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1 | INTRODUCTION

Recently, flow chemistry in microreactors has become an alternative
to conventional batch processes.? Enhanced heat and mass transfer
due to high surface-to-volume ratios make microstructured devices a
promising technology to overcome mass transfer limitations for exam-
ple, in gas-liquid reactions.> When investigating mass transfer phe-
nomena within microstructured devices, the implementation of
traditional sensors and analytical methods is a drawback, since they
disturb the flow and reactor characteristics. In order to study gas-
liquid mass transfer, offline and online measurement techniques are
commonly used besides numerical approaches. Offline measurement
techniques provide limited insight into flow structure and usually con-
)4,

sider only two points of the microchannel (inlet and outlet)*> while

noninvasive online measurement techniques either cannot provide
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The implementation of traditional sensors is a drawback when investigating mass
transfer phenomena within microstructured devices, since they disturb the flow and
reactor characteristics. An Arduino based slider setup is developed, which is equipped
with a computer-vision system to track gas-liquid slug flow. This setup is combined
with an optical analytical method allowing to compare experimental results against
CFD simulations and investigate the entire lifetime of a single liquid slug with high
spatial and temporal resolution. Volumetric mass transfer coefficients are measured

and compared with data from literature and the mass transfer contribution of the lig-

Arduino based microcontroller, gas-liquid capillary flow, local mass transfer, noninvasive
measurement, numerical simulation

local results (optical measurement of bubble shrinkage)® or require a
sophisticated setup such as laser-induced fluorescence, to resolve
concentration profiles of the dissolved gas.”® Dietrich et al.” proposed
a colorimetric approach utilizing the oxidation of dihydroresorufin and
its color change from colorless to pink for the measurement of
absorbed oxygen. They developed an image processing method to
convert grayscale images into concentration distributions of oxidized
product resorufin. Kovats et al.’® performed similar studies in coiled
capillaries with methylene blue as redox dye. Krieger et al.}? extended
this method to color images with the consecutive oxidation of leuco-
indigo carmine (LIC), which exhibits two distinct color changes
(yellow-red-blue), allowing for conclusions regarding selectivity of
chemical gas-liquid reactions. Computational fluid dynamics (CFDs)
simulations are employed to support the experimental observations in

order to present a more complete picture of microflows.'? The perhaps
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most comprehensive study on the numerical simulation of slug flows in
capillaries was performed from Falconi et al.® They extend an open-
source flow solver with Continuous-Species-Transform Method in
free-surface flows and study in detail Taylor flow in a rectangular chan-
nel. Main message of this brief review is that at the state of art the
researchers are still in need of a comprehensive CFD flow solver, which
can tackle the challenges of reacting slug flows in capillaries.

Another trend in micro process engineering is the integration of
low-cost automation based on open-source technology in order to
improve laboratory safety and reduce time-consuming practices.**
Computer-vision controlled liquid-liquid extraction steps are reported
in literature that facilitate the automation of an iodination and des-
ilylation reaction by utilizing a Raspberry Pi single-board computer
and open-source software technologies such as Python and Ope-
nCV.1>%¢ A liquid-handling chemorobotic platform based on the
open-source “RepRap” 3D printer with OpenCV as core component
for the computer-vision system was used by Gutierrez et al. to investi-
gate the properties of oil droplets via an automated evolutionary pro-
cess.t” Taking advantage of such technologies is a key step to
improve equipment usage and availability, increase research efficiency
in future,** prototype self-regulating, and adaptive chemical equip-
ment and explore complex chemical systems.*”8

In this work, an Arduino based slider setup is developed, which is
equipped with a computer-vision system to track single slugs of gas-
liquid slug flow. This setup is combined with an optical analytical
method utilizing the oxidation of leuco-indigo carmine in order to
study flow structure, selectivity and mass transfer phenomena in gas-
liquid slug flow with high temporal and spatial resolution. Further-
more, differences between slug flow with and without a liquid film
surrounding the gas bubbles are analyzed and discussed. The experi-
mental work is complemented with numerical simulations, that are
performed with FeatFlow (https://www.featflow.de), which is a multi-
purpose CFD software package developed by Turek et al. FeatFlow
uses a higher order finite element method (FEM, Q,) to treat general-
ized unstructured hexahedral meshes. FeatFlow is a well-established
open-source flow solver capable of solving challenging benchmark
problems.?2° For this work, in order to simulate reactive slug flow,
FeatFlow is extended with (a) surface tracking method within an arbi-
trary Langrangian-Eularian (ALE) approach, (b) moving reference
frame, and (c) an ode-solver for consecutive chemical reactions. By
combining a slug flow tracking setup with an analytical method that
provides local mass transfer information, the entire lifetime of a single
slug is captured providing valuable data for the development of theo-

retical models and validation of the numerical simulations.

