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Dynamics of Taylor bubble under chemical reaction enhanced mass

transfer in minichannel

Hao CHENG, Dominique TARLET, Lingai LUO, Yilin FAN"

Nantes Université, CNRS, Laboratoire de Thermique et énergie de Nantes, LTeN, UMR6607,
44000, Nantes, France

Abstract:

Taylor bubble dynamic characteristics of CO, chemical absorption into MEA aqueous solution
in a vertical minichannel were systematically investigated in this study. The generation,
movement, and shrinkage of bubbles in the minichannel were visualized and monitored using
a high-speed camera, and their dynamic behaviors were characterized by image analysis method.
The effects of gas and liquid Re numbers and absorbent concentration on two-phase flow
patterns, bubble generation frequency, initial bubble length, bubble length decrease rate, and
bubble velocity were examined and analyzed. Results showed that chemical reaction-enhanced
mass transfer hindered the bubble cap penetration into the main channel, and alleviated the
bubble neck thinning, both effects inhibiting the bubble generation. A new Damkoéhler number
(Da)-based correlation has been proposed to predict the initial Taylor bubble length, showing
good prediction accuracy for experimental data in the literature using different absorbents.
Results also showed that before the formation of sphere bubble at the end of absorption, an
approximate linear relationship exists between bubble length decrease rate and bubble velocity,
with the slop decided by chemical reaction rate that could be characterized by the Da number.
Finally, a simple model has been developed to determine the effective channel length at a given
operating condition, providing design guidelines for microchannel-based miniaturized CO,

absorbers.

Keywords: Carbon capture, CO, chemical absorption, microchannel reactor, gas-liquid two-

phase flow, Taylor bubble dynamics
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Nomenclature

CMEA

D

dp

MEA volumetric concentration (%)
Diffusion coefficient (m?.s~1)
Hydraulic diameter ()

Physical mass transfer coefficient (m.s™1)
Overall reaction rate (s 1)

Bubble length at time # (m)

Initial bubble length (m)

Channel length (m)

Effective channel length (m)
Dimensionless effective channel length
Volumetric flow rate (ml. h™1)
Experimental temperature (K)

Bubble moving time ()

Bubble velocity (m.s™1)

Superficial velocity (m.s™1)

Main channel width (m)

Bubble cap pixel position

Dimensionless number

Ca
Da

Re

ReTP

Capillary number, Ca = uU/o
Damkohler number, Da = ki, dhz/D
Reynolds number, Re = pUd, /p

Two-phase flow Reynolds number, Rerp =
prUg + Up)dn /1L

Hatta number, Ha = /ka,/kL2

Greek symbols
Oneck ~ Bubble neck thickness (m)

u Dynamic viscosity (Pa.s)

o Surface tension (N.m™1)

p Density (kg.m™3)

A Difference

f Bubble generation frequency (s™1)
[0)] Relative uncertainties

Tp Slug bubble generation duration (s)

y Gas-liquid inlet angle

a Pixel calibration scale (um)
Subscripts

b Bubble

c Channel

G Gas

L Liquid

f Front cap

r Rear cap

TP  Two-phase flow

0 Initial status
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Introduction

The quest for process intensification through device miniaturization has stimulated the rapid
development and application of microfluidic-based technologies in many industrial sectors [1—
3]. Facing the carbon neutrality target by 2050 [4], one current research hot spot in this area is
the use of miniaturized absorbers/reactors for CO, capture through chemical absorption [5,6].
Instead of using traditional large-scale absorption equipment, the gas phase (CO,) and liquid
phase (chemical solvent) come into contact and flow in a channel with characteristic size in
micro or millimeter, offering numerous advantages compared to its counterpart such as
enhanced mass transfer, smaller occupied space, safer operation and improved energy recovery

efficiency [7,8].

Depending on operating conditions, gas-liquid two-phase flow could exhibit different flow
patterns in micro/millichannel, commonly including bubbly flow, slug flow, slug annular flow
and churn flow [9-11]. Among them, the slug (Taylor) flow pattern shows better stability,
controllability and more uniform dispersity, therefore attracting more attention and interest
from researchers. A single (CO,) Taylor bubble may undergo several stages in the microchannel
due to chemical reaction, from bubble generation, bubble moving and shrinkage till its
vanishing (totally absorbed into the liquid phase). Since the two-phase mass transfer is closely
related to the bubble hydrodynamic behaviors [12—14], fully understanding the chemical
reaction accompanied Taylor bubble dynamics becomes essential to characterize and improve

the absorption efficiency of microchannel-based CO, absorbers.

Many researches have been focused on the bubble generation process through T-junction
microchannel and the breakup mechanism [15,16]. For example, Fu et al. [17] experimentally
investigated the bubble generation mechanism of N, — H,0/glycerol system in a 120 umx40
um T-type microchannel, showing that the effect of gas-liquid-solid three-phase squeezing
contributed to stable and uniform bubble breakup. Higher gas and liquid flow rates could
accelerate the bubble neck thinning, therefore favoring the pinch-off. van Steijn et al. [18§]
experimentally verified that the tip structure at the main channel would cause a reversal liquid
flow which promoted the neck collapse. Yao et al. [19] and Sheng et al. [20] both showed that
increasing the liquid phase viscosity could stabilize and promote the bubble generation.
Garstecki et al. [21] reported that at small capillary number (Ca<107?) the bubble break-up is
dominated by gas-liquid-solid three-phase squeezing on the gas neck. A linear model that

relates the initial bubble length ([;) and the ratio of gas and liquid flow rates has been proposed
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S=at b %—G), with w being the channel width and a, b the fitting constants for different gas-
L

