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Carbon dioxide enhanced oil recovery (CO,-EOR) has been recognized as a viable pathway for carbon
capture, utilization, and storage (CCUS). Among its variants, miscible CO,-EOR offers a considerable additional
oil recovery of approximately 5-20%, making the determination of minimum miscibility pressure (MMP) a
critical design consideration. In this study, we employ a high-pressure microfluidic platform to investigate the
miscibility transition between CO, and n-decane at temperatures (T) of 40, 50, 70, and 90 °C. At T = 40 °C,
with increasing pressure (P), microfluidic visualization reveals a series of distinct flow regimes: dripping, quasi-
steady jetting, unsteady jetting, transitional, and ultimately diffusive regimes. In the diffusive regime, miscibility
is achieved through intensive mixing, leading to the disappearance of the fluid-fluid interface. Based on these
microfluidic observations, we propose a new criterion for MMP determination: the minimum pressure
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required to reach the diffusive regime for the dynamic CO,-oil flow. The experimentally determined MMP
values show good agreement with previous microfluidic studies and predictions from the Peng-Robinson
equation of state (PR-EOS). Furthermore, the MMP increases linearly with temperature from 40 to 90 °C,
consistent with the reduced solubility of CO, in n-decane at higher temperatures. This microfluidic method
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1. Introduction

Carbon dioxide enhanced oil recovery (CO,-EOR) has been
widely implemented as a large-scale and cost-effective method
under carbon capture, utilization, and storage (CCUS) strategies
to mitigate rising greenhouse gas emissions. In CO,-EOR,
captured CO, is injected into existing petroleum reservoirs to
enhance oil recovery—a process that not only enables low-cost
production but also reduces the net carbon footprint of the
extracted oil."™ Since the 1990s, the number of CO,-EOR
projects has steadily increased and is projected to continue
growing through 2040.° Various CO,-EOR approaches exist,
including immiscible injection, miscible injection, CO, foam-
assisted EOR, and the huff-n-puff method.**® Compared with
immiscible CO,-EOR, miscible and near-miscible operations
have shown particular promise,”? as they are more effective in
improving sweep efficiency and the overall recovery factor."
Miscibility refers to the ability of two fluids to mix uniformly
and form a single-phase mixture."* In CO,-EOR, achieving
miscibility between injected CO, and in situ oil can significantly
improve oil recovery through mechanisms such as oil swelling
and viscosity reduction,”*'® vaporizing and condensing gas
drive processes,'®'” and the mitigation of unfavorable flow
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provides a rapid and visual approach to assess miscibility transitions in CO,-EOR applications.

phenomena including gravity override®®' and viscous

fingering,”*® which commonly reduce recovery efficiency in
conventional gas injection methods.*

In miscible CO,-EOR, the minimum miscibility pressure
(MMP) is one of the most critical parameters, defining the
pressure above which CO, and oil become fully miscible."
MMP is influenced by several factors, such as temperature, oil
composition, and injected gas composition.** Two commonly
used definitions for miscibility are first-contact and multi-
contact miscibility.****" First-contact miscibility refers to a
thermodynamic condition in which two fluids form a single-
phase mixture upon contact, regardless of their mixing ratio."
In contrast, multi-contact miscibility is more commonly
encountered in practical CO,-EOR operations, as reservoir oils
typically contain multiple components, including light,
intermediate, and heavy fractions.**** Multi-contact miscibility
is achieved through repeated contact and component exchange
between the injected gas and reservoir oil, involving both
vaporization and condensation mechanisms."**"

Several  long-established, = macroscopic  experimental
techniques have been developed since the 1980s to determine
MMP, including the vanishing interfacial tension (VIT)
method,*** rising bubble apparatus (RBA),*® and slim tube test
(STT).***” The VIT method involves measuring interfacial
tension, typically using a pendant drop technique, to construct
an IFT-pressure curve and extrapolate the pressure at which IFT
approaches zero, which is taken as the MMP.***> However, this
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method is sensitive to fluid composition and may result in
deviations in MMP estimation.*"*® The RBA involves injecting a
gas bubble into a column of oil and observing its shape and
rising behavior, which offers qualitative insight into miscibility
conditions.*® While relatively simple and fast to perform, RBA
may not reliably capture the vaporizing and condensing
mechanisms involved in multi-contact miscibility, due to the
short interaction time and lack of continuous phase exchange
between gas and oil.***° The STT uses a coiled tube packed with
porous media, such as sand or glass beads, to simulate reservoir
flow conditions.>*"*” CO, is injected at varying pressures, and oil
recovery is measured; MMP is operationally identified as the
pressure at which the recovery factor transitions from a rapid
increase to a slower rate of change, which typically occurs at a
recovery of ~90-95%."**>*” The STT is widely considered the
most accurate laboratory method for representing multi-contact
miscibility in CO,-EOR.*>*'** However, it is time-consuming
(often requiring 2-6 weeks to complete), lacks standardized
design in tube dimensions and packing material, and can be
costly to perform.’>*"** In addition to the above-mentioned
experimental techniques, MMP can also be estimated using
empirical correlations®®** and equation-of-state- (EOS-) based
methods.****

In contrast, more recent microfluidic approaches offer
complementary capabilities, including reduced sample volumes,
faster measurements, and direct visualization at the pore scale.
Microfluidic platforms, hence, have recently emerged as
versatile tools for studying fluid displacement,'>*>*™>* mass
transport,” *® and phase behavior® 7 at the pore scale. When
operated under high-pressure conditions, these systems can
mimic the temperature and pressure environments of
subsurface reservoirs, making them particularly useful for
investigating CO,-oil MMP.”* %

Microfluidic systems, when combined with fluorescence
microscopy, allow direct visualization of phase behavior at
the CO,-oil interface, with the oil phase typically labeled
using a fluorescent dye. For example, Nguyen et al.”® were
among the first to examine MMP using a microfluidic T-
junction, where CO, and oil were co-injected, and miscibility
was evaluated by monitoring the fluorescence intensity at a
fixed detection region.”> Below MMP, the presence of
segmented CO, bubbles led to periodic drops in fluorescence
intensity; above MMP, a more uniform signal indicated
complete mixing.”> Microfluidic analogs of the vanishing
interface technique (VIT) have also been developed, where oil
is trapped in a dead-end microchannel and the average
fluorescence intensity is monitored to determine whether a
homogeneous mixture is formed.”*”® Similarly, the “slim-
tube-on-a-chip” design mimics the concept of conventional
slim-tube tests by injecting CO, into oil-saturated
microfluidic porous media, where multi-contact miscibility is
evaluated based on the recovery factor.”*®> Unlike
conventional slim tubes, microfluidic platforms enable faster
testing (within hours instead of weeks) and allow precise
control over pore size, geometry, and permeability, offering
more consistent and tunable experimental conditions.