2 | MATERIALS AND METHODS

21 | Oxidation of leuco-indigo carmine
The use of redox dyes for the visualization of gas-liquid mass transfer
in optical accessible capillaries or microchannels is a promising

approach for the investigation of gas-liquid mass transfer with high
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FIGURE 1
carmine in flask experiments and in capillary flow. Adapted from

Redox reaction of leuco-indigo carmine to keto-indigo

|.21 [

Sousa et a Color figure can be viewed at wileyonlinelibrary.com]

spatial and temporal resolution. For this work, the oxidation of leuco-
indigo carmine over an intermediate form (Int) to keto-indigo carmine
(KIC) is utilized since it undergoes two color changes from yellow to
red to blue (Figure 1), which provides additional information regarding
the selectivity of fast consecutive gas-liquid reactions. The reaction
equations for the oxidation steps are as follows:

leuco-indigo carmine + O, — intermediate + O,

intermediate + O,— keto-indigo carmine + O,

This reaction can be reversed by introducing glucose in alkaline
solution.*!

Since two color changes occur, the image processing routine has
been extended to color images in a previous work.}! The relevant

processing steps are as follows:

e Subtraction of background image

e Masking of gas bubbles

e Extraction of color channels (CMY)

e Color compensation due to varying liquid phase thickness

e Conversion of color intensity to concentration

The calibration and validation were performed by means of UV

spectroscopy.11

2.2 | Slug flow tracking system

221 | Slider design

A slider system is developed which carries a DSLR camera (Nikon DS
5300) for mass transfer analysis and uses a Pixy CMUcam5 as vision
sensor board for object detection. The vision sensor transfers

images at a frequency of 50 Hz and a resolution of 1,280 x 800 with


https://www.featflow.de
http://wileyonlinelibrary.com

KRIEGER ET AL.

an on-board image processing algorithm which enables the detection
of colored objects. Pixy and slider communicate via a microcontroller,
Arduino Uno. The Arduino Uno is connected through a driver
(DRV8825, Pololu, USA) to a stepper motor (NEMA17, Trinamic
Motion Control, Germany) which moves the slider. The electrical cir-
cuit diagram is shown in Figure 2, for which the wiring is done on an
Arduino shield by soldering every connection. Note that an additional
12 V power supply and a capacitor are included to provide the neces-
sary voltage for the stepper motor and protect the driver from voltage
peaks. Limit switches are incorporated in order to stop the slider at
the edges of the guide rail independent from the vision sensor.

The setup is constructed with a PID controller to enable flow
tracking; nevertheless, the vision sensor board could neither precisely
capture slug nor bubble position, which resulted in inaccurate tracking
behavior. Therefore, a potentiometer is used to manually track the
flow by observing live images from the graphical user interface (GUI)
PixyMon. Additionally, an initial stepper motor speed is set to match
the expected flow velocity and reduce the number of required control
interventions.

The mechanical parts for the slider setup include a guide rail with
support feet and a guide carriage (IGUS, Germany). The construction
containing DSLR camera, Pixy cam and LED panels (Kaiser
Fototechnik, Germany) are made in-house and attached to the guide
carriage. Guide carriage and stepper motor are connected via a
toothed belt (BIQU, China). The complete setup combined with the
microfluidic setup is shown in Figure 3. The effective tube length that
can be captured by the DSRL camera is 500 mm long.

2.2.2 | Microfluidic setup
Capillaries, which are used as gas-liquid reactors, are fabricated from
FEP (fluorinated ethylene propylene) tubes with inner diameter of

1.6 mm. Total volumetric flow rate is varied in the range of

12 V power supply l} Potentiometer

Stepper motor

Limit switches

=

fritzing

FIGURE 2 Circuit diagram for Arduino board with stepper motor
incl. Driver, Pixy, potentiometer, power supply and limit switches.
Created with open source software fritzing [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 3 Experimental setup for developed slug flow tracking
system including setup for gas-liquid slug flow generation [Color
figure can be viewed at wileyonlinelibrary.com]

4.0-10.0 ml min~! and volumetric flow ratios (gas/liquid ratio) in the
range of 0.33-1.0 (= V5/V,). Liquid phase is pumped continuously by
a piston pump (Knauer, Germany) and synthetic air flow rate is regu-
lated by a mass flow controller (Bronkhorst, the Netherlands). A pres-
sure sensor and a type K thermocouple are used to measure pressure
and temperature in the gas inlet. Slug flow is generated with a hypo-
dermic needle, which is placed in the center of the FEP tube's inlet
within a T-junction. FEP capillary is positioned horizontally inside a
PMMA box filled with deionized water in order to reduce light refrac-
tion (Nyater = 1.333, neep = 1.338).22

2.3 | Mass transfer investigation

Keto-indigo carmine (0.2 g L™%) is reduced to leuco-indigo carmine by
glucose (54 gL™Y) in alkaline solution (4 g L™* NaOH) while being
degassed with nitrogen to prevent reoxidation by ambient air. This
solution acts as liquid phase to generate slug flow as described in
Section 2.2.2. A start-up routine is used to influence the occurrence
of a liquid film surrounding the gas phase. Slug flow without a liquid
film will be referred to as dry slug flow and slug flow with liquid film
as film slug flow. Experiments are initiated with low gas and liquid
flowrates, then both flow rates are gradually increased until the
desired flow condition is reached so that dry slug flow is generated. In
order to generate film slug flow, high gas and liquid flow rates are set
at the beginning. Later, the gas flow rate is decreased and liquid flow
rate increased until the desired conditions are reached. Besides, poly-
sorbate 80 is added as surfactant (0.005-0.1% v/v) to assist film for-
mation in a separate set of experiments. Its influence on mass transfer
is discussed in Section 4.2.1.

