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Abstract 

Microfluidic droplet formation at a T-junction in the jetting 
regime was studied theoretically and an analytical force balance 
model was proposed to predict the diameter of droplets. The 
forces governing droplet production in the jetting regime include 
the shear, interfacial tension, linear momentum and inertial 
forces. Experiments were carried with non-Newtonian xanthan 
gum solutions as the dispersed phase. The model predicted the 
diameters for both the experimental results and published results 
in the literature to within ±20%. This result is reasonable 
considering that no fitting parameters were used, and the reasons 
for this error are discussed. The magnitudes of the forces 
controlling droplet formation process are also compared in the 
paper.  

Introduction  

Microfluidic devices are a promising tool for the production of 
droplets with a narrow size range. Currently, a number of 
microfluidic methods have been developed for this purpose, and 
they include T-junctions [1], flow-focusing devices [2], co-flow 
devices [3] and microchannels with terraces [4]. The T-junction 
is the most frequently employed and extensively studied 
microfluidic geometry and it produces mono-dispersed droplets 
that are regularly spaced in the outlet stream by shearing a fluid 
exiting a side stream with a cross-flow of another fluid in the 
main channel, both of which are immiscible with each other.  

Microdroplets generated with a predictable and controllable 
diameter and size variation have uses in drug delivery and 
chemical analysis. The parameters found to control the droplet 
size and size variation include the geometry and dimensions of 
the microfluidic devices, properties of liquids, flow rates of the 
two immiscible fluids and surfactant concentration. Numerous 
investigations have been carried out to examine the effect of 
these controlling parameters for varying values of the Capillary 
number (Ca=ucμc/σ, where uc is the velocity of the continuous 
phase, μc the viscosity of the continuous phase and σ the 
interfacial tension); the dominant dimensionless parameter.  

The formation of droplets in a microchannel has been classified 
as moving from squeezing, through dripping to jetting as the Ca 
number increases. The squeezing regime results in plug 
formation at the T-junctions (typically with a Ca<0.01) where the 
dynamics is controlled by a balance between the interfacial 
tension and pressure drop across the emerging plugs. The 
dynamics for the dripping regime (0.02<Ca<0.2) is governed by 
the balance between the shear stress and interfacial tension. The 
jetting regime dominates for Ca>0.3, where the droplet 
formation is controlled by a shear-driven mechanism.  

Currently, most of the studies have concentrated on droplet 
formation in the squeezing regime with a lack of information in 
the jetting regime. Droplets generated in the jetting regime are 
normally accompanied by a long filament joining the forming 
droplet to the dispersed phase source. This filament is unstable 
and eventually results in the formation of secondary droplets 

leading to a bimodal droplet size distribution. The use of high 
continuous to dispersed flow rate ratios in the jetting regime 
leads to a reduction in droplet diameter and a corresponding 
increase in the droplet formation frequency.  

Non-Newtonian fluids have been ignored by previous researchers 
in microdroplet formation as their high viscosities, elastic 
behaviour and large molecular weights severely complicate the 
analysis. However, considering the extensive application of non-
Newtonian fluids in the biological and pharmaceutical areas, it is 
of importance to study non-Newtonian droplet generation. 
Xanthan gum is a typical shear thinning fluid with properties 
similar to blood plasma. Gu and Liow [10] have used xanthan 
gum solutions as the dispersed phase to produce microdroplets. 

Hitherto, the lack of understanding of the controlling mechanism 
makes predicting the droplet size difficult. In this paper, the 
forces governing droplet formation in the jetting regime were 
analysed. An analytical force balance model was developed to 
predict droplet diameter to compare with the experimental results 
of Gu and Liow [10]. The shear thinning property was also 
included by the model. Finally, the model was compared with 
measured experimental data as well as published data of other 
researchers [12, 13].   

Forces analysis for droplets generated in the jetting 
regime 

Droplets formed in the jetting regime (as shown in figure 1) 
experience the shear, interfacial tension, linear momentum and 
inertial forces. In this model, the growing droplet is assumed to 
remain spherical during the entire droplet formation process.  

