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Abstract

The prediction of pressure drop for a droplet flow in a confined microchannel is presented using FE-FTM
(Finite Element - Front Tracking Method). A single droplet is passing through 5:1:5 contraction - straight
narrow channel - expansion flow domain. The pressure drop is investigated especially when the droplet
flows in the straight narrow channel. We explore the effects of droplet size, capillary number (Ca), viscosity
ratio (χ) between droplet and medium, and fluid elasticity represented by the Oldroyd-B constitutive model
on the excess pressure drop (∆p+) against single phase flow. The tightly fitted droplets in the narrow channel
are mainly considered in the range of 0.001≤Ca≤1 and 0.01≤χ≤100. In Newtonian droplet / Newtonian
medium, two characteristic features are observed. First, an approximate relation ∆p+~χ is observed for χ≥1.
The excess pressure drop necessary for droplet flow is roughly proportional to χ. Second, ∆p+ seems
inversely proportional to Ca, which is represented as ∆p+~Cam with negative m irrespective of χ. In addi-
tion, we observe that the film thickness (δf) between droplet interface and channel wall decreases with
decreasing Ca, showing δf ~ Can with positive n independent of χ. Consequently, the excess pressure drop
(∆p+) is strongly dependent on the film thickness (δf). The droplets larger than the channel width show
enhancement of ∆p+, whereas the smaller droplets show no significant change in ∆p+. Also, the droplet
deformation in the narrow channel is affected by the flow history of the contraction flow at the entrance
region, but rather surprisingly ∆p+ is not affected by this flow history. Instead, ∆p+ is more dependent on
δf irrespective of the droplet shape. As for the effect of fluid elasticity, an increase in δf induced by the nor-
mal stress difference in viscoelastic medium results in a drastic reduction of ∆p+.

Keywords : droplet microfluidics, pressure drop, film thickness, contraction and expansion flow, viscoelas-

tic fluid, finite element method, front tracking method, Oldroyd-B model

1. Introduction

Droplet microfluidics has been rapidly developed since it

has much potential for medical applications such as DNA

assay (Griffiths and Tawfik, 2003; Sepp et al., 2007; Taw-

fik and Griffiths, 1998), blood agglutination assay (Kline et

al., 2008), red blood cell hydrodynamics (Abkarian et al.,

2006), protein crystallization (Zheng et al., 2004), and for

chemical applications such as micro-reactors (Bringer et

al., 2004; Song et al., 2003), transportation vessels (Abra-

ham et al., 2006; He et al., 2005) and a release controller

of encapsulated materials (Chu et al., 2007). Droplets in

microfluidic channels are usually transported by hydro-

dynamic force with the help of micropumps such as

syringe pump or pneumatics. A proper micropumping

should be conducted for reliable operation of the individual

application (Laser and Santiago, 2004). However, pump

design has been performed based on empirical knowledge

since it is not straightforward to predict correct pressure

drop in the complicated channel flows especially when the

droplets or bubbles are involved.

Numerous works have focused on predicting the pressure

drop and film thickness in terms of capillary number (Ca)

which represents the relative effect of viscous force and

interface tension. Fairbrother and Stubbs (1935) firstly

conducted experimental works to find a relation for the

film thickness (δf)~Ca0.5 for 10−3
≤Ca≤10−2. Taylor (1961)

found the asymptotic limit of the film thickness to be

approximately 2δf /w~0.55 as Ca increases, which was

later measured to be slightly larger (0.60) by Cox (1962).

As a theoretical work, Bretherton (1961) derived a relation

δf~Ca1/3 for very long bubbles in the limit of Ca→0. The

pressure drop - velocity relation in the bubble flow was

also investigated by Bretherton (1961). He reported that

the pressure necessary to move a long bubble scales with*Corresponding author: ahnnet@snu.ac.kr
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Ca−1/3
 in the circular channel using the matched-asymptotic

method which has been confirmed by succeeding studies

(Edvinsson and Irandoust, 1996; Giavedoni and Saita,

1997; 1999; Heil, 2001; Kreutzer et al., 2005; Ratulowski

and Chang, 1989; Reinelt, 1987; Shen and Udell, 1985).

