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Hydrodynamics of liquid–liquid slug flow capillary microreactor:
Flow regimes, slug size and pressure drop
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bstract

The use of liquid–liquid slug flow in the capillary microreactor is a promising technique for intensifying heat and mass transfer in liquid–liquid
eactions. Although the concept has so far been exploited without much reference to the detailed hydrodynamics involved, these are nevertheless
nherently crucial to its potential for providing well-defined reaction conditions and identifying asymptotic performance limits and thus a worthwhile
ubject for more rigorous analysis. In this work, the effect of various operating conditions on the flow regimes, slug size, interfacial area and pressure
rop has been investigated. Experiments were carried out to determine these parameters using different Y-junction mixing elements with various
ownstream capillaries. The pressure drop was measured across the Y-shaped mixing element and along the length of the downstream capillaries.
ince the slug flow is comprised of alternating segments of two immiscible phases, the experimentally measured pressure drop along the length
f the downstream capillary was compared with a simplified theoretical prediction based on capillary pressure and hydrodynamic pressure drop
f the two individual phases. As the comparison showed considerable discrepancies, the model was modified to include the formation of a thin
all film by one of the phases. The pressure drop model taking the presence of a thin film of the organic phase into account is found to be in good

greement with experimental results.

The power required for generating interfacial area was ascertained from the pressure losses over the Y-junction. The results of interfacial area

nd power requirement calculations indicate that the slug flow capillary microreactor is far superior to conventional equipment in terms of the
pecific energy, power input per unit interfacial area generated.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The liquid–liquid slug flow capillary microreactor has been
hown to be a useful instrument for the elucidation and enhance-
ent of fast heat and mass transfer limited reactions [1,2]. A key

eature of this type of microreactor is the ability to manipulate the
wo principle transport mechanisms: convection within the indi-
idual slug of each liquid phase and interfacial diffusion between
djacent slugs of different phases. The stable well-defined flow
atterns and uniform interfacial areas permit a precise tuning of
he mass transfer processes and make an a priori prediction of
ass transfer coefficients feasible. The high rates of heat transfer
chieved make it possible to impose a given temperature profile
long the reactor length providing additional insights into the

∗ Corresponding author. Tel.: +49 231 755 3134; fax: +49 231 755 2698.
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ehaviour of the reaction and indicating the asymptotic perfor-
ance which can be attained. The alternative suspended drop

eactor offers fewer degrees of operational freedom and pre-
ludes detailed analytical monitoring over the course of reaction.
hree fundamental operational parameters characterise the slug
ow capillary microreactor: the pressure drop, the mass transfer
ates and the residence time distributions.

The mass transfer behaviour depends on the slug geometry
nd circulation patterns, which vary with the physical proper-
ies of liquids as well as with operating parameters such as flow
ates, and mixing element (Y-junction) geometry and the cap-
llary dimensions used. Burns and Ramshaw [1] have obtained

ass transfer data for the extraction of acetic acid from kerosene
lugs in a glass chip-based reactor and explained the perfor-

ance of the system in terms of the prevailing slug lengths.
urthermore, Dummann et al. [2] studied the slug size distri-
ution by measuring the dimensions of individual slug samples
nd calculating the corresponding slug volumes for a biphasic

mailto:kashid@bci.uni-dortmund.de
dx.doi.org/10.1016/j.cej.2006.11.020
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Nomenclature

a specific interfacial area (m2/m3)
A cross-sectional area of the microreactor capillary

(m2)
ID internal diameter of capillary (m)
Ca Capillary number
h Film thickness (m)
l length of the slug (m)
L length of the microreactor (m)
P pressure (kPa)
Q volumetric flow rate (m3/s)
r radius of capillary (m)
V slug flow velocity (m/s)

Greek letters
�P pressure drop (kPa)
α water phase fraction
γ interfacial surface tension (N/m)
μ viscosity (Pa s)
θ contact angle

Subscripts
av average
C capillary
CH cyclohexane
f film or film region
H hydrodynamic
s slug
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inlet line at a distance of 0.25 m upstream of the Y-junction, one
at Y-junction and one at a distance 0.5 m downstream of the Y-
junction. Further, the positions of transducers were changed in
order to measure the pressure gradient along the length of the
U slug unit
W water

itration reaction. They reported that the distribution of the slug
ize for the organic phase deviates only around 5% from the
ean value. The slug geometry not only defines the interfacial

rea but also the intensity of internal circulation which arises due
o shear between slug axis and capillary wall. In our previous
tudy concerning a simplified analysis of internal circulations
sing CFD simulations for different slug lengths of aqueous and
rganic slugs, we demonstrated that well-defined internal circu-
ations arise in slugs having lengths greater than their diameters
for details, see [3]). This regime of slug flow, which maximises
he interfacial area and internal circulations within individual
lug is not feasible under all operating conditions making it an
nteresting topic for investigation.

Another important consideration besides the enhancement
f interfacial area and intensification of internal circulations is
he amount of energy required to achieve it—also a parameter
f practical relevance as a benchmark for technical reactors. A
ew studies have been published on the experimental determi-
ation and modelling of pressure drops in two phase gas–liquid
ows in microchannels (e.g., [4,5]). However, there is very little

ork, mostly carried out by physicists, on the pressure drop for
iphasic liquid–liquid flow in capillaries. The pressure drops in
uch systems have generally been interpreted in terms of two
ontributions: the pressure drop due to the individual phases

F
t
W
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hydrodynamic pressure drop) and the pressure drop due to the
apillary effects (capillary pressure) (e.g., [6,7] and the refer-
nces cited therein).

