
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

On nonequilibrium shrinkage of supercritical CO2 droplets in a
water-carrier microflow

Citation for published version:
Qin, N, Wen, JZ, Chen, B & Ren, CL 2018, 'On nonequilibrium shrinkage of supercritical CO

2
 droplets in a

water-carrier microflow', Applied Physics Letters, vol. 113, no. 3, 033703. https://doi.org/10.1063/1.5039507

Digital Object Identifier (DOI):
10.1063/1.5039507

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Applied Physics Letters

Publisher Rights Statement:
This article may be downloaded for personal use only. Any other use requires prior permission of the author and
AIP Publishing.

The following article appeared in Appl. Phys. Lett. 113, 033703 (2018) and may be found at
https://doi.org/10.1063/1.5039507

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1063/1.5039507
https://doi.org/10.1063/1.5039507
https://researchportal.hw.ac.uk/en/publications/76c280e3-921c-48c2-9a13-ace37ec281d7


On nonequilibrium shrinkage of supercritical CO2 droplets in a water-carrier microflow
Ning Qin, John Z. Wen, Baixin Chen, and Carolyn L. Ren

Citation: Appl. Phys. Lett. 113, 033703 (2018); doi: 10.1063/1.5039507
View online: https://doi.org/10.1063/1.5039507
View Table of Contents: http://aip.scitation.org/toc/apl/113/3
Published by the American Institute of Physics

Articles you may be interested in
Microfiber polarization modulation in response to protein induced self-assembly of functionalized magnetic
nanoparticles
Applied Physics Letters 113, 033702 (2018); 10.1063/1.5037522

Dual-polarization hyperspectral stimulated Raman scattering microscopy
Applied Physics Letters 113, 033701 (2018); 10.1063/1.5036832

Femtosecond laser-induced melting and shaping of indium nanostructures on silicon wafers
Applied Physics Letters 113, 033103 (2018); 10.1063/1.5026707

Enhancement of the deep-level emission and its chemical origin in hexagonal boron nitride
Applied Physics Letters 113, 031903 (2018); 10.1063/1.5038168

Direct imaging of surface states hidden in the third layer of Si (111)-7 × 7 surface by pz-wave tip
Applied Physics Letters 113, 031604 (2018); 10.1063/1.5038954

Magnetotransport properties of perovskite EuNbO3 single-crystalline thin films
Applied Physics Letters 113, 032401 (2018); 10.1063/1.5034037

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/242978672/x01/AIP-PT/QD_APLArticleDL_072518/JAP-APL_OptiCool_Banner.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Qin%2C+Ning
http://aip.scitation.org/author/Wen%2C+John+Z
http://aip.scitation.org/author/Chen%2C+Baixin
http://aip.scitation.org/author/Ren%2C+Carolyn+L
/loi/apl
https://doi.org/10.1063/1.5039507
http://aip.scitation.org/toc/apl/113/3
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5037522
http://aip.scitation.org/doi/abs/10.1063/1.5037522
http://aip.scitation.org/doi/abs/10.1063/1.5036832
http://aip.scitation.org/doi/abs/10.1063/1.5026707
http://aip.scitation.org/doi/abs/10.1063/1.5038168
http://aip.scitation.org/doi/abs/10.1063/1.5038954
http://aip.scitation.org/doi/abs/10.1063/1.5034037


On nonequilibrium shrinkage of supercritical CO2 droplets in a water-carrier
microflow

Ning Qin,1 John Z. Wen,1 Baixin Chen,2 and Carolyn L. Ren1,a)

1Department of Mechanical and Mechatronics Engineering, University of Waterloo, Waterloo N2L 3G1,
Ontario, Canada
2School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom

(Received 8 May 2018; accepted 2 July 2018; published online 17 July 2018)

We report an experimental study on the hydrodynamic shrinkage of supercritical carbon dioxide

(scCO2) microdroplets during a nonequilibrium process. After scCO2 microdroplets are generated by

water shearing upon a scCO2 flow in a micro T-junction, they are further visualized and characterized

at the midpoint and the ending point of a straight rectangular microchannel (width� depth� length:

150 lm� 100 lm� 1.5 mm). The measured decreases in droplet size by 8%–36% indicate and sim-

ply quantify the droplet shrinkage which results from the interphase mass transfer between the droplet

and the neighboring water. Using a mathematical model, the shrinkage of scCO2 droplets is charac-

terized by solvent-side mass transfer coefficients (ks: 1.5� 10�4–7.5� 10�4 m/s) and the Sherwood

number (Sh: 7–37). In general, ks here is two orders of magnitude larger than that of hydrostatic liquid

CO2 droplets in water. The magnitude of Sh numbers highlights the stronger effect of local convec-

tions than that of diffusion in the interphase mass transfer. Our results, as reported here, have essential

implications for scCO2-based chemical extractions and carbon storage in deep geoformations.

