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Abstract Flow rate effect on droplet formation in a

co-flowing microfluidic device is investigated numeri-

cally. Transition conditions are discovered that the

droplet size is either approximately independent of or

strongly dependent on the flow rate ratio. This phe-

nomenon is explained by the relation between strain

rate and droplet diameter. Regions of four drop pat-

terns are demarcated and conditions that give poly-

disperse drops are described, which is helpful to assure

the accuracy and efficiency in droplet production.

Keywords Microdroplet � Monodisperse � Flow rate

effect � Droplet patterns � Co-flowing system

1 Introduction

Droplet formation in immiscible fluids has applications

in many fields including pharmaceuticals, biology,

foods and cosmetics. Microdroplets can be generated

in microfluidic devices. Emulsions were formed by

colliding streams of immiscible fluids at a T-shaped

junction (Thorsen et al. 2001). Alternatively, when a

small orifice was placed at a certain distance down-

stream of coaxial inlet streams, dispersions were

formed using this focusing geometry (Garstecki et al.

2005). Other flow-focusing techniques that produced

monodisperse droplets exist (Ganan-Calvo et al. 2001).

Drops were formed when the disperse phase was in-

jected via a needle or tube into another co-flowing

immiscible fluid (Cramer et al. 2004). Each of the

above techniques has its own advantage and drop

formation mechanism. The initial study on this topic

has been mainly experimental. While drop formation is

also an interesting topic in numerical study. The vol-

ume of fluid/continuous surface force method was used

to investigate the jet dynamics with the Reynolds

number exceeding 400 (Richards et al. 1995). Evolu-

tion of drop profiles and formation of satellite drops

from a tube of radius = 0.16 cm were shown with the

finite difference algorithm (Zhang 1999). Bubble and

droplet formation in microfluidic devices have been

recently reported using the finite element method

(Jensen et al. 2006; Suryo et al. 2006). To aid design of

microfluid devices, flow rate effect on droplet control

needs to be studied in detail.

Microfluidic devices can produce monodisperse

droplets with a low coefficient of variation (CV < 5%) of

the diameter (Nisisako et al. 2003). Droplet sizes can be

tuned by adjusting the input flow rates. Unfortunately,

this affects simultaneously the frequency, size, compo-

sition, speed of the droplets (Joanicot et al. 2005), as well

as the complex patterns. These patterns range from

periodic monodisperse droplets to polydisperse ‘‘rib-

bons’’ (Thorsen et al. 2001) and ‘‘pearl necklace’’

(Dreyfus et al. 2003), etc., which bring difficulty to the

control process. In order to improve and optimize the

design, regions for different drop patterns need to be

demarcated, which is investigated in this study.

Experimental study on ordered and disordered

patterns in ‘‘planar’’ microfluidic systems was pre-

sented by Dreyfus et al. (2003), in which microchannels

were fabricated on a planar substrate. Their system

formed a crosslike (T type) injection configuration.

While we now report the numerical study on the
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droplet breakup in a coaxial microcapillary device with

the co-flowing system. Patterns of drops, pears and

pearl necklaces were presented in Dreyfus’s study,

these patterns were demarcated mainly by different

shapes. We now use the coefficient of variation to de-

scribe the patterns in our study. Two major new find-

ings in our present work will be given in Results and

discussion below. As the presentation of the result in

dimensional form limits its validity and application, the

different flow regimes in our study are given in a

dimensionless framework.

This paper presents a numerical study on the flow

rate effects on droplet formation. In part two, the

numerical model is described. In part three, numerical

results and discussion are presented. General flow rate

effects are griven in Fig. 1. Flow rate effects in the

regime of Qd/Qc ‡ 0.1 are given in Fig. 2. Flow rate

effects in the regime of Qd/Qc < 0.1 are given in Fig. 3.

2 Numerical model

A disperse phase (viscosity ld = 1.0 mPa s, density q

d = 1,000 kg/m3) flows from an inner tube into a larger

pipe, which is filled with the continuous phase (vis-

cosity lc = 3.32 mPa s, density q c = 830 kg/m3). Their

interfacial tension is r = 15 mN/m. Gravity is directed

toward the flowing direction. The tube diameter (dt)

and the pipe diameter (dp) are 20 and 40 lm, respec-

tively. Microfluidic devices with diameters of 8–20 lm

in smooth walled cylindrical channels can be fabricated

using the laser method (Day et al. 2005). The geometry

and grids for this axisymmetric flow are shown in

Fig. 1a. O1O2 is the axis (160 lm). AB and CD are,

respectively, boundaries of the coaxial tube and pipe.