In the present work, systematic studies on slug length and
ressure drop have been carried out on the chemically inert
ater–cyclohexane system. The existence of well-defined slug
ow was investigated for different Y-junction mixing elements
nd various downstream capillaries. The slug length and contact
ngles were measured using a snapshot approach under simi-
ar operating conditions and corresponding interfacial area was
etermined. In addition to this, the pressure drop across differ-
nt Y-junction mixing elements and along the length of each
apillary was measured at various flow velocities. The simpli-
ed theory was employed to calculate the pressure drop along

he length of capillary and the predications were compared with
xperimental results. Based on the contribution of the Y-junction
o the overall pressure drop, the power requirement was esti-

ated and compared with values for conventional equipment.

. Experimental set-up

A schematic flowsheet of the experimental set-up for slug
ength and pressure drop measurement is depicted in Fig. 1. It
onsists of two computer-controlled continuously operating high
recision piston pumps to feed two immiscible liquids smoothly
o a PTFE Y-junction mixing element with an angle of 120◦
etween two inlet lines. An important characteristic of the Y-
unction is that all three of its branches have equal dimensions.

transparent PTFE capillary, the ‘capillary microreactor’,
s attached directly downstream of the Y-junction. The pho-
ographic system comprises a commercial camera (Olympus
-20P with Macro extension lens WCON-08B) fitted at a length
f 0.5 m downstream of the mixing element and a light source
2000 W). The transducers (range, 0–1 bar) to measure pressure
rop were mounted at different locations including one on each
ig. 1. Schematic of experimental set-up. P1, P2: piston pumps; PT: pressure
ransducer; Y-jn: Y-junction; CM: capillary microreactor; L: light; CC: camera;

: water; CH: cyclohexane.
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Fig. 2. Pressure drop along single slu

ownstream capillary. The transducers were attached to the cap-
llaries with the help of PTFE T-junctions with the construction
llustrated, while the transducer at Y-junction is attached to a
imilar port at the Y-junction.

Experiments were carried out for different combinations of
he Y-junctions having an internal diameter of 0.25–1 mm and
ith capillaries of internal diameters ranging from 0.25 to 1 mm.
ater was used as an aqueous phase while cyclohexane con-

tituted the organic phase. The two liquids were introduced at
onstant pressures and the volumetric flow rates were controlled
recisely. The camera was adjusted so as to capture approxi-
ately 10 slugs in an exposure. The experiments were carried

ut with equal and unequal inlet flow rate combinations for
ach phase in the range of 5–200 ml/h for all capillaries. Four
napshots were taken under each set of flow conditions and the
xperiments were repeated twice in order to confirm the repro-
ucibility of snapshots and pressure drop measurements. The
napshots for the contact angle measurement were taken under
oth flow and stationary conditions.

The snapshots were analysed using the Adobe Photoshop®

nd Image Tool software (developed by University of Texas
ealth Science Centre San Antonio). The lengths were cali-
rated using the diameter of the slug and defined along the
entral axis of the slug. For a given snapshot maximum and mini-
um slug unit (i.e., a pair of aqueous and organic slugs) lengths

nd individual slug lengths were established, from which the
verage lengths, average slug size of each phase, interfacial area
nd standard deviations were then calculated. The three phase
ontact angle was also ascertained using the above-mentioned
mage Tool software.

. Pressure drop

There are two basic contributions to the overall pressure drop
n the liquid–liquid slug flow capillary microreactor: pressure
rop across the mixing element and pressure drop along the
ength of the capillary. The present theoretical work considers
nly the latter, which should be, in principle, obtainable from
ddition of the hydrodynamic pressure drop of the individual
hases and the pressure drop due to capillary phenomena. How-
ver, in many of the studies and some of our own laboratory
xperiments, it was revealed that the cyclohexane forms a thin

rganic wall film due to the superior wetting properties of cyclo-
exane on the capillary material (PTFE). So in the present work
oth cases, i.e., without and with film, are considered for the
heoretical prediction of pressure drop.

c
t
p

t: (a) without film and (b) with film.

.1. Pressure drop—without film

If we consider a single flow unit as shown in Fig. 2a, the
verall pressure drop along its length can be written as:

PU = �PH + PC = �PW + �PCH + PC (1)

he hydrodynamic pressure drop can be calculated from the
agen–Poiseuille equation, while the capillary pressure is
btained from the Young–Laplace equation for a cylindrical tube
7] given by the following equations:

�PW = 8μWVαlU

r2 ; �PCH = 8μCHV (1 − α)lU
r2 ;

PC = 2γ

r
cosθ (2)

here V = (QW + QCH)/A.
Assuming a constant dynamic contact angle and slug lengths

ith equal number of slugs of water and cyclohexane under sim-
lar operating conditions and neglecting end effects, the equation
or pressure drop across the length of the capillary becomes:

P = L

lU
(�PW + �PCH) + 2L − lU

lU
PC (3)