During mass transfer investigations with the designed slider
videos of the reactive slug flow are recorded with 50 frames per sec-
ond. The developed image processing routine (Section 2.1) requires
background and compensation images to reduce effects of inhomoge-
neous illumination and deal with the varying liquid phase thickness of
circular tubes. More details can be found in Krieger et al.** In order to

transfer the image processing routine to videos, the time of a video
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capturing the gas-liquid reaction is measured and used to record
background and compensation videos with the same number of
frames. For the background video the FEP capillary is filled with
deionized water and for the compensation video it is filled with
0.2 gL keto-indigo carmine solution. After extracting the video
frames of the gas-liquid reaction and the frames of background and
compensation video, the image processing routine can be applied to
each set of images to generate local concentration profiles of the
three indigo carmine species. In the last step, these images of concen-
tration profiles are compiled into a video. Three reaction videos are

generated per operating point to ensure reproducibility.

3 | NUMERICAL METHODS

The high accuracy and computational efficiency of FeatFlow solver
package relies on the employed state-of-art numerical methods. The
basic solver is developed with Multilevel Pressure Schur Complement
techniques to handle pressure-velocity coupling in Navier-Stokes
equation. First, the time discretization is performed with one of con-
ventional techniques (Crank-Nicolson for this study) while, the spatial
discretization is carried out by higher-order finite elements with con-
forming isoparametric tri-quadratic (-linear) shape functions for veloci-
ties (concentrations) and piecewise-linear approximations for the
pressures. The resulting linearized discrete systems of equations are
solved with a geometric multigrid solver with problem adopted
smoothers and grid transfer, which boosts the performance. Coarse
grid problems are solved with distributed-memory parallel solvers.*?
The employed Q,/P, FE discretization is implicitly stable for laminar
flow problems and requires no stabilization scheme, which suits well
to simulate the flows in the scope of this study and leads to high accu-
racy by avoiding artificial corrections on the velocity field.?° The
employed numerical methods and techniques are discussed thor-
oughly in our previous study?® and therein cited studies; in the follow-
ing an overview of methods more specific to gas-liquid slug flow with
chemical reaction is given.

An interface tracking technique (in an ALE approach) is implemented
to accurately resolve the interface.?® In our approach the mesh is
deformed mostly due to the deformation of the interface, which is a
result of the interplay between the hydrodynamic forces and the surface

tension, as this interaction is visible in the governing Equations (1)-(3):

P09 |5 + (0 )] ~To() =p(0f + £ (1) T-u=0 maxt) (1)

[on]=gp(T,u) = —ykn onI(t) (2)

Ur=(u-n)-n onT(t) (3)

with x as position vector, f as body force, ¢ as stress field, gi- as sur-
face tension force, y as surface tension, n as normal direction, k as cur-
vature of the interface, Ur- as velocity in normal direction to interface,

Q as fluid domain and I'" as interface. The interfacial stress creates a

jump in the stress field (o(x)= V - (Ip + p(x)[(Vu)T + Vu]) at the
sharp interface between two fluids domain Q4 and ©, (Q = Q4 U Q,);
thus, we calculate RHS of Equation (2) by using Laplace-Beltrami oper-
ator. Employing higher-order isoparametric Q, finite element to obtain
the discrete counter part of the Laplace-Beltrami operator was the
key to accurately calculate the interfacial force.?®

In order to avoid the extreme mesh deformations due to the con-
vection, we adopted a moving reference frame. Then, the deformation
of the mesh occurs only due to the interface movement according to
Ur. Since interface points on the created aligned meshes are tracked,
it is necessary to reformulate the problem in the ALE formulation.?®
The limited mesh deformation due to the surface tracking within the
adopted ALE approach still deteriorates the mesh quality and leads to
the loss-of-accuracy. Therefore, to realize the continuous-in-time ALE
approach we needed to occasionally deform the mesh with a partial
differential equation based grid-deformation technique, which
requires the solution of minimization problem in terms of the defor-
mation gradient Ag:

Ap(=V - ((Vp(0)" +V(x)) =0 in (1) @

with well-defined boundary condition on 9.

After obtaining the steady flow-field, we solved the coupled
reaction-transport equation with an operator splitting approach; this
allowed us to adopt different time-step sizes for the reaction and

transport phenomena. The consecutive redox reactions (described in

Krieger et al.?%)
dCo
2 = —Kk1€0,CLic —k2C0,Cint
dt
deyc

= = _kqco,cuic k1 =6.349-10° Lmol~!s-1
dt 5)

d

;I:t =k1co,Cric —k2€o,Cint ko =22.409 - 105 Lmol-1s-1
dc
% =k2Co,Cint

are solved with a highly accurate numerical scheme which is based on
the methods introduced by Shampine and Gordon.?> The transport
Equation (6) for the species is discretized by Q; FE. A conservative
and limited, accurate numerical scheme to solve the convection domi-
nated problem is obtained by using algebraic flux correction®® so that
mass conservation is always guaranteed at the algebraic level, and the

over- and under-shoots are avoided.

