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Highlights

1. A gas-liquid vortex reactor is assessed for process intensification of interphase mass
transfer.
2. The highly turbulent gas-liquid contact in the reactor generates a large specific

interfacial area and significantly intensifies interphase mass transfer.

3. A superior mass transfer efficiency is achieved with a favorable energetic efficiency.

Keywords: Gas-Liquid Vortex Reactor; Interphase Mass Transfer; Process Intensification;

COz2 Capture

Abstract

To develop cost-effective CO2 capture technology process intensification will play a vital role.
In this work the capabilities of a gas-liquid vortex reactor (GLVR) as novel process
intensification equipment are evaluated by studying its interphase mass transfer parameters to
build up the fundamentals for its future application to e.g. CO2 capture. The NaOH-CO2
chemisorption system and Danckwerts’ model are applied to obtain the effective interfacial
area and liquid-side mass transfer coefficient. Results show that the gas-liquid contact in the
GLVR is capable of both generating a large interfacial area in a small reactor volume and
creating a region with high energy dissipation to improve mass transfer. A comparison of the
volumetric mass transfer coefficients with data reported in literature for conventional and
intensified reactor types confirms a superior mass transfer efficiency and, most importantly, a

favorable energetic efficiency of the GLVR.



Introduction

The state-of-the-art technologies for COz capture are characterized by high OPEX and CAPEX
mainly due to significant energy requirements for solvent regeneration and large column sizes
respectively 2. In view of reducing OPEX, a lot of past research has focused on the
development of new solvent types with low heats of absorption, as these are associated with
lower thermal energy requirements in the solvent regeneration step *~’. Depending on the exact
operating conditions, the type of solvent used can possibly also influence the CAPEX of the
COz scrubbing equipment, as it influences the sorption rate at high solvent concentrations ®.
However, there is another path to tackle the above challenges in the CO:2 capture industry,
namely by developing process intensification equipment/methods to increase the energy
efficiency and decrease the capital cost >°. Examples include the application of rotating packed

13-16

bed '°'2, microreactor and other intensified equipment "%,

Absorption of COz in solvents is mostly based on the physical transfer of CO2 between a gas
and liquid phase, combined with a reversible, liquid side neutralization reaction of CO2 with
the sorbent. As such, there are two limiting factors affecting the CO2 absorption in view of the
transport process: the interphase mass transfer of CO2 and the mixing-reaction process at the
liquid side. The latter is sometimes referred to as the micromixing process °. As the COz-
solvent reaction is in most cases categorized as a fast reaction, mass transfer through the liquid
film near the gas-liquid interface is the limiting phenomenon for the overall absorption
performance >?°, especially when the mixing-reaction process is rather quick compared to the
interphase mass transfer. Improving the interphase mass transfer efficiency is thus of primary
importance when developing new process intensification equipment and methods. Through

reactor design one can influence the fundamental interphase mass transfer parameters, being



the effective specific interfacial area and the liquid-side mass transfer coefficient, to effectively

increase the volumetric absorption rate ®.

A gas-liquid vortex reactor (GLVR) is expected to fulfill these needs for process intensification
as most recent studies have confirmed its promising potential in terms of gas-liquid
hydrodynamics ?! and micromixing efficiency at the liquid side ?2. The GLVR is a cylinder-
shaped, static fluidization chamber in which gas is tangentially injected through multiple gas
inlet slots in the outer cylindrical wall, while the liquid is introduced in a co-current contacting
way with the gas flow as shown Figure 1. Without mechanical rotation, a rotating gas-liquid
layer is formed in the vortex chamber under continuous operation. The balance between the
radially inward gas drag force and radially outward centrifugal force holds a certain amount of
liquid near the outer edge of the vortex chamber, constantly refreshing the liquid into a dynamic
equilibrium state and generating a large gas-liquid interfacial area 2'. It is worth mentioning
that previous studies mainly focused on the vortex reactor used in gas-solid systems 3%,
Successful experience has led to the exploration of gas-liquid systems in the reactor, and more
specifically of CO: capture in this study. However, prior to practical applications, the
interphase mass transfer efficiency of the GLVR should be evaluated to justify the potential of

the GLVR for processes limited by interphase mass transfer, such as CO2 capture '°, H2S

absorption 3, volatile organic compounds removal %, etc.

Figure 1 Schematic of the gas-liquid vortex reactor: (a) top view, (b) side view *

In general, for an interphase mass transfer study knowledge of the effective interfacial area is

of major importance as it will further affect the evaluation of the mass transfer coefficient ’.