The relation between the film thickness and pressure

drop was indirectly discussed with circular and polygonal

channels in previous studies (Bretherton, 1961; Fairbrother

and Stubbs, 1935; Wong et al., 1995; 1995). The long bub-

ble acts as a tight-fit piston in the circular channels, and as

a result, the bubble and the fluid move roughly at the same

speed (Bretherton, 1961; Fairbrother and Stubbs, 1935).

On the other had in polygonal channels, the bubble acts as

a leaky piston (Wong et al., 1995; 1995), i.e., the pressure

work is dissipated predominantly by the corner flow

between the bubble interface and the sidewalls. The esti-

mated film thickness was proportional to Ca2/3 at the mid-

point of the polygonal channel in the limit of Ca→0

(Wong et al., 1995), as was predicted previously (Brether-

ton, 1961). Also, the pressure drop (∆p) between the front

and the back of the bubble was reported to be proportional

to Ca−1/3 (Wong et al., 1995). Recently, Kreutzer et al.

(2005) expanded Bretherton’s correlation as ∆p~

 for bubble flows in circular channel in the

range of Re~O(100) and Ca~O(0.01). For bubble flows in

microchannel, Fuerstman et al. (2007) proposed a fully

predictive model as a form of ∆p~c1+c2Ca−1/3. So far,

however, the related works have been restricted only to the

bubble flows, i.e., for very small χ. Therefore, it will be

meaningful to explore the droplet flows for non-negligible

χ cases.

Droplet microfluidics is often utilized to investigate the

pressure drop of the droplet flow as a methodology. Adz-

ima and Velanka (2006) showed that an excess pressure

drop was required for water-oil emulsions even if the vis-

cosity of the droplet was smaller than that of the medium

in the microchannel. Possible causes for the excess pres-

sure drop are considered as an additional viscous stress

induced by the velocity gradient near the droplet, a cap-

illary pressure of the droplet, and the Marangoni stress due

to the gradient of surfactant concentration on the interface

(Olbricht, 1996). The contribution of the excess pressure

drop induced by the droplet flow to the total pressure drop

becomes significant as the channel size decreases (Chung

and Kawaji, 2004). In microchannels, therefore, it is

important to investigate the pressure drop and the pressure

profiles near the droplet. For the complicated geometry, the

pressure drop was also studied for droplet manipulation. In

recent works (Chio et al., 2006a; 2006b), the transient

pressure drop was first measured when a bubble is passing

through the circular microchannel with a smooth contrac-

tion. Chio et al. (2006a; 2006b) showed a good agreement

with predictions of a theoretical model for quasi-stationary

motion of a gas bubble (Jensen et al., 2004) and their

experimental works. In a contraction/expansion micro-

channel, Abkarian et al. (2006) showed that a stiffer red

blood cell requires more pressure drop than a healthy one,

which implies that a lower Ca droplet might induce addi-

tional pressure drop. In the present work, we focus on the

pressure drop between the entrance and exit of the narrow

channel with a finite element based front tracking method

(Chung et al., 2008). The objective of the present work is

to investigate the pressure drop and the film thickness vari-

ation for various parameters set such as droplet size, fluid

viscosity, Ca and fluid elasticity, and to propose an indirect

relation between the pressure drop and the film thickness

when the droplet is manipulated in the contraction -

straight channel - expansion microchannel.

This paper is structured as follows. The governing equa-

tions, problem definition, flow geometry and computa-

tional meshes are presented in the next section. In Sec. 3,

we present two scaling relations between the pressure drop

and Ca, and the film thickness and Ca for various χ. We

deduce a general conclusion that the pressure drop is

strongly related with the film thickness by investigating the

effects of droplet size, flow history of the droplets and fluid

elasticity. In the final section, we propose relevant physics

based on the observations on the droplet flows in microf-

luidics.

2. Numerical method

2.1. Governing equations
We consider isothermal, incompressible, creeping and

immiscible two-phase fluid flow. The Oldroyd-B model is

used as a constitutive equation for the viscoelastic fluid.

