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 A B S T R A C T

Microfluidic multiphase flows are being increasingly used in many mass transfer applications because of the 
numerous advantages of operating in the microscale such as greater flow stability and low cost. Among 
the various flow regimes, parallel flow in the microscale is considered to be advantageous for extraction 
applications, especially radioisotope transfer, because efficient transfer and purification are possible as long as 
the interface position remains stable throughout without leakage at the outlets. Therefore, some papers have 
worked with asymmetric microchannels with different depths for the two fluids in mass transfer applications. 
The flow phenomena in such channels, however, have not been studied in detail. This paper focuses on these 
asymmetric microchannels, which we have termed ‘step’ channels, and the influence such an asymmetry has on 
the flow phenomena. We perform experiments on this channel and compare the flow maps with experiments 
in a channel of uniform depth (standard channel). The step channel was found to favour parallel flow and 
interestingly, to produce stable parallel flow without leakage at low Capillary numbers. This is contrary to the 
results observed in a standard channel, where slug flow is observed. Volume-of-fluid simulations showed the 
role of interfacial tension in obtaining stable parallel flow in a step channel. Additionally, flow maps were 
also plotted for step channels of different widths and degrees of asymmetry, where it was found that smaller 
widths and higher degrees of asymmetry favour stable parallel flow.
. Introduction

Liquid–Liquid two-phase flows are commonly used in many in-
ustrial applications such as oil and gas [1], medicine [2], metal 
xtraction [3], chemistry [4] and handling of industrial effluents [5]. 
t is particularly important in both the transport and extraction of 
ubstances from one fluid and to another fluid. Working with such 
luids in the macroscale brings its own challenges — difficult transport, 
ower surface–volume ratios and instabilities observed even for laminar 
lows. These limitations can be largely overcome by operating in the 
icroscale as microfluidic flows are generally controllable, amenable 
o automation and cost-effective [6–8]. Two-phase flow patterns have 
een studied in microfluidic channels of various geometries - Y-Y [9,
0], T-T [11], serpentine [12] and cross junction channels [13].
The flow patterns are governed by several factors such as the 

nterfacial tension, fluid viscosities, wettabilities, flow velocities, and, 
hannel dimensions and geometry [9]. While the overall flow patterns 
ary from case to case, they can commonly be described in terms of 
hree regimes — slug flow, where one fluid is dispersed in the form of 
roplets or slug in another, parallel flow, where the fluids flow parallel 
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to each other and a transitional regime (or regimes) which combines 
the characteristics of both these regimes [9,14,15]. These flow regimes 
are dependent on multiple forces, whose inter-relation can be described 
by three dimensionless numbers [16]: 

Ca =
𝑢𝜇
𝜎

We =
𝜌𝑢2𝐷
𝜎

Re =
𝜌𝑢𝐷
𝜇

(1)

where Ca, We and Re are the Capillary, Weber, and Reynolds numbers 
respectively, 𝜌 is the fluid density, 𝑢 is the fluid velocity, 𝜇 the fluid 
viscosity, 𝐷 the characteristic length of the channel and 𝜎 is the 
interfacial tension coefficient. Generally, slug flow occurs when the 
interfacial forces are strong, i.e., when the Ca and We are low, and 
parallel flow occurs when the inertial forces are high or when Ca, We 
or Re are high [17].

One of the applications where microfluidic multiphase flow is very 
important is Liquid–Liquid Extraction (LLE) [18]. Here, a substance 
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is transferred from one fluid to another when these fluids interact 
with each other [3]. Both slug and parallel flow are used for this 
purpose, but in the case of radioisotopes and Continuous Flow Chemical 
Processing (CFCP), parallel flow is especially important [19]. This is 
because parallel flow with the interface located exactly at the centre 
of the channel eliminates the need to separate the fluids after the 
material transfer, and this is especially useful to save time and obtain 
high purity for radioisotopes with low half-lives [18]. Many papers 
have studied interface stability and the conditions necessary for stable 
parallel flow [20–22].

To ensure stable parallel flow with easy flow separation, some 
papers suggest adding phase guides to the channel to guide the fluid 
motion [23], some modify the outlet geometry [24] and others tend 
to coat the channel accordingly to modify the wettabilities [25]. All 
these methods have their drawbacks, with phase guides not providing 
stable parallel flow for long periods [26], the modified outlet leading 
to a loss of fluid [24] and the channel coatings being applicable only 
for a specific set of fluids and cannot be used for all cases. Coatings 
are especially a problem for studies involving radionuclides as many of 
them break down under radiation.

One suggestion is to modify the overall geometry of the channel, 
and a design that has been used in literature for LLE purposes involves 
using an asymmetric microchannel with different depths for the two 
fluids [19,27,28]. We call this design the ‘step’ design as the presence 
of a shallow and deep part resembles a step (Fig.  1(b)). This channel 
has been found to be particularly effective in obtaining stable, parallel 
flow [29].

Flow patterns have been extensively studied in microchannels of 
various geometries such as Y-shaped channel [10,11,30,31], T-shaped 
channel [10,11,32,33] and cross-junction channel [13,34,35]. Gener-
ally, these studies observed the effect of the dimensionless numbers 
mentioned in Eq.  (1) on the flow regimes. Some papers, like those of 
Kashid et al. [11] and Asadi-Sanghandi et al. [12], tried developing 
generalized flow maps to describe flow regimes for all possible fluids 
and geometries.

However, all these studies have been conducted on channels of 
symmetric cross-section (standard design). Papers which have stud-
ied the influence of channel geometry have limited their research 
to channel dimensions and inlet geometry [10,11]. To the authors’ 
knowledge, no studies have been conducted on the effect of the step 
on the flow patterns. Considering the utility of the step channel in 
multiple LLE applications, it is imperative to understand the effect such 
a modification might have on the flow phenomena. Studying the flow 
patterns for such a step channel and comparing it to a channel with a 
symmetric cross section will, thus, not only expand the application of 
such microfluidic channels in LLE, but also enhance our understanding 
of the influence of channel geometry on fluid flow. This is especially 
important when we consider the use of such channels in radioisotope 
extraction studies.

