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Gas-liquid-liquid slug flow in a capillary reactor is a promising new concept that
allows one to incorporate gas-liquid reaction, liquid-liquid extraction, and facile
catalyst separation in a single unit. In order to assess the performance of a gas-liq-
uid-liquid slug flow reactor, it is necessary to predict the slug velocity and pressure
drop to ascertain residence times and reaction rates. New empirical models for
velocity and pressure drop were developed based on existing models for two-
phase gas-liquid and liquid-liquid slug flows, and these were validated experi-

mentally.
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1 Introduction

Gas-liquid-liquid slug flow is a novel operating mode for mi-
croreactors with repetitive sequences of slug triplets comprising
a gas and two immiscible liquid segments flowing down a cap-
illary. The gas and one of the liquid phases constitute the reac-
tion medium, while the remaining liquid phase can serve as
either a carrier for a catalyst or as a solvent for extraction. The
use of a distinct second liquid phase facilitates separation from
the reaction media following reaction, while the intense mass
transfer resulting from the Taylor vortices within the individual
slug ensure good mass transfer between the phases. The most
stable form of slug flow for triphasic systems is that of a slug
doublet comprising the gas and the dispersed or non-wetting
liquid phase separated by the continuous or wetting liquid
phase (Fig. 1). Other flow arrangements are possible and can be
realized under the corresponding experimental conditions, but
tend to be unstable and revert to the slug doublet structure
after a given time.

Triphasic slug flow has been studied by different groups in
the last years with a different focus on the subject. The genera-
tion of a stable and regular triphasic flow is more complicated
than for a two-phase flow because the two different dispersed
phases tend to interact with each other. Wang et al. [1,2] and
Rajesh and Buwa [3] studied the generation of triphasic slug
flow in different contactor setups and developed correlations to
predict the generated flow. Ladosz et al. [4] developed a pres-
sure drop model for triphasic flow, which will be compared
with the model presented in this study. The use of triphasic
flow for extraction purposes was studied by different groups
[5-7]. They discovered a stabilizing effect of the gas phase on
the liquid-liquid slug flow, which allows higher liquid flow rates
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in triphasic slug flow. This effect enables higher throughput
and an increased mass transfer coefficient due to the higher
velocities. Application of triphasic flow for homogeneous
reactions was performed by Onal et al. [8] and Cech et al. [9].
They used the second liquid phase for catalyst separation, in
the case of gas-liquid reaction, or the improved flow stability
mentioned before to achieve more favorable reaction condi-
tions.

The ability to predict slug velocity and pressure drop for seg-
mented gas-liquid-liquid slug flow in capillaries is critical for
the design of such microreactors. Calculation of the residence
time distribution and mass transfer, which are crucial for the
design of the extractive and reactive processes, in turn, depend
on robust modeling of the pressure drop and velocity [10].
Thus, a rapid and reliable technique for determining these
quantities is essential for a further development of such reac-
tors.

Since the pressure drop depends on the slug velocity, the
latter should be established first. The first theoretical calcula-
tion of slug velocity was carried out by Bretherton [11], who
derived a correlation for the thickness of the wall film formed
by the wetting liquid phase based on the capillary number Ca
(Eq. (1)) as given in Eq.(2) for Ca<5x 10~ and We<1."”. The
wall film thickness can then be used in Eq. (3) to calculate the
slug velocity based on simplifying geometrical assumptions for
the slug shape and the average velocity (Eq. (4)). Egs. (1)-(3)
form a closed system for ascertaining slug velocity, and there-
fore an iterative process must be used.
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Figure 1. Gas-liquid-liquid slug flow with the doublet slug formed by the blue Vslow
Uslow = 7 (10)
VetV

aqueous phase and the white gas phase separated by the red organic phase.
The slug flow is flowing from right to left, with an average velocity of 30 mms™.
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Mac Giolla Eain et al. [12] modified the film thickness calcu-
lation for liquid-liquid systems by fitting an empirical model
based on the Bretherton equation to their experimental data
for the viscocapillary regime with Ca <0.12 (Eq. (5)).