Published by AIP Publishing. https://doi.org/10.1063/1.5039507

Due to its liquid-like density (10 s–100 s kg/m3), gas-

like viscosity (10–100 lPa�S), and intermediate diffusion

coefficient (10�9–10�7 m2/s) at moderate conditions, among

other properties (e.g., nontoxicity and nonflammability),

supercritical CO2 (scCO2) is deemed one of the green sol-

vents.1,2 In order to enhance mass transfer as well as reaction

rates, processes involving scCO2 have been tested in micro-

fluidics for about a dozen years. Among these attempts,

scCO2 has been mostly used in chemical reactions as a sol-

vent3 or a reactant4 and in extractions of non-polar com-

pounds or emulsions purely as a solvent.5–7 Besides, some

physical properties of scCO2, e.g., solubility,8 can be probed

in microfluidic devices, analogous to that of gaseous CO2

which receives much more attention.9,10 On the other hand,

the environmental impact of CO2 nowadays makes demands

for mitigation solutions, e.g., carbon capture and storage in

which CO2 is injected and stored at a supercritical state in

deep geoformations. The injected fluid-phase CO2 is likely

to form a partially miscible fluid pair with the resident water

within nano- to micro-scale pores and throats resulting a

binary mixture region at the interface (i.e., nonzero-

thickness boundary) in view of the solubility and diffusivity

of CO2. In this case, an interphase mass transfer occurs

mainly driven by dissolution, diffusion, and potential local

convection. This mechanism (sometimes simply called

“dissolution trapping”) of CO2 storage assists in ensuring a

secure carbon storage on a long term. Some experimental

studies have reported the shrinkage of CO2 bubbles or seg-

ments in contact with miscellaneous liquids.11–17 The inter-

phase mass transfer between liquid CO2 droplets and water

as well as a resulted shrinkage has been investigated, sugges-

ting a mass transfer coefficient of 10�7–10�6 m/s.18–20

Nevertheless, there are few studies of the shrinkage of

scCO2 droplets in contact with aqueous phases which indeed

have essential implications for scCO2 based extractions,

reactions, and CO2 storage.

Due to the chemical potential, shrinkage of scCO2 drop-

lets can be foreseen as an essentially nonequilibrium process

during an early stage of their contact.16 The nonequilibrium

nature of the interface mass transfer mainly lies in the fact that

the microscopic concentration field of CO2 in the binary region

is time-dependent and susceptible to the surrounding hydrody-

namic and/or thermodynamic effects.21,22 Nevertheless, possi-

ble shrinkage of individual scCO2 droplets, based on certain

statistics, can be evaluated quantitatively, for example, using

mass transfer coefficients.

In this letter, the shrinkage of flowing scCO2 droplets in

a water-carrier microflow is reported. scCO2 microdroplets

are first generated at a T-junction microchannel with a rect-

angular cross-section (width� depth: 150 lm� 100 lm) in a

silicon-glass microchip23 (74 mm� 44 mm� 1.2 mm) and

then measured in terms of their length (Lx) and speed (vx) at

specified positions (x) along a long straight channel, as

shown by Fig. 1. An experimental setup (see Fig. S1 in the

supplementary material) for high-pressure microfluidic stud-

ies is utilized here to fulfill the experimental study. At the T-

junction, pre-conditioned scCO2 is dispersed from the side

channel into the straight channel where DI water flows,

shears, and squeezes off the CO2 stream, forming scCO2

microdroplets. Given an appropriate flow rate ratio (QscCO2/
QH2O) of scCO2 and water, the droplet generation at the

T-junction becomes periodical and the size (L1) of generated

droplets is overall constant.24 By comparing Lx at these three

positions, the reduction in droplet length can be obtained.