%"‘ (U'VC,')—D;AC,‘=h inQ, (6)

where h is the source/sink term and Q, the liquid domain. Streamlines
and numerical grid are depicted in Figure 4. The concentration of

1 and

keto-indigo carmine after 6 s for a total flow rate of 4 ml min~
gas/liquid ratio of 0.33 is shown in the upper images; below a zoom

into the numerical grid near the gas-liquid interface is given.
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In order to compare the 3D results of the numerical simulations
against experiments, we averaged the concentration field results. As
integral information along the capillary's cross-section is obtained in
the experiments, we have chosen 30 equidistant layers (rasters) for
the numerical postprocessing and interpolated the concentration
fields onto these rasters. Later, these interpolated 30 fields are aver-
aged by weighting them with the corresponding volumes, so to obtain

the final results to compare with the experiments, see Section 4.1.2.

4 | RESULTS AND DISCUSSION

41 | Fluid dynamics with mass transfer
Concentration profiles of the three indigo carmine species resulting
from slug flow in a straight FEP tube are compared for dry slug flow
and film slug flow. Figure 5 shows the concentration development at
2,4, 6,8, and 10 s for a total flow rate of 4 ml min~* and a gas/liquid
ratio of 0.5. Gas bubble and liquid slug length for film slug flow are
both around twice as long as those of dry slug flow.

The concentration distribution depicts the typical behavior of slug
flow.?” Well mixed areas, such as near the interfaces, in the channel

center and near the tube wall, are quickly oxidized. The well oxidized

FIGURE 4 (top) streamlines and
concentration development of keto-indigo
carmine after 6 s for a total flow rate of

4 ml min~! and gas/liquid ratio of 0.33;
(bottom) zoom into numerical grid near
the gas-liquid interface [Color figure can
be viewed at wileyonlinelibrary.com]
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t=2s t=6s
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area near the interfaces follows the shape of the bubbles; nonethe-
less, it is rather planar for dry slug flow and spherical for film slug flow.
Mass transfer toward the stagnant areas, between core and wall (yel-
low leuco-indigo carmine containing areas in Figure 5), is dominated
by diffusion and happens on a similar time scale for dry and film slug
flow. The intermediate species occurs in the region where oxygen is
transported via advection (interface, core, and wall area) and stagnant
areas, where oxygen transport happens due to diffusion. Stagnant
areas and areas containing intermediate product shrink over time due
to diffusion of oxygen until leuco-indigo carmine is fully oxidized.
Figure 4 supports this observation since oxygen containing stream-
lines close to the interface cannot reach these stagnant areas through
advection.

Addition of polysorbate 80 results in coalescence of gas bubbles
for gas/liquid flow ratios smaller than 1.0. Therefore, only the
gas/liquid ratio of 1.0 was investigated for experiments with polysor-
bate 80, which leads to small liquid slugs and fast reaction progress.
The concentration development over time for the three indigo car-
mine species is comparable to film slug flow without surfactant.
Videos capturing the oxidation of leuco-indigo carmine for dry slug,
film slug flow and film slug flow with surfactant (0.005% v/v) are pro-

vided in Supporting Information for a gas/liquid ratio of 1.0 at

4 ml min~2,

KIC [mol L] x 10¢

t=10s

t=8s

FIGURE 5 Gas-liquid slug flow in FEP capillary with 1.6 mm inner diameter. Indigo carmine concentration development over 10sin2s
intervals for dry slug (top) and film slug (bottom) flow: Total flow rate = 4 ml min~* and gas/liquid ratio = 0.5, but different slug length [Color

figure can be viewed at wileyonlinelibrary.com]
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411 | Effect of flow pulsation
During experiments in film slug flow, pulsation phenomena were
observed, which did not occur in dry slug flow. Pressure loss for film
slug flow (2,650-3,960 Pa m~Y) is significantly lower than for dry slug
flow (22,700-30,600 Pa m~Y). Therefore, small pressure fluctuations
during bubble formation are more impactful in film slug flow and are
assumed to cause the pulsation. As a result, the flow velocity fluctu-
ates as well and a jet stream caused by flow pulsation containing oxi-
dized product travels through the center of the liquid slug widening
the blue core stream. The described process happens periodically and
is depicted in Figure 6. Dashed lines indicate the position of the pulse.
Effects of pulsation on mass transfer are discussed in Section 4.2.
Further, this phenomenon is not considered in the numerical simula-
tion and might lead to deviations between experimental and simulated

data, which is described in the following sub-chapter.

41.2 | Comparison with numerical simulation

Experimental data is generated by processing recorded videos as
described in Sect. 2.3 and numerical results are obtained as described
in Section 3. In Figure 7 experimental and simulated concentration
profiles of the three different indigo carmine species are compared for

FIGURE 6 Influence of pulsation on gas-liquid slug flow in FEP
capillary with 1.6 mm inner diameter. Indigo carmine concentration
development is shown in 20 ms intervals: Flow direction from left to
right; total flow rate = 4 ml min~? and gas/liquid ratio = 0.5. Dashed
lines indicate position of the thicker central jet as result of a pulse
[Color figure can be viewed at wileyonlinelibrary.com]

a volumetric flow rate of 4 ml min~! and gas/liquid ratios of 0.5 and
0.33 at the time steps t = 3 and 6 s. A full comparison for the entire
recorded time is given in Supporting Information for both cases. Note
that the radical intermediate is depicted on a scale that is one order of
magnitude smaller.

