
Effect of Viscosity on the Hydrodynamics
of Liquid Processes in Microchannels

The hydrodynamics of single-phase liquid flow with relatively high fluid viscos-
ities in a microchannel was investigated experimentally. The results showed that
the conventional theory could predict the single-phase flow with high fluid visc-
osities in microchannels. Furthermore, the effect of viscosity on the slug flow of
two immiscible liquid phases in a microchannel was studied with high-speed
imaging techniques. It was found that a higher dispersed-phase viscosity quick-
ened the flow pattern transition from slug flow to parallel flow and resulted in
smaller slugs. A modified capillary number representing the mutual effects of the
viscosities of the continuous phase and the dispersed phase was proposed for pre-
dicting the slug sizes in microchannels.
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1 Introduction

In order to meet the demands of global competition and trade,
the current trend in chemical industry is to develop highly effi-
cient, perfectly safe, and environmentally benign methods to
produce chemicals. Microreaction technology as one of the
most important process intensification technologies has ex-
perienced spectacular developments, the advantages of which
are obvious for chemical production, such as continuous op-
erational mode, enhanced heat and mass transfer, well-defined
flow properties, improved chemistry and excellent process
safety, etc. [1–7]. A considerable variety of microscale devices
including micromixers, microreactors, micro-heat exchangers,
and micro-separators have been designed, in which micro-
channels are the most important basic units. The characteris-
tics of the hydrodynamics in microchannels are fundamental
to understand the principles of transport and reaction pro-
cesses in microscale devices.

From a practical point of view, the laminar flow in micro-
channels with diameters of several hundred micrometers
where compressible and rarefaction effects are thought to be
negligible is of highest interest [8]. The friction factor (f) or
the product of the friction factor and the Reynolds number
(Re), i.e., the Poiseuille number (Po), is usually used to charac-
terize the hydrodynamics in microchannels. Some previous in-
vestigations showed that the experimental value of Po was ob-
viously larger or lower than the values predicted by the
conventional theories [9–15]. Nevertheless, more and more in-

vestigations demonstrate that the conventional theories can
predict the single-phase flow phenomena in microchannels
[16–22]. The fluids used in these previous investigations were
mainly water or nitrogen, which have an extremely low viscos-
ity. Furthermore, fluids with high viscosities are usually in-
volved in many chemical processes, e.g., nitration, sulfonation,
chemical reactions of polymers, ionic liquid synthesis, etc.
However, the hydrodynamics of such kinds of fluids with high
viscosities in microchannels has hardly been investigated up to
now [23].

In addition, multiphase systems, especially immiscible li-
quid-liquid two-phase systems, can be used to produce a large
variety of intermediate and terminal chemicals. The hydrody-
namics and mass transfer characteristics of immiscible liquid-
liquid two-phase systems in microchannels are widely investi-
gated due to their importance. Their hydrodynamics in micro-
channels is much more complicated compared to that of
single-phase liquid flow. It depends on different factors, such
as the fluid properties, the flow rates of the two phases, and
the geometry and surface properties of the microchannel. Zhao
et al. [24] studied the flow patterns of two immiscible liquid-
liquid phases in T-junction microchannels. Several flow pat-
terns, including droplet, slug, parallel, and annular flows, were
identified in microchannels, depending on the competition be-
tween the interfacial tension and the inertia force. In particu-
lar, the mass transfer rate in slug flow is very high, which
shows great potential for applications in different fields, such
as the measurement of kinetic parameters of fast reactions
[25], protein crystallization [26], nanoparticle synthesis [27],
separation processes [28], and the improvement of the selec-
tivity in fast reactions [29]. In slug flow, one liquid flows as a
continuous phase while the other liquid (dispersed phase)
flows in the form of slugs that are longer than the diameter of
the microchannel. The slugs are surrounded with thin liquid
films formed by the continuous phase. Slug flow usually occurs
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at low or moderate flow rates with a volumetric flux ratio of
the two phases close to 1. The internal circulation in each slug
and the concentration gradient between the slugs and the con-
tinuous phase both result in fast mass transfer [30]. Although
many researchers have investigated slug flow in microchannels
and exploited its relevant applications, only a few studies dealt
with the effect of viscosity on this important flow pattern
[31, 32]. Therefore, a thorough study on the effect of viscosity
on slug flow is necessary.

