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Spray drying is an approach employed in automotive, food and pharmaceutical industries as a robust and cost efficient
liquid atomisation technique offering direct control over droplet dimensions. The majority of commercially available
spray nozzles are designed for large throughput spray drying applications or uniform surface coating, but microfluidic
nebulisers have recently been developed as a small scale alternative. Here, we explore the physical parameters that
define droplet size and formation under supersonic flow conditions commonly found in microfluidic spray drying systems. We examined the spray nozzle operation using high speed imaging and laser scattering measurements, which
allowed us to describe the spray regimes and droplet size distributions. It was determined that by using this spray
nozzle device, droplets with diameters of 4-8 µm could be generated. Moreover, we show that the supersonic de Laval
nozzle model can be used to predict the average droplet size. Our approach can be used as a platform for interfacing
fluid microprocessing with gas phase detection and characterisation.
Liquid atomisation is a key approach for material processing with a wide range of applications in the pharmaceutical, food, chemical, electronic and automotive industries.1–7
Common routes for liquid droplet generation involve aerosol
spraying,8 inkjet printing9 and electrospraying.10 However,
these techniques vary both in material compatibility and in
droplet monodispersity. Currently, aerosol spraying is by far
the most flexible and relatively well understood process.8,11,12
Typical commercially available aerosol spray nozzles are designed to work at large throughputs and can be used to generate droplets with diameters ranging between 3 µm and 100
µm,13,14 depending on the nozzle dimension.15
In recent years, novel types of microfluidic pneumatic spray
nozzles have gained interest due to low dead-volume and the
ease at which devices can be fabricated using conventional
rapid prototyping soft-lithography approaches.16–19 In contrast to industrial-scale nozzles, microfluidic spray devices
can produce droplets with diameters ranging from 10 µm
down to 300 nm, which is smaller than their characteristic
orifice sizes of 50-100 µm.20 Droplets of reduced size evaporate quicker due to the increased surface to volume ratio and,
therefore, such devices have been used for applications, requiring quick evaporation, such as amorphous nanoparticle
formation,20–22 femtosecond X-ray crystallography,23 mass
spectrometry,24 biosensing25–27 as well as artifact-free sample preparation for surface probe microscopy.28 However, the
physical parameters that define droplet size and formation under supersonic flow conditions have not yet been characterised
in detail.
In this paper, we firstly describe the fabrication and operation of a microfluidic spray nozzle, featuring a non-planar
or 3-dimentional (3D) non-wetting liquid junction depicted
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in Fig. 1(a). Microfluidic spray devices usually combine
a liquid channel with pressurised gas channels (air or nitrogen) with typical relative pressures between 0.1 bar and
3 bar. At low pressures, the spray devices have been shown
to operate in a jetting regime to create monodisperse droplet
distributions,23,29 where the droplet breakup is induced by the
Rayleigh-Taylor instability.30 Intuitively, the resultant drop
size reduces when higher pressures are applied, which results
in the increased gas flow rate. However, at a certain pressure
threshold, the flow through the gas channel is choked as the
gas velocity approaches sonic speeds at the nozzle orifice.11
In this study, we describe how aqueous airborne micron-sized
droplets are generated within a supersonic microfluidic spray
device and how the applied gas pressure influences the corresponding droplet size. We use the de Laval nozzle choked
flow adiabatic expansion model (Fig. 1b) to predict the gas
speeds and the average droplet size.
The microfluidic devices were fabricated using a standard soft-lithographic approach17 and then cast using polydimethylsiloxane (PDMS). The device used had non-planar
(3D) geometry, and therefore the channels are completely surrounded by PDMS. This is a hydrophobic material, with a
water contact angle of >100◦ .31 A hydrophobic material is
needed for effective device operation, as the water will not
wet and adsorb onto the nozzle and will instead break-off resulting in the formation of a spray. For the purpose of our
study we found that the contact angle of pure PDMS was
high enough to ensure reproducible and robust device operation and no surface modification was thus needed. In order
to make the 3D junction, a two step photolithographic process was used. A 25 µm tall structure was first fabricated using the mask shown in Fig. 2(a). These structures were then
aligned with 50 µm tall channels fabricated from the mask
shown in Fig. 2(b). The design of the resultant master is
schematically depicted in Fig. 2(c). The device contains one
inlet for the gas phase and one inlet for liquid phase, as shown
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FIG. 1. Supersonic microfluidic single junction spray nozzle. (a)
Schematic representation of the 3 dimensional (3D) nozzle atomising liquid with a supersonic pressurised gas flow through a constriction. Inset: Optical micrograph of the device at the 3D nozzle area.
(b) Schematic representation of the de Laval converging-diverging
nozzle model. The gas flow through the device can be explained using this model. Initially subsonic gas flow upstream is choked at the
narrowest device part (throat) and then is accelerated to supersonic
speeds at the nozzle outlet. (c) Image of the spray nozzle device in
action. A fluorescent dye was added to the aqueous phase in order to
monitor the spray in real-time.