 
Figure 1. Droplets generated in the microchannel governed by the jetting 

regime. 

Shear Force 

The growing droplet is subjected to the hydrodynamic shear force 
imposed by the continuous phase flow in the main channel. As 
the flow is laminar (Re<0.5) in the rectangular channel, a 
parabolic flow profile solution is assumed [5−7]. The local liquid 
velocity at the centre of the droplet can be approximated as  

𝑢𝑢∗ = 2𝑢𝑢 �1 − �
𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐷𝐷
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2
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where u is average velocity in the continuous phase channel (m/s) 
after the T-junction taking into consideration the total flow of 
both the continuous and dispersed phases, 𝐷𝐷𝐷𝐷  is the diameter of 



 

 

the droplet (m) and 𝐷𝐷𝑚𝑚  is the hydraulic diameter of the main 
channel (m).  

In the jetting regime, the dispersed phase flow rate is 
significantly smaller than that of the continuous phase flow rate. 
Hence the flow in the main channel can be approximated as uc 
(the continuous phase velocity, m/s) to give 

𝑢𝑢∗ = 2𝑢𝑢𝑐𝑐 �1 − �
𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐷𝐷
𝐷𝐷𝑚𝑚

�
2
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In the jetting regime, the relatively small size of the droplet 
compared to the microchannel means that the droplet does not 
obstruct the flow of the continuous phase and hence the pressure 
drop across the droplet is minimal. The shear force, acting in the 
positive x-direction is given by 

𝐹𝐹𝑆𝑆 =
1
2𝐶𝐶𝐷𝐷𝜌𝜌𝑐𝑐(𝑢𝑢∗ − 𝑢𝑢𝐷𝐷)2𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 , (3) 

where 𝐶𝐶𝐷𝐷  is the drag force coefficient (𝐶𝐶𝐷𝐷 = 24
𝑅𝑅𝑒𝑒𝐷𝐷

 for 𝑅𝑅𝑒𝑒𝐷𝐷<1), ρc 
the density of the continuous phase fluid (kg/m3), uD the droplet 
velocity (m/s) and Aeff is the effective cross-sectional area of a 
droplet as seen by the cross-flow (m2). Since the droplet is 
assumed to be spherical, Aeff is 

 𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜋𝜋 �
𝐷𝐷𝐷𝐷
2 �

2
. (4) 

The modified Reynolds number (ReD) for the liquid flowing 
around the drop is given by: 

𝑅𝑅𝑒𝑒𝐷𝐷 =
𝜌𝜌𝑐𝑐(𝑢𝑢∗ − 𝑢𝑢𝐷𝐷)𝐷𝐷𝐷𝐷

𝜇𝜇𝑐𝑐
, (5) 

where μc is the continuous phase viscosity (Pa⋅s).  

Experimental observations have shown that the droplet size is 
dependent on the viscosity of both phases. Based on the 
Hadamard-Rybczynski solution to a viscous drop in a fluid of 
different viscosity [8], a viscosity ratio between the dispersed 
phase and continuous phase (λ=µd/µc, µd is the viscosity of the 
dispersed phase, Pas) is used to modify the drag coefficient 
giving CDef as: 

𝐶𝐶𝐷𝐷𝑒𝑒𝑒𝑒 =
8
𝑅𝑅𝑒𝑒𝐷𝐷

3 + 2𝜆𝜆
1 + 𝜆𝜆 . (6) 

Substituting equations (2) and (4) into (6) and then (3) gives: 

𝐹𝐹𝑆𝑆 = �
3 + 2𝜆𝜆
1 + 𝜆𝜆 � 𝜇𝜇𝑐𝑐 �2𝑢𝑢𝑐𝑐 �1 − �

𝐷𝐷𝑚𝑚 − 𝐷𝐷𝐷𝐷
𝐷𝐷𝑚𝑚

�
2
� − 𝑢𝑢𝐷𝐷� (𝜋𝜋𝐷𝐷𝐷𝐷). (7) 