In this work, the main objective is to study the effect of visc-
osity on the hydrodynamics of the liquid processes in micro-
channels. The pressure drop in the microchannel was investi-
gated experimentally for a single-phase liquid flow with
different viscosities. The friction factor and the Poiseuille
number in the microchannel were compared with those pre-
dicted by the conventional laminar flow theory. Moreover, the
effects of the fluid viscosity and the wettability of the micro-
channel walls on the mechanisms of slug flow formation in the
microchannels were studied with high-speed imaging techni-
ques. The effects of the flow rates of two immiscible liquid
phases on the slug size of the dispersed phase were also studied
in detail. A modified capillary number and a correlation are
proposed for predicting the slug size in microchannels.

2 Experimental

2.1 Experimental Procedure

Glycerol aqueous solutions were used as the working fluids.
The viscosities were measured by a precise digital rotating visc-
ometer (Brookfield-LV; measurement accuracy: ±0.1 mPa s),
and the temperatures of the fluids were controlled by a heat-
ing-cooling circulator (Julabo Technology Co., Ltd; F12-ED,
measurement accuracy: ±0.1 °C). Different fluid systems could
be obtained by changing the glycerol content in the aqueous
solution or by changing the temperature, as shown in Tab. 1.
The kerosene-glycerol aqueous solution systems were applied
in the two-phase flow experiments. An oil-soluble surfactant,
Span 80 (Sorbitan monooleate), was added into kerosene in
order to improve the wettability of the microchannel walls and
to reduce the interfacial tension between the two immiscible li-
quid phases. The optical instrument (Dataphysics OCA15) was
used to measure the contact angle between the aqueous phase
and the poly(methyl methacrylate) (PMMA) plate and the in-
terfacial tension between the two immiscible liquid phases, on
the basis of the sessile drop method and the pendant drop
method, respectively.

Two rectangular microchannels were fabricated in the trans-
parent and smooth PMMA plates by the micromachining
technology (FANUCKPC-30a) in our CNC Machining Center.
Microchannels 1 and 2 were used for the single-phase flow ex-
periment and the two-phase flow experiment, respectively. For
microchannel 1, the depth, width and length were 0.6, 0.6 and
88 mm, respectively. Two orifices with a diameter of 0.6 mm
were fabricated for the connection of the pressure measure-
ment tubes. The section for the pressure drop measurement
(DL) was located in the middle part of microchannel 1, the
length of which was 29.7 mm. A polytetrafluoroethylene
(PTFE) circular pipeline (internal diameter: 2 mm, length:
3 m) was connected to the inlet of microchannel 1. For micro-
channel 2, the depth, width and length of the main channel
were 0.5, 0.5 and 50 mm, respectively. The depth, width and
length of the two inlet channels were 0.5, 0.5 and 15 mm, re-
spectively. The angle between the two inlet channels was 90°.

For the single-phase flow experiment, the glycerol aqueous
solution was fed into microchannel 1 through the long PTFE
pipeline by a high-precision piston pump (Beijing Satellite
Manufacturing Factory; measurement range: 0–10 mL min–1,
precision: ±3 %). Both the pipeline and microchannel 1 were
immersed in the water bath of the heating-cooling circulator
in order to obtain uniform temperatures. For the two-phase
flow experiment, two piston pumps were used (Beijing Satellite
Manufacturing Factory; measurement range: 0–5 mL min–1,
precision: ±3 %). The kerosene (continuous phase) was intro-
duced from the longitudinal inlet to the main channel, and the
aqueous solution (dispersed phase) was introduced from the
lateral inlet. The flow patterns were observed and identified by
a high-speed complementary metal oxide semiconductor
(CMOS) camera system (Basler; A504kc). Every experimen-
tal run was repeated at least three times to ensure repro-
ducibility.

