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Abstract 

The present work focuses on the hydrodynamics variation and mass transfer 

characteristics of Taylor flow along long serpentine microchannels with a square 

cross-section. The volumetric mass transfer coefficient (kLa) is regarded as the 

transient change value to characterize the gas-liquid mass transfer process of CO2 in 

water. All experimental data of Taylor bubble are obtained from 1,000 continuously 

captured images. An online high-speed imaging method and the unit cell model are 

adopted in this study. The effects of gas and liquid flow rates, together with 

microchannel geometry are investigated on Taylor bubble characteristics in terms of 

length, velocity and the mass transfer performance. 

Taylor bubble length shrinks and subsequently plateaus out along the flow direction 

from the T-junction, resulting in the decrease in Taylor bubble velocity. kLa in a unit 

cell gradually decreases along the serpentine microchannel, and increases as the 

channel cross-sectional area decreases. As the gas flow rate increases under a given 

liquid flow rate, a critical point is found for the evolution of kLa and kL (that is the 
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liquid phase mass transfer coefficient). The results indicate that the contribution of the 

circulation in the liquid slug to kL is dominant before the critical point compared to 

the leakage flow in the liquid film. All these findings in this work give important 

information to understand the dynamic change in gas-liquid Taylor flow mass transfer 

within microchannels. They will serve as basis for designing and optimizing 

gas-liquid multiphase microreactors in the future. 
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1. Introduction  

Microchannel reactors or microfluidic devices are gaining considerable attention 

from academia and industry for carrying out gas-liquid multiphase processes due to 

their capability to intensify transport processes, improve process control, increase 

safety and enhance compactness (Hessel et al., 2005; Günther et al., 2006; Yang et al., 

2014; Gemoets et al., 2016; Li et al., 2017). However, whether microchannel reactors 

are viable alternatives to the commonly-used macroscale multiphase reactors largely 

depends on the exploitation of their characteristics of hydrodynamics and mass 

transfer to be beneficial to the reaction process, the design and the operational 

optimization of the reactor (Salman et al., 2007; Zhao et al., 2013; Abolhasani et al., 

2015; Sobieszuk and Napieralska, 2016). 

Gas-liquid multiphase flow through microchannels is considerably different from 

conventional macroscale channels, as the flow pattern of microscale two-phase flow 

predominated by Taylor flow or slug flow (van Steijn et al., 2007; Yue et al., 2008; 

Shao et al., 2009; Kashid et al., 2011). Taylor flow is typically characterized by the 

presence of elongated gas bubbles with a length longer than the channel diameter or 

width, where such bubbles flow along the microchannel and are separated from each 

other by liquid slugs. These bubbles are also separated from the channel wall with a 

thin liquid film. Fig. 1 illustrates schematically a typical gas-liquid two-phase Taylor 

flow in a microchannel. 



  

 

Fig. 1. Schematic of typical gas-liquid two-phase Taylor flow in a microchannel 

(a) Taylor bubble and slug in a unit cell; (b) Cross-section of Taylor bubble 

It has been well observed that in Taylor flow, there is a recirculation within the 

liquid slug mainly due to the difference in the velocity field between the gas bubble 

and the liquid slug. It is the recirculation that can significantly enhance local mixing 

leading to augmented heat and mass transfer (i) in the radial direction within the 

liquid slug, and (ii) in the axial dispersion across the gas-liquid interface (Kececi et al. 

2009; Su et al. 2012). In addition, the axial dispersion can be greatly reduced due to 

the segmentation of gas bubbles and liquid slugs compared to laminar flow (Pedersen 

and Horvath, 1981; Jia and Zhang, 2016). Moreover, the mass transfer or mixing 

between liquid film and liquid slug is believed to be controlled by leakage flow and 

molecular diffusion (Sobieszuk et al., 2012; Yao et al., 2015b). As a result, the 

combination of enhanced transport phenomena (local mixing) and suppressed axial 

dispersion (backmixing) makes Taylor flow an ideal hydrodynamic regime for 

applications in gas-liquid two-phase systems.  

In the development and design of microchannel devices for fast gas-liquid 

two-phase processes, it has been demonstrated that the mass transfer from gas bubbles 

to the surrounding liquid phase (bulk slugs and thin film) is an important limiting 

factor (Irandoust and Andersson, 1988; Kreutzer et al., 2001; van Baten and Krishna, 



  

2004). Therefore, reliable determination of the liquid phase volumetric mass transfer 

coefficient (kLa), for gas-liquid mass transfer, becomes crucial to characterize this 

multiphase flow process.  