Lab Chip

View Article Online

Lab on a Chip

Compared to conventional laboratory methods, microfluidic
approaches offer several remarkable advantages for studying
miscibility. These include low fluid consumption, real-time
optical access, rapid testing, and precise control over the porous
medium geometry and flow conditions.**® Microfluidic
platforms are particularly well suited for studying miscibility
because their characteristic length scale, typically ranging from
100 nm to 100 um,*® is comparable to the pore scale of
subsurface porous media.** At this scale, the reduced channel
dimensions result in a high surface-to-volume ratio, which
enhances interfacial contact and promotes mass transfer,*
thereby making microfluidic systems more representative of
multi-contact miscibility development in porous reservoirs.
Moreover, recent microfluidic studies have extended into the
nanofluidic regime, where channel depths on the order of 10 to
100 nm introduce strong molecular-wall interactions and
confinement effects.”>”® The measurement of MMP under such
nanoconfinement is particularly relevant for CO,-EOR in tight
formations such as shale. For example, parachor-EOS modeling
based on interfacial tension predictions suggests that reducing
the channel depth from 1 um to 10 nm can lower the MMP of
CO,-octane from 15.10 to 10.10 MPa at 160 oC.”8

Building on the advantages of microfluidics, this work
introduces a new, dynamic, and visually intuitive method for
determining MMP based on flow regime transitions in
continuous flow. While previous microfluidic approaches
using static geometries such as dead-end channels have
provided valuable insights into equilibrium phase
behavior,”*”*”® our work introduces an original approach
and a wunique perspective that captures the transient
evolution of miscibility under dynamic, flowing conditions.
We develop a high-pressure microfluidic platform capable of
operating under reservoir-like conditions (15 MPa, 90 °C) and
use it to visualize interfacial dynamics in CO,-n-decane
systems across a range of temperatures and pressures. By
identifying the transition from dripping, jetting, and
transitional flows to a diffusive regime, we define MMP
through direct visualization of miscibility with high
precision. This approach enables real-time assessment of
phase behavior and provides new insight into the dynamics
of interfacial deformation and mixing near the miscibility
threshold. The experimental MMP values are compared with
predictions from the Peng-Robinson equation of state (PR-
EOS) and previous microfluidic experimental data,
confirming the method's accuracy, reproducibility, and
potential for broader applications in energy and chemical
systems.

2. Experiments

This study investigates the transition to miscibility between
CO, and n-decane from 40 to 90 °C, where miscibility
typically occurs at pressures on the order of 1 to 10" MPa. A
robust microfluidic setup was developed to operate with
current gas supply up to 15 MPa and 90 °C, enabling
operation under reservoir-relevant conditions.

This journal is © The Royal Society of Chemistry 2025
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2.1. Materials

The materials used included n-decane (=99%, CAS No. 124-
18-5, Thermo Fisher Scientific), Nile red dye (CAS No. 7385-
67-3, Sigma-Aldrich), and CO, (99.99% purity, 4.0 anaerobic
grade, Linde). For microfabrication, prime-grade silicon (Si)
wafers and round borofloat glass substrates, each with a
diameter of 100 mm, were used.

2.2. Microfluidic chip fabrication

The microfluidic chip was fabricated using silicon and glass,
materials commonly employed in high-pressure
9091 On the front side, the silicon wafer was first
piranha and primed with
hexamethyldisilazane (HMDS) vapor to enhance photoresist
adhesion (YES Oven). A layer of photoresist (AZ 1512) was spin-
coated and patterned using direct-write photolithography with a
maskless aligner (Heidelberg MLA150). Deep reactive ion
etching (DRIE) was then performed using a high-rate single-
stage Bosch recipe (Oxford Estrelas) to etch the microchannels
to a depth of 50 um.

Following the two-sided lithography method adapted from
Qi et al.,”* the fluidic ports were etched through the remaining
450 um-thick wafer from the backside using a bilayer of AZ4330
photoresist. This double-sided approach was adopted to
eliminate the need for mechanical drilling, which previously
caused silicon cracking under elevated pressure.

Residual photoresist was removed with a photoresist asher
(PVA TePla Ion 10Q) followed by piranha cleaning. The
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cleaned with a solution

A Silicon—-Glass Microfluidic Chip B

CO,=e

Sapphire Glass

Microfluidic Chip

®
>
n-decane
Syringe Pump

Stainless Steel

Fig. 1

Microfluidic Chip Holder

View Article Online

Paper

patterned silicon wafer was then anodically bonded to a
borofloat glass wafer at 370 °C with 600 V using an AML
wafer bonder, forming a sealed chip. Finally, the bonded
wafer stack was diced into individual chips using a dicing
saw (Disco 3240). An image of the final silicon-glass
microfluidic chip used in the experiments is shown in
Fig. 1A, with overall chip dimensions of 25 x 15 mm. A
microscopy view of the microfluidic design is shown in
Fig. 1B, illustrating the CO,-decane flow within the
serpentine microchannel.

2.3. Experimental setup

A stainless steel microfluidic chip holder was designed to
securely house the microfluidic chip, as shown in Fig. 1C. The
chip holder was fabricated using a CNC mill (Tormach PCNC
1100) and a milling-drilling machine (Optimum BF 30 Vario).
Internal fluidic channels were precision-drilled to the interface
with external 1/16" stainless steel tubing. The chip was
compressed and secured with four bolts, which also clamped a
sapphire viewing window between the chip and the holder for
real-time microscopy observations. The modular holder design
enables replacement of the microfluidic chip with alternative
layouts for other high-pressure experiments.

As illustrated in Fig. 1C, a high-pressure syringe pump
(Teledyne ISCO 100DX) was used for CO, injection and
pressure control. A pressure transducer (OMEGA PX309) was
installed upstream of the CO, microfluidic inlet to provide
accurate monitoring of the CO, inlet pressure.

CO,—-Decane Flow in Serpentine Microchannel
*n-decane

CO, Compressed Cylinder

CO, Syringe Pump
Electronic Pilot Controller

Effluent Collector

Back Pressure Regulator
BPR)

(A) Photograph of the fabricated silicon-glass microfluidic chip. (B) Microscopy image showing the CO,-decane flow in a serpentine

microchannel. Scale bar: 200 um. (C) Schematics of the microfluidic experimental setup. CO, and n-decane were injected using two separate
high-pressure syringe pumps. Center: 3D model of the stainless steel microfluidic chip holder with a sapphire viewing window and the microfluidic
chip positioned beneath it. Backpressure was controlled using a backpressure regulator with an electronic pilot controller.

This journal is © The Royal Society of Chemistry 2025
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For n-decane injection, a high-pressure syringe pump
(Chemyx Fusion 6000X) was used with a 6 mL stainless steel
syringe and an inline pressure gauge to verify that the target
pressure was reached. Downstream pressure was regulated
using a back pressure regulator (Equilibar ZF Series) with an
electronic pilot controller (Equilibar EPR-3000), which
maintained a stable back-pressure setpoint.

Temperature control was achieved using a temperature
controller (OMEGA CN740). An aluminum heating plate was
mounted on the stainless steel chip holder and secured with
Kapton tape. A K-type thermocouple was inserted into a hole
drilled 1 mm away from the microfluidic channel to provide
accurate temperature readings. Thermal paste was applied
beneath the heating plate and inside the thermocouple hole
to ensure efficient thermal conductivity.

