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Characteristics of gas-liquid two-phase flow under elevated pressures up to 3.0 MPa in a microchannel are investigated
to provide the guidance for microreactor designs relevant to industrial application. The results indicate that a strong
leakage flow through the channel corners occurs although the gas bubbles block the channel. With a simplified estima-
tion, the leakage flow is shown to increase with an increase in pressure, leading to a bubble formation shifting from
transition regime to squeezing regime. During the formation process, the two-phase dynamic interaction at the T-
junction entrance would have a significant influence on the flow in the main channel as the moving velocity of generated
bubbles varies periodically with the formation cycle. Other characteristics such as bubble formation frequency, bubble
and slug lengths, bubble velocities, gas hold-up, and the specific surface area are also discussed under different system
pressures. VC 2013 American Institute of Chemical Engineers AIChE J, 60: 1132–1142, 2014
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Introduction

Microreaction technology is an important method for pro-
cess intensification. Microreactors are characterized by high
mass- and heat-transfer rate, which is especially suitable for
highly exothermic and fast reactions or mass-transfer limited
processes. Other advantages such as the numbering up mode
and miniaturization reduce greatly the investment in both
time and expenses from lab research to industrial application.
Moreover, microreaction technology features enhanced safety
because of the low hold-up and limited damage when haz-
ardous situation happens.

Gas-liquid processes are widely involved in chemical
industry. Many researches have shown that microreactors
have unique advantages for various gas-liquid system,1,2

such as absorption3–6 and reaction.7–9 For the design and
operation of gas-liquid microreactors, a great number of
studies dedicated to two-phase hydrodynamics10,11 and mass
transfer6,12,13 in microchannels have been carried out. Slug
flow is obtained for a large range of operating conditions
and characterized by sequences of a gas bubble and a liquid
slug. The gas bubbles are of regular size and surrounded by
a thin liquid film with the bubble body occupying almost the
entire channel cross section.14,15 Low axial mass transfer or

back mixing occurs between two adjacent liquid slugs. Both
radial mass and heat transfer can be intensified by internal
circulation in the liquid slug.16,17 Given these merits, slug
flow is an ideal flow pattern for improving the gas-liquid
reaction performance. However, the existing studies on slug
flow are mostly under atmospheric conditions, which do not
represent the conditions in the majority of gas-liquid reac-
tions in the chemical industry. The transport and reaction
characteristics of slug flow under elevated pressures are,
therefore, very important from an industrial point of view.

It is known that higher pressure increases the concentra-
tion of the dissolved gas in the liquid phase, which is benefi-
cial to the reaction. Moreover, the system pressure can have
a considerable influence on the flow and mass-transfer
behavior in gas-liquid systems due to gas compressibility.
Many literatures18–20 have reported the influence of the sys-
tem pressure in bubble columns. Letzel et al.19 studied the
gas hold-up and mass transfer in bubble columns at elevated
pressures from 0.1 to 1.3 MPa and found that the gas hold-
up and the volumetric mass-transfer coefficient both
increased with the increasing system pressure. Maalej et al.20

measured the mass-transfer coefficient and the specific sur-
face area with the Danckwerts plot method. The results
showed a positive influence of pressure on the specific sur-
face area whereas no obvious effect on the liquid side mass-
transfer coefficient. Recently, more and more attention has
been paid to exploiting applications of high-pressure micro-
fluidics.8,9,21,22 Keybl and Jensen8 developed a high-pressure
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gas-liquid system for determining the homogeneous catalyst
kinetic parameters with high efficacy and reproducibility. A
detailed introduction of design and packaging of microreac-
tors for high-pressure and high-temperature applications was
reviewed by Marre et al.21 While high-pressure microfluidics
can be easily obtained with materials such as stainless steel,
to build a high pressure system with transparent materials
for the study of gas-liquid flow is much more difficult.
Trachsel et al.9 validated slug flow with laser-induced flores-
cence in a transparent silicon/glass microreactor. However,
their work mainly focused on the reaction performance and
no detailed information about the flow behavior was
reported. Zhao et al.23 studied the gas-liquid flow patterns
under different pressures and found that the transition line
between bubbly flow and slug flow shifts to a higher gas-
phase Weber number (WeGS) and a lower liquid-phase
Weber number (WeLS) when the system pressure is elevated.
Besides the limited number of studies in the literature,
another observation is that there is still a lack of detailed
knowledge about the characteristics of gas-liquid flow and
mass transfer under elevated pressures in microchannels,
especially for slug flow.