.2. Pressure drop—with film

When the slugs move through the capillary, depending on
he physical properties of the liquids and capillary wall, one
f the liquids often forms the film. The presence of a film and
ts effect on the circulatory flow within the slug is explained
n detail in Ref. [3]. During the present study of pressure drop
ithout considering a film, discrepancies were observed (which

re described in the results and discussion section) and there-
ore, as one possible explanation, it was decided to analyse the
ressure drop with film formation. Since the organic liquid has
ffinity towards the PTFE material, cyclohexane was assumed
o form the wall film and water flows as enclosed slugs. In this
ituation, the film has a major influence compared to slugless
ow (only cyclohexane flow) and therefore, for theoretical pre-
ictions, it is considered that the pressure drop along the length
f the capillary is due to this region only.
A theoretical model for pressure drop in the pipeline flow of
apsule is given in Ref. [8] which relates the pressure drop in
he capsule region to that for single phase flow. According to his
redictions, the pressure drop along the length of the film can
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e given by the following equation,

�P

L

)
f
=

(
1

1 − k4

) (
�P

L

)
CH

(4)

here k = (R − h)/R.
However, in his predictions it was assumed that the capsules

ollow each other sufficiently closely for the fluid between the
apsules to be considered as part of the capsule stream. In the
resent case of liquid–liquid slug flow this assumption is usually
ot valid and will only apply when the water slugs have lengths
everal times greater than the cyclohexane slugs. The slug which
orms the film may, however, be longer depending on the inlet
ow ratio for both phases. It is therefore necessary to consider

he phase fraction of both the liquids to calculate the pressure
rop for a given length of the liquid–liquid slug flow capillary
icroreactor. In addition, the film thickness is very small com-

ared to the radius of slug, which justifies the assumption that the
ength of the film region for a given length of capillary is nothing

ore than the water phase fraction times the total length. The
ressure drop along the film region in the given capillary/pipe
ength can thus be written as:

�P

αL

)
f
=

(
1

1 − k4

) (
�P

αL

)
CH

(5)

ccording to Hagen–poiseuille equation, the single phase pres-
ure drop per unit length is same for all lengths, i.e.,

�P

αL

)
CH

=
(

�P

L

)
CH

(6)

herefore, the overall pressure drop, which is due to film region
nly, per unit capillary length can be written as:

�P

L
=

(
α

1 − k4

) (
�P

L

)
CH

(7)

o calculate the pressure drop using the above equation, the film
hickness is crucial. It can be estimated using Bretherton’s law, as
function of capillary number, given by the following equation

9].

= 1.34RCa2/3 = 1.34R

(
μCHVs

σCH

)2/3

(8)

In the definition of capillary number the velocity used is called
he velocity of film deposition and is considered to be the veloc-
ty of the slug, which is slightly greater than the average flow

elocity. In analogy to the theoretical predictions of Charles [8]
or pipeline flow of capsules, the slug flow and average flow
elocity can be related by:

s =
(

2

1 + k2

)
Vav (9)

ubstituting h from Eq. (5) in (8) and Vs from (9), the Eq. (8)
ill yield a non-linear equation which can be solved iteratively.
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v
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. Results and discussion

.1. Flow regime

.1.1. Flow regime—the basic structure
When two immiscible liquids are introduced into the Y-

unction, one liquid initially flows downstream through the
unction, while the other penetrates over to the opposite side
f the junction, this mutual displacement process generates the
haracteristic alternating slug flow structure which has been con-
rmed qualitatively by CFD simulations (Kashid et al. [10]). In
rder to distinguish the two phases, the water phase was stained
ith a blue dye (brilliant blue) to appear darker than the colour-

ess cyclohexane. The experimental results show that the water
orms convex shaped slug while cyclohexane exhibits a concave
eometry, as would be expected with the hydrophobic PTFE wall
aterial. The exact form of the slug depends on the inlet flow

atios and the capillary and Y-junction dimensions. The exper-
mental snapshots of prevailing flow regime of alternating two
hase flow structures are shown in Fig. 3. One can easily recog-
ise three distinct flow regimes, well-defined slug flow, drop
ow and deformed interface flow. This characterisation refers to

he behaviour of the water slug during flow and can be explained
s follows.

Slug flow: In this flow regime, the slugs of both phases have
length greater than their diameter. This flow pattern occurs at

elatively low and approximately equal flow rates of both liquids.
here is no coalescence or break-up of the slugs and stable flow
revails as a consequence.

Drop flow: In this regime, the water flows as small drops
ntrained in the organic phase due to the low water to cyclohex-
ne ratio, while cyclohexane forms extended slugs, of a length
hich increases with increasing cyclohexane flow rate.
Deformed interface flow: In the case of deformed slug flow,

t high water to cyclohexane ratio (QW/QCH), water forms long
lugs while cyclohexane is present as small droplets. This regime
s less stable, because with increasing QW at constant QCH, the
eformation of hemispherical caps of water slug becomes more
ronounced and they tend to form bridges between adjacent
ater slugs, which may lead to the formation of still larger slugs
y coalescence.