Generally, droplet visualization and measurement at each

position are achieved by: (1) using a microscope (BX51,a)E-mail: c3ren@uwaterloo.ca
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Olympus) equipped with a high speed camera (v210,

Phantom) working with a rate of 3000 frames per second

(fps) and (2) video analyses for Lx and vx using in-house

developed Matlab (R2014a, Mathworks) codes based on

identifying droplets and their centroids. For maintaining a

supercritical state, CO2 at its pump, in the facilitating stain-

less steel tubing (inner diameter: �570 lm), and at the

microchip, is regulated beyond 8 MPa and at 40 �C.

Two groups of QscCO2/QH2O are investigated: (1) 10/

90�QscCO2/QH2O� 75/25, and QscCO2þQH2O¼ 100 ll/min

and (2) 50/280�QscCO2/QH2O� 50/100, and QscCO2¼ 50 ll/

min. Note that the minimum and the maximum ratio applied

here are a lower and an upper limit rendering observable

scCO2 droplet flows at the micro T-junction with an imaging

area of 1600 lm� 400 lm. The capillary number (Cac

¼ gcvc/c) of the continuous phase (i.e., DI water) at the

T-junction is calculated, ranging from 1.1� 10�3 to 1.2

� 10�2, where the viscosity, gc¼ 655.5 lPa�s25 and interfa-

cial tension, c¼ 33.5 mN�m�1 (Refs. 26–28) are referred to

those at a temperature of 313 K and a pressure of

7776–7940 kPa, and the characteristic velocity, vc, is deter-

mined by vc¼QH2O/(WD/2) by assuming water occupies a

half width of the channel on average. The generation of

scCO2 droplets is mostly in a squeezing regime in which the

interfacial tension dominates over the shear stress. Despite

this, a transition to a dripping regime where shear stresses

become important is anticipated as the water flow reaches

200 ll/min leading to Cac �0.01.29 By then, the injected

scCO2 stream is unable to touch the channel wall and very

small droplets (L1/W� 2) are produced.

Figures 2(a) and 2(b) provides a collection of snapshots

of the representative scCO2 microdroplet at each of the three

positions and shows a nondimensionalized size (Lx/W) as

well as an overall relative shrinkage of the scCO2 droplet. L1/

W can be linearly correlated to QscCO2/QH2O in a T-junction

with its geometry known, and L1/W¼ 1þ a�(QscCO2/QH2O)

according to Garstecki et al.24 It is found in this study that

a� 3.6 for QscCO2þQH2O¼ 100 ll/min (0.1<QscCO2/QH2O

< 2.3) and a� 2.0 for QscCO2¼ 50 ll/min (0.2<QscCO2/QH2O

< 0.5), respectively, both are greater than 1. In fact, simulta-

neous squeezing and dragging effects of water over the inter-

face, leading to the pinch-off of the scCO2 stream at the

junction, have extended the truncation time for droplets. Thus,

it amplifies the contribution of QscCO2 relative to QH2O in

increasing the size of the emerging droplet. Notably, the

smaller a for the latter group is due to increased shear effects

as QH2O increases and accelerates the droplet formation. By

comparing Lx/W at a specific QscCO2/QH2O, a decreasing trend

from position 1 to 2 and down to 3 exists, i.e., L1/W>L2/

W>L3/W, and is applicable to the two groups of QscCO2/

QH2O [see Fig. 2(c)]. This trend simply indicates the shrinkage

of scCO2 microdroplets. The shrinkage is a result of the inter-

phase mass transfer of CO2 molecules driven by a synergic

dissolution-diffusion mechanism due to CO2 solubility in

water and a consequent concentration gradient of CO2.

Besides, local convections near the interface are able to accel-

erate the mass transfer by continuously refreshing the sol-

vent.30,31 The overall shrinkage can be divided into two

stages, DL1¼L1 – L2 and DL2¼L2 – L3. It is found that

DL1	DL2 generally applies to the cases of QscCO2/QH2O � 1.

It means that a rapid shrinkage occurs during the early stage

of the droplet flow. Similar behaviors of CO2 bubbles are

reported by Shim et al.16 and an early rapid dissolution regime

and a subsequent equilibrium regime are identified. During

the early stage, dissolution controls the shrinkage prior to satu-

ration. Later, diffusion and convection start to manifest since

saturation is achieved at the near-CO2 boundary of the binary

mixture zone where diffusion is kinetically slower. Thus,

shrinkage during later time is less. Besides, DL1 almost equals

to DL2 when QH2O > 100 ll/min [see the inset in Fig. 2(c)],

implying that dissolution is still dominant given that the resi-

dence time of scCO2 droplets in the channel is much short-

ened. However, a clear distinction of DL1 from DL2 is not

observed for QscCO2/QH2O> 1 [see Fig. 2(c)] due to the devia-

tion of Lx. DL of droplets at QscCO2þQH2O¼ 100 ll/min are

averaged as (115 6 3.4) lm, but varies nearly linearly from

86 to 20 lm as QscCO2/QH2O tuned from 50/100 to 50/280.