Therefore, this study focuses on understanding the nature of the 
flow phenomena in such a step design and, the influence of channel 
dimensions and geometry on two-phase flow. The flow patterns ob-
tained from this design will be compared with the corresponding results 
obtained from the commonly used channel with a symmetric cross-
section experimentally. Volume-of-fluid (VOF) simulations are used to 
understand the differences in flow regimes observed in the step and 
standard channels. Further, the effect of the channel dimensions and 
the extent of asymmetry on the flow phenomena in a Step channel will 
also be studied.

The paper is organized as follows. The experimental and simula-
tion methodologies are described in Section 2, along with the fluid 
properties and flow initialization. Section 3 observes the different flow 
phenomena in a step and standard channel, which include the flow 
regimes, flow maps and VoF simulations. Flow phenomena are then 
studied in step channels of varying widths in Section 4 and generalized 
flow maps are proposed in Section 5. Finally, the paper is concluded in 
Section 6.
2 
2. Methods and materials

2.1. PDMS microfluidic chip fabrication

Microfluidic chips could be fabricated using different materials. As it 
is important to modify the geometry of the chips, polydimethylsiloxane 
(PDMS) is used because the chips can be easily manufactured. PDMS 
is an organosilicon polymer that stays in liquid form upon mixing the 
elastomers with the curing agent. As a result, the mixture can be poured 
into a petri dish with a patterned mould master, where it takes the 
shape of the pattern printed on the mould master. The petri dish can 
be set in an oven to speed up the hardening process.

To fabricate the microfluidic chip, we first fabricated the mould 
master using the soft lithography technique. On top of a cleaned 4 inch 
silicon wafer, we spin-coated a negative photoresist (SU8-2050, micro 
resist technology GmbH) at 2000 rpm for 30 s to obtain a layer of 
50 μm thickness. The wafer was then baked at 100 ◦C for 15 min and 
loaded onto LaserWriter (Heidelberg, 1 μm laser beam at 365 nm). In 
the LaserWriter, we converted a bottom pattern (Y-Y shape, width from 
250–1000 μm, Fig.  1(a)), designed using Autocad 2019 (Autodesk). 
The pattern was then written on the wafer. Afterwards, the wafer was 
soft-baked at 100 ◦C for 5 min.

To deposit another layer, we spin-coated another negative photore-
sist. To obtain an additional 25 μm and 50 μm we used SU8-2025 and 
SU8-2050 accordingly, with similar spin-coating parameters. After the 
second spin-coating, the wafer was baked at 100 ◦C for 15 min and 
reloaded onto the LaserWriter where a top pattern (half-channel, refer 
to Fig.  1(b)) was converted, aligned, and written. The wafer was soft-
baked again at 100 ◦C for 5 min. Thereafter, the wafer was developed 
using Propylene glycol methyl ether acetate (> 99.5%, Merck Sigma) 
for 10 min, and post-baked at 200 ◦C for 30 min.

The PDMS microfluidic chip was fabricated by mixing the elastomer 
(Sylgard 184 Elastomer Kit, Dow Corning Comp.) and the curing agent 
with a mass ratio of 10:1. The mixture was then degassed, poured over 
the patterned master mould on a petri dish, and cured at 70 ◦C for 10 h. 
The hardened PDMS chips were gently removed from the mould master 
and cut to size. The inlets and outlets were punched using a 1.5 mm 
biopsy puncher, before being cleaned using ethanol. On the other hand, 
a glass slide was spin-coated with 20 μm PDMS (2000 rpm for 2 min, 
Laurell WS-650-23B). Both the chips and the coated glass slides were 
bonded together using oxygen plasma treatment (Harrick PDC-002) at 
0.2–0.4 mbar for 140 s.

2.2. Fluid properties and flow setup

To conduct the flow experiments, we used two syringe pumps 
(Pump 11 Pico Plus Elite). On each of the syringe pumps, a 10 mL 
syringe (Beckton-Dickinson, Discardit II) was mounted. One of the 
syringes contained demineralized water with 10 mg/L brilliant blue 
dye while the other syringe contained an immiscible fluorinated oil 
(HydroFluoroEther, HFE, 3M™ Novec™ 7500 Engineered Fluid). The 
syringes were connected with PEEK tubes (0.5 mm ID, 1.59 mm OD, 
300 mm in length) to the inlets of the microfluidic chips. The outlets 
were connected to other PEEK tubes, leading to a disposal container.

The fluid properties are given in Table  1. The contact angle corre-
sponds to the angle made by the Novec–Water interface on the PDMS 
chip, and in our case, PDMS was observed to be hydrophobic. 

2.3. Channel geometry and dimensions

Each of the channels in the experiments has a Y-Y geometry as 
shown in Fig.  1(a). In the case of the standard design, the depth remains 
uniform throughout, whereas, in the step design, half of the channel has 
one depth and the other half has another depth as shown in Fig.  1(b).

Five different channels are used here — one standard and four step 
channels. Two geometrical dimensions are varied in the case of the step 
channel — the width (𝑊 ) and the step ratio 𝜆 = 𝐻1

𝐻2
. The dimensions 

of the channels are described in Table  2. 