This work aims at improving our fundamental understand-
ing on slug flow under different pressures, which would be a
useful guidance for the industrial applications of gas-liquid
microreactors. The pressure effect on the gas bubble genera-
tion process, the length of gas bubbles and liquid slugs, bub-
ble velocities, gas hold-up, and the specific surface area, will
be investigated through flow visualization in a rectangular
microchannel with T-junction at its entrance. To meet the
high-throughput requirements in the case of practical indus-
trial implementation, the experimental conditions here were
chosen at high Re ranging from 120 to 580, whereas at very
low Ca ranging from 0.004 to 0.016. Under such conditions,
the slug flow behavior is greatly influenced by the inertial
effects, which was discussed in detail in our previous
work.24

Experimental Setup

The microchannel device used in this work was fabricated
on a transparent polyaryl sulfone (PASF) substrate by using
micromachining technology in our CNC Machining Center
(FANUC KPC-30a). As shown in Figure 1, the inlet configu-
ration of the microchannel is a T-shaped junction. All the
channels have the same rectangular cross section (600 mm in
width, 300 mm in depth). The length of the mixing channel
is 60 mm. The machined PASF plate was covered by another
smooth PAST plate. Both plates were sandwiched between
two stainless steel plates and sealed by screws. The sealed
microchannel was tested by gas-tightness experiments under
5 MPa and no leakage occurred.

The experiments were conducted under nitrogen-water
flow. The experimental setup was shown in Figure 2. Gas
flow was provided from a cylinder and controlled by a series
of mass flow controllers with different flow ranges (D07-7B,
Beijing Sevenstar Electronics, China) and an accuracy of
0.5% full scale. The pressure of the system was controlled
by a back pressure valve after the gas-liquid separator.
Under each operating pressure, the actual gas flow rate was
calibrated by a soap film flow meter downstream the back
pressure valve under atmospheric conditions (the separator
was filled with gas). During the experiments, the liquid out
of the microchannel was stored in the gas-liquid separator

and the outlet gas flow rate after the back pressure valve
was also measured by the soap film flow meter. As the liquid
occupies space in the separator, the outlet gas flow rate
should be equal to the sum of the calibrated gas flow rate
(QG) and the additional flow rate by liquid (5 QL 3 Ps/Pa)
where the Ps represents the pressure in the separator. The
error between the actual and the calculated outlet flow rate
was less than 2%. Deionized water was pumped by a high-
precision digital piston pump (Beijing Satellite Manufactur-
ing Factory, measurement range: 0–5 mL/min, precision:
0.3%). The liquid flow rate was also calibrated by weighing
method under each run. The buffer tank in the liquid deliver-
ing line was to eliminate the pulsation of the flow rate. All
the experiments were conducted under room temperature.

The slug flow pattern was recorded by a CMOS high-
speed camera system (BASLER A504kc). The CMOS cam-
era was placed above the visual window with a cold light
source placed beneath the visual window to provide strong
light. In all experiments, the CMOS camera was set to work
at a recording rate of 1000 frames/s and a resolution of 1280
3 512 pixels. The shutter time was set as 80 ms. The shoot-
ing zone included the T-junction and the main channel with
a length about 13.4 mm downstream the T-junction as shown
in Figure 2. Under each operating pressure, four or five
experimental conditions were reproduced and the bubble and
slug length were compared to examine the reproducibility.
We found that the maximum error is 6.8%.

The gas bubbles and liquid slugs in each captured image
were extracted by a Matlab program24 and then parameters
such as the gas bubble and liquid slug lengths, bubble veloc-
ity, gas hold-up, and the specific surface area were obtained.
To calculate the bubble velocity, the moving distance of
each bubble was obtained as their centroid location differ-
ence from two successive images. Under each operational
condition, a sequence of at least 200 images, which corre-
sponded to 300–2000 bubbles, was analyzed and the data
were averaged to obtain the final value. The relative standard
deviation in the bubble and slug lengths did not exceed 5%.