Both, the experimental and numerical results, describe the
expected concentration profiles well, that is, keto-indigo carmine in
the core stream, near the interface and the tube wall, and ring-shaped
intermediate distribution in the transition zone between convection
and diffusion dominated areas. The dynamics that can be seen in the
experiments are captured precisely by the simulations at the different
time steps. Particularly, the width of the core stream and the shape
and thickness of the rings containing the intermediate product match
well between simulation and experiment. It can be observed that the
intermediate peak concentration shifts in radial direction toward the
center of the stagnant zones. While this peak concentration is
maintained during the experiments, it decreases in the simulations
over time.

By integrating the concentration of the three indigo carmine spe-
cies over the liquid volume and plotting these integrated quantities
against time, a quantitative comparison is provided in Figure 8 for a
total flow rate of 4 ml min~* and gas/liquid ratios of 0.5 (left) and 0.33
(right).

Over time leuco-indigo carmine is consumed due to the reaction
and the fully oxidized product keto-indigo carmine is generated. Inter-
mediate product remained at a low concentration level, approx. an
order of magnitude smaller. The concentration profiles in the numeri-
cal simulations shows a faster consumption of leuco-indigo carmine
and generation of keto-indigo carmine. During the image processing
routine for the experimental data, areas near the bubble interface,
which consist of mostly oxidized product, were masked and, there-
fore, could not be included in the integrated concentration values.
This limitation partly causes the deviation between experimental and
numerical results (Figures 7 and 8). Furthermore, the mass is not per-
fectly conserved in the experimental measurement and deviates by up
to 23% from the average value, which was used for the numerical sim-
ulation. Despite these limitations a satisfactory match between exper-
imental and simulated values is achieved for leuco-indigo carmine
(average deviation = 28.9 and 21.3%, underpredicted) and keto-indigo
carmine (average deviation = 57.6 and 57.1%, overpredicted) for a
gas/liquid ratio of 0.5 and 0.33, respectively. The experimentally and
numerically obtained concentration profiles of the intermediate prod-
uct, which are much smaller than the other indigo-carmine species, do
not agree well, there is a deviation of 85% for both cases. Average

deviations are calculated as follows for each indigo carmine species:

g= le: Ei,t-:‘xp - Ei,sim (7)

m i=1 Ei,exp

with g as average deviation and €y, and ¢;sim as averaged concentra-
tions over liquid volume for experiments and numerical simulations,
respectively. Low concentration levels of intermediate and occurrence

in areas with limited oxygen availability result in comparably low
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FIGURE 7 Experimental and numerical concentration profiles of the three indigo carmine species: keto-indigo carmine (KIC), radical

intermediate (Int), leuco-indigo carmine (LIC) at time steps t = 3.0 and 6.0 s. Numerical concentration profiles are integrated over the cross-
section. Total volumetric flow rate = 4 ml min~%, gas/liquid ratios = 0.5 and 0.33, Re = 48 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Integrated concentrations
over slug volume for the three indigo
carmine species plotted against time for a
total volumetric flow rate of 4 ml min~?
and gas/liquid ratios of 0.5 (left) and 0.33
(right). Solid lines indicate experimental
and dashed lines simulated results [Color
figure can be viewed at
wileyonlinelibrary.com]

reaction rates and give more impact to advective and diffusive effects.
Since the high concentration front of intermediate product is not
resolved sufficiently accurate, the high concentration front smears out
and partly causes this mismatch. We will resolve this problem in
future work by employing a grid-adaptation technique based on the

concentration gradient of oxygen; so that the regions of high

¢ [mol L] x 104
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% 25
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intermediate concentration will be dynamically resolved without
excessive computational cost. The approach will be similar to the grid-
adaptation technique near the interface, which is utilized in order to
efficiently capture the hydrodynamics of gas-liquid slug flow. Another
aspect is that the kinetic parameters used for the numerical simula-

tions were determined assuming first-order kinetics regarding both
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reactants.* By adjusting the kinetic parameters based on the numeri-
cal results, the match between experiments and simulations can be

further improved (see Supporting Information).

42 | Mass transfer coefficients

From the local concentration profiles and the underlying stoichiome-
try? (Equation 8) the amount of absorbed oxygen can be calculated.
Since dissolved oxygen cannot be measured with the current setup,
this calculation is based on the assumption that the absorbed oxygen
is fully converted to keto-indigo carmine and/or intermediate:

No, cons =Nint +2 - Nkic (8)

with no, cons, Nim, and nic as molar amount of consumed oxygen,
intermediate and keto-indigo carmine, respectively. Enhancement of
mass transfer due to the reaction has been found negligible in a previ-
ous study.2* As a result, the amount of consumed oxygen is expected
to follow a linear trend until saturation effects become relevant and
oxygen accumulates in the liquid phase. The linear trend is described
by following equation, which is derived in more detail in Dietrich

et al.? and Krieger et al.**:

kia-c* - xy

- ip

CO;,cons = (9)
utp

with ki a as volumetric mass transfer coefficient, ¢ as saturation con-
centration, X, as distance from needle tip, and urp as two-phase
velocity. Consumed oxygen concentration co,cons describes a value
that is equivalent to the amount of oxygen that was absorbed and
consumed in the reaction according to Equation (8). Figure 9 shows
an exemplary plot of co,cons against x, for a total flow rate of
4 mImin~ and a gas/liquid ratio of 0.5 in film slug flow.