The droplet velocity (uD) is not known and is usually taken as a 
factor (ψ) of uc and ψ varies from 0 to 2 [5, 9]  

𝑢𝑢𝐷𝐷 = 𝜓𝜓𝑢𝑢𝑐𝑐 . (8) 

ψ was set to be 0.6 by Husny and Cooper-White [5] as they claimed 
that this value was representative of the actual drop velocities 
recorded at times approaching necking and break-up. They also 
reported a maximum error of 25% for their predicted drop 
diameters, which may be caused by setting this parameter 
constant. Sang et al. [9] compared this factor against simulation 
and analytical results for different fluids systems including 
Newtonian/Newtonian, Newtonian/power law and Newtonian/ 
Bingham. They suggested that ψ was dependent on the viscosity 
ratio and DD/Dm and a small change in ψ (5%) brought about a 
20% error in predicting the droplet diameter. The scarcity of 
studies on the droplet velocity currently leaves a gap in the 

understanding of how best to represent ψ. Studies that correlated 
uD to uc resulted in a constant predicted drop diameter and is 
unable to capture the effect of a varying dispersed phase flow 
rate. In contrast, Qiu et al. [14] correlated the droplet velocity to 
the dispersed phase velocity by a factor of (Di/Df)2, where Di (m) 
is the hydraulic diameter of the dispersed phase inlet channel, and 
Df (m) is the diameter of the filament. The predicted drop 
diameter was satisfactory even for experiments with a 
significantly high continuous phase velocity. 

During droplet formation, the droplet is linked to the source by a 
filament which is of comparable diameter to the dispersed phase 
flow channel dimension. Since the continuous phase flow is 
assumed to be parabolic and droplets always flow close to the 
boundary, the droplet velocity is less influenced by the 
continuous phase flow. Therefore, it is reasonable to correlate the 
droplet velocity to the dispersed phase velocity as below 

𝑢𝑢𝐷𝐷 = 𝜁𝜁𝑢𝑢𝑑𝑑 . (9) 

with ζ to be fixed.  

In this paper, the average droplet velocity was measured from the 
drop formation pictures at 3000 frames/second. Our results show 
that ζ generally varies from 1 to 3 which do show that the droplet 
velocity is accelerated by the continuous phase flow. 
Nevertheless, measurements also suggest that ζ is close to unity 
for the more viscous xanthan gum solutions. Therefore, ζ is set to 
be 1 in this paper.  

Substituting equation (9) into (7) gives  

𝐹𝐹𝑆𝑆 = �
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Interfacial tension 

The interfacial tension (Fσ) acts in the negative x-direction. Given 
that the filament attached to the growing drop is of similar 
dimensions to the dispersed phase inlet channel, the interfacial 
tension force is 

𝐹𝐹𝜎𝜎 = 𝜋𝜋𝜎𝜎𝐷𝐷𝑖𝑖 , (11) 

where σ is the interfacial tension (N/m). 

Linear momentum 

The linear momentum force ( 𝐹𝐹𝐿𝐿 ) is caused by the flow 
momentum of the dispersed phase. Although the linear 
momentum force is normally neglected by models used for 
predicting bubble formation, the larger density of the liquid 
dispersed phase will have a non-negligible contribution. Linear 
momentum acts in the positive x-direction 

𝐹𝐹𝐿𝐿 =
𝜋𝜋
4 𝜌𝜌𝑑𝑑𝑢𝑢𝑑𝑑

2𝐷𝐷𝑖𝑖2 , (12) 

where 𝜌𝜌𝑑𝑑  is the density of the dispersed phase (kg/m3). 

