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Velocity fluctuations of segmented flow in microchannels
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bstract

This paper describes the velocity fluctuations of segmented gas–liquid flow in a microfluidic channel. The fluctuations are caused by pressure
uctuations associated with bubble formation and bubbles leaving the channel. Instantaneous bubble velocities were measured with a high speed

amera at different locations in the channel. The observed transients could be decomposed into contributions of the pump, the inlet and the outlet.
xperiments were performed for different velocities and bubble and slug lengths. A simple scaling analysis successfully predicted the order of
agnitude of these fluctuations.
2007 Elsevier B.V. All rights reserved.

Bubbl

-

-

n
v
i
e
d
o
s
t
a
U

eywords: Taylor flow; Instability; Transients; Gas–liquid flow; Outlet effect;

. Introduction

Segmented multiphase flows in microchannels [1–5] are
ominated by interfacial stresses [6]: the pressure inside the
longated bubbles is higher by an amount �p ∼ γ/d, where

is the interfacial tension and d is the bubble diameter. As
result, the pressure drop over a not-too-long channel changes

ignificantly by the creation or destruction of a single gas–liquid
nterface. The movement of bubbles through microfluidic chan-
els then resembles a rowing boat, in the sense that it decelerates
nd accelerates with a regular period. This period corresponds
o the period between bubbles entering and/or leaving the chan-
el. These pressure fluctuations, and the flow fluctuations they
nduce, are the subject of this paper.

Notwithstanding these pressure fluctuations and their result-
ng stability problems, adding a gas phase can dramatically
mprove micromixing [7] as well as the conversion levels and
btained selectivities in chemical reactions and material synthe-
is, even if no gas is required for the reaction to proceed. The
enefits of segmented flow in chemical reactions and material
ynthesis include the following:
The recirculation in the slugs enhances micromixing [8,9],
compared to the slow purely diffusive micromixing in single-
phase flow [10].
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This is especially relevant when the micromixing time must
be fast enough to avoid unwanted side reactions.
Only a thin lubricating liquid film connects subsequent liquid
slugs, and reagent carry-over from slug to slug is very small.
This reduces the wash-time between subsequent reagents in
high-throughput applications [11,12].
When the walls of the microchannel are functionalized, e.g.
with a biological assay or a heterogeneous catalyst, the mass
transfer of reagents is dramatically enhanced [13].

The characteristic times underlying the above-described phe-
omena are all strong functions of the characteristic bubble
elocity Ub or the thickness of the lubricating film dfilm, which
n turn is determined by Ub and fluid properties [14]. Günther
t al. [9] demonstrated that the micromixing time tmix is mostly
etermined by the Peclet number Pe = Ubx/D. Sample carry-
ver depends on the time tfilm = d2

film/D required to penetrate
ignificantly into the lubricating film. The mass transfer rate to
he wall can, to leading order, be estimated using film theory
s km = D/dfilm [13]. So, fluctuations in the bubble velocity
b should be avoided when one investigates reacting segmented
ows. Additionally, fluctuations in bubble velocity should be
voided in measurements of the flow field, where Ub is either
ubtracted from measured values or where the channel trans-
ates with a velocity Ub to keep the bubble in the field of

iew.

The most common oscillatory slug flow occurs in pulsat-
ng heat pipes, where flow transients are induced by boiling
e.g. [15]). In contrast to such forced oscillations, where the

mailto:V.vanSteijn@tudelft.nl
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Nomenclature

d diameter (m)
dfilm thickness of the lubricating film (m)
D diffusion coeffient (m2/s)
k hydraulic coefficient
km mass transfer coefficient (m/s)
L length (m)
n number of bubbles in the channel
p pressure (Pa)
�p pressure drop over the channel (Pa)
�(�p) variations in pressure drop (Pa)
t time (s)
tfilm diffusion time (s)
tmix micromixing time (s)
U velocity (m/s)
�(Ub) variations in bubble velocity (m/s)
x distance from T-junction (m)

Greek letters
γ surface tension (N/m)
μ viscosity (Pa s)
ρ density (kg/m3)
σ standard deviation

Dimensionless numbers
τ dimensionless time, τ = tUb/(Lb + Ls)
Ca Capillary number, Ca = μlUb/γ

Pe Peclet number, Pe = Ubx/D

Subscripts
b bubble
ch channel
f front
g gas
i internal
l liquid
r rear
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to vent to the atmosphere.