Experimental approaches to determine the effective interfacial area mainly include physical

40,41 2

methods, e.g. high-speed imaging ***, tomography and colorimetry *?, and chemical

methods, e.g. chemisorption of Oz using aqueous Na2SO3 ** and chemisorption of CO: using



aqueous NaOH as the most adopted ones *7**, It should be noted that in the case of a NaOH-
COz system for example, there are various combinations of kinetic models and models to
calculate the Henry’s law coefficient and diffusivity coefficient, resulting in absolute value
deviations in the final calculated effective interfacial area . This is also the case when
determining the mass transfer coefficient **, or to be more specific, the liquid-side mass transfer
coefficient in this study, as CO2 absorption is a typical process controlled by the liquid-side

resistance 374647,

This work aims to provide fundamental data of the gas-liquid mass transfer parameters that can
be used to assess the efficiency of the GLVR. Via chemisorption of NaOH-COsz, the effective
specific interfacial area (ac) and the liquid-side mass transfer coefficient (kz) of the GLVR are
determined by Danckwerts’ model as explained in detail below. The operating window of the
GLVR is discussed. A benchmark assessment of the GLVR is given based on the liquid-side

volumetric mass transfer coefficient.

Model

NaOH-CO: reaction system

Given the advantages of well-defined kinetics, liquid-side controlled absorption, availability in
literature of detailed models and convenience of experimental work *, the NaOH-CO2
chemisorption is adopted in this study. Egs. 1 to 3 show the reaction steps associated with CO2
absorption into an aqueous NaOH solution *°. Eq. 4 is the global reaction equation for the

reaction between NaOH and COa.

COz¢g) < CO2q (1)
_ kon -
€O,y + OH™ < HCO3 )

HCO3 + OH™ & CO0%™ + H,0 (3)



2NaOH + CO, & Na,CO5 + H,0 (4)

Reaction 1 is the dissolution step of gas phase COz. The liquid-side concentration of CO2 at

the interface C¢p, can be obtained from Henry’s law:

Ccoz = 0 )

Heco,

where He, is Henry’s law volatility constant (Pal/m*/mol) of COz2 in the NaOH solution and
Pco, 1s the gas bulk CO: partial pressure. To be specific, P¢o, is the determined by the
logarithmic mean of the CO: partial pressure at the reactor inlet and outlet ****%, Reaction 2 is
the reaction between dissolved CO: and a hydroxyl ion to form bicarbonate, which is the rate-
determining step in the reaction mechanism sequence. Reaction 3 is the final step, where the
bicarbonate reacts with a second hydroxyl ion to produce carbonate and water. It is a proton
transfer reaction that can be considered as instantaneous. As reaction 2 is the rate-determining

step, the overall reaction rate can be expressed as:

R, = kon COHCCOZ (6)

where koy 1s the rate constant and Cyy and C¢p, are the concentration of hydroxyl ions and
COz respectively. If the reaction occurs in a large excess of NaOH, pseudo first-order kinetics

1s valid and the first-order rate constant can be defined as:

k= kOHCOH (7

From an experimental point of view, Cpy can be determined from the average concentration of
the hydroxide ion measured at the inlet and outlet. The key is thus to model the kyy as it is a

1. ® reviewed different sources of kinetic

function of temperature and ionic strength. Sheng et a
models and physical properties and concluded that the parameter source developed by Phorecki

and Moniuk * is the recommended one to use for the calculation of mass transfer characteristics



from absorption measurements. It includes a kinetic model for the rate constant k,y, as well
as correlations to calculate physical properties such as D¢, and for the Henry’s law constant
of COz in the NaOH solution (Hecp,). The model is often considered as one of the most
representative models, with its results often used as reference data *°, which is also the main

reason why it is adopted in this work.

Danckwerts’ model

1 % and is summarized in a recent

The model used in this work is based on Danckwerts’ mode
review 37. Danckwerts’ method proposed in 1970 has been widely used in mass transfer studies
to obtain values for ae and k. from experimental absorption measurements 37°°4, The method
is based on the surface renewal theory, in which a parameter s is introduced representing the
renewal rate of the liquid surface, i.e. the fraction of surface area replaced with fresh fluid per
unit of time ¥°°. It is proposed that the exposure time of the liquid elements in the renewed
surface follows a surface-age distribution function of an exponential form. In Danckwerts’

mass transfer model, the rate of absorption into the liquid is expressed as the average value of

the flux over all liquid elements at the surface (N,), given by Eq. 8:
Ny = [ sNie™stdt (8)

Using a Laplace transformation on the governing partial differential equation (Fick’s second
law) and using the proper boundary conditions, Danckwerts derived the following expression
for the volumetric absorption rate R¢, (mol/(m*- s)), as a function of variables that can be

measured or modelled:

Reo, = kpa, Ceo, E )



E is defined as the enhancement factor, i.e. the ratio of mass transfer coefficient with and

without chemical reaction.

Further discussion needs a dimensionless number, the Hatta number (Ha), as defined in Eq. 10

for a (pseudo) first-order reaction:

Hq = ¥Pcofa (10)

= .

where D¢, is the diffusivity coefficient of CO2 in the NaOH solution.

Using the above equations, Figure 2 shows the calculation procedure to determine the effective
specific interfacial area ae, liquid side mass-transfer coefficient &z, and volumetric liquid-side

mass transfer coefficient kza.. The procedure can be divided into three steps:

(1) Eq.12 in Figure 2 corresponds to Eq. 9 but the absorption rate is expressed by molar
absorption rate 1o, (mol/s), while A, is the total effective interfacial area. The absorption rate

N, 18 given by:
Nco, = LACcoz- (11)

where L is the liquid flow rate and AC coz- is the concentration difference of Na,CO; at the
reactor inlet and outlet. As the inlet liquid stream only contains NaOH, a measurement of the

outlet Na,CO3 concentration allows a determination of AC¢q2-.