Inertia  

The liquid inertia force (𝐹𝐹𝐼𝐼) is associated with the acceleration of 
liquid caused by the droplet motion and expansion. Similar to 
previous works [5, 6], the relative velocity of the continuous 
phase and dispersed phase during droplet formation is used in the 
formulation of the liquid inertia force and is given by  

𝐹𝐹𝐼𝐼 = 𝜌𝜌𝑐𝑐𝑄𝑄𝑑𝑑(𝑢𝑢𝐷𝐷 − 𝑢𝑢∗) 

= 𝜌𝜌𝑐𝑐𝑄𝑄𝑑𝑑 �𝑢𝑢𝑑𝑑 − 2𝑢𝑢𝑐𝑐 �1 − �𝐷𝐷𝑚𝑚−𝐷𝐷𝐷𝐷
𝐷𝐷𝑚𝑚

�
2
��,  

(13) 



 

 

where Qd (ml/hr) is the dispersed phase flow rate. In the jetting 
regime, the droplet velocity is smaller than the continuous phase 
velocity, hence (𝑢𝑢𝐷𝐷 − 𝑢𝑢∗) is usually negative. Therefore, the 
inertia force attaches the droplet to the dispersed phase and acts 
in the negative x-direction.  

The droplet size at detachment is then controlled by a balance of 
the respective forces as shown below 

𝐹𝐹𝜎𝜎 = 𝐹𝐹𝑆𝑆 + 𝐹𝐹𝐿𝐿 + 𝐹𝐹𝐼𝐼 (14) 

The sensitivity to ζ was found to be small where the predicted 
drop size difference was 5.0% for water and 2.0% for 0.5 wt% 
xanthan gum solution when ζ was varied from 1 to 3. Therefore, 
the assumption that the droplet velocity equals to the dispersed 
phase velocity is a reasonable assumption.  

Shear thinning properties 

Xanthan gum solution is a typical shear thinning fluid and its 
viscosity varies with shear rate. The rheological behaviour can be 
correlated using the power law equation below 

𝜇𝜇 = 𝑘𝑘�̇�𝛾𝑛𝑛−1  , (15) 

where μ is the viscosity (Pas), k the consistency index (Pa sn−1), 
�̇�𝛾 the shear rate (s−1), and n the power-law index.  

The continuous phase velocity is assumed to be constant here, 
and the shear rate can be calculated as follow: 

�̇�𝛾 =
𝑢𝑢𝑐𝑐
𝑤𝑤𝑚𝑚

 .  (16) 

where wm is the width of the main channel (m). 

Substituting equation (15) into (16) gives the dispersed phase 
viscosity as 

𝜇𝜇𝑑𝑑 = 𝑘𝑘 �
𝑢𝑢𝑐𝑐
𝑤𝑤𝑚𝑚

�
𝑛𝑛−1

. (17) 

Result and discussion 

The theoretical model was validated by comparing it with the 
experimental data of Gu and Liow [10] and details of the 
experimental procedures can be found there. Figure 2 compares 
the experimental diameter with the predicted diameter for a 
variety of dispersed phases used, including water and xanthan 
gum solutions with concentrations from 0.01 to 0.5 wt%. 
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Figure 2. Comparison between the predicted and experimental diameters 

for a variety of dispersed phases. The solid line represents an exact 
prediction with ±20.0% error represented by the dashed lines.  

The predicted droplet diameters lie within ±20.0% of the 
measured values. This result is reasonable as the accuracy of the 
experimental data is sensitive to the accuracy of the method for 
measuring the droplet diameters, which can be difficult when the 

droplets are very small. The errors can partly be attributed to the 
difficulty in estimating droplet diameters from images where the 
pixel resolution is limited. Another factor is that the viscosities of 
the xanthan gums are dependent on the shear rate. The model 
assumes an average shear rate and hence does not fully take into 
account the possibility of high shear rates nearer the boundary.  

A common procedure in microfluidic experiments is to use 
silicone tubing to connect a syringe, operated by a syringe pump, 
to a metal tubing linked to the microfluidic device. The silicone 
tubing can swell and deliver a flow rate different from the set 
value at the syringe pump. This problem is exacerbated when a 
high pressure is required to achieve a large flow rate. van der 
Graaf et al. [11] confirmed that the applied flow rate is not 
always the same as the flow rate calculated from the sizes and 
numbers of formed droplets, especially at high flow rates. The 
continuous phase flow rates employed by Gu and Liow [10] were 
very high and were not corrected which can lead to the errors in 
the comparison. 

