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a b s t r a c t

This paper mainly studies the droplet breaking behavior in contracted pore throat microchannels. The 
droplet breaking process consists of four stages: extrusion, stretching, sub-droplet growth and fracture. 
The effects of interfacial tension and dispersed phase viscosity on droplet rupture were investigated. 
And changes in the localized pressure drop during droplet breaking. In order to understand the droplet 
deformation mechanism more deeply, we have successfully used micro-particle image velocimetry 
(micro-PIV) to describe the velocity distribution in the flow. The results show that the fluid  charac
teristics of the continuous phase dominate the droplet deformation and fragmentation in the micro
device geometry. In addition, we built a model based on Taylor's analogy to predict the size of the child 
droplet formed when the parent droplet is broken during deformation, and compared it with the 
experimental data. The predicted model and the experimental data show a satisfactory agreement in 
terms of approximation.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Microfluidic  technology has advanced rapidly over the past 
decades and has found widespread applications in chemical en
gineering, biomedicine, and petroleum recovery (Huebner et al., 
2008; Lifton, 2016; Nan et al., 2024). Due to its high precision 
and controllability, researchers have ingeniously utilized this 
technology to study fluid flow characteristics in rock formations by 
creating micro-models that mimic porous rock layers and reser
voirs (Palizdan et al., 2020; Wang et al., 2023; Gao et al., 2024; Li 
et al., 2024). These micro-models are of great importance for 
both scientific  research and industrial applications, as they 

significantly reduce setup and testing time compared to traditional 
macroscopic research equipment and enhance the flexibility of 
running multiple screening experiments (Nghe et al., 2010; de 
Haas et al., 2013). In porous rock formations, capillary forces and 
varying degrees of wettability result in heterogeneous perme
ability, leading to the trapping of residual oil droplets and reduced 
oil recovery efficiency  (Perazzo et al., 2018; Li et al., 2020; Zhao 
et al., 2022). Simultaneously, the interaction between oil and 
water in these formations generates emulsions, which are highly 
beneficial  for enhancing oil recovery (EOR) through emulsion 
flooding.  Consequently, droplet breakup behavior in constricted 
microchannels has garnered significant interest. Roof (1970) first 
proposed the snap-off mechanism in constricted microchannels, 
suggesting that when the capillary pressure at the droplet head is 
less than that at the neck, the neck becomes unstable and breaks 
off. However, this conclusion was based on neglecting droplet 
velocity, and it no longer holds when droplet motion cannot be 
ignored (Rossen et al., 2000). Wang et al. (2014) systematically 
analyzed the droplet breakup process in constricted micro
channels using capillary pressure variation theory, finding  that 
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droplet breakup is also influenced by system velocity and viscosity, 
rendering Roof's criterion invalid. They proposed that the breakup 
criterion in constricted microchannels should be based on the 
critical capillary number of the dispersed and continuous phases. 
As droplets pass through the constricted microchannel, the droplet 
head is forced into the constriction zone, and the liquid-liquid 
interface assumes a saddle shape, with sudden breakup 
controlled by localized capillary pressure fluctuations  (Rossen 
et al., 2000). This unique shape facilitates droplet breakup. Liang 
et al. (2021) used a self-built high-precision pressure drop mea
surement platform to record pressure changes during droplet 
breakup in constricted microchannels, surprisingly finding  that 
the pressure drop in the constriction zone aligns with capillary 
pressure fluctuations, further validating the feasibility of pressure 
drop analysis for studying droplet breakup behavior. Zou et al. 
(2024) categorized the droplet breakup process into shear- 
dominated, compression-dominated, and snap-off stages based 
on capillary pressure differences, discovering that droplets tran
sition from deformation to breakup when the neck thickness falls 
below a critical value. These studies have significantly enriched the 
research strategies for droplet breakup in constricted micro
channels, providing substantial insights into the underlying 
mechanisms.

However, droplet breakup in constricted microchannels is not 
only influenced by fluid properties but also heavily dependent on 
the geometric shape of the constriction. The most direct evidence 
is that the critical capillary number for droplet breakup exhibits 
different trends for different constriction structures (Wang et al., 
2014; He et al., 2020; Li et al., 2021). Tsai and Miksis (1994) used 
numerical methods to show that higher curvature pore throat 
structures prolong droplet breakup time and yield larger daughter 
droplets, while larger throat gaps under the same curvature con
ditions prevent droplet breakup. This indicates that droplet 
breakup dynamics are strongly influenced by the geometric shape 
of the constriction. Wang et al. (2022) compared several con
stricted microchannels and found that microchannels where 
daughter droplets are not constrained by the walls produce more 
uniform daughter droplets, as wall constraints affect neck forma
tion during droplet breakup. Singla et al. (2024) mapped the 
interface evolution of droplets under different shape parameters, 
revealing that more rectangular constriction shapes lead to easier 
droplet deformation, attributing this to the higher gap flow ve
locity in rectangular constrictions, which increases the viscous 
forces acting on the droplets and promotes breakup. Although 

these findings  highlight the decisive role of geometric shape, 
existing studies have predominantly focused on artificial  regular 
structures (e.g., rectangular, tapered), with little attention given to 
the semicircular pore throat structures widely found in natural 
porous media (Quennouz et al., 2014). Compared to other geo
metric shapes (e.g., rectangular, tapered), the semicircular con
stricted microchannel features a larger curvature structure, 
resulting in reduced confinement effects from the channel walls 
and lower gap flow velocity (Tsai and Miksis, 1994). This signifi
cantly diminishes the guiding effect of the microchannel's 
constriction geometry on droplet breakup (Singla et al., 2024), 
necessitating further research on droplet behavior in symmetric 
semicircular pore throat structures.