2.4. Experimental procedures

We investigated the miscibility transition for CO, and
n-decane at temperatures of 7' = 40, 50, 70, and 90 °C. For
experiments at 40 °C, an initial coarse pressure ramp was
performed from 1 to 10 MPa in 1 MPa increments to observe
flow behavior across a broad pressure range. Subsequently, a
finer pressure ramp was performed from 7.5 to 8.5 MPa in
0.1 MPa increments to determine MMP more precisely. For
temperatures of 50, 70, and 90 °C, only the fine pressure
ramp (0.1 MPa increments) was performed to precisely
determine the MMP values. For each pressure and
temperature condition, the experiment was repeated at least
three times to ensure reproducibility.

To enhance contrast between the oil and CO, phases,
n-decane was mixed with Nile red at a concentration of 10 g
m~. The solution was stirred with a magnetic stirrer until
fully homogenized, and then degassed in a vacuum
desiccator for 45 minutes until no visible gas bubbles
remained.

Prior to each experiment, the target temperature and back
pressure were set using the temperature controller and back
pressure regulator, respectively. CO, was gradually
pressurized to the desired testing pressure using a high-
pressure syringe pump and introduced into the microfluidic
system. Simultaneously, the oil phase (n-decane) was also
pressurized to the same target pressure with its valve kept
closed. Once both pressure and temperature reached their
targets, the decane valve was opened, and both CO, and
decane were co-injected into the microfluidic chip. Both
injection pumps were set to maintain a constant flow rate of
50 uL min~' throughout the experiment. The system was
allowed to stabilize for at least 5 minutes before recording
began.

After the experiments were completed at a given pressure,
both CO, and n-decane lines were closed. The back pressure
was then adjusted for the next setpoint, and each fluid was
re-pressurized separately. Once stabilized at the new
pressure, the fluids were reintroduced at the same flow rate
of Q =50 pL min "
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2.5. Imaging acquisition and data analysis

The microfluidic chip holder was placed on an inverted
microscope with 5x or 10x objectives. A mercury lamp (HXP
200C) was used for illumination. A high-speed camera was
attached to the microscope side port to capture image
sequences at 7500 frames per second (fps).

Initial image processing was conducted in Image],”
including cropping the region of interest (ROI), applying a
bandpass filter, and subtracting the background to improve
illumination uniformity and reduce noise. Data processing,
including equation of state calculations and figure
generation, was carried out using MATLAB.

3. Results and discussion
3.1. Microfluidic flow regimes and visualization

We performed experiments by simultaneously injecting CO,
and n-decane at a constant flow rate of 50 uL min™" into a
microfluidic flow-focusing device, where CO, was the
dispersed phase and n-decane was the continuous phase. A
schematic of the microchannel layout is shown in Fig. 2A.

At T = 40 °C, increasing the pressure from 1 to 10 MPa
resulted in a series of distinct flow regime transitions, as
illustrated by the data points in Fig. 2B and the corresponding
snapshots in Fig. 2C. The observed flow regimes include
dripping, quasi-steady jetting, unsteady jetting, transitional, and
diffusive regimes. A detailed discussion of each regime is
provided in sections 3.1.1 to 3.1.4.

For T = 50, 70, and 90 °C, finer pressure steps of 0.1 MPa
were applied over a narrower pressure range to capture the
miscibility transition. As shown in Fig. 2B, similar flow
regime transitions were observed, from unsteady jetting to
transitional, and ultimately to diffusive regimes.

3.1.1. Dripping regime. At T = 40 °C and P = 1-4 MPa, a
dripping flow regime was observed, in which CO, droplets
broke up immediately after the flow-focusing junction,” as
shown in Fig. 2C. The two fluids were immiscible with a
sharp and well-defined interface. The droplets were initially
elongated and formed at regular intervals with uniform
size.”® As they traveled downstream into section 2 of the
channel, the droplet size gradually decreased due to CO,
dissolution into the surrounding decane.

3.1.2. Quasi-steady jetting regime. At 7 = 40 °C and P = 5-
6 MPa, the flow exhibited a quasi-steady jetting regime.
Although droplet formation remained periodic, breakup
occurred further downstream and at higher frequency than
in the dripping regime. The resulting droplets were smaller
and more closely spaced, as shown in Fig. 2C (40 °C, 5.1
MPa).

The transition from dripping to jetting can be triggered
when either inertial forces from the dispersed phase or
viscous shear from the continuous phase become large
enough to overcome interfacial tension.”>°” Each mechanism
is represented by a corresponding dimensionless number:

(1) Inertia-surface tension balance: when the Weber
number of the dispersed phase (Weco,) exceeds a critical

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00616c

Open Access Article. Published on 18 March 2026. Downloaded on 3/18/2026 9:41:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Lab on a Chip Paper
A n-decane (50 pL/min)
* Continuous Phase 200 pm
0 (50 ) i e
Dispersed Phase T S
.. Section2 i
B C Section 1 Section 2
O Diffusive (40°C, 8.6 MPa)
15F i - | ——————
E g ¢ Transitional (40°C, 8.1 MPa) i
210F O v .
%’ [ ¥V Unsteady Jetting (40°C, 7.1 MPa) ‘
@ [ S DD
g st ]
= ’ I> Quasi-Steady Jetting (40°C, 5.1 MPa) _‘
= 2C 190000000
40 50 70 90 O Dripping (40°C, 3.1 MPa) |
' R @ TR o o YR o O @ ]
Temperature (°C)

——> Direction of flow

Fig. 2

(A) Microchannel schematic showing section 1 and section 2 as the regions of interest under a microscope with a 10x objective. CO,

(dispersed phase) and n-decane (continuous phase) were co-injected at a constant flow rate of 50 uL min* at the flow-focusing junction. Section
1 captures the junction where the CO,-decane interface forms, while section 2 is located downstream (8.6 mm from the junction). (B) Phase
diagram summarizing all the experimental conditions, showing flow regime transitions at T = 40, 50, 70, and 90 °C. (C) Representative snapshots
at T = 40 °C for each flow regime, captured from section 1 (left) and section 2 (right) as indicated in (A). Experimental conditions are noted; scale

bars: 200 pm.

value, the inertial force of the moving CO, thread overcomes

the restoring force of surface tension, leading to the

transition from dripping to jetting.
__Pco, u’Dy

‘Rleco2 =,

. 1)

where pco, is the CO, density extracted from the NIST
database,” u = Q/A is the superficial velocity (ie., the
volumetric flow rate Q divided by the microchannel cross-
sectional area A), D, = 2HW/(H + W) is the hydraulic diameter,
and y is the interfacial tension (IFT) between CO, and
n-decane, estimated using the empirical model developed by
Pan and Trusler.”*

(2) Viscous-surface tension balance: when the capillary
number of the continuous phase (Ca,.gecane) €Xceeds a critical
value, the viscous shear exerted by the flowing n-decane
balances and overcomes surface tension, also triggering the
transition to jetting.

_ﬂn—decaneu

Cay-decane = ’

) (2)

where f, decane 1S the viscosity of decane from the NIST
database.”

Both Wego, and Capgecane iNcrease with —pressure
(Fig. 3A and B). The increase in We is particularly pronounced
during the transition from dripping to jetting, reflecting the
growing inertia of the inner CO, stream as its density increases
with pressure due to compression.