Momentum, continuity and constitutive equations can be

denoted as follows:

, (1a)

, (1b)

, (1c)

where p is the pressure, ηs the solvent viscosity, u the

velocity vector, τ the extra-stress tensor, σ the interface

tension coefficient, κ twice the local mean curvature (total

curvature) of the interface,nl an outward unit normal vector

from the interface, and δ(x−xp) the Dirac delta function

which is non-zero only at x=xp. Here, x is the position vec-

tor in the domain and xp is the position vector to designate

the interface location. In the constitutive equation (1c), C

is the conformation tensor, t the time, λ the relaxation time

of the polymer and I the identity tensor, respectively.

Superscript T means the transpose of a tensor. The rela-

tionship between the extra stress tensor τ and the con-
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formation tensor C is given by

, (2)

where ηp is the polymer viscosity. The relative solvent con-

tribution to the solution viscosity η is defined as

, (3)

where ηs is the solvent viscosity. β is assumed to be 0.5 for

viscoelastic fluids following the literatures (Chinyoka et

al., 2005; Chung et al., 2008; Pillapakkam and Singh,

2001; Yue et al., 2005).

Here, we use the previously developed FE-FTM algo-

rithm (Chung et al., 2008) to deal with the droplet dynam-

ics in microchannel flow. We discretize the above equa-

tions (1a)-(1c) with finite element formulation. DEVSS-G

(Liu et al., 1998), SUPG (Brooks and Hughes, 1982) and

matrix logarithm algorithms (Hulsen et al., 2005) are

applied to the governing equations to enhance numerical

stability. For interface tracking and the calculation of inter-

facial tension, the front tracking method (Tryggvason et

al., 2001) is used. The readers who are interested in details

can refer to our previous paper (Chung et al., 2008).

2.2. Problem definition
The geometry used in this study is the same as our pre-

vious work (Chung et al., 2008). Schematic diagram of the

droplet dynamics in 5:1:5 planar contraction/expansion

flow is shown in Fig. 1. The length of narrow channel is

ten times the channel width w, the length of upstream and

downstream channel is also 10w. At the inlet and outlet, the

fully-developed boundary condition is imposed for the

velocity and the extra stress. The corners at the entrance

and exit of the narrow channel are rounded with r=w/2 to

τ

ηp

λ
----- C I–( )=

β
ηs

ηp ηs+
---------------

ηs

η
-----= =

Fig. 1. Schematic diagram of the problem: a droplet passing

through 5:1:5 contraction - straight channel - expansion

flow.

Fig. 2. Mesh configurations of whole domain and zoomed view of contraction region. (a) M1 and (b) M2.
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help the droplet interface to flow smoothly and to avoid

numerical singularity of the extra stress. The viscosity and

relaxation time of the fluids are designated as ηi and λi,

where the subscript i represents droplet (d) or medium (m).

At the initial state, a single droplet with diameter d is posi-

tioned 5w upward from the entrance of the narrow channel,

and passes through the contraction and expansion geom-

etry.

In this problem, three important dimensionless numbers

are considered: viscosity ratio between droplet and me-

dium (χ), capillary number (Ca) and Deborah number

(Dei) of fluid i, which are defined as follows:

, (4)

, (5)

, (6)

where  is the mean velocity in the narrow channel. Dei
represents two cases, i.e., Ded is defined for a viscoelastic

droplet in Newtonian medium (VN) and Dem is for a New-

tonian droplet in viscoelastic medium (NV). βi is also

defined for viscoelastic fluids in the same way.

We prepare two meshes: M1 and M2. Mesh configu-

rations are shown in Fig. 2 with a zoomed view near the

contraction. M2 mesh is the same one used in our previous

study (Chung et al., 2008). All results given in the current

study are based on M2, and M1 is used for mesh refine-

ment test only. More details on meshes used in the study

are given in Table 1.

3. Results and discussion

3.1. Pressure drop in Newtonian droplet/Newtonian
medium

3.1.1. Excess pressure drop

The prediction of the pressure drop for the flow through

the microchannel containing a droplet is more complicated

than a single phase flow problem. For comparison purpose,

we measure the pressure profile along the centerline from

the inlet to the outlet in the whole domain for a single

phase flow as shown in Fig. 3(a), which shows a decreas-

ing pressure profile in the narrow channel (0<y<10). The

pressure is non-dimensionalized with the characteristic

wall shear stress, .