Figure 1. Schematic of the microchannel device.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Results and Discussion

Physical properties of fluids and definition of
parameters

The system pressure was varied in the range of 0.1–3.0
MPa in the experiments. The solubility of nitrogen in water is
only about 0.413 ml (scc)/g at 20�C and 3.0 MPa and, there-
fore, dissolution of nitrogen can be neglected.25 Under experi-
mental conditions, the largest pressure drop through the entire
microchannel device was about 24 KPa at 3.0 MPa, which
only accounts 0.8% of the system pressure, so it is reasonable
to assume that the superficial gas velocity (jG) was kept con-
stant in the microchannel. Thus, jG was calculated based on
the calibrated flow rate at ambient conditions as

jG5
QG

Amc

� 2Pa

ðPin 1Pout Þ
(1)

The superficial liquid velocity was calculated as

jL5
QL

Amc

(2)

Bubble formation regime

The gas bubble formation process in microchannels has
been widely studied.26–29 Due to the competition of forces
involved in this process, including the interfacial tension,
shear stress, and the resistance force or pressure drop, the
formation regime could be generally clarified into squeezing
regime26,27 at very low Ca (<0.01) and shearing regime28,29

when Ca is higher. In the squeezing regime, the forming gas
bubble blocks almost the entire microchannel cross section
and the rupture of the bubble neck was mainly driven by the
pressure buildup across the bubble as discussed by Garstecki
et al.26 If the inertial effect can be neglected, the size of the
gas bubble is determined solely by the ratio between the vol-
umetric flow rates of the two immiscible phases for a fixed
inlet geometry. While in the shearing regime28,29 with gas
bubbles partly blocking the microchannel, the shear stress
and the inertia play an important role in the pinch-off of the
bubble neck. Then, the fluid properties would have an pro-
nounced influence on the bubble lengths. In this work, the
effect of the system pressure on the gas bubble formation
processes are investigated.

Figure 3 shows the gas bubble pinch-off snapshots under
different system pressures. The break-up point moves back-
ward to the T-junction as the pressure increases. The transi-
tion of the bubble pinch-off regime implies a complex
change in multiphase flow behavior at the T-junction as the
pressure increases. The pinch-off process under 0.1 and 1.0
MPa is in the transition regime as Ca is close to 0.01 (being
0.0079 and 0.0099 in Figure 3), which is generally consid-
ered as the critical value between the squeezing regime and
the shearing regime.26,28,30 The formation process under tran-
sition regime is somehow similar to the shearing regime in
which the breakup point is located downstream the T-
junction. It indicates that the shear stress exerted on the bub-
ble neck plays an important role although the pressure
buildup due to the blockage of the microchannel still domi-
nates over the shear stress. When the system pressure is 2.0
or 3.0 MPa, the gas bubble neck ruptures right at the T-
jucntion, representing a typical characteristic of squeezing
regime. Therefore, the influence of shear stress is less signifi-
cant than that at low system pressures, which may originate
from the increased leakage flow at increased sytem pres-
sures. In rectangular microchannels, the four corners of the
channel can never be completely blocked by the gas bubbles
due to the surface tension, thus the liquid leaks through them
and around the bubbles,31–33 as shown in Figure 4a.

To evaluate the leakage flow under different pressures, the
liquid volume upstream of the forming bubble (Vliquid in Fig-
ure 4a) in the T-junction was estimated from the two-
dimensional (2-D) top-view images by assuming the gas-
liquid interface in depth-wise direction was fixed. Due to the
interface movement, Vliquid increases with time, so fitting Vli-

quid with time and calculating dVliquid/dt allows the estima-
tion of the leakage flow

QL5
dVliquid

dt
1Qleak (3)

This estimation was achieved by excluding the images in
which the bubble neck starts to shrink drastically. The resluts
are depicted in Figure 4b. As can be seen, the estimated liq-
uid flow rate at 0.1 MPa is only approximately 80% of the
input flow rate, which means that 20% leakage flow occurs.
This value is close to the estimation of van Steijn et al.,32,33

who found that at least 15% of liquid leaks past the bubbles.
In a mathematical approach described by Wong et al.,31 the

Figure 2. Schematic of the experimental setup.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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leakage flow scales as Ca21/3 and could be comparable to
the bubble velocity under certain conditions. Figure 4b
clearly shows that the leakage flow increases with an
increase in the system pressure, which may be explained by
an increased impingement between the liquid and the denser
gas at elevated pressures. This leakage flow not only affects
the bubble formation process but also has a great influence
on other slug flow characteristics such as liquid slug

length,24 bubble velocity, which will be discussed in the fol-
lowing sections.

