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TRANSPORT PHENOMENA AND FLUID MECHANICS

Residual Film Thickness following Immiscible Fluid
Displacement in Noncircular Microchannels at Large

Capillary Number

Yu Lu , Nina M. Kovalchuk, and Mark J. H. Simmons
School of Chemical Engineering, University of Birmingham, Birmingham B15 2TT, U.K.

DOI 10.1002/aic.16178
Published online in Wiley Online Library (wileyonlinelibrary.com)

An experimental study of the displacement of one immiscible fluid by another was performed in microchannels with cir-
cular, square and near-semicircular cross-sections, with hydraulic diameters from 100 to 200 lm. Experiments were
performed over a range of capillary number, Ca, from 0.02<Ca< 80, with viscosity ratios between the two fluids rang-
ing from 20 to 100. The liquid film left on the channel wall following the advance of the displacing fluid was obtained
from visual measurements and a method for the estimation of mean film thickness was shown to be in good agreement
with existing correlations. The addition of a surfactant (Sodium Dodecyl Sulfate, SDS) dissolved in the displacing fluid
led to a reduction in the thickness of the residual film. VC 2018 The Authors AIChE Journal published by Wiley Periodi-

cals, Inc. on behalf of American Institute of Chemical Engineers AIChE J, 00: 000–000, 2018
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Introduction

Flows in microfluidic devices attract attention because of the

benefits they offer compared to larger scale devices: very low

material consumption, short residence time, and high surface

area to volume ratio. The capacity of microfluidics to precisely

control multiphase flows was recognized during early develop-

ment in the field and is one of their important advantages. A

great number of researches have been conducted using micro-

fluidics for flow separation,1–3 the generation of complex drop-

lets,4,5 chemical reaction,6,7 and biological studies.8

Fluid displacement is an important topic in multiphase flow

research because of applications in, for example, injection

moulding, fluid transportation, and oil recovery. A primary

research goal for this topic is understanding of the physics

governing coating or cleaning processes within a channel,

where the thickness of the liquid film left on the wall follow-

ing the passage of the displacing fluid is a critical factor. Fair-

brother and Stubbs9 examined the liquid layer surrounding a

long bubble passing through water and suggested the thickness

of the liquid film left on wall was dependent on the capillary

number Ca 5 mu/r, where l is the liquid dynamic viscosity, u
is the bubble velocity, and r is the surface or interfacial ten-

sion. They also proposed that the film thickness could be inde-

pendent of the bubble length, for lengths greater than 1.5

times of the channel inner diameter.

Taylor10 extended this work using 2 mm and 3 mm circular

tubes with Ca values up to 1.9 and proposed an asymptotic

value of the fraction of liquid left on wall to be �0.55. In the

same year, Bretherton11 developed a model for Ca< 0.01. Iran-

doust and Andersson12 studied the film thickness of rising Tay-

lor bubble in channels of 1–2 mm diameter. Their correlation

was verified by experimental results for Ca< 2.0. Similarly to

Fairbrother and Stubbs,9 they found the film thickness to be

independent of bubble length for lengths greater than the chan-

nel diameter; this result was also observed by Ratulowski and

Chang13 who studied the transport of bubbles in capillaries.
Aussillous and Quere14 developed a phenomenological

model which provided a good fit to to the experimental data of

Taylor,11 known as Taylor’s law. They also examined the

effect of channel sizes on the film thickness and found that a

larger channel diameter resulted in larger film thickness. Han

and Shikazono15 measured the film thickness in circular

microchannels using a novel laser focus displacement method

and developed an empirical model that was able to predict the

film thickness depending on the values of Ca, Reynolds num-

ber (Re 5 quD/l) and Weber number (We 5 qu2D/r), where q
is the liquid density and D is the channel diameter. They stated

their model was capable of predicting their experimental data

within an accuracy of 615% for Ca< 0.25.
For noncircular channels, Kolb and Cerro16 studied the

shape of the liquid film on the wall of a capillary of square

cross-section by filling the capillary with a viscous fluid and

then injecting air. They stated the shape of the liquid interface

in the radial plane could be either noncircular or circular as

shown in Figure 1, depending on the value of Ca. The noncir-

cular interface was found to be is prominent at small Ca condi-

tions. As Ca increases, the film thickness in the corners

increases whilst the thickness on the sides remains almost
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unchanged. As Ca increases further, the interface becomes cir-
cular when Ca exceeds a critical value. Han and Shikazono17

performed film thickness measurement of air bubbles in square
microchannels of 0.3–1.0 mm hydraulic diameter, confirming
the finding of Kolb and Cerro16 regarding the evolution the
shape of the interface. They developed an empirical correla-
tion, dependent on Ca and We, for the prediction of film thick-
ness on both the side and in the corners of the geometry
achieving 65% accuracy for Ca< 0.4.

Some correlations for film thickness that have been pre-
sented in the literature are summarized in Table 1. Most of
these existing models calculate Ca on the basis of the bubble
velocity,9–11,13,15,17 while the correlation developed by Iran-
doust and Andersson12 used the combined superficial velocity
of both phases.