A. Sudha et al. Chemical Engineering Journal 512 (2025) 161823 
Table 1
Fluid properties.
 Fluid Density (kg/m3) Viscosity (mPas) Surface tension (mN/m) Contact angle (◦) 
 Water 997 1.01 43.8 –  
 HFE/Novec™ 7500 1614 1.24 – 39.7  
Fig. 1. Channel geometry. (a) Y-Y, with two inlets and outlets (b) Step design with two depths for each half of the channel.
Fig. 2. Initialization Procedure in the Standard Channel. The green fluid is the wetting fluid and the yellow fluid is the non-wetting fluid.
Fig. 3. Initialization Procedure in the Step Channel. The green fluid is the wetting fluid and the yellow fluid is the non-wetting fluid.
Table 2
Channel dimensions used throughout this work. The height of the shallower section is 
fixed at 50 μm as the height of the deeper section is varied.
 Number Length (cm) 𝑊  (μm) 𝐻1 (μm) 𝜆  
 1 (Standard) 1.2 500 50 1  
 2 1.2 500 100 2  
 3 1.2 250 100 2  
 4 1.2 1000 100 2  
 5 1.2 500 75 1.5 

2.4. Flow initialization

Since the flow phenomena in the microscale are very sensitive to air 
bubbles, care must be taken to ensure proper initialization [36]. In the 
case of the standard channel, initializing with parallel flow will make 
it harder to achieve slug flow at lower flow rates (Fig.  2). To ensure 
repeatable results for all the flow regimes and to prevent air bubbles 
from entering, we initialize the experiments by filling the channel with 
the more wettable fluid, in this case, Novec, at a high flow rate of 
100–150 μL/min. In case any air bubbles enter, they are flushed out 
first before allowing water to enter. Then, the flow rates of Novec 
and water are adjusted to the desired Capillary number and then the 
experiments are performed.

For the step channel, the initialization procedure is different. Here, 
the fluid with lower viscosity has to occupy the shallower channel, 
otherwise, viscous instabilities occur which make it difficult to obtain 
reproducible flow maps. Large flow rate ratios are then necessary to 
obtain stable parallel flow [28]. As the channel has an asymmetric 
cross-section, any air bubbles or liquid droplets can hinder the flow 
3 
and cause some instabilities, making it difficult to obtain stable parallel 
flow.

Therefore, we initialize in such a way that water occupies the shal-
low section and Novec the deep section, and then vary the flow rates 
to create a flow map as shown in Fig.  3. Initializing at a high flow rate 
will lead to water wetting the entire channel, both the shallow and deep 
parts. Repeatable and reproducible results cannot be obtained once this 
happens. The problems associated with high flow rate initialization can 
be seen in Fig.  4. Water occupies the entire channel at first, but because 
it is the non-wetting fluid, Novec occupies the regions near the channel 
walls. This leads to a mixed regime where both fluids occupy both 
sections regardless of the flow rate. Thus, no repeatable flow map can 
be obtained.

To ensure repeatable results, we first introduce water into the 
shallow section at a low flow rate (1–10 μL/min) and then introduce 
Novec into the deeper section at a similar flow rate. Once we observe 
stable parallel flow, we then proceed to vary the flow rates according 
to the desired regimes.

2.5. VOF simulations

Fluid flow is simulated using Ansys Fluent 2022 R2. The individual 
fluid flow is simulated using the Navier–Stokes equation [37]. A volume 
fraction is defined and a volume fraction continuity equation is solved 
to track the position of the interface. The density and viscosity of the 
two-phase mixture are described by: 
𝜌 = 𝛼𝜌1 + (1 − 𝛼)𝜌2
𝜇 = 𝛼𝜇1 + (1 − 𝛼)𝜇2

(2)

where 𝜌 and 𝜇 are the density and viscosity of the mixture respectively, 
𝛼 is the volume fraction of liquid 1. The surface tension is included 
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Fig. 4. A mixed regime is observed in a step channel when initialized at a high 
flow rate. The dyed fluid is water (the regions corresponding to the letter W) and 
the colourless fluid is Novec.

by adding a forcing term based on the Continuum Surface Force (CSF 
model) described by Brackbill et al. [38] to the Navier–Stokes equation. 
This is given by: 

𝐹 =
2𝜎𝜌𝜅∇𝛼
𝜌1 + 𝜌2

(3)

where 𝜎 is the interfacial tension coefficient and 𝜅 the curvature.
This term is known to induce spurious currents in VOF because the 

Young–Laplace relation involving the pressure difference and surface 
tension is not exactly satisfied [39,40]. While this is fine for higher 
Capillary numbers, simulations at low Capillary numbers are an issue as 
the interfacial forces are high, so the errors associated with the term are 
more pronounced. For this reason, the simulations will only be used to 
supplement the experiments and point towards the direction of future 
research rather than capture the entire range of flow phenomena.

3. Step vs standard channel

The experiments are performed on five different channels as dis-
cussed in Table  2. First, we focus on the differences between the step 
and standard channel for the same dimensions. The observed flow 
regimes are elucidated and compared for both channels, followed by 
the flow maps showing the differences in flow regimes. Then, we 
perform VOF simulations to visualize the differences between the two 
channels.

3.1. Flow regimes

In this section, we characterize the experimentally observed flow 
regimes in both the standard and step channels of width 500 μm. 
The regimes are classified based on their behaviour across the entire 
channel — inlet, main channel and outlet. This is slightly different from 
other papers which only consider the inlet and main channel [9,10,12]. 
Including the outlet provides a rounded description of all the flow phe-
nomena occurring in the channel, and it is especially useful when we 
consider LLE applications where leakage plays a significant role. Based 
on the kind of regime, we show the flow phenomena near the inlet, 
main channel, or the outlet. For the standard channel, the following 
regimes are observed for various Capillary numbers and shown in Fig. 
5:

1. Slug Flow: This flow regime generally occurs at low Capillary 
numbers (𝐶𝑎 = 10−6 − 10−5), where interfacial forces are dom-
inant [9,12]. In this regime, the dispersed phase occupies the 
4 
entire channel and obstructs the flow of the continuous phase. 
Eventually, the pressure of the continuous phase builds up and 
leads to the shearing of the dispersed phase in the form of slugs 
as shown in Fig.  5(a) [41].

2. Parallel Breakup Flow: Here, the two fluids flow alongside each 
other in the main channel (Fig.  1(a)), but the inertial forces are 
not strong enough to maintain this configuration for the rest of 
the channel, so the parallel flow breaks up to form droplets in the 
main channel. [42] (Fig.  5(b)). This regime occurs at Ca number 
larger than those for slug flow (𝐶𝑎 of O(10−5), where the flow 
rates of the two fluids are roughly comparable, although it is 
observed in some cases that the flow rate of the continuous phase 
is considerably larger than the dispersed phase. The inertial 
forces of the continuous phase seem to play a larger role in 
this regime, and this was also observed to be the case in the 
T-channel experiments of Zhao et al. [43].