The shrinkage may be considered in a relative way in terms of

DL/L1 [see Fig. 2(d)]. For the group QscCO2þQH2O¼ 100 ll/

min, increasing QscCO2/QH2O leads to decreasing DL/L1 from

35% to<10% almost linearly. However, the interrelation is

reverse for QscCO2¼ 50 ll/min. These reveal DL is closely

FIG. 1. Schematic of the experimental method. Droplet length Lx and speed

vx are simultaneously measured immediately after droplet generation (posi-

tion 1), at the midpoint (position 2) and at the end (position 3) of a straight

microchannel (Lt ¼ 15 mm, W¼ 150 lm), see Sec. S3 in the supplementary

material. Dd is a (centroid-to-centroid) drop displacement within one time

interval (�1/fps).

FIG. 2. Overview of scCO2 droplets at three positions for the group (a)

QscCO2þQH2O¼ 100 ll/min and (b) QscCO2¼ 50 ll/min. (c) Dimensionless

droplet length Lx/W [x¼ 1 (circles), 2 (down triangles) or 3 (up triangles)].

(d) Overall relative droplet shrinkage DL/L1 (DL¼L1 – L3). In (c) and (d),

the solid and open symbols correspond to (a) and (b), respectively.
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related to the flowing time of droplets in the channel that can

be quantified using droplet speeds.

Analogous to Lx, the droplet speed vx (x¼ 1, 2, or 3) is

measured at all three positions and presented in Fig. S3 in

the supplementary material. For the group QscCO2þQH2O

¼ 100 ll/min, vx is �100 mm/s at various QscCO2/QH2O

despite variations at the three positions and different variation

behaviors at different QscCO2/QH2O (relevant discussions are

provided in the supplementary material). For the group

QscCO2¼ 50 ll/min, vx increases linearly from �120 to

�360 mm/s on average as QscCO2/QH2O is tuned from 50/100

to 50/280. When vx reaches 300 mm/s at QscCO2/QH2O < 50/

200, the flowing time (tf, ms) of droplets becomes very short

(�50 ms) leading to very subtle droplet shrinkage [see the

inset in Fig. 2(c)]. In order to evaluate the flowing time, vx are

averaged to a characteristic droplet speed (v) for each flow

case. v and tf are calculated [v¼ (
P3

x¼1 vx)/3 and tf¼ L0t=v]

and shown in Fig. S4. By using Lx and tf, the solvent-side

mass transfer coefficient ks that characterizes the hydrody-

namic shrinkage of scCO2 droplets can be determined.

Starting from a differential form of ks [ks ¼ Cd

Ce

d Vð Þ
Adt ] in an infin-

itesimal time step, we obtained a specific form of ks (see

detailed derivations in Sec. S5 in the supplementary material)

by accounting for a typical Taylor droplet in a rectangular

microchannel at a 3D scenario and based on rewriting the sur-

face area (A, m2) and volume (V, m3) of the droplet in terms

of the readily available parameters (e.g., W, D, and Lx), as

follows:

ks mm=sð Þ ¼ 0:96WD� 0:0632W2ð Þ
1:548W þ 2Dð Þ

Cd

Ce
ln

A0

Ax

� �
1

t
; (1)

where Cd and Ce are nominal “molar concentrations” (Cd

¼qscCO2/M, mol/L) of CO2 and its solubility in water,

respectively. The term DC ¼ Ce � C0 (the surrounding CO2

concentration C0� 0) refers to the driving concentration dif-

ference for the water-side mass transfer. For calculating A,

the contact angle [hc¼ (141 6 1.2)�] between the droplet and

water at the channel wall averaged from all imaging frames is

applied. In order to calculate ks, Cd is determined by qscCO2

and the molar mass M, and Ce [(1.153 6 0.005) mol/l] is

referred to that at 313 K and a pressure of 8185–8284 kPa.32,33

ks are calculated by L1, L3, and tf and shown in Fig. 3(a).