When the droplet passes through the narrow channel, the

pressure drop (∆p) shows a fluctuation at the entrance and

at the exit region, respectively, as shown in Fig. 3(b). In the

previous numerical (Queguiner and Barthes-Biesel, 1997)

and experimental study (Secomb and Hsu, 1995) using a

red blood cell, a similar fluctuation of the pressure drop

χ
ηd

ηm

------=

Ca
ηmV

σ
----------=

Dei

λiV

w 2⁄
---------=

V

ηmV

w 2⁄
----------

Table 1. Detailed information of meshes used in this study

Name Elements Nodes DOF ∆xmin /w

M1 16,561 67,045 369,952 0.0625

M2 25,010 101,005 533,419 0.05

Fig. 3. Pressure profiles in the 5:1:5 contraction - straight channel

- expansion flow. (a) Pressure along the centerline for sin-

gle phase flow. (b) Transient pressure drop between inlet

and outlet of the computational domain with a droplet

(M2, χ=1, d=50, Ca=0.1).
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was predicted in the cylindrical contraction/expansion

flow. Queguiner and Barthes-Biesel (1997) argued that the

fluctuation is related with the capsule motion for a short

time and the viscoelastic process of the membrane. We also

attribute the fluctuation in Fig. 3(b) to the complicated

droplet deformation process at the entrance and the exit.

If we define the entry length ( ) as a moving distance

of the droplet until the pressure becomes constant in the

narrow channel as shown in Fig. 3(b), we obtain an app-

roximate value of ~2.55 for equiviscous droplet of

d=50 and Ca=0.1, whereas the entry length for the planar

laminar flow (Le) of a single phase is predicted as →

0 as Re→0 (Denn, 1980), where Re is the Reynolds num-

ber characterized with the mean velocity in the channel.

Since the creeping flow is considered in the current study,

we expect that Le approaches zero for a single phase flow,

i.e., the slope of pressure versus y-coordinate is changed

abruptly at the entrance region as shown in Fig. 3(a). For

the droplet flow,  is expected to approach the droplet

size in the limit case since a fluctuation of the pressure is

observed in the entrance region in Fig. 3(b). In other

words,  is expected to decrease with decreasing Ca since

low Ca means relatively strong interface tension compared

to the viscous stress of the fluid.

Although the pressure drop (∆p) shows fluctuations at

the entrance (y/w=0) and at the exit region (y/w=10)

according to the droplet motion, we observe the plateau

region of pressure drop in the narrow channel as shown in

Fig. 3(b). In the present study, we mainly focus on the

steady pressure drop when the droplet passes the narrow

channel. In case of χ=1 and Ca=0.1, the steady pressure

drop is relatively larger than the pressure drop for a single

phase flow. In order to quantify the difference in the pres-

sure drop against the single phase flow, we define an

excess pressure drop (∆p+) between entrance and exit of

the narrow channel as follows (Adzima and Velankar,

2006):

, (7)

where ∆p2 is the steady pressure drop between entrance

and exit of the droplet flow, and ∆p1 is the steady pressure

drop for a single phase flow. We notice that ∆pn is defined

as a pressure drop between the entrance (y/w=0) and exit

(y/w=10) of the narrow channel as shown in Fig. 3(a), not

between inlet (y/w=−10) and outlet (y/w=20). In the fol-

lowing section, we investigate the effect of droplet size, Ca

and fluid elasticity on the excess pressure drop (∆p+). We

expect that ∆p+ is strongly dependent on droplet size, χ,

Ca, and De.

3.1.2. Effect of droplet size and Ca

We begin with equiviscous case (χ=1) with changing

droplet size and Ca. Fig. 4(a) clearly shows that ∆p+

depends on the droplet size and Ca, and the dependency on

Ca is more relevant for larger droplets (d=50, 70) com-

pared with smaller case (d=30). Note that the latter (d=30)

is smaller than the channel width (w=40). Thus, the block-

age by the droplet is not severe compared with lager drop-

lets, which results in smaller ∆p+. The present observation

is similar to the previous experimental work on water-oil

emulsions (Adzima and Velankar, 2006) such that the

excess pressure may be neglected if the droplets are

smaller than the cross-sectional dimension of the micro-

channel. This implies that the excess pressure drop (∆p+) is

strongly related with a film thickness (δf) between the

droplet interface and the channel wall. In this study, the

film thickness is measured at the mid-point of the droplet

as depicted in Fig. 5(a).