Additionally, it is know that the interfacial tension exhibits a 
dynamic behaviour and it takes around 1 second before the 
equilibrium value is reached. However, the formation time for 
droplets governed by the jetting regime can be as short as 50 ms, 
which is shorter than the time needed before the interfacial 
tension gets equilibrated. However, as there is insufficient 
understanding of the dynamic behaviour of droplet generation, 
most studies still treat the interfacial tension as constant 
throughout the formation process. Nevertheless, the results 
suggest that the model developed can successfully predict the 
droplet size formed at a T-junction generator in the jetting regime 
without the need to employ any fitting parameters to the force 
balance. 

Comparison of the model with published data 

The model was also tested on other published data [5, 12, 13], 
ranging from experiments to computer simulations performed in 
the jetting regime. These data covers a wide range of conditions 
including various T-junction dimensions, different physical 
properties of both phases, and operating parameters such as flow 
rate. 
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Figure 3. Comparison between the predicted and experimental diameters 

from Husny and Cooper-White [5]. The solid line represents an exact 
prediction with ±20.0% error represented by the dashed lines. “SO” is 

silicone oil. “5 Gly” is a 5 wt% glycerol in water. 

Figures 3 and 4 present the prediction for external data set from 
Husny and Cooper-White [5], Liow [12] and Yeom and Lee [13]. 
As the data from Husny and Cooper-White [5] covers a range of 
continuous phases and dispersed phase liquids, it is plotted 
separately in figure 3. Generally, the predictions are satisfied as 
most of the data fall within an error range of ±20.0%, which is 



 

 

quite good considering no fitting parameters were employed in 
this model. The results demonstrate the model presented in this 
paper can successfully predict not only our experiments, but also 
other published data, such has not been achieved by previous 
models. 
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Figure 4. Comparison between the predicted and experimental diameter 

from references [12] and [13]. The solid line represents an exact 
prediction with ±20.0% error represented by the dashed lines. 

Comparison of the magnitude of the controlling forces 

The magnitudes of the individual forces acting on the droplet are 
shown in figure 5 for a flow rate ratio (Qc/Qd) of 100. 
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Figure 5. Comparison of the magnitude of controlling forces, where Fσ is 
the interfacial tension force, FS is the shear force, FI is the inertia force 

and FL is the linear momentum force. 

Figure 5 shows that droplet generation is mainly governed by the 
interfacial tension and shear forces, whose magnitudes are of 
similar order. The interfacial tension force is independent of Qc, 
while as the continuous phase flow rate increases from 5.0 to 
20.0 ml/hr, there is a doubling in the shear force. Although the 
dimension of the inertial force is at least three orders smaller than 
that of the interfacial tension and shear force, it has a small effect 
on droplet production especially at high continuous phase flow 
rates. The effect of the linear momentum can be neglected, being 
five to six magnitudes smaller.  

Conclusions 

Microfluidic droplet formation has been researched extensively 
due to their far-reaching applications. However, there is a 
scarcity of models on predicting the diameter of droplet produced 
in the microchannel. 

In this study, microfluidic droplet formation at a T-junction in the 
jetting regime was studied theoretically and an analytical force 
balance model was proposed to predict the diameter of droplet. 
The forces governing droplets generation in the jetting regime 
include the shear, interfacial tension, linear momentum and 
inertial forces. Experiments with non-Newtonian xanthan gum 

solutions as the dispersed phase were used to test the developed 
model. The model was able to predict the diameters for author’s 
experimental results as well as published results to within 
±20.0%. This result is reasonable and the sources for the 
discrepancy were discussed. The magnitudes of the forces 
controlling the droplet formation process were also compared. 
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