h—d 0.67Ca: 2 )
1+2.14 Cas

For gas-liquid systems, Shikazono and Han [13] developed
an empirical model for the film thickness (Eq.(6)), which
achieved an accuracy of +15% for a Ca in the range of
1.5%107 up to 2.7x10™" and Reynolds numbers Re (Eq.(7))
below 2000. They incorporated a dependency on the Weber
number (Eq.(8)) into their model to account for the inertial
forces, as suggested by Aussillous and Quéré [14]. The influ-
ence of inertial forces is considered to be negligible in liquid-
liquid systems due to the small density difference between the
phases.
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If the resulting velocities for the gas-liquid and liquid-liquid
slug flow are compared, it is apparent that the results differ
(Fig.2) and that the slug velocity for a gas-liquid-liquid system
cannot be determined from the two-phase system behavior
without additional information.

It can be recognized that the resulting velocity lies between
the gas-liquid and liquid-liquid slug velocities. Thus, a new
model is proposed (Eq.9) that weights the film thickness of
both two-phase calculations based on the phase fraction a of
the dispersed phases (Eq. (10)) to determine the film thickness
and, subsequently, the slug velocity for the triphasic flow.
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Figure 2. Theoretical results for the gas-liquid and liquid-liquid

slug velocity calculated with the Bretherton model for the hexa-

nol/water/gas system.

In some cases, no wetting film is formed, mainly due to
unfavorable wetting conditions. The slug velocity is, therefore,
the same as the average velocity of the multiphase flow and can
be directly obtained from the volumetric flow rate and the
capillary diameter.

The pressure drop in gas-liquid-liquid slug flow can be
derived from gas-liquid and liquid-liquid models in a similar
way, by combining and adapting the existing biphasic models,
which mostly sum the pressure drop contributions of the indi-
vidual phases weighted according to the volumetric fraction of
the contributing phase flow and which include additional terms
arising from the interfaces [15-17]. In this way, one obtains a
general equation for the three-phase pressure drop (Eq.(11)),
comprising the laminar pressure drop Ap; weighted by the
volumetric fraction f; (Eq.(12)) of the corresponding phase
and the term Ap; representing the interfacial pressure drop.

Aptotal = Apoﬂo + prﬂw + Apgﬂg + Apl (1 1)

Vi
Vtotal

Bi

(12)

The pressure drop for laminar flow of an incompressible flu-
id is calculated from the Hagen-Poiseuille expression
(Eq.(13)), which can be rearranged and integrated to obtain
Eq.(14) [18]. The contribution of Ap, can be assumed to be
negligible because it is normally 600-1000 times smaller than
the liquid phase pressure drop.

dv_ —ad dp
dt 1287 dt

(13)
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In the case of a non-wetting system, the contribution of both
liquid phases can be directly calculated using the weighted
Eq. (14) [17]. For wetting systems, Jovanovi¢ et al. [17] devel-
oped a model encompassing the stagnant wall film where the
contribution of the liquid slug phase can be calculated with
Eq. (15) when the influence of the film is taken into account.
Neglecting the film velocity, which is not zero in reality, gener-
ates an insignificant error, as shown by Jovanovic et al. [17].
Only for a dispersed liquid phase with a viscosity higher than
the continuous phase, it may be necessary to use a more
complex moving film approach, which was also developed by
Jovanovic et al. [17].
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For the interfacial contribution in the non-wetting system,
Khasid [15] developed Eq.(16). This relationship assumes a
constant contact angle for every interface, which is not gener-
ally true; therefore, the model was modified to account for dif-
ferent specific contact angles at each interface (Eq. (17)). In the
three-phase system, gas-water, water-organic, and organic-gas
interfaces exist in each gas/water/organic slug triplet.
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In the case of a wetting system, Warnier et al. [16] developed
Eq. (18) from experimental data, considering the contribution
of the gas-liquid interface. For the liquid-liquid interface,
Eq. (19) can be derived from the Bretherton model.

