
INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF MICROMECHANICS AND MICROENGINEERING

J. Micromech. Microeng. 16 (2006) 1504–1510 doi:10.1088/0960-1317/16/8/010

Pressure drops for droplet flows in
microfluidic channels
Brian J Adzima and Sachin S Velankar

Department of Chemical Engineering, University of Pittsburgh, Pittsburgh, PA 15261, USA

E-mail: velankar@pitt.edu

Received 9 March 2006, in final form 17 May 2006
Published 22 June 2006
Online at stacks.iop.org/JMM/16/1504

Abstract
Designing on-chip microfluidic pumps requires that the dependence of
pressure drop across the device on the fluid flow rate be known. This
relationship can be complicated for the case of two-phase droplet type flows.
We characterized the flow-pressure relationship for the single-file flow of
water drops in oil in microfluidic channels of rectangular cross sections. The
pressure for such droplet flows was always larger—sometimes over 50%
larger—than that for corresponding single-phase flows of the continuous
phase. This is in spite of the fact that the water drops had a substantially
lower viscosity than the continuous phase oil. The excess pressure was
found to correlate reasonably well with the size of the drops relative to the
size of the channels. This correlation for the excess pressure, as well as a
correlation presented here for the size of drops in microchannels, should
provide convenient guidelines in designing microfluidic devices for
two-phase flows.

1. Introduction

The microfluidic lab on a chip approach calls for increasing
levels of functionality on a single platform. In recent
years, this has included measuring numerous properties
(concentration, pH and viscosity), achieving mixing, reaction,
separation, dispersion of drops and numerous other operations
in microfluidic devices [1, 2]. A particularly challenging
issue is integrating fluid pumps on microfluidic chips. Various
approaches of achieving on-chip pumping have been reviewed
in a recent article [3]. These include electroosmotic
flows [4, 5], electrowetting [6, 7], thermocapillary motion
[8] and motion of optically trapped microparticles [9].
Newer principles of implementing micropumps are reported
frequently [10–14]. As integrated pumps become more
common, the issue of pump ‘sizing’ will become important:
how much fluid can a given pump deliver or, conversely, the
design problem, how much pressure must a pump be capable
of developing for a specific application?

For a single-phase flow of a Newtonian fluid, this issue
can be resolved in a straightforward fashion: the low Reynolds
number of most microfluidic flows allows an exact solution of
the Stokes equation. Thus the pressure drop versus flow rate
relationship of the device (henceforth called the flow-pressure
characteristic) may be calculated accurately even for complex

flow geometries. One may then design a pump that can develop
the pressure necessary to achieve the desired flow rate. In
contrast, for two-phase flows, it is more difficult to calculate
the pressure-flow characteristics a priori because the wetting
properties of the channel are likely to influence the pressure-
flow characteristics. The situation is especially complicated
when the two-phase flow involves drops, since the capillary
pressure associated with the drops is also likely to affect the
pressure-flow characteristics.

The purpose of this paper is to quantify the pressure-
flow characteristics for two-phase droplet flow for the simplest
microfluidic geometry of a straight channel of rectangular
cross section. We seek to address the following questions.
Does the pressure-flow characteristic differ significantly for
single-file droplet flow as compared to a corresponding single-
phase flow? If so, can we establish correlations, say in terms
of the drop size, or flow rates, or appropriate dimensionless
quantities, that may be used as guidelines in designing pumps
for specific applications? Beyond these principal issues, we
will also present results on sizes of drops and provide design
correlations for these quantities.