If the constraint Ha > 3 is fulfilled (or Ha > 2 or Ha > 5 in some studies *’), the enhancement
factor £ can be approximated as equal to Ha and Eq.12 in Figure 2 can be simplified into
Eq.13. As such, A, can be directly obtained from the absorption experiment as the k. term can
be neglected. a. can be further determined by dividing A4, by the reactor volume (or by dividing
the packing volume in some studies *° ). To be specific, the reactor volume is determined by

the volume of the whole reactor chamber in this study. To achieve a Ha > 3, a relatively high



concentration NaOH solution is needed for the a, experiments, such as 1.25 M NaOH as used
in this work. As a result, the gas phase CO2 concentration also needs to be properly chosen: if
the COz2 concentration is too high, the NaOH concentration difference between the liquid inlet
and outlet of the reactor will vary too much, which increases the model error when calculating
the average Cpy; if the CO2 concentration is too low, the NaOH concentration difference
becomes lower which increases the experimental measurement error. Therefore a CO:2

concentration of 10 vol % is adopted in this work.

(2) After obtaining the A, values under various operating conditions, A, can be used to
calculate kz. If Ha<1, the approximation of E = V1 + Ha? can be used based on Danckwerts’
Plot *’. To achieve a Ha <1, a relatively low concentration NaOH solution is needed, such as
0.1 M NaOH shown in Figure 2. Based on the same considerations as for the first experiment
to obtain the 4, values, a CO2 concentration of 2.5 vol% is selected for the experiments to
obtain k; . Note that the A, value obtained from Eq. 13 is not strictly equal to the value in Eq.
15, as a different NaOH concentration is used. However, the main factor affecting the
interfacial area is the operating conditions *2, i.e. the gas flow rate and liquid flow rate in this
study. Therefore, under the same operating conditions, the A, values obtained from the Eq.13

can be used in Eq.15.

(3) Only if kz is known, one can calculate the corresponding Ha number. Therefore, validation
is needed to check if the two constraints are met, i.e. Ha > 3 in the a. experiment in step 1 and
Ha <1 in the k; experiment in step 2. The volumetric liquid-side mass transfer coefficient kzae
is the product of kz and ae, which can be used to benchmark the reactor’s performance *°. 12

1314 15 16,)



Figure 2 Schematic overview of the models to the determine effective specific interfacial
area ae, liquid-side mass transfer coefficient ki, and volumetric liquid-side mass transfer
coefficient krae.
Experimental procedures

Gas-liquid vortex reactor setup

Figure 3 shows a schematic overview of the experimental setup. Apart from the GLVR itself,
a liquid feeding section, a gas feeding section and a sampling & analysis section can be
identified. The liquid feeding section includes a NaOH storage tank which contains a prepared
NaOH solution of either 1.25 or 0.1 M, depending on the experiment. A high precision gear
pump (Tuthill DGS1.2) with a flow meter (Cori-Flow M55) withdraws the NaOH solution
from the storage tank and pumps it into the GLVR via a single liquid inlet pipe through the
upper reactor end wall. The gas feeding section includes both the N2 and COz storage cylinders,
as well as two control valves to adjust the flow rate and CO2 concentration. The N2-CO2
mixture flows through the gas feeding line, into the annular jacket surrounding the vortex
chamber. From this jacket, the gas mixture enters the reactor zone through 12 tangentially
inclined inlet slots, circumferentially spaced over the outer wall of the vortex chamber of the
GLVR to ensure a uniform gas distribution. The gas mixture that is tangentially injected into
the vortex chamber transfers part of its momentum to the liquid phase thus creating a highly
turbulent and dispersed gas-liquid mixture in a strong centrifugal field. The diverging exhaust,
located in the center of the upper end wall, serves as the outlet for both the gas and liquid phase.
Two cyclones in series are connected to the outlet of the GLVR to separate the gas and the

liquid.

Table 1 provides dimensional information of the GLVR. The diameter of the cylindrical vortex

chamber is 80 mm and the chamber has a height of 15 mm. The exhaust above the vortex



chamber has a diameter of 20 mm at the throat and diverges to a maximum diameter of 60 mm
near the outlet, shown in the GLVR front view in Figure 3. The 12 inlet slots in the GLVR
used in this study have a width of 0.65 mm and are inclined at an angle of 10° with respect to
a tangent line to the vortex chamber. The liquid inlet pipe has a diameter of 4 mm and is
positioned at an angle of 18° with respect to the upper end wall of the GLVR. When the gas
and liquid are introduced in the GLVR and reach a steady state, a gas-liquid layer will be
formed near the out wall of the vortex chamber. The gas-liquid layer thickness (L¢) is shown in

Figure 3 in the GLVR front view.

Figure 3 Schematic view of the gas-liquid vortex reactor setup for the NaOH-CO:
chemisorption experiments.
Table 1 Geometrical parameters of the GLVR.