.1.2. Effect of capillary and Y-junction dimensions
The effect of equal values of the capillary and Y-junction

nternal diameter on the flow regimes observed is presented in
ig. 4. The individual grid points in this figure correspond to the

nlet volumetric flow rates of the two liquids into the Y-junction
sed for the experiments, while the bounded region indicates the
onditions under which well-defined slug flow arises. As can be
bserved, the well-defined slug flow behaviour is observed at
elatively low and approximately equal flow rates and its extent
aries with the capillary dimensions. In the case of a small capil-
ary (ID = 0.5 mm), slug flow is observed for the same maximum

ow rates of 70 ml/h for both liquids and beyond this point the
ow was found to be completely unstable. However, for the

arger capillaries (ID = 0.75 and 1 mm), the well-defined uni-
orm slug flow was observed up to a maximum flow of 100 ml/h
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ig. 3. Observed flow regimes in the capillary microreactor (Y-junction ID = 1 m

hich is the maximum flow rate for both liquids in the present
tudy. Other investigations of the flow regime at unequal flow
ates of both phases revealed that the transition of the slug flow
o deformed interface flow and drop flow varies with the dimen-
ions. The transition of slug flow to deformed interface flow
ccurs approximately in the QW/QCH range of 2.5–5, while the
ransition of slug flow to drop flow occurs in the QCH/QW range
f 3–6. In the case of small capillary dimensions (ID = 0.5 mm),
he transition to deformed interface flow takes place at QW/QCH
qual to 2.5 while drop flow arises at the ratio of QCH/QW equal
o 3 or higher. The difference between the ratios for the transi-

ion from slug flow to deformed interface flow and drop flow is
hought to be due to the hemispherical caps of the water slug.
he transition boundary broadens with increase in the capillary

nternal diameter.

ig. 4. Observed flow regimes for equal capillary and Y-junction internal diam-
ters.

n
o
(
f
fl

F
e

pillary ID = 1 mm). (a) Slug flow, (b) drop flow and (c) deformed interface flow.

In order to study the effect of capillary and Y-junction dimen-
ions on the flow regime separately, experiments were carried
ut for different capillaries with constant Y-junction dimensions
nd vice a versa. Fig. 5 depicts the effect of different capil-
ary dimensions on the flow regime for the same Y-junction.
his figure is qualitatively similar to Fig. 4 and shows no sig-
ificant difference between constant and varying dimensions
f the Y-junction. However, the different Y-junction for the
ame capillary diameter exhibits a considerable effect on the
ow regime. Fig. 6 depicts the effect of Y-junction dimensions
ID = 0.25–1 mm) on the flow regime for constant capillary inter-
al diameter (0.75 mm). It shows that the well-defined slug flow

ccurs at all flow rates. In the case of a fine bore Y-junction
ID = 0.25 mm), the transition from slug flow to deformed inter-
ace flow occurs at a QW/QCH equal to 2.5 and slug flow to drop
ow at a QCH/QW of approximately 3. This transition boundary

ig. 5. Observed flow regimes for different capillaries at same Y-junction diam-
ter (Y-junction ID = 0.5 mm).
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ig. 6. Observed flow regimes for various Y-junctions for same capillary
ID = 0.75).

f the slug flow to the drop flow and deformed interface flow
roadens with increasing Y-junction ID for same capillary bore.

.2. Slug size measurement

As discussed in the above section, the well-defined slug flow
xists over a wide operating window, which guarantees a well-
efined interfacial area for mass transfer. This information alone,
f course, is not enough for a priori prediction of mass transfer
nd therefore the experiments were carried out to investigate
he slug size in the well-defined slug flow regime. The effects
f various operating conditions on the well-defined slug flow
egime are discussed below.

.2.1. Effect of slug flow velocity

The effect of slug flow velocity at identical flow rates of both

hases and at equal Y-junction and capillary ID is plotted in
ig. 7a. Although the photographic evidence suggests that the
lug flow is comprised of an alternating sequence of uniform

j
c
w
r

ig. 7. Slug size as a function of slug flow velocity for similar Y-junction and capill
b) water and cyclohexane slug size at unequal flow rate of both phases (constant flow
ineering Journal 131 (2007) 1–13

lugs, the microscopic analysis reveals that the variation in slug
ize is by no means negligible. As illustrated in the Fig. 7a, the
lug size deviates from the mean value by 5%. An advantage of
igh average flow velocity is that the slug size diminishes with
ncreasing slug flow velocity. This is due to the rapid penetra-
ion of one phase into other, which segregates the stream into a
reater number of segments. One thus achieves higher specific
nterfacial areas and consequently increased mass transfer rates
etween adjacent slugs due to the decrease in the volume of
ndividual slugs for a given flow rate.

An alternative method to augment the interfacial area is to
ary the ratio of inlet flow rates. In our experiments with variable
ow rate ratios, which were carried out by keeping one liquid
ow rate constant and varying the other, the volume of the slug
hase with constant liquid flow rate decreases and slug volume
f varying flow rate increases with increase in the flow rate as
epicted in Fig. 7b—a not entirely unexpected result. However,
he deviation of the slug size from mean remains the same.