In this study, we systematically investigated droplet breakup 
behavior in symmetric semicircular pore throat microchannels. 
Our work includes examining the effects of surfactant concentra
tion, dispersed phase viscosity, and two-phase flow rates on 
droplet breakup behavior, analyzing pressure drop and capillary 
pressure changes as droplets pass through the pore throat, and 
using micro-particle image velocimetry (micro-PIV) to measure 
the velocity fields of the dispersed and continuous phases at the 
pore throat. We elucidated the breakup mechanism of droplets in 
symmetric semicircular pore throat structures and, based on the 
Taylor Analogy Breakup (TAB) model (O'Rourke and Amsden, 
1987), developed a mathematical model to describe droplet 
breakup behavior.

2. Experimental procedures and method

The microchannel device was fabricated using photolithog
raphy and soft lithography techniques (Duffy et al., 1998). A 
photoresist master was made using a transparent mask and then 
covered with polydimethylsiloxane (PDMS). After the PDMS was 
cured, the PDMS plate containing the microchannel was sealed 
with a glass slide by plasma bonding. Before sealing, the PDMS 
plate and the glass slide were exposed to oxygen plasma 
(McDonald et al., 2000). The PDMS chip is manufactured by SMIC 
Qiheng, PDMS microchannels were treated with oxygen plasma 
(Harrick Plasma, PDC-32G) at a power of 30 W and pressure of 
0.2 mbar for 60 s to activate surface groups. After plasma treat
ment, channels were immediately incubated at 80 ◦C for 2 h to 
promote hydrophobic recovery via reorientation of surface methyl 
groups. Hydrophobicity was quantified  using a sessile drop 
method (Krüss DSA100). The measured water contact angle was 

Nomenclature

c Mass concentration of glycerol or sodium dodecyl 
sulfate, wt%

Cac Capillary number, Cac = μcuc=σ, non-dimensional
h Channel height, mm
l Droplet stretch length, mm
l0 Initial droplet length, mm
Qc Volumetric flow rate of continuous phase, μL/min
Qd Volumetric flow rate of dispersed phase, μL/min
Qsum Volumetric flow rate of main channel, μL/min, 

Qsum = 2Qc + Qd
Rec Reynolds number, Rec = wcucρ=μ, non-dimensional
R0 Sub-droplet radius, mm
RA Radius of axial curvature at neck, mm
Rf Radius of radial curvature at neck, mm
RH Radius of front cover, mm

RB Radius of back cover, mm
T Droplet breaking cycle, s
t Crushing process time, s
Tc Capillary time, s
uc Surface velocity, m⋅s− 1

D Width of main channel, mm
wc Width of throat channel, mm
w Thickness of neck, mm
We Weber number, We = ρcu2

c l0=σ, non-dimensional
μc Viscosity of continuous phase, mPa⋅s
μd Viscosity of dispersed phase, mPa⋅s
σ Interfacial tension between two phases, mN⋅m− 1

ρc Density of continuous phase, kg⋅m− 3

ρd Density of dispersed phase, kg⋅m− 3

ε Gap width between the droplet interface at the neck 
and the wall of the throat, mm, ε = wc − w
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110◦ ± 3◦ (mean ± SD, *n* = 5), confirming strong hydrophobicity. 
This value aligns with established PDMS protocols (Zhou et al., 
2010). The schematic diagram of the microchannel device used 
in the experiment is shown in Fig. 1. The focusing structure at the 
front end is used to generate droplets. The width of the dispersed 
phase inlet channel is 0.25 mm, the width of the continuous phase 
inlet channel is 1 mm, the main channel width D is 2.25 mm, the 
symmetrical semicircular pore throat is composed of two semi
circles with a radius of 1 mm, the pore throat channel width wc is 
0.25 mm, and the height of all channels h is 0.5 mm. The sym
metrical semicircular pore throat is located 24.5 mm behind the 
focusing structure to ensure that the droplets generated by the 
focusing structure remain stable before reaching the pore throat. 
Before the experiment, the continuous phase was continuously 
introduced into the microchannel for more than 20 min to avoid 
the wetting effect of the dispersed phase.

Fig. 2 is a schematic diagram of the experimental device, which 
mainly consists of four parts: microchannel chip, fluid  control 
system, image acquisition system and particle flow sheet light 
display system. Two micro-injection pumps (DK Infusetek) were 
used to inject fluid  into the microchannel. The syringe was con
nected to the microchannel through a polyethylene tube with a 
diameter of 1 mm. The microfluidic device was fixed on a micro
scope (WMJ-9688, Shanghai Wumo Optical Instrument CO., Ltd), 
and a high-speed camera (Revealer-XJ1200, Zhongke Vision Co., 
Ltd) was used to capture images at a range of 4000 fps. Under 
various operating conditions, the system was stabilized for at least 
5 min, and then the experimental images were recorded by a high- 
speed camera. The images were processed by ImageJ software, and 
the measurement error of the experimental data (including the 
length of the initial droplet l0, the tensile length l, the radius of the 
sub-droplet R0, the radius of axial curvature at the neck RA, the 
radial radius of curvature at the neck Rf, the radius of the front 
cover RH and the radius of the back cover RB) was ±3%~±5%. The 
experiment was carried out at 293.15 ± 1 K and atmospheric 
pressure. The micro-PIV system can capture the velocity matrix of 
a large number of spatial points marked with fluorescent micro
spheres, providing rich spatial structure of the velocity field and 
flow characteristics. Studies have shown that its influence on the 
flow topology is negligible (Ma et al., 2015). Monodisperse poly
styrene fluorescent  microspheres (2 μm in diameter, 0.5 wt% 
added) were used as tracer particles and were purchased from 
Jiangsu Zhichuan Technology Co., Ltd. A concentration of 0.5 wt% 
fluorescent  particles (2 μm diameter) was used to ensure high 
signal-to-noise ratio while minimizing flow  disturbance. This 
density is below the 5 wt% threshold shown to negligibly alter fluid 
viscosity and flow topology (Ma et al., 2015). As cited in Ma et al. 
(2015), sub-2-μm particles at low concentrations do not perturb 