Indeed, a linear trend is observed near the needle tip before satu-
ration effects and completed conversion near the interface result in a
decline of the slope. The slope of the linear part is used to estimate

N
o O

Coz,cons [mg L_1]

o N OB~ O

0 100 200 300 400 500

Distance from needle [mm]

FIGURE 9 Consumed oxygen concentration against distance
from needle tip for total flow rate of 4 ml min~! and gas liquid ratio of
0.5 in film slug flow

mass transfer coefficients according to Equation (9). Some “bumps” in
the graph are observable that are related to a tube that is not per-
fectly following a straight line. FEP is a stiff material and the tubes are
transported in a coiled state. Even though a tension mechanism is
applied in order to straighten the tube some minor deviations from
the straight state persist and affect the image processing routine.

Volumetric mass transfer coefficients derived by the method
described above are depicted in Figure 10 and measured in the range
of 0.160-0.554 s~* for film slug flow and 0.099-0.420 s~ for dry slug
flow, which is comparable to data from literature.?®

At flow rates 8 and 10 mlmin~! for film slug flow smaller
gas/liquid ratios than 1.0 could not be investigated, because the flow
became unstable. Measured volumetric mass transfer coefficients are
larger for film slug flow due to a higher specific surface area per liquid
volume. For the same reason k;a values increase with higher
gas/liquid ratio at constant total flow rate, since higher gas/liquid
ratios cause a decrease of liquid slug length and liquid volume.
Regardless, slug and bubble lengths differ depending on whether film
or dry slug flow is present and clear conclusions are difficult to draw.

To overcome this restriction, the specific interfacial area is esti-
mated and used to calculate the k; values. This approach allows for
comparison of mass transfer for the different flow patterns by
accounting for the varying slug lengths and the liquid film surrounding
the gas bubbles in film slug flow. Interfacial area per liquid volume for
dry slug flow is calculated by assuming a cylindrical shape for the bub-
ble with two flat and circular interfaces, which leads to following

expression:

Alnterface 2
= = 1
ey Vi Luc(1-ec) (10

with specific interfacial area a, interfacial area per unit cell Ajnterfaces
liquid volume per unit cell V,, and unit cell length Lyc. A unit cell
describes the repeating unit of slug flow consisting of gas bubble and
liquid slug.*?

For film slug flow a cylindrical part in the center of the gas bubble
with two hemispherical caps is assumed. The cap diameter is approxi-

mated with the inner tube diameter d;:

4.1,

d;Luc(l—EG) (11)

Afilm =

with Lg as bubble length and &g as gas hold up. Calculated k; values
are depicted in Figure 11 for film and dry slug flow at varying veloci-
ties and gas/liquid ratios.

With increasing flow rate, convective mixing increases leading to
higher k; values, which is seen in the experimental data. An increase
of k, values by 81% from 4 to 10 ml min~? is observed for film slug
flow and by 116% for dry slug flow. The operating point at 6 ml min~!
and a gas/liquid ratio of 0.33 for film slug flow is regarded as outlier.
Issues with coalescence led to higher mass transfer in this case, which
is also indicated by the larger error bars. Gas/liquid ratio on the other

hand does not significantly affect the convective mixing within the
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liquid phase. Additionally, the bubble length remains constant at
around 1.9 mm for film slug flow. Therefore, the contribution of the
liquid film surrounding the bubbles does not change for different
gas/liquid ratios and no significant effect of gas/liquid ratio on k;
values is observed.

Liquid-side mass transfer coefficients k; for film slug flow are sig-
nificantly lower compared to dry slug flow with less variation, which is
indicated by the smaller error bars. Higher liquid-side mass transfer
coefficients for dry slug flow can be related to stronger velocity gradi-
ents near the gas-liquid interface, which results in an intensified
transfer of oxygen. Additionally, the flatter shape of the interface
reduces the funneling effect caused by the Taylor vortices. Conse-
quently, the core stream containing oxygen is wider for dry slug flow
(Figure 5) and the convective distribution of oxygen is enhanced.
Larger error bars for dry slug flow are caused by a stronger variation
of slug and bubble lengths compared to film slug flow. Higher oxygen
solubility due to increased pressure loss in dry slug flow was deter-
mined in preliminary experiments and is considered in the presented
data. Note that the calculations for dry slug flow are based on the
assumption of flat interfaces. In fact, the interfaces are slightly curved
leading to an increased interfacial area. Therefore, the actual differ-

ence between k; values for film and dry slug flow is smaller in reality.

421 | Effectof surfactant
In order to study the effect of surfactant on mass transfer, concentra-
tion of polysorbate 80 was varied in the range of 0.005-0.1% v/v. In

Figure 12 k, values for varying total flow rates and a set gas/liquid

4 mL/min 6 mL/min 8 mL/min 10 mL/min

Total volumetric flow rate

00.1 % viv

3 20.05 % viv
80.005 % v/iv
B0 % viv

6 mL/min 10 mL/min

4 mL/min
Total volumetric flow rate

FIGURE 12 k; values against total flow rate for film slug flow and
film slug flow with varying polysorbate 80 concentrations at
gas/liquid ratio of 1.0

ratio of 1.0 are compared for film slug flow and film slug flow with
surfactant.