Bubble formation dynamics

Although the formation regime has been identified, the
fundamental physical mechanism, which is important in
determining the size of gas bubbles, is still unclear. Many
researches have been devoted to understanding the dynamic
interaction between phases during the formation proc-
esses.30,34–36 Li et al.34 simulated the local pressure field and
velocity changing periodically at the T-junction for the drop-
let generation using CFD. They elucidated that the surface
force and viscous force alternatively dominate the droplet
stream. De Menech et al.30 monitored the pressure variance
at the microchannel junction using phase field modeling for
the dispersion process. It was found that the squeezing
regime is characterized by an initial rise in pressure as the
droplet blocks the channel width and then by a drop in pres-
sure as the neck shrinks till pinch-off. Whereas for the shear-
ing regime, the pressure is first increased and then kept
almost stable with much smaller fluctuation. In the simula-
tion of Ganapathy et al.,36 similar results were obtained for
the shearing regime, whereas a total different pressure var-
iance happened in the squeezing regime. While it is conven-
ient to use numerical methods, to monitor the pressure
variance experimentally remains rather difficult, especially
without interference to the original flow field. In this work, a
new insight on the variation of the velocity of the forming
bubble tip was presented to shed light on the gas-liquid
interaction mechanism at the T-junction.

The moving velocity of the bubble tip during the forma-
tion cycle was calculated from the moving distance of the
bubble tip and the time interval between adjacent frames.
The results are presented in Figure 5. It can be seen that the
bubble velocity is not constant and it changes periodically
with the bubble formation cycle. The moving velocity of the
generated gas bubble evolves at the same pace with the
forming bubble tip and their values are almost identical
except at the initial stages of the bubble formation. It implies
that the bubble formation process has a great influence on
the flow field in the main channel, which may largely
enhance the mass- and heat-transfer rate.

The velocity evolution pattern under 2.0 MPa differs
largely from that under 0.1 MPa as shown in Figures 5a, b.
This is due to the difference in the pinch-off regime as

Figure 3. The effect of the system pressure on the bubble formation process (a) jG 5 0.48 m/s, jL 5 0.094 m/s,
Ca 5 0.0079 and (b) jG 5 0.48 m/s, jL 5 0.23 m/s, Ca 5 0.0099.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. (a) Sketch of a bubble growing at the T-
junction and the leakage flow in the channel
corners around the gas bubbles and (b) esti-
mation of the liquid flow rate from top-view
images.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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aforementioned. In Figure 5a, the squeezing regime could be
clearly categorized into three stages. The first stage is the
filling stage, in which the gas tip penetrates into the liquid
and moves forward until the bubble blocks the entire chan-
nel. During this stage, the bubble tip expands little and is
driven by the liquid shearing force, so the velocity increases
dramatically. Because the bubble tip approaches the wall
opposite to the gas inlet and the moving speed is still very
small, the pressure of liquid at the T-junction increases fast
as well.34,35 In the second stage, the forces on the bubble tip
are temporarily balanced, so the tip just moves downstream
along the main channel while the bubble neck keeps nearly
constant or contracts very slowly. The bubble tip moves at a
relatively high velocity with the pushing of the liquid as
well as the input of the gas source. After the moving stage is
the shrinking stage where the bubble neck shrinks drastically
until pinch-off. During this stage, the flow resistance
enlarges as the bubble keeps growing longer and so the liq-
uid starts to squeeze the bubble neck. Due to the increased
flow resistance and the occupation of the liquid in the
vacated space as the bubble neck shrinks, the bubble velocity
decreases. Unlike the squeezing regime shown in Figure 5a,
the pattern of velocity vs. time under transition regime at
atmospheric condition is much more complex as shown in
Figure 5b. Both the velocities of the forming and generated
bubbles fluctuate frequently and the patterns of different for-
mation cycles may differ a lot from each other. This may be
caused by the fact that the shear stress exerted on the bubble
neck increases the Plateau–Rayleigh instability, which is a
trigger of the gas bubble formation from a continuous
thread.33 It is noteworthy that there are two contraction
points during the formation process. The first contraction
happens when the bubble tip blocks the channel resulting

from the squeezing of liquid, thereby leading to the appear-
ance of a concave gas-liquid interface. Then, the forming
bubble together with the contraction point is pushed down as
the liquid keeps squeezing. During this stage, the bubble
neck scarcely shrinks and the moving velocity increases.
When the flow resistance increases with the growing of the
bubble, the second contraction is triggered also by squeez-
ing. But the shrinkage is accelerated by the shear stress and
other factors such as the inertia of the forming bubble24 and
maybe a sudden back flow of liquid to the neck from the
downstream thread as indicated by van steijn et al.33 The
shrinking neck detaches earlier and farther from the wall
than that in squeezing regime, which is more clearly shown
in Figure 3.