Sampling and analysis

To calculate the rate of CO2 interphase mass transfer, both the liquid and the gas phase exiting
the GLVR are measured on their CO2 content. (1) For the liquid side, a four-electrode
conductivity probe (METTLER TOLEDO Transmitter M200) is used for online and fast
measurement of the amount of COz absorbed into NaOH solutions. Similar approaches have
been used by several authors to measure the liquid side absorbed CO2 in a continuous way >,
The method is based on the fact that absorbed CO2 reacts to carbonate (CO37) (Eq. 4) and the
result of this is that the conductivity of the NaOH solution significantly drops while absorbing
COz. To use this measurement method, a calibration curve is made by measuring the liquid
conductivity of solutions containing varying proportions of NaOH and NaxCOs of equal

molarity. It was observed by Bayliss > that such a calibration curve, plotting the conductivity

as a function of the carbonate fraction, is linear, making it easy to deduct carbonate



concentrations from continuous conductivity measurements. (2) For the gas side CO2 analysis,

an online IR analyser (Fuji Infrared Gas Analyzer) is used to detect the CO2 percentage.

As can be seen from the sampling & analysis section shown in Figure 3, a separate sampling
line is provided for both phases. The use of a single sampling line to simultaneously extract
both phases from the GLVR, to then analyse both phases separately after phase separation,
results in great error. This error is attributed to the fact that the gas-liquid contact time in the
sampling line would be higher than the gas-liquid contact time in the GVLR itself, causing the
absorption process to proceed in the sampling line to an extent that cannot be neglected. In

general, it should be avoided that the gas is sampled with too much liquid and vice versa.

As the liquid is the heavier phase that is likely to attach to the reactor wall, the gas sampling
point is located at the center of the throat and the liquid sampling point at the throat wall, as
shown in Figure 3. Using this approach, the gas-liquid volumetric ratio (R) in the sampling
lines is significantly reduced or increased compared to the R of 100-700 in the GLVR. Using
the liquid sampling setup depicted in Figure 3, the R value in the liquid sampling line can be
determined. The vacuum pump withdraws a continuous flow of gas from the liquid sample
container, while the liquid itself is collected in the container. By reading the liquid level in the
liquid sample container after a given time, the R value can be calculated, which is found to be
around 2-3. By theoretically calculating the maximum amount of supplementary CO:
absorption that can occur in the liquid sampling pipe, the maximum attainable deviation of the
measured liquid NaOH concentration from the true outlet NaOH concentration is found to be
~3% for an R value of 3 in the liquid sampling line. Similarly, when performing the
experiments, the vacuum pump in the liquid sampling line in Figure 3 withdraws the
continuous flow of gas from the liquid sample container. The red part in the sensor vessel is

the conductivity probe and can give the online measurement of the liquid conductivity. Such



configuration makes the liquid sample stream easily submerge the probe. The sensor vessel
works like communicating vessels, with the liquid being withdrawn both from the top and
bottom of the liquid volume. As such, it is ensured the liquid is constantly being updated for

the probe reading.

The gas is sampled by a vacuum pump at a low flow rate (0.5 £ 0.05 L/min) from a central
point at the throat where the gas holdup is dominant. This gas sampling location ensures that
the gas is sampled without a significant amount of liquid being sucked out of the reactor. A
verification is done similar to the liquid sampling line and the maximum attainable deviation
is ~5%. After passing two drying elements filled with Drierite to ensure proper removal of
water vapor, the gas mixture flows through a rotameter to measure and control the gas flow

being sent to the IR analyser.

As the CO2 removed from the gas side and CO:2 absorbed by the liquid side can both be
calculated, a comparison can be made based on the CO2 removal rate at the gas side and CO2
absorbed rate at the liquid side to justify the analysis in this study. This comparison has been
made for all data points in this work and on average the gas side removed COz and liquid side
absorbed CO2 show a good agreement. As the liquid flow controller and online measurement
of the liquid side CO:2 content show a more steady signal during the experiment, the liquid side
data is used to determine the molar absorption rate of CO2 as shown in Eq. 11. The latter is a

common practice in literature +°.

Next to the liquid and gas sampling lines, pressure and temperature probes are also installed in
the GLVR at the locations depicted in Figure 3. The first measurement point for pressure is
located near the intersection point of the top end wall and the outer wall of the vortex chamber.
The second measurement point both for pressure and temperature is positioned near the throat

of the central exhaust. Using the difference between both pressure readings, the pressure drop



across the gas-liquid layer in the vortex chamber can be calculated. In addition, the CO: partial

pressure can also be calculated combined with the IR analyser.

Experimental procedure

For each combination of gas and liquid flow rates, the general experimental procedure can be
summarized as follows. (1) Firstly, an experiment is performed at high NaOH concentration
(1.25 M) and high CO2 concentration (10 vol%) to ensure that Ha > 3. As such, the total
effective interfacial area 4. can be determined as described above. (2) Subsequently, the
experiment is repeated with the same gas and liquid flow rates, such that the hydrodynamics
remain largely unaltered, but at low NaOH concentration (0.1 M) and low COz concentration
(2.5 vol%). Under these conditions, Ha < 1 and kz can be obtained using the 4. value. (3) A
post validation is done to ensure that the conditions of Ha>3 and Ha<l are met. If the
conditions are not met the experiments need to be rerun with a redetermined NaOH

concentration and COz concentration.