Despite a wealth of research for circular and square geome-
tries, there is a dearth of studies for other geometrical shapes.
Technologies used for fabrication of microchannels, such as
etching or soft lithography, can lead to other more complex
cross-sectional shapes, either by design or because of limita-
tions of the method. The successful operation of microfluidic
devices for multiphase reactions or for the creation of novel
drop structures requires understanding of the ability to change
over from one (miscible or immiscible) fluid to another, either
for cleaning or to bring the different phases into contact. As
shown above, correlations developed for circular channels are
not always applicable for channels of other cross-sectional
shapes, or for ranges of Ca which are lower than typically
applied for cleaning of channels. This study addresses this gap
in the literature by examination of displacement of one immis-
cible fluid by another less viscous fluid in channels with a
complex near-semicircular shape (as found in a commercially
available microfluidic chip), as well as circular and square
channels. The thickness of the residual liquid film is examined
for values of 0.02<Ca< 80. The effects of viscosity ratio, the

viscosity of the liquid being displaced, the size of channel and
the addition of a surfactant (SDS) into the displacing liquid
have been investigated.

Materials and Methods

Microchannels

Three cross-sectional geometries were used: near-semicircular,
circular, and square. The near-semicircular was selected from a
commercially available microfluidic chip (Dolomite

VR

Microflui-
dics, see the single straight channel in Figure 2a). Both circular
and square channels were made in-house (Figure 2b). Table 2
gives the dimensions of the microchannels used.

The in-house geometries were made from an outer square
glass capillary (borosilicate glass, inner size 1 3 1 mm, 55
mm in length, CM Scientific) and an inner capillary which
was either round or square (various diameters, approx. 70 mm
in length, CM Scientific). The inner capillary, which formed
the main channel, was inserted into the outer square capillary
and glued in place on a glass slide, ensuring the inner capillary
remained aligned along the axis of the outer capillary. Water
was injected into the gap between two capillaries before they
were fixed in place, to minimize image distortion. PTFE tub-
ing was used to provide connections at both the inlet and outlet
of the channels. The fabrication steps are shown in brief in
Figure 2c and the schematics of the cross-sections of these in-
house channels are shown in Figure 2d.

Materials

Two immiscible fluids are used in each experiment: the
fluid that is used to prefill the channel (initially stationary) is
defined as the displaced fluid and the injected fluid is defined
as the displacing fluid. Various fluid pairs were chosen with
different kinematic viscosity ratios (g 5 m1/m2), shown in Table
3. All silicone oils were supplied by Sigma-Aldrich and 99.5%
glycerol was supplied by ReAgent. To study the effect of the
addition of a surfactant, Sodium Dodecyl Sulfate (SDS,
ReagentPlus

VR

, Sigma-Aldrich) was added to the displacing
fluid at a concentration of 16.4 mol m23, which is twice of the
critical micelle concentration (CMC). This concentration was
chosen to ensure that the interfacial tension was no longer
influenced by the concentration as it is well above the CMC.
In addition, an estimation of surfactant balance using the max-
imum adsorption value shows that the percentage of surfactant
at the interface does not exceed 2%, meaning the surfactant
concentration in fluid the bulk of the displacing fluid is very
close to its initial concentration of 2 3 CMC.

Equilibrium interfacial tension values, rs, were measured
with a Kr€uss K100 tensiometer, using the Wilhelmy plate

Figure 1. Sketch of (a) noncircular and (b) circular
shape of fluids interfaces in square channel,
proposed by Kolb and Cerro.16

Table 1. Relevant Literature Correlations for Film Thickness

Reference Correlation Range of Applicability

Fairbrother and Stubbs9 a
D 50:25Ca0:5 Ca� 0.09

(Stated by Bretherton11)
Bretherton11 a

D 50:67Ca2=3 Ca� 0.01
Data from Taylor10

Correlation fitted by
Aussillous and Quere14

a

D
5

0:67Ca2=3

113:35Ca2=3

Ca� 1.4

Irandoust and Andersson12 a

D
50:18ð12eð23:08Ca0:54ÞÞ Ca < 2.0

Han and Shikazono15,17 Circular channel a

D
5

0:67Ca2=3

113:13Ca2=310:504Ca0:672Re 0:58920:0352We0:629

Ca < 0.25 and Re < 2000

Square channel a

D
5

1:215Ca2=3

117:28Ca2=320:255We0:215
20:0855

Ca < 0.4
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method. For the purpose of flow visualization, the displacing
fluid was dyed with black Nigrosin dye (water soluble, Sigma-
Aldrich). It was found that the interfacial tension values
between immiscible fluids were slightly affected by the pres-
ence of the dye and its concentration. Table 4 lists the equilib-
rium interfacial tension values for the displacing fluid dyed
with Nigrosin at a concentration of 10 g L21.