2.2 Conventional Theory for the Hydrodynamics of
Single-Phase Flow in Microchannels

In order to correctly understand the experimental results on
the hydrodynamics of single-phase flow in microchannels,
some factors such as the entrance effect and the measurement
error should be considered. The calculated entrance length
(Lc) should be shorter than the distance between the inlet
and the test section (LF), in order to ensure fully developed
laminar flow in the test section. The calculated entrance
length for microchannel 1 is defined by the following equa-
tions [33]:

Lc � 0�09ReDe (1)

De � 2WH

W � H
(2)

Re � 2qQ

l�W � H� (3)
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Table 1. Different experimental systems and their viscosities for the single-phase
experiments.

System

A B C D E F G H I

T [°C] 25 25 25 25 25 25 30 40 50

Glycerol content [wt %] 70 75 78 81.3 85 88 85 85 85

Viscosity [mPa s] 17.67 28.9 39.06 57.59 84.38 134.5 60 33.3 21.3
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where W and H are the width and the depth of microchannel 1;
De, q, l, and Q are the hydraulic diameter of microchannel 1
and the density, viscosity and volumetric flow rate of the gly-
cerol aqueous solution, respectively. The Reynolds number in
the single-phase flow experiment was less than 100. The calcu-
lated entrance length did not exceed 5.4 mm, which was ob-
viously less than the value of LF (29 mm). Therefore, the flow
in the test section was confirmed to be fully developed laminar
flow. The pressure gradient (Pexp), the friction factor (fexp),
and the Poiseuille number (Poexp) can be further calculated
according to the measured pressure drop (DP) in microchan-
nel 1 [20]:

Pexp � DP

DL
(4)

fexp � 4DPH3W3

qDLQ2�H � W� (5)

Poexp � fexpRe � 8DPH3W3

DLQl�H � W�2 (6)

When the isothermal and incompressible conditions are sa-
tisfied and the flow is within the fully developed laminar flow
regime, the Poiseuille number in the rectangular channels can
be calculated based on the Navier–Stokes equation, which is
expressed as follows:

Pop � f Re

� 96�1 � 1�3553a � 1�9467a2 � 1�7012a3

� 0�9564a4 � 0�2537a5� (7)

where a is the ratio of the depth to the width of the channel.
The depth and width of microchannel 1 used in this section
were both 0.6 mm, so the value of a was equal to 1. Therefore,
the predicted value of the Poiseuille number (Pop) on the basis
of the conventional laminar flow theory was 56.9.

3 Results and Discussion

3.1 Effects of Flow Rate and Viscosity on the
Pressure Drop for Single-Phase Flow

Fig. 1 shows the effects of the flow rate and viscosity on the
pressure drop for the single-phase flow in microchannel 1. The
glycerol content in the aqueous solution was changed at the
same temperature (25 °C, Fig. 1 A) or the glycerol content was
kept constant and the temperature was varied (Fig. 1 B). As
shown in Fig. 1, the pressure drop in microchannel 1 increased
with increasing flow velocity and viscosity, and there was a
strictly linear relationship between the pressure drop and the
flow velocity for the fluids with different viscosities. From
Fig. 1 B, it also can be seen that the temperature can greatly af-
fect the pressure drop in the microchannel by changing the
fluid viscosity. To keep the temperature at a steady value is
therefore crucial for the accuracy of the experimental results.

Some dimensionless parameters such as the friction factor
and the Poiseuille number can be used to describe the flow char-
acteristics in channels. The experimental values of the friction
factor (fexp) and the Poiseuille number (Poexp) in microchan-
nel 1 can be calculated by Eqs. (5) and (6). From Fig. 2, it can be
seen that the experimental friction factor was inversely propor-
tional to the Reynolds number. The line predicted by the con-
ventional theory (f = 56.9/Re) is also plotted in Fig. 2, for com-
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(A) (B)

Figure 1. Effects of the flow ve-
locity and viscosity on the pres-
sure drop in microchannel 1.
(A) Changing glycerol content in
the glycerol aqueous solution,
(B) changing temperature of the
glycerol aqueous solution.