schematically in Fig. 1(a). The liquid channel cross-section is
25×20 µm2 and the gas channel assembly is 100×100 µm2 .
One of the key integral parts of the device is the three dimensional nozzle, (optical micrograph in Fig. 1(a)). This geometry is obtained by plasma bonding two PDMS complementary replicas with channels on each side,25,32 the process of
which is shown in Fig. 2(d-e). The two sides of the device
were aligned with respect to each another using a thin water
lubrication layer. This geometry allows for the liquid to be
completely surrounded by the gas flow, thus promoting the
fluid transportation through the nozzle in the form of a jet,
without PDMS surface wetting. It was found that the larger
the liquid channel, the higher the probability of the device to
malfunction. A larger liquid channel allows for more water
to collect at the nozzle to the point where the drag force is
not high enough to form a liquid jet and subsequently water
droplets drip rather than being sprayed from the device, leading to the generation of massive (>50 µm) droplets. Moreover, an increase or decrease in air channel dimension did not
significantly change device operation or droplet sizes and their
respective distribution. The device gas inlet was connected to
a compressed nitrogen cylinder and the liquid phase was controlled using a syringe pump (Harvard Apparatus PHD2000).
Precision glass syringes (Hamilton gastight 1800 series) were
connected to the device via polyethylene tubing (Smiths Medical, 800/100/120).
Aqueous droplets were produced in a supersonic nitrogen
flow using a microfluidic spray nozzle. Due to the resemblance of the design geometry to the de Laval convergingdiverging nozzle, such a system was used to model flow and
droplet generation. To visualise the drop formation at the nozzle, the use of a high-speed camera (V310, Phantom, USA),
operated at 25,000 frames per second and 1 µs exposure time
was employed. Droplet generation through the spray nozzle
can be seen in Figure 3. It was observed that the spray operates in a pulsating mode: first, a drop of 30-50 µm in diameter
builds up at the gas stagnation point until it is large enough

d

e

FIG. 2. Supersonic microfluidic spray nozzle. (a-c) Mask design and
spray nozzle components. (a) 25 µm high liquid channel. (b) 50 µm
high gas channel and (c) their combination using a two-step lithography process. (d-e) Assembly of the two PDMS layers via plasma
bonding. The PDMS pieces in (d) come from the two respective masters. The two-layer master (c) and the single layer master (b). A thin
layer of water was added between the two PDMS layers, before they
were carefully aligned with respect to one another. The PDMS slabs
were then left to bond, resulting in the 3D device (e).

and the drag force due to the sonic gas flow is high enough to
form a liquid jet (see Figure 3a). Using high speed imaging,
we could also estimate that the liquid jet has an average diameter of d jet ≈10 µm. A series of images were used to observe
the device operation and it was found that this droplet breakup process is highly reproducible with a frequency of 700 Hz
at a flow rate Q = 100 µLh−1 and the pressure 2 bar.
To observe the jet-to-droplet transition during jetting
events, we focused the camera just below the nozzle orifice.
The pressure at the gas inlet was varied between 0.4 bar and
2 bar and the jet break-up was observed as shown in Fig. 3b.
Qualitatively, we could observe two distinct spraying regime,
where a transition from a few large droplets at a pressure of
0.4 bar to multiple, smaller droplets occurs at higher pressures. The change in nozzle operation could thus clearly be
identified from the change in droplet distributions between a
pressure of 0.8 and 1.2 bar. Finally, we focused the imaging area 3 cm below the nozzle orifice to estimate the droplet
speed upon impact on a target surface area. This was measured as vd ≈20 ms−1 using the high speed images and averaging over multiple frames.
To explain the spray device operation, the choked flow de
Laval nozzle model11 was applied. The flow of gas at an up-
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TABLE I. . Drop size prediction as a function of applied pressure
difference.
Pressure ∆p / bar
1.5
2
2.5
3