microfluidic flows due to their small Stokes number (St < 10− 3). 
We avoid the free movement of tracer particles between the two 
phases during the testing process by adding hydrophobic ordinary 
polystyrene microspheres to mineral oil (continuous phase) and 
adding hydrophilic carboxylated polystyrene microspheres to 
water (dispersed phase) respectively. The excitation of the fluo
rescent microspheres was achieved by using a particle flow sheet 
light display system with an output power of 8 W, a wavelength of 
532 nm, and a thickness of 1 mm. The fluorescent microspheres 
directly irradiated by the laser sheet will produce fluorescence, 
while the fluorescent  microspheres not irradiated by the laser 
sheet will not emit light. In a completely dark environment, a high- 
speed camera (Revealer-XJ1200, 4000 frames/s) attached to the 
microscope objective was used to capture the movement of the 
fluorescent microspheres in the microchannel. The experimental 
images were analyzed and processed by MicroVec v3.6.2 software 
developed by Beijing Cube World Technology Development Co., 
Ltd.

In the experiment, several experimental groups with different 
interfacial tension used mineral oil as the continuous phase, and 
added different mass fractions (0.05, 0.08, 0.1, 0.12 wt%) of sodium 
dodecyl sulfate (SDS) aqueous solution as the dispersed phase. 
Different experimental groups with various viscosities used min
eral oil with excessive S-pan80 (1 wt%) as the continuous phase to 
eliminate the influence  of interfacial tension changes on the 
experimental results, and used glycerol aqueous solution with 
different mass fractions (0, 10, 15, 20 wt%) as the dispersed phase. 
The physical properties of the working system such as density, 
viscosity and interfacial tension are shown in Table 1. The density 
of the experimental fluids  was measured using a densitometer 
(Anton Paar, Austria), the viscosity was measured with an auto
matic capillary viscometer (iVisc, LAUDA, Germany), and the 
interfacial tension was measured using a surface tensiometer 
(OCAH200, Data Physics Instruments GmbH, Germany). The flow 
rate ranges of the continuous phase and the dispersed phase are: 
0< Qc ≤ 260 μL/min, and 0 < Qd ≤ 120 μL/min, respectively. In 
petroleum reservoirs, interstitial flow  velocities typically range 
from 0.1 to 10 mm/s. Our micochannel throat diameter (0.25 mm) 
and flow rates (10–260 μL/min) correspond to superficial velocities 
of 1.3–34.7 mm/s, capturing capillary-dominated (low flow)  to 
viscous-inertial transition (high flow)  regimes relevant to 
enhanced oil recovery (EOR) processes. Wang et al. (2014) used 
flow rates of 5–200 μL/min in constricted microchannels to study 
droplet breakup under reservoir-relevant conditions. Our upper 
limit (260 μL/min) extends this range to explore higher shear/ 
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Fig. 1. Schematic diagram of microchannel structure.
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Fig. 2. Schematic diagram of the experimental setup.
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viscous forces while maintaining Re < 50 (ensuring laminar flow). 
The Reynolds number Rec (Rec = wcucρ=μ, where surface velocity 
uc = (2Qc + Qd)=(wc × h)) characterizes the relative magnitude of 
inertial force and viscous force is 0.45–3.02; the capillary number 
Cac (Cac = μuc=σ) characterizes the relative magnitude of viscous 
force and interfacial tension is 0.069–0.917. The droplet breakup 
process is mainly affected by squeezing stress, viscous shear stress 
and interfacial tension.

3. Results and discussion

3.1. Droplet breakup

3.1.1. Droplet breakup process
The droplets will deform and break as they pass through the 

symmetrical semicircular orifice  throat along the microchannel. 
When a droplet enters a symmetrical semicircular pore throat, the 
deformation behavior of the droplet can be characterized by the 
evolution of the stretching length l of the droplet along the central 
axis. Fig. 3 shows the physical parameters in the droplet breakup 
process, where l0 represents the length of the initial droplet, D is 
the main microchannel width, wc is the width of the narrowest 
part of the symmetrical semicircular pore throat, R is the droplet 
radius, RA is the axial curvature radius at the neck, Rf is the radial 
curvature radius at the neck, RH is the front cover radius, and RB is 
the back cover radius. In addition, T represents the cycle time of 
droplet breakup, and t represents the time of the droplet breakup 

process. Capillary time is defined as Tc, which is a measure of the 
time it takes for an interface to recover its shape in a low-viscosity 
fluid under the action of capillary forces.

When a single uniform droplet approaches a semicircular 
symmetrical pore throat, due to the limitation of the microchannel 
geometric structure, the flow  velocity at the central axis of the 
channel increases, and the continuous phase fluid near the edge of 
the microchannel begins to flow  toward the central axis of the 
channel to squeeze the droplet, causing the droplet to deform. 
When the front end of the droplet is about to enter the symmetric 
semicircular pore throat, the droplet begins to deform. The point 
where the front end of the droplet is located at this time is 
recorded as the origin z0, and the time is recorded as t = 0. The 
moment when the droplet breaks through the pore throat to form 
a new droplet is taken as the end time, at which point the breakup 
time reaches its maximum value (T = tmax). The droplet breakup 
process is shown in Fig. 4.

According to the growth rate of the droplet length along the z- 
axis, the droplet breakup process can be divided into four stages: 
squeezing, stretching, sub-droplet growth and snap-off stages (Du 
et al., 2018), as shown in Fig. 5.

I. Squeezing stage (t < t1): due to the limitation of the 
microchannel pore throat geometry, the droplet is contin
uously squeezed, and the front end of the droplet begins to 
deform. The shape of the front end of the droplet adapts to 
the pore throat structure, forming a protruding tip, which 

Table 1 
Physical properties of the working system.

System 
No.