To calculate the molar absorption rate of COz, the key is to accurately measure the inlet and
outlet concentration both at the liquid side, i.e. NaOH concentrations, and at the gas side, i.e.
COz concentrations, in addition to flow rates. The NaOH solution is prepared manually in
batches of approximately 100 kg each to ensure the continuity and stability of the liquid feeding
system. In addition, the conductivity of each prepared batch is measured by injecting the NaOH
solution into the GLVR which is fed by a N2-only gas phase, to avoid the conversion of
hydroxyl ions into carbonate. The conductivity readings from the liquid samples during these
N2-only experiments are used as the inlet conductivities during data-processing. Every
absorption experiment is started by specifying a set value for the CO: inlet concentration, and
then introducing the gas phase N2-CO:2 mixture into the GLVR, without any solvent being

injected. In this gas-only operation, the inlet CO2 concentration of the N2-CO2 mixture can be



measured by the IR analyser connected to the gas sampling line. The IR CO2 concentration
reading slightly lags behind the concentration value displayed by the input valve controller.
Therefore, the steady state can be identified when both concentration readings match. At this
moment, the liquid NaOH solution is introduced in the GLVR at the desired flow rate and
molarity. After several minutes, a steady state is reached once again. The outlet CO2
concentration in the gas phase and the outlet NaOH concentration in the liquid phase are
measured by time-averaging both online readings over at least 30 seconds of measurement

time.

Results and discussion

Pressure drop

Prior to studying the interphase mass transfer parameters, the role of gas phase and pressure
drop in the GLVR should be discussed as this will form the basis for the mass transfer
assessment. The gas phase in the GLVR is not only the gas feed but also the main energy input
to the reactor. For a more detailed discussion reference is made to our previous work 2!: in the
same GLVR geometry as used in this study, the gas-liquid flow patterns were revealed by high-
speed imaging, indicating that a rotating gas-liquid layer is formed near the outer edge of the
vortex chamber due to the balance between the radially inward gas drag force and radially
outward centrifugal force. Figure 4 shows the pressure drop over the GLVR for various
combinations of gas flow rates and liquid flow rates. It can be observed that AP increases both
with increasing liquid and gas flow rates. Overall, the influence of the gas flow rate on AP is
higher than the influence of the liquid flow rate. When the vortex reactor was used for a gas-

solid system, Pantzali et al. >

measured the radial pressure profile of the vortex reactor and
observed that most of the pressure drop in the vortex chamber occurs in the particle bed formed

near the wall of the vortex chamber. This pressure drop was a main consequence of the gas-



solid drag force in the particle bed, a measure for the ‘weight’ of the bed in the centrifugal
field, being the dominant contribution. This reasoning is most likely still valid for the GLVR.
On the one hand, increasing the gas flow rate will increase the gas drag force and increase the
momentum transfer from the gas phase to the liquid phase in the rotating gas-liquid layer,
resulting in a higher pressure drop. On the other hand, increasing the liquid flow rate will
increase liquid holdup and the gas-liquid layer thickness in the GLVR 2!. A higher liquid
holdup implies that the radially inward flowing gas passes more liquid volume elements,
driving more liquid into a rotational motion and consumes more gas momentum energy. A
larger interfacial area is thus likely to be created. As the gas flow is the main energy input into
the reactor, the overall energetic efficiency can be evaluated based on the pressure drop, as

discussed in the subsequent sections.

Figure 4 Pressure drop over gas-liquid layer in the GLVR for various gas and liquid flow
rates.

Effective specific interfacial area

Figure 5 shows the effect of the gas and liquid flow rate on the effective specific interfacial
area de. ae varies from 860 to up to 2750 m?/m* depending on the gas and liquid flow rates to
the reactor. It can be observed that an increase in the gas flow rate results in an increase in ge
for all values of the liquid flow rate. An increase in the liquid flow rate causes an initial increase
in ae for all gas flow rates up till a liquid flow rate of ~110-130 kg/h. At higher liquid flow
rates, ae starts to plateau. The influence of the gas flow rate on a. is considerably higher than
the influence of the liquid flow rate. In a previous study on the same GLVR geometry, a
decrease in bubble size was observed with increasing gas flow rates in an air-water system 2!
This is likely to happen as well in this study because with increasing gas flow rates more energy

is introduced into the system, which explains the effect of gas flow rate on the interfacial area.



On the other hand, the effect of liquid flow rate can be explained by the change in the gas-
liquid layer thickness as observed in the previous study 2!, where a correlation was proposed

to calculate this thickness:

Ly = —6.75log (%) + 49.8 (17)

L
In Eq. 17, L; is the gas-liquid layer thickness (mm) as shown in Figure 3, G is the gas flow

rate (m®/s) and L is the liquid volumetric flow rate (m?/s). With a fixed gas flow rate Go, Eq.

