
Characterization of Sprays Generated by the
Expansion of Emulsions with Liquid Carbon
Dioxide

Expanding emulsions with liquid CO2 facilitates the creation of aerosols with an
average droplet diameter in the low micrometer size range, which is challenging
with conventional atomizers. The droplet formation process of the expansion of
high-pressure emulsions was investigated using a plain-orifice atomizer and dif-
ferent swirl nozzles. The local droplet size and droplet velocities were measured
and used to estimate the local Weber number and thus infer the droplet size
reduction. Measurements of the local mass concentration in the aerosol showed
that, for the swirl nozzle, the highest concentration was found outside of the cen-
tral axis, indicating radial momentum generated by the swirl nozzle. Furthermore,
it was shown that the type of expansion nozzle used has an influence on the
resulting median droplet size in the aerosol. For a water mass load of 0.01, the
median droplet diameter was reduced from 8 to 3 mm by increasing the swirl
number from 0.01 to 0.1.
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1 Introduction

Small droplets are used in a variety of fields due to their high
specific surface. The greater surface area in comparison to bulk
benefits the mass and energy transfer and, thus, chemical reac-
tions can be accelerated or cooling and drying processes can be
improved. Furthermore, atomization processes can be used in
painting processes, agricultural methods, humidification pro-
cesses, fuel technology, drug application, and spray drying
[1, 2].

Especially in spray drying, droplets in the small micrometer
size range are often desired. However, with conventional atom-
izers, it is rather challenging to produce droplets in this size
range due to limitations in workability [3, 4]. Therefore, in a
previous study [5], an approach for producing droplets in this
size range was described. An emulsion of water in liquid CO2

was produced by jetting the water into the liquid CO2 through
an orifice. Afterwards, the high-pressure emulsion was ex-
panded through a second orifice with a low length-to-diameter
ratio, enabling a rapid decrease of the pressure, resulting in the
evaporation of the liquid CO2 and a breakup of the water drop-
lets. A schematic illustration of the generation of an aerosol of
the water droplets in gaseous CO2 is shown in Fig. 1.

The expansion of emulsions with water and liquid CO2

allows the generation of median droplet diameters between 3
and 10 mm for water mass loads between 0.01 and 0.08. An in-
creasing droplet diameter with increasing water mass load was
observed, which was traced back to the decreasing specific

energy input. The energy input is mainly provided by the
expanding CO2, and it was quantified with the enthalpy differ-
ence between the liquid and the gaseous CO2.

In the investigation, it was shown that the smallest droplets
were measured in the center area of the spray cone. However,
the measured median droplet diameters in the center were inte-
grated values over the entire radius of the spray cone due to the
applied laser diffraction technique. Knowledge of the local
droplet sizes in the spray cone is nevertheless essential for a
better understanding of droplet formation during the expan-
sion process. With the usage of phase-Doppler anemometry, it
is possible to determine the local droplet size; moreover, a local
velocity can be assigned to each droplet, which gives additional
insights into the expansion process of the CO2 and the possible
resulting acceleration of the water droplets.

The expansion of the high-pressure emulsion through a vari-
ety of orifices was investigated, along with no variation of the
expansion nozzle type. The single-fluid nozzle providing the
smallest median droplet diameter is usually the pressure swirl
nozzle [4]. There, grooves in the swirl generator force the liquid
into a swirl motion, leading to a rotation around the central
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axis of the nozzle. Due to the centrifugal force, the liquid is
pressed to the wall and an air cone is formed. The liquid at the
wall forms a thin film, which exits the nozzle in the form of a
thin lamella. Depending on the fluid velocity and the resulting
disintegration regime, the lamella then disintegrates into small
droplets close to the opening of the nozzle or further down-
stream.

The swirl generator can be characterized by the swirl number
D, which indicates the ratio of the tangential momentum to the
axial momentum (Eq. (1)). In the equation, rKE is the mean
inlet radius, D is the diameter of the nozzle, AE is the total area
of all inlet cross sections, and b is the angle of inclination of the
inlet channels [6].