For larger droplets, ∆p+ increases sharply with decreasing

Le

d

Le

d

w/2
---------

Le

w/2
---------

Le

d

Le

d

p
+∆ p2∆ p1∆–=

Fig. 4. Effect of droplet size on (a) the excess pressure drop and

(b) the film thickness with increasing Ca (M2, χ=1).
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Ca since the blockage effect of the droplet becomes sig-

nificant as Ca decreases, i.e., the film thickness (δf)

decreases as Ca decreases as shown in Fig. 4(b). In Fig. 5,

we present pressure contours near the droplet for low Ca

(Figs. 5.(a)-(c)) and for large Ca (Figs. 5(d)-(f)). In Figs.

5(b)-(c), large droplets of low Ca look like fitting pistons

in the narrow channel. Therefore, we conclude that the

enhancement of the excess pressure drop as Ca→0 is

attributed to the blockage effect of the droplet in the nar-

row channel. In addition, we conjecture that the droplets

with low Ca show development of high pressure inside the

droplet in order to sustain the droplet shape against rel-

atively strong interfacial tension as shown in Figs. 5(a)-(c).

On the contrary, in case of large Ca as shown in Figs. 5(d)-

(f), lower pressure is developed inside the droplet since

large Ca means relatively weak interfacial tension to vis-

cous stress.

3.1.3. Effect of viscosity ratio (χ)

In this section, we consider the droplet of d=50. For

droplets less viscous than medium such as χ=0.1 and 0.01,

the dependency of ∆p+ on δf is also observed. Fig. 6 shows

that ∆p+ is inversely proportional to Ca as in Fig. 4(a). In

Fig. 7, we present the film thickness and the pressure con-

Fig. 5. Pressure contours near the droplet confined in the narrow

channel (M2, χ=1). (a) d=30, Ca=0.05. (b) d=50,

Ca=0.05. (c) d=70, Ca=0.05. (d) d=30, Ca=1. (e) d=50,

Ca=1. (f) d=70, Ca=1.

Fig. 6. Excess pressure drop (∆p+) of droplets less viscous than

medium with increasing Ca (M2, d=50).

Fig. 7. Pressure contours near the droplets confined in the narrow channel (M2, d=50). (a) χ=0.1, Ca=0.01, 2δf/w=0.07. (b) χ=0.1,

Ca=0.5, 2δf/w=0.34. (c) χ=0.01, Ca=0.02, 2δf/w=0.09. (d) χ=0.01, Ca=1, 2δf/w=0.37.
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tour near the droplet for relevant cases. We clearly observe

that the film thickness decreases as Ca decreases. As

shown in Figs. 7(c) and (d), the pressure contour is nearly

uniform inside the droplet for small χ, which assists the

assumption of Fuerstman et al. (Fuerstman et al., 2007).

They assumed that the pressure is uniform inside the bub-

ble in liquid emulsion system (χ~0.001). However, we

observe that the pressure distribution is not any more uni-

form for χ≥0.1 as shown in Figs. 5 and 7(a)-(b).

It is worthwhile to note that there is a positive excess

pressure drop for small Ca although less viscous droplets

are manipulated. In Fig. 6, we observe that the sign of ∆p+

is changed for χ=0.1 and 0.01 depending on Ca, i.e., the

positive ∆p+ is predicted for Ca ≤0.05. The positive excess

pressure drop was also reported for water-oil emulsions

(χ~1/2.95) in microchannel (Adzima and Velankar, 2006).

In droplet-related experiments, Ca typically ranges in

between 10−3~101 in microchannel flow (Christopher and

Anna, 2007), thus, we expect that the excess pressure drop

can be positive at lower Ca independent of χ in most cases

for droplet microfluidics.

To investigate the relationship between ∆p+ and Ca, we

present ∆p+-Ca graph for various χ in Fig. 8(a). We choose

the range of Ca such that the positive excess pressure drop

is predicted. In the figure, a scaling relationship of

∆p+~Cam can be found. It is observed that m is negative

irrespective of χ, which implies that ∆p+ increases with

decreasing Ca independent of χ. The dependency on Ca

becomes strong with decreasing χ since the slope (m)

decreases with decreasing χ.