Liquid-side mass transfer coefficients do not seem to be affected
by the presence of surfactant at all, which is contradictory to litera-
ture.2?-32 Experiments in literature are commonly performed in col-
umns with free rising bubbles, where decrease of mass transfer is
observed when surfactant is present due to the stabilization of the
gas-liquid interface, which provides less interfacial area for mass
transfer. A transition in flow regime is observed from mobile surfaces
to rigid spheres as the bubble shrinks.%° Sardeing et al. reported that
for a bubble size smaller than 1.5 mm this transition does not happen
and only rigid spheres are observed leading to no significant differ-

ence between liquid-side mass transfer coefficients for “clean”
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bubbles and bubbles containing surfactants.>° In the present work,
bubble sizes are in a similar order of magnitude ranging from 1.7 to
2.1 mm. Hence, the assumption is made that the observations for a
free rising bubble can be transferred to bubbles in slug flow and that
the shape of the bubble is additionally stabilized due to capillary
forces leading to the shift toward higher bubble diameters, where sur-
factants do not influence mass transfer. As a result, polysorbate
80 can be used to generate film slug flow for the investigated reaction
system in hydrophobic equipment, while allowing for transfer of con-

clusions to experiments without surfactants.

422 | Comparison with empirical and
mathematical models

Measured mass transfer coefficients k;a are compared with correla-
tions from literature. Correlations of Vandu et al.* and Yue et al.>® are
chosen for comparison since similar systems were studied, that is, air
and water. Equations and operating conditions from those studies are
summarized in Table 1 with Do, as diffusion coefficient of oxygen, ug
as bubble velocity and dj, as hydraulic diameter. Do, =3.2 - 1077 m?s7?
has been measured by Yang et al.3* for a similar solution containing
the redox dye resazurin and is adopted for this work. Furthermore,
kya values are calculated according to van Baten's proposed model*?
and compared to the experimental data. The mathematical model is
based on Higbie's penetration theory®> and accounts for separated

contributions of cap and film region:

_ _ 8\/§ DOZUB S(LB—d,') DOZUB 1
kLa_kLcaC+kaaf_<ﬂ-Luc di +ﬁLUCdi Lg—d; ((1-e0)

(12)

where ki .a. describes the contribution of the cap and ki ar the contri-
bution of the film region. Equation (12) is based on a specific interfa-
cial area that refers to the volume of the unit cell instead of liquid
volume. Therefore, Equation (12) is adjusted by multiplication with
the factor (1 — eg)~! to match the experimental data. Note that the
presented equations from literature are used to describe mass transfer

in slug flow with a film surrounding the bubble. In order to describe

TABLE 1 Correlations from literature to describe gas-liquid mass
transfer in slug flow
Reference  Correlation Conditions
4 kia=4.5,/22"1 d; = 1.0; 2.0; 3.0 mm (circular)
ug = 0.09-0.65 m s™*
LUC =5-60 mm
03
33 kea= % DCth"B (L%) dy, = 0.4 mm (square)
ug=04-20ms?t
Lyc = 0.96-3.8 mm
This work d; = 1.6 mm (circular)

ug = 0.03-0.08 m st
Lyc = 3.0-10.5 mm

dry slug flow, Equation (12) is reduced to the contribution of the cap
region and expressed with the k; value and specific interfacial area for
the dry slug flow geometry. Further, a factor F is included and fitted
to the experimental data since the assumption of flat cylindrical inter-
faces might not be very accurate and a precise measurement is not
possible with the presented setup. This factor should lie between 1.0

(flat cylindrical interface) and 1.6 (spherical interface):

_ _ 4 DOZUB -1
kLa—deryadry F <\/771'-Luc‘ d; ) (1 SG) (13)

Calculated and experimental volumetric mass transfer coefficients

k.a are compared in Figure 13 for film and dry slug flow using the
mathematical model by van Baten et al. (left) and for film slug flow
using the correlations by Vandu et al. and Yue et al. (right). Values of
1 indicate a perfect match between calculated and experimental data.

The film slug flow model by van Baten et al. (Equation 12) over-
predicts the volumetric mass transfer coefficients by a factor of
2.5-3.8. The experimental data is based on gas bubbles that are mov-
ing slowly and surrounded by a thin liquid film. Therefore, the influ-
ence of the liquid film is possibly overestimated in the mathematical
model due to saturation of the liquid film. The saturation of the liquid
film is described by the Fourier number Fo, which is defined as
follows:

_ Do, trim _ Do, (Ls—dj)
6I%ilm ‘SI%iImuB

Fo (14)

with tgm as contact time between liquid film and gas bubble and g,
as film thickness, which is estimated by Bretherton's correlation.®®

Sriim = 0.67 - Ca?/3d; (15)

where Ca is the Capillary number. For Fo < 0.1 it can be assumed that
the film is not saturated.’?> The experiments in this work were per-
formed for Fourier numbers ranging from 0.1 to 1.0, which indicates
that saturation effects indeed could play an important role. This
hypothesis is supported by the modified model (Equation 13) and the
experimental data for dry slug flow. In this case, only the contribution
of the cap region is considered resulting in a good match between cal-
culated and experimental data. The fitted factor F is equal to 1.23,
which suggests a reasonable interface shape that is between flat cylin-
ders and spheres (coefficient of determination of 84%).