17 can be reformulated as:
L; = 6.75log(L) + 49.8 — log(G,) (18)

From Eq. 18 it can be concluded that for a fixed gas flow rate the gas-liquid layer thickness
will logarithmically increase with increasing liquid flow rate. As the increase in gas-liquid layer
thickness will likely generate a larger interfacial area, the effect of the liquid flow rate on a. in
Figure 5 is in line with the effect of the liquid flow rate on the gas-liquid layer thickness in Eq.
18, i.e. the increasing trend in a. levels off when increasing the liquid flow rate. From Eq. 18
it should also be noted that increasing the gas flow rates G, will decrease the gas-liquid layer
thickness, which seems to be not conducive to increasing the a.. However, the dominating
factor when changing the gas flow rate should be the change in bubble size rather than the
formed gas-liquid layer thickness. As discussed above, smaller bubbles are formed with higher

gas flow rates, and this dictates the effect of the gas flow rate on ae.

There is another possible explanation for the plateau in the a. profile under liquid flow rates
higher than 110-120 kg/h. As the liquid holdup volume is likely to increase when increasing
the liquid flow rate, the gas holdup volume will then decrease due to the fixed reactor volume.
As aresult, the gas mean residence time becomes too short to further enhance the gas dispersion

and increase ae. As such, the liquid flow rate should be limited to 110-130 kg/h in this study



(Figure 5), which also gives an indication of a proper operating window for practical

application of the GLVR.

Figure 5 Effective specific interfacial area in the GLVR for various gas and liquid flow rates.

Liquid-side mass transfer coefficient

Figure 6 shows the effect of the gas and liquid flow rate on the liquid-side mass transfer
coefficients kz. At constant gas flow rate, k2 shows in general a slightly increasing trend with
increasing liquid flow rate. At constant liquid flow rate, a sharp increase in &z value is observed
with increasing gas flow rate over the whole range of liquid flow rates. For the given change
in liquid or gas flow rate, the effect on &z is much larger for the gas flow rate than for the liquid
flow rate. The underlying turbulent quantity explaining the influence of the gas and liquid flow
rate on kz is the turbulent kinetic energy dissipation rate. According to the eddy cell model *°,
ki 1s dependent on the turbulent dissipation rate. The strong gas flow in the GLVR induces a
highly turbulent flow condition in the vortex chamber and increasing the gas or liquid flow rate
will increase the turbulent dissipation. A previous study has shown that the gas flow rate is the
dominant factor affecting the turbulent dissipation rate compared to the effect of the liquid flow
rate 2!, In this previous study, the k2 was found to be in the range of 1x107 - 2x107* m/s based
on the eddy cell model and turbulent dissipation rates determined from experimentally
observed turbulent properties. A more rigorous way to determine the kz, based on NaOH-CO»
chemisorption, is given in this study, showing a reasonable agreement as shown from the values

presented in Figure 6.

Figure 6 Liquid-side mass transfer coefficient in the GLVR for various gas flow and liquid

flow rates.



Assessment of the GLVR performance

Comparison of effective specific interfacial area

In Figure 7 the performance of the GLVR is compared to other gas-liquid reactors studied in
literature based on the reported ranges for ae. It should be noted that not all studies referred to
in Figure 7 made use of the same gas and liquid phase species. However, as changes in the
physical properties of the gas and liquid used in literature have a limited effect on the ae, a
qualitative comparison based on the reported ranges is justifiable. From Figure 7, one can
observe that in terms of the effective specific interfacial area range the GVLR outperforms
several other types of gas-liquid reactors, which is a direct proof that the vortex type gas-liquid
contact in the GLVR is capable of generating a large interfacial area in a relatively small
volume. The comparison based on a. shows that the GLVR outperforms typical conventional
reactors by a factor 10 and other intensified reactor types (e.g. rotating packed bed) by a factor
2, which enables it to significantly reduce the CAPEX of e.g. CO: scrubbing equipment by
allowing equipment downsizing.

Figure 7 Comparison of published ranges for the effective specific interfacial area a.. References:

Jiao et al., 2007 *' ; Munjal et al., 1988 4. Brito, 1992 %% : Mehta and Sharma, 1971 % ; Luo et al.,
201232 ; Mashelkar, 1970 ** ; Sawant et al., 1979 % ; Vidwans and Sharma, 1967 ° : Meeuwse et al.,

2008 °7: Mehta and Sharma, 1970 .

Energy dissipation assessment

A key question that remains is the energetic efficiency of the GLVR in terms of the overall
mass transfer efficiency. As the main energy input to the GLVR is the gas flow, the total energy
dissipation in the GLVR can be determined by the input power of the gas flow. The total energy

dissipation is given by %!



_ Pinput
€total = Vi (19)

where Piypy¢ 1s the total input power and V; is the liquid holdup volume in the GLVR.