The contact angle is 180�, complex effects of surface

roughness on droplet size (Li 1996) are not considered

in this study. The no-slip boundary condition is used, as

it remains an excellent approximation for flows at

scales above micrometers (Stone et al. 2004; Gadelhak

2000). O1A and BC are set as velocity inlets of the

disperse phase and the continuous phase, respectively.

O2D is set as a pressure outlet of the mixture. Volume

of fluid method is used for tracking the interface of two

immiscible fluids, using a multiphase model in the

commercial software FLUENT. The iteration time

step size is 10–7 second and the convergence criterion is

10–6 for each variable. Grids with the interval size of

(1 lm) are used in numerical simulations. Finer grids

with the interval size of (0.5 lm) have been tested and

the difference between these two predicted droplet

diameters is less than 1% after convergence.

Droplet generation is achieved by high shear forces

generated at the leading edge of the disperse phase.

Competition between surface tension and shear forces

results in droplet formation, while many important

variables can affect droplet size and each can be used

for droplet optimization. These variables are summa-

rized as channel structure (such as type and dimen-

sion), fluid properties (such as density, viscosity,

surface tension and wall contact angle), and operating

parameters (such as pressure, flow rate ratio and

average velocity). Only operating parameters are dis-

cussed in this paper. Fluid properties have been de-

scribed above and the channel structure is shown in

Fig. 1a.

Fig. 1 Flow channel and drop
formation. a Grids and
boundary of the geometry,
b laminar flow with Ca = 0
and Re = 4. c Discrete
droplets with Ca = 0.111 and
Re = 4. d Droplets formation
with Ca = 0.221 and Re = 6.
The suspended column of the
disperse fluid at the tube is
about 8dp. The structure
length (O1O2) is 14dp
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In flow-focusing microfluidic systems, the average

velocity at inlet was u � 0.01–0.4 m/s (Nisisako et al.

2003; Stone et al. 2004), while the velocity through a

narrow orifice was up to 1.7 m/s and the velocity of the

disperse fluid could be as low as 10–5 m/s. So in this

study of co-flowing microfluidic systems, the average

velocity of the disperse fluid is ud � 0.001–0.5 m/s and

the average velocity of the continuous fluid is uc � 0.1–

2.0 m/s. Simulation results are presented in a dimen-

sionless framework. The flow rate ratio for this axi-

symmetric device is defined as Qd=Qc ¼ udd2
t

uc d2
p�d2

tð Þ: The

capillary number based on the continuous velocity is

Ca ¼ lcuc

r : Nondimensional drop size is represented as

ddrop/dp. The Reynolds number based on the dispere-

sed velocity is Re ¼ qduddt

ld
:

The velocity at the centerline in fully developed pipe

flow has the maximum value, according to the cele-

brated Hagen–Poiseuille study (White 1991). If at the

inlets the average velocity of the outer (continuous)

fluid is greater than that of the inner (disperse) fluid,

natural flow-focusing phenomena would happen in the

pipe even without a confined orifice. So the basic

mechanism of the co-flowing system is similar to that of

a flow-focusing system (Garstecki et al. 2005) and the

general rules studied below might be applied to flow-

focusing channels. Although the specific or critical

values may be different, these rules in co-flowing mi-

crofluidic devices would be helpful for droplet control

in other microfluidic channels.

3 Results and discussion

General effects of flow rate on droplet formation are

shown in Fig. 1. When the dispersed phase (Re = 4)

flows into a quiescent, ambient fluid (Ca = 0), the jet

surface grows larger and larger, which nearly touches

the pipe wall, but no droplet breaks off from the tube.

It only turns to a laminar flow, as shown in Fig. 1b.

Increasing the capillary number, discrete droplets are

formed as shown in Fig. 1c. Still increasing the values

of Ca and Re, there is a long suspended column of the

disperse fluid at the tube, as shown in Fig. 1d.

Detailed effects of flow rate on droplet formation

are shown below. From the results of a large number of

simulation cases, transition conditions are discovered

in our study that the droplet size is either approxi-

mately independent of or strongly dependent on the

flow rate ratio. When Qd/Qc ‡ 0.1, droplet size is

approximately independent of the flow rate ratio and

the size decreases with the increase of Ca. It is very

interesting that these data roughly follow quasilinear

curves as shown in Fig. 2a, which makes droplet con-

trol convenient. This phenomenon is also explained

from the relation between the strain rate and the drop

diameter.

Fig. 2 Droplet generation with Qd/Qc ‡ 0.1. a Droplet size
increases with Qd/Qc very slowly at a constant value of Ca. The
diameter change is less than 3% at Qd/Qc = 0.2 and 0.3.
b Interface profiles at Ca = 0.0885 with the flow rate ratios
of b1 Qd/Qc = 0.02, b2 Qd/Qc = 0.1, b3 Qd/Qc = 0.2 and b4
Qd/Qc = 0.3. c The change of strain rate with the drop diameter.
The curve slope becomes steep after ddrop/dp = 0.5

Microfluid Nanofluid (2007) 3:341–346 343

123



The interface profiles at the instant when the drop-

lets are just breaking up are shown in Fig. 2b. Two

different drop formation mechanisms (Cramer et al.