This journal is © The Royal Society of Chemistry 2025

The change in flow behavior can be further explained by
the pressure-dependent variation in fluid properties,
illustrated in Fig. 3D. Between 1 and 5 MPa, the CO, density
increases steadily, while the interfacial tension with decane
decreases, as seen in the inset of Fig. 3D. This combined
effect of higher density and lower interfacial tension causes
the Weber number to increase, due to increasing inertial
force and weaker surface tension. The steady rise in the
Weber number promotes the transition from dripping to
quasi-steady jetting.

3.1.3. Unsteady jetting regime. At 7= 40 °C and P = 7-7.8
MPa, an unsteady jetting regime was observed. This regime was
characterized by a large variation in droplet size and a breakup
point located further downstream compared to the quasi-steady
jetting regime, as shown in Fig. 2C (40 °C, 7.1 MPa).

In this pressure range, the Weber number continues to
rise due to increasing CO, density and decreasing interfacial
tension. The capillary number also increases more
significantly as interfacial tension drops further, as seen in
Fig. 3B. The increasing trend in We and Ca indicates an
increasing influence of inertial and viscous forces relative to
surface tension, leading to delayed droplet pinch-off. The
Reynolds number of the CO, stream, defined as

Reco, = pco,UDnlfco,, 3)
where o, is the CO, viscosity,” increases nearly linearly
with pressure (Fig. 3C). The rising Re reflects a shift toward
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Fig. 3 Variation of dimensionless numbers and fluid properties with pressure at T = 40 °C. (A) Weber number of the CO, phase, calculated using
eqgn (1), showing its pressure dependence. (B) Capillary number of the n-decane phase, defined by eqn (2), as a function of pressure. (C) Reynolds
number of the CO, phase, defined by eqn (3), as a function of pressure. (D) Pressure-dependent variation of fluid properties: density ratio pco,/

Pr-decane (blue 0, left axis),®®

viscosity ratio fico,/fin-decane (red O, right axis),”®

and IFT (inset, calculated using the empirical correlation from ref. 94

based on pendant drop measurements). The shaded region marks the pressure range where IFT approaches zero; We and Ca are not computed in

this regime.

inertia-dominated flow, contributing to jet instability and
variation in droplet size.

To better visualize the jet-tip dynamics at elevated
pressures, time-lapse snapshots were captured at 40 °C and
7.1 MPa to highlight the instability at the jet tip. As shown in
Fig. 4A (left), frames acquired every 0.4 ms reveal a weak and
unstable jet tip, with inefficient pinch-off and variation in
droplet size.

Similar unsteady jetting behavior was consistently
observed at 50, 70, and 90 °C (Fig. 5-7 (left)). At elevated
temperatures, the onset of unsteady jetting occurred at
correspondingly higher pressures, consistent with reduced
interfacial tension and changes in fluid properties.

A
T=40°C WV Unsteady Jetting
Time (40°C, 7.1 MPa) "
pm
t=0ms

O Transitional
(40°C, 8.1 MPa)

[ - e e e ey T e —

3.1.4. Transitional regime. At 7 = 40 °C and P = 7.9-8.4
MPa, the flow entered a transitional regime. As seen in
Fig. 4A (middle), the CO, jet developed wavy perturbations
and frequently generated small satellite droplets near the jet
tip. Tails occasionally formed at the rear of the droplets, but
over time the droplets became rounded due to the surface
tension effect minimizing surface area. A representative
image near the first meander is shown in Fig. 4B (left). The
wavy interface extended through the meander and eventually
broke into droplets downstream. Although the CO,-decane
interface became less distinct in the meander section, the jet
retained its overall structure and continued to form droplets
after exiting the curved region.
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Fig. 4

[ Diffusive (40°C, 8.6 MPa)

Intense
Mixing

Few Satellite Droplets

(A) A series of time-lapse snapshots at T = 40 °C, showing the evolution of the CO, jet tip at 7.1 MPa (unsteady jetting), 8.1 MPa

(transitional), and 8.6 MPa (diffusive). Images were taken every 0.4 ms from t = 0 to t = 1.6 ms. (B) Representative images of the meander region,
highlighting the jet front where droplet formation and mixing occur. In the transitional regime (8.1 MPa), the jet front appears wavy and unstable,
producing many satellite droplets. In contrast, the diffusive regime (8.6 MPa) exhibits fewer droplets and enhanced mixing near the bend, indicative

of miscible flow behavior. Scale bars: 200 um.
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Fig. 5 Time-lapse snapshots at T = 50 °C showing the evolution of the CO, jet tip at 9.1 MPa (unsteady jetting), 9.6 MPa (transitional), and 10.0

MPa (diffusive). Scale bars: 200 pm.
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Fig. 6 Time-lapse snapshots at T = 70 °C showing the evolution of the CO, jet tip at 11.6 MPa (unsteady jetting), 12.5 MPa (transitional), and 12.8

MPa (diffusive). Scale bars: 200 pm.
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Fig. 7 Time-lapse snapshots at T = 90 °C showing the evolution of the CO, jet tip at 13.7 MPa (unsteady jetting), 14.7 MPa (transitional), and 15.1

MPa (diffusive). Scale bars: 200 pm.

In the pressure range corresponding to transitional flow,
the inset in Fig. 3D shows IFT values of approximately 1 to 2
mN m™', a range commonly regarded as near-miscible in
EOR applications.”® Based on both the IFT values and
observed flow characteristics, this regime is interpreted as
near-miscible.

Transitional flow was also observed at elevated
temperatures of 50, 70, and 90 °C. Compared to the
transitional regime at 40 °C, droplets at higher temperatures

This journal is © The Royal Society of Chemistry 2025

(50-90 °C) generally appear smaller, although no consistent
size trend is evident due to the unstable nature of the flow.
As T increased, the CO, jet also appeared thinner and more
laminar, with breakup occurring further downstream -
sometimes even near the channel exit. Although the flow
pattern appears different from that at 40 °C, it is still
considered transitional, since a visible interface was present
and discrete droplets eventually formed, consistent with low-
IFT conditions.
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These changes with increasing temperature can be
explained by variations in fluid properties. Under the
pressure and temperature conditions corresponding to the
snapshots in Fig. 4A (middle) and 7 (middle), the viscosity of
decane decreased by 37.5%, while the density of CO,
increased by 24.1%. The reduction in viscous drag from the
outer decane stream, combined with the increased inertial
force from the inner CO, stream, led to a more extended CO,
jet and a delayed breakup point further downstream.

3.1.5. Diffusive regime. At pressures exceeding 8.5 MPa, a
diffusive regime was observed. In Fig. 2C (40 °C, 8.6 MPa),
near the flow-focusing junction, the interface between CO,
and n-decane appeared blurred. By the time the flow reached
section 2 of the microchannel, the interface was no longer
distinguishable, indicating complete mixing and the onset of
full miscibility. Section 2 was selected as a practical
observation point far enough downstream for the intense
interface mixing to develop and complete, yet upstream of
the regime where complete drop dissolution could be
misinterpreted for miscibility.