Dispersed water phase Continuous oil phase Water phase 
density, kg/m3

Viscosity of water 
phase, mPa⋅s

Oil phase 
density, kg/m3

Oil phase 
viscosity, mPa⋅s

Interfacial 
tension, mN/m

A 0.05 wt% SDS aqueous solution Mineral oil 1000 0.92 845 48.60 17.96
B 0.08 wt% SDS aqueous solution Mineral oil 1000 0.92 845 48.60 11.54
C 0.1 wt% SDS aqueous solution Mineral oil 1000 0.92 845 48.60 8.46
D 0.12 wt% SDS aqueous solution Mineral oil 1000 0.92 845 48.60 7.81
E Pure water Mineral oil (1 wt% S-pan80) 1000 0.92 845 48.60 3.54
F 10 wt% glycerol-water solution Mineral oil (1 wt% S-pan80) 1021 1.64 845 48.60 3.04
G 15 wt% glycerol-water solution Mineral oil (1 wt% S-pan80) 1036 2.06 845 48.60 2.84
H 20 wt% glycerol-water solution Mineral oil (1 wt% S-pan80) 1047 2.63 845 48.60 2.4

w = 2Rf

Rf

z0

z

lo

Dwc

RB

RH

z
l

RA

wz0

(a)

(b)

Fig. 3. (a) Schematic diagram of physical parameters during droplet breakup; (b) Schematic diagram of the vertical cross-section of the neck at the narrowest part of the pore 
throat.
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continues to grow until it fits  with the semicircular sym
metrical pore throat, and the droplet completely occupies 
the entrance of the pore throat channel, as shown in Fig. 4.

II. Stretching stage (t1 ≤ t < t2): after the droplet completely 
occupies the pore throat entrance, the width of the pore 
throat channel at the front of the droplet decreases sharply, 
the squeezing effect on the droplet increases sharply, the tip 
of the droplet thins rapidly in the direction perpendicular to 
the z-axis, and stretches along the channel. This stage is the 
stage where the droplet length changes fastest along the z- 
axis during the droplet breakup process, as shown in 
Fig. 5(a).

III. Sub-droplet growth stage (t2 ≤ t < t3): the tip of the droplet 
passes through the pore throat channel and grows down
stream of the pore throat, forming a dumbbell shape. At this 
time, the droplet forms a neck at the pore throat channel (as 
shown in Fig. 4). The position of the line connecting the 
centers of the two semicircles of the pore throat is the neck 
thickness w. Due to the gap between the droplet and the 
microchannel wall, the neck thickness w is slightly smaller 
than the narrowest width wc of the semicircular symmet
rical pore throat. The squeezing pressure of the droplet at 
the upstream end of the pore throat is relatively large, and 
the droplet at the downstream end of the pore throat con
tinues to grow. During this process, the neck thickness re
mains basically unchanged, as shown in Fig. 6.

IV. Snap-off stage (t > t3): Under the restriction of the symmetric 
semicircular pore throat structure, the droplet is blocked at the 
pore throat. The upstream continuous phase applies pressure 
to the droplet, creating a Laplace pressure difference between 
the high-curvature neck and the low-curvature sub-droplet. 
This pressure imbalance drives rapid thinning of the neck, 
culminating in snap-off. The neck thickness decreases drasti
cally during this process, as shown in Fig. 6.

3.1.2. Effect of interfacial tension
Interfacial tension is an important factor affecting the breakup 

process of droplets passing through pore throats. In the experi
ment, the interfacial tension of the oil-water interface was 

changed by adding different mass fractions of SDS to water. 
Fig. 5(d) shows the evolution of droplet length under different 
interfacial tensions. Under the same two-phase flow rate, the time 
of each stage of the droplet breakup process tends to decrease 
significantly  with the decrease of interfacial tension, and the 
dimensionless length growth rate of the droplet also decreases 
with the decrease of interfacial tension, as shown in Fig. 5(c). 
Obviously, the breakup period of the droplet is not only affected by 
the interfacial tension, but also by the two-phase flow rate. With 
the increase of the continuous phase flow rate, the droplet obtains 
a greater driving force, allowing the droplet to pass through the 
pore throat at a faster velocity. The most obvious performance is 
that the growth rate of the dimensionless length in the stretching 
stage increases faster, as shown in Fig. 5(a). In order to verify this 
judgment, we analyzed and compared the time of each stage of 
droplet breakup under different continuous phase flow rates and 
different interfacial tension conditions in detail. As shown in 
Fig. 7(a)–(d).

As the dispersed phase flow rate increases, the time required 
for the squeezing stage gradually decreases, but the time pro
portion does not change much. Due to the obstruction of the pore 
throat channel geometry, the filling velocity along the z-axis di
rection after entering the pore throat channel is accelerated. The 
increase in the dispersed phase flow rate strengthens this effect, 
making the front end of the droplet enter the pore throat channel 
faster and more susceptible to the sheer force of the continuous 
phase. The time proportion of the sub-droplet growth stage de
creases with the increase of the dispersed phase flow rate, which 
means that the droplet grows faster and reaches the pinch-off 
stage earlier. With the increase of SDS concentration, the inter
facial tension between the dispersed phase and the continuous 
phase continues to decrease, the anti-interference ability of the 
droplet interface is weakened, the deformation of the interface 
shape is more susceptible to the sheer force of the continuous 
phase, and the duration of each stage of droplet breakup is 
reduced. The most obvious changes are in the sub-droplet growth 
stage and the snap-off stage. Due to the reduction of interfacial 
tension, the particle size of the sub-droplet produced by droplet 
breakup becomes smaller and smaller, which reduces the dura
tion of the sub-droplet growth stage, as shown in Fig. 7(b). In the 

Squeezing
stage

Stretching
stage

t = 0 ms

t = 84 ms

t = 140 ms

t1 = 126 ms

Sub-droplet
growth stage

Snap-off
stage

t = 294 ms

t2 = 182 ms

t = 321 ms

t3 = 315 ms

Fig. 4. The droplet breakup process in the symmetric semicircular pore throat channel: c (SDS) = 0.05 wt%, Qc = 50 μL/min, Qd = 100 μL/min.
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Fig. 5. (a) Dimensionless length growth rate under different continuous phase flow conditions; (b) Evolution of dimensionless length l/wc with dimensionless time t/Tc under 
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snap-off stage, due to the increase in SDS concentration, the 
surfactant concentration gradient at the neck break diminishes 
under the same working conditions. This reduces the Marangoni 
stress, which would otherwise counteract interfacial perturba
tions. Consequently, the damping effect on capillary pressure 
fluctuations is weakened. As a result, once a depression forms at 
the neck, the snap-off process of the droplet becomes more 
intense.