The gas and liquid stream, introduced from separate inlets,
were mixed in a T-junction (Fig. 1), which is located nearly
50 channel diameters, dch, downstream of the liquid inlet to
s slug
tot total

requency depends on the heating rate, we focus in this work
n oscillations induced by the flow itself. Pioneering work on
elocity fluctuations under isothermal conditions by Reinecke
nd Mewes [16] showed that the compressibility of the gas in the
as-feed line leads to significant transients with long periods of
scillation. Their work demonstrated that the flow fluctuations
an be significantly reduced by minimizing the volume of the
as-feed channel. In practice, creating a huge pressure drop in
he gas-feed line, relative to the pressure drop in the multiphase
ow downstream, has the same effect. For this reason, the use of
as-feed lines of very small diameter is now common practice

n multiphase microfluidics.

The work of Reinecke and Mewes [16] balanced the pres-
ure in the gas-feed with the pressure drop inside the channel,
nd ignored pressure terms due to gas–liquid interfaces in the
g Journal 135S (2008) S159–S165

icrochannels. Chio et al. [17] recently described the pressure
ulse associated with the flow of a bubble through a contraction
n a microchannel. The change in curvature was the dominant
ontribution to this pulse. Such a pressure pulse affects the
otion of elongated bubbles in a segmented gas–liquid flow and

ven can have an effect on the formation process as reported by
alman et al. [18]. We have found in our work that the flow of
ubbles through such contractions, perhaps in the form of a flu-
dic connection to a chip, can cause significant flow fluctuations.
imilarly, we found that the pressure pulses caused by bubble

eaving the channel can cause velocity variations of more than
0% of the mean velocity.

The paper is organized as follows. We first describe our exper-
ments and the raw data of velocity fluctuations. Subsequently,
e describe experiments to determine whether these fluctuations
redominantly occur at the outlet or the inlet, and how the fluctu-
tions change with location in the channel. Finally, we present a
caling analysis that estimates the amplitude of bubble velocity
ariations, caused by bubble generation and destruction.

. Experimental

.1. Microfluidic device

The microfluidic device (Fig. 1) was fabricated in a flat plate
f polymethyl methacrylate (PMMA) by precision milling and
ealed by a thin PMMA cover slide, where chloroform was used
o bond both pieces. Stainless steel round auxiliary channels
ere connected to both the gas inlet (di = 254 �m, L = 4 m)

nd the liquid inlet (di = 0.5 mm, L = 37 cm) and were glued
n place with epoxy. The dimensions of these channels were
hosen such that the pressure drop over the auxiliary channels
as approximately one order of magnitude larger compared to

he pressure drop in the segmented flow section [19]. In this
ay, pressure fluctuations in the segmented flow section will
ot affect the inflow of gas and liquid. The outflow was allowed
Fig. 1. Microfluidic device.
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nsure a fully developed liquid flow. Over the entire length
f the device (L = 317 mm, L/dch ≈ 396), the square cross-
ection equals 0.8 mm × 0.8 mm. Gas was supplied from a
ressurized vessel and controlled by a flow controller (porter,
cd-1000), while liquid was delivered from a 60 mL syringe
y a syringe pump (KD Scientific, KDS 210). The working flu-
ds were ethanol (ρl = 789 kg/m3, μl = 1.201 × 10−3 Pa s) and
ir (ρg = 1.205 kg/m3, μg = 1.82 × 10−5 Pa s), with a surface
ension of γ = 22.8 × 10−3 N/m. This system can be consid-
red as hydrophilic, since good wetting of ethanol over the
MMA surface was observed. All experiments were conducted
t ambient pressure and room temperature. The temperature was
ccurately recorded and in the post-processing of the data, the
nfluence of temperature on the fluid properties was accounted
or.