Dynamic surface tension (the displacing fluid/air interface)
values for the surfactant-laden displacing fluid were measured
using a SINTERFACE BPA-1S maximum bubble pressure
tensiometer and are shown in Figure 3. Dynamic surface ten-
sion effects are more observable at short timescales, a decrease

from 50.5 to 38 mN m21 is observed between surface ages

from 0.7 ms to 0.1 s.
The dynamic surface tension values are used to estimate the

dynamic interfacial tension between the displaced fluid and

the displacing fluid with SDS added, following the strategy

below, which was proposed recently18

c02cs

r02rs
5

c02cst

r02rst
(1)

Where c0 is the measured surface tension of surfactant-free

dyed water, cs is the equilibrium surface tension of surfactant-

laden dyed water, r0 is the interfacial tension between the

Figure 2. (a) Near-semicircular channel (microfluidic chip from Dolomite); (b) in-house device; (c) fabrication steps
used in manufacture of the in-house device; (d) Schematics of the cross-sections of the in-house devices.

[Color figure can be viewed at wileyonlinelibrary.com]
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displaced fluid and surfactant-free dyed water, rs is the equi-

librium interfacial tension between the displaced fluid and

surfactant-laden dyed water, cst is the dynamic surface tension

of surfactant-laden dyed water at specific surface age t, rst is

the estimated dynamic interfacial tension between the dis-
placed fluid and surfactant-laden dyed water at surface age t.

Experiment procedure

Figure 4 shows the experimental setup used in this study.

The experiment is performed in the following steps: (1) prefill

the channel with the displaced fluid through the inlet; (2)

when the channel is fully filled, the displacing fluid needle is

connected to the inlet tubing when a fluid drop starts to appear

at the needle tip, ensuring no air goes into the tubing; (3) the

displacing fluid is injected at desired flow rate using a syringe

pump (Harvard PHD 2000). After each experiment the micro-

channel is flushed with �50 mL of acetone and then air is

injected into the channel with high flowrate, for �5 min, to

ensure no residual fluids remain in the channel.
The microchannels were placed on a microscope stage

(Nikon TE2000-s inverted microscope, 43 lens). White light

was used as the light source illuminating the channel from

above and images were recorded through objective lens facing

up toward the channel. The displacement process was

recorded at the desired channel position using a high-speed

camera (Photron FASTCAM SA3) attached to the microscope.

The imaging position was fixed at 3=4 of the total channel

length from the channel inlet. Frame rates used were 4000–

500 f.p.s. with shutter speeds set at 1–2 3 1024 s.

Image analysis

The thickness of liquid film left on the channel wall follow-

ing the passage of the tip of the displacing fluid was measured

using the freeware ImageJ. The film thickness results were

averaged from at least three repeats of each experiment. From

the combination of the typical settings of the camera and the

microscope lens used in this study, the pixel resolution in the

recorded image is 2.17 lm. For some experimental images

with low contrast, the background was subtracted from

recorded image and binarized using Matlab, see Figure 5. It is

noted that the film thickness does not stay unchanged during

the whole displacement process. In this study, film thickness

measurement is taken at the position of 2–2.5 times the width

Table 2. Dimensions of Microchannels used in this Work

Near-Semicircular Circular Square

Size 205 mm width,
100 mm height

200 mm
diameter

100 mm
diameter

200 3 200 mm

Hydraulic
diameter
(mm)

124.6 200 100 200

Source Dolomite
VR

Microfluidics
Made in the lab

Table 3. Fluid Pairs Used in this Study

The Displaced Fluid The Displacing Fluid g

Silicone oil
(1024 m2 s21)

Water 100
Glycerol solution

(2 3 1026 m2 s21,
26.0% wt.)

50

Glycerol solution
(5 3 1026 m2 s21,
48.5% wt.)

20

Water 1 SDS 100
Glycerol solution 1 SDS

(2 31026 m2 s21)
50

Glycerol solution 1 SDS
(5 31026 m2 s21)

20

Silicone oil
(5 3 1025 m2 s21)

Water 50
Glycerol solution

(2.5 3 1026 m2 s21,
32.6% wt.)

20

Silicone oil
(2 3 1025 m2 s21)

Water 20

Table 4. Equilibrium Interfacial Tension Values

The Displaced
Fluid The Displacing Fluid

Equilibrium
Interfacial

Tension, rs,

(mN m21)

Silicone oil Water No dye 39.7
Dyed 27.5

Glycerol water
solution

No dye 34.9
Dyed 25.2

Water 1 SDS No dye 12.9
Dyed 10.1

Glycerol water
solution 1 SDS

No dye 11.7
Dyed 9.9

Figure 3. Dynamic surface tension of SDS in water
solution (concentration two times CMC,
dyed with 10 g L21 Nigrosin).

Figure 4. Experimental setup.