Figure 2. Effect of Re on the friction factor in microchannel 1.
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parison. The experimental friction factor showed close agree-
ment with the value predicted by the conventional theory, with
consideration of the measurement uncertainty. In addition, the
experimental values of the Poiseuille number were nearly inde-
pendent of Re and fluctuated weakly around the predicted value
from the conventional theory (56.9). These results demon-
strated that the single-phase flow with high fluid viscosities in
microchannels can be predicted by the conventional theory.

3.2 Effect of Viscosity on the Slug Flow Formation
of the Two Immiscible Liquid Phases

In this section, the effect of viscosity on the slug flow forma-
tion of the two immiscible liquid phases in microchannel 2
was investigated. Kerosene and water were first used as the
working system. However, it was found that only disordered
flow patterns were observed, which were not easy to study
quantitatively. Therefore, an oil-soluble surfactant, Span 80,
was added into kerosene in order to improve the wettability of
the microchannel walls and to reduce the interfacial tension
between the two immiscible liquid phases. As the content of
Span 80 in kerosene was varied
from 0 to 1.6 wt %, the contact an-
gle of water in contact with the
PMMA wall surface (immersed in
the organic phase) was increased
from 120° to 149°. The interfacial
tension was obviously reduced
from 38.2 to 4.12 mN m–1. Under
the effect of the surfactant, ordered
aqueous phase slugs could be
formed easily in microchannel 2.
As described above, glycerol was
added to water at different con-
tents, so the viscosity of the aqu-
eous solution was changed accord-
ingly. Water and 30, 50, 60 and
70 wt % glycerol aqueous solutions
were used as dispersed phases, and
their corresponding viscosities
were 0.96, 2.3, 5.58, 10.15, and
20.78 mPa s at room temperature
(22 ± 0.5 °C), respectively. The inter-
facial tension between the continu-
ous and dispersed phases was kept
almost constant (4.12 mN m–1)
when the content of glycerol in the
dispersed phase was changed. The
contact angle of the dispersed
phase in contact with the PMMA
wall surface (immersed in the con-
tinuous phase) was reduced from
149° to 131° as the glycerol content
was increased from 0 to 30 wt %,
and then its value was maintained
at 131° while increasing the glycer-
ol content.

The formation of slug flow in microchannels is caused by the
mutual competition between different forces, such as interfacial
tension, viscous force, and inertia force. Several mechanisms
such as squeezing, dripping and transition regimes have been
proposed [24, 34–36]. Fig. 3 shows the formation processes of
slugs in the T-shaped junction of microchannel 2 for two differ-
ent dispersed-phase viscosities (2.3 and 10.2 mPa s), where the
superficial velocities of the continuous and dispersed phases
(uc and ud) were 0.04 and 0.0133 m s–1, respectively. From
Fig. 3, it can be seen that the slug formation processes for these
two different dispersed-phase viscosities were similar to each
other, which could be explained by the squeezing regime. The
two immiscible liquid phases formed an interface at the junc-
tion zone of microchannel 2, and the tip of the dispersed phase
moved forward by expanding its size (Fig. 3 A (a–c) and
Fig. 3 B (a–c)). The tip was further elongated and began to
block most of the entire cross-section of microchannel 2 when
the diameter of the tip was almost equal to the width of micro-
channel 2 (Fig. 3 A (d) and Fig. 3 B (d)). Then the pressure in
the continuous phase increased dramatically due to less avail-
able space, which led to the squeezing of the dispersed-phase
neck. The dispersed-phase neck gradually collapsed and a
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(A)

(B)