3. Parallel Flow with Leakage and Pinching: This regime generally oc-
curs at Ca number larger than that observed in Parallel Breakup 
Flow at comparable flow (𝐶𝑎 = 10−5−8×10−4). The exceptions to 
the rule are when the dispersed flow rates are much lesser than 
the continuous flow rates. The two phases flow alongside each 
other for the whole length of the channel, but the continuous 
phase ‘‘pinches" the dispersed phase at the entrance of the 
main channel as shown in Fig.  5(c), i.e, the dispersed phase is 
pushed slightly upwards by the continuous phase, after which 
the dispersed phase restores the original interface position. The 
interface position keeps varying near the inlet, which is why 
this phenomenon is classified separately from Parallel Flow with 
Leakage. At the end of the rectangular channel, either the con-
tinuous or dispersed phase leaks into the outlet of the other as 
in Fig.  5(e).

4. Wavy Parallel Flow: In this case, the two phases move alongside 
each other but the interface is not straight as in the previous 
two cases but wavy and unstable as the position of the interface 
changes with time (Fig.  5(d)). This regime occurs at Ca number 
larger than Parallel Flow with Pinching but smaller than Parallel 
Flow with Leakage (𝐶𝑎 of O(10−3)). It is only observed for a 
small range of Ca number, with the flow rates of the two phases 
being comparable.

5. Parallel Flow with Leakage: This is similar to the previous regime, 
except that it occurs at a higher Ca number (𝐶𝑎 > 10−3) without 
any pinching (Fig.  5(e)). The position of the interface remains 
more or less the same throughout the channel barring the region 
near the outlet as the inertial forces are now large enough 
to sustain this regime [9,12,42,43]. The flow rates of the two 
phases are comparable here and leakage is observed here as well.

When it comes to the step channel, the flow regimes have not been 
previously classified in the literature to the author’s knowledge. Thus, 
the results presented in this research might be useful for further studies 
on step channels. The observed flow regimes in the step channel are 
shown in Fig.  6 and classified as follows:

1. Stable Parallel Flow: As shown in Fig.  6(a), the two fluids move 
alongside each other in parallel, but unlike the standard design, 
the interface is located exactly in the middle of the channel 
without any leakage, and this is the key reason why this kind 
of channel is employed in radioisotope extraction [28,44]. Sur-
prisingly, this regime is observed at low Ca numbers in contrast 
to the standard channel (𝐶𝑎 < 5 × 10−5).

2. Parallel Flow with Leakage and Pinching : Similar phenomenon to 
that described for the standard channel, with leakage being ob-
served at the outlet and pinching at the inlet. This phenomenon 
is observed for large Ca numbers at comparable flow rates. (Fig. 
6(b), 𝐶𝑎 > 10−4)
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Fig. 5. Flow regimes observed in a standard channel for an HFE-Water mixture. The colourless fluid is HFE and the dyed fluid is water as indicated by the ‘W’. (a) Slug Flow, 
(b) Parallel Breakup Flow, (c) Parallel Flow with Leakage and Pinching, (d) Wavy Parallel Flow, (e) Parallel Flow with Leakage.
Fig. 6. Flow regimes observed in a step channel for an HFE-Water mixture. The colourless fluid is HFE and the dyed fluid is water as indicated by the ‘W’. Water is located in 
the top and shallower section. (a) Parallel Flow, (b) Parallel Flow with Leakage and Pinching (c) Parallel Flow with Leakage (d) Parallel Breakup Flow (e) Complete Wetting.
3. Parallel Flow with Leakage: This regime is not observed fre-
quently, and thus it is difficult to describe a trend for this regime 
(Fig.  6(c)), but it is similar to that observed for the standard 
channel in Fig.  5(e).

4. Parallel Breakup Flow: As with the standard channel, parallel flow 
breaks down to form droplets, but these droplets only occupy 
the shallow section and do not penetrate the deeper section (Fig. 
6(d)). This regime generally occurs for larger continuous phase 
Ca numbers (𝐶𝑎n) and dispersed phase Ca numbers (𝐶𝑎w) as 
compared to stable parallel flow (𝐶𝑎n∕𝐶𝑎w ≈ 10).

5. Complete Wetting : When the flow rate of the continuous or dis-
persed phase is much larger compared to the other fluid (O(100) 
larger), one fluid completely wets the channel, and the other 
fluid only pinches the interface from time to time (Fig.  6(e)).
5 
3.2. Flow maps

From the flow regimes discussed in the above section, we can clearly 
spot some differences between the regimes observed in the standard 
and step channels. To visualize these differences, we plot all the flow 
regimes on flow maps for the two channels based on the Capillary 
number in Fig.  7.

The clearest indication of the influence of geometry can be seen in 
the onset of parallel flow for either of the channels. At low Ca numbers 
where interfacial forces are dominant, stable parallel flow occurs in 
the step channel, whereas slug or parallel breakup flow is observed in 
the standard channel at the same Capillary number. Additionally, no 
leakage is also observed in the step channel, which points to the role 
of geometry and interfacial forces in stabilizing parallel flow. Slug flow 
is also never observed in the step channel for this width. At higher Ca 
numbers, the step channel gives similar results to the standard channel 
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Fig. 7. Flow map for (a) Standard channel #1, (b) Step channel #2. Refer to Table  2 for channel details.
with parallel flow and leakage being the dominant regime, although 
pinching is more common in the step channel.

3.3. VOF simulations

To further understand how the channel design influences flow phe-
nomena, we conduct VOF simulations to visualize fluid behaviour in 
such channels better. We compare slug flow in a standard channel with 
stable parallel flow in a step channel in order to shed some light on the 
role of interfacial tension in obtaining stable parallel flow in the step 
channel.