Mass transfer in gas-liquid flow in microchannels has been intensively investigated 

with numerical and experimental methods, while a number of empirical or 

semi-theoretical correlations have also been proposed. Berčič and Pintar (1997) put 

forward an empirical correlation based on a unit cell model for predicting kLa in 

methane-water system. The unit cell was composed of a bubble and its adjacent slug, 

or a slug and its adjacent two half bubbles (Fig. 1). The offline experimental results, 

where the inlet and outlet effects were difficult to be eliminated, showed kLa to be 

mainly determined by two-phase superficial velocity and the length of unit cell: 

1.19
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                     (1) 

Considering the contribution from two hemispherical caps and the thin liquid film 

surrounding the bubble, van Baten and Krishna (2004) adopted a more fundamental 

correlation based on the unit cell model and the unsteady-state diffusion model of 

Pigford: 
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However, the correlation was based on a circular channel, thus not suitable for 

square channels because of the thicker liquid film (Han et al., 2011) and the intensive 

leakage flow in the corners (Yao et al., 2015b). On the basis of the experimental 

results, Yue et al. (2009) obtained an improved empirical correlation with reasonable 



  

predicting accuracy in the square microchannel according to Eq. (2). Subsequently, a 

modified correlation was developed by Vandu et al. (2005) based on the correlation of 

van Baten and Krishna (2004) with the additional assumption that the main 

contribution to mass transfer was from the liquid film (Eq. (3)). This model was well 

supported by their experimental results for air-water system. 
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                        (3) 

Although the above correlations based on the unit cell model were found to be in 

good agreement with their respective offline experimental results, they still face 

difficulties to fit to the processes of quick dissolution or high solubility of gases in 

liquids. The difficulties are mainly associated with the change in mass transfer due to 

gas solubility and the resulted evolution of the bubble volume along the microchannel. 

These changes can be pronounced in medium or high solubility system, such as 

CO2-water, CO2-amines (Abolhasani et al., 2012; Cubaud et al., 2012; Li et al., 2012). 

In particular, CO2-water system has been found suitable for studying gas-liquid 

mass transfer characteristics in microscale devices, even considered as a benchmark 

system (Yue et al., 2007; Sobieszuk et al., 2011; Yao et al., 2014a, 2014b). To enable 

the characterization of the system dynamics, much effort has been devoted to the 

development of online or in situ measurement methods employed (Abolhasani et al., 

2012; Li et al., 2012; Tan et al., 2012; Cubaud et al., 2012; Yao et al., 2014a; Shim et 

al., 2014; Abolhasani et al., 2015). For example, Cubaud et al. (2012) experimentally 

examined the evolution of CO2 bubbles dissolving in water using long serpentine 

microchannels, and individual bubbles along the flow direction were tracked to 



  

establish the functional relationship between bubble size and velocity. For systematic 

and rapid investigation of CO2 mass transfer and solubility in physical solvents, 

Abolhasani et al. (2012) proposed an automated microfluidic approach using 

high-speed photography method. The volumetric liquid phase mass transfer 

coefficients of CO2-dimethyl carbonate system were estimated from the measured rate 

of bubble shrinkage with constant initial slug length. Subsequently, they took 

advantage of an image-based feedback strategy to automatically determine the length 

reduction of initially uniformly sized gas slugs at different positions along the 

microchannels and elucidate the gas concentration within adjacent liquid segments. Li 

et al. (2012) measured accurately the kinetics of fast gas-liquid reactions by online 

analysis of time-dependent changes in bubble size for CO2-secondary amines system. 

Tan et al. (2012) obtained the overall mass transfer coefficient in the flowing stage by 

online measuring the change of gas slug volume versus flowing distance, and put 

forward semi-empirical equations based on the experimental results. Furthermore, a 

combined approach of the online high-speed photography and the unit cell model was 

adopted by Yao et al. (2014a), and the mass transfer was determined based on the 

absorption rate of CO2 gas bubbles in water. However, there still remains a lack of 

understanding of the mechanism especially the dynamics details during the 

dissolution of gas bubbles and the evolution of kLa along microchannels (Abiev et al., 

2017). 

The aim of the present work was to quantitatively characterize the dynamic process 

of a gas-liquid system with medium gas solubility. Polymethyl methacrylate (PMMA) 



  

microfluidic devices with long serpentine square microchannel were designed and 

fabricated having a range of channel geometries selected. An online measurement 

technique with a high-speed camera and a stereo microscope was employed to 

measure the evolution of the bubble size during CO2 absorption process in water 

along the microchannel. A unit cell model was further combined with the online 

measurement to investigate the dynamics of gas-liquid two-phase mass transfer 

through the analysis of bubble and slug lengths. The influence of channel geometry 

was also studied on the volumetric mass transfer coefficient in a unit cell. Finally, the 

volumetric liquid phase mass transfer coefficients along the serpentine microchannel 

obtained experimentally in this work were compared with three correlations from the 

literature.  