The evolution of the bubble velocity at a higher liquid
velocity is shown in Figures 5c, d. Fluctuation in the moving
velocity here is much smaller. This is because that the for-
mation process is very fast and the bubble neck is always
very narrow during the process. Hence, the perturbation of
the bubble tip to the flow field is very small compared to the
entire flow with high velocities. The flow in Figure 5d at 0.1
MPa is more stable than the flow in Figure 5c at 2.0 MPa,
which may be explained by that the resistance originated
from the bubble blockage would also contribute to the fluctu-
ation as the blockage area of the gas bubble is larger at 2.0
MPa as shown in the figures.

Effect of pressure on bubble formation frequency

The gas bubble formation frequency was estimated by
counting the number of the generated bubbles in a specified
time interval (0.2 s for the majority of the experimental con-
ditions). The effect of pressure on the frequency (f) is dis-
played in Figure 6. It can be seen that f decreases with an

Figure 5. The evolution of the moving velocity of the generated gas bubbles and the forming bubble tips.

(a) jG 5 0.48 m/s, jL 5 0.094 m/s, P 5 2.0 MPa; (b) jG 5 0.48 m/s, jL 5 0.094 m/s, P 5 0.1 MPa; (c) jG 5 0.48 m/s, jL 5 0.23 m/s,

P 5 2.0 MPa; (d) jG 5 0.48 m/s, jL 5 0.23 m/s, P 5 0.1 MPa. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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increase in the operating pressure. This is reasonable as sig-
nificant amount of liquid leaks through the corner gutters as
the pressure increases. Both the squeezing and shearing of
liquid on the bubble neck reduce, resulting in longer forma-
tion duration under elevated pressures. Also, the increase in
the density of the bubble neck makes the rupture of the gas
bubble much difficult. This tendency is more obvious at
small gas velocities when the inertia of the emerging bubble
is smaller as shown in Figure 6a because the reduced inertia
slows down the bubble rupture.24 It can be also seen that f
increases with an increase in gas superficial velocity and
tends to reach an asymptotic value. This phenomenon was
also observed by Arias et al.37 and was explained by the
existence of a limiting scale for bubble generation process,
which is the time needed by the liquid flow to cross a dis-
tance on the order of the capillary size.

Effect of pressure on the gas bubble and liquid slug
length

The effect of pressure on the lengths of the gas bubble is
displayed in Figure 7. For a given liquid velocity, the gas
bubble length increases linearly with the gas superficial
velocity. This linear increase is in agreement with the model
proposed by Garstecki et al.26 The distinction between the
bubble lengths obtained under different pressures is not
obvious in spite of the relatively longer bubble formation
period at higher operating pressures. It may result from the
increase of the bubble cross-sectional area in the channel
cross section as the system pressure increases. A set of gas
bubbles under different pressures is shown in Figure 8. It

can be seen from the amplified images that the dark region
caused by the strong light reflection at the gas-liquid inter-
face curvature is clearly larger while the bright area
encircled by the dark region is smaller at 0.1 MPa. This
means that the cross-sectional area of bubbles is smaller than
that under elevated pressures because the gas is more com-
pressible at 0.1 MPa. However, the difference between 1.0,
2.0, and 3.0 MPa can not be observed from the images. So,
the 2-D images can only provide a qualitative explanation
between atmospheric and elevated pressure conditions. More
precise information on the bubble area and the liquid film
thickness around the bubbles under different system pres-
sures needs to be characterized with 3-D imaging technol-
ogy. Based on the proposed bubble cross section model 1
and model 2 in our previous work,24 the volume of a single
bubble was calculated and the error between the two models
ranges from 7.6 to 13.7%. The bubble volume would be
even smaller if the gas bubble shape turns into ellipsoid as
the liquid film thickness increases.38,39 Thus, the bubble vol-
ume may deviate a lot even with the same bubble length. If
the difference in the bubble frequency is comparable to the
difference in the bubble surface area, the difference in the
bubble length may not be obvious. However, when the effect
of the increase in the formation period is dominant over the

Figure 6. The effect of pressure on the bubble forma-
tion frequency.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. The effect of pressure on the gas bubble
length.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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effect of the bubble cross-sectional area, the bubble length
would increase obviously, as shown in Figure 7a at very
small gas velocities.