Also, we note that the level of excess pressure drop gen-

erally increases with increasing χ. For instance, the excess

pressure drop (∆p+) for the droplet of χ=100 is much

enhanced compared with ∆p1 (cf. ∆p1=58.59), which is

reasonable since ∆p∝η for the laminar flow (Morris and

Forster, 2004). For highly viscous droplet such as χ=100,

a dominant factor on large ∆p+ is considered to be the

enhanced viscous stress due to large χ. For the same rea-

son, the level of ∆p+ of χ=10 is lower than that for χ=100.

Consequently, it is observed that the excess pressure drop

(∆p+) is roughly proportional to χ for χ≥1.

In Fig. 8(b), we observe another scaling behavior for the

film thickness as δf~Can. In table 2, we present fitted

parameters for the excess pressure drop and for the film

thickness. We find that n is positive for all χ, which simply

means that δf decreases with decreasing Ca. Here, we note

that the current work presents the power-law relationship

for the excess pressure drop and for the film thickness

depending on the viscosity ratio (χ), which is missing in

the previous works (Bretherton, 1961; Fuerstman et al.,

2007; Wong et al., 1995; 1995). We compare our results

with the previous work (Heil, 2001) for two-dimensional

bubbles between parallel plates. We get a good agreement

between our data (δf~Ca0.49) for χ=0.01 and Heil’s result

(Heil, 2001) (δf~Ca0.48) for creeping bubble flows of

χ~0.001 as shown in Fig. 8(b). Note that Heil’s result in

Fig. 8(b) was reproduced from the data at Re=0 in his Fig.

2 (Heil, 2001). We observe that the exponent n is nearly

close to 0.5 in the Ca range of O(10−2)~O(1) except data

Fig. 8. Scaling behavior for various viscosity ratio (χ). (a) The

excess pressure drop (∆p+) - Ca. (b) The film thickness

(2δf/w) - Ca.

Table 2. Power-law parameters as ∆p
+
~ Ca

m
 and δf~ Ca

n
 at each

χ

χ m n

0.01 −5.13 0.49

0.1 −2.25 0.49

1 −0.99 0.47

10 −0.50 0.49

100 −0.02 0.22
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for χ=100 in Table 2. As discussed earlier, for highly vis-

cous droplet such as χ=100, the variation in ∆p+ due to Ca

change becomes insignificant.

3.1.4. Effect of flow history

In this section, we will check the assumption that the

excess pressure drop is strongly affected by the film thick-

ness. We initialize the droplet at different positions, i.e., at

the wide channel (yc/w=−5) as usual, and at the entrance

region in the narrow channel (yc/w~0.12). As shown in

Figs. 9(a) and (b), there is no difference on the droplet

deformation and pressure contours for small Ca. However,

an obvious difference is observed for large Ca as shown in

Figs. 9(c) and (d). Therefore, we conclude that a tadpole-

like shape shown in Fig. 9(c) is attributed to the history of

contraction flow at the entrance region.

On the other hand, we observe that the excess pressure

drop (∆p+) is nearly unchanged although the different

shape of the droplet is observed in Figs. 9(c) and (d). For

instance, Fig. 9(d) shows only 1.3% of increase in ∆p+ with

respect to that of Fig. 9(c). This can be attributed to the

similar film thickness in both cases (2δf/w=0.373, 0.382 in

Figs. 9(c) and (d), respectively). Although the viscous

stress and capillary stress are different due to the difference

in the droplet shape, we observe no drastic change of the

excess pressure drop. Therefore, we conclude that the film

thickness is one of the dominant factors on the excess pres-

sure drop over the flow history.

Fig. 9. Effect of flow history of the droplet on the pressure contours and droplet deformation in the narrow channel (M2, d=50, χ=0.01).

(a) Initialized at wide channel, Ca=0.5. (b) Initialized at narrow channel, Ca=0.5. (c) Initialized at wide channel, Ca=1. (d) Ini-

tialized at narrow channel, Ca=1.