D ¼ prKED
4AE

cos bð Þ (1)

Thus, the usage of a swirl nozzle instead of an orifice could
reduce the droplet size in the aerosol. However, whether a
lamella of the emulsion is formed or not still needs to be inves-
tigated. This would require a delayed expansion and evapora-
tion process of the liquid CO2.

The aim of the presented study is an experimental investiga-
tion of the droplet formation process when expanding emul-
sions with liquid CO2. Therefore, the experimental setup to
generate and characterize the aerosols, as well as the results,
will be presented, and the latter will be discussed. The local
droplet sizes and velocities as well as the local mass concentra-
tion are of particular interest. In the first sections, the focus will
be on the usage of the plain orifice as an expansion
nozzle, before the comparison to the swirl nozzle is
made and discussed.

2 Materials and Methods

The experimental setup is shown in Fig. 2. The ul-
tra-pure water and the liquid CO2 (technical CO2;
Messer Industriegase, Bad Soden, Germany) were
pumped with a high-performance liquid chroma-
tography (HPLC) pump (80 P; Knauer, Berlin, Ger-
many) and a gas dosing station (DSD/500/3.2/So;
Maximator, Nordhausen, Germany), respectively.
Both liquids were injected into the cylindrical mix-
ing chamber with an inner diameter of 10 mm and

a length of 30 mm. The water was inserted through an orifice
with a diameter of 100 mm, with volume flow rates between
0.072 and 1.5 kg h–1. The liquid CO2 was pumped through an
orifice with a diameter of 500 mm, with a mass flow rate of
7.45 kg h–1, which equals water mass loads between 0.01 and
0.21. The two emulsification nozzles were positioned at a 90�
angle and a distance of 1 mm to each other. Afterwards, the
produced high-pressure emulsion was expanded through either
a plain orifice with a diameter of 200 mm or a pressure swirl
nozzle, also with an opening diameter of 200 mm (model 121;
Düsen-Schlick GmbH, Untersiemau, Germany) and different
swirl chambers. Based on the geometrical properties of the
swirl nozzles, swirl numbers of 0.01, 0.05, and 0.1 were deter-
mined according to Eq. (1).

The measurements of the droplet size in the aerosol by laser
diffraction (Spraytec; Malvern Instruments, Malvern, UK) were
conducted at a distance of 350 mm to the expansion nozzle.
Each measurement was performed for a time interval of at least
30 s, resulting in an average of 30 droplet size distributions. A
distortion of the droplet size measurements by the evaporating
CO2 was prevented [7].

A phase-Doppler anemometer (FiberFlow; Dantec Dynam-
ics, Skovlunde, Dänemark) with transmitting and receiving
optics 57X80 was used to evaluate the droplet size measure-
ments and the droplet velocity measurement with a high local
resolution. Measurement points in axial distances to the expan-
sion nozzle between 20 and 350 mm were selected. The radial
measurement positions were selected in accordance with a
spray angle of about 30�. A rotational symmetry of the spray
cone was assumed, and for each position, 9000 droplets were
measured.

3 Results and Discussion

3.1 Droplet Size and Velocity Measurements

3.1.1 Influence of the Axial Position in the Spray Cone

The droplet sizes and velocities were measured in different
axial positions in the radial center of the spray cone. The
median droplet sizes for the three water mass loads are shown
in Fig. 3. In accordance with the previous publication [5], the
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Figure 1. Schematic illustration of the investigated approach for
the production of small droplets.

Figure 2. Experimental setup.
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highest median droplet diameters were measured for the high-
est water mass load, due to the decreasing specific energy with
increasing water mass load. For all water mass loads, the largest
droplets with median droplet diameters between 21 and 36 mm
were measured close to the expansion nozzle at a distance of
20 mm. In general, smaller droplets were measured with
increasing distance to the expansion nozzle. At a distance of
350 mm from the expansion nozzle, median droplet diameters
between 7 and 11 mm were determined.

Representative droplet velocities are shown in Fig. 4 for the
water mass load of 0.12 and different droplet sizes of 0.5, 9.5,
19.5, and 30.5 mm. Close to the expansion nozzle at an axial po-
sition of 20 mm, droplet velocities between 27 and 51 m s–1

were measured. Except for the droplet size of 0.5 mm, the drop-
let velocity in this region increased with increasing droplet size.
A plausibility check was carried out by calculating the velocity
of the liquid emulsion through the expansion nozzle under the
assumption of a constant density. For a density of the emulsion
of 869 kg m–3, a mean outlet velocity of 85 m s–1 can be calcu-
lated, which is higher than the measured maximum value at an
axial distance of 20 mm downstream.