.2.2. Effect of capillary diameter
In order to study the effect of the capillary internal diame-

er on the slug size, experiments were carried out with different
apillary diameters using the same Y-junction. The average slug
olume for the aqueous phase is plotted as a function of slug flow
elocity for identical inlet volumetric flow rates of both liquids
or different capillaries and 0.5 mm ID Y-junction in Fig. 8a.
he slug size increases with an increase in the capillary ID for
ll slug flow velocities. As described above, for equal capillary
nd Y-junction ID, the slug size diminishes with increasing slug
ow velocity. In the case of small differences between the cap-

llary and Y-junction dimensions (e.g., Y-junction with 0.5 mm
D and capillary with 0.75), there is no significant difference
n the trends. However, with further increase in the capillary
D, the trend of slug size with respect to flow velocity changes,
hich is in at variance with the results obtained for equal Y-
unction and capillary ID. For a Y-junction with 0.5 mm and a
apillary with 1 mm ID for instance, the slug size first increases
ith slug flow velocity. However, this trend is only tempo-

ary and beyond a flow velocity of 40 mm/s, the slug volume

ary ID. (a) Water slug size at equal flow rate of both phases (ID = 0.5 mm) and
rate of water, 10 ml/h and ID = 0.75 mm).
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ig. 8. Slug size for different capillary diameter for the same Y-junction diame
ow rate of water (Y-junction ID = 0.25 mm).

iminishes. This complex behaviour of slug volume for simi-
ar inlet flow rates is probably due to the different diameters
ffecting slug coalescence in the vicinity of Y-junction. In addi-
ion to this, different diameters for the Y-junction and capillary
ead to increased deviation of slug size from the mean value
f around 10% for the configuration described. The experi-
ents with unequal flow rates of water and cyclohexane yielded

imilar results for increased capillary diameters as shown in
ig. 8b.

.2.3. Effect of Y-junction diameter
From the above discussion it is clear that the change in the

apillary diameter exerts a major influence on the slug size.
imilarly, a change in Y-junction ID also affects the slug size sig-
ificantly. Increased Y-junction diameters yield larger slugs in
omparison to smaller Y-junctions for the same capillary dimen-
ions as shown in Fig. 9a, which depicts slug size for different
-junctions ranging from 0.25 to 0.75 mm ID for a capillary
ith 0.75 mm. For all Y-junctions the slug size behaviour with

espect to the flow velocity is the same, even though there is

ifference of 0.5 mm in capillary and Y-junction ID for the case
f capillary with 0.75 mm and Y-junction with 0.25 mm ID. As
xpected, the same results were obtained for unequal flow rates
s illustrated in Fig. 9b.

d
o
c

ig. 9. Slug size for different Y-junctions using the same capillary. (a) Water slug siz
ate (QW = 10 ml/h, ID = 1 mm).
) For equal flow of both phases (Y-junction ID = 0.5 mm) and (b) for constant

.3. Interfacial area

The well-defined flow patterns under slug flow regime make
t possible to investigate the interfacial area from the experi-

ental snapshots by simply measuring the size of aqueous and
rganic slug. Just as the slug size deviated to some degree from
ts mean value, a similar deviation was observed in the interfa-
ial area. From the pressure drop studies (which are discussed
n the next section), it was concluded that an organic wall film
s present. Two cases are therefore considered for the investiga-
ion of interfacial area: without film and with film. However, as
t was difficult to visualise such a film with the resolution of our
hotographic equipment and the interfacial areas for the latter
ase were based on length of slug measured from experimental
napshots and film thickness calculated from Bretherton’s law.
or the case without film, only the hemispherical ends (caps) of

he aqueous slug participate in the mass transfer process while
n the later case, with a wall film, the whole of the aqueous slug
s involved, which of course enhances the overall transfer across
he interface.
The interfacial area as a function of slug flow velocity for
ifferent capillaries and Y-junctions and for equal velocities
f both phases is plotted in Fig. 10. From the figure, one
an appreciate that the presence of a wall film enhances mass

e for equal flow rate of both phases (ID = 0.75 mm) and (b) constant water flow
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ig. 10. Specific interfacial area for different Y-junction and capillary internal
D = 0.75 mm and (d) Y-junction ID = 1 mm.

ransfer significantly, as increasing the interfacial area by a fac-
or of 2–4 under all operating conditions. However, the range
f interfacial area varies considerably with the capillary and

-junction dimensions. The range of interfacial area for vari-
us operating conditions is given in Table 1 which shows that
ncreased capillary and Y-junction dimensions reduce the inter-
acial area. Recently, Dehkordi [11] has investigated a novel

h
i
c
r

able 1
pecific interfacial area for different capillaries and Y-junctions at equal and unequal

-ID (mm) ID (mm) QW = QCH

a (m2/m3) af (m2/m3)

.25 0.5 1450–1680 4700–5100
0.75 1220–1660 3300–3800
1 860–1130 2430–2310

.5 0.5 1080–1970 4500–4800
0.75 880–1330 3200–3330
1 620–870 2400–2510

.75 0.75 870–1686 2980–3190
1 580–1040 2760–3090

0.75 560–780 2560–3080
1 590–780 2510–2760
eters. (a) Y-junction ID = 0.25 mm, (b) Y-junction ID = 0.5 mm, (c) Y-junction

eactor referred to as a two-impinging-jets reactor which is char-
cterised by a small reactor volume equipped with two simple
ozzles directed towards each other in which interfacial area as

igh as 3500 m2/m3 was found, which is way above the values
n a mechanically agitated reactor (a ≈ 500 m2/m3). The interfa-
ial area was established assuming mass transfer with chemical
eaction for a pseudo-first order heterogeneous liquid–liquid

flow rates of water and cyclohexane

QW = 10 ml/h QCH = 10 ml/h

a (m2/m3) af (m2/m3) a (m2/m3) af (m2/m3)