liquid manipulation ranges and microchannel geometries. Since then, other improved prediction
models have been proposed for more complex situations, taking influences of structure and
two-phase physical properties into account [19,22-24]. However, most of these models (cf.
Table 3 of this paper) were developed for two-phase flow system with little or low mass transfer,
thus could not fit the situation of CO, chemical absorption in micro/minichannel. Relatively
fewer studies have been devoted to investigate the Taylor bubble generation under chemical
reaction enhanced mass transfer despite more complicated breakup mechanisms [11,12]. Zhu
et al. [24] experimentally investigated CO» chemical absorption into aqueous solution in
microchannel and reported the inhibitory effect of chemical reaction on the formed bubble
length. Such effect has also been observed by Ma et al. [25] and Yin et al. [26], but the
underlying inhibition mechanism requires further elucidation. Noteworthy is the [, prediction
correlation proposed by Yin et al. [26], to the best of authors’ knowledge, the only one in the
literature that includes a chemical reaction related parameter, the Hatta number (Ha), to indicate
the impact of chemical reaction. However, the calculation of Ha is not straightforward. Besides
the physio-chemical properties of the two-phase flow system, the bubble generation duration
needs to be known by experimental measurement, resulting in complicated, laborious, and
sometimes inaccurate estimation. An easy-to-use, more accurate and general prediction
correlation is still in need for bubble generation process in microchannel under chemical

reaction accompanied mass transfer.

Once generated, the (CO,) bubble moves along with the liquid phase in the main channel, and
its volume shrinks due to the two-phase mass transfer. Compared to physical diffusion-
dominated mass transfer, the chemical reaction-enhanced mass transfer would significantly
alter bubble moving dynamics in the microchannel [12,27]. The mass transfer rate for a single
Taylor bubble becomes unsteady but shows a downward trend due to the varied concentration
gradient in the liquid phase [28,29], evidenced by the decreased shrinkage of bubble
volume/length over moving time. CO, bubble velocity (v;) also shows a more complex trend
and differs from the two-phase superficial velocity (Urp) which is the case under physical
diffusion-dominated mass transfer. The experimental results of Zhou et al. [12] clearly showed
that v, decreased more rapidly with the increasing concentration of aqueous MEA solution
(Cwmea). To further reveal the distinguished characteristics of bubble dynamics under chemical
reaction-enhanced mass transfer, Yin et al. [30] related the bubble length reduction rate (Al/l,)

with v, by an empirical model: v,/Urp = 1.29(1 — Al/ly) . However, the proposed
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correlation is only based on physical parameters. The possible significant impact of chemical
reaction on the transient bubble velocity and bubble length change may need further

clarification.

The above literature review highlights that the basic understanding of Taylor bubble dynamics
in micro/minichannel under chemical reaction-enhanced mass transfer is still insufficient. At
bubble generation stage, it has been reported that the accelerated gas absorption at the gas-liquid
interface could inhibit the bubble generation. But the inhibitory effect on different bubble
generation stages, especially on bubble neck shrinkage and pinch-off, has not yet been
elaborated in detail. The enhanced mass transfer process due to the chemical reaction also
shortens [. However, the majority of prediction correlations fail to reflect the effect of chemical
reaction on [y of CO; bubble, while a simple but more general model is still in need. At bubble
moving stage, it is shown that the intensified mass transfer would promote the bubble shrinkage,
resulting in the varied v;,. Nevertheless, the relation between them is still not enough clear,
especially regarding the impact of absorbent concentrations. Moreover, insights are still lacking
regarding the effective use of the microchannel length at a given operating condition, which is

a key design parameter for microchannel-based CO, absorbers.

The aim of this work is to fill the above-mentioned research gaps by systematically
investigating and characterizing the effects of chemical reaction accompanied mass transfer on
Taylor bubble dynamics in micro/minichannel. For this purpose, CO, absorption experiments
by MEA solution (Cwes=1%, 3%, 5% and 10%) were performed in a T-type straight
minichannel (1.5 mm x 1.5 mm x 80 mm) under different gas and liquid flow rates (Q;. 30-
180 ml/h; Q;. 10-50 ml/h). The evolution of CO> bubble shape during its generation and its
shrinkage was visualized and monitored by a high-speed camera, and its dynamic behaviors
were characterized by image processing. Effect of gas and liquid flow rates and absorbent
concentration on two-phase flow pattern, bubble generation frequency (f), bubble initial length
(lp) and length decrease rate (Al,/At), and bubble velocity (v,,) were examined and analyzed.
Based on the obtained results, new correlations were proposed to better predict these Taylor
bubble dynamic parameters under chemical reaction accompanied mass transfer in minichannel.
Furthermore, an empirical model has been proposed to estimate the effective length of the
microchannel at a given operating condition, offering an engineering-oriented design guideline
for microchannel-based CO, absorbers. These findings may contribute to gain new insights into
underlying mechanisms of bubble dynamics, and to the design and optimization of highly

efficient microchannel-based CO, absorbers for carbon capture in industrial processes.
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2. Materials and methods

2.1 Experimental setup

Figure 1 shows a schematic view of the experimental setup for optical measurement as well as
the microchannel CO, absorber tested in this study. CO, (Air Liquide, 99.9% purity) was used
as the gas phase, being fed to the minichannel absorber by a gas mass flow controller (Brooks
SLA 5850, calibrated with CO,). Aqueous Monoethanolamine (MEA) solution (Arcane-
industries, France, purity > 99%) with different concentrations (Cyg4=1%, 3%, 5% and 10%
vol.) was used as the liquid phase, its flowrate being controlled by a micro syringe pump
(kdScientific-267, USA). The minichannel was vertically positioned, CO, and MEA solution
were injected to the bottom-inlets and the product was collected from the top-outlet. A high-
speed camera (FASTCAM 1080K-M4 SA-X2) with 12% lens (LaVision VZ10-0518) was used
to monitor and record bubble generation and shape variation in the minichannel at 2000 fps. A
36w flat uniform cold light source (LEDVANCE, 600mmxXx600mm, 4000K) was positioned
behind the minichannel absorber to provide background illumination during images recording.

The measuring range and precision of these instruments are given in Table 2.