4 DOI 10.1002/aic Published on behalf of the AIChE 2018 Vol. 00, No. 00 AIChE Journal



of the channel after the advancing of the displacing fluid tip,
which is in some literature called initial film thickness.19

Theory

It has been widely accepted that the liquid film left on wall
is not affected greatly by viscosity ratio especially for larger
viscosity ratio (>10) cases,20 thus capillary number based on
the viscosity of the displaced fluid is used

Ca5
l1u2

r
(2)

where l1 is the dynamic viscosity of the displaced fluid, u2 is
the mean velocity of the displacing fluid, and r is the interfa-
cial tension between the displaced fluid and displacing fluid.
The superficial velocity of the displacing fluid is

u25
Q2

Ac
(3)

where Q2 is the injection flowrate of the displacing fluid and
Ac is the cross-section area of channel. However, it is

necessary to calculate the true velocity of the displacing fluid,
u02, to enable comparison with correlations. Thus, the superfi-
cial velocity needs to be corrected by determination of the true
cross-sectional area occupied by the displacing fluid. The real
displacing fluid velocity is thus calculated by dividing the
injection flow rate of the displacing fluid by the cross-section
area of the displacing fluid obtained from the thickness meas-
urements. For the circular and square channels, it is assumed
the cross-sectional area of the displacing fluid is always circu-
lar or very close to circular, explained in later section.

For near-semicircular channel, the strategy of estimating the
shape of the cross-section of the displacing fluid is as follows:
when film thickness is small, the shape is assumed to be an
ellipse with the minor axis being the height of channel, H, and
the major axis being the width of the displacing fluid (Figure
6a); when film thickness is larger than a critical value, acr, the
shape of is assumed to be circular (Figure 6b). This critical
thickness value acr 5 (W – H)/2 5 52.5 lm.

The real velocity of the displacing fluid is calculated from

u025

p
H

2

� �
W22a

2

� �
Near-semicircular channel; a < 52:5 lmð Þ

Q2

p W22a
2

� �2
ðNear-semicircular channel; a � 52:5 lmÞ

Q2

p D22a
2

� �2
ðCircular and square channelÞ

8>>>>>>>>><
>>>>>>>>>:

(4)

Where D is the hydraulic diameter of the circular or square
channel. The capillary number based on the real velocity of
the displacing fluid, Ca0 is thus

Ca05
l1u02
r

5

l1Q2

pr
H

2

� �
W22a

2

� � ðNear-semicircular channel; a < 52:5 lmÞ

l1Q2

pr W22a
2

� �2
ðNear-semicircular channel; a � 52:5 lmÞ

l1Q2

pr D22a
2

� �2
ðCircular and square channelÞ

8>>>>>>>>>>><
>>>>>>>>>>>:

(5)

For the cases with surfactant added into the displacing
fluid, the interfacial tension values in the equation above

depend on the surface age, which in this study the surface

age is estimated as time necessary for the displacing fluid to

travel from the inlet to the measurement point. This value

ranges from �6 3 1023 s to �2 s while the equilibrium inter-

facial tension is reached at a surface age of �7 3 1022 s.

Therefore, either the estimated dynamic or equilibrium inter-

facial tension values are used in these calculations depending

whether the surface age is below or above the value of 7 3

1022 s, respectively.
Due to the limitation of experimental set-up, the

recorded experimental images are a projected view of the

flows, therefore only the widest part of flows can be

directly seen from images. The film thickness directly

measured from these images is referred to as the apparent
film thickness, a in this study. However, for square and
especially for the near-semicircular channel, the apparent
film thickness found from the distance of the widest part
of the displacing fluid to the channel wall obviously does
not represent the film thickness at all azimuthal positions
in the channel. Therefore, a mean film thickness is pro-
posed for noncircular channels

amean5
Ac2A2

1
2
ðPc1P2Þ

(6)

Where AC and PC are the area and perimeter of the channel
cross-section, and A2 and P2 are the area and perimeter of the
cross-section of the displacing fluid. Using the assumption

AIChE Journal 2018 Vol. 00, No. 00 Published on behalf of the AIChE DOI 10.1002/aic 5



made for the cross-sectional shape of the displacing fluid
described above, for the near-semicircular channel the mean
film thickness is calculated by dividing the cross-section area

of the displaced fluid left on wall by the average length of the
perimeters of the contour of the displacing fluid and the perim-
eter of the channel cross-section

amean5

AC2p

�
H

2

��
W

2
2A

�

1

2

�
p

C
1

�
p

�
3

��
W

2
2A

�
1

H

2

�
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
3

�
W

2
2A

�
1

H

2

���
W

2
2A

�
1

3H

2

�s �� ða < 52:5 lmÞ

AC2p W
2

2A
� �2

1

2
ðp

C
1pðW22aÞÞ

ða � 52:5 lmÞ

8>>>>>>>>>>><
>>>>>>>>>>>:

(7)

Similarly, for square channel the mean film thickness is cal-
culated from

amean5
Ac21=4pðD22aÞ2

1=2ðPc1pðD22aÞÞ (8)

Results and Discussion

In this study, the film thicknesses presented are nor-

malized by the channel hydraulic diameter and the

modified capillary number, calculated from Eq. 5, is cho-

sen to represent more accurate estimation of the viscous

effects. The deviation of the real displacing fluid veloc-

ity, u02, from the displacing fluid superficial velocity, u2,

is obviously dependent on the film thickness as shown in

Figure 7 for three channel geometries for surfactant-free

fluid pairs. The ratio u02/u2 increases as film thickness

increases up to a maximum value of �2.6 over the stud-

ied range.