One problem associated with VOF is the presence of large spurious 
velocities that are generated at low Ca numbers (𝐶𝑎 < 10−3) [39,45]. 
This was discussed in greater detail in a previous paper [45], where 
the velocities introduced by the CSF term mentioned in Eq.  (3) were 
found to be much larger than the fluid velocities at low Ca numbers. 
These spurious velocities could influence the nature of the simulated 
flow regime. The flow maps in Figs.  7(a) and 7(b) clearly show many 
possible flow regimes at lower Capillary numbers. Therefore, we first 
check whether VOF is able to capture stable parallel flow in a step 
channel before we compare the regimes in a step and standard channel.

To validate the model, we run simulations for the Zinc Nitrate–
chloroform mixture in a step channel as described by Trapp et al. [46]. 
Here chloroform, the wettable fluid, is located in the shallower section. 
In this setup, we obtain parallel flow as observed in the experiments at 
a flow rate of 1 μL/min (Fig.  8).

Next, we run simulations on Channel #2 at (𝐶𝑎n, 𝐶𝑎w) = (1.5 ×
10−5, 3×10−5), where stable parallel flow is expected (Fig.  7(b)). Novec 
is always located in the deeper section of the channel, similar to the 
experiments. The subscripts 𝑛 and 𝑤 correspond to Novec and water 
respectively. A reduced length of 2 mm is used in the simulations for 
the main channel to save computational time. A reduced length has 
6 
Fig. 8. Stable parallel flow for a Zinc Nitrate–chloroform mixture in channel #2 at 
a flow rate of 1 μL/min as observed in the experiments of Trapp et al. [46] The red 
fluid is Zinc Nitrate solution and the blue fluid is chloroform.

been used in many simulations involving Y-Y and T-T channels as it 
was found to have little impact on the simulation results [15,47–49]. 
This was found to be true even in our simulations of the step channel, 
where the same flow regimes were obtained at lengths of 1.2 cm and 
2 mm. Grid convergence was obtained at 5 μm so this was taken to 
be the grid length. Velocity boundary conditions were applied at the 
two inlets and pressure boundary conditions were applied at the two 
outlets. At the boundaries, the no-slip boundary condition and a wetting 
boundary condition corresponding to the contact angle are applied. The 
properties of the fluids are the same as that described in Table  1.

A hydrophilic channel is used in these simulations instead of the 
hydrophobic channels used in the experiments described in the previ-
ous sections. Parallel flow is observed for this setup as shown in Fig. 
9(a). The reason for this is that parallel flow is not observed in the 
hydrophobic case (Fig.  9(b)). This implies that VOF is unable to capture 
certain phenomena in a step channel, but can simulate parallel flow 
in a step channel at low Capillary numbers. However, since we are 
mainly interested in the underlying phenomena of the flow regime, we 
therefore perform the simulations on a hydrophilic channel itself. The 
purpose of these simulations is not to capture the flow map observed 
in the experiments, but to understand why parallel flow is observed 
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Fig. 9. VOF simulations for Water–Novec mixture in channel #2 at (𝐶𝑎n , 𝐶𝑎w) = (1.5 × 10−5 , 3 × 10−5), with a (a) Hydrophilic surface (b) Hydrophobic surface. The blue fluid is 
Novec and the red fluid is water, with Novec being located in the deeper section at the bottom half of the channel.
Fig. 10. Flow development in a standard channel at 𝐶𝑎w = 8 × 10−5. The blue fluid is Novec and the red fluid is water.
Table 3
Channel Dimensions. The depth of the shallow channel is fixed at 20 μm and Novec is 
located in the deep channel. The walls are hydrophilic.
 Type Length (mm) Width (μm) Depth of deeper 

channel (μm/ l.u)
𝜆 

 Standard 1 200 20 1 
 Step 1 200 40 2 

at such low Ca numbers, contrary to the results observed in a standard 
channel. Since stable parallel flow was also captured in the hydrophilic 
channel of Trapp et al. [46] at low flow rates, we can expect parallel 
flow to be the dominant regime at low Ca numbers regardless of the 
wettability. Obviously, if one aims to reproduce the flow maps shown 
in Fig.  7, a thorough benchmarking is necessary, and for this, the 
simulation models need to be studied in greater detail using techniques 
proposed by Ierardi et al. [50] to reduce the spurious velocities.

Since the purpose of the simulations is to qualitatively study the 
flow phenomena in the two different channels and not to reproduce 
the flow maps, we work with a channel of a similar geometry but 
with smaller dimensions for both the step and standard designs as 
described in Table  3 to reduce the computational time. In Section 2.4, 
we mentioned that the standard channel was initialized with the con-
tinuous phase occupying the entire domain and the dispersed phase 
introduced into one inlet. The simulations here are initialized similarly, 
with Novec being introduced from the deeper (bottom) inlet and water 
occupying the entire domain. Since we wish to compare the flow 
development in both the step and standard channels, the step channel 
is also initialized similarly. This initialization was found to have no 
impact on the simulated flow regime. 

The regime observed in a standard channel is compared with stable 
parallel flow in a step channel at (𝐶𝑎w, 𝐶𝑎n) = (8 × 10−5, 9.9 × 10−5) 
by plotting the flow development in both channels along with the 
variations in pressure as the flow develops. The various stages of flow 
development for each channel are shown in Figs.  10 and 11. We 
measure the pressures of the aqueous and organic phases at two nodes 
located near the channel intersections (Fig.  1(a)) on either side of the 
interface respectively. The evolution of pressure across the time period 
is plotted for both channels in Fig.  12.
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In the case of the standard channel, we can see that the aqueous 
(continuous) pressure keeps increasing over time, though the degree of 
increase varies. The aqueous pressure gradually increases as the organic 
(dispersed) phase enters and fills the main channel (Fig.  10(b)), after 
which a steep increase is observed as the organic phase blocks the 
flow of the aqueous phase (Figs.  10(c), 10(d)). A steep increase in the 
aqueous pressure was also observed in the blocking phase in the results 
of Lei et al. [41], after which the aqueous pressure drops due to the 
shearing of the organic phase by the aqueous phase to form a slug. Slug 
formation, however, is not observed in our case, so we still observe 
an increase in pressure, though the slope is less steep. The interface 
is deformed to form a more convex shape (Fig.  10(e)) as the aqueous 
phase pushes the organic phase towards the outlet.