2. Experimental details

Microchannels were made by replicating SU8-on-silicon
molds in PDMS (Sylgard 184) using well-established
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Figure 1. Schematic of the device. Three devices were studied with cross-sectional dimensions of the main channel (width × depth) being
105 × 74, 200 × 95 and 300 × 95 µm. The water and oil inlets had the same dimensions as the main channel. The pressure taps had widths
of 200 µm in all three devices. The section labeled ‘expansion’ was made by taping Scotch tape onto the SU8-on-silicon mold. Hence it has
greater depth than the rest of the device. The three photographs are (a) a water drop being formed at the T-junction, (b) a single file of drops
in the pressure-measurement section and (c) drops retracting into spheres in the expansion section.

procedures [15]. The PDMS replicas were exposed to plasma
treatment using a Harrick scientific plasma cleaner (PDC-
32G) at a maximum power setting of 100 W for 30 s.
They were then immediately sealed against glass slides.
External connections to gas-tight syringes were made using
medical grade polyethylene tubing (Intramedic, outer diameter
0.965 mm). Syringes were driven by two programmable
syringe pumps. The wettability of the microchannel walls
was found to affect the range of flow rates over which drops
could be generated, the size of the drops, and their behavior
in the microchannels (elaborated further at the end of this
paper). Therefore, the following procedure was used to ensure
consistent wetting properties: the microfluidic devices, after
connecting the tubing, but before passing any fluid through
the device, were treated again in the plasma cleaner for
30 s. Immediately after this treatment, a ∼0.05 mol l−1

solution of octadecyltrichlorosilane (OTS) in hexadecane was
pumped into the channels, allowed to sit for 5 min, and then
flushed out with pure hexadecane. Extensive past literature
indicates that the OTS can silanize the plasma-treated PDMS
surface, resulting in grafting of the octadecyl chains onto the
surface. The resulting coating of OTS ensured consistent
hydrophobicity of the walls of the device and reproducible
behavior of drops in the channels.

Experiments were conducted using hexadecane with
1 wt% of surfactant Span 80 as the continuous phase and
water as the drop phase. This hexadecane/surfactant mixture
is henceforth called ‘oil’ in this paper. Hexadecane was found
to swell the PDMS, with an equilibrium swelling estimated
at about 14 wt%. However, this swelling is relatively rapid
and was expected to equilibrate before experiments were
initiated. The swelling also introduces an approximately
5% error in the channel dimensions; however, only the
unswollen dimensions are used in all calculations. None of
the conclusions are significantly affected by this uncertainty
in channel dimensions.

The device geometry is shown in figure 1. The flow of
oil sheared off drops of water at a T-junction as shown in
figure 1(a) [16]. The water drops are convected down the
length of the channel (figure 1(b)). A close examination of

the receding front of the drops suggests that the drops do not
make direct contact with the walls, but instead, a thin wetting
layer of oil remains in contact with the walls at all times, as
also reported by others [16–18]. This is also consistent with
our own measurements of the wettability of flat PDMS sheets
coated with OTS using a similar procedure as above (5 min
dipping into a 0.05 mol l−1 solution of OTS). The coated sheets
were found to be fully hydrophobic (the oil/water contact
angle was 180◦), consistent with the presence of a wetting oil
layer on the walls at all times.

The pressure drop was measured using differential
pressure sensors (Honeywell 26PC series) connected across
pressure taps. The output of the pressure sensor was recorded
at 1000 Hz on a computer using a Labview data acquisition
system. This measured pressure drop corresponds to several
drops (7–30, see below) that are present in the 10 mm test
section between the pressure taps. One may expect that as
each drop passes a pressure tap, the pressure may fluctuate
[19]. However, in our experiments, this fluctuation was not
evident, and only the average pressure drop for the two-phase
droplet flow could be measured.

Just before exiting the device, the drops were allowed
to expand into a larger ‘cavity’ that was both deeper as well
as wider than the microchannels (figure 1(c)). This allowed
the drops to relax into spherical shapes, thus allowing their
diameter (designated 2Rd) to be measured accurately. The
single-file flow of drops in the pressure-measurement section
was also imaged directly (figure 1(b)), and the spacing between
the drops was measured from such images. The number of
drops in the test section was calculated from the inter-drop
spacing and was found to range from 7 to 30, depending on
flow rates. All imaging was performed using an inverted
microscope (Olympus CKX41) and a digital camera (Basler
A302fs).