In order to further eliminate the influence  caused by the 
length difference of the mother liquid droplets under different 
working conditions, the ratio of each stage time to the crushing 
cycle is shown in Fig. 7(c). The increase in the continuous phase 
flow  rate has the most significant  impact on the sub-droplet 
growth stage. Larger continuous phase flow rate provides a 
greater driving force for the droplets, causing the droplets to 
occupy a much smaller proportion of the time in the sub-droplet 
growth stage. In Fig. 7(d), the time proportion of the sub-droplet 
growth stage begins to decrease as the interfacial tension de
creases, which coincides with the decrease in the sub-droplet size 
(Fig. 7(b)).
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3.1.3. Effect of dispersed phase viscosity
Viscous force is one of the main factors that dominate droplet 

breakup. We changed the viscosity of the dispersed phase by adding 
different mass fractions of glycerol to the water phase. Although the 
viscosity of the dispersed phase varies within a small range 
(0.92–2.63 mPa⋅s), higher viscosity increases the resistance to 
interfacial deformation, making it more difficult to initiate droplet 
breakup under the same flow conditions. Droplets that would 
otherwise break at lower viscosities only deform without fracturing. 
The contribution made by the increase in the continuous phase flow 
rate in the different viscosity experimental groups is the same as that 
in the different interfacial tension groups, which reduces the time 
proportion of the sub-droplet growth stage, but the difference is that 
the time proportion of the squeezing stage is increased, so that the 
time spent in the squeezing stage at a higher continuous phase flow 
rate contributes more to the breakup cycle, as shown in Fig. 8(a) and 
(c). After increasing the viscosity of the dispersed phase, the time 
proportion of the squeezing stage becomes the main part of the 
breakup cycle, and this proportion continues to increase with the 
increase of the continuous phase flow rate. Obviously, due to the 
small difference in the viscosity of the dispersed phase, the viscosity 
change has little effect on the time proportion of each stage of droplet 
breakup, as shown in Fig. 8(d).

Tsai and Miksis (1994) used the Stokes equation to show the 
relationship between the bubble breakup mechanism and the 
viscosity ratio in the contraction structure. The smaller the vis
cosity ratio of the dispersed phase to the continuous phase, the 
longer the bubble pinch-off time and the larger the particle size of 
the sub-droplet. According to experimental observations, the 
droplet breakup mechanism in the contraction structure also has a 
similar relationship. Once breakup is initiated, higher dispersed 
phase viscosity accelerates the necking process, leading to a 
significantly  reduced snap-off stage time, as shown in Fig. 8(b). 
Although there are differences in the properties of gas and liquid, 
the liquid itself has an internal viscosity, while the internal vis
cosity of the gas is so small that it can be almost ignored. However, 
their breakup mechanisms in the contraction structure micro
channel have certain commonalities.

Unfortunately, Wang et al. (2014) obtained the opposite 
conclusion from the above conclusions when the breakup time 
changes with Ca under different viscosity ratios. This may be 
caused by the microchannel geometry. The sudden contraction 
structure used by Wang has a strong restriction effect on the flow 
of the continuous phase at the contraction, while Tsai and we used 
a circular contraction structure with a large curvature, which 
makes the dispersed phase flow  faster downstream along the 
contraction and the gap between the droplets during the breakup 
process, and ultimately leads to a shorter breakup time and a 
smaller droplet size.

3.2. Local pressure drop at the orifice

Since the droplet will hinder the flow of the continuous phase 
when entering the pore throat, this will increase the pressure 
upstream of the pore throat, and the squeezing force has an 
important influence  on the droplet breakup process. To further 
understand the droplet breakup mechanism, we investigate the 
localized pressure drop changes at the symmetric semicircular 
pore throat during the droplet breakup process. The change in the 
droplet neck thickness after the droplet enters the pore throat 
channel is shown in Fig. 6. We found that the gap width (ε = wc −

w) between the neck interface and the pore throat wall during the 
growth stage of the sub-droplet ε≪wc. This means that the droplet 
passing through the pore throat does not completely contact the 
microchannel wall, and there is a gap flow  between the two. 

Therefore, we can use the film lubrication theory to further study 
the droplet breakup. According to the lubrication theory analysis, 
due to the hydrophobic properties of the microchannel material, 
the droplet does not completely contact the channel wall when the 
dispersed phase passes through the pore throat and is driven by 
pressure. The continuous phase forms a liquid film at the droplet 
and the microchannel wall to provide lubrication for the droplet 
flow deformation. Based on the film lubrication theory, Stone ob
tained the analytical solution of the driving pressure drop of the 
droplet when passing through the saddle-shaped micro-contrac
tion channel with respect to the Stokes equation. The model in
corporates elements of it to approximate flow  in the thin gap 
between the droplet and the throat wall, and extends lubrication 
theory by accounting for transient necking effects via a time- 
dependent curvature term ((RA/Rf)1/2). The geometric model of 
the “saddle-shaped” channel structure established by this model is 
highly compatible with the geometric shape of the symmetric 
semicircular orifice  throat. When a droplet passes through a 
saddle-shaped micro-contraction channel, the pressure drop in 
the upstream and downstream of the channel is given by Eq. (1)
(Stone, 2005). However, since the physical model of the droplet is 
based on the channel structure, this equation cannot analyze the 
driving pressure drop before the droplet completely enters the 
pore throat, that is, it cannot analyze the driving pressure in the 
squeezing stage and the stretching stage. 