The Novec pressure decreases until the period where the aqueous 
pressure sharply increases (Fig.  10(c)), after which it roughly remains 
constant, similar to the expected trend for the blocking stage [41]. If 
a slug was formed, a slight increase in the organic pressure would be 
observed.

In the case of the step channel, Novec enters the deeper section (Fig. 
11(a)) and moves parallelly to water. Parallel flow is constantly main-
tained as Novec progresses through the channel without any changes 
in the position of the interface (Figs.  11(b), 11(c)). This is reflected 
in the pressure plot, with the aqueous and organic pressure remaining 
constant with time after the initial increase once Novec enters the 
main channel. The pressure is lower in magnitude than in the standard 
channel due to reasons related to the different flow regimes. In the 
case of parallel flow, both the aqueous and organic phases occupy 
half the channel area, whereas, for slug flow, both phases occupy the 
entire channel area. The larger pressure for slug flow is related to the 
increased area.

A constant pressure corresponds to a stable interface, as fluctuations 
in the fluid pressure result in the waviness of the interface. As discussed 
during the experimental results, the interfacial tension aids in stabiliz-
ing parallel flow at such low Capillary numbers. Since the inertial and 
viscous forces are very small, the interfacial tension guides the fluids 
into their respective channels. A strong interfacial force ensures that 
the fluid interface remains unperturbed for the entire duration of the 
flow in a step channel as the Laplace pressure balances the pressure 
drop due to viscous forces [21].
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Fig. 11. Flow development in a step channel at 𝐶𝑎w = 8 × 10−5. The blue fluid is Novec and the red fluid is water, with the deeper section located at the bottom half of the 
channel. The velocities of the two fluids are equal.
Fig. 12. Evolution of the pressure in the (a) Aqueous phase (b) Organic phase in both the channels. The letters in the plot correspond to the times shown in Figs.  10 and 11.
To summarize, the pressure development in a standard and step 
channel corresponds to the contrasting regimes observed at low Ca 
numbers. While the pressure keeps varying in a standard channel to 
correspond to slug formation, constant pressure in the step channel 
corresponds to stable parallel flow.

4. Influence of geometric dimensions in the step channel

To further understand the behaviour of fluids in a step design, 
we work with step channels with different dimensions. Many studies 
have been conducted on the effect of aspect ratio (𝛹 = 𝑊 ∕𝐻) on the 
formation of droplets and the subsequent transition from droplet/slug 
flow to other regimes in standard channels [51–54]. The aspect ratio 
(𝛹 ) was found to affect the development of droplets, droplet frequency 
and onset of jetting or parallel flow. Some papers have also looked into 
the effect of the hydraulic diameter on the overall flow map [9,30]. All 
these studies have been conducted only on channels with symmetric 
cross-sections (𝜆=1).

A clearer comprehension of fluid behaviour in the step design is 
only possible when we look into the impact of 𝛹 and the degree of 
asymmetry (𝜆) on the flow patterns. 𝜆 = 1 corresponds to the standard 
channel, and we have already observed the differences in Fig.  7 when 
the channel is more asymmetric (𝜆 > 1). Therefore, we study the effect 
of 𝜓 on the flow map for the step channel by varying the width along 
with 𝜆 - a parameter unique to this step channel.

4.1. Flow regimes

In addition to the regimes that can be found in channels #1 and #2 
(Table  2), the following regimes are observed in channels #3, #4 and 
#5 (Fig.  13):

1. Unstable Parallel Flow: This regime starts with fluids flowing 
alongside each other, but the interface position is never stable, 
and the dispersed phase even detaches sometimes, after which it 
forms a wavy parallel flow-like pattern as shown in Fig.  13(a). 
Wavy interfaces are observed near the inlet of the channel while 
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parallel flow with leakage are observed near the outlet. Channel 
#4 shows this regime which normally occurs when the flow rate 
of the continuous phase is much larger than the dispersed phase 
(𝐶𝑎n∕𝐶𝑎w ≈ 10).

2. Parallel Breakup Flow with Pinching : The pinching phenomenon 
accompanies the parallel breakup flow regime described in Sec-
tion 3.1. As described earlier, the continuous phase pinches the 
dispersed phase near the inlet of the channel, and parallel flow 
breaks up to form droplets or slugs inside the main channel. This 
occurs in Channel #3 at a high Ca number (O(10−3))with the 
flow rates of the continuous and dispersed phases being similar.

3. Slug/Droplet Flow: Like the regime observed in the standard 
channel in Section 3.1, the dispersed phase detaches in the form 
of slugs/droplets. The key difference observed in a step channel 
is that the slug only occupies half the width of the entire channel 
and never penetrates the deep channel as shown in Fig.  13(b). 
This regime occurs in Channels #3 and #5 at lower 𝐶𝑎w and 
much larger 𝐶𝑎n (𝐶𝑎n∕𝐶𝑎w ≈ 20, 𝐶𝑎 = 10−6 − 10−5).

4. Intermittently Stable Parallel Flow: As the name suggests, the flow 
regime alternates between stable parallel flow with complete 
separation and pinching with leakage at the outlet as shown 
in Fig.  13(c). Stable parallel flow without leakage is observed 
for a few seconds, after which the continuous phase pinches the 
dispersed phase near the outlet, and then the cycle continues. 
This regime occurs only in channel #5 at low Ca numbers 
(O(10−5))with similar flow rates.

5. Wavy Parallel Flow: Similar to the regime described for the 
standard channel in Section 3.1, the interface is wavy and its 
position keeps shifting (Fig.  13(d)). The regime is only observed 
in channel #5 for a few values of the Ca number (𝐶𝑎 = 3×10−4−
10−3).