Since pressure drop measurements are the primary
motivation for this research, these measurements were
validated using single-phase flow of various fluids through
glass capillaries. These validation tests were conducted
exactly like the actual experiments, except that the microfluidic
devices were replaced by round capillaries of known diameter.
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The pressure drop across the capillaries was verified to be
proportional to the flow rate, and the viscosities calculated
from the pressure versus flow rate curves were in excellent
agreement with values measured in a rheometer. During these
tests, we found that it was critical to minimize the length of
Tygon tubing used to connect the pressure sensor to the device.
Any more than a few mm of Tygon tubing caused excessively
long transients in the pressure drop upon changing flow rate,
presumably due to compliance of the tubing. (The Tygon
tubing could not be eliminated altogether since the ports of
the pressure sensors, which are ∼6.4 mm in diameter, are best
sealed by soft, flexible tubing.)

3. Results

There are two quantities of interest: the pressure drop
and the drop size, and we will consider each of these
below. Furthermore, we will non-dimensionalize each of these
quantities and attempt to establish correlations in terms of the
controlled parameters. Such correlations would prove useful
in designing microfluidic devices for handling droplet flow.

3.1. Drop sizes

Figure 2 shows the diameter, 2Rd, of drops generated in
channels with the three different dimensions noted in the
figure. As mentioned in the previous section, the diameter
was measured after the drops had retracted into spheres in
the cavity (figure 1(c)). Each series of points corresponds to
varying the flow rate of water Qw at a constant oil flow rate Qo.
Two trends are immediately evident: (1) at a given Qo, drops
are larger as Qw increases, and (2) lowering Qo increases the
drop size substantially. These trends are similar to those noted
previously by other researchers [16, 20–22]. Furthermore, a
comparison of the various channels shows that the drop size
increases with channel dimensions.

We now seek a correlation that collapses all the data of
figure 2 into a single master curve that has the form

Rd = f (Qw,Qo, µw,µo, σ, effective channel dimension)

(1)

where µw and µo are the viscosities of the water and oil,
respectively, and σ is the equilibrium interfacial tension
(∼0.0036 N m) between water and hexadecane/surfactant.
The drop size must scale with the dimensions of the channel
at the T-junction. Since the channels are not circular, but
rectangular, some definition of an effective channel dimension
is necessary. We adopt the area-equivalent radius (which
gives the same area as the rectangular channel) as the effective
dimension of the microchannel. It is defined as

πR2 = A (2)

where A is the area of the rectangular cross section of the
channel. This value of R will be used to make the drop radius,
Rd, dimensionless.

The remaining variables (Qw,Qo,µw,µo, σ ) can be
combined into the following dimensionless parameters:

p = µw

µo

φ = Qw

Qtotal
Ca = V µo

σ
= Qtotalµo

Aσ
(3)

where p is the viscosity ratio, φ is the fractional flow rate of
the drop phase, Ca is the capillary number and V is the mean

Figure 2. Drop diameters in the three different microfluidic devices.
The cross-sectional dimensions of each device are given at the top of
each figure.

velocity in the channel:

V = Qtotal

A
= Qw + Qo

A
. (4)

In summary, dimensional analysis suggests seeking a
correlation of the form

Rd

R
= f (p, φ,Ca). (5)

The viscosity ratio p was kept constant for all the
experiments here. Furthermore, for a given channel, Ca is
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Figure 3. Correlation for dimensionless drop radius in terms of the
relative flow rate of water.

proportional to Qtotal itself, thus, simply rescaling in terms
of Ca will not collapse the data at the different oil flow
rates onto a single master curve. This leaves the volume
fraction of water as the last remaining parameter. A plot of
dimensionless drop radius versus φ (figure 3) does indeed
collapse the data for each of the three channels into relatively
narrow bands. Remarkably, in spite of the different aspect
ratios of these channels, the scaled data for all three channels
are also quite close to each other. This gives confidence that the
area-equivalent radius, equation (2), is indeed the appropriate
effective dimension for scaling the drop size.