.2. High speed camera set-up

The motion of elongated bubbles was studied using a high
peed camera (Olympus, i-SPEED). The field of view (see Fig. 1)
as set-up such that one image contained multiple bubbles,
hile still having high enough spatial resolution to resolve the

dges of the bubbles accurately. The field of view included the
-junction where the gas- and liquid-feed meet. The instances of
ubble formation at this T-junction were recorded. The images
ere evaluated as follows. First, the images were binarized using

hresholding. Second, the positions of the front, xf(t), and rear,
r(t), of the bubbles were tracked in time. The displacement of a
ubble from frame to frame was approximately 4 pixels. Third
before calculating the velocity by taking the time derivative of

f(t) and xr(t) – the data was smoothened by fitting a third-order
olynomial through 7 points centered around the point under
onsideration. In this way, velocity data was obtained for each
ndividual front and rear. The velocity data obtained for the front
nd rear of a bubble were in close agreement, and we calculated
he bubble velocity by averaging the velocity of the front and
he rear of the bubble. Three bubbles could be tracked at every
oint in time. The instantaneous velocities of each of these three
ubbles were in sync at all times, and these three velocities were
veraged to finally obtain the evolution of velocity in time. The
se of the polynomial fit and the averaging allowed us to obtain
ub-pixel resolution for the displacement. As the flow rates were
aried, the lengths of the bubbles and slugs varied as well. The
engths of at least 8 bubbles and slugs were measured from the
ecorded images, and the average bubble and slug length was
ecorded. In all experiments, we obtained a very regular flow
attern, and the variation of bubble and slug length was within
%.

. Results and discussion

.1. Experimental observations
Fig. 2 shows how the bubble velocity varies with time for
everal gas flow rates and liquid flow rates. We studied the fluc-
uations in bubble velocity for different velocities and different
ubble and slug lengths, which are presented in the left and right

c
s
B
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olumn, respectively. We normalized the time with respect to the
eriod in which a full bubble and a full slug passed an arbitrary
ross-section of the channel, i.e. τ = tUb/(Lb + Ls). This period
oincides with the period between two bubble formations at the
-junction; the vertical grid lines in Fig. 2 indicate the moment
hat a bubble formed at the inlet T-junction. In most cases, the
ubble velocity fluctuated around its mean value by ∼10–30%.
n some cases, most notably for long bubbles and short slugs,
he bubbles came to a short but complete stop.

From Fig. 2, four main observations can be made.

The three images on the left show that, when the bubble length
and slug length are kept constant and the velocity increases,
the relative fluctuations decrease with increasing flow rate.
The three images on the right show that, at fixed bubble veloc-
ity, the relative fluctuations increase for increasing bubble to
slug length ratio.
The fluctuations exhibit a clear periodicity, with a period sim-
ilar to that of bubble generation.
The large dips in velocity observed in the right column for
cases with long bubbles and short slugs and leading to a com-
plete stop of the bubbles, correlate well with the moment that
a bubble forms at the T-junction, while no peaks could be
attributed to the bubble formation for the cases presented in
the left column.

All these observations are consistent with our postulate that
he velocity fluctuations are resulting from pressure fluctua-
ions due to the creation and destruction of bubbles, as will be
emonstrated in the next section.

We measured the variation of velocity due to the syringe
ump by trapping a single bubble in the channel and measuring
ts velocity. The standard deviation of the velocity of this single
ubble was 2%, due to irregularities in the syringe screw.

In order to determine the relative contributions of the inlet
nd the outlet on the fluctuations, we performed the following
o-called startup experiment. First, the channel was filled with
iquid and the liquid pump was started. When a stable liquid
ow had formed, the gas flow was switched on, and bubbles
tarted to appear in the channel. As these first bubbles flowed
hrough the channel, we recorded their velocities. Until the bub-
les reach the exit of the channel, all fluctuations that occur
ust be attributed to inlet effects and fluctuations of the pump
ow rate. Another possibility would be an influence due to the
harp bends in the channel. However, no significant increase or
ecrease of velocity fluctuations was observed as, in the startup
xperiments, the bubbles started to pass through bends. On the
ther hand, as the bubbles started to leave the channel, the fluc-
uations increased significantly, as can be seen in Fig. 3. The top
art of Fig. 3 shows several periods of velocity measurements.
or each period, we calculated the standard deviation of the bub-
le velocity, σ(Ub), and this is plotted in the bottom half of the
gure.
After two to three bubbles left the channel, σ(Ub) reached a
onstant steady-state level. From the difference in the steady-
tate value and the initial values, we estimated all contributions.
efore bubbles leave the channel, σ(Ub) ≈ 0.03Ub, which is just
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ig. 2. Bubble velocity as a function of dimensionless time, τ in case of Left: a
onstant velocity, increasing gas holdup.

bove the value of 0.02Ub that we had earlier attributed to the
ump. So, apparently the inlet does not cause significant vari-
tions in flow. The steady-state level, however, is significantly
igher, 0.1Ub, and we conclude that for the experimental condi-
ions in Fig. 3, the exit caused most of the observed transients.