The time-lapse images at 40 °C and 8.5 MPa captured the
mixing evolution, as shown in Fig. 4B (right). As the CO, jet
passed through the meandering region, streak-like patterns
emerged and the jet appeared stretched and filamented. This
pattern suggested intensive mixing with only a few satellite
droplets. Further downstream, the interface disappeared
entirely, suggesting that the two fluids transitioned into a
homogeneous phase.

The miscibility was not achieved immediately upon
contact near the junction. This observation is consistent with
the findings of Cubaud and Notaro,”® where miscible threads
exhibited different flow behaviors depending on the Péclet
number (Pe), defined as:

_ 0,10,

Pe
Dh

; 4)
where Q, and Q, are the flow rates of the two fluids, D is the
diffusivity, and % is the channel height.”® The Péclet number
represents the ratio of advective to diffusive transport. In our
study, Pe = 6 x 10° at 40 °C, which exceeds the ultra-diffusive
threshold of Pe, = 1.5 x 10° reported by Cubaud and
Notaro.”® The higher Pe suggests that the diffusive rate was
insufficient to produce an ultra-diffusive interface
immediately at the junction. Instead, we observed a gradual
development of miscibility, characterized by a transient
mixing zone that evolved as the fluids flowed downstream.

At 50 and 70 °C, a similar diffusive flow was observed. At
90 °C, the mixing dynamics became even more pronounced.
As shown in Fig. 7 (right), chaotic advection led to tangled
streak patterns and rapid interface breakdown.

In this study, the onset of the diffusive regime is used to
define the minimum miscibility pressure (MMP).
Microfluidic visualization shows that mixing does not begin
immediately after the flow-focusing junction due to limited
diffusion. A diffusive thread gradually forms downstream,
with a blurred interface and intensified mixing enhanced by
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recirculation in the meandering channel. The appearance of
this flow structure marks the transition to a single phase and
provides a clear visual indicator of miscibility.

In addition, we conducted a supplementary grayscale
intensity analysis at section 2 to compare the unsteady,
transitional, and diffusive regimes (Fig. 8). Fig. 8B presents the
grayscale profiles extracted from the corresponding
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Fig. 8 (A) Experimental snapshots at section 2 for unsteady jetting
(40 °C, 7.1 MPa), transitional (40 °C, 8.4 MPa) and diffusive regimes
(40 °C, 8.5 MPa). (B) Grayscale profiles extracted from the
corresponding snapshots in (A). Grayscale values were normalized to
the range of 0-1. A smaller grayscale value corresponds to a darker
region in the snapshot; for example, CO,-oil interfaces appear as
valleys in the profile. For each profile, the grayscale values are
averaged along the vertical direction of the region of interest (ROI)
and plotted against distance along the flow direction. (C) Histogram
calculated from the same ROI. The probability for each grayscale
value was obtained by dividing the pixel count at that value by the
total count within the ROI. The histogram therefore represents the
probability distribution of normalized grayscale values within the ROI.

0.2 0.8
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experimental snapshots in Fig. 8A. Grayscale values were
normalized to the range of 0-1, averaged along the vertical
direction, and plotted against distance along the flow direction.
As shown in Fig. 8B, sharp drops in intensity indicate the
locations of the dark CO,-oil interfaces—pronounced in the
unsteady jetting regime, less frequent in the transitional regime,
and absent in the diffusive regime, where the grayscale profile
becomes flat, resulting in a more uniform gray color. Fig. 8C
shows the histogram analysis of the same ROI. Compared with
the unsteady jetting and transitional regimes, the probability of
darker intensities (approximately 0.2-0.4) drops by orders of
magnitude in the diffusive regime. This change reflects the
disappearance of distinct interfaces as the pressure exceeds the
MMP. Both methods—direct visualization of the diffusive
regimes and grayscale intensity analysis—yield consistent MMP
results. While MMP values in this work can be conveniently
identified through direct visualization, the quantitative
grayscale intensity analysis (e.g., Fig. 8B and C) also serves as an
alternative approach.

To evaluate whether the visual criterion for miscibility is
influenced by flow conditions, we conducted additional
experiments at 40 °C using different combinations of CO,
and n-decane flow rates, ranging from 25 to 100 pL min ', at
pressures between 8 and 9 MPa. While varying the flow rate
altered specific aspects of the two-phase flow morphology—
including the droplet size, breakup location, and thread
width—the pressure at which the flow transitioned from
transitional to fully diffusive regimes remained unchanged.
For example, in the diffusive regime, reducing the CO, flow
rate from 100 pL min™* to 25 uL min~* decreased the initial
thread width from 60.5 pm to 36.0 um and changed the
interface curvature near the inlet. These results are consistent
with previous observations of Re and Pe dependence of the
viscous thread morphology of miscible flows in a flow-
focusing microchannel.”

The agreement of the regime transition pressure for
different flow rates confirms that full miscibility is a
thermodynamic effect, driven by a vanishing interfacial
tension at the MMP, rather than by hydrodynamic effects.
Therefore, the fixed flow rate of 50 puL min ' used in the
main experiments provides a valid basis for determining
MMP, while further studies could explore flow-rate effects,
particularly changes in the flow morphology, under other
regimes such as dripping or jetting.

3.2. Minimum miscibility pressure (MMP)

We compared the minimum miscibility pressure (MMP)
determined from our microfluidic experiments with
predictions from a thermodynamic model based on the
Peng-Robinson equation of state (PR-EOS).’°° The PR-EOS is
widely used in the petroleum industry for modeling the
phase behavior and thermophysical properties of CO,-
hydrocarbon mixtures, offering a practical balance between
simplicity and accuracy.**'°"'%* The following section
provides a brief overview and computational workflow of the

This journal is © The Royal Society of Chemistry 2025
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PR-EOS approach, while detailed equations and
implementation steps are presented in Appendix A.

3.2.1. Thermodynamic modeling using PR-EOS. We
developed a custom MATLAB implementation of the Peng-
Robinson EOS for analyzing the thermodynamic phase
behavior of the CO,-decane system at experimental
temperatures (T = 40-90 °C), for which published data are
limited.”****'** The model is generalizable and can be
adapted to other CO,-hydrocarbon mixtures.

PR-EOS is a thermodynamic model using a cubic
equation of state that describes the pressure-volume-
temperature (P-V-T) relationships for real fluids, accounting
for intermolecular forces and molecular volume.'**°%1%5 |t
defines pressure (P) as a function of molar volume (v) and
temperature (7):'*°

RT a

P T ot 1 b -b) ©)

where R = 8.314 J mol" K' is the gas constant. The
coefficients a (attraction parameter) and b (van der Waals
covolume) are functions of the critical properties.'®® For
multi-component systems, the parameters a and b are
determined using the classical van der Waals mixing rules
as outlined in Appendix A. Eqn (5) can be reformulated into
a cubic equation in compressibility factor Z = Pv/RT (details
in Appendix A).