4.2. Flow maps

The flow regimes for channels #3, #4 and #5 are visualized using 
flow maps based on the Capillary number of both phases in Fig.  14. As 
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Fig. 13. Flow regimes observed in a step channel for an HFE-Water mixture. The colourless fluid is HFE and the dyed fluid is water, as indicated by the ‘W’. (a) Unstable Parallel 
Flow, (b) Slug Flow (c) Intermittently Stable Parallel Flow (d) Wavy Parallel Flow.
hinted by the regimes discussed in the previous section, the width and 
𝜆 clearly impact the nature of flow phenomena. In addition to the new 
regimes, the width also seems to have an influence on leakage, with the 
channel#4 flow map showing stable parallel flow for a broader range 
of Ca numbers as compared to channels #2 and #3 (Figs.  14(a), 14(b), 
14(c)). Neither channels #2 nor #3 show any slug or droplet flow, but 
channel #4 does.

In the case of channel #5, the reduction in 𝜆 results in a flow 
map that is much more scattered than the other step channel flow 
maps. Channel #5 still favours parallel flow because of its asymmetric 
nature as can be seen in Fig.  14(c), but leakage and slug flow are also 
more commonly observed compared to other step channels. Thus, it is 
imperative to have a considerable height difference for stable parallel 
flow across a broad range of Ca numbers.

5. Generalized flow maps

In order to visualize the influence of the step channel dimensions 
more clearly, we plot the regions where stable parallel flow is observed 
for all the channels in Fig.  15. For the purposes of comparison, we 
also include the region where non-wavy parallel flow with leakage is 
observed in the standard channel just to visualize the stark contrast 
between the step and standard channel in terms of parallel flow. The 
figure shows a general pattern of stable parallel flow in step channels 
at low Ca numbers, which is in stark contrast to the results observed in 
standard channels. Aspect ratio and 𝜆 govern the range of 𝐶𝑎 at which 
stable parallel flow is observed.

The channels which show the broadest range of stable parallel flow 
are channels #2 and #3. Stable parallel flow is observed even for higher 
Ca numbers in channel #3, whereas channel #2 shows stable parallel 
flow for lower 𝐶𝑎  than that observed in channel #3. Decreasing the 
n
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aspect ratio reduces leakage at higher Ca numbers, but the reduced 
width also results in more pinching at some lower 𝐶𝑎n in channel #3.

A larger channel width in the case of channel #4 significantly 
reduces the region where stable parallel flow is observed. This might 
be related to the fact that the interfacial forces have to act over an 
increased surface area. Channel #5 shows the smallest region where 
stable parallel flow is observed, whereas the region for Channel #2 
is much larger. This points to the role of 𝜆 on stable parallel flow, 
where the regimes were observed to be more scattered in Channel #5 
as shown in Fig.  14(c)

To obtain an overall picture of the flow regimes and regions ob-
served in the step channel, we plot a generalized flow map similar 
to the one described by Asadi-Sanghadi et al. [12] for all the step 
channels. Many papers have dedicated efforts to plotting such maps 
with numerous dimensionless number combinations [11,13,17], but 
Asadi-Sanghadi et al. found that their combination (Ca0.31We0.07) was 
applicable for a broader range of fluids when it comes to generalized 
flow maps. In the case of a step channel, however, we introduce a slight 
modification to the above relation. Figs.  7, 14 and 15 clearly point 
to the influence of 𝜆 and 𝛹 . To include this influence, we modify the 
combination slightly as follows: 
𝐶𝑎0.31𝑊 𝑒0.07𝛥0.07sgn(sin(𝜃f−𝜋∕2)) (4)

where 𝛥 = 𝑑h,n∕𝑑h,w, with 𝑑h being the hydraulic diameter and the 
subscripts n and w correspond to novec and water respectively. 𝜃f  is 
the contact angle of the concerned fluid, which in this case is either 
water or novec. 𝛥 is chosen both because it is dimensionless, so the 
dimensional analysis is unaffected, and because it encompasses the 
influences of both 𝜆 and 𝛹 . The power of 0.07 is chosen to correspond 
to that of the Weber number as the We⋅𝛥 is visualized as a modified 
Weber number for a step channel. We think such a modification is 
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Fig. 14. Flow maps for step channels of different widths and 𝜆.a) Channel #3, (b) Channel #4 (c) Channel #5. Refer to Table  2 for channel details.
necessary to include the effect of the step in pinning the interface. As 
Fig.  12 shows a strong influence of surface tension in the development 
of parallel flow in a step channel, we include the effect of contact angle 
in the form of a sgn function. From Figs.  7 and 14, we can see that the 
non-wetting fluid requires larger inertial forces for leakage or complete 
wetting to occur. Including the contact angle in the form of a sgn term 
is a way to account for this larger effort required by the non-wetting 
fluid. We plot the flow regimes of all the step channels using their 
combination in Fig.  16.

Based on the data, we propose to divide the generalized flow map 
into four regions: parallel, droplet/wetting, transition and mixed. The 
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parallel region includes all possible configurations of parallel flow — 
leakage or no leakage. The droplet/wetting region includes both the 
complete wetting and slug/droplet regimes. Parallel breakup flow and 
wavy parallel flow – the intermediate regimes – form a part of the 
transition regimes. Finally, the mixed region, as the name indicates, 
contains a mixture of various regimes such as wetting, leakage and 
parallel. This region is located broadly in the right of Fig.  16. There 
are some outliers in the flow map which do not fall into their respective 
regions, but broadly, this is a useful division of the regions observed in 
the step channels.
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Fig. 15. Stable Parallel Flow regions for all step channels along with the region of ‘Parallel Flow with Leakage’ for the standard channel.
Fig. 16.  Generalized flow map for the step channels using the dimensionless number combination from Asadi-Saghandi et al. and our modification (Eq. (4)) [12]. The map is 
divided into Parallel, Droplet/Wetting and Transition regions.
From Fig.  16, we can see that the dominant region corresponds 
to parallel flow. At lower Ca0.31We0.07𝛥0.07sgn(sin(𝜃f−𝜋∕2)), stable paral-
lel flow is observed and leakage is observed at higher Ca0.31We0.07
𝛥0.07sgn(sin(𝜃f−𝜋∕2)) with or without pinching. A lower Ca and We number 
correspond to a greater influence of interfacial tension, and the promi-
nence of stable parallel flow at low Ca0.31We0.07𝛥0.07sgn(sin(𝜃f−𝜋∕2)) reflects 
that.