Fig. 10. Effect of fluid elasticity on the excess pressure drop (∆p+) with increasing Dei (M2, d=50). (a) χ=100, Ca=0.01. (b) χ=10,

Ca=0.1.
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3.2. Effect of fluid elasticity
Here we investigate the effect of fluid elasticity on the

excess pressure drop using the Oldroyd-B model. We

observe that the effect of fluid elasticity on ∆p+ is relevant

only at χ=100, whereas the effect was negligible for other

χ values, which will be discussed later. For χ=100, Fig.

10(a) shows that ∆p+ decreases sharply when the New-

tonian droplet flows in the viscoelastic medium (NV),

whereas ∆p+ is nearly unchanged when the viscoelastic

droplet is manipulated in the Newtonian medium (VN).

The difference between NV and VN cases originates from

the difference in the film thickness. NV case shows the

largest film thickness of 2δf/w=0.186 as in Fig. 11(c). In

our previous study (Chung et al., 2008), we attributed the

development of the thick film to the high normal stress

development in the viscoelastic film region. Therefore, the

enhancement of the film thickness due to the normal stress

development results in the sharp reduction of ∆p+ as Dem
increases as shown in Fig. 10(a).

In the meanwhile, we observe no significant difference in

the excess pressure drop with increasing Dei for both VN

and NV cases at χ=10 as in Fig. 10(b), which can be attrib-

uted to the similar film thickness irrespective of the dif-

ference in viscoelasticity. As shown in Figs. 11(d)-(f), the

fluid elasticity does not significantly affect ∆p+ and pres-

sure contour near the droplet compared with NN case (Fig.

11(d)).

4. Concluding remarks

We investigated the excess pressure drop (∆p+) when the

droplet is manipulated in the contraction - straight channel

- expansion type microchannel. First, the excess pressure

drop was found to be strongly dependent on the viscosity

ratio (χ), i.e., the level of the excess pressure drop

increases as χ increases, which is reasonable since larger

pressure drop is required to flow more viscous fluids. We

predict positive ∆p+ as Ca decreases even when the less

Fig. 11. Effect of fluid elasticity on pressure contours near the droplets more viscous than medium confined in the narrow channel (M2,

d=50). χ=100, Ca=0.01 for (a)-(c), and χ=10, Ca=0.1 for (d)-(f). (a) NN, 2δf/w=0.111. (b) VN, Ded=2,2δf/w=0.115. (c) NV,

Dem=0.4, 2δf/w=0.186. (d) NN, 2δf/w=0.310. (e) VN, Ded=2,2δf/w=0.301. (f) NV, Dem=0.4, 2δf/w=0.306.
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viscous droplet is manipulated than the medium. The

excess pressure drop seems inversely proportional to Ca

for all χ considered in the present work, which implies that

∆p+ is strongly related with the droplet blockage effect or

the film thickness since the film thickness (δf) is a growth

function of Ca. Finally, we observed scaling relations as

∆p+~Cam and δf~Can
 when manipulating relatively short

droplets comparable to the channel width. We found that

the exponent m decreases as χ decreases for nearly-packed

droplets, and that the exponent n is close to 0.5 for χ≤10

in the Ca range of O(10−2) ~O(1). These simple relations

would be helpful for understanding droplet flows and for

expecting the pressure drop in designing the experiments in

microfluidics.

We also observed a clue for the strong relation between

the excess pressure drop and the droplet blockage (or the

film thickness) in the narrow channel. First, for χ≤10, a

decrease in the film thickness results in an increase of the

excess pressure drop as Ca decreases. Second, the excess

pressure drop is nearly similar only if the film thickness is

similar although the capillary stress and the viscous stress

are differently developed due to the different flow history.

Third, as for the effect of fluid elasticity, the sharp reduc-

tion of the excess pressure drop as Dem increases in NV

case is attributed to the increase of the film thickness due

to the normal stress development in the film region. There-

fore, we conclude that the blockage effect of the droplet

(decrease in the film thickness) in the narrow channel plays

a significant role in enhancing the excess pressure drop.

We hope that this study would be helpful in under-

standing underlying physics in the droplet channel flow

and in designing the related experiments for various appli-

cations in droplet microfluidics.
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