12μQ

(wc=2)3ΔP

(
RA
Rf

)1=2

=
6
7

⇒ΔPdrive =
14μQsum

(wc=2)3

(
RA
Rf

)1=2

(1) 

The results are shown in Fig. 9. Under the shearing action of the 
continuous phase, the front end of the droplet enters the pore throat 
channel to form a “dumbbell shape”, resulting in uneven pressure 
distribution upstream and downstream in the microchannel. At this 
time, the pressure of the upstream continuous phase becomes the 
driving force to make the sub-droplet grow slowly. During the sub- 
droplet growth stage, the driving pressure drop always remains at 
a small stable value until the thickness of the droplet neck begins to 
thin, and the pressure drop increases rapidly. After the droplet is 
broken, the driving pressure drop decreases again. The droplet 
completes the change in the peak pressure drop during the pinch-off 
stage. Liang et al. also found that the droplet breakup time node 
coincided with the peak pressure drop when using a micro-pressure 
sensor to measure the pressure drop of a droplet passing through a 
micro-contraction channel. (Liang et al., 2021). Obviously, the 
breakup of droplets in a contraction-type microchannel is often 
accompanied by a dramatic change in pressure drop. By analyzing the 
change in pressure drop in the microchannel, the breakup of droplets 
can be effectively predicted.

At the same time, we also further studied the dynamic breakup 
process of the droplet when it passes through the pore throat. The 
change of the local pressure of the droplet and the change of the 
interface at the neck, head and tail of the droplet are given by the 
Young-Laplace Eqs. (2)–(4): 

ΔPN = γ

(
1
Rf

−
1

RA

)

(2) 

ΔPH =
2γ
RH

(3) 

ΔPB =
2γ
RB

(4) 

Roof (1970) proposed in his study the static breakup criterion 
for the breakup of droplets in a contraction-type microchannel 
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when the capillary pressures at the head and neck of the droplet 
are equal. However, his research conclusion was made under 
extremely low flow  rate conditions. Obviously, when the two- 
phase flow  rate increases, it will cause greater flow  resistance, 
and the judgment of this criterion will have a large deviation. The 
pressure difference between the head and tail and the neck is 
given by Eqs. (5) and (6): (Wang et al., 2022): 

PH − PN = ΔPN − ΔPH (5) 

PB − PN = ΔPN − ΔPB (6) 

Fig. 10 shows the change of pressure difference between the 
head and tail and the neck during the growth and snap-off stages 
of the sub-droplet. We found that the pressure difference of the 
tail was significantly greater than the pressure difference of the 
head in the early stage of the growth of the sub-droplet, and the 
pressure difference between the head and the neck was negative. 
This means that the capillary pressure of the droplet in the pore 
throat is much greater than the capillary pressure of the droplet 
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head at this time, which well explains the rapid deformation of the 
droplet head when passing through the pore throat clamp during 
the stretching stage. The squeezing effect of the continuous phase 
on the dispersed phase is the dominant factor in the growth of the 
sub-droplet, and the imbalance of the pressure between the head 
and the tail provides the driving force for the growth of the sub- 
droplet. After entering the snap-off stage, the pressure imbal
ance of the head and tail of the droplet is further weakened, but 
the pressure difference between the head and the tail and the neck 
is positive. Obviously, the static breakup criterion proposed by 
Roof is not applicable to the droplet breakup under this condition 
(Roof, 1970). The pressure difference increases rapidly when the 
droplet breaks up. We speculate that after the droplets grow to a 
certain size, the Laplace pressure jump will occur along with the 
breakup of the droplets due to the influence of Rayleigh - Plateau 
instability, prompting the droplets to break up. Wang et al. (2022)
also observed a similar phenomenon in their study of square 
micro-contraction channels.

3.3. Micro-PIV analysis

The micro-Particle Image Velocimetry technique (micro-PIV) 
was used to analyze the velocity field distribution of the continuous 
phase during the breakup process of the droplet passing through 
the pore throat, as shown in Fig. 11. In Fig. 11(a), it can be clearly 
observed that due to the existence of the symmetric semicircular 
pore throat, the flow velocity of the continuous phase through the 
pore throat increases significantly when the droplet does not con
tact the pore throat. As the droplet gets closer and closer to the pore 
throat, although the droplet has not entered the pore throat, it is 
affected by the velocity field of the continuous phase, and the front 
end of the droplet begins to deform and enter the squeezing stage 
(Fig. 11(b)). When the front end of the droplet enters the pore throat, 
the flow  of the continuous phase at the pore throat is blocked 
(Fig. 10(c)), and the kinetic potential energy of the continuous phase 
is further converted into the driving pressure of the droplet passing 
through the pore throat (Abate et al., 2012). Under the driving 
pressure caused by the continuous phase and the capillary force, the 
front end of the droplet passes through the pore throat in a very 
short time, and the droplet is deformed into a “dumbbell shape” 
(Fig. 11(d)). After entering the sub-droplet growth stage, the 
continuous phase only flows downstream through the gap between 
the droplet neck and the pore throat to form interstitial flow (Wong 

et al., 1995). The existence of interstitial flow further strengthens the 
shearing effect of the continuous phase on the droplet. Under the 
squeezing effect of the driving pressure of the upstream continuous 
phase and the shearing effect of the interstitial flow, the down
stream end of the “dumbbell-shaped” droplet continues to grow, 
further hindering the flow of the interstitial flow downstream, and 
the droplet driving pressure drop increases (Fig. 9), which increases 
the interstitial flow velocity (Fig. 11(e)). The shearing effect of the 
interstitial flow on the interface at the droplet neck is enhanced, and 
the balance between shear force and interfacial tension is broken. At 
this time, the shear force dominates (Cac > 0.01) (Yao et al., 2021), 
the interface at the neck of the “dumbbell-shaped” droplet is 
deformed, the neck thickness rapidly decreases (Fig. 6), and finally 
the neck breaks to form a new sub-droplet (Fig. 11(e), t = 152 ms).