2. Experimental section 

The schematic of the experimental setup is shown in Fig. 2(a). Two high pressure 

syringe pumps (LSP01-1BH, Longer) and two stainless steel syringes (full scale 50 

mL, made in-house) were used to deliver gas and liquid, respectively. The liquid flow 

rate under each run was calibrated by weighing method, as well as the gas flow rate 

by automated electronic soap film flowmeter (GL-101B, 0.1~100 mL/min, accuracy 

of 1%, Beijing Beifen Sanpu, China). The gas and liquid flow rate were set in the 

range of 0.5~5.5 mL/min and 0.5~2.5 mL/min, respectively. Reynolds numbers were 

controlled in the range of 124~232. Pure CO2 (99.999%) and deionized water were 

used as the working fluids. The operating temperature was set to 25 
o
C. The pressure 

drop for each run was measured by a pressure transducer (DMP305X, 0~50 kPa, 



  

accuracy of 0.075%, LEEG, China). The dissolution of CO2 bubbles was recorded by 

a high-speed video camera (Phantom R311, 2000 frames per second) mounted on a 

stereo microscope (Olympus SZX 16). The resolution and the shutter time were set as 

1280×800 pixels and 490 μs, respectively. The imaging area covered all 12 serpentine 

microchannels and one typical captured image was shown in Fig. 2(b). One thousand 

sequence frames for each run were taken and the evolution of bubble lengths, 

velocities and their corresponding locations were analyzed by an image analysis 

program developed in Matlab®. 

 

(a) 

   

(b)                          (c)               



  

Fig. 2. Components of T-junction microchannel and gas-liquid mass transfer system 

(a) Schematic of the experimental setup; (b) Typical captured image; (c) T-junction 

microchannel 

Fig. 2(c) shows a design of the T-junction microfluidic device with long serpentine 

microchannel used in this work, and the channel specifications are summarized in 

Table 1. These devices were fabricated on PMMA plates (A grade, 92% of light 

transmittance, ShenZhen HuiLi Acrylic Products Co., Ltd.) by precision milling 

technology and sealed by thermal sealing. To reduce the footprint of these devices, the 

long serpentine microchannels were made into multiple channels arranged in parallel 

and connected with circular bends.  

Table 1  

Channel geometric parameters 

Width/w L1 L2 L3 R1 R2 R3 R4 Total length/L 

Mm 

0.4 9.98 14.38 13.96 1.0 1.5 0.3 0.7 181.63 

0.6 9.43 14.28 13.96 1.0 1.5 0.2 0.8 181.13 

0.8 16.1 14.08 13.26 1.0 1.5 0.4 1.2 189.88 

1.0 16.6 13.98 13.26 1.0 1.5 0.3 1.3 190.28 

3. Model for mass transfer coefficient 

A unit cell model for Taylor flow was adopted in this work (van Baten and Krishna, 

2004; Yao et al., 2014a), as shown in Fig. 1. The assumptions of the model are that: (i) 

gas and liquid phases are well-mixed in each unit cell; (ii) each unit cell is considered 

as a plug flow; (iii) mass transfer from gas to liquid phase only happens in a unit cell; 

(iv) the adjacent unit cells are mutually independent, where no mass transfer exists.  

According to the above assumptions, the mass balance of CO2 in the liquid phase 



  

can be determined by: 

2

2 2 2 2 2

CO * L L * L L

L CO CO S L CO CO CO L

dN
k (C C )A k a(C C )(V V )

dt
        (4) 

where 2COdN

dt
is mole variation rate of CO2 in the gas phase, mol/s; kL is the liquid 

phase mass transfer coefficient of the unit cell at a certain position along the 

serpentine microchannel, m/s; AS is the effective mass transfer area in a unit cell, m
2
; 

a is the specific surface area based on the liquid phase, m
2
/m

3
; 

2COV is the gas phase 

volume in a unit cell, m
3
; LV is the liquid phase volume of the unit cell including 

liquid slug and film, m
3
; 

2

* L

COC is the equilibrium concentration of CO2 in water with 

gas phase, mol/m
3
; 

2

L

COC is the CO2 concentration in water along the serpentine 

microchannel, mol/m
3
.  

2CON can be expressed by the ideal-gas equation: 
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where 
2COP is the gas phase pressure, Pa; R is the gas constant, 8.3145 J/(mol·K); T is 

the operating temperature, K. 

Eq. (4) can be further rearranged to: 

2 2 2 2

2 2 2

CO CO CO CO *,L L

B L CO CO CO L

P dV P dV
U k a(C C )(V V )

RT dt RT dX
       (6) 

where X denotes the distance from the T-junction, mm; BU is the gas bubble velocity, 

m/s.  