Figure 6. Proposed cross-sectional interface shapes in the near-semicircular channel: (a) ellipse shape; (b) circular
shape.

Figure 5. Image analysis of low contrast images (a): original target image; (b) background image; (c) subtraction of
background image from target image; (d) binarized image.

6 DOI 10.1002/aic Published on behalf of the AIChE 2018 Vol. 00, No. 00 AIChE Journal



Effects of viscosity ratio (at constant viscosity of)

The effect of viscosity ratio between the two fluids is first

examined using the near-semicircular channel. Plots of the

dimensionless mean film thickness versus Ca0 for the cases
using 1 3 1024, 5 3 1025, and 2 3 1025 m2 s21 silicone oil

as the displaced fluid are shown in Figure 8. The error bar in

the figure represents the typical errors for these data points.
Results using surfactant-free and surfactant-laden (SDS) fluids

are both shown. As described above, dynamic interfacial ten-

sion values at corresponding timescales estimated from Eq. 1
were used to calculate Ca0 for the latter. Figure 8 shows that

the dimensionless film thickness correlates well with Ca0; the

data are weakly dependent on viscosity ratio. This could be
due to operational and measurement error from the minimum

resolution (2.16 lm) in this study. Thus, experimental data are

plotted as a function of the displaced fluid for all viscosities of
the displacing fluid used.

Validation of the mean film thickness approach

The values of dimensionless film thickness for the near
semicircular channel are compared with the literature correla-

tions to validate the above assumptions made for the shape of

the interface between the two fluids. The results based on
dimensionless apparent film thickness (empty symbols) and

mean film thickness (filled symbols) are plotted in Figure 9 as

a function of Ca0 alongside relevant literature correlations
(Table 1). As the effect of viscosity ratio between the two flu-

ids is insignificant, the results using 1 3 1024 m2 s21 silicone

oil as the displaced fluid, which contain three viscosity ratios,
are grouped into a single data set. The same operation has

been performed for the 5 3 1021 m2 s21 silicone oil as the dis-
placed fluid, which contains two viscosity ratios. The distance
from the inlet to the position where film thickness is measured

in the present study is around 17 mm, which is more than 100
times the hydraulic diameter of the near-semicircular channel.

This means these literature models, most of which are devel-

oped from the measurement or analysis of the film thickness
of long bubbles, can be used for comparison. Note the model

developed by Irandoust and Andersson12 used total average

Figure 7. Ratio of u02 to u2 plotted against dimension-
less mean film thickness for near-
semicircular, circular and square channel
using surfactant-free displacing fluid.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 8. Dimensionless mean film thickness in near-
semicircular channel for: (a) the displaced fluid-
5 1 3 1024 m2 s21 silicone oil, (b) the displaced
fluid 5 5 3 1025 m2 s21 silicone oil, (c) the dis-
placed fluid 5 2 3 1025 m2 s21 silicone oil.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 9. Dimensionless apparent and mean film thick-
ness in near-semicircular channel, compared
with available models from the researches of
Fairbrother and Stubbs,9 Bretherton,11 Iran-
doust and Andersson,12 and Taylor’s law.14

Filled markers represent results for mean film
thickness and empty marks represent appar-
ent film thickness.

[Color figure can be viewed at wileyonlinelibrary.com]
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velocity, whereas all other models presented in Table 1 use
bubble velocity to define the capillary number. This explains
why the results of Irandoust and Andersson12 are shifted to the
left on Figure 9 because using bubble velocity results in an
increase in the capillary number. Also they studied uprising
bubbles in vertical channels where buoyancy can influence the
results.

Figure 9 shows the apparent film thickness deviates consid-
erably from literature predictions by approximately a factor of
three, the apparent film thickness is not representative. Results
obtained using the mean film thickness show good agreement.
Using the Taylor’s law equation developed by Aussillous and
Quere,14 the average variation between predicted dimension-
less film thickness and the experimental data is 7%. Therefore
it is proposed that the assumption of either elliptical or circular
cross-section shape of the displacing fluid interface and the
mean film thickness is an acceptable approach to estimate the
overall film thickness for the near-semicircular channel in this
study.