Following the concept of gas flow being the main energy input to the system, P;y,;,,¢ is given

by:
1 1
Pinput = GAP + Gpg (E vizn - Evgut) (20)

where p, is the gas phase density, v, is the superficial gas velocity at the first pressure
measuring point and v, is the superficial gas velocity at the exhaust pressure measuring
point. As the two pressure measuring points are located at the outer edge and the exhaust

(Figure 3) respectively, v, and v,,; can be determined as:

G

Vipn = 7DRH (21)
G
v =5 (22)
out %an

Therefore, to calculate the total energy dissipation, obtaining the liquid holdup volume in the
GLVR is the key. However, experimentally determining the liquid holdup in such a highly
turbulent and dispersed gas-liquid system is a difficult task and it often requires non-invasive
visualization techniques and corresponding reactor revamping ’>. A previous study proposed a
method to estimate the liquid holdup based on kinetic energy conservation, however, that is
only applicable for rather low liquid flow rates *2. In this study, a method is proposed to
estimate the liquid holdup based on an analogy with fluidized bed pressure drops. The pressure

drop in a fluidized bed under fluidization conditions is well-known 7>

AP = (1 —¢&)(ps — pg)gLs (23)

where & is the void fraction, ps is the solid density, p, is the gas density, g is gravity

acceleration and Ly is the height of the bed at fluidization condition.



As Eq. 23 describes the balance between the upward gas drag and the weight of the solid
particles in a regular fluidized bed in the gravity field, an analogy can be made in the GLVR
based on the balance between the radially inward gas drag and the weight of liquid in a

centrifugal force field:
AP = hy(p, — pg)al, (24)

where h; is the volumetric liquid holdup fraction of the gas-liquid layer, p; is the liquid density,
a is the centrifugal acceleration and L, is the gas-liquid layer thickness as described in Eq. 17.
The average centrifugal acceleration a under various operating conditions can be determined

by the azimuthal velocity v, as can be obtained in the previous study 2':
a=— (25)

The liquid holdup volume is finally determined by multiplying the volumetric liquid holdup

fraction with gas-liquid layer volume:

1 1
V, = hGrDE — (G Dg — L)PH (26)

Combining the above equations, the total energy dissipation can be estimated. Using the above
model, the calculated liquid holdup fraction is within the range of 28%-55% for the range of
gas and liquid flow rates in this study, which qualitatively agrees well with the experimental

observations 2!

As the physical meaning of the volumetric mass transfer coefficient kza. is the molar mass
transfer rate per unit reactor volume per unit driving force concentration difference, it is a
proper indicator to evaluate the reactor performance. Figure 8 shows the krae as a function of
total energy dissipation in the GLVR. With increasing the energy input to the system, a higher

volumetric mass transfer coefficient is achieved. In general, a higher gas flow rate drives a



higher energy dissipation. For a fixed gas flow rate, increasing the liquid flow rate will also
increase energy dissipation and thus the volumetric mass transfer coefficient. However, at fixed
gas flow rates of 25 and 35 Nm?®/h for example, the increase of the mass transfer coefficient
tends to level off when increasing the liquid flow rate (for a fixed gas flow rate the data points
with higher energy dissipation correspond to higher liquid flow rates in Figure §), indicating
a lower energetic efficiency. Nevertheless, in terms of the overall data points, a quasi-linear
relationship between the mass transfer coefficient and energy dissipation can be observed,
showing a relatively stable energetic efficiency of the GLVR within the considered operating

conditions.

Figure 8 Volumetric mass transfer coefficient as a function of total energy dissipation in the

GLVR.

To further compare the energetic efficiency of the GLVR with other reactors, a figure from the

work of Meeuwse et al. ®

is adapted to compare the volumetric mass transfer coefficient as a
function of total energy dissipation for various reactors including the GLVR, as shown in
Figure 9. The kiae range for various reactors is shown with their associated energy dissipation
range in each rectangle. The GLVR shows the highest kza. value, which is 1 to 2 order of
magnitude higher than the values of conventional equipment such as a bubble column and a
stirred tank, and superior to intensified equipment such as a micro packed bed and a spinning
disc reactor. Meanwhile, the energy dissipation of the GLVR is one of the highest, but within
the energy dissipation range of the rotor-stator spinning disc reactor. Overall, the achieved kza.
and the associated energy dissipation indicate a favorable energetic efficiency of the GLVR.
Especially when considering the large throughputs, small footprint and highly efficient way to

create a turbulent gas-liquid layer in a strong centrifugal field (without mechanical rotation), it

can be stated that the GLVR is expected to be advantageous in achieving process intensification



for many industrial gas-liquid mass transfer applications. In the context of CO:2 capture, the
achieved high kza. value can lead to CAPEX and OPEX reduction with the use of amine based
solvents. However, it should be noted that for practical gas-liquid mass transfer applications,
the GLVR geometry design should be optimized for each specific application. It is clear that
for COz capture the gas residence time and the distribution of gas and liquid play a crucial role.
This can be addressed by a validated computational fluid dynamics (CFD) simulation
framework using the validation data provided in this work, which will be elaborated on in our
future work.
Figure 9 Comparison of volumetric mass transfer coefficient as function of total energy
dissipation for various reactors and GLVR, figure adapted from Meeuwse et al.’s work ®.