In the present work, the gas phase pressure is close to atmosphere pressure and 

2

* L

COC  can be determined by Henry’s Law: 
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where 
2

water

COH  is Henry constant of CO2 in water, Pa·m
3
·mol

-1
, and can be determined 

by the following empirical correlation (Versteeg et al., 1988): 

2
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T
                   (8) 

The gas phase volume in a unit cell along a serpentine microchannel has been 

estimated by our previous research (Yao et al., 2015b): 

2 2

2 2 3

CO H CO H H

4
V [(π 4)I (D 2δ) ](L D ) π(0.5D δ)

3
       (9) 

where I is the radius of the quadrant at the corner and can be obtained from the 

captured images, m; DH is the hydraulic diameter, m; 
2COL is the length of Taylor 

bubble from the captured images, m; δ denotes the liquid film thickness near the 

channel wall center and can be estimated by the correlation from Aussillous and 

Quéré (2000): 

2/3

H2/3

0.67Ca
δ D

1 3.35Ca
                        (10) 

where Ca is gas-liquid two-phase capillary number, defined as  

L B

L

μ U
Ca

γ
                              (11) 

where Lμ is the liquid phase viscosity, Pa·s; Lγ is the gas-liquid interfacial tension, 

N/m. 

Theoretically, the radius of the quadrant should be changing along the 

microchannel. However, the variation of I values in the system examined was 

insignificant and undetectable with the imaging technique. Therefore, it is reasonably 

considered as a constant. The calculation of kLa was based on Eq. (6). Using 1,000 



  

continuously captured images, 
2COV , BU and 

2COV / dX can be calculated along the 

mirochannel. The CO2 bubble volume (
2COV ) in a unit cell along the serpentine 

microchannel was estimated from Eq. (9). The variation of CO2 bubble volume was 

considered to be dissolved in the liquid phase. The liquid phase volume of the unit 

cell LV was determined based on the frequencies of liquid slug formation. Thus, the 

concentration of CO2 (
2

L

COC ) in the liquid phase was estimated because gas and liquid 

phases were well-mixed in each unit cell. The gas phase pressure 
2COP was measured 

by a pressure transducer. The equilibrium concentration of CO2 in water with gas 

phase 
2

*,L

COC was calculated from Eq. (7). From Eqs. (6-11) and the captured images, 

the evolution of the volumetric liquid phase mass transfer coefficient kLa in a unit cell 

along the microchannel can be determined.  

4. Results and Discussion 

4.1. Gas bubble length and velocity 

Fig. 3 shows the evolution of CO2 Taylor bubble length along the serpentine 

microchannel at different gas flow rates for a given liquid flow rate, and at different 

liquid flow rate for a given gas flow rate. Both width and depth of the microchannel 

were 0.6 mm. The Taylor bubble length 
2COL was measured between the tips of the 

two end-caps. The horizontal axis X indicates the axial distance from the T-junction 

along the serpentine microchannel.  

The results (Fig. 3(a)) showed, at a given liquid flow rate of 2.0 mL/min, the Taylor 

bubble length 
2COL decreased when flowing along the channel. That trend applied to 

all four selected gas flow rate levels, while increasing gas flow rate resulted in 



  

increase in 
2COL at both T-junction and along the microchannel. In contrast, at a given 

gas flow rate 
2COL decreased with the increase of the liquid flow rate (Fig. 3(b)). In 

this section, the capillary numbers were low (0.001<Ca<0.004), so the formation of 

Taylor bubbles was believed to be controlled by the squeezing regime (Garstecki et al., 

2006; Fu et al., 2015). However, as further increasing in capillary number to 0.707, 

the flow regime in the liquid slug changes from circulation flow to bypass flow 

(Abiev, 2009), which is beyond the scope of our work. In circulation flow regime, the 

Garstecki model or its modified model can be applied to predict the initial Taylor 

bubble size at the T-junction (Garstecki et al., 2006; Xu et al., 2008; Yao et al., 

2015a).  
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Fig. 3. The evolution of Taylor bubble length along the serpentine microchannel at 25 

o
C and 1.0 atm for QL= 2.0 mL/min (a) and QG= 3.5 mL/min (b) 

It was also observed that the Taylor bubble shrunk through a two-stage process. At 

stage I, the volume of CO2 bubbles has a rapid decrease within a short time following 

the bubble formation. At stage II, the shrinking rate gradually reduced and 

subsequently leveled off during flow along the microchannel. This was likely the 

results of the interplay of two competitive factors during the evolution of the bubbles 

along the microchannel, i.e., CO2 dissolution and pressure drop. The CO2 dissolution 



  

into water can result in decrease in Taylor bubble length until the aqueous phase was 

saturated with CO2. At the same time, the gas hold-up and pressure drop across this 

section changed accordingly. For example (at QG= 2.5 mL/min, QL=2.0 mL/min), the 

gas hold-up changed from 0.553 to 0.413, and the pressure drop varied from 2.0 kPa 

to 5.0 kPa, respectively. It is generally understood that the pressure drop is nonlinear 

with the length where both velocity and bubble length keep changing (Warnier et al., 

2010). However, the pressure drop between inlet and outlet in our study was very low 

(the maximum pressure drop <6.6 kPa) and the microchannel length was relatively 

long (>250 mm). Therefore, the evolution of the local pressure along the 

microchannel was found to be insignificant. As a result, a linear correlation can be 

reasonably adopted in this work to represent the relationship between the pressure 

drop and the location along the flow direction. However, its effect on flow dynamics 

can be more complex than the CO2 dissolution. On one hand, the reduction of the 

pressure drop along the flow direction induced expansion of the Taylor bubble. On the 

other hand, the increase of local pressure caused by the existence of pressure drop in 

the long microchannel was in favor of intensifying CO2 dissolution processes. This 

suggested that the Taylor bubble length should firstly shrink and subsequently 

increase along the flow direction from the T-junction considering the pressure drop as 

only one factor. 