The minichannel CO, absorber has a square cross-section of 1.5 mmx1.5 mm, and a straight
channel of 80 mm in length. It has a T-type junction for the contact of gas and liquid phases,
with two inlet branches having the same dimensions of 1.5 mm in width, 1.5 mm in height and
10 mm in length (cf. Fig. 1b). The structure of minichannel absorber was grooved by digital
carving on the surface of a polymethyl methacrylate (PMMA) cuboid with dimensions of 115
mm in length, 30 mm in width and 20 mm in height. Another PMMA cuboid was prepared with
grooves filled with rubber strips around the T-junction and the main straight channel to prevent
the leakage. Note that an opaque sheet was inserted between two PMMA pieces to reduce the

light reflection during image capturing (cf. Fig. 1c). Bolts were used for further sealing.

The tested flow rate range was 30-180 ml/h for gas phase and 10-50 ml/h for liquid phase,
respectively. The corresponding Reynolds number range was 0.63-3.78 for Re; and 1.89-9.45
for Re;, respectively. Note that the Reynolds number (Re = pUd,, /1) was calculated based on
the superficial velocity (U) of gas or liquid and the hydraulic diameter of the minichannel
(dp=1.5 mm). All experiments were conducted under 293 K and atmospheric pressure. For each
measurement, it took about 5 minutes for two-phase flow to stabilize. Good stability and
reproducibility of two-phase flow pattern and bubble dynamic behaviors have been observed

within the tested flow rate ranges.



Gas mass flow controller

/

inichannel absorber High-speed camera

<3 Gas inlet

10mm

Liquid inlet

Figure 1. Experimental setup and device. (a) Schematic diagram of the test-rig; (b) Geometry and
dimensions of the T-junction minichannel; (¢) 3-D photo view of the CO, absorber prototype.

2.2 Chemical reaction theory

Chemical reaction rate directly affects the two-phase mass transfer and CO, absorption
performance in the minichannel absorber. In this study, the primary amines-MEA was used as
CO, absorbent owing to its quick reaction rate and high CO, selectivity. The chemical reaction
between MEA aqueous solution and CO, can be summarized as zwitterion mechanism [31]
consisting of two steps. In the first step, the quick reaction between MEA molecular and CO,,
forms the intermediate zwitterion (Eq. 1). In the second step, the intermediate zwitterion is

quickly transformed to carbamate ion by losing a proton (Eq. 2):

CO, + R'NH, = R'NH, €00~ (1)
R'NH,"CO0~ + R'NH, = R'NHCOO™ + R'NH,* (2)
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where R’ is CH,CH,OH, R'NH,"CO0O~ and R'NHCOO~ represent the zwitterion and the
carbamate ion, respectively. The whole reaction process between MEA aqueous solution and

CO, can be expressed as Eq. 3.
CO, + 2CH,CH,0HNH, = CH,CH,0HNHCOO~ + CH,CH,0HNH;* 3)

This reaction is slightly exothermic, but the impact of reaction heat on CO, absorption
performance and two-phase mass transfer process is negligible [32]. The solvent density (p;),
viscosity (y;), two-phase surface tension (o), diffusion coefficient (D) and overall chemical
reaction rate (k,,) of CO, — MEA aqueous solution reaction system are referred to references

[30,33] and summarized in Table 1.

Table 1. Physicochemical properties of CO,-MEA aqueous solution reaction system

c Density Viscosity Diffusivity Surface tension Chemical reaction rate
MEA p1(kg/m?3) py X 103(Pa.s) D x 10°(m?/s) o x 103(N/m) kou(s™1)

1% 998.6 0.978 1.99 38.56 451.06

3% 998.9 0.986 2.03 38.35 1403.18

5% 999.1 1.041 2.08 38.24 2355.24

10% 1004.2 1.098 2.15 38.09 451031

2.3 Determination of bubble length and velocity

For a detailed analysis of CO, bubble dynamics under chemical reaction, a high-speed camera
was used to capture the two-phase flow behaviors in minichannel. Bubble dynamic parameters
were obtained by processing two-phase flow images captured by high-speed camera, using
MATLAB (v2020a) based image analysis method [34]. The image processing procedure is

explained in Fig. 2 and described as below.

Firstly, the grayscale image of two-phase flow in the minichannel absorber was prepared (step
1). Then, the gas-liquid interface was detected by using edge recognition algorithm 'Sobel'. The
recognized bubble area (blue part) and its frontier (red dash line) were further compared with
those in the original image so as to improve the boundary recognition accuracy (step 2). After
that, the grayscale image was converted into a binary image using 'imbinarize' algorithm for the
purpose of detecting the pixel positions of a single bubble front & rear bubble caps in the
minichannel (step 3). By calibrating the actual size represented by each pixel, the bubble

dynamic parameters could finally be calculated (step 4).
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Figure 2. MATLAB based image processing method for calculating bubble dynamic parameters.

To reduce the impact of two-phase flow instability on the generation of CO, bubbles in the
minichannel, the average initial CO, bubble length (l;) generated within 20 s was calculated
for each gas-liquid manipulation condition. The instantaneous bubble length (l;) from bubble
generation to disappearance was obtained by the image processing method described above,

calculated as:

le = e — Yre) X0 4)

where yy . and y,. . are front and rear bubble cap pixel position at time ¢, respectively. 0 is the

calibration size of 1 pixel (18.75 um). The initial bubble generated time was set as the initial
time (t = 0). The transient bubble length decrease rate (Al;/At) was calculated by Eq. 5 with

At equaling to 0.1 s:

A_lt — lt - lt+At (5)
At At
The bubble velocity (v;,) at time ¢ is calculated as the average of the front bubble cap velocity

(vf,¢) and rear bubble cap velocity (v ), shown in Egs. 6-8.