When the Ca0.31We0.07𝛥0.07sgn(sin(𝜃f−𝜋∕2)) of both fluids are high, we 
move towards the transition region in the flow map. Higher Ca numbers 
correspond to larger viscous forces and higher We numbers correspond 
to larger inertial forces. The boundary separating the parallel and 
transition regions might indicate the greater importance of inertial 
forces, especially at higher Ca0.31n We0.07n . Figs.  7(b), 14(a), 14(b) and
14(c) all show transition regimes at higher 𝐶𝑎n, which is in contrast 
to a standard channel (Fig.  7), where transition regimes are observed 
intermediate to parallel and slug flow. More studies are needed on 
these transition regimes in step channels to see if the step induces 
more instabilities at higher Ca0.31We0.07𝛥0.07sgn(sin(𝜃f−𝜋∕2)), leading to the 
breaking of the interface.

When the Ca0.31n We0.07n 𝛥0.07sgn(sin(𝜃n−𝜋∕2)) is at least 10 times larger 
than that of the dispersed phase and the Ca0.31w We0.07w 𝛥0.07sgn(sin(𝜃w−𝜋∕2))

smaller than 10−2, droplets are observed, or one fluid completely wets 
the main channel. Droplets appear to be generated by a combination of 
interfacial forces (surface tension, wettability) and larger viscous forces 
of the continuous phase.
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Finally, the mixed region corresponds to Ca0.31w We0.07w
𝛥0.07sgn(sin(𝜃w−𝜋∕2)) larger than 10−2, and the Ca0.31n We0.07n 𝛥0.07sgn(sin(𝜃n−𝜋∕2))

is around 5–10 times smaller. Parallel flow with leakage and pinching 
appears to be the dominant regime in this region, where the viscous 
and inertial forces of the non-wetting fluid are larger than that of the 
wetting fluid. When the Ca and We numbers of the wetting fluid are 
small, complete wetting of the aqueous phase is observed in some cases, 
though more studies are needed in different channels to see if this 
is a common trend. Future studies in step channels should be geared 
towards transition and mixed regions as these are the areas that show 
the greatest variability.

To check the validity of our combination (Eq. (4)), we apply our 
combination to the results of Trapp et al. [46]. An important caveat 
is that the authors of that paper did not classify the flow regimes like 
ours, where the regimes are classified according to the flow phenomena 
observed across the entirety of the channel — inlet, main channel and 
outlet. They classified their regimes based only on the phenomena 
observed at the outlet, whether it is stable parallel flow, leakage or 
droplets. In this kind of classification, we can only check if the parallel 
region is accurately predicted. Therefore, we plot their results for our 
combination in Fig.  17.

Trapp et al. [46] used Zinc Nitrate and chloroform as their fluids in 
a channel of similar dimensions as Channel # 2 (Table  2). Here, Zinc 
Nitrate is the wetting fluid and occupies the channel of larger depth. As 
we can see from Fig.  17, the parallel region is accurately captured by 
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Fig. 17. Combination (4) is applied to the results of Trapp et al. [46] involving Zinc Nitrate (subscript ‘aq’) and Chloroform (subscript ‘c’) in a channel with dimensions similar 
to channel # 2 (Table  2). Zinc Nitrate is the wetting fluid and it occupies the channel of larger depth.
our combination. Whether other regions can be accurately described by 
this dimensionless number combination can only be confirmed by more 
experiments in step channels with different fluids.

6. Conclusion

In this paper, the step channel previously used in mass transfer 
applications has been studied in detail. This step channel is marked by a 
difference in depth across its two halves, i.e., one section is shallow and 
the other is deep. To understand the influence such a design might have 
on the flow phenomena, experiments were conducted on both the step 
channel and a standard channel – channel with uniform depth – and the 
various flow regimes were compared and plotted. It was found that the 
stable parallel flow was obtained at low Capillary numbers in the step 
channel, whereas slug and parallel breakup flow was obtained in the 
standard channel for the same set of Capillary numbers. Additionally, 
the interface was located exactly in the middle of the step channel with 
no leakage, and this could not be observed in the standard channel.

The flow phenomena observed in the step channel were compared 
and contrasted with those in the standard channel using VOF simu-
lations. The pressure evolution at low Capillary numbers showed the 
variation of both aqueous and organic pressures in the standard channel 
as the organic phase enters into the filling and blocking stages. In 
contrast, the pressure of both the aqueous and organic phases was 
constant in the case of the step channel at the same Capillary number. 
The interfacial tension played a key role in maintaining the interface 
position and stable parallel flow along with the nature of the step 
design at such low Capillary numbers.

The step channel was further studied experimentally by varying 
the channel dimensions such as the width and step ratio, with flow 
maps being plotted for these channels as well. Reducing the step ratio 
resulted in a more scattered flow map, with stable parallel flow occur-
ring less frequently and leakage being more common. A smaller width 
increased the range of Capillary numbers for which stable parallel flow 
was observed, while a larger width correspondingly reduced this range. 
Changing the dimensions also led to different regimes previously not 
observed in the first step channel such as slug flow or intermittently 
stable parallel flow. Plotting a generalized flow map for all these step 
channels revealed that the step design tends to favour parallel flow 
significantly more than other regimes, and this generalized flow map 
was found to be extensible for the results of Trapp et al. [46] in the 
case of the parallel region.
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