100 μm

b

p = 0.4 bar

p = 0.8 bar

p = 1.4 bar

p = 2 bar

300 μm

FIG. 3. Nozzle operation for water solution flowing at 100 µLh−1 .
(a) Nitrogen pressure of ∆p = 2 bar is applied and the device is operating in a dripping regime: a droplet at the liquid outlet is formed and
increases in size until it is elongated and ejected through the device
orifice with a frequency of ≈700 Hz . (b) The generated jet breaks
into droplets outside the device due to the instabilities caused by high
shear forces. The spray is studied as a function of the gas pressure.
At low pressures, a small number of large droplets is generated, but
droplet size qualitatively decreases with increasing gas pressure.

stream stagnant pressure, p0 , guided through a narrow constriction (the microfluidic channel in our case) into a wide
exit at a pressure, pe , depends on the pressure difference
∆p = p0 − pe . At a low pressure difference, ∆p, the flow can
be approximated as laminar, however, as ∆p increases, the gas
velocity increases at the nozzle throat until it reaches the local
speed of sound. At that point, the flow is choked due to the
sonic shocks which results in the increased gas flow friction.11
Additional increase of an upstream pressure, p0 , results in an
increased flowing gas density at the throat, but the speed is
still confined to the sonic limit.
The critical pressure difference for the choked flow to occur
is when pe is lower than the critical pressure pc given by

pc = pu

2
γ +1



(1)

where γ = c p /cv is the ratio of gas specific heat capacities
at constant pressure and volume.33 For nitrogen (also air),
γ = 1.4, giving pc = 0.528p0 ; hence, for a spray nozzle operating under normal atmospheric conditions, pe =pa . Choked
flow will thus occur if p0 > 1.9 bar or ∆p > 0.9 bar. In the
described system, the nozzle was operated at ∆p between 2 –
3 bar to achieve stable spraying. Therefore, at our typical
spray nozzle operation conditions, the gas flow is choked.
The sonic gas flow experiences a sudden divergent expansion just outside the nozzle throat and, thus, can achieve supersonic speeds in the vicinity of the nozzle orifice. The linear
velocity, ve , of gas exiting the nozzle under the assumption of
an ideal adiabatic gas expansion behaviour34 is:

(2)

Drop diameter dd / µm
7.5
6.4
5.8
5.3

where ve is the gas exit velocity, R is the universal gas constant
and M is the gas molar mass. Under the usual spray operating condition (∆p = 3 bar), the maximum gas exit speed was
estimated to be v3bar = 450ms−1 . As soon as the supersonic
gas jet emerges from the nozzle, imparts a destabilising high
shear force to the emerging liquid jet, driving a break up into
droplets.
To explain the droplet formation, we consider the shear
stress caused by the large speed difference between the emerging gas and the formed liquid droplets ∆v = ve − vd ≈ ve . The
shear forces destabilise the liquid-gas interface forming surface waves - the Rayleigh-Taylor type of instability - eventually leading to the jet breakup.30 We estimate the size distribution of the droplets by considering the balance between
supersonic aerodynamic shear stress and the liquid-gas interfacial surface tension
1
2γ
Cd ρg (ve − vd )2 =
2
Rd

(3)

where ρg and ve are the gas density and speed, Rd and vd are
the generated drop radius and speed, γ is the surface tension,
Cd is the coefficient of drag of around 0.47 for a smooth sphere
at high Reynolds numbers.35 By considering that the droplets
are much slower than the jet vd  ve , the diameter of the generated droplets can be approximated by
dd =

γ
γ−1

v
"
u
 (γ−1)/γ #
u RT 2γ
pe
t
ve =
·
· 1−
M γ −1
pu

Velocity ve / m/s
370
400
430
440

8γ
Cd ρg v2e

(4)