Figure 3. Typical images of the slug formation process in the microchannel (Qc = 0.6 mL min–1,
uc = 0.04 m s–1, Qd = 0.2 mL min–1, ud = 0.0133 m s–1). (A) Kerosene (1.6 wt % Span 80)–30 wt %
glycerol aqueous solution system, (B) kerosene (1.6 wt % Span 80)–60 wt % glycerol aqueous so-
lution system.
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thread was formed. Finally, the tiny thread was pinched off and
the slug formed (Fig. 3 A (e, f) and Fig. 3 B (e, f)). A new cycle
started when the whole formation process was finished. It is ob-
vious that the position for the rupture of the dispersed phase
with a lower viscosity was close to the T-junction of micro-
channel 2, and the dispersed-phase neck contacted with the mi-
crochannel wall (Fig. 3 A (e)). However, the position for the
rupture of the dispersed phase with a higher viscosity was a lit-
tle farther from the T-junction, and the thread was surrounded
by the continuous phase when it was broken off (Fig. 3 B (e)).

As the dispersed-phase flow rate was further increased
(ud = 0.02 m s–1), the slug formation process still occurred at
the junction of microchannel 2 for the dispersed phase with a
low viscosity (Fig. 4 A). For the dispersed phase with a higher
viscosity, parallel flow was formed in the front of microchan-
nel 2 (Fig. 4 B (a)), and then it evolved to irregular slug flow in
the zone farther from the microchannel inlets (Fig. 4 B (b–f)).
This kind of irregular flow can be considered as the transition
pattern from slug flow to parallel flow, and it shows large in-
stability and nonlinearity, with a wavy interface between the
two immiscible liquid phases, different slug sizes and forma-
tion periods [37]. An increase in the dispersed-phase viscosity
can quicken the transition from slug flow to parallel flow in
the microchannel. This is attributed to the enhancement of the
viscous effect between the two immiscible liquid phases.

3.3 Effect of Viscosity on the Slug Size

The rate of mass transfer between the two immiscible liquid
phases strongly depends on the contacting condition of the
two phases. For a given flow rate of the dispersed phase, gen-
eration of a large number of slugs (or droplets) with sizes as
small as possible is beneficial to the mass transfer performance,
due to the obtained large specific interfacial area. Hence, the
factors that determine the slug size in microchannels deserve
investigation.

The effect of the dispersed-phase viscosity on the slug length
is shown in Fig. 5, where two different continuous-phase super-
ficial velocities were used. From Fig. 5, it can be seen that the
slug length decreased with increasing viscosity for most of the
immiscible liquid-liquid two-phase systems at the same superfi-
cial velocities. However, there was an exceptional condition for
the kerosene (1.6 wt % Span 80)–water system, even though it
had the same interfacial tension as the other four systems. This
is attributed to the higher wettability of the PMMA plate in this
system. If the PMMA plate had the same wettability for the ker-
osene (1.6 wt % Span 80)–water system as those for the other
systems, longer slugs in the kerosene (1.6 wt % Span 80)–water
system would be obtained due to the lower viscosity of water
compared with the glycerol aqueous solutions. Therefore, it can
be speculated that the wettability of the microchannel walls for

the two immiscible liquid phases
also has an influence on the size of
the dispersed-phase slugs. Further-
more, the flow pattern changed
from the slug flow to the transition
pattern at the dispersed-phase and
continuous-phase superficial velo-
cities of 0.02 and 0.04 m s–1 when
the content of glycerol in the dis-
persed phase was 50 wt % (Fig. 5 A).