Figure 9 presents the dimensionless liquid slug length as a
function of jG/jL at different operating pressures. It can be
seen that the liquid slug length decreases when either the gas
or the liquid superficial velocity increases, as displayed in
Figures 9a, b, respectively. To the best of our knowledge,40–46

this kind of evolution in the liquid slug length in rectangular
microchannels was first reported in our previous work.24 The
negative correlation between the liquid flow rate and the
slug length was explained by the strong leakage flow around
the gas bubble as described above. V€olkel45 scaled the liquid
slug length linearly with the liquid flow rate by assuming
that the influence of the leakage flow could be neglected in
their work. The amount of the leakage flow may relate to
the magnitude of the liquid flow rate, which is much higher
here than that in his work. To verify this, additional experi-
ments (jG 5 0.004 m/s; jL 5 0.0093, 0.0231, 0.0463 m/s)
were conducted under 3.0 MPa. It was found that the liquid
slug length increased with an increase in the liquid superfi-
cial velocity, as shown in Figure 10. Therefore, the amount
of liquid in a slug would reduce even though the liquid flow
rate increases as long as the leakage is large enough.

A strong influence of the system pressure on the slug
length is also observed in Figure 9. The slug length
decreases with an increase in the system pressure. As the
leakage flow has been proven to be more pronounced under
elevated pressures, it is clearly reasonable. From 0.1 to 1.0
MPa, the slug length decreases fast and the decline slows
down above 1.0 MPa, indicating that the leakage flow first
experiences a rapid increase and then the growth rate slows
down when the system pressure is elevated, which is in
accordance with the estimation in Figure 4b. However, when
the flow rate is very small, the effect of the increased bubble
formation time is dominant over the effect of the leakage
flow. Then the tendency is reversed, as shown in Figure 9a.

As the lengths of the gas bubble and the liquid slug have
a direct impact on mass transfer under slug flow in micro-
channels,12,13 the prediction of these parameters are of great
importance, especially under elevated pressures relevant to
practical uses. Because the influence of pressure on the bub-
ble length is not significant, only We, which represents the
ratio of inertial to capillary forces, is taken into consideration

as a modification of the Garstecki model.26 Regression of
the experimental data provides the following correlation for
the dimensionless bubble length

LB=W5ð111:25We20:843ÞjG=jL (4)

For the estimation of the liquid slug length under different
pressures, an empirical correlation is proposed

LS=W50:918ðjG=jTP Þ20:373ðjL=jTP Þ20:373Weð20:35720:126ln ðP=PaÞÞ

(5)

Figure 8. Increase of the bubble cross-sectional area
with increasing pressure, jG 5 0.48 m/s,
jL 5 0.19 m/s (a) captured images and (b)
amplified grayscale images for comparison
between 0.1 and 1.0 MPa.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. The effect of pressure on the liquid slug
length.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. The relationship between the liquid slug
length and liquid superficial velocity under
3.0 MPa, (a) jG 5 0.004 m/s, jL 5 0.0093 m/s;
(b) jG 5 0.004 m/s, jL 5 0.0231 m/s; and (c)
jG 5 0.004 m/s, jL 5 0.0463 m/s.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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A total of 99 sets of the experimental data were correlated
for the current T-junction microchannel with parameters in
the following range: 0.09< jG< 0.93 m/s, 0.09< jL< 0.47
m/s, 0.45<We< 9.48, and 0.004<Ca< 0.016. It can be
seen in Figure 11 that both the predictions of Eqs. 4 and 5
show good agreement with the experimental results except
for several data points obtained at the smallest gas velocities.
The scattered points in Figure 11b may be due to the fact
that We can only partly represent the effect of the leakage
flow. Therefore, more efforts need to be taken for the study
of the leakage flow.