After a long time of steady-state operation, the gas flow was
hut down. This caused a sudden fall in bubble velocity. Also,
o new bubbles were created and all fluctuations are due to the
xit and the pump. The right-hand part of Fig. 3 shows that the
uctuations slowly die out as more bubbles leave the system and

he channel becomes fully liquid-filled again.
We studied the bubble velocities simultaneously at three dif-

erent locations in the channel. These segments were located in
he second, third and fourth branch of the channel (see Fig. 1),
t x/dch ∼ 116, x/dch ∼ 226 and x/dch ∼ 305, respectively,
here x is the distance from the T-junction. In Fig. 4, the relative
elocity fluctuations are shown for the three segments in case of
comparable bubble and slug length and mean velocity of 20.7

m/s. The largest fluctuations were observed near the outflow

nd the amplitude of the fluctuations dampens out with increas-
ng distance from the outflow for the case shown in Fig. 4. If we
xtrapolate the dampening linearly to the T-junction, then the

s
d
d
(

imately constant gas hold up and increasing velocity and Right: approximately

mplitude of the fluctuations at the T-junction is only slightly
arger than the fluctuations induced by the pump, and agrees
icely with the fluctuations we observed during a startup exper-
ment. Since in many applications mixing occurs mostly at the
nlet section, where velocity fluctuations due to outlet effects are
elatively small and can be overcome by using a sufficiently long
hannel, the results suggest that for such applications it is more
mportant to focus on stable pump flow than on outlet effects.

.2. Scaling analysis and order of magnitude estimation of
he fluctuations

The aim of this section is to present a scaling analysis that
nables us to predict the order of magnitude of the velocity fluc-
uations due to bubbles escaping at the outlet and bubble creation
t the inlet and their dependence on various flow parameters.
e start by describing the relative pressure fluctuations and

ransform those into velocity fluctuations later on. The pres-

ure fluctuations, �(�p), are compared with the total pressure
rop over the segmented-flow section, (�p)tot, which can be
escribed as the sum of the pressure drop over the liquid phase,
�p)l, and gas phase, (�p)g.
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ig. 3. Top: bubble velocity, Ub, and Bottom: velocity fluctuations characterize
peration and shutdown for Ls ∼ Lb.

The pressure drop over the liquid phase, described by the
agen–Poiseulle equation for laminar flow, is

�p)l = n
k

2

(
μlUb

dch

) (
Ls

dch

)
(1)
ith μl is the liquid viscosity, dch the channel diameter, n the
umber of bubbles, and Ls is the slug length. The coefficient k
quals 56.91 for channels of square cross-section.

ig. 4. Relative velocity fluctuations as a function of the distance from the
ixing section.
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σ(Ub)/Ub, both as a function of normalized time τ in case of start-up, steady

According to Bretherton [14], the pressure losses over the gas
hase can be written as

�p)g = nC(3Ca)2/3
(

γ

dch

)
(2)

ith Ca is the capillary number. For simplicity, we used the
hannel diameter instead of the bubble diameter, since both are
f nearly the same size. Using a lubrication analysis, Bretherton
14] found a value of C = 7.16 for round capillaries. Wong et al.
20] found C in square channels to be one third of that in round
hannels. Therefore, a value of C = 2.39 is used throughout this
aper.

Hence, the total pressure drop over the segmented flow sec-
ion can be written as

�p)tot = n

(
μlUb

dch

) [
k

2

(
Ls

dch

)
+ C(3)2/3(Ca)−1/3

]
(3)

here, for the cases studied in this paper, both contributions
ere of the same order of magnitude.
The pressure jumps across the rear or front of an elongated

ubble, �(�p), are of the order γ/dch.
The relative pressure fluctuations can then be written as

�(�p) γ
(�p)tot
=

nUbμl[(k/2)(Ls/dch) + C32/3(γ/Ubμl)1/3]
(4)

ote that, for fixed Ls/dch, these relative fluctuations are
ndependent of channel diameter. Furthermore, the relative fluc-
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uations decrease linearly with the number of bubbles present in
he channel.