For a higher superficial veloci-
ty of the continuous phase
(0.0667 m s–1), the steady slug flow
did not occur anymore when the
dispersed-phase superficial velocity
was higher than 0.0267 m s–1

(Fig. 5 B). Specially, for the kero-
sene (1.6 wt % Span 80)–70 wt %
glycerol aqueous solution system,
slug flow only occurred when the
dispersed-phase superficial velocity
was lower than 0.00667 m s–1 for
these two continuous-phase flow
rates. The flow pattern easily chan-
ged to parallel flow as the dis-
persed-phase superficial velocity
was further increased. These results
demonstrate that an increase in the
dispersed-phase viscosity obviously
quickened the transition from slug
flow to parallel flow and thus re-
duced the operational range of slug
flow in the microchannel. For the
immiscible liquid-liquid two-phase
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(A)

(B)

Figure 4. Comparison of slug flow and transition pattern in the microchannel for two systems
with different viscosities (Qc = 0.6 mL min–1, uc = 0.04 m s–1, Qd = 0.3 mL min–1, ud = 0.02 m s–1).
(A) Kerosene (1.6 wt % Span 80)–30 wt % glycerol aqueous solution system, (B) kerosene
(1.6 wt % Span 80)–60 wt % glycerol aqueous solution system. (a) Parallel flow in the T-junction.
(b–f) The formation process of irregular slugs in the zone was located farther from the micro-
channel inlets and the distance from the shooting point to the T-junction was about 15 mm.
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systems with high dispersed-phase viscosities, it is difficult to
generate ordered dispersed-phase slugs whose lengths are more
than two times the diameter of the microchannel.

3.4 Modified Capillary Number and Correlation
for Predicting the Slug Size

Garstecki et al. [36] proposed a correlation for predicting the
size of slugs in T-shaped microchannels in the squeezing re-
gime:

ls
W

� 1 � b
ud

uc
(8)

where b can be treated as a fitting parameter and its value de-
pends on the inlet configuration of the microchannel. Even
though most of the slug formation processes can be considered
in the squeezing regime in this work, it is not possible to corre-
late the experimental data with this equation. Moreover, the
interfacial tension and the viscous force play important roles
in the slug formation process. Many researchers used a dimen-
sionless parameter, i.e. the capillary number (Ca), to predict
the slug formation process and the slug size in microchannels.
The capillary number is defined as the ratio of the viscous
force to the interfacial tension:

Ca � lcuc�r (9)

where lc and uc are the viscosity and the superficial velocity of
the continuous phase, respectively, and r is the interfacial ten-
sion between the two immiscible liquid phases [32, 34, 37].
However, the dispersed-phase viscosity also affects the slug size
as discussed above, which is usually not considered by re-
searchers. Here, in order to consider the mutual effects of the
viscosities of both the immiscible liquid phases, a modified ca-
pillary number is proposed as follows:

Ca* � lmuc�r � �uclc � udld�uc�r (10)

where lm is the mean viscosity of the two immiscible liquid
phases, ld is the dispersed-phase viscosity, and uc and ud are
the volumetric fractions of the continuous phase and the dis-
persed phase, respectively. In addition, the volumetric flux
ratio of the continuous phase to the dispersed phase is also an
important factor for the slug size. The following correlation
based on multiple linear regression analysis was found to well
predict the lengths of the dispersed-phase slugs:

ls
De

� 0�768�Ca*��0�24�ud

uc
�0�194 (11)

In this correlation, the viscosities of the continuous phase
and the dispersed phase are equally emphasized, and their ef-
fects on the viscous force during the slug formation process in
microchannels are embodied by the modified capillary num-
ber. At the same interfacial tension between the two immiscible
phases, an increase in the viscous force will be beneficial to the
generation of shorter dispersed-phase slugs in the microchan-
nels. However, the interfacial tension tends to inhibit the gen-
eration of the dispersed-phase slugs in the microchannels in
order to keep the interface energy at a low value. In conse-
quence, the lengths of the dispersed-phase slugs are inversely
related to the modified capillary number, which can be ex-
plained as a combination effect of the viscous force and the
interfacial tension in microchannels. Furthermore, the volu-
metric flux ratio of the dispersed phase to the continuous
phase can be considered as the ratio of the dispersed-phase
Weber number to the continuous-phase Weber number in
microchannels [24]. An increase in the dispersed-phase super-
ficial velocity leads to a larger dispersed-phase Weber number
and thus a larger inertia force in the dispersed phase. The dis-
persed-phase inertia force tends to maintain the continuity of
the disperse-phase flow and to restrain the formation of dis-
persed-phase slugs in the microchannels. Meanwhile, an
increase in the continuous-phase superficial velocity results in
a larger continuous-phase Weber number and a higher shear
force on the dispersed phase. Hence, the lengths of the dis-
persed-phase slugs decrease with increasing continuous-phase
superficial velocity. Finally, the lengths of the dispersed-phase
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(A) (B)