In our study, PR-EOS was used to compute the pressure—
composition (P-x) phase envelope for the CO,-decane
system. The envelope is bounded by two curves: the bubble
point curve (open O in Fig. 9A), constructed by varying the
CO, mole fraction in the liquid phase (x), which marks the
pressure at which the first bubble of vapor forms from a
liquid mixture, and the dew point curve (filled ¢ in Fig. 9A),
constructed by varying the CO, mole fraction in the vapor
phase (y;), which marks the pressure at which the first drop
of liquid condenses from a vapor mixture."® These two curves
are computed by satisfying vapor-liquid equilibrium,"® which
ensures that there is no net mass transfer between the
phases, i.e., thermodynamic equilibrium is achieved.'®

Together, the bubble point and dew point curves form the
phase envelope. In Fig. 9A, they appear as a single
continuous boundary (liquid or vapor) enclosing the two-
phase region, where vapor and liquid coexist. Outside this
region, only a single phase exists. The peak of the envelope
corresponds to the pressure above which the mixture
becomes single-phase at all compositions, also known as the
first-contact minimum miscibility pressure (FC-MMP).*"

The workflow in Fig. 9B outlines the bubble point
calculation procedure. Following common convention, we
define x; and x, as the mole fractions of CO, (component 1)
and n-decane (component 2) in the liquid phase, respectively,
such that x; + x, = 1. Similarly, y; and y, denote the mole
fractions of CO, and n-decane in the vapor phase. The
subscript L refers to the liquid phase and V to the vapor
phase. For a binary mixture of CO, and n-decane under
isothermal conditions, we fix the temperature 7 and x;, and
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A B Bubble Point Calculation using Peng—Robinson EOS
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Fig. 9 Prediction of the minimum miscibility pressure (MMP) using the Peng-Robinson equation of state (PR-EOS). (A) Phase envelopes of CO,/n-
decane mixtures at T = 40, 50, 70, and 90 °C, computed using PR-EOS. The phase envelope consists of the bubble point curve (open 0), which
plots the bubble point pressure Ppuppie @gainst the CO, mole fraction in the liquid phase (x1), and the dew point curve (filled #), which plots the
dew point pressure Pge, against the CO, mole fraction in the vapor phase (y;). MMP is determined at the highest point of P on the phase
envelope, above which the two components form a fully miscible, single-phase mixture at all proportions. (B) Flow chart illustrating the bubble
point calculation procedure. CO, is treated as component 1 and n-decane as component 2. For each specific CO, liquid mole fraction x;, the
corresponding bubble point pressure Py,,ppie @and vapor mole fraction y; are obtained using a Newton-Raphson method based on PR-EOS with the
van der Waals mixing rule. The iteration converges when the fugacity residual between liquid and vapor phases, ||F = f_ - f/|, falls below a tolerance
of 1078, satisfying vapor-liquid equilibrium (VLE). By the same token, dew point pressures (Pgey) are calculated analogously by fixing y; and solving
for x; and Pgew. Each converged solution contributes to the construction of the phase envelopes in Fig. 9A.

solve for two unknowns: the bubble point pressure Pyypple
and y;. These parameters must satisfy vapor-liquid
equilibrium (VLE), where the fugacity of each component is
equal in both phases: fi; = fivand 21, = fov

Under the PR-EOS formulation, fugacity depends nonlinearly
on pressure and composition through the compressibility factor
Z and other mixture-specific EOS parameters.'” As a result, the
VLE conditions form a coupled system of two nonlinear
equations in two unknowns: Pyyppie and y;. To enforce these
conditions numerically, we define a residual vector F = fi, — fy,
and solve the resulting nonlinear system using the Newton-
Raphson method. Convergence is reached when the residual
norm |[F|| falls below 107° indicating that thermodynamic
equilibrium has been achieved within an acceptable tolerance.
Initial guesses for Pyypbie and y; are estimated using the Wilson
correlation'®” for better convergence. Additional computational
details are provided in Appendix A. Each converged solution
yields a point on the phase envelope shown in Fig. 9A.

By repeating this calculation over a range of compositions,
we traced the full phase envelopes at each temperature. The
resulting envelopes for 7' = 40, 50, 70, and 90 °C are shown in
Fig. 9A. As the temperature increases, the envelopes shift
toward higher pressures, with the corresponding MMP
increasing from 8.26 MPa at 40 °C to 9.73 MPa at 50 °C,
12.88 MPa at 70 °C, and 15.43 MPa at 90 °C. The CO,-decane
phase envelopes determined by PR-EOS in this study are
benchmarked against the experimental data from Jiménez-

Lab Chip

Gallegos et al.'®® and EOS models reported by Nascimento

et al.'®* and Pan and Trusler® at 40 and 70 °C, showing good
agreement as presented in Fig. 11 in Appendix B.

3.2.2. Temperature dependence of MMP. Following the
discussion in section 3.1, we define MMP as the pressure at
which the diffusive regime first appears. The experimentally
determined MMP values at four temperatures are plotted in
Fig. 10. The experimental results are strongly reproducible,
with small error bars calculated from three independent runs
using 0.5 x (MAX - MIN) to quantify variability. Literature
data from Bao et al,”” Shi et al,’® Pan et al,”” and Tao
et al.’® for the CO,~decane system, shown as gray symbols in
Fig. 10, were obtained using microfluidic dead-end channel
geometries and are also consistent, agreeing well with both
our experiments and PR-EOS predictions.

Within the tested temperature range (7 = 40-90 °C), MMP
increases nearly linearly with temperature. This strong
correlation from microfluidic measurement aligns with
previous studies identifying temperature as a dominant
factor affecting MMP, based on sensitivity analysis.*>

The observed increase in MMP with temperature reflects
the reduced solubility of CO, in n-decane at elevated
temperatures.'®® Since CO, dissolution is an exothermic
process, adding thermal energy shifts the equilibrium against
solubility, thereby requiring higher pressure to achieve
single-phase conditions.®'*® Our observed slope of MMP
increasing with temperature (AMMP/AT = 0.136 MPa °C™") is

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Comparison of minimum miscibility pressure (MMP)
determined from our microfluidic experiments using dynamic flow (A)
and Peng-Robinson EOS predictions (0) at T = 40, 50, 70, and 90 °C.
Literature data using dead-end microfluidic channels to determine
CO,-decane MMP from Bao et al.”® (), Shi et al.”® (]>), Pan et al.”’ ([1)
and Tao et al”® (¥x). Error bars represent the scatter across three
independent experimental datasets, calculated as 0.5 x (MAX — MIN). A
linear regression of the experimental data is shown as a dashed line,
given by MMP (MPa) = 0.136 x T (°C) + 2.976, with a coefficient of
determination R? = 0.997.

comparable to that reported for light crude oils in VIT-based
MMP studies, where AMMP/AT = 0.1448 MPa °C “.'% As
noted by Lashkarbolooki et al.,'*® this slope may increase for
a heavier crude oil.