Finally, in a recent article, Garstecki et al [17] have derived
a relationship for the size of water drops generated by a carrier
oil phase at a T-junction:

L

w
= 1 + α

Qw

Qo

(6)

where L is the length of the drop plug, w is the width of the
microfluidic channel and α is a coefficient of order 1. Our data
were found inconsistent with this scaling, perhaps because the
theory applies at low capillary numbers, whereas Ca ∼ 2 to 35
for our experiments.

3.2. Pressure drop–flow rate relationships

We now turn to the main quantity of interest which motivated
this work: pressure drop. Figure 4 shows the pressure-flow
characteristics for the three different channels studied.

Considering first the single-phase flow of the continuous
phase oil, the pressure-flow characteristic is generally not
a straight line as may be expected for rigid channels (and
was verified for glass capillaries during the validation tests).
Instead, the slope of the pressure versus flow rate curve
decreases at higher flow rates, especially for the channel
with the highest aspect ratio. Some non-linearity is expected
from the compliance of the PDMS walls: as pressure increases,
the walls flex slightly, thus increasing the inner dimensions of
the channel. Yet, calculations suggest that this mechanism
is likely to increase the internal dimensions by only about
1% which is not sufficient to explain the largest deviations

Figure 4. Pressure drop for single-phase flow of oil (x) and for
two-phase flow of water drops in oil. The solid lines are fits to the
data for single phase flow of oil of the form �P = aQo (1 − bQo) ,
where a and b are both positive. The dotted lines are guides to the
eye; these are drawn such that they intersect the solid line at Qtotal =
Qo. The figure for the 104 × 75 µm channel shows the excess
pressure schematically.
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from linearity. We have no adequate explanation for the non-
linearity at present.

In preliminary experiments on a few devices, we also
measured the pressure-flow characteristic for single-phase
flow of water and found that the pressure was about a factor of
three lower for water than for oil at the same flow rate. This
is consistent with the lower viscosity of water (∼1 mPa s) as
compared to the surfactant–hexadecane mixture (2.95 mPa s,
as measured in a rheometer) [18].

Finally, we consider the pressure-flow characteristics
for the single-file flow of water drops carried by the oil
phase. Figure 4 shows that at a constant Qo, the pressure
drop for drop flow increases almost linearly with Qw. The
principal observation from figure 4 is that the pressure drop for
single-file flow of drops always exceeds that for the single-
phase flow of the oil at the same total flow rate. Thus, we
may define the excess pressure (also shown schematically in
the top graph of figure 4) as

�Pexcess = (�P for droplet flow)

− (�P for continuous phase flow). (7)

The latter is the pressure drop per unit length if all drops were
replaced by the continuous phase. In the present research, this
is calculated by simply fitting a low-order polynomial (in this
case, the three quadratics shown in figure 4) to the pressure-
flow characteristic of the single-phase oil flow.

What is the source of this excess pressure? There may
be several possible causes [23]: additional viscous stresses
due to a modification of the velocity profile by the drops,
capillary pressure of the drops and Marangoni stresses induced
by gradients in surfactant concentration at the drop surface. In
any case, this excess pressure can be substantial, especially at
small Qo, e.g. in the 105 × 74 µm channel, the droplet flow
with Qo = 25 µl min−1 and Qw = 45 µl min−1 requires
∼80% more pressure than that needed for oil alone with
Qo = 70 µl min−1. This is especially remarkable considering
that the water has a three-fold lower viscosity than the oil
phase. We therefore conclude that accounting for this excess
pressure is critical in designing pumps that are integrated into
microfluidic devices.

Accordingly, we seek to develop a design correlation for
the excess pressure that would be useful as a tool for sizing
microfluidic pumps. For such a correlation, it is essential to
make the excess pressure dimensionless. We will do so by two
different approaches. The first ‘fluid mechanics’ approach,
motivated by past literature on the low-Re motion of drops in
round tubes [23], is to use the characteristic viscous stress,
µoV/R, to scale the excess pressure per drop:

Excess pressure per drop

Viscous stress
= �P +R

µoV
(8)

where �P+ is the excess pressure drop per drop

�P + = �Pexcess

Number of drops in the test section
. (9)

The number of drops in the test section (calculated from the
drop spacing and the 10 mm length of the test section) ranged
from about 7 to 30. The second ‘engineering’ approach is to
define:

V

RP
 

cµ
∆ +

Figure 5. Dependence of excess pressure on relative flow rate of
water. (a) �P +R

µoV
and (b) fractional excess pressure.