A film thickness correlation was developed using the exper-
imental data of all fluid pairs without SDS added in the near-
semicircular channel

amean

D
50:147Ca00:0883 (9)

This correlation describes the experimental data reasonable
well (R2 5 0.843) for 0.15 < Ca0 < 80, 1 < m1 < 100, 20 < g
< 100. This correlation is added into Figure 9 for comparison.
The proposed correlation generally follows the trend of the
existing models extending them to larger values of capillary
number at which the film thickness increases more slowly.
This behavior is also observed in the model of Irandoust and
Andersson.12

Effects of the displacing fluid viscosity

The effect of the viscosity of the displaced fluid was exam-

ined using three silicon oils with kinematic viscosities of: 1 3

1024, 5 3 1025 and 2 3 1025 m2 s21 respectively. As above,
the results obtained using the same displaced fluid but with

different viscosity ratios are grouped together, as the data are
weakly dependent on viscosity ratio. Figure 10 shows results
for both surfactant-free and surfactant-laden (SDS) displacing
fluid. The figure shows that the data are also weakly dependent
on the viscosity of the displaced fluid over the chosen range,
especially at low capillary numbers. When Ca0 � 1, the film

thickness for 5 3 1025 and 2 3 1025 m2 s21 silicone oil
appears to be slightly larger than that of 1 3 1024 m2 s21 sili-
cone oil and this is observed in both surfactant-free and
surfactant-laden cases. These results confirm some literature

findings: Han and Shikazono15 studied the displacement of
three liquids by air: water, ethanol and FC-40 liquid, which
are respectively �3.7 times and 3 times more viscous than

water and ethanol in terms of dynamic viscosity and around 2
times and 1.3 times more viscous than water and ethanol in
terms of kinematic viscosity. It was found for 0 < Ca < 0.08

for all three fluids or for 0 < Ca < 0.15 for ethanol and FC-
40, the more viscous fluid resulted in smaller film thickness.
This effect was found to increase with increasing capillary

number.

Effect of surfactant SDS

As the film thickness increases as Ca increases, by defini-
tion, an increase of viscosity and/or velocity or a decrease of

interfacial tension should lead to an increase of the film thick-
ness. For surfactant-laden displacing fluid, the most obvious
difference that surfactant molecules bring is the change of

interfacial tension. It can be seen from Figure 10 that even
after taking the dynamic interfacial tension effects into consid-
eration (via calculation of Ca0) there is an additional physical

effect leading to a thinner liquid film than for the surfactant
free cases at the same capillary number, especially at larger
capillary number conditions. Although there are inaccuracies

in the estimation of dynamic interfacial tension from Eq. 1,
explanation may be that other mechanisms come into play
(Figure 11).

It is well known that recirculatory flows can develop inside
the penetrating fluid tip and also in the displaced fluid, as pos-

tulated by Taylor.11 When flow rate of the displacing fluid is
small, this effect is small and the new interface between the
two fluids generated at the channel inlet remains relatively

undisturbed. In this case the dynamic interfacial tension, or
equilibrium interfacial tension for some small Ca0 cases, is suf-
ficient to describe the effect of surfactant migration to the new

interface, based on the timescale of the fluid flow that is, t 5 L/
u2
0, and the behavior is similar to that of pure liquids at low

Figure 10. Comparison of film thickness using different
viscosities of the displaced fluid in near-
semicircular channel for SDS-free and SDS-
laden cases.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 11. Schematic illustration of the problem of surfactant-laden the displacing fluid (size of molecules is not to scale).

[Color figure can be viewed at wileyonlinelibrary.com]
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values of Ca0. However as the displacing fluid flow rate
increases, the recirculation effect becomes larger as illustrated
by the arrow in Figure 11. In this case the surfactant at the

interface at the leading edge of displacement the will be con-
vected toward the back leading to depletion at the tip if the
bulk diffusion of surfactant from the bulk to the interface is

not sufficient to replenish it. This local effect could lead to
higher surface tension close to the tip and Marangoni stresses,
resulting in a thinner liquid film on the wall. This thinning

effect is contrary to findings found in the numerical simula-
tions by Ratulowski and Chang21 and Olgac and Muradoglu22

for gas displacing a liquid laden with surfactant; they observed

an increase in the film thickness. Reasons for this discrepancy
most probably are due to difference in conditions used in men-
tioned simulations and in the present work. First, both numeri-

cal studies considered an air bubble moving in the surfactant-
laden liquid. In this case the bubble front surface is always in
contact with surfactant solution of initial concentration,
whereas surfactant depletion occurs along the bubble due to

surfactant adsorption from the thin liquid film to the liquid/air
interface. In the present study surfactant is situated in the dis-
placing liquid. Therefore, depletion can occur at the leading

edge of displacement due to Taylor convection. Both numeri-
cal studies are related to low capillary numbers, Ca< 1021,
whereas surfactant-related changes in the film thickness were

observed in the present study at Ca> 1. Ratulowski and
Chang21 assumed the equilibrium between the interfacial and
bulk surfactant in the uniform film region, but because of high

flow rates, equilibration between surfactant in the bulk and at
the interface was not achieved in the present study at flow
rates where the film thinning was observed.