When the front end of the droplet first enters the pore throat, 
the symmetric semicircular structure with large curvature does 
not damage the interface of the droplet, and the droplet deforms 
along the channel wall to form a “dumbbell shape”. However, the 
gap flow formed between the droplet and the channel wall during 
the growth of the sub-droplet cannot be ignored for the further 
evolution of the droplet. As shown in Fig. 9, the driving pressure 
drop of the droplet does not change significantly during the sub- 
droplet growth stage, which corresponds exactly to Fig. 11(d). 
During the sub-droplet growth stage, the velocity field distribution 
of the continuous phase at the pore throat maintains a uniformly 
distributed small velocity. At this time, the effect of the gap flow on 
the droplet is only to rely on the viscous shear force and the driving 
pressure of the upstream continuous phase to promote the further 
growth of the sub-droplet.

We also observed the velocity field  distribution inside the 
droplet under higher capillary number conditions, as shown in 
Fig. 12. Before the droplet deforms, the interior of the droplet 
maintains a higher velocity (Fig. 12(a)). When the droplet begins to 
deform, high velocity field  begins to move toward the droplet 
front, as shown in Fig. 12(b) and (c). Interestingly, after the droplet 
is deformed into a “dumbbell shape”, the velocity field inside the 
downstream end of the droplet is significantly higher than that at 
the neck, as shown in Fig. 12(d). After the sub-droplet is formed, 
the velocity field distribution inside the sub-droplet maintains the 
same distribution rule as the mother droplet, and the internal 
velocity is always higher than the edge, as shown in Fig. 12(e).

3.4. Droplet size

As a droplet passes through a symmetric semicircular pore- 
throat channel, its shape and size change due to various factors. 
These factors include the force exerted by the continuous phase 
fluid, the change in the internal pressure of the droplet, the physical 
properties of the fluid  (such as surface tension, capillary number 
and viscosity ratio), and the size and geometry of the microchannel. 
During the deformation and fragmentation process, the bubble 
stretches, resulting in an increase in its total length along the z-axis, 
while the its neck width also changes. The deformation and frag
mentation process leads to the generation of a new sub-droplet 
with a specific  radius (O'Rourke and Amsden, 1987) best repre
sents the combined fluid  interactions that lead to the oscillation, 
deformation and fragmentation of the parent bubble. The analogy 
theory is based on the oscillation and translation of the droplet, 
which is affected by the continuous flow  field  of the continuous 
phase liquid and the system consisting of viscosity and mass. The 
interfacial tension as well as the viscous forces of the continuous 
phase fluid play a key role in this flow situation. Therefore, there is a 
separation between the total length of the elongated droplet and 
the flow inside the narrow part. The increase in tensile stress mainly 
starts only in the contraction region, ignoring the effects of gravity 
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and the morphological changes of the parent droplet. Therefore, the 
temporal evolution of the droplet elongation length is considered to 
be independent of the fluid density and the viscous properties of the 
solution. This phenomenon occurs because the droplet, when sub
jected to gravity, causes the necking region to deform in a manner 
similar to pure Newtonian behavior. Based on this assumption, we 
are able to accurately predict this phenomenon by adjusting the 
axial force balance originally proposed by Amsden. Based on our 
experimental findings, we observed that several forces play a role in 
the growth of the droplet elongation length. These forces include 
squeezing pressure, shear stress, and extensional stress, which are 
the main factors driving the droplet through the pore throat. Among 
them, the continuous phase liquid exerts viscous stresses with the 
purpose of thinning the neck. The proposed TAB model equations 
fully describe the deformation and rupture of the system.

We assumed that before the mother droplet deforms and the 
sub-droplet bursts, both the sub-droplet and the mother droplet 
are spherical and undeformed, as shown in Fig. 13.

The general equation for a damped force oscillator is: 

m
d2x
dt2 = Fext − d

dx
dt

− kx (7) 

where x is the displacement of the droplet center of mass relative 
to its original undisturbed position. The following coefficients are 
taken from the Taylor analogy (Liu et al., 1993). 

Fext

m
=CF

ρcu2
d

ρdl0
(8) 

k
m

=Ck
σ

ρdl30
(9) 

d
m

=Cd
μd

ρdl20
(10) 

where ud (ud = uc) is the relative velocity of the droplet, σ is the 
interfacial tension between the two phases, and CF, Ck, Cd are 
dimensionless constants whose values are calculated experi
mentally (O'Rourke and Amsden, 1987). In the work based on Liu 
(Liu et al., 1993), the constant Ck was obtained by matching the 
fundamental frequency and derived Ck = 8. Based on the oscil
lation of the basic model, Cd = 5. In their experiments, (Liu et al., 
1993)determined that the model predicts breakup if and only if 

L > 1, that is, CkCb
CF 

= 12. ρc and ρd are the continuous and 
dispersed fluid  densities, respectively. The model assumes that 
droplet breakup occurs if and only if x > Cbl0, where Cb is an 
additional dimensionless constant. x is dimensioned by Cbl0, 
such that L = x Cbl0. Therefore, for the fundamental mode, the 
equatorial oscillation amplitude is half of the north-south 
amplitude. It is assumed that if the north-south oscillation 
amplitude is equal to the droplet radius, rupture will occur. This 
criterion yields Cb = 1/2 and CF = 1/3. Therefore, Eq. (7) can be 
rewritten as: 

€L=
CFρcu2

d
Cb

− Ck
σ

ρdl30
L − Cd

μd

ρdl20
_L (11) 
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Breakup occurs if and only if L > 1. For a constant relative ve
locity ud, the solution to Eq. (11), i.e., the mother droplet elongation 
length is: 

L(t) =
We
12

+ e−
t
T

⎡

⎢
⎣

(

l0 −
We
12

)

cos ωt+
1
ω

⎛

⎜
⎝l0 +

l0 − We
12

td

⎞

⎟
⎠sin ωt

⎤

⎥
⎦

(12) 

where td is the theoretical breakup time for droplet deformation 
td = 5

2
μd

ρdl2
0
; deformation factor ω = 8σ

ρdl3
0
. By solving this equation, we 

can determine the elongation size of the mother droplet and the 
critical size of the sub-droplet, at which point there is a critical 

elongation size. This occurs at a specific  time when the mother 
droplet breaks and produces sub-droplet.