_ Vrerne — Yre) X 0

vf,t = At (6)
- X 0
Uy e = (yr,t+At At)’r,t) 7)
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2.4 Uncertainty Analysis

An estimation on the uncertainties of experimentally measured parameters and calculated
results was performed, as listed in Table 2. CO, mass flow controller (Brooks SLA 5850) and
syringe pump (kdScientific-267) were calibrated by standard volumetric method [35] and
relative uncertainties were estimated to be +0.03 ml/min and +0.1 ml/h, respectively. The
experimental temperature is measured by calibrated K-type thermocouple (0.5 K). The
uncertainties of calculated parameters were estimated based on error propagation method [36].
In this study, bubble shape parameters were captured by high-speed camera (FASTCAM
1080K-M4 SA-X2) and the largest uncertainty was estimated to be 2 pixels (37.5 um).

Under the testing range of this study, the maximum relative uncertainty of [, is estimated to be
+1.67%. Bubble neck thickness (8,,.ck) 1s captured with the 12 X lens and the maximum
relative uncertainty is estimated to be +0.85%. The measured v}, is larger than 2.8 mm/s and

the maximum relative uncertainty is estimated to be +11.7%.

Table 2. Estimated uncertainties of measured and calculated parameters

Measured parameters Symbol Unit Measuring range  Measuring precision
Liquid volumetric flow rate Q. ml/h 0-400 +0.1
Gas volumetric flow rate Q¢ ml/min 0-3.0 +0.03
High-speed camera pixels - um/pixel - 2 pixels (+£37.5 pm)
Experimental temperature T K +0.5
Calculated parameters Maximum relative uncertainties ¢
Initial bubble length ly mm +1.67%
Bubble neck thickness Oneck mm +0.85%
Bubble length decrease rate Al /At mm/s +9.37%
Bubble velocity vy mm/s +11.7%
Microchannel effective length L, mm +0.7%

10
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3. Results and discussion

3.1 Two-phase flow pattern

Two-phase flow pattern indicates the shape and spatial distribution of CO, bubbles and MEA
liquid slugs in the minichannel, reflecting also their hydrodynamic and mass transfer
characteristics [37]. Due to chemical reaction-accompanied mass transfer, the CO, — MEA two-
phase flow system in minichannel shows quick unit bubble shrinkage and flow pattern transition.
Three types of two-phase flow pattern were captured under the tested flow rate range (Q: 10-
50 ml/h, Qg;: 30-180 ml/h) and MEA concentrations (Cygs=1%-10% vol.), including bubbly
flow, slug-bubbly flow and slug flow. Figure 3 illustrates some examples captured in the
experiments. Note that annular flow and churn flow patterns were not observed due to relatively

small Re; and Re; ranges of the current study.

—C
Q1:10 ml/h, Q;:180 ml/h, Cyga: 1%, long slug flow
- — 3 T > mm¥
Qr:10 ml/h, Q;:180 mlfh, Cupa: 3%, long slug flow
(>] (@] [
Qr: 20 ml/h, Qg 90 ml/h, Cyga: 3%, slug — bubbly flow
— D E—— — e - T <J
Q1120 ml/h, Qz:180 ml/h, Crypa: 3%, slug flow
)
(> E— S ) ] @) — . —
Q::30 ml/h, Q;:180 ml/h, Chypat 3%, slug — bubbly flow
C o - . ——
@:.:30 ml/h, G;:180 ml/h, Cyga: 5%, slug — bubbly flow
S, ) 2 3 J

Qp: 30 ml/h, Qi 150 mlfh, Chapa: 10%, bubbly flow

Figure 3. Typical CO2/MEA aqueous solution two-phase flow patterns in minichannel captured in this
study.

Figure 4 shows the effect of manipulation conditions on two-phase flow patterns and their
transition. The increase of gas superficial velocity (Ug) leads to the increased bubble length,
tending to form the slug flow pattern in minichannel. On the contrary, the increase of liquid
superficial velocity (U;) could enhance the renewal rate of absorbent around the CO, bubbles
on one hand, and reduce the liquid-side mass transfer resistance on the other hand. Both effects
intensify the mass transfer and promote the flow pattern transition from slug flow to slug-bubbly
flow or bubbly flow. Furthermore, the higher Cyr4 augments the reaction rate between CO,
and MEA solution which accelerates the CO, absorption, bubbly flow and slug-bubbly flow

being dominant on the flow map shown in Fig. 4d (Cyz,=10%).

11
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Figure 4. Two-phase flow map for CO, chemical absorption by MEA aqueous solution in minichannel.
Q,=10-50 ml/h.

3.2 Bubble generation
The bubble generation process involves the injection of gas phase through the T-junction, its
contact and interactions with the liquid phase till the pinch-off. In this sub-section, the chemical

reaction-influenced bubble generation is discussed.

3.2.1 Bubble breakup mechanism

The bubble breakup mechanism is reported to be dependent on the Capillary number (Ca =
u,U. /o) [38,39] and the channel geometry [40]. For small Ca number condition such as in the
current study (3 X 107° < Ca < 1.6 X 107*), the bubble generation at the T-junction
mini/microchannel absorber can be attributed to the squeezing mechanism of gas-liquid-solid
three phases [17]. It undergoes three stages, namely penetration, main channel axial expansion

and pinch-off, as shown in Fig. 5. In penetration stage, the gas phase is forced into the main

12
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channel by the mass flow controller to form the bubble cap and fill the T-junction section
[41,42]. Then during the axial expansion stage, generated bubble cap is deformed by the
pressure force of the liquid phase in contact and quickly extends in the main channel due to the
continuous gas supply. In the meantime, the accumulated upstream pressure squeezes the
bubble neck and reduces the bubble neck thickness (6,,.cx ). The pinch-off stage starts when the
decrease of 8, accelerates, usually comes when 600 < 1/3d},. Once the accumulated
shear force becomes greater than the surface tension [43], the bubble neck collapses and the gas

bubble is formed.
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— C’ 0.25 aﬂh d o1s =D a 01s  Cd a 0.1s
D =¥ i —3 w 025w oo O & o O e’
085  (Commmmgf 0.45 = s 7 ous I o
B““”i@ P e I = I ——" g U —
5 o e s ) P 0 D P oo I oo
r— o el ¢ oss D F s O F o5 P 1is
©,:20 mi/h, Qz: 160 mi/h, Qu:20 mi/h, Qg:180 mi/h,  Qg:40 ml/h, Qz: 180 ml/h, Q,:40 mi/h, Qg: 180 mi/h,  Q.:40 mi/h, Qg: 180 mi/h,
Cuea: 3% Cupa: 3% Cuga:3% Crrpa: 5% Crpa: 10%