A recent micro/nanofluidic study by Tao et al.”® explored a
wider temperature range (50-180 °C) and reported a non-
monotonic trend in MMP. Based on thermodynamic
modeling, the authors found that for a 1 um deep channel,

15 F[—PR-EOS, this work (40°C) '
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Fig. 11 Benchmarking of PR-EOS-predicted phase envelopes in this
work for the CO,-n-decane system against experimental data from
Jiménez-Gallegos et al'®® at 71.6 °C, and PR-EOS models from Pan
and Trusler®® and Nascimento et al.°* at 40 and 70.9 °C. The present
model shows good agreement across the full two-phase region.
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the MMP increases with temperature up to 140 °C, and then
begins to decrease beyond this transitional point.”® This
behavior was attributed to changes in the CO,-oil phase
equilibrium: at lower 7, MMP increases due to decreasing
CO, solubility, while at higher 7, the oil phase exhibits gas-
like behavior that enhances mass transfer, reduces interfacial
tension, and lowers the pressure required for miscibility.”®
Additionally, the transitional temperature decreased from
140 °C to 110 °C as the channel depth was reduced from 1
pm to 10 nm, highlighting the pronounced effect of
nanoconfinement.”®

3.2.3. Comparison of EOS and microfluidic MMP. The
MMP values of CO, and n-decane determined from
microfluidic experiments are 8.33 + 0.08, 9.77 + 0.11, 12.71 +
0.12, and 15.08 + 0.06 MPa at 40, 50, 70, and 90 °C,
respectively. As shown in Fig. 9A, the PR-EOS predicts the
corresponding MMP values of 8.26, 9.73, 12.88, and 15.43
MPa. The microfluidic MMP measurements agree well with
PR-EOS predictions across the full temperature range tested
(Fig. 10), with a maximum deviation of 2.25% at 90 °C. The
good agreement indicates that microfluidic visualization of
flow regime transitions offers a reliable method for
determining MMP, even under dynamic conditions where
thermodynamic equilibrium is not strictly maintained.

The close agreement between microfluidic MMP
measurements and PR-EOS predictions may be attributed to
enhanced mixing and mass transfer at the fluid interface.
The small length scale of the microfluidic platform, along
with the meandering channel geometry, promotes passive
mixing and increases interfacial contact between CO, and
decane. The resulting rapid and continuous component
exchange likely allows the local composition to approach
near-equilibrium, leading to flow regime transitions that
closely match PR-EOS predictions, despite the system being
dynamically operated.

Nguyen et al.”® pioneeringly introduced a microfluidic flow-
based method for quantifying MMP in microfluidics, using
fluorescence intensity profiles in a T-junction geometry to
monitor composition changes.”” In contrast, our approach
determines MMP by identifying hydrodynamic flow regime
transitions—from transitional to diffusive flow—in a flow-
focusing geometry. This strategy eliminates the need for
fluorescent tracers, enables real-time assessment with standard
optical imaging, and directly captures miscibility-driven
morphological changes. Furthermore, our method spans a
broader temperature range (40-90 °C) and is validated against
Peng-Robinson EOS predictions, demonstrating applicability
under diverse thermodynamic conditions.

While the applicability of this approach to more complex
fluid systems, such as CO, with multi-component crude oil,
remains to be investigated, the microfluidic method provides
valuable and unique insight into the transient evolution of fluid
interfaces, including interface formation, droplet breakup, and
mixing behavior, which cannot be captured by thermodynamic
EOS models. In contrast to EOS-based predictions, which
require careful model selection and parameter tuning,®'*®

Lab Chip


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00616c

Open Access Article. Published on 18 March 2026. Downloaded on 3/18/2026 9:41:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

microfluidic visualization provides a direct visual indicator for
miscibility transitions under reservoir-relevant conditions.

4. Conclusions

In this study, we developed and utilized a high-pressure
microfluidic  platform with a flow-focusing junction to
investigate the miscibility transition between CO, and a model
light oil, n-decane, under dynamic co-flow conditions at
temperatures of 40, 50, 70, and 90 °C. At 40 °C, five distinct flow
regimes were observed as the pressure increased from 1 to 10
MPa: dripping, quasi-steady jetting, unsteady jetting,
transitional, and diffusive regimes. At higher temperatures (50,
70, and 90 °C), we focused on the latter three regimes, where
similar transitions were observed with increasing pressure. The
flow regime transitions were driven by the increasing
dominance of inertial and viscous forces over surface tension,
arising from pressure-dependent changes in CO, properties.
Specifically, increasing pressure led to higher density and
viscosity of CO,, along with a reduction in interfacial tension
between CO, and decane.

The minimum pressure at which the diffusive regime first
appeared was used as the criterion for determining the MMP
experimentally. The diffusive regime was characterized by
intense mixing and the disappearance of a sharp interface
downstream, indicating fully miscible conditions. Miscibility
was not achieved immediately at the flow-focusing junction but
developed progressively along the microchannel, enhanced by
mixing induced in the meander region.

The experimentally determined MMP values showed good
agreement with Peng-Robinson EOS predictions with deviations
less than 2.25%. Over the tested range of 40 to 90 °C, MMP
increased linearly with temperature, consistent with the
decreasing solubility of CO, in decane at higher temperatures.

These findings highlight the potential of microfluidic flow
visualization as a reliable and rapid method for identifying
miscibility transitions. In addition to MMP determination, the
transitional regime observed just below the diffusive regime
provides further insight into near-miscible conditions. Within
this pressure range, the low IFT values are likely sufficient to
suppress capillary trapping and enhance sweep efficiency. In
CO,-EOR applications where full miscibility cannot be achieved
due to operational or reservoir constraints, operating near the
transitional regime could still enable effective oil displacement.

A Peng-Robinson EOS-based
prediction of minimum miscibility
pressure (MMP)

This appendix provides the thermodynamic formulation and
solution algorithm used to calculate the phase envelope of
the CO,-n-decane system using the Peng-Robinson equation
of state (PR-EOS)."°

The overall solution algorithm follows the steps illustrated
in Fig. 9B. For each temperature T, we construct the bubble
point curve (open O in Fig. 9A) by incrementally varying the
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CO, mole fraction in the liquid phase (x;). At each x;, the
goal is to determine the corresponding bubble point pressure
(Pbubble) @and CO, mole fraction in the vapor phase (y,) that
satisfy vapor-liquid equilibrium (VLE) conditions for both
components. This requires solving the Peng-Robinson EOS
to compute fugacities in both phases and enforcing f;1. = fiv
for i = 1 and 2, resulting in a nonlinear system with two
equations and two unknowns. The system of nonlinear
equations is solved using the Newton-Raphson method.

A1 Input properties and initial guess

We begin by specifying fluid properties for CO, (component
1) and n-decane (component 2). For each component, the
critical temperature T ; critical pressure P.; and acentric
factor w; are sourced from the DIPPR 801 database.''® The
Wilson correlation'®” provides an initial estimate of the vapor
mole fraction (y;) and bubble point pressure (Pyyppie) for
improved convergence in the Newton-Raphson iteration.