-
Apiy = 14.89— 2 %Ns (18)
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The pressure drop for a three-phase system with a wall film
can, therefore, be calculated by incorporating Egs. (12), (15),
and (17)-(19) into Eq.(10). For the non-wetting system,
Egs. (12), (14), and (17) have to be used. The slug velocity used
in the pressure drop calculation has to be calculated from
Eq. (9) for the three-phase system with a wall film. Due to the
compressibility of the gas phase, a change in capillary pressure
changes the size of the gas slug, and therefore the average
velocity and volumetric fractions of the triphasic system. This
can be neglected for small changes, but for longer capillaries
with larger pressure drop, the changes in average velocity and
volume fraction have to be taken into account. The resulting
equations have to be solved along the capillary using the ideal

gas law to calculate the change in gas slug length. The main
drawback of the scheme presented is the need to know the slug
length for each phase. This has to be established from snap-
shots of the prevailing flow pattern, which means that the
model is non-predictive. Subsequently, it is hoped to incorpo-
rate an estimate of the slug length based on the contractor
geometry used and the fully developed flow conditions, or to
utilize more advanced tunable coaxial contactor designs to
decouple the slug length from the hydrodynamic conditions
and thus gain an additional degree of freedom by setting the
slug size independently. The latter option is especially helpful
since the mass transfer is also highly dependent on the slug
length.

The developed model is similar to the model developed by
Ladosz et al. [4] but differs from it in some points. The model
of Ladosz et al. [4] is a straightforward expansion of the model
of Warnier et al. [16] for gas-liquid slug flow to a triphasic flow.
The model does not differentiate between the wetting and the
non-wetting condition in triphasic flow, which leads to large
deviations between the experimental and the calculated pres-
sure drop for the latter case. In the present model, a differentia-
tion between the two cases is used to improve the accuracy.
The model of Ladosz et al. [4] simply decreases the capillary
diameter for the dispersed liquid phase by the film thickness
for the laminar pressure drop and uses the model of Warnier
et al. [16] for the interfacial pressure drop, which was only val-
id for gas-liquid cases. To improve the pressure drop calcula-
tion of the dispersed liquid phase, the model of Jovanovic et al.
[17] is used for the laminar contribution. An interfacial term
based on the work of Mac Giolla Eain et al. [12] is used to
improve the accuracy. One last difference is the use of the slug
frequency instead of the slug length in the model of Ladosz
et al. [4]. Since both quantities can be derived from each other,
this is only a superficial difference.

2 Experimental

Hexanol, toluene, and M3 silicone oil were used as organic
phases and were obtained from Sigma-Aldrich with a purity of
95 % or higher. Double-distilled water was always employed as
the aqueous phase. Sudan IIT and methylene blue from VWR
were used to dye the organic and water phases, respectively.
Technical-grade nitrogen from Linde was used as the gaseous
phase. All experiments were carried out in a fluorinated ethyl-
ene propylene capillary of 1 mm inner diameter within a toler-
ance range of +5 % deviation (Techlab). The three-phase flow
was generated in a poly(methylmethacrylate) double T-contac-
tor, except for the experiments involving toluene, where a pol-
y(tetrafluoroethylene) contactor was used to ensure chemical
resistance. Due to their wetting properties, hexanol and silicone
oil generate a wall film and form the continuous phase. Water
and gas constitute the dispersed phases being screened from
contact with the capillary wall by the organic films. The tolu-
ene/water/gas system does not establish a wetting wall film;
therefore, every phase is in contact with the capillary wall. Two
Legato 100 syringe pumps from KD Scientific were used to
generate the liquid phase flow. The gas flow was regulated with
an El Flow mass flow controller from Bronkhorst.
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2.1 Experimental Velocity