Conclusions

The fundamental interphase mass transfer parameters in a gas-liquid vortex reactor (GLVR)
are studied and benchmarked using the NaOH-CO:z chemisorption system and the Danckwerts’
model. The effective specific interfacial area in the GLVR varies in the range of 860 to 2750
m?/m> and is found to increase with increasing gas and liquid flow rates because of the effect
of the gas and liquid flow on the bubble size and gas-liquid layer thickness respectively. The
liquid-side mass transfer coefficient also increases both with increasing gas and liquid flow
rate. The effect of the gas flow rate is more pronounced due to its impact on the turbulent
intensity. When comparing the GLVR with other reactors, it is concluded that the gas-liquid
contact in the GLVR is capable of generating a larger interfacial area in a relatively smaller
volume. The total energy dissipation of the GLVR is determined to be in the range of 10°-10°
W/m?, contributing to a superior mass transfer efficiency given the range of the volumetric
mass transfer coefficient (10°-10' 1/s). The GLVR is characterized as a reactor with high mass
transfer efficiency and high energy dissipation but overall a favorable energetic efficiency is

achieved. This fundamental work and assessment confirms that the GLVR has promising



prospects to achieve process intensification in practical gas-liquid applications controlled by

the interphase mass transfer such as CO2 capture.

Nomenclature

A, Effective interfacial area, m?

a, Effective specific interfacial area, m*/m?

a Centrifugal acceleration, m/s>

Ceo, COz concentration at the gas-liquid interface, mol/m?
ACcpz- Concentration difference of Na,CO5 at the reactor inlet and outlet, mol/m?
Con Liquid bulk concentration of hydroxyl ions, M or mol/m?
D¢y, Diffusivity coefficient of CO2 in the NaOH solution, m*/s
Do Exhaust diameter, mm

Dr Reactor diameter, mm

E Enhancement factor

G Gas flow rate, Nm’/h

g Gravity acceleration, m/s

H Reactor height, mm

Ha Hatta number, Ha = @

Hecop, Henry’s law volatility constant, PalIm?3/mol

h; Volumetric liquid holdup fraction

kq Pseudo first-order rate constant, 1/s

k; Liquid-side mass transfer coefficient, m/s

krae Volumetric liquid-side mass transfer coefficient, 1/s

kow Rate constant, m*/mol/s

L Liquid flow rate, kg/h or m?/s

Ls Height of a fluidized bed at fluidization condition, m



L: Gas-liquid layer thickness, mm

N, Overall absorption rate flux, mol/(m?[ls)
N; Instant absorption rate flux, mol/(m?*(ls)
Nco, Molar absorption rate, mol/s

Peo, Gas bulk CO2 partial pressure, Pa

Pinput Total input power, W

AP Pressure drop, Pa

R Gas-liquid volumetric ratio

Reo, Volumetric absorption rate, mol/(m>[s)
R, Reaction rate, mol/(m>[s)

r Radius, m

S Renewal frequency, 1/s

t Time, s

v, Liquid holdup volume, m?

Vin Superficial gas velocity at the first pressure measuring point, m/s
Vout Superficial gas velocity at the exhaust pressure measuring point, m/s
vy Azimuthal velocity, m/s

Etotal Total energy dissipation, W/m?

& Void fraction in a fluidized bed

Py Gas phase density, kg/m’

pi Liquid phase density, kg/m?

Ds Solid phase density, kg/m?
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List of Figure Captions

Figure 1 Schematic of the gas-liquid vortex reactor: (a) top view, (b) side view %

Figure 2 Schematic overview of the models to the determine effective specific interfacial area
ae, liquid-side mass transfer coefficient ki, and volumetric liquid-side mass transfer
coefficient krae.

Figure 3 Schematic view of the gas-liquid vortex reactor setup for the NaOH-CO:
chemisorption experiments.

Figure 4 Pressure drop over gas-liquid layer in the GLVR for various gas and liquid flow
rates.

Figure 5 Effective specific interfacial area in the GLVR for various gas and liquid flow rates.
Figure 6 Liquid-side mass transfer coefficient in the GLVR for various gas flow and liquid
flow rates.

Figure 7 Comparison of published ranges for the effective specific interfacial area a.. References:
Jiao et al., 2007 % ; Munjal et al., 1988 **; Brito, 1992 “ ; Mehta and Sharma, 1971% ; Luo et al.,
2012 % ; Mashelkar, 1970 ** ; Sawant et al., 1979 % ; Vidwans and Sharma, 1967 %° ; Meeuwse et al.,
2008 ”’; Mehta and Sharma, 1970 .

Figure 8 Volumetric mass transfer coefficient as a function of total energy dissipation in the
GLVR.

Figure 9 Comparison of volumetric mass transfer coefficient as function of total energy

dissipation for various reactors and GLVR, figure adapted from Meeuwse et al.’s work ®.



REACTION ENGINEERING, KINETICS AND AIChE Journal
CATALYSIS
D0I10.1002/aic.17608

Table 1 Geometrical parameters of the GLVR.

Parameter Value
Reactor diameter Dr (mm) 80
Reactor height H (mm) 15
Exhaust diameter Do (mm) 20
Number of gas inlet slot 12
Slot width (mm) 0.65

Slot angle (°) 10
Liquid inlet diameter (mm) 4

Liquid inlet angle (°) 18
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