Fig. 4 shows the effects of the gas (or liquid) flow rate on Taylor bubble velocity 

along the serpentine microchannel. The Taylor bubble velocity gradually decreased 

and subsequently reached a plateau along the channel. In this work, the solubility of 



  

CO2 in water was relatively low (~1.5 g/L) at 25 
o
C and 1 atm. Moreover, the density 

difference of the working fluids (CO2 and water) was very large, while the liquid 

volume was to be appropriately constant over the course of CO2 dissolution. Due to 

the decrease in Taylor bubble length during CO2 absorption, the Taylor bubble 

velocity can inevitably be decelerated to compensate for the flux of CO2 going into 

liquid phase, until the saturated solubility was reached (Abolhasani et al., 2012; Sun 

and Cubaud, 2011). The variation of the CO2 concentration in liquid phase along the 

serpentine microchannel was shown in Fig.5. It could be seen that 
2

L

COC was gradually 

close to the equilibrium concentration of CO2 (
2

* L

COC ) in water with gas phase along 

the flow direction. In addition, accompanying with CO2 dissolution in water along the 

flow direction, the CO2 concentration in liquid phase was increased, which 

subsequently led to the decrease of the liquid phase absorption capacity and the 

interfacial concentration gradient. Thus, the slope of the evolution curve for the Taylor 

bubble velocity increases with the increase of the liquid flow rate, as shown in Fig. 

4(b).  
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Fig. 4. The evolution of Taylor bubble velocity along the serpentine microchannel at 

25 
o
C and 1.0 atm for QL= 2.0 mL/min (a) and QG= 3.5 mL/min (b) 
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Fig. 5. The effects of the gas or liquid flow rate on the CO2 concentration in water 

along the serpentine microchannel in a unit cell along the serpentine microchannel at 

25 
o
C and 1.0 atm for QL= 2.0 mL/min (a) and QG= 3.5 mL/min (b) 

4.2. Analysis of gas-liquid mass transfer process 

The volumetric liquid phase mass transfer coefficients (kLa) were estimated 

according to Eq. (6). Accurate CO2 bubble volume in a unit cell can be estimated even 

though the linear pressure distribution along the microchannel. The pressure at a 

certain position in the serpentine microchannel and the CO2 saturation solubility were 

estimated with our experimental results. Reynolds numbers were in the range of 

139~232. Fig. 6 shows the variation of kLa along the flow channel under a range of 

fluidic conditions.  
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Fig. 6. The effects of the gas or liquid flow rate on the volumetric liquid phase mass 

transfer coefficient in a unit cell along the serpentine microchannel at 25 
o
C and 1.0 

atm for QL= 2.0 mL/min (a) and QG= 3.5 mL/min (b) 



  

Results showed the volumetric liquid phase mass transfer coefficient in a unit cell 

gradually decreased along the channel. As can be seen from Fig. 1, the mass transfer 

in a Taylor flow unit cell takes place (i) around the two hemispherical caps (end-caps) 

to the liquid slug, and (ii) across the sides of the Taylor bubble to the surrounding 

liquid film (Kreutzer, 2003; van Baten and Krishna, 2004). In a microchannel with 

square cross section, the liquid film can be further divided into two areas, at channel 

center and at four corners (Fig. 1(b)). As the film thickness (δ) at the center of the 

channel wall was much smaller than that at four corners (δcorner), the liquid film at 

wall center can be saturated preferably compared to the liquid film at four corners and 

the liquid slug.  

To what extent, whether the liquid film is saturated that can be determined from the 

Fourier number (Pohorecki, 2007), Fo, that is the ratio of the contact time of gas 

bubble with liquid film tC to the time needed for liquid film saturation at wall center, 

tS. 

2

2

2

CO BC

CO2

S H O

L / Ut
Fo

t δ / D
                        (12) 

The resulting Fo numbers in our experiments are illustrated in Fig. 7 at varying flow 

rate levels. The low values of Fo number (< 0.75) indicated the liquid film at wall 

center to be less saturated. 
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Fig. 7. The variation of Fo numbers along the serpentine microchannel at 25 
o
C and 

1.0 atm for QL= 2.0 mL/min (a) and QG= 3.5 mL/min (b) 

The contribution of the liquid film at wall center to the overall mass transfer in a 

unit cell is also important, where the contact area between the liquid film and the gas 

bubble in a unit cell is regarded as the effective mass transfer area. The overall 

effective mass transfer area can be determined according to the evolution of Taylor 

bubble using Eq. (12). 