The velocity decrease might be due to the entrainment of the
surrounding air and the corresponding impulse transmission.
Due to the higher inertia force of the larger droplets, their
velocity decreases more slowly, leading to the higher remaining
velocity at the axial distance of 20 mm. The assumption of a
liquid emulsion exiting the nozzle and an expansion of the
CO2 outside of the nozzle leading to an acceleration of the
droplets could explain the slight increase in droplet velocity at
an axial position between 20 and 30 mm. In addition, an accel-
eration of the droplets due to evaporation of the CO2 could
explain the higher droplet velocity of the 0.5-mm droplets in
comparison to the 9.5-mm droplets at an axial distance of
30 mm.

With further increasing axial distance to the expansion noz-
zle, the droplet velocity decreased until the velocity of all
shown droplet sizes reached a value of about 10 m s–1 at an
axial distance of 350 mm to the expansion nozzle. The deceler-
ation of the droplets can again be explained with increasing
entrainment of the surrounding air and the corresponding
impulse transmission leading to all droplets moving with the
same velocity.

In general, droplets with a diameter of about 1 mm possess a
low inertia and take on the velocity of the surrounding fluid
after a short time [8]. Quantitatively, this can be expressed by
the relaxation time, which corresponds to the time after which
a droplet reaches 63 % of its final velocity. The relation is
shown in Eq. (2). Here, r is the density of the droplet, d is the
diameter, and m is the viscosity of the surrounding fluid, CO2

[9].

td ¼
rdd2

18m
(2)

For droplets with a diameter of 0.5 mm, a relaxation time of
about 1 ms with a corresponding travelled distance of about
60 mm can now be determined, which justifies the assumption
that droplets of this size follow the gas stream and can thus be
assumed to have the same velocity as the gas.

On that basis, the relative velocity between the larger droplet
classes and the gas velocity was determined and subsequently
used to estimate the droplet Weber numbers. The droplet Web-
er number relates the inertial force to the surface force and can
be understood as the degree of droplet deformation (Eq. (3)).
In addition to the relative velocity vrelative, the surface tension s
is also taken into account. Above a critical Weber number, the
deforming forces exceed the form-retaining ones, leading to
droplet breakup.

We ¼
rv2

relatived

s
(3)

According to the literature, the critical Weber number for a
free-falling droplet is around 13 [10, 11].

In Fig. 5, the resulting droplet Weber number is shown for a
droplet size of 30.5 mm as a function of the axial distance from
the expansion nozzle. Close to the expansion nozzle, Weber
numbers of up to 133 were reached, which could explain the
droplet size reduction between axial distances of 20 and 30 mm
in Fig. 3. However, the droplet size reduction between axial dis-
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Figure 3. Median droplet diameter as a function of the axial dis-
tance to the expansion nozzle in the center of the spray cone
for water mass loads of 0.03, 0.12, and 0.21.

Figure 4. Droplet velocity as a function of the axial distance to
the expansion nozzle in the center of the spray cone for droplet
diameters of 0.5, 9.5, 19.5, and 30.5 mm and a water mass load
of 0.12.
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tances of 150 and 250 mm cannot be explained with the local
droplet Weber number. For this second droplet size reduction,
drying effects can be assumed, but then a steady reduction of
the droplet diameter with increasing time, and thus with
increasing axial distance, would be expected. The constant
droplet diameter from an axial distance of 250 mm thus contra-
dicts the assumption of drying effects.

3.1.2 Influence of the Radial Position in the Spray Cone

The influence of the radial position in the spray cone on the
median droplet diameter is shown in Fig. 6a. For the shorter
axial distance of 70 mm, the highest median droplet diameters
were measured at the edge of the spray cone, due to the lower
relative velocity. Thus, a similar trend as in the previous paper
could be observed. For an axial distance of 350 mm, however,
the median droplet diameter appears to be rather similar for all
radial positions. Thus, the mixing seems to be completed in the
radial direction at this distance.