Figure 5. CO; bubble formation process in T-junction minichannel at different gas & liquid flow rates
and MEA solution concentrations.
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Figure 6. Bubble local neck collapse process captured by high-speed camera with 12X lens. Condition:

Figure 6 shows more details about the local bubble neck thinning (Cyg4: 10%, Q4: 180 ml/h,
Q;:30 ml/h). With the accumulation of liquid phase shear stress, the gas-liquid-solid three
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phase contact point (‘A’ in Fig. 6) firstly moves downward and then stays almost immovable.
In the meantime, the gas-liquid interface distorts and the neck thickness decreases. Finally, the

squeezing of surrounding liquid results in the bubble neck collapse.

Figure 7 presents measured values of §,,.., under different Q;, O, and Cyrea4 conditions. At a
given Cyga, Oneck decreases faster with the increase of Q; and Q;. At a high Q;, the increased
liquid shear force accumulated at gaseous threads squeezes strongly the bubble neck. For the
higher Q;, the gaseous threads movement is significantly accelerated due to the increased Uj;.
Besides, the increased gas dynamic pressure could also promote the radial expansion of gas-
liquid interface which slows down the movement of surrounding liquid. Both factors contribute
to the faster decrease of bubble neck thickness. At the same Q; and Q, 8,,.cx decreases slower
with the increasing Cy 4. This is because the chemical absorption will affect the force balance
at the gas-liquid interface. The accelerated diffusion of CO, molecules into the liquid phase
reduces the gas dynamic pressure, resulting in the radial contraction of the gas-liquid interface.
This allows the liquid phase to fill up the space around the bubble neck and to reduce the shear
force. Moreover, the faster CO, molecular transport from liquid mass transfer layer to liquid
bulk area strengthens the asymmetric molecular force in two-phase interfacial region and
increases the dynamic surface tension [44,45]. In brief, the decreased shear force on upstream
gas-liquid interface and the increased dynamic surface tension at high Cyr4 slow down the

bubble neck thinning, thereby inhibits the bubble pinch-off.

1.0

— . Cuea Q1 Q6
= 09- 1% 30 180
RS- 1% 30 120
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g J 3% 40 180
S 074 50 30 180
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"§ T 10% 20 180
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5 ] >
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Figure 7. Evolution of dimensionless bubble neck thickness at different gas & liquid flow rates and
MEA solution concentrations.
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The duration of single bubble generation (7,) and the bubble generation frequency (f;) are two
important parameters that characterize the bubble breakup phenomenon. The former indicates
the time from bubble cap entering the main channel to the bubble neck collapse whereas the
latter counts the number of bubbles generated per unit time. Shown in Fig. 8 are the 7, values
as well as the duration percentage of three stages during one bubble generation under different
testing conditions. It can be seen that among the three stages, the duration of bubble axial
expansion in the main channel is always the longest. The increase of O; and Cues could both
enhance the CO> chemical absorption, but their impact on the bubble generation is rather
different. The increasing Cy 54 Will inhibit the bubble generation, evidenced by the lengthened
Tp (Fig. 8) and the reduced generation frequency (Fig. 9b). This could be attributed to two
reasons. On the one hand, the fast CO, absorption suppresses the gas phase fore-cap velocity,
lengthening the bubble penetration and expansion in the main minichannel. On the other hand,
the increased chemical reaction rate inhibits the bubble neck thinning as discussed above. In
contrast, the increasing U, enhances the mass transfer, but augments also the shear force on the

bubble neck, favoring the bubble neck thinning and the pinch-off.

Ug: 22.2 mm/s, U;:3.7 mm/s
Cea:10%

Ug: 22.2 mm/s, U;:2.5 mm/s
Crea:10%

Ug: 22.2 mm/s, U;:3.7 mm/s
Cea:5%

Ug: 18.5 mm/s, U;:2.5 mm/s
Crmea:5%

Ug: 22.2 mm/s, U;:4.9 mm/s
Crga:3%

Ug: 222 mm/s, U;:3.7 mm/s
Craza:3% i

I Penetration stage
=== Main channel axial expansion stage
I Pinch-off stage

Ug: 14.8 mm/s, Uy :3.7 mm/s B
Cuea:l%

Ug: 22.2mm/s, U;:3.7 mm/s B
Cypea:1%

S I B e B e B B e B e LA Je o S B S B e B o
0 0.2 04 0.6 0.8 1.0 1.2 14 16

Bubble generation time, 7}, (s)

Figure 8. Effect of Ug, U, and Cyz4 on the duration of bubble penetration, axial expansion and pinch-
off stages during one bubble generation.

Figure 9a shows that at a given Cyz4 (1%), f5 significantly increases with the increasing U; and
U, which is in line with the trend shown in Fig. 8. Figure 9b shows again the inhibitory effect

of chemical reaction on the bubble generation. In fact, at a high Cy;z4 (10%) and a low Ug; (<12
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mm/s), the smaller gas supply rate than the CO, absorption rate could completely suppress the
entry of bubble cap into the main channel. This operation mode has the maximum CO,

deduction rate but at the cost of a low CO, loading efficiency of the absorbent.
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Figure 9. CO, bubble generation frequency /; (s') measured in this study. (a) Effect of U; and Uj, on f;;
(b) Effect of Cygs on f.