2

2

S H CO H HA [2πI 4(D 2δ 2I)](L D ) 4π(0.5D δ)         (12) 

The effects of the gas flow rate on the specific interfacial area (a=AS/(VL+VG) and 

the liquid phase mass transfer coefficient (kL) in a unit cell along the serpentine 

microchannel were shown in Fig. 8(a) and Fig. 9(a), respectively. Also, the effects of 

the liquid flow rate at a given gas flow rate were shown in Fig. 8(b) and Fig. 9(b). The 

results showed that a and kL gradually decreased along the serpentine microchannel. 

Due to the CO2 absorption in water along the serpentine microchannel, the CO2 

bubble velocity decreased, and then the leakage flow in the liquid film and the 

circulation in the liquid slug became partly weakened (Yao et al., 2015b; Abolhasani 

et al., 2015), eventually, leading to the reduction in liquid phase mass transfer 

coefficient.  
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Fig. 8. The evolution of the specific interfacial area along the serpentine microchannel 

at 25 
o
C and 1.0 atm for QL= 2.0 mL/min (a) and QG= 3.5 mL/min (b) 
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Fig. 9. The evolution of kL along the serpentine microchannel at 25 
o
C and 1.0 atm for 

QL= 2.0 mL/min (a) and QG= 3.5 mL/min (b) 

The decrease in the specific interfacial area was mainly induced by the reduction in 

CO2 bubble length along the serpentine microchannel as a result of decrease in the 

liquid film length (Figs. 3 & 8). In addition, the slope of the specific interfacial area in 

Fig. 8(a) decreased gradually along the flow direction, indicating the shrinkage of the 

CO2 bubble length being decelerated significantly by the CO2 dissolution in water. 

As seen in Fig. 9(a), there is a critical channel position (X = 40 mm) where the 

profile of liquid phase mass transfer coefficient kL differs with varying gas flow rate at 

a given liquid flow rate. This is similar to the observation for kLa (Fig. 6(a)). In 

general, kL in a unit cell is mainly determined by the surface renewal velocity of liquid 

phase, which is controlled by the circulation in the liquid slug and the leakage flow in 



  

the liquid film. On one hand, the circulation in the liquid slug is intensified by 

reduction in liquid slug length due to the increase of the gas flow rate, which is in 

favor of the increase of kL. On the other hand, the increase in Taylor bubble length can 

lead to the increase in liquid film length. This film length increase can further partly 

inhibit the liquid exchange between the liquid slug and the liquid film through the 

leakage flow in the film, especially in the four corners, resulting in kL decrease. The 

experimental results (Fig. 9(a)) indicated that the contribution of the circulation in the 

liquid slug to kL was dominant prior to the critical position compared to the leakage 

flow in the liquid film. On the contrary, with the accumulation of CO2 concentration 

in the bulk slugs, the effects of the leakage flow in the liquid film on kL were 

dominant after the critical point compared to the circulation in the liquid slug. 

As shown in Fig. 3(a), for a unit cell at the same location along the flow direction, 

the length of the Taylor bubble increased with the increase of the gas flow rate, 

indicating an increase in the overall effective mass transfer area AS. Moreover, the 

frequencies of liquid slug formation at the T-junction increased with increase in gas 

flow rate for a given liquid flow rate in our experiments, resulting in a decrease in 

liquid phase volume VL. Thus, the specific interfacial area was enlarged intensively 

according to the evolution of AS and VL with the increase of the gas flow rate, as 

shown in Fig. 8(a). It was the results of the interplay of the above competitive factors 

that determined the overall volumetric mass transfer coefficient in a unit cell along the 

flow direction.  

As discussed above, kL was mainly controlled by the circulation in the liquid slug 



  

and the leakage flow in the liquid film. The Taylor bubble length decreased with the 

increasing liquid flow rate, which led to the reduction in liquid film length. Thus, the 

liquid exchange between the liquid slug and the liquid film through the leakage flow 

in the film was enhanced, that further improved the liquid phase mass transfer 

coefficient. On the other hand, the liquid slug length also increased with increasing 

liquid flow rate at a given gas flow rate (Yao et al., 2013). That led to circulation 

weakened in the liquid slug. Our experimental results (Fig. 9(b)) suggested that the 

liquid phase mass transfer coefficient was largely controlled by the leakage flow in 

the liquid film under these operating conditions.  