Fractional excess pressure

= �Pexcess

�P for continuous phase flow at the total flow rate
.

(10)

Once again, it must be emphasized that the denominator in
equation (10) is the pressure drop for single-phase oil flow
at the total flow rate. The fractional excess quantity is
motivated by a practical engineering perspective: obviously,
if the fractional excess pressure is small (say 0.1), that excess
may be ignored when designing a microfluidic pump, and all
calculations may be done on the basis of the total flow rate.

Dimensional analysis suggests that the excess pressure
must depend on four dimensionless parameters: the viscosity
ratio p, the dimensionless drop size Rd/R, the capillary number
Ca and the relative flow rate of water φ. As mentioned in
section 3.1, since viscosity, interfacial tension and the channel
dimensions are all fixed for a given channel, Ca is proportional
to the oil flow rate itself. Thus, plotting the excess pressure
in terms of Ca will not result in a useful correlation. This
leaves φ and the dimensionless drop size as the only remaining
parameters.

Figure 5 shows �P +R
µoV

(equation (8)) and the fractional
excess pressure (equation (10)) for the 105 × 74 µm
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Figure 6. Dependence of fractional excess pressure on
dimensionless drop size.

channel as a function of φ. Both these quantities increase
significantly with volume fraction of water; furthermore, they
are significantly higher at low flow rates. The same is true
for the other two channels (not shown). Theory of drops
translating in round tubes suggests that �Pexcess increases
significantly with drop size [23]. Figure 3 has already shown
that drop size increases sharply as the volume fraction of water
increases or as the oil flow rate decreases, thus, figures 5(a) and
(b) may be more an indication of the dependence of �Pexcess on
drop size rather than the volume fraction per se. Indeed, a plot
of the fractional excess pressure versus dimensionless drop
size (figure 6) does collapse the data into relatively narrow
bands for each of the three channels. While the data for the
various flow rates and different channels are scattered and do
not superpose perfectly, figure 6 may still provide a useful
design correlation. Certainly figure 6 offers a convenient rule
of thumb: when designing microfluidic devices for drops with
size Rd < R, the excess pressure due to the two-phase nature
of the flow may be ignored.

4. Summary and concluding remarks

We have studied the single-file flow of water drops
suspended in a hexadecane/surfactant continuous phase oil
in microfluidic channels. The microchannels had rectangular
cross sections of modest aspect ratios, and the drop
sizes were comparable to the cross-sectional dimensions of
microchannels. We make the following observations that may
prove useful in the design of microfluidic devices to handle
droplet flows:

• The size of water drops generated by shearing them off
at a T-junction, scaled by the area-equivalent diameter of
the microchannels, correlates well with the flow rate of
water relative to the total flow rate.

• Single-file flow of water drops in oil can require
substantially higher pressure than a corresponding single-
phase flow of the oil phase alone. This is despite the fact
that the viscosity of water was far lower than of the oil
phase used here. The excess pressure required for the

two-phase flow increases with the size of the drops. The
results show that when designing microfluidic pumps to
handle drop flows, the excess pressure may be neglected if
the drops are substantially smaller than the cross-sectional
dimensions of the microchannels.

Finally we note that all experiments were conducted on
channels whose walls were almost completely hydrophobic
since they had been coated with a hydrophobic silane. A
limited number of experiments were also performed on
uncoated devices whose walls were partially wetting towards
oil and water. The generation and flow of drops were less
reproducible in such uncoated devices. Yet, comparing coated
and uncoated channels, two differences were evident: (1) at
the same flow rates Qo and Qw, the uncoated devices generally
produced larger drops, and (2) at the same relative drop size
Rd/R, the uncoated channels showed far higher fractional
excess pressures than those presented here. We speculate that
the moving water/oil contact lines in the uncoated channels
are responsible for the latter effect.
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