The correlation by Vandu et al. for film slug flow also overpredicts
volumetric mass transfer coefficients by a factor of 1.5-2.6. In their
work, Pyrex glass capillaries with longer unit cells, larger bubbles and
higher velocities were investigated giving the liquid film more rele-
vance. The correlation by Yue et al. is based on data with smaller unit
cells in a PMMA channel (Table 1), which is closer to the experimental
conditions in this work, despite the use of a rectangular channel. It
describes this work's experimental data more accurately, especially for

a gas/liquid ratio of 1.0. The deviation increases for lower gas/liquid
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ratios, that is, longer slugs and unit cells, which are outside of the
investigated operating range of Yue et al.

Note that the experimental mass transfer coefficients increase
stronger with higher velocities as the correlations and models suggest,
which can be seen by the declining trend in both diagrams. This effect
can be explained by the observed pulsation and the nonperfect straight
capillary that affect the flow field stronger with increasing velocity.

5 | CONCLUSION AND OUTLOOK

A slider setup for bubble detection and tracking in slug flow was suc-
cessfully constructed. The slider setup is based on open-source tech-
nology and is able to carry a DSLR camera for mass transfer analysis
with high temporal and spatial resolution. Mass transfer was investi-
gated for varying flow rates and gas/liquid ratios. Liquid-side mass
transfer coefficients k; were measured for dry slug flow in the range
of 2.6-6.3 - 107 ms™! and for film slug flow in the range of
0.8-1.5 - 107* m s, For dry slug flow k, values are assumed to be
higher due to stronger velocity gradients near the interface. Polysor-
bate 80 was utilized to generate more stable film slug flow and its
addition led to no measurable increase of mass transfer. Further, volu-
metric mass transfer coefficients k;a were measured in the range of
0.1-0.55 572 for film and dry slug flow and compared with models
and correlations from literature. Using these models and correlations
film slug flow mass transfer could not be described precisely except
for the correlation by Yue et al., which led to a good agreement for
small unit cells. It appears that the contribution of the liquid film is sig-
nificantly lower in this work, which is related to saturation effects in
the film region due to low velocities and thin films. Furthermore, a
model for dry slug flow based on the study by van Baten et al. is pro-
posed (Equation 13) that predicts reasonable volumetric mass transfer
coefficients, but requires further validation. This work highlights how
open-source soft- and hardware can be implemented to enhance
measurement techniques on a laboratory scale and abolish experimen-
tal restrictions. The experimental work is complemented with numeri-
cal simulations, where the complex process of combining advection,
diffusion, and chemical reaction for slug flow was successful resulting
in a fair match between experimental and numerical data for the reac-
tant and fully oxidized product. After minor refinement of the numeri-

cal methods or adjustment of the kinetic parameters, it will be further

Bubble velocity [m s

possible to describe the intermediate concentration with high
accuracy.

In future work, the FeatFlow CFD software will be developed to
tackle more complex setups such as helically coiled tubes and coiled
flow inverters, where current analytical methods find some limitations.
The fluid dynamics in this helical equipment will be numerically and
experimentally studied in detail. Further, optimal operating conditions
will be proposed in order to maximize (a) selectivity toward an inter-
mediate product and (b) mass transfer for mass transfer limited reac-
tions. Overall, the link between hydrodynamics, selectivity and mass
transfer will be established to provide meaningful data and fundamen-
tal understanding for the scale-up of gas-liquid process and develop-
ment of gas-liquid contactors.

NOTATION

a specific interfacial area per liquid volume (m™%)

Ainterface  interfacial area (m?)

c concentration (mol m~3)

c dissolved oxygen concentration at saturation (mol m~2)

C0,,cons consumed oxygen concentration (mol m™3)

D; diffusion coefficient of species i in alkaline glucose solu-
tion (m? s™%)

d diameter (m)

f body force (m s72)

F fitting factor (-)

g average deviation (-)

gr surface tension force (kg m™2 s72)

h source/sink term (mol m=3 s7%)

k reaction rate coefficient (L mol~t s7%)

ky liquid side mass transfer coefficient (m s~

koa volumetric mass transfer coefficient (s~1)

L length (m)

n molar amount (mol)
pressure (kg m~ts2)

u velocity (m s™%)

Ur velocity in normal direction of interface (m s%)

t time (s)

trilm contact time with liquid film (s)

v volumetric flow rate (m® s~

Xtip distance from needle tip to liquid slug (m™%)
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Greek letters

SFilm

[+

DA > =

surface tension (kg s72)
interface (=)

liquid film thickness (m)

void fraction/phase holdup (-)
dynamic viscosity (kg m~ts71)
density (kg m™3)

stress field (kg m™t s72)

domain (-)

Dimensionless groups

Ca  Capillary number (=) (%)

Fo  Fourier number (=) (D‘;?zt”'"‘)
Film

Re  Reynolds number (=) (%df)

Subscripts

B bubble

G gas

h hydraulic

i inner

L liquid

TP  two-phase

UC  unitcell

Abbreviations

FEP  fluorinated ethylene propylene

IC indigo carmine

Int anionic radical intermediate

KIC  keto-indigo carmine

LIC leuco-indigo carmine
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