2004; Utada et al. 2005) can be distinguished: the

droplet in Fig. 2b1 is formed close to the capillary tip

(dripping) and the droplet in Fig. 2b4 breaks up from

an extended jet (jetting). At a constant value of Ca, the

Reynolds number of the discrete phase increases with

the flow-rate ratio, the length of liquid thread increases

due primarily to the increase in the inertial force to

elongate the liquid cone remaining on the tube. Even

when the drop formation mechanisms has changed

from dripping to jetting, only two tries of experiment

are needed to define a quasilinear curve shown in

Fig. 2a, thus it is quite convenient for droplet control in

microfluidic systems. Taylor’s research (1932) can be

used to explain this interesting phenomenon. Although

numerical simulations eliminate restrictions on flow

forms, analytical expressions under simplified flow

conditions would be helpful to explain some simulation

results. The predicted diameter of a droplet under the

force due to viscosity and the force due to surface

tension is (Taylor 1932)

ddrop ¼
4rðld þ lcÞ

_clc

�
19
4 ld þ 4lc

� ð1Þ

where _c is the strain rate. For an fully developed

axisymmetric flow, the simple expression _c ¼ du=drj j
for the strain rate can be derived (Hong et al. 2003).

When the continuous phase flows around the droplet in

the pipe, we have | du |~ Qc/p d2
p [ 1 – (ddrop/dp )2 ] and

dr = 0.5dp (1 – ddrop/dp). So the strain rate of the

continuous phase in the co-flowing microfluidic device

is related to the drop diameter through

_c � Qc

pd3
p 1� ddrop

�
dp

� �2
h i

1� ddrop

�
dp

� � ð2Þ

The curve in Fig. 2c is the analytical results from

Eq. 2. Droplet diameters in Fig. 2a are greater than the

tube size (dt = 0.5dp). As shown in Fig. 2c, a little

increase of ddrop may cause a great increase of _c with

ddrop > 0.5dp. Under this condition, a droplet with a

Fig. 3 a Demarcated regions for four drop patterns and images
of four drop patterns with Qd/Qc < 0.1. Polydisperse pattern is
avoided by choosing Ca < 0.177. Laminar flow pattern is avoided
by choosing Ca < 0.133. b Droplet diameter distribution as a
function of Ca at Re = 0.2. c Droplet diameter distribution as a
function of Re and Qd/Qc at Ca = 0.221

b
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larger size tends to be formed with the increase of the

flow rate ratio, but this causes the strain rate _c to in-

crease very fast, which quickly leads to a disruptive

force due to viscosity. Therefore when Qd/Qc ‡ 0.1, a

confined drop size is formed for a constant value of Ca,

which is approximately independent of the flow rate

ratio.

Drop generation frequency f from numerical results

increases synchronously with Qd for the range of Qd/Qc

‡ 0.1. For example, the frequencies with Ca = 0.0885

at Qd/Qc = 0.1, Qd/Qc = 0.2 and Qd/Qc = 0.3 are 1/

(210 l s ), 1/(110l s ) and 1/(90l s ), respectively. The

relationship between ddrop and f follows the following

equation (Cramer et al. 2004)

ddrop ¼ 3

ffiffiffiffiffiffiffiffiffiffiffiffiffi
6

p
�Qd

f

s

ð3Þ

In the case of drop size is monodisperse, the above

relationship is quite obvious from the continuity

equation of the disperse phase.

The size of the encapsulated droplets strongly af-

fects targeting efficiency in drug delivery (Nagayasu

et al. 1999). Droplet diameters in this range (Qd/Qc ‡
0.1 and Ca £ 0.111) are greater than the tube size. If

the droplet size we want is smaller, we could choose

parameters with Qd/Qc < 0.1.

From the results of a large number of simulation

cases, when Qd/Qc < 0.1, droplet pattern and size are

found to be strongly dependent on both the flow rate

ratio and the capillary number. Droplet sizes in mi-

crofluidic systems can be tuned by adjusting the input

flow rates. Unfortunately, this affects simultaneously

the frequency, size and pattern of the droplets. To

solve this difficulty in parameter selection, regions are

demarcated for different drop patterns.