Effect of pressure on bubble velocities

The gas bubbles under slug flow are isolated from the
channel wall by a thin film region. Using the concept of
macroscopically homogeneous medium, the relationship
between the bubble velocity and the velocity of the liquid in
the slug can be formulated according to the mass conserva-
tion law or the volume continuity.

UBAB1Ufilm Afilm 5USAmc (6)

For simplicity, the mean velocity of the liquid slug could
be expressed as the two-phase mixture velocity, jTP. The
bubble velocity then is derived as

UB5
Amc

AB

jTP 2
Ufilm Afilm

AB

(7)

If the velocity of the liquid film can be neglected, the bub-
ble velocities should be linear with jTP

40,47,48 and the coeffi-
cient equals to the ratio of the cross-sectional area of the gas
bubble to that of the microchannels. Yet, this only represents
an averaged measurement when the film velocity or the leak-
age flow can not be neglected.24 As indicated in the bubble
formation section, the bubble velocity changes periodically
with the bubble formation process. Therefore, all the bubble
velocity data presented in this work are averaged values.

The bubble velocity is plotted vs. the two-phase mixture
velocity in Figure 12. The linear relationship seems to exist
at different pressures. However, the bubble velocity
decreases at higher system pressures, which is also due to
the increased leakage flow under high pressure and less liq-
uid pushing the gas bubble. Interestingly, during experiments
it was found that the increase rate of the bubble velocity
with respect to the liquid velocity at a fixed gas superficial
velocity was always smaller than that with respect to the gas
velocity at a fixed liquid velocity, namely

DUB

DjL

�
�
�
�
jG

<
DUB

DjG

�
�
�
�
jL

(8)

The tendency was more obvious under elevated pressures,
which is an additional proof for the leakage flow in the
corners.

Effect of pressure on gas hold-up

The volumetric gas hold-up (e) is an important parameter
in gas-liquid two-phase flow as it is indicative of the flow
regime and heat or mass transfer. The time-averaged gas
hold-up was estimated from the captured images under each
operating condition. The interested region is selected in a
range of 300–1280 pixels for each image, which corresponds
to a region about 3.3 to 14.0 mm downstream the T-
junction. The bubble shape becomes regular and keeps
unchanged in this region. The gas hold-up was obtained by
calculating the total volume of all gas bubbles in each image
based on model 1 of the cross-sectional bubble shape

Figure 11. Predictions of (a) bubble length and (b) slug
length vs. experimental values.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 12. Bubble velocity vs. two-phase mixture
velocity.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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proposed in our previous work.24 A comparison between the
calculated gas flow rates (Qcal 5 f VB) and the actual mean
flow rates in the microchannel showed consistency with error
less than 20%. The change in the shape of the gas bubble
cross-sectional area was not accounted here, but the results
could also be indicative. The gas hold-up can be regarded as
the homogeneous void fraction in the cross section of the
channel.49,50

Generally, the gas hold-up correlation for microchannels
as a function of the gas volumetric quality can be classified
into two types24; linear relationship of the Armand-type
a 5 Cb and nonlinear relationship of a 5 C1b

0.5/(12C2b
5).

Which type describes well the gas hold-up is mainly depend-
ent on the channel size.24,50,51 Besides the channel size, there
are many factors that can affect the gas hold-up such as fluid
property,51 experimental setup,52 channel length,53 and chan-
nel geometry.54 This study investigated the impact of the
system pressure. As shown in Figure 13, the gas hold-up in
the current rectangular microchannel can be described by the
Armand-type correlation as it evolves linearly with the volu-
metric quality of the gas phase. The effect of the system
pressure is found to increase the gas hold-up at elevated
pressures. Such change is obvious as the liquid slug length
decreases while the gas bubble length keeps almost the same
when the pressure increases. At the smallest gas velocities
when the gas bubble length increases with the system pres-
sure, the gas hold-up at elevated pressures still can be fitted
by the Armand-type correlation because the liquid slug also
increases. A stronger leakage flow around the bubble reduces
the velocity slip ratio between the gas and the liquid, which
also suggests a higher gas hold-up.