A well-equalized droplet velocity in the spray cone at an axial
distance of 350 mm was observed (Fig. 6b). In addition to the

droplets of 9.5 mm shown here, the other droplet sizes also
exhibit velocities of about 10 m s–1, regardless of their radial
position. The droplets with a diameter of 0.5 mm show the same
velocity; so, the gas velocity can be assumed for all droplets in
the spray cone at this axial distance.

3.2 Mass Flow Density Distribution

The characterization of the atomization process through an
orifice was completed with the consideration of local mass
concentration in the aerosol. Therefore, the local number
density was convolved with the droplet size distribution. The
results are shown in Fig. 7 as a function of the radial distance
to the center of the spray, for different axial distances to the
expansion nozzle. For a better visualization, the measurement
results were normalized to the maximum value. At an axial
distance of 100 mm to the expansion nozzle, the highest
mass concentration was determined in the radial center of
the spray cone. This trend, as well as the calculated spray an-
gle of about 28�, corresponds to the measurement presented
in the previous publication [5]. However, at an axial distance
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Figure 5. Local Weber number of droplets with a diameter of
30.5 mm as a function of the axial distance to the expansion noz-
zle in the center of the spray cone for a water mass load of 0.12;
line: critical Weber number for a free-falling drop.

Figure 6. (a) Median droplet size as a function of the radial distance to the center for axial distances of
70 and 350 mm for a water mass load of 0.12; (b) droplet velocity (d = 9.5 mm) as a function of the radial
distance to the center for axial distances of 70 and 350 mm.

Figure 7. Normalized mass concentration as a function of the
axial position in the spray cone at the axial positions of 100 and
350 mm for a water mass load of 0.12.
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of 350 mm, the maximum mass concentration was measured
slightly outside of the axial center, which could be caused by
turbulences with the surrounding air. This local minimum
does not necessarily contradict the results in the previous
paper, since in the previous paper, the scattering signal was
based on the measurement of a cylindrical volume with a
diameter of about 1 cm through the spray cone, and thus
small minima and maxima were not visible. Based on the
measurement at an axial distance of about 350 mm, a spray
angle of about 20� was calculated.

3.3 Comparison with the Swirl Nozzle

To investigate the influence of the swirl number, the median
droplet sizes were measured by laser diffraction at an axial dis-
tance of 350 mm to the expansion nozzle. The results are
shown in Fig. 8 as a function of the water mass load and for the
different swirl numbers. As already seen for the nozzle with the
plain orifice, the median droplet diameter increased with in-
creasing water mass load. Furthermore, a droplet size reduction
can be observed with increasing swirl number. While a median
droplet diameter of 9 mm was measured with the swirl number
of 0.01, the median droplet diameter was reduced to 6 and
4 mm by the stronger swirl inserts of 0.05 and 0.1, respectively,
for a water mass load of 0.05.

For the swirl numbers of 0.01 and 0.1, further measurements
were conducted to investigate a potential difference from the
plain orifice. The median droplet diameter as a function of the
radial position for an axial distance of 350 mm is shown in
Fig. 9. In accordance with Fig. 8, the median droplet diameter
for the higher swirl number is smaller. However, an influence
of the radial distance on the median droplet diameter was not
observed for the two different swirl numbers in this position of
the spray cone.

For comparison, the median droplet diameters measured by
laser diffraction were also added (horizontal dotted line). The
results of laser diffraction and phase-Doppler anemometry

show acceptable agreement, and the measurement methods
can thus be verified.

As no influence of the swirl number on the median droplet
diameter in radial direction was observed, the influence of the
swirl chamber on the spray pattern was investigated. In partic-
ular, it was investigated whether the emulsion of water in liquid
CO2 was leaving the nozzle with a tangential velocity compo-
nent and to what extent a hollow cone was formed. For this
purpose, the relative mass density in the spray cone was also
determined for the swirl number of 0.1. The results are shown
in Fig. 10. At the short axial distance of 100 mm, the maximum
value of the relative mass was not measured in the center; so, a
hollow cone can be assumed. Furthermore, it can also be
assumed that the emulsion exits the nozzle in a liquid state.
This is also supported by the fact that the nozzle does not cool
down during atomization.