A2 Peng-Robinson EOS parameters

For implementation, the cubic form of the PR-EOS is used,
PV, - .

where Z =T 5 the compressibility factor, reflecting how much

a real fluid deviates from ideal gas behavior:**°
Z’-(1-B)Z>+(A-3B*-2B)Z- (AB-B*-B*)=0. (6)

Eqn (6) is the same as eqn (5) but expressed in terms of
compressibility factor Z, where

A aP B,bP
T R2T2’ T RT’

(7)

A3 Pure component properties

To compute A and B, the mixture parameters a and b must
first be calculated from pure-component properties. For each
component 7 in the mixture, the pure-component parameters
a; and b; are defined by:'*°

a; = (Z(Tc,l')-OC(T/TCV,'7 COi)
2 2

RT.; 2
- 0445724P—”-<1 +r(1- T/TQ,«)”Z) , 8)

c,i

and

RT.;
b; = b(Tc;) = 0.07780—=, (9)

c,i

where «; is a constant related to the acentric factor w; by

;= 0.37464 + 1.542260; — 0.269920 2. (10)

A4 van der Waals mixing rule

The mixture parameters a and b are calculated based on the
pure component parameters (a;, b;), the component mole

This journal is © The Royal Society of Chemistry 2025
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fractions (x; x;), and the intermolecular interactions (a;).
These are evaluated using the classical van der Waals mixing

rules:'%°
a= Z inxjal-j (11)
i
where
aij = (1 - ky‘)(,l,‘llzajllz, (12)
and
b= inbi. (13)
i

In eqn (12), k; is a binary interaction parameter typically
determined empirically. In this work, k; is obtained by
interpolating the data from Li et al.**!

With the mixture parameters a and b determined, the
constants A and B are computed using eqn (7). These values
are then used to solve the cubic equation in eqn (6) for the
compressibility factor Z. In the two-phase region, eqn (6)
yields three real roots: the smallest root corresponds to the
liquid phase compressibility Z;, and the largest to the vapor
phase compressibility Z."*°

A5 Fugacity and vapor-liquid equilibrium

The liquid and vapor compressibility factors (Z; and Zy) are
used to determine the fugacity of each component (k = 1, 2)
in the liquid and vapor phases, respectively.'°® Fugacity is the
effective partial pressure of a component in a real mixture,
given by:'°

fk by A
nZkt =L(z-1)-In(z-B) - —— 14
4P b(2 )= In( ) 238 (14)
§ ;%M_@ Z +2.414B
a b Z-0.414B

Here, f; is the fugacity of component k in the mixture, x; is its
mole fraction, P is the pressure, and Z is the compressibility
factor for the phase in which the fugacity is being evaluated.
Eqn (14) is applied using Z;, and Zy to compute f;, and fy for
the liquid and vapor phases, respectively. Here, k identifies the
component being evaluated, while i serves as the summation
index.

At vapor-liquid equilibrium, the fugacity of each
component must be equal in both phases.'” To maintain
consistency with the rest of the appendix, we use i to
represent component indices in the following discussion:'%°

fir=fiv for componenti=1, 2. (15)
We define the fugacity residual vector:
F— fl.L_fl,V 7 (16)
f 2L _f 2V

This journal is © The Royal Society of Chemistry 2025
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which quantifies deviation from equilibrium and is used in
the Newton-Raphson solver.

A6 Newton-Raphson method

The Newton-Raphson method is used to solve the nonlinear
system of equations F = 0, where F is defined in eqn (16).
The variable vector is X = [y1, Poubbie]’, and an initial guess is
provided using the Wilson correlation'” to improve
convergence. The residual vector F is evaluated at each
iteration, and the solution is updated iteratively using the
Newton-Raphson scheme:'*

Xpi1 = X, — J'F(X,), (17)
where J is the Jacobian matrix of partial derivatives. Iteration
continues until |[F|| < 107°. Repeating this process for a range
of x, at fixed T yields the full bubble point curve. The dew
point curve is computed analogously by fixing y; and solving
for x; and Pgew.

Finally, the MMP is identified as the highest pressure on
the phase envelope, above which the mixture becomes single-
phase at all compositions.

B Benchmark of PR-EOS phase
envelopes

This appendix presents a benchmark of the calculated phase
envelopes using the PR-EOS formulation described in
Appendix A. Model predictions for the CO,-n-decane system
are compared against experimental data’® and previously
published results®*'* at 40 °C and approximately 70 °C.
Data at 70.9 °C and 71.6 °C were used as the closest available
references.””'®® This comparison confirms that the present
implementation (shown in solid lines) captures the two-
phase behavior with high accuracy across the full range of
conditions. Following successful benchmarking, we extended
the PR-EOS calculations to the temperature ranges of interest
that have not been previously reported in the literature.

C Temperature-dependent variation
of dimensionless parameters at MMP

Fig. 12 illustrates the variation of dimensionless parameters
at the minimum miscibility pressure (MMP) across different
temperatures, indicated by different colors. The vertical
dashed lines mark the MMP for each temperature, and the
corresponding horizontal lines denote the value of each
dimensionless parameter at that transition point.

In Fig. 12A, the density ratio pco,/pn-decane at MMP shows
no clear trend with temperature and remains approximately
0.5. In Fig. 12B, the viscosity ratio fco /Mn-decane at MMP
increases with temperature. In Fig. 12C, despite changes in
pressure and temperature, the Reynolds number of the CO,
stream at MMP remains close to 150 for different
temperatures. Based on the definition of the Reynolds
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Fig. 12 Variation of dimensionless parameters at different
temperatures and pressures. (A) The density ratio pco,/pn-decane. (B) the
viscosity ratio gico,/tin-decane. and (C) the Reynolds number of CO,.

number and the fixed flow velocity ¥ and characteristic
length L in our setup, this nearly constant value of Re
suggests that the kinematic viscosity of CO, (u/p) at the
miscibility transition changes very little with temperatures.

D Grayscale intensity analysis of flow
regimes

We performed a grayscale intensity analysis for one set of
experiments at 40 °C, covering three characteristic flow
regimes: unsteady jetting (7.1 MPa), transitional (8.4 MPa),
and diffusive (8.5 MPa) regimes. Grayscale profiles were
extracted from both section 1 and section 2 of the
microfluidic channel using Image]. The selected regions of
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Fig. 13 (A) Microchannel schematic indicating section 1 and section 2

as the defined regions of interest (ROI). Section 1 is positioned at the
junction where the CO,-decane interface forms, while section 2 is
located 8.6 mm downstream. Scale bars: 200 um. (B) Experimental
snapshots at section 1 (left) and section 2 (right) for unsteady jetting
(40 °C, 7.1 MPa), transitional (40 °C, 8.4 MPa), and diffusive (40 °C, 8.5
MPa) regimes. (C) Grayscale intensity profiles (normalized to 0-1) along
the flow direction for each ROI, averaged across the channel width
from the corresponding snapshots in (B).

interest (ROI) correspond directly to the snapshots shown in
Fig. 13. At each x-location along the flow direction, grayscale
values were averaged across the channel width (vertical
direction) and then normalized between 0 and 1 for
comparison. In these profiles, smaller grayscale values
correspond to darker regions in the snapshot, such as CO,-
oil interfaces, which appear as valleys in the curve.

As shown in Fig. 13, the section 1 profiles close to the
initial flow junction were similar for all three regimes. In
section 2, however, the unsteady jetting case exhibited large
oscillations and multiple local minima due to distinct CO,
bubble boundaries appearing dark, the transitional regime
showed fewer fluctuations from smaller, less frequent
bubbles, and the diffusive regime displayed an almost flat
profile, indicating the absence of visible interfaces.
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