The velocity measurements were carried out in a straight capil-
lary using two EE Sx1107 photosensors from Omcron Electron-
ics, separated by a distance of 0.75m located at 0.5 and 1.25m
along the capillary length. Flow rates of 0.5 up to 7.5 mL min™"
were investigated, corresponding to average velocities of 15-
165mms™". Both signals were measured at a frequency of
600 Hz. The precision in the velocity measured should be with-
in 2 % for the sensor setup described. To determine the change
of average velocity due to gas slug expansion, the slug size was
determined with a Matlab code from snapshots taken with an
EDS 400D camera from Canon. At least three pictures with a
minimum of 25 slugs of a given phase were used to calculate
the medium slug length at the beginning and at the end of the
measurement range. The maximum derivation in slug size was
less than 3.5% for silicone oil and less than 2 % for hexanol
and toluene. The change in velocity is in the range of the mea-
surement sensor and was therefore neglected. The experiments
were performed with single slugs or slug doublets, respectively,
under continuous flow conditions. The single-slug experiments
were used to study longer slugs, which could not be realized
with continuous operation, and thus to extend the range of
phase ratios possible in the experiments.

The tolerance of £5% in the capillary diameter exerts a
noticeable effect on the velocity measured. The variation in the
diameter greatly increases the experimental error to 10 %;
therefore, the diameter of the capillary has to be determined.
This was done by measuring the slug velocity for the hexanol-
water and hexanol-nitrogen slug flow and by fitting the capil-
lary diameter to achieve the best agreement with the velocities
calculated from Egs. (2), (4), and (5). The new capillary diame-
ter of 0.98 mm thus determined is well within the 5 % tolerance
range. The experimental and theoretical results for the diame-
ter of 0.98 mm are illustrated in Fig.3a,b. Good agreement
between the experimental and theoretical behaviors for the
Bretherton model for liquid-liquid systems and gas-liquid cor-
relations can be observed.

2.2 Experimental Pressure Drop

The pressure drop is measured with a setup similar to that for
the velocity determination. The pressure is monitored at a
capillary length of 0.5 and 1.5m with two D8A-01 AirCom
Pneumatics pressure sensors. The pressure difference between
these two points is used for further calculations, in order to
exclude the influence of slug generation. The pressure drop
is measured for a velocity range of 15-165mms™' or
0.75-7.5 mL min"".

Similar to the velocity measurements, the slug size was deter-
mined with a Matlab code from snapshots taken with an EDS
400D camera from Canon, and at least three pictures with a
minimum of 25 slugs of a given phase were used to calculate
the medium slug length. The contact angels were determined
with the help of an IX71 fluorescence microscope from Olym-
pus, using a manual evaluation process resulting in a relatively
high uncertainty level of up to +7 %.
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Figure 3. Experimental results for (a) the hexanol/water and (b)
the hexanol/nitrogen system. The experimental data is com-
pared to the theoretical results for a capillary with an inner di-
ameter of 0.98 mm.

3  Results and Discussion

Fig.4a,b illustrates the results for the three-phase velocity
measurements with hexanol and silicone oil for a gas/water
phase ratio of unity and a slug length of 3mm. The results
suggest that the three-phase velocity is almost identical to the
slower speed calculated for two-phase flow. Even if the capillary
diameter determined is not completely correct, leading to
minor errors in the calculated velocities, the similarity between
the velocities measured in the two-phase and the three-phase
systems is convincing. It is thus considered acceptable to ascer-
tain the velocity of a three-phase system from the lower
two-phase velocity as a first approximation for a phase ratio
of L.

To establish the effect of the gas-water slug length ratio on
the doublet slug velocity, the dispersed phase ratio was varied
between 0.25 and 3.0 to yield different slug lengths. The slower
phase is maintained at a slug length of 3 mm in all experiments
and the length of the faster phase is varied between 1 and
12 mm. The results are shown in Fig.5a,b, in which it can be
seen that the influence of the phase ratio is small. Only for a
very low phase ratio, a small increase in velocity is observed.
Eq. (9) is fitted to these experimental results to obtain a value
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Figure 4. Comparison of experimental three-phase results for
(a) hexanol-water-nitrogen and (b) silicone oil M3-water-nitro-
gen, with the theoretical velocities for a liquid-liquid and gas-
liquid slug flow at the same volumetric flow rate.

of 0.15 for the exponential factor x. The equation describes all
the experimental results well, as depicted in Fig.5a,b, with a
relative error between the experimental results and the empiri-
cal fit calculated by Eq. (20) of 2.3 %.