3.2.2 Initial bubble length

Initial bubble length () plays a crucial role in determining the dynamic behaviors and mass
transfer performance of the two-phase flow. It is also a key parameter for optimizing the size
of microchannel-based CO, absorbers. Figure 10 reports the dimensionless initial CO, bubble
length (l,/d},) optically captured and determined by image analysis in this study. It should be
noted that the rear part of newly generated bubble is unstable but oscillating due to the sudden
change of the surface tension [46], resulting in the fluctuation of the bubble length value right
after the pinch-off. To reduce this impact of instability, the [,/d) value is determined when
stable rear cap is formed and the mean value of [,/d; among bubbles generated in 20 s are

presented.

Figure 10a shows that at certain Cy,z4 and U, l,/d}, increases with increasing U; because of
the higher gas filling rate. In contrast, l,/d;, decreases with the increasing U, , especially at a
high U; (e.g., 22.2 mm/s), mainly due to the increased shear stress and the intensified
absorption [39,47]. Figure 10b shows the shorter [y/d}, at the higher Cp4, indicating the

strong effect of chemical absorption that should be considered.

16



T Ug: 22.2 mm/s N ™ Ug:22.2 mm/s
= 124 U,(mm/s) —— DO VYqh < 124 Cuei
3@ o 123 ED o 1% @
= 10 g 5‘;‘; = 104 g g;’;o Ug: 1481 mTr:‘/s
1<y . . o 1<) (] ¥ ny.:222mm/s
8 vV o 494 Yo 48t 5 vV o 10% () — =
L 8 o 617 = 3 8 . u] (o}
= = = Ug._3.70 mzt/s o o =
3 Crga=5% ) le} B ‘;ﬁ, A
S ] 293K o o S 64 = o A
§ Ambient pressure A § o]
E = o E = o a 34
g 4 U“&%"J * vy & a v 2 44 < A — T4
% | o o A - v \(}» 'g | A v Ug:22.2 mm/s
3 o A o Q U222 3 & v
g 24 @ bl 3 "":':m'ys g5 2 v U,=2.47 mm/s
s ;
£ ) - S T=293 K
Q Q Ambient pressure

0 v T T T v T v T T 0 T T v T T T T T v

0 5 10 15 20 25 0 5 10 15 20 25
Gas phase superficial velocity U, (mm/s) Gas phase superficial velocity U; (mm/s)
(a) (b

Figure 10. Measured dimensionless initial bubble length (l,/d},) in this study. (a) Effect of U; and Uy,
on ly/dy; (b) Effect of Cyg, on ly/dp,.

Plenty of semi-empirical correlations have been proposed to describe and predict the initial

bubble length in micro/mini-channel with T-junction, some of them are listed in Table 3.

Table 3. Some initial bubble length prediction correlations proposed in the literature

Microchannel
Ref. Fluids Prediction model Eq.
dimensions
0.8 mmXx0.8 mm Iy Ug
[48] Air — Ethanol —=15+15— 9
L =160 mm We U,
0.3 mmx0.3 mm l W w we U
[22] N, — water = = 1.03(——55)"% + 2.17(=2) = (10)
Serpentine channel We We w” U
; lo _ - Qg 0.5,—0.2
[23] 0.5 mmx 0.5 mm Air — glycerol/water = 0.5(smya + 0.4coty)*~>Cay (11)
c
[17] 0.12 mmx0.04 mm N | y Iy (12)
— glycerol/water — =
L =40mm ’ W
(24] 0.4 mmx0.6 mm CO. — MEA Iy (13)
L =45 mm 2 we  Qu/(Q + Qo)
Lo 0154 Us
[19] 0.6 mmx0.3 mm N, — glycerol — =1.197 + 0.763Ca; ™ U_L (14)
c
0.594 mmx0.08 mm l U,
[49] Air — Water 2 =1+ 1.724Repp* 173 (20797 (15)
Serpentine channel c UL
[26] 0.4 mmx0.4 mm €0, — MEA — =0.36 + 1.88Rerp ** (1 + Ha)—°-°9(%)°-76 (16)
c L
8 y: Gas-liquid contact angle.
9 wg, wy, and w¢: Width of the gas inlet, the liquid inlet, and the main channel, respectively.

10 Rerp: Two-phase flow Reynolds number, Rerp = p (U, + Ug)dy/u, .
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Nevertheless, most of these correlations were developed for physical absorption dominated
two-phase flow system, causing significant errors when being used for CO, chemical
absorption, as shown in Fig. 11a. Zhu et al. [24] experimentally investigated the CO>-MEA
chemical absorption in microchannel and demonstrated the effect of chemical reaction on
bubble formation. However, the prediction correlation proposed (Eq. 13) is only based on the
gas and liquid flowrates while chemical reaction-related parameters are absent. Worth-noting
is the study of Yin et al. [26] in which an [ prediction correlation (Eq. 16) has been proposed

by additionally introducing the chemical reaction-related Ha number (Eq. 17).

l
— =0.36 + 1.88Rerp "M (1 + 1L1a)-°-09(%)°~76 (16)
L

WC
Ha = /Dko,,/kL2 (17)

where D is two-phase diffusion rate (m%/s), k,,, is overall chemical reaction kinetic constant
(s71), k;, is physical absorption mass transfer coefficient (m/s) and determined by the

permeation model [50]:

t, = D7ty 19)

where 1, (s) is bubble formation duration that needs to be estimated by imaging and data
processing. Therefore, the calculation of Ha number could be complicated, laborious, and
sometimes inaccurate, rendering the prediction correlation difficult to use in practice. Moreover,
the comparison between model predicted results based on Eq.16 and experimental data sets
obtained in this study shows clearly a discrepancy (Fig. 11b): the impact of Cyg4 on ly/dp,

values cannot be well reflected.