In addition, the increase in liquid flow rate caused the decrease in Taylor bubble 

length and, in turn, the overall effective mass transfer area for a given gas flow rate in 

a unit cell (Fig. 3(b) & Fig. 8(b)). Meanwhile, the volume of CO2 bubble decreased in 

a unit cell. This can be attributed to the increasing liquid phase absorption capacity 

and the interfacial concentration gradient, which facilitated CO2 absorption at the 

gas-liquid interface. So, the specific interfacial area decreased with increase in liquid 

flow rate (Fig. 8(b)). All the observation suggested that the contribution of the liquid 

phase mass transfer coefficient to the volumetric liquid phase mass transfer coefficient 

dominated over the specific interfacial area under the operating conditions 

investigated. 

4.3. Effects of the channel geometry  

The CO2 absorption in water was carried out in square channels with different 

width (or depth), i.e. 0.4 mm, 0.6 mm, 0.8 mm and 1.0 mm. All these microchannels 



  

had the same T-junction and channel length (Table 1). The ratio of the gas-liquid 

volumetric flow rate and Reynolds number (Re) at the entrance of the microchannels 

were kept constant. In general, the gas-liquid two-phase superficial velocity increased 

with the decrease in channel width under these operating conditions. This was also 

reflected by the evolution of the Taylor bubble velocity observed (Fig. 10(b)). The 

high liquid superficial velocity promoted the rupture of Taylor bubbles because of the 

rapid penetration of liquid phase into gas phase at the T-junction, where shorter CO2 

bubbles were created (Fig. 10(a)).  
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Fig. 10. The effects of channel geometry on the length (a) and the velocity (b) of 

Taylor bubble along the serpentine microchannel for Re=140 and QG/QL=0.5 

The effects of microchannel geometry on mass transfer performance in these 

microchannels are presented in Fig. 11. The variations in kLa along flow direction in 

four channels showed a similar trend, i.e., kLa decreased when bubbles/slugs 

travelling down the channel. Moreover, kLa in a unit cell increased with decreasing 

channel hydraulic diameter. For the smallest channel the rate of decline in kLa was 

significantly greater than that of others before the critical point (X=120 mm). In this 

case, the fast CO2 dissolution in water increased the CO2 concentration in liquid phase 

at a higher rate towards the saturation of CO2-water system in a shorter distance 



  

(<120 mm).  
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Fig. 11. The effects of channel geometry on kLa in a unit cell along the serpentine 

microchannel for Re=140 and QG/QL=1/2 

kLa was affected by the variation of the length and velocity of Taylor bubble. A 

smaller size channel provided a short length but a higher velocity (Fig. 12), and 

subsequently, larger kL and a. As a result, for a given Reynolds number, a larger 

number of Taylor bubbles were available in small microchannel compared to a large 

one for mass transfer. As discussed above, it can be deduced that the influence of the 

circulation in the liquid slug on kL dominated over the leakage flow in the liquid film 

for 0.4 mm microchannel according to the results of Figs.10-12. The variation of 

Taylor bubble length and the effects of the leakage flow in the liquid film were mainly 

in the vicinity of the T-junction. Therefore, for kL in this zone, its decrease caused by 

the decrease of the circulation in the liquid slug could be partly offset by the 

increasing of the leakage flow in the liquid film during absorption, and the variation 

of kL appeared to be insignificant (Fig. 12). However, the slope of the evolution curve 

for kLa and kL became larger when the Taylor bubble length was reduced to a certain 

extent, as shown in Figs.11 &12. 

Furthermore, the interfacial area available for mass transfer increased. Moreover, 



  

the internal circulation and the mixing in the liquid slugs were intensified due to the 

shorter liquid slugs (Su et al. 2012). Then, the surface renewal velocity of liquid phase 

was also enhanced which increased the concentration gradients at gas-liquid 

two-phase interface and further improved kL. This indicated that kL and a were all 

intensified by decreasing the channel size. 
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Fig. 12. The effects of channel geometry on kL (a) and a (b) in a unit cell along the 

serpentine microchannel for Re=140 and QG/QL=0.5 

4.4. Comparison of measured kLa with models from the literature 

Fig. 13 compares the volumetric liquid phase mass transfer coefficients along the 

serpentine microchannel obtained experimentally in this work with that from three 

previously reported models. Two set of typical operational conditions were chosen for 

comparison. All previous models predicated approximate constant kLa along the 

serpentine microchannel. That was likely due to the key assumptions of these models 

with (i) constant Taylor bubble lengths, and (ii) constant kLa along their channels. 

However, the mass transfer is a dynamic process during gas-liquid Taylor flow where 

many parameters change such as bubble size, kL and a along the microchannel. Thus, 

these models likely neglected the impact of such dynamic changes on two-phase mass 

transfer behavior. In addition, it is worthy of note that in our model the length of the 



  

unit cell (LG+LS) was significantly lower (for at least one order of magnitude) than 

those used by the three previous models, that can improve the result accuracy. 