At gas pressures between 1.5-3 bar we predict droplet diameters to be roughly between 5-8 µm as shown in Table I.
To validate the spray nozzle operation mechanism and predicted values, a laser scattering system (Spraytec, Malvern,
UK) was used to measure the generated droplet sizes and mist
properties. The nozzle was held 2 cm above the laser beam
and the measurement integration time was set to 10 s to accumulate a sufficient signal. First, we investigated the generated
drop size distribution at a pressure difference of ∆p = 3 bar
and a flow rate 200 µL h−1 . We observed that the spray nozzle produced a uni-modal distribution, with a span ranging
from 3.75 to 7.36 µm (10-90%) and with a median value of
5.3 µm. This data is shown in Fig. 4a. It should be mentioned
that as expected, droplet sizes could be varied by altering the
spraying conditions, however, their distribution remained unimodal.
In order to observe the effect of pressure on the generated
droplet size, the liquid flow was fixed at 200 µLh−1 , while the
gas pressure, ∆p, was varied between 1.5 bar and 3 bar. As
expected, the droplet diameter decreased for increasing gas
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pressures from about 8 µm to 5 µm as shown in Fig. 4b. This
result is in close agreement with the mean droplet size prediction in Table I, which is also plotted as the red line in Fig.
4b. We could not measure the drop size at pressures below
1.5 bar due to the low scattering signal of smaller number of
large droplets.
Next, the pressure was fixed to 3 bar, and the nozzle operation with varying liquid flows between (200 - 400) µL h−1 was
investigated. We observed a slight increase in droplet diameter
from 5.3 µm to 6.3 µm, which is illustrated in Fig. 4c. This
increase in the average drop size correlates well with the data
gained from the high-speed imaging experiments. By varying the liquid flow rate, we mainly influence the frequency
of droplet production rather than controlling the size of the
droplets. Of course, there should be a limit where the nozzle
will start to operate in the jetting regime, which may affect the
droplet size distribution.
Finally, we investigated the device-to-device variation and
reproducibility at ∆p = 3 bar and Q = 200 µL h−1 . Three
different well-operating nozzles were tested and it was confirmed that the spray nozzles yield reproducible droplet size
distributions. The average median droplet size was found
to be 5.3 µm, and even though the spread of droplet size is
large, all three measurements yield similar results indicating
that device reproducibility is high even if controlling the exact
droplet size at such small length-scales may be challenging.
This is depicted in Fig. 4d.
b
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We investigated the physical principles underlying the operation of such a device and have found that there exists a fundamental change in the spray behaviour at pressure difference of
about 1 bar. We have used the de Laval converging-diverging
nozzle to model the gas flow in the device, which allowed us
to predict supersonic gas flow at the nozzle exit. The supersonic flow exerts high shear forces on the emerging droplets,
thus atomising the liquid into drops of approximately 5 µm
in diameter. We have confirmed our predictions by measuring droplet size distributions and variations as a function of
liquid flow rate and device pressure. This droplet generation
method described in the present paper provides a platform for
material drying and deposition in the gas phase by microfluidic spraying. Due to the high interest in spray-drying and
dry mass detection, we believe that this strategy could be further employed in the context of analytical chemistry, where a
small amount of surface spray drying is required, for example
IR spectroscopy or scanning electron microscopy.
The research leading to these results has received funding from the European Research Council under the European
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FIG. 4. Droplet size distributions measured 2 cm away from the nozzle orifice. (a) The measured size distribution of droplets at ∆p=3 bar
and Q=200µL h−1 . (b) Droplet size variation as a function of gas
pressure shows an expected generated droplet size decrease. The
red solid line represents the expected droplet size while the dashed
line represents the actual measurements. (c) Droplet diameter increases slowly with increasing liquid flow rate indicating a bias towards larger generated drop sizes. (d) Nozzle-to-nozzle variation is
tested at ∆p=3 bar and Q=200µL h−1 giving an average droplet diameter of 5.3 µm.

Traditional liquid atomisation methods are difficult to engineer and prototype. In this paper, we present a simple strategy
to fabricate a microfluidic version of an aerosol spray.
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