The fluctuations in pressure drop propagate into velocity fluc-
uations as

�(Ub)

Ub
= 1

Ub

(
∂(�p)tot

∂Ub

)−1

�(�p) (5)

he partial derivative (∂(�p)tot/∂Ub) is obtained from Eq. (3)
nd combined with Eq. (4) for �(�p). This leads to

�(Ub)

Ub
= γ

μlUbn[(k/2)(Ls/dch) + (2/3)C32/3(γ/μlUb)1/3]

= (Ca)−1

n[(k/2)(Ls/dch) + (2/3)C32/3(Ca)−1/3]
(6)

This equation predicts the maximum deviations in velocity,
(Ub). Throughout this paper, we have used the standard devi-

tion σ(Ub) as described in Fig. 3 as a measure for the variation
n velocity. We expect that the standard deviation is smaller than
he maximum deviation, σ(Ub) < �(Ub), even if inlet and outlet
ffects both contribute to the transients. Still, the two measures
ill be of the same order and scale similarly with the parameters

n Eq. (6).
Fig. 5 plots the right-hand side of Eq. (6) versus σ(Ub)/Ub

or a wide range of operating conditions (0.01 m/s < Ub <

.07 m/s, 38 < n < 70 and 0.4 < Lb/Ls < 4), measured under
teady-state, close to the exit at x/dch = 305. The figure shows
hat the standard deviation was always smaller than the pre-
icted maximum deviation, as expected. The data also shows

hat the scaling analysis is successful in predicting the order
f magnitude of the velocity fluctuations for the studied range
f operating conditions, as well as the scaling behaviour of its
aximum value.

ig. 5. Relative velocity fluctuations as a function of the relative pressure fluc-
uations. The solid line indicates parity for Eq. (6). The dotted line indicates
uctuations of one third of those predicted by Eq. (6). For each experiment,
(Ub) was determined over eight periods, and the error bars indicate the variation

rom period to period.
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.3. Discussion and practical implications

In most engineering applications, one would like to avoid
elocity fluctuations, as mentioned in the introduction. The
nalysis presented in Eq. (6) and Fig. 5 provides quantitative
ngineering guidelines how to keep the fluctuations below a
esired limit. For given fluid properties (γ , μl), dictated by the
pplication at hand, the obvious way to reduce the relative veloc-
ty fluctuations is to increase the number of bubbles n (that is
o increase the length of the channel) or to increase the bubble
elocity Ub. For a prescribed residence time, this should be done
t fixed n/Ub. If one has some degree of freedom in choosing
he liquid, a high liquid viscosity μl and low surface tension γ

re to be preferred. For a given geometry, k and C are fixed con-
tants and changing the geometry only has a moderate impact
n these constants.

We have shown in this paper that the observed veloc-
ty fluctuations are predominantly due to the pressure burst
f order γ/d when a bubble leaves the channel. It is there-
ore to be expected that variations in the outlet geometry,
or instance a smoothly increasing cross-section d, will lead
o reduced pressure fluctuations. Since the layout of most

icrofluidic devices has limited flexibility in the depth dimen-
ion, such expansion is most easily achieved by ejecting
he bubble intact from the chip and by expanding the exit
ube.

. Conclusions

In this article, the fluctuations in the velocity of gas bubbles
raveling through a microfluidic device, operated in segmented
as–liquid flow, were described. By using a high speed camera,
e were able to determine the instantaneous bubble velocities

nd fluctuations therein.

The observed transients were found to be due to pressure fluc-
tuations, which were decomposed into contributions from the
pump, from the inlet and from the outlet.
In our set-up, the contribution from the outlet was dominant
under most conditions.
For long bubbles, phenomena at the inlet were also important.
The velocity fluctuations were strongest near the outlet,
although the fluctuations extend very far into the channel
and seem to decay only linearly with distance from the
outlet.
The experimental results were in good agreement with a sim-
ple theoretical model, which describes the relation between
the relative velocity fluctuations and relative pressure drop
fluctuations.
cknowledgements
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rant from NWO chemical sciences.
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