Olgac and Muradoglu22 used the effective surface tension

related to the average surfactant concentration on the liquid/air
interface to calculate the capillary number. Due to the nonuni-
form surfactant distribution, the film thickness was larger

when compared to the film formed by the pure liquid of the
same surface tension in the central part of the bubble (quasi-
uniform film), but was smaller than the pure liquid film in the

transition zone near the front of the bubble. For the largest
capillary number considered by Olgac and Muradoglu,22

Ca 5 0.097, the film thickness for the case of an insoluble sur-
factant was smaller than that formed by pure liquid with the

same surface tension in the quasiuniform film part. Therefore,
based on the results of Olgac and Muradoglu,22 it can be
assumed that by an increase of capillary number and the corre-

sponding decrease of characteristic time of surfactant adsorp-
tion, a soluble surfactant can demonstrate similar behavior,
that is, produce a smaller film thickness.

Note, the surfactant used in this study is characterized by

very fast equilibration at concentrations above CMC when
compared with other commonly used surfactants.23 Therefore,
a comprehensive study of other surfactants with different

CMC values and in a range of concentrations is required to
make more general conclusions on the effect of surfactant on
the film thickness. It can be suggested from the discussion

above that if an increase in the film thickness is due to deple-
tion of surfactant from the leading edge of displacing liquid
then using slower equilibrating surfactants, such as Triton X-

100 or hexadecytrimethylammonium bromide (CTAB)23

should result in further decrease of film thickness, whereas
increase in concentration of SDS or other quickly equilibrated
surfactant (e.g., dodecyltrimethylammonum bromide18)will

eventually increase the film thickness back to the value

expected for the capillary number based on surface tension of

surfactant solution.

Effect of channel size and geometry

The effect of channel shape was studied using two circular

channels of 200 and 100 lm inner diameter and a 200 lm

square channel. 1 3 1024 m2 s21 silicone oil is used as the

displaced fluid and viscosity ratios of 20, 50, and 100 were

studied by varying the viscosity of the displacing fluid.
Dimensionless film thicknesses for both 200 and 100 lm

circular channels are plotted against Ca0 in Figure 12. The

apparent film thickness is used for circular channel, because in

this case the mean film thickness is equal to the apparent thick-

ness. The results show that the dimensionless film thickness is

larger for the larger channel when Ca0> 1. A similar trend was

observed by Aussillous and Quere,14 who used channels with

diameters from 0.4 to 1.4 mm for Ca < 0.05 and by Han and

Shikazono15 who used channels of 0.3–1.3 mm diameter for

Ca < 0.08. However the results reported by Tsaoulidis and

Angeli,24 who studied the film thickness in 0.5–2 mm chan-

nels, suggest an insignificant effect of channel size on the film

thickness up to values of Ca< 0.2.
For square channels, the existence of corners causes the film

thickness to be non-uniform. Therefore, the approach of mean

film thickness is also applicable here. Dimensionless apparent

and mean film thicknesses are both plotted in Figure 13, as

well as the model developed by Han and Shikazono17 and

Taylor’s law.14 Most of the correlations for liquid film thick-

ness do not take channel size into account explicitly and only

consider capillary number. However, Han and Shikazono15,17

have developed empirical equations using both Weber number

and Reynolds number in addition to capillary number. Figure

13 shows the film thickness values obtained from the Han and

Shikazon17 correlation for square channels recalculated on the

basis of the mean film thickness (Eq. 8).
It has been shown in previous study16 that the thickening of

the film in a square channel starts in the corners whereas the

film thickness at the sides remains unchanged. Beyond a criti-

cal capillary number and a critical film thickness at the corner,

the contour of the displacing fluid becomes circular and both

the liquid film thickness at the corner and at the sides increases

with further increase in capillary number. The dashed line in

Figure 14 is an illustration of the possible contour of the dis-
placing fluid interface at smaller capillary numbers. However

the experimental images taken show a clear sharp layer of the

displaced fluid film, under all conditions. Thus, the contour of

Figure 12. Dimensionless film thickness for 200 and
100 lm circular channels. The displaced
fluid: 1 3 1024 m2 s21 silicone oil.

[Color figure can be viewed at wileyonlinelibrary.com]
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the displacing fluid is always circular at the high capillary

numbers in this study. This can be also assessed from the

reported critical capillary number value, which in the experi-

ments by Kolb and Cerro16 is Ca �0.1 and for Han and Shika-

zono17 is Ca �0.02.
The model of Han and Shikazono17 used here is correlated

with the thickness at the sides of the channel, which corre-

sponds to the apparent film thickness. By comparing the

experimental data with Han and Shikazono’s empirical equa-

tions, good agreement is found for Ca< 0.4, which is the max-

imum value used in their study. The mean film thickness

results are also in line with the recalculated mean thickness

based on Han and Shikazono’s17 correlation. It can be seen

that using the apparent film thickness at sides, experimental

data does not fit to Taylor’s law, which is developed using

results in circular channel. However by calculating the mean

film thickness using Eq. 8, the data fit is much improved. This

demonstrates that the approach of mean film thickness is

applicable not only to the near-semicircular channel but also
to the square channel, which opens the possibility that this
approach could be used for any noncircular channel if the con-
tour of the interface in the cross-section can be either be
known or assumed. In addition, this also agrees with the previ-
ous finding that under all conditions in this study, the displac-
ing fluid presents a circular cross-section shape. This is
because the equation for calculating the mean film thickness
in square channel uses the assumption of circular interface
shape. If the contour of the displacing fluid was not circular,
using Eq. 8 will result in an overestimation of the mean film
thickness as the thickness in the corner increases (shown as
the dot dash circle in Figure 14).