1110–1905 4550–5100 1070–1480 4700–5130
990–1220 3570–3720 930–1220 3540–3700
560–920 2550–2850 610–920 2550–2850

1085–1770 3660–4690 1085–1980 3300–4600
960–1330 2520–3300 1205–1334 2782–3310
730–1025 1860–2440 750–1380 2024–3500

540–630 2190–3010 620–990 3010–3560
490–1090 1710–2780 960–1410 2780–3170

580–620 1970–2440 510–580 1940–3400
550–670 1750–2380 500–690 2520–3190
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eaction. The directly measured interfacial area for the slug flow
apillary reactor compares favourably with the impinging jet
eactor in the velocity range of 0–0.15 m/s. In addition to this,
he presence of film in liquid–liquid slug flow offers 2–4 times

ore interfacial area under the same operating conditions. The
nterfacial area obtained can be manipulated precisely due to the
ell-defined flow pattern and one can thus regulate interfacial
ass transfer.

.4. Pressure drop

.4.1. Pressure drop across Y-junction
The power required to provide a unit interfacial area, a param-

ter of practical relevance as a benchmark for technical reactors,
an be calculated from the contribution of Y-junction in the over-
ll pressure drop. Therefore, experiments were carried out to
easure the pressure drop across the Y-junction. Initially, sev-

ral experiments were carried out in order to identify the most
uitable pressure measurement points. This was done by taking
equential videos under various operating conditions and select-
ng four locations including two on the inlet lines at a distance
.25 m upstream of the Y-junction, one at the junction itself
nd one at a distance 0.5 m downstream for mounting pressure
ransducers. The pressures were measured under various oper-
ting conditions and the differences between them are referred
o as �P1, �P2 and �P3 as shown in Fig. 11. As with the pres-
ure drop in a single pipe/capillary, the pressure drop increases
ith decrease in the internal diameter as depicted in the Fig. 11.
s can be seen, the major contribution to the pressure drop dur-

ng slug generation is �P3, the pressure drop between a point
n Y-junction and the point 0.5 m downstream in the capillary.
he pressure drops between the inlet and Y-junction, �P1 and
P2, are much lower and are more or less equal to the pres-
ure drop for single phase flow through the capillary, i.e., the
agen–Poiseuille pressure drop.
In order to observe the effect of the Y-junction on the pressure

rop for equal inlet flow velocities, the variation of pressure

ig. 11. Pressure drop across the Y-junction at equal flow rates of water and
yclohexane (capillary ID = Y-junction ID, 0.5 mm).
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ig. 12. Pressure drop in the vicinity of Y-junction at equal flow rates of water
nd cyclohexane. (a) Behaviour of pressure along the length of Y-junction and
b) pressure drop for different internal diameters.

long the length of the Y-junction and connected capillaries for
qual inlet flow velocities is plotted in Fig. 12a. The pressure
oss due to the Y-junction is calculated by measuring �P3 and
he pressure gradient along the length of the capillary (discussed
elow). The results show that with increasing water inlet flow
elocity, up to 25 mm/s, there is negligible pressure drop while
or further increases in it the losses become significant. At the
ransition boundary of the well-defined slug flow (the velocity
eyond which the slug flow does not exist, 70 mm/s in this case),
he pressure drop is about 12 kPa. Since the inlet velocity of water
nd cyclohexane is the same, similar pressure variations along
he Y-junction were observed for different inlet velocities of
yclohexane. Further experiments were carried out to study the
ffect of capillary dimensions on the pressure drop across the Y-

unction which was found to increase with decreasing capillary
D as shown in Fig. 12b.

As we already know, the introduction of unequal flow rates to
-junction can affect the slug size and thus the interfacial area;
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Fig. 13. Pressure drop in the vicinity of Y-junction at unequal flow rates of water and cyclohexane. (a) Behaviour of pressure along the length of Y-junction at
c l diam
d h and
o
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onstant water flow rate, QW = 10 ml/h, (b) pressure drop for different interna
ifferent capillary internal diameter at constant flow rate of water, QW = 10 ml/
f cyclohexane, QCH = 10 ml/h.

nd such asymmetric flow conditions will be the rule rather than
he exception in chemical engineering processes. Therefore the

easurements were carried out across the Y-junction for unequal
ow rates of water and cyclohexane, i.e., done by keeping one
f the flow rates constant and varying the other. The behaviour
f the pressure drop in a capillary of internal diameter 0.5 mm
long the Y-junction for various inlet flow ratios is plotted in the
ig. 13a and b. As can be seen from the Fig. 13a, at constant
ow rate of water, the most significant effect was observed at a
ow ratio of 0.66 (QCH = 15 ml/h), beyond which the slug flow
isappeared. The same trends were observed at constant flow
ate of cyclohexane, as shown in Fig. 13b. Both figures indicate
hat the pressure loss contribution of the Y-junction rises with
ncreasing total flow rate.
Further experiments were carried out under well-defined slug
ow regime condition to establish the pressure drop across

he junction (�P1 + �P3 and �P2 + �P3) at unequal flow
ates of water and cyclohexane for both similar and dissimilar