0 50 100 150 200
0.0

1.0

2.0

3.0

4.0

5.0

(a)
Berčič and Pintar’s model 

  This work  

  

  Baten and Krishna's model

  Vandu's model

 

 

k
L
a

 [
 s

-1
] 

X [mm]   

0 50 100 150 200
0.0

1.0

2.0

3.0

4.0

5.0

(b)
Berčič and Pintar’s model 

  This work  

  

  Baten and Krishna's model

  Vandu's model

 

k
L
a

 [
 s

-1
] 

X [mm]  

Fig. 13. Comparison of experimental kLa with those calculated by three correlations in 

the literature. (a) QL=2.0 mL/min, QG=2.5 mL/min, W=0.6 mm; (b) QL=1.5 mL/min, 

QG=3.5 mL/min, W=0.6 mm 

5. Conclusions 

An online high speed photography method and a unit cell model were introduced to 

investigate hydrodynamics variation and mass transfer characteristics of Taylor flow 

along long serpentine microchannel. It enabled quantitative characterization of the 

dynamic change of mass transfer along microchannel, by using volumetric mass 

transfer coefficients as transiently changing value for quantifying mass transfer 

process of CO2 in water. Results showed that the Taylor bubble length shrunk and 

subsequently tended to plateau out along the flow direction from the T-junction, 

resulting in decrease in Taylor bubble velocity. The volumetric liquid phase mass 

transfer coefficient in a unit cell gradually decreased along the microchannel. As the 

gas flow rate increased under a given liquid flow rate, a critical point was found for 

the evolution of kLa and kL. The results indicated that the contribution of the 

circulation in the liquid slug to kL was dominant prior to the critical point compared to 



  

the leakage flow in the liquid film. After the critical point, the leakage flow in the 

liquid film became the controlling factor. However, kLa and kL increased with 

increasing liquid flow rate at a given gas flow rate. In principle, an expression or 

empirical correlation can act as a quantitative indicator for predicting the critical point. 

However, the existence of the critical point for kL, which is mainly determined by the 

circulation in the liquid slug and the leakage flow in the liquid film, can be attributed 

to a number of factors, such as liquid viscosity, gas-liquid interfacial tension, 

liquid-solid surface tension, microchannel geometry, liquid velocity, and bubble 

velocity, etc. In order to elucidate the mechanism of such complex systems involving 

many influencing factors, further investigation is needed, which is ongoing in our 

laboratories. Regarding the effects of microchannel geometry, a small channel width 

was found in favor of intensifying gas-liquid two-phase mass transfer. Finally, the 

volumetric liquid phase mass transfer coefficients along the serpentine microchannel 

obtained experimentally in this work were compared with three previously reported 

models. It was found the previous models failed to predict the evolution, in particular, 

the variation of kLa along the serpentine microchannel. All these findings in this work 

provide important information to understand the dynamic change of gas-liquid Taylor 

flow mass transfer in microchannels. These can be potentially applied for designing 

and optimizing gas-liquid multiphase microreactors in the future. 
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Nomenclature 

a specific surface area, m
-1

 

AS effective mass transfer area in a unit cell, m
2
 

2

L

COC  CO2 concentration in water along the serpentine microchannel, mol·m
-3

 

2

* L

COC  equilibrium concentration of CO2 in water with gas phase, mol·m
-3

 

2

2

CO

H OD  CO2 diffusivity in water, m
2
· s

-1
 

DH hydraulic diameter, m 

2

water

COH  Henry constant of CO2 in water, Pa·m
3
·mol

-1
 

I radius of the quadrant at the corner, m 

kL liquid phase mass transfer coefficient, m· s
-1

 

2COL  Taylor bubble length, m 

LG bubble length in unit cell, m 

LS liquid slug length in unit cell, m 

2CON  CO2 in the gas phase, mol 

2COP  gas phase pressure, Pa 

QG gas flow rate, m
3
· s

-1
 

QL liquid flow rate, m
3
· s

-1
 

R gas constant, 8.3145 J/(mol·K) 

T operating temperature, K 

UG superficial velocities of the gas phase, m· s
-1

 

UL superficial velocities of the liquid phase, m· s
-1

 

UB gas bubble velocity, m· s
-1

 

2COV  gas phase volume in a unit cell, m
3
 

LV  liquid phase volume of a unit cell including liquid slug and film, m
3
 

tC contact time of Taylor bubble with the liquid film 

tS liquid film saturation time at channel center 

X distance from the T-junction, mm 

εG gas hold-up 

δ liquid film thickness near the channel wall center, m 

Lμ  liquid phase viscosity, Pa·s 

Lγ  gas-liquid interfacial tension, N· m
-1

 



  

Ca capillary number 

Fo Fourier number 

Re Reynolds number 
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Highlights 

 Hydrodynamics variation and mass transfer characteristics of Taylor flow in a 

square cross-sectional microchannel are investigated 

 An online high-speed imaging method and the unit cell model are adopted 

 kLa decreases along the serpentine microchannel 

 As the gas flow rate increases under a given liquid flow rate, a critical point is 

found for the evolution of kLa and kL. 

 

 

 

 