Comparison of dimensionless film thickness for circular and
square channels with the same hydraulic diameter (200 lm) is
shown in Figure 15. For the square channel, both the apparent
and mean film thickness are shown.

It can be seen that the film thickness results for circular
channel are generally larger than the apparent film thickness
measured in square channel. This agrees with the results of
Han and Shikazono15,17 who also studied both circular and
square channels with the same size. The mean film thickness
for square channel appears to be slightly larger than the film
thickness for circular channel. This is because the method of
calculating mean film thickness takes into consideration the
corner area, where more liquid is likely to remain than in the
circular channel.

Conclusions

An experimental study on the displacement of a more vis-
cous fluid (the displaced fluid) by an immiscible less viscous
fluid (the displacing fluid) has been performed using micro-
channels with near-semicircular, circular, and square cross-
sections and hydraulic diameters from 100 to 200 lm. The
film thickness was measured visually following the advancing
fluid tip of the displacing fluid. The capillary number based on
the viscosity of the displaced fluid and the real velocity of the
displacing fluid is used as the main characterizing parameter.
The values of capillary number used in this study,
0.02<Ca< 80, extended the previous reported range. Within
the studied range of viscosities, the viscosity ratio between the
two fluids and the viscosity of the displaced fluid have insig-
nificant effect on the liquid film thickness. The film thick-
nesses obtained using 5 3 1025 and 2 3 1025 m2 s21

viscosity fluids as the displaced fluid are shown to be slightly

Figure 13. Results of apparent film thickness and
mean film thickness for the square chan-
nel, the displaced fluid 5 1 3 1024 m2 s21

silicone oil, compared with Taylor’s law14

and Han and Shikazono.17

[Color figure can be viewed at wileyonlinelibrary.

com]

Figure 14. Illustration of the cross-section shape of the
displacing fluid in square channel for
smaller capillary number. Red dashed line:
possible contour of the displacing fluid
interface, blue solid line: assumed the dis-
placing fluid interface in the mean film
thickness approach, dot-dashed line: illus-
tration of the inaccurate estimation of mean
film thickness if the displacing fluid inter-
face is noncircular.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 15. Dimensionless film thickness of circular and
square channel with 200 um hydraulic diam-
eter. The displaced fluid 5 1 3 1024 m2 s21

silicone oil.

[Color figure can be viewed at wileyonlinelibrary.com]
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larger than when the displaced fluid has a viscosity of 1 3

1024 m2 s21 and this effect increases with increasing capillary
number. An empirical model describing the mean film thick-
ness against modified capillary number, was proposed in this
study, using the experimental data from near-semicircular
channel and all fluid pairs without the addition of SDS. This
correlation extends the existing models to higher capillary
numbers where the increase of film thickness has a weaker
dependence on capillary number.

A film thinning effect has been observed when a surfactant
(SDS) is added into the displacing fluid, especially at large
capillary numbers. This is believed to be the result of SDS
redistribution caused by convective flows due to recirculation
of fluid in the advancing tip.

For noncircular channels including the near-semicircular
and square channel, the mean film thickness approach has
been shown to be an effective way to estimate the overall
film thickness. This is validated by comparing the mean
film thickness for noncircular channels with literature
models. It has also been shown that existing literature cor-
relations can be extended to larger range of capillary
number.
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Notation

Ac = channel cross-section area
A2 = cross-section area of the displacing fluid
a = apparent thickness measured from images

acorner = film thickness at cross-section diagonal plane in square channel
aside = film thickness at sides in square channel

amean = mean film thickness
Ca = capillary number without velocity modification
Ca0 = velocity modified capillary number

D = hydraulic diameter of channel
H = height of channel

PC = perimeter of the channel cross-section
P2 = perimeter of the interface of the displacing fluid at cross-

section
Q = flowrate 2 injection flowrate

Re = Reynolds number
u2 = displacing fluid superficial velocity
u02 = real displacing fluid mean velocity
W = width of channel

We = Weber number
cs = equilibrium surface tension
cst = surface tension with surfactant at surface age t
g = viscosity ratio (the displaced fluid/the displacing fluid)
c0 = surface tension without surfactant
l2 = dynamic viscosity of the displacing fluid
m1 = kinematic viscosity of the displaced fluid
m2 = kinematic viscosity of the displacing fluid
q2 = density of the displacing fluid
r = interfacial tension between two fluids
rs = equilibrium interfacial tension

rst = interfacial tension with surfactant at surface age, t
r0 = interfacial tension without surfactant
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