N Xp

P

emp

(20)

exp
exp

To determine the influence of the contactor on the overall
pressure drop, the differential pressure drop between the two
sensors and the pressure of the second sensor at 1.5 m and the
pressure in the gas feed upstream of the contactor were
compared. The results illustrated in Fig.6 indicate that the
pressure drop in the capillary is significantly higher than that
of the contactor, which can thus be neglected in the overall
pressure drop determination. The influence of the contactor
will further diminish when the length of the capillary is
increased.

The results for the pressure drop calculation are shown in
Fig.7. All the experimental results for silicone oil and hexanol
lay within +20 % of the empirical correlation, which is consid-
ered adequate for a pressure drop estimation. The average rela-
tive error between experiment and model is 16.6 %. Pressure

drop prediction for three-phase systems with a wall film is thus
feasible and comparable to the results of Ladosz et al. [4] which
also lay within +20%. The results presented in Fig.7 were
calculated without considering the change in gas slug caused
by the pressure drop. A more complex approach, where the
volumetric fractions and the gas slug length were recalculated
every 10 cm, was tested but does not significantly increase the
accuracy of the results. This is due to counteracting effects of
different parts in the pressure drop equation. While the lami-
nar pressure drop and the interfacial pressure drop increase
with increasing velocity, the number of interfaces per meter
decreases. Additionally, the gas fraction, which has a signifi-
cantly lower pressure drop per meter compared to the liquid
fractions, increases as well. Nevertheless, the pressure drop for
an unknown system should always be calculated with changing
average velocity and phase fraction to achieve the best estima-
tion.

The deviation for the non-wetting toluene/gas/water system,
which does not form a wall film, is sometimes substantially
higher than 20 %. It is obvious that the pressure drop is under-
estimated in most cases and that the accuracy of the estimation
is increasing with the overall pressure drop and velocity, which
was also observed by Ladosz et al. [4]. Compared to Ladosz et
al. [4], the presented results are more accurate, with the esti-
mated pressure drop being in the range of 30 to 100 % of the
experimental results, where the results of Ladosz et al. [4] are
below 40 %. The changed term for the interfacial pressure drop
is, therefore, increasing the accuracy of the estimation, but not
to a satisfacional level.

To increase the accuracy, it is necessary to perform a more
detailed study of the problem. The presented model combines
the pressure drop of a laminar flow with the pressure drop over
a curved surface, which should theoretically describe the com-
plete pressure drop, but the constant underprediction of the
pressure drop indicates that an additional pressure drop contri-
bution is missing. This additional pressure drop has to be
linked in some way to the movement of the interfaces, as the
effect of the stagnant interface and the laminar flow are present
in the model.

Additionally, the accuracy of the dynamic contact angle de-
termination has to be increased. The uncertainty in this study
was quite high in some cases and the influence of the interfaces
on the overall pressure drop is high. For example, the interfa-
cial pressure drop for a triphasic toluene flow with 3 mm slug
length and equal volume fractions is 4.9 times higher than the
laminar pressure drop for an average of 15mms™, this ratio
decreases to 1.3 for 100 mms™". It is, therefore, necessary to
improve the contact angle determination for three-phase sys-
tems without film. This is, however, a challenging task. The
contact angle is neither always constant along the capillary nor
axisymmetric, and it is influenced by minimal changes of the
surface properties. The most preferable option would be to
determine the dynamic contact angle with a correlation based
on flow properties and the static contact angle. This would
eliminate the need for microscopic images from the actual flow
and therefore reduce the experimental effort for the pressure
drop determination.
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Figure 7. Comparison of experimental and empirically calculated pressure drops for three-phase slug flow with
various organic solvents. The hexanol and silicone oil systems form a continuous wall film on the capillary sur-
face. The toluene system is non-wetting and, thus, no wall film is present.
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