The effect of pressure on specific surface area

The specific surface area (a) is a very important parameter
in multiphase mass-transfer process. Because of the uniform
distribution of gas bubbles in slug flow, the determination of
the specific surface area is very convenient by use of physi-
cal method. The method of calculating the surface area is
similar to that for determining the gas hold-up by assuming
the cross-sectional shape of the gas bubble. The results are
shown in Figure 14. As can be seen, a varies from 3500 to

7700 m2/m3 under the experimental conditions. These val-
ues, within the range of reported data by chemical meth-
ods,6,13 are at least one or two orders of magnitude higher
than those in conventional gas-liquid contactors.6 The spe-
cific surface area increases with an increase in the gas qual-
ity, but in a logarithm manner, which is different from that
for the gas hold-up. This is because that the area of the bub-
ble caps also contributes largely to the total surface area.

It can also be seen in Figure 14 that when the system
pressure is elevated to 1.0 MPa from atmospheric pressure,
the specific surface area increases a lot. However, the impact
of pressure is not significant as the system pressure further
increases. The larger mass-transfer area under elevated pres-
sures implies a better mass-transfer performance, which is
more attractive for gas-liquid processes such as absorption

Figure 13. Gas hold-up as a function of the volumetric
quality.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 14. Specific surface area under different pres-
sures.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 15. Prediction of dimensionless specific surface
area vs. experimental values.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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and reaction in microchannels.3 To interpret the specific sur-
face area of slug flow under elevated pressures up to 3.0
MPa, an empirical correlation is developed as

a=amc 5ð0:44920:086Pa=PÞln b20:086Pa=P10:871 (9)

where amc represents the specific surface area of the micro-
channel at 10,000 m2/m3. The predictions of Eq. 9 are in
good agreement with the experimental results, as displayed
in Figure 15. The range of validity of this equation is the
same as that of Eqs. 4 and 5.

Conclusion

This study focuses on the slug flow behavior under differ-
ent system pressures in a rectangular microchannel with a T-
junction entrance. Visualization experiments using a high-
speed camera has been carried out to study the gas bubble
generation process, lengths of the gas bubble and liquid slug,
bubble velocity, the gas hold-up, and the specific surface
area. As gas-liquid processes in the chemical industry are
commonly handled under high pressures, the findings of this
work may serve as a useful guidance for the design and
application of gas-liquid microreactors.

A new insight on the moving velocity of the forming bubble
tip as well as that of the generated bubbles during the bubble
formation process was presented, showing that the bubble
velocity is not constant and varies periodically with the forma-
tion cycle. This induces a strong disturbance to the flow in the
main microchannel, which may benefit the mass and heat
transfer. To represent the high-throughput conditions common
in the process industry, large flow rates are chosen that the Re
varies over several hundreds. Under these conditions, the shear
stress and inertial forces play important roles in the gas bubble
rupture process which we claim to be in the transition regime.
This study shows that the shear stress becomes less significant
at elevated pressures, leading to a shift from the transition
regime to the squeezing regime as the system pressure
increases. This is due to a strong leakage flow around the gas
bubble which increases with an increase in the system pres-
sure. As significant amount of liquid leaks through the corner
gutters, both the shear stress and the squeezing from the liquid
reduce, resulting in a longer bubble formation period. How-
ever, the length of the gas bubble is kept almost unchanged as
the cross-sectional bubble area increases at the same time.
This leakage flow also reduces the liquid slug length and bub-
ble velocities under high system pressures. The gas hold-up
was found to vary linearly with the gas volumetric quality and
increases as the pressure rises, which indicates a smaller veloc-
ity slip ratio between the gas and the liquid. The specific sur-
face area was calculated based on a bubble model24 and varies
from 3500 to 7700 m2/m3 under the experimental conditions,
which increases as the pressure increases.
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Notation

a = specific surface area, m2/m3

A = cross-sectional area, m2

Ca = capillary number defined by (lLjTP=rL)
DH = hydraulic diameter, mm

f = bubble frequency, HZ
j = superficial velocity, m/s

P = pressure, MPa
Pa = atmospheric pressure, 0.1 MPa
Q = flow rate, mL/min
U = velocity, m/s
W = channel width
Re = two-phase Reynolds number defined by (qLuDH=lL), dimensionless
We = two-phase Weber number defined by (qLu2DH=rL), dimensionless

Greek letters

b = gas volumetric quality, dimensionless
e = gas hold-up, dimensionless

Subscripts

B = bubble
G = gas
L = liquid
S = slug
s = gas-liquid separator

mc = microchannel
TP = two phase
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