When the breakup cycle is reached, the critical elongation 
length of the mother droplet is obtained: 

L(T)=
We
12
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⎦

(13) 

The critical elongation length of the mother droplet is related to 
the different two-phase fluid  properties. The critical elongation 
length values of the mother droplet with different fluid properties 
are calculated according to the above formula, as shown in 
Fig. 14(a) and (b). The error of the critical elongation length 
value of the mother droplet mainly comes from the acquisition 
error of the experimental data. In order to balance the critical 
length value under different Weber numbers, the critical charac
teristic length of the mother droplet L(T) = 1.25 and 1.6 is taken 
when predicting the particle size of the sub-droplet. Since the 
increase in the viscosity of the dispersed phase fluid  makes the 
droplet have better ductility, the critical elongation length of the 
mother droplet in the experimental groups with different viscos
ities is slightly larger than that in the experimental groups with 
different interfacial tensions.

The energy of the mother droplet includes the minimum sur

face energy 
(

4πl20σ
)

and the sum of the energy of oscillation and 

distortion 

(

Eosc = π
5ρcl50

[(
dL
dt

)2

+ ω2L2

])

. Considering other 
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Fig. 12. Micro-PIV analysis of the velocity field distribution of the dispersed phase, Cac = 0.384, Rec = 1.1. (a)–(b) Squeezing stage; (c) Stretching stage; (d) Sub-droplet growth 
stage; (e) Snap-off stage.
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Fig. 13. TAB droplet deformation and rupture scene.
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modes in the calculation of the mother droplet energy, the 
following equation can be obtained: 

Emother =4πl20σ + K
π
5

ρcl50

[(
dL
dt

)2

+ω2L2

]

(14) 

where K is the ratio of the total energy of distortion and oscillation 
to the energy of the basic model. At the time of rupture, the sub- 
droplet is assumed to have no distortion and oscillation. There
fore, the energy after rupture is the sum of the minimum surface 
energy and kinetic energy of the sub-droplet. Since the velocity of 
the sub-droplet is normal to the flow  direction of the mother 
droplet, the sub-droplet has kinetic energy. The energy in the sub- 
droplet is given by the following formula: 

Edaughter =4πl20σ
l0
R0

+
π
6

ρcl50u2
sum (15) 

According to the law of conservation of energy, the total energy 
of the mother droplet before rupture is equal to the sum of the 
energy of the remaining droplet and the sub-droplet after rupture. 
The relationship between the initial length of the mother droplet l0 
and the particle size of the sub-droplet R0 is obtained from Eqs. (9) 
and (10). 

R0 =
l0

1 +
8K(L(T))2

20 +
ρcl3

0u2
sum

σ

(
6K− 5
120

) (16) 

The front cover radius when the droplet breaks is taken as the 
experimental value of the sub-droplet size, that is, the maximum 
value of RH. In order to verify the effectiveness of the proposed semi- 
empirical model, the experimental and calculated values of the sub- 
droplet size of the experimental groups with different interfacial 
tensions and different viscosities are compared, as shown in 
Fig. 14(c) and (d). The predicted values of the sub-droplet size are 
in good agreement with the experimental values, and the prediction 
errors are within ±20% and ±30%. Since the Taylor analogy model is 
based on the Weber number (O'Rourke and Amsden, 1987) and is 
insensitive to changes in the viscosity of the droplet itself, the 
prediction effect of the sub-droplet size of the experimental groups 
with different viscosities is relatively poor.

4. Conclusion

This paper studied the influencing  factors of the droplet 
deformation and fragmentation through a symmetric semi- 
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Fig. 14. (a)–(b) Critical elongation length of mother droplets with different fluid properties; (c)–(d) Comparison of experimental data and theoretical values of sub-droplet size 
with different fluid properties.
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circular pore throat microchannel, by mean of experimental, then 
proposed a theoretical model to predict the size of the sub-droplet 
size at rupture time. A three-dimensional Particle Image Veloc
imetry technique was employed to visualize the passage of a 
droplet through the semi-circular pore throat geometry. The re
sults revealed that the deformation of droplets in Newtonian flow 
involved four deformation stages: the squeezing, the stretching, 
the sub-droplet growth and the snap-off stages in chronological. 
The effects of interfacial tension, dispersed phase viscosity, pres
sure drop and micro-PIV analysis on droplet deformation and 
breakup were analyzed and we can conclude from our analysis 
that the interfacial tension, the fluid flow rates, the dispersed fluid 
concentration, the interfacial tension and the dispersed phase fluid 
viscosity significantly contribute in the droplet deformation and 
breakup process. Moreover, the pressure drops analysis of droplet 
breakup revealed that the squeezing effect of the continuous 
phase on the dispersed phase is the dominant factor in the growth 
of the sub-droplet. We successfully employed a Taylor-based 
model to predict the size of the sub-droplet formed at initial 
droplet breakup time. Based on our work, the predicted values of 
the sub-droplet size were in good agreement with the experi
mental values, and the prediction errors were within ±20% and 
±30%. The prediction effect of the sub-droplet size of the experi
mental groups with different viscosities was relatively poor as the 
Taylor-based model is based on the Weber number and is insen
sitive to changes in the viscosity of the dispersed phase fluid.
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