f

a
w

eter at constant cyclohexane flow rate, QCH = 10 ml/h, (c) pressure drop for
(d) pressure drop for different capillary internal diameter at constant flow rate

imensions of Y-junction and three downstream capillaries. For
imilar internal diameter of capillary and Y-junctions, at constant
ow rate of water, the water-side pressure drop (�P1 + �P3)
ecreases with increase in the inlet flow rate of cyclohexane,
hile the pressure drop on the cyclohexane side (�P2 + �P3)

emains almost constant. However, in the case of dissimilar inter-
al diameters for the capillaries and Y-junctions (e.g., capillary
D = 0.5 mm and Y-junction ID = 1 mm), the water-side pressure
rop (�P1 + �P3) decreases while the cyclohexane side pres-
ure drop rises with increasing cyclohexane flow rate at constant
ater flow. In the case of larger capillary ID and small Y-junction
ores, there is a significant effect of cyclohexane flow velocity on
he pressure drop on both sides. The trends described are signifi-
antly different in the case of a constant flow rate of cyclohexane

or increasing water flow rate.

In all cases of similar and dissimilar dimensions of capillaries
nd Y-junctions, the pressure drop increases markedly at higher
ater flow rates. This behaviour of pressure drop may be due
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ig. 14. Experimental pressure drop along the length of the capillary microre-
ctor for equal flow rates of water and cyclohexane.

o the presence of an organic wall film in the capillary, since in
he absence of film the pressure drop should be approximately
qual under both sets of conditions due to the similar properties
f the liquids. In the presence of a film at constant flow rate of
ater, the slug size decreases significantly with increasing cyclo-
exane flow rates thereby reducing proportionately the overall
lm region which thus exerts a lower shear stress and exhibits
o significant effect. For constant cyclohexane flow rate on the
ther hand, the length of enclosed (water) slug increases with
ncreasing water flow thus giving rise to a larger pressure drop.

.4.2. Pressure drop along the length of capillary

.4.2.1. Experimental. The pressure drop across a given length
f the liquid–liquid slug flow capillary microreactor was mea-
ured for different slug flow velocities and inlet flow ratios for
arious Y-junction and capillary dimensions. Fig. 14 depicts
he pressure drop behaviour observed for equal flow rates of
oth phases. The results show that for equal flow rates and for
ll capillaries, the pressure drop increases with increasing slug
ow velocity and is furthermore a strong function of capillary
D as capillary effects dominate the behaviour at such small
imensions. As would be expected, the pressure drop was found
o be larger for smaller capillary ID. In the experiments car-
ied out with larger capillaries (ID = 1 mm) the pressure drop
ncreased from the low values observed at slow flow up to a
ertain value and subsequently remained constant. For small
apillaries (ID = 0.5 and 0.75 mm), on the other hand, the pres-
ure drop increases further in the same velocity range.

The pressure drop for different flow ratios, which was mea-
ured keeping one of the flow rates constant, and the comparison
ith constant flow rates of water and cyclohexane is illustrated

n Fig. 15, which shows that the pressure drop increases with
n increase in the flow ratio of water to cyclohexane but the
rend is reversed beyond a certain flow ratio, and subsequently

ecreases. As with the equal flow rate pressure drop behaviour,
he capillary dimensions are decisive. Additionally an interesting
henomenon arises at constant velocities of water and cyclohex-
ne. At low QW/QCH ratios, the pressure drop at constant flow

T
r
d
e

ig. 15. Pressure gradient as a function of water to cyclohexane ratio for constant
ater and constant cyclohexane flow rate.

ate of cyclohexane is less than at constant water flow rate and
ice versa at higher QW/QCH flow ratio. The flow ratio corre-
ponding to the maximum pressure drop is different for different
apillary dimension and flow rates. For a constant water flow
ate, it is 0.65 for the capillary with 0.5 mm ID and 1 for the
apillaries with 0.75 and 1 mm ID, while for constant flow rate
f cyclohexane it is 1 for the 0.5 mm ID capillary and 2 and
.5 for 0.75 and 1 mm ID, respectively. The two pressure drop
urves coincide at equal flow rates of water and cyclohexane.

As the slug size analysis shows, the Y-junction dimensions
ave strong influence on the slug length and thus size for the
ame capillary dimensions. The pressure drop was also measured
nder the same operating condition and exhibited no effect of
he Y-junction used for the same capillary. The results reveal
he presence of a film, because in the absence of a film the
ressure drop would be a strong function of the length of slug: a
ecrease in the length would enhance the capillary pressure and
hus increase the overall pressure drop. However, the present
tudy shows little effect of the slug size and only an influence of
he flow ratio.

.4.2.2. Theory—without film. In the previous sections, it has
een conjectured that the organic liquid forms a wall film due
o wetting properties of the two liquid phases and the capillary

aterial. Since the film is probably only a few micrometer thick,
t is virtually impossible to visualise it directly with the help
f snapshots. We have therefore employed simplified models
o provide evidence of the presence of a thin organic wall film.
he experimental results are compared with theoretical pressure
rops predicted by Eqs. (3) and (7) in Fig. 16. For Eq. (3), the
heoretical pressure drop was calculated using the slug lengths
nd contact angles retrieved from the experimental snapshots.
he contact angle was measured from the snapshot of static fluid.

hese values show reasonable agreement with the experimental

esults, although the discrepancy between the two increases with
ecreasing capillary diameter. In the experiments of Horvolgyi
t al. [7] for very small capillaries (ID = 0.05 and 0.13 mm), it
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ig. 16. Comparison of experimental pressure drop with predicated values at
qual volumetric flow rates of water and cyclohexane.

as observed that this theoretical pressure drop under-predicts
he overall pressure drop and this was explained as a result of
he capillary pressure term not being suitable to describe the two
hase capillary flow in a considerable section of the flow system.