Four different patterns of droplet formation may

occur with Qd/Qc < 0.1. From the results of 43 simu-

lation cases, it is interesting to find that four corre-

sponding regions can be demarcated as shown in

Fig. 3a. Images for these patterns are also shown in

Fig. 3a. The coefficient of variation (CV) is one

important parameter to describe the patterns. The

criterion CV < 5% is used to distinguish between

monodisperse droplets and polydisperse droplets. In

pattern I, monodisperse droplets or a primary drop

with a very small satellite droplet are included. In the

latter case, the volume ratio of the tiny satellite to the

large droplet is in the range of 0 ~ 8–3. The satellite

droplet can be omitted as its diameter is less than 0.5%

that of the primary drop. Polydisperse droplets are

formed in pattern II. Laminar flows are formed in

pattern III. In pattern IV, only monodisperse droplets

are formed. Significantly increasing the capillary

number of the continuous fluid, viscous stress exerted

by the external fluid becomes so large that it squeezes

the disperse fluid to form a very narrow thread, which

allows formation of monodisperse droplets with

diameters much smaller than the tube width.

Both dripping and jetting mechanisms exist in pat-

tern I. When the surface tension force is exceeded by

the composition of other forces, the drop necks and

starts to detach from the remaining part of the disperse

fluid on the tube. The tip (apex) part of the remaining

fluid may recoil totally under the unbalanced force of

surface tension and the case of mondisperse droplets is

formed. If the tip part breaks under the action of

higher inertial force and viscous force, the case of a

primary drop companied by a tiny satellite droplet is

formed (Ambravaneswaran et al. 2004). Increasing Ca

under the same flow rate ratio, a long liquid thread

may form during the necking sequence. This liquid

thread connects the detaching drop and the remainder

of the disperse fluid at the tube. Polydisperse pattern

occurs as the thread breaks up at its both ends. If the

Reynolds number base on the disperse fluid is in-

creased at the same time, no drops but laminar flow

forms in the pipe and it is shown as pattern III in this

paper. Significantly increasing the cappillary number of

the continuous fluid, only monodisperse droplets are

formed in pattern IV.

It is helpful to avoid polydisperse and laminar flow

patterns with Fig. 3a. As shown in Fig. 3b, three pat-

terns of droplets occur by changing Ca at Re = 0.2.

There is a step change shown by the cycle ‘‘A’’ in the

curve. This step is consistent with the change from

pattern II to IV. Increasing the value of Ca, polydis-

perse droplets occur. At last monodisperse droplets of

very small size are formed with Ca > 0.365.

The change of Re at Ca = 0.221 affects three types

(II, I and III) of droplet patterns too, only two patterns

are illustrated in Fig. 3c. Droplet diameter distribution

is departed by a dashed line. Diameter in the left side is

the value of the maximum droplet in polydisperse

pattern. The route to get a droplet size we want is not

unique. The minimum CV of the diameter is usually

the first criterion. To get a droplet diameter of ddrop =

0.25 dp with Fig. 3c, control parameters from the right

side of the dashed line is of course better than those

from the left side.

Pattern I and II in Fig. 3a are widely shown in these

existing experimental results on co-flowing devices

(Ambravaneswaran et al. 2004; Cramer et al. 2004; Ut-

ada et al. 2005). As pattern III is a simple laminar flow,

it should be avoided in selecting control parameters for

droplet generation. In pattern IV, as monodisperse
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droplets have diameters much smaller than the tube

width, this could be of great interest for applications.

The parameter space for pattern IV are Ca > 0.365 and

Qd/Qc~ 10– 3. The characteristic numbers Ca in the

experiment can be determined by adjusting the velocity

(Cramer et al. 2004) or the viscosity (Garstecki et al.

2005), the value of Ca > 0.365 is realistic in these

experiments. The choice of Qd/Qc~ 10– 3 is also realistic

in the experiment of Dreyfus et al. (2003). So properly

adjusting parameters as shown in Fig. 3a, the proposed

drop pattern map will occur in reality.

4 Conclusion

An axisymmetric configuration is developed to pro-

duce both monodisperse and polydisperse droplets.

Changing the flow rate ratio, there is a transition of two

states. When Qd/Qc ‡ 0.1, droplet size is approximately

independent of the flow rate ratio. Diameter distribu-

tion on Ca is found to follow a quasi-linear curve which

makes droplet control convenient. This interesting

phenomenon could be explained from the relation

between the strain rate and the drop diameter. When

Qd/Qc < 0.1, the droplet size is strongly dependent on

the flow rates. Droplet sizes in microfluidic systems can

be tuned by adjusting the input flow rates. Unfortu-

nately, this affects simultaneously the frequency, size

and pattern of the droplets. To solve this difficulty in

parameter selection, regions are demarcated for dif-

ferent drop patterns from the results of a large number

of simulation cases. In pattern IV, as monodisperse

droplets have diameters much smaller than the tube

width, this could be of great interest for applications.
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