Here we propose to build a new prediction model by including the easier-to-use Damkdhler
number (Da), the gas-liquid superficial velocity ratio (U;/U}), and the Ca number, as shown

in Eq. (19):

lo a1+ Ug/U)P)Ca’

dy 1+ Da? (19)
Da = k,, - dy?/D (20)
Ca=uU/o (21)
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ly/d}, prediction models without and with chemical reaction related parameter and experimental data

in this study; (c) Comparison between the Da number-based model proposed in this study and
experimental data in the literature using different absorbents.
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In this new prediction model, Da number (Eq. 20) is defined as the ratio of kinetic constant
(ko) to diffusion rate (D), which could jointly reflect the influences of chemical reaction and
diffusion mass transfer [25]. It can be easily calculated from the physio-chemical properties of
two-phase flow system, thereby more straightforward than the Ha number. The higher the
absorbent concentration (thus higher Da number), the shorter Taylor bubbles will be generated.
U; /U, characterizes the hydrodynamics of the gas-liquid two-phase flow system and the Ca
number (Eq. 21) reflects the relative effect of viscous drag force and the surface tension force

on the gas-liquid interface.

Fitting constants (a=146.4; b=0.67; c=-0.07; d=0.38) were calculated based on the experimental
data obtained in this study, showing a good prediction accuracy with the relative prediction
error smaller than +25% (95% confidence interval). Further comparisons and verifications
using experimental data from Yin et al. [26,30], Zhu et al. [24], and Guo et al. [51] are also
presented in Fig. 11c. A good agreement (relative error< £30%) can be seen between the
prediction values using our correlation (Eq. 19) and fitting constants and the experimental data

in the literature using different absorbents.

3.3 Bubble moving in the main channel

The initial CO, Taylor bubble, once formed through the T-junction, will move and gradually
shrink in the minichannel due to chemical absorption. For straight channel without change of
cross-section geometry and dimension, the bubble dynamics could be characterized by the
bubble length decrease rate and the bubble moving velocity, discussed in detail in this sub-

section.

3.3.1 Bubble length decrease rate

The transient bubble length decrease rate is defined as the Taylor bubble length variation
(Al; = l; — L4 a¢) Within a certain time interval (At), before the sphere bubble is formed at the
end of absorption. Recall that in this study [; and [ ;, 5, were captured by high-speed camera
and calculated by image analysis with time interval At = 0.1 s. The relative bubble length lost
is also introduced for discussion, defined as the ratio of shrunk bubble length (I, — [;) to the

initial bubble length ;.

Figure 12 presents the evolution of relative bubble length lost (1 — [;/l,) and the transient
bubble length decrease rate (Al;/At) as a function of the bubble moving time (¢) under different

Re, Re;, and Cy g4 conditions. It could be observed that (1 — [;/l,) increases rapidly at the
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early stage of bubble absorption, especially under high Re; and Cyg,4. Later, it slows down and
stabilizes, mainly due to the decreased mass transfer rate caused by the reduced CO,
concentration gradient around the bubble [52,53] and the smaller interfacial areas. For the same
reason, the bubble length decrease rate gradually drops towards zero with the transition of flow
pattern from slug flow to bubbly flow. Increasing Re; and Re;, both augment the bubble length
decrease rate due to the enhanced mass transfer, as shown in Fig. 12a. Unsuperisingly, higher
CuEea promotes the bubble shrinkage due to the increased chemical reaction rate, as shown in

Fig. 12b.
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Figure 12. Relative bubble length lost (1 — I; /1) and bubble length decrease rate (Al;/At) as a
function of bubble moving time (t) in minichannel. (a) Effect of gas & liquid Re numbers; (b) Effect
of absorbent concentration (Cyg4).

3.3.2 Bubble moving velocity

Figure 13 presents the bubble velocity as a function of moving time in the minichannel. Recall
that in this study, the bubble velocity (v;) is calculated as the average between the bubble rear
cap velocity (v,;) and the bubble front cap velocity (vs,): vy, = (Vyr + V5)/2. V-shape
curves can be observed, indicating two stages of bubble velocity in a vertical minichannel. In
the first decelerating stage, the bubble velocity tends to decrease due to the absorption of CO,

into the liquid phase. v, is always bigger than vy, because of the consistent contraction
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direction with the bubble moving in the minichannel. The difference is highlighted in Fig. 13a,
under the condition of Q; = 180 ml/h, Q, =40 ml/h, and Cygzs = 3% . The second
accelerating stage occurs when most of CO2 molecules are absorbed into the liquid phase and
small spherical bubble is formed. The sharp drop of drag force due to nearly disappeared liquid
film surrounding the bubble leads to the detachment of the small spherical bubbles from the
channel wall. Driven by both the liquid phase flow and the buoyancy force, the spherical
bubbles accelerate towards the channel outlet. Since the bubble length doesn’t change much for

small spherical bubbles, v, and vs . are very close at this accelerating stage, and are equal to

vy, as shown in Fig. 13a.

Figure 13b and ¢ show the effect of operating conditions on the variation of v,,. The decelerating
and accelerating stages can still be identified at different Uz, Ug and Cayes conditions. It can
also be seen from Fig. 13b that the v}, value at minichannel outlet is almost decided by U, :
lower U} leads to smaller v, at the channel outlet. The effect of Cyz4 on vy, is shown in Fig.
13c. For the given U; and U;, higher Cyp4 results in the lower initial v, and the earlier

transition to the bubble accelerating stage due to the higher absorption rate.

From the above discussion, it can be seen that the bubble length decrease rate (Al;/At) and the
bubble velocity (v}), both parameters reflect the transient two-phase mass transfer rate due to
chemical reaction, and their relationship needs further investigation. Some attempts have been
performed in the literature by both numerical simulation [46,54] and experimental testing [55]
approaches. For example, Yin et al. [30] related the bubble length reduction rate (Al/l,) to the
transient bubble velocity using the two-phase velocity (Urp): v, /Urp = 1.29(1 — Al/ly). This
empirical model is focus on the accumulated bubble length change but gives little hint on the
chemical reaction impacted bubble transient dynamics. Therefore, a more precise correlation

that couples v}, and Al /At is still lacking.