Note that ks,1–3 here is a convective mass transport coeffi-

cient34 accounting for the hydrodynamics within both the

droplet and the water slug, as well as in the vicinity of the

droplet meniscus. Based on the CO2 diffusivity (Ddc

� 1.5� 10�9 m2/s)35 in water at the experimental condition

and a half channel width as a characteristic length

(Lmass¼W/2) for the mass transfer, the Sherwood number

[Sh¼ ks,1–3/(Ddc/Lmass)] that compares the strength of the

convective mass transfer with that of diffusion can be deter-

mined, as shown in Fig. 3(b).

To assist with discussions, we performed a simple CFD

study of a single flowing (100 mm/s) scCO2 droplet with water

in the long straight microchannel as the computational

domain. A VOF (volume-of-fluid) method based on a fraction

function of the two phases is adopted in CFD software Fluent

(version 17, Ansys, Inc.). In addition, an overall continuity

and a momentum equation, as well as a continuum surface

(force) tension model and the contact angle (hc) are applied.

The fluid properties (density and viscosity of water and that as

well as diffusivity of scCO2) are considered by referring to the

aforementioned pressures and temperature. Flow streamlines

(after subtracting a superficial velocity of 100 mm/s from the

domain) within the droplet and water corresponding to the

moment when the droplet arrives at position 2 [see Figs.

3(d)–3(f)] reveal that toroidal vortexes are formed within the

droplet and the water region close to the droplet meniscus.

The convective hydrodynamics near the droplet meniscus

dominate in transporting CO2 by continuously refreshing the

meniscus region and bringing away dissolved CO2.

As shown in Figs. 3(a) and 3(b), a negative logarithmic

relation is found for both ks,1–3 and the Sh number with

QscCO2/QH2O. Same relations between these two parameters

and Lx/W may exist as well in view of a linear correlation

of QscCO2/QH2O and Lx/W. For a small scCO2 droplet (i.e.,

small L1/W), it presents better mass transfer (higher ks) and

FIG. 3. (a) Mass transfer coefficient ks, 1–3 and (b) Sherwood numbers. In (a) and (b), solid symbols: QscCO2þQH2O ¼ 100 ll/min; hollow symbols: QscCO2

¼ 50 ll/min. The error bar indicates one standard deviation according to error propagation. The fitting lines are added for discussions only. (c) A snapshot of

a flowing (�100 mm/s, from left to right) scCO2 droplet at position 2 in the channel. (d) Numerically computed flow streamlines within the flowing droplet

(red colored) and water slugs (white regions) near the meniscus. Local convections represented by vortexes are detailed in magnified views in (e) and (f). For

reference, the magnitude of water velocity near the droplet meniscus is �30 mm/s.
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enhanced dominance of convection over diffusion in control-

ling the mass transport of CO2 (larger Sh). This disparity is

highlighted as well for the same QscCO2/QH2O but with an

increased Cac that results in even smaller CO2 droplets.

Generally, small droplets feature a larger effective portion of

an overall interfacial region for the mass transfer and this

convection-featured portion contributes more in the mass

transport. Moreover, as droplets have a comparably small

size, increased Cac indicating enhanced shear effects relative

to interfacial tension strengthens the convection in the vicin-

ity of the droplet meniscus that promotes the mass transport

further.

In conclusion, we have experimentally reported on the

shrinkage of flowing scCO2 microdroplets in a water-carrier

flow in a straight microchannel. Using a micro T-junction,

scCO2 droplets (surface-to-volume ratios �33.2 mm�1) are

produced by applying a series of QscCO2/QH2O and their

length, speed, and the flowing time are either measured or

calculated. A mathematical model of the solvent-side mass

transfer coefficient (ks) is developed by accounting for the

3D morphology of a typical Taylor droplet in a rectangular

microchannel. ks in our work ranges from 1.5� 10�4 to

7.5� 10�4 m/s which is two orders of magnitude higher than

that of the hydrostatic liquid CO2 droplets in water.18–20 The

Sh (7–37) number reveals the dominance of convections

over diffusion in controlling the mass transfer. These find-

ings highlight the benefits of using scCO2 and small droplets

in a hydrodynamic scenario when it comes to applications of

CO2 in chemical processes and deep underground or oceanic

CO2 storage.

See supplementary material for a schematic of the

experimental setup, measurements of droplet length and

speed, and a detailed development of the mathematical

model of the solvent-side mass transfer coefficient.

We thank Yuk Hei Wong for the Matlab codes for

droplet measurements and acknowledge the financial support

from the Carbon Management Canada (Theme C: Secure

Carbon Storage, Project C393).
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