Figure 5. Effect of the dispersed-phase viscosity on the slug size in the microchannel (the lengths of the slugs in the transition pattern
are not shown due to their irregularity). (A) Qc = 0.6 mL min–1, uc = 0.04 m s–1; (B) Qc = 1 mL min–1, uc = 0.0667 m s–1.
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slugs are proportional to the volumetric flux ratio of the dis-
persed phase to the continuous phase, as shown in Eq. (11).

Fig. 6 demonstrates the experimental values of the dimen-
sionless dispersed-phase slug lengths versus the predicted va-
lues by Eq. (11). It is worth noting that the data of the kerosene
(1.6 wt % Span 80)–water system in Fig. 5 were not used in this
correlation. This is because the PMMA plate had a different
wettability for this system as compared to the other systems.
That is, the effect of the wall wettability on the size of the dis-
persed phase slugs in the microchannels is not included in
Eq. (11). From Fig. 6, it can be seen that the relative deviations
between the experimental and predicted values of the dimen-
sionless slug lengths were within ±10 %. Therefore, the modi-
fied capillary number and the correlation are useful for pre-
dicting the size of dispersed-phase slugs in microchannels.

4 Conclusions

The effect of viscosity on the hydrodynamics of liquid pro-
cesses in microchannels was investigated experimentally. It was
found that the conventional theory could predict the single-
phase flow in microchannels with high viscosities. For two-
phase flow in microchannels, the dispersed-phase viscosity had
an obvious influence on the slug flow formation. A higher dis-
persed-phase viscosity quickened the transition from slug flow
to parallel flow and resulted in smaller dispersed-phase slugs.
The ratio of the flow rates of the two immiscible liquid phases
also affected the slug size. A modified capillary number that
considered the mutual effects of the viscosities of the continu-
ous phase and the dispersed phase was proposed, and a corre-
lation was developed for predicting the slug size in microchan-
nels. This correlation predicts the slug size well, with a relative
deviation of ±10 %.
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Symbols used

Ca [–] capillary number
Ca [–] modified capillary number
De [m] hydraulic diameter of the

microchannel
f [–] friction factor
fexp [–] experimental friction factor
H [m] microchannel height
DL [m] measured segment for pressure drop
Le [m] entrance length of the microchannel
LF [m] distance between the microchannel

inlet and the test section
l [lm] slug length
DP [Pa] pressure drop
Pexp [N m–3] experimental pressure gradient
Po [–] Poiseuille number
Poexp [–] experimental Poiseuille number
Pop [–] predicted Poiseuille number
Q [mL min–1] volumetric flow
Qc [mL min–1] continuous-phase volumetric flow
Qd [mL min–1] dispersed-phase volumetric flow
Re [–] Reynolds number
u [m s–1] flow velocity
uc [m s–1] continuous-phase superficial velocity
ud [m s–1] dispersed-phase superficial velocity
W [m] microchannel width

Greek symbols

a [–] ratio of the depth to the width of the
channel

uc [–] continuous-phase volumetric fraction
ud [–] dispersed-phase volumetric fraction
l [mPa s] viscosity
lc [mPa s] continuous-phase viscosity
ld [mPa s] dispersed-phase viscosity
lm [mPa s] mean viscosity of two immiscible

liquid phases
q [kg m–3] mass density
r [mN m–1] interfacial tension between two

immiscible liquid phases

Subscripts

c continuous phase
d dispersed phase
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Figure 6. Comparison between the experimental values of the di-
mensionless slug lengths versus the predicted values.
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