Figure 14a plots the data sets of this experimental study under different Re;, Re; and Cypy4
conditions, showing clearly the strong dependence of Al;/At on v,. An approximately linear
regression relationship between these two parameters could be found, with its slope determined
by Cyra- As aresult, an empirical correlation (Eq. 22) is proposed by including the Da number

to indicate the impact of chemical reaction, which has not been explicitly specified before:

Al
A aDa v, (22)
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The value of fitting constant (a =2.35 X 10~7) was obtained based on the current data-set. Fig.
14b shows that experimental data and prediction results of this correlation are in good
agreement with relative error in the range of -35%~+30% for more than 90% of the data points.
This correlation fits only the bubble decelerating stage but not covers the accelerating stage.
For the latter, Al; /At approaches to 0 while v, still rises as shown above. Better prediction
accuracy is viable by including other physical or chemical parameters, or by a more

sophisticated expression of v}, but the simplicity of the model (Eq. 22) will be lost.
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Figure 14. Bubble length decrease rate Al /At vs. bubble velocity v, at the decelerating stage. (a)
Effect of absorbent concentration (Cpyz,4); (b) Comparison of Al; /At values between experimental
data and model prediction results.

3.4 Effective length of microchannel

The microchannel length utilization is totally different under different gas-liquid flow rates and
absorbent concentrations. This parameter should be carefully decided when designing
microchannel-based CO, absorbers in real practice. Here we introduce the notion of effective
length (L,) of micro/minichannel CO, absorber as the distance from the T-junction to the point
where the slug bubble shrinks into spherical bubble (1, = d},), as illustrated in Fig. 15. Most of
the CO» is absorbed within this channel length and after that point, the bubble volume change
becomes relatively minor thus the channel length unitization is less efficient. The dimensionless
effective length (L) is then defined as the ratio of L, to the hydraulic diameter (d}) of the
channel (Eq. 23).

Ly === (23)
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Figure 15. Schematic diagram for the effective length of the micro/minichannel CO, absorber.

Figure 16a and 16b presents the L; values obtained under different U, U, and Cy4 conditions
in this study. Clearly, L; value decreases with the increasing Cy 54 because of the shorter initial
bubble length [, (cf. Fig. 10b) at the bubble generation stage and the higher bubble length
decrease rate (cf. Fig. 12b) at the bubble moving stage. At a high Cyg4 (e.g., 10%), the impact
of U; and U}, on L becomes minor, as shown in Fig. 16b. At a lower Cuyey, the positive effect
of U, on the reduction of L}, can be seen. In contrast, the effect of U; is more complicated. The
increased Q. elongates [, but also enhances the gas-liquid mass transfer. As a result, at a low
Cura (such as 3%) and U;, (such as 1.23 mm/s), the two-phase mass transfer performance is
limited and increased [ requests longer L. With the increase of U, the enhanced mass transfer

greatly augments the bubble length decrease rate, L;, varies little with the increasing Uy;.

Based on the experimental data of this study, a simple predicting model (Eq. 24) is proposed in
the first time to facilitate the engineering calculation. This model could be used either to predict
the effective channel length based on the known operating conditions when designing a new
CO, absorber, or in the opposite case, to determine the suitable range of operating condition
parameters for an existing microchannel-based absorber. Da and Ca numbers as well as the
velocity ratio (Ug /U,), key parameters that determine the Taylor bubble dynamics at both the
bubble generation and moving stages, are included to consider effects of chemical reaction and

physical parameters on Ly for micro/minichannel absorbers.
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L, =

Fitting constants ( a = 4.07 X 103 andb = —0.304) were calculated based on the

experimental data of this study. The prediction results using this model show a good accuracy,

with relative error smaller than +£30% for 90% of the data points.

4. Conclusion and perspectives

In this study, experiments of CO, absorption by MEA aqueous solution in a straight

minichannel with T-junction were performed under different gas and liquid flow rates and

absorbent concentrations. Taylor bubble dynamics under chemical reaction-enhanced mass

transfer were characterized and analyzed, including two-phase flow patterns, bubble generation,

its moving and shrinkage. Main conclusions obtained are summarized as follows:

Chemical reaction-enhanced mass transfer inhibits the Taylor bubble generation in the
minichannel. The intensified CO, absorption at high Cyz4 hinders the bubble cap
penetration and expansion in the main channel on one hand, and alleviates the bubble
neck thinning on the other hand, resulting in the lengthened bubble generation duration
and the reduced bubble generation frequency.

A new correlation (Eq. 19) based on U; /U, Da number and Ca number has been
proposed to predict the initial Taylor bubble length () in minichannel under chemical
reaction-enhanced mass transfer. Comparison with experimental data in the literature
using different absorbents shows good prediction accuracy of the proposed correlation.
Once generated, the Taylor bubble first decelerates and shrinks into spherical shape due
to strong chemical absorption, and then detaches from the channel wall and accelerates

towards the minichannel outlet. An approximately linear regression relationship can be
seen between bubble length decrease rate (%) and the bubble velocity (v;) before the
transition to spherical bubble, with the slop determined by Cpzs. An empirical
correlation (Eq. 22) based on Da number has been developed to relate these two bubble
dynamic parameters.

The notion of effective channel length for CO, absorption has been put forward and a

simple model (Eq. 24) has been proposed to facilitate the engineering calculation. This
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model could be useful for the design of microchannel CO, absorbers and for

determining their suitable range of operating conditions.

The obtained and characterized Taylor bubble dynamic parameters can be used to further

analyze the two-phase mass transfer behaviors in microchannel-based absorber under chemical

reaction, which is our on-going work. Moreover, the hydrodynamic and mass transfer behaviors

of the liquid phase, also essential in understanding the CO, chemical absorption in

microchannel, need to be investigated in detail. Therefore, our next goal will be focused on the

real-time and accurate experimental measurement of velocity field and CO, concentration

distribution in the liquid phase, as well as their dynamic behaviors under chemical reaction-

enhanced mass transfer. This will provide new insights into the understanding of two-phase

transport phenomena in microchannel.
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