In the present work, however, the analytical solution tends
o over-predict of the pressure drop for all capillaries. This may
ell be due to the superior wetting properties of the organic
hase on the capillary material, which results in the formation of
thin superficial film. This film provides a lubricating action on

he embedded slug and yields annular flow behaviour exhibiting
ifferent pressure drop characteristics compared to the simpli-
ed model initially employed. Another possibility to explain the
iscrepancy is the internal circulations induced within each indi-
idual slug. When the slugs move through the capillary internal
irculations arise within the slug, due to the shear between capil-
ary wall and axis of the slugs, which reduces the thickness of the
oundary layer and can eventually affect the capillary pressure.
owever, such circulations are of advantage in mass transfer
ecause they enhance the diffusive penetration between two
hases. It is thus important to implement the effect of film and
nternal circulations in the theoretical pressure drop calculations.

.4.2.3. Theory—with wall film. Fig. 16 shows the comparison
f theoretical pressure drop without and with film together with
he experimental values at equal flow rate of both phases. The
greement between experimental and theoretical pressure drop
ith a wall film is reasonably good, especially in comparison

o the model neglecting film formation. The film thickness cal-
ulated by Bretherton’s law was in the range of 1–20 �m for
ll capillaries under the slug flow regime. Further model pre-
ictions at different QW/QCH flow ratio exhibit good agreement
ith the experimental values. The pressure gradient as a function
f QW/QCH flow ratio is depicted in Fig. 17. As with the pressure

radient at equal flow rates, the results show good agreement
ith the experimental values at the low ratio values. For the

arger capillary (ID = 1 mm), the agreement is good between
W/QCH equal to 0–2 for constant water flow and QW/QCH equal

t
w
R
l

ig. 17. Comparison of experimental and predicted pressure drops for unequal
ow rates of water and cyclohexane. (a) Constant flow rate of water, 10 ml/h and
b) constant flow rate of cyclohexane, 10 ml/h.

o 0–4 for constant cyclohexane flow rate. However, the agree-
ent between theoretical and predicted pressure drop worsens
ith decrease in the capillary diameter. For the small bore cap-

llary (ID = 0.5 mm), it shows considerable deviation beyond a
ow ratio 1 for constant flow rate of water and 1.5 for constant
ow rate of cyclohexane. The disagreement between experi-
ental and theoretical prediction at higher flow rates may be

ue to the transition of the slug flow regime into drop flow and
eformed interface flow. Thus, the prediction of pressure drop
ith the wall film shows that its presence can significantly alter
ressure drop while the measurements of pressure drop along
he capillary microreactor corroborates the presence of such a
lm.

.4.3. Power input
Power input, an interesting parameter for benchmarking tech-

ical reactors, has been calculated from the pressure loss due to

he Y-junction in the capillary microreactor. The results obtained
ere compared with various liquid–liquid contactors given in
ef. [11] as shown in Table 2. The comparison shows that the

iquid–liquid slug flow capillary microreactor requires much less
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Table 2
Power input requirement for various liquid–liquid contactors

Contactor type Power input (kJ/m3 of liquid)

Agitated extraction column 0.5–190
Mixer-settler 150–250
Rotating disk impinging streams contactor 175–250
Impinging streams 280
I
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mpinging stream extractor 35–1500
entrifugal extractor 850–2600
iquid–liquid slug flow (present work) 0.2–20

ower than the alternatives to provide such a large interfacial
rea.

. Conclusion

Experiments were carried out to investigate flow regime, slug
ize, interfacial area, pressure drop and power requirement under
arious operating conditions using different Y-junction mixing
lements with various downstream capillaries. The capillary and
-junction dimensions show a significant effect on slug size and

hus interfacial area, which increases with decreasing dimen-
ions. The pressure drop was measured across the Y-junction and
long the length of slug flow capillary. A theoretical prediction
or pressure drop along slug flow capillary was developed based
n the capillary pressure and hydrodynamics pressure drop with-
ut a wall film and compared with experimental results. The
iscrepancies observed with this theory and the underlying rea-
ons were identified. The presence of an organic wall film was
ne of the reasons and an improved model taking it into consid-
ration showed good agreement with the experimental values.
he power input was calculated using the pressure losses over

he mixing element and it was found that slug flow capillary

icroreactor is superior to conventional equipment in the sense

f providing more interfacial area with less power. In addition
o this, precise tuning of interfacial area and thus mass trans-
er across the interface is possible in this reactor as a result

[

[

ineering Journal 131 (2007) 1–13 13

f the well-defined flow patterns. These experimental findings
ill be helpful in devising a more detailed computational model

or predicting the mass, heat transfer and reaction kinetics in
iquid–liquid slug flow capillary microreactor. Future work will
e devoted to developing such a model with the objective of
redicting the mass transfer rates from first principles.
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