For a further investigation on the effect of the swirl, the
atomization efficiency was calculated for the three swirl nozzles
and the orifice, according to the equation presented in [5]. As
the droplet size has a strong impact on the atomization effi-
ciency, the efficiencies were calculated for a fixed droplet size of
about 9.5 mm. The results are shown in Fig. 10b. The atomiza-
tion efficiency of the swirl nozzles is in the same order of mag-
nitude as the one of the orifices. A detailed comparison was
not carried out as the nozzles had the same diameter but
slightly different geometries. The atomization efficiency of the
swirl nozzles increased with increasing swirl number. This
could be explained by a thinner lamella, which accordingly also
decays to smaller droplets, also indicating that the CO2 exits
the nozzle in the liquid state.

4 Conclusion

An investigation into the droplet formation process during the
expansion of emulsions with liquid CO2 was carried out. The
high-pressure emulsion was produced in a mixing chamber via
two orifices arranged at an angle of 90� to each other, through
which water and liquid CO2 were pumped. Subsequently, the
emulsion was expanded through a plain orifice with a diameter
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Figure 8. Median droplet size at a distance of 350 mm from the
expansion nozzle as a function of the water mass load for differ-
ent swirl numbers (measured by laser diffraction; min., av., max.;
n = 3).

Figure 9. Median droplet size at a distance of 350 mm from the
expansion nozzle as a function of the radial position in the spray
cone for swirl numbers of 0.01 and 0.1 and a water mass load of
0.12; dashed and dotted line: measurements by laser diffraction.
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of 200 mm or, alternatively, through various swirl nozzles also
with an orifice diameter of 200 mm and swirl numbers of 0.01,
0.05, and 0.1. Using a phase-Doppler anemometer, the local
droplet diameters, droplet velocities, and mass concentrations
were measured. The highest droplet diameters of 21–35 mm for
water mass loads between 0.03 and 0.21 were measured close
to the expansion nozzle. At an axial distance of 350 mm from
the nozzle tip, smaller droplets with an average droplet diame-
ter of 7–11 mm were measured. The droplet size reduction
could be explained in part by the calculated droplet Weber
numbers. In the radial direction, the smallest median droplet
diameter was measured in the center of the spray cone. In the
axial direction, mixing occurred to such an extent that this
trend was no longer recognizable at the axial distance of
350 mm.

The highest droplet velocities were also measured close to
the expansion nozzle. The droplets were accelerated, presum-
ably by the expanding CO2. With increasing distance from the
expansion nozzle, the droplets slowed down due to mixing with
the surrounding air in the axial radial directions. At an axial
distance of 350 mm, the deceleration of the droplets and the
mixing had progressed to such an extent that all the droplets
had the same velocity of 10 m s–1.

The highest water mass concentration for both the orifice
plate and the swirl inserts was not measured in the spray axis
but slightly outside, with this effect being more pronounced for
the swirl inserts. With higher swirl numbers, smaller droplets
could be produced, due to a presumably smaller lamella of the
liquid emulsion. The atomization efficiency is on the same
order of magnitude as the one calculated for the plain-orifice
nozzle. A linear relationship was found for the dependency of
the dimensionless atomization efficiency on the dimensionless
swirl number. With an increasing tangential velocity compo-
nent at the exit of the swirl nozzle, the atomization efficiency
increases.
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Symbols used

AE [m2] total area of all inlet cross-sections
d [m] droplet diameter
D [m] nozzle diameter
rKE [m] mean inlet radius
v [m s–1] velocity
We [–] Weber number

Greek symbols

b [�] angle of inclination of the grooves
D [–] swirl number
m [kg m–1s–1] viscosity
r [kg m–3] density
s [kg s–2] surface tension
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Figure 10. (a) Normalized
mass concentration as a
function of the radial posi-
tion in the spray cone for
the swirl nozzle with a swirl
number of 0.1 and a water
mass load of 0.12 for two
axial positions; (b) depen-
dency of the atomization
efficiencies of droplets of
9.5 mm in diameter on the
swirl number.
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