip boundary condition at 

the liquid-liquid interface.   

 

In our  previous work8, it was noted that, liquid ‘fingers’ were 

observed extending ahead of the meniscus along the sides of the 

channels with larger aspect ratios for liquid displacing air in 

open microchannels. However, it turned out that this liquid 

morphology change has only relatively minor effects. A similar 

phenomenon was also observed for liquid-liquid displacement 

in open rectangular microchannels in wider channels (W/D 

from 3.9 to 5.4); the effects are small in this case, too, judging 

System λ α α(λ) 

Water/DD 1.46 0.30 0.43 

Water/TD 2.35 0.18 0.25 

Water/HD 3.55 0.15 0.21 

Water/OC 8.92 0.023 0.18 

Water/DC 13.99 0.015 0.13 
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from the fact that the empirical predictions are close to the 

experimental data obtained by using the meniscus base as the 

reference for monitoring liquid motion (Fig. 6). It should also 

be noted that the empirical model proposed here is only valid if 

there exists no instability at the advancing meniscus front that 

leads to viscous fingering. 

 

Figure 6. Comparison between the product [(µ1+µ2)/γ12]k’ calculated 

from Eq. (11), solid line and the values obtained from fitting out 

experimental data, symbols, for channel of various aspect ratios, p.  

  

Conclusions 

Capillary-driven liquid-liquid displacement, where a drop of 

one liquid spreads against another immiscible liquid along an 

open microchannel, has been investigated experimentally. The 

results show that the square of the position of the liquid front 

(with respect to the inlet of the channel) increases linearly with 

time. The flow velocity decreases with increasing channel 

width, in a similar manner to liquid-vapour systems. As the 

viscosity of the external (displaced) phase increases relative to 

the viscosity of the displacing phase, the velocity of the liquid 

front decreases. An empirical formula describing the influence 

of the viscosities and of the liquid-liquid interfacial tension on 

the dynamics of immiscible liquid-liquid displacement was 

developed and successfully tested for systems within a 

significant range of viscosity ratios. 
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