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Understanding the operating limitations of an internal-mixing 
Air-Core-Liquid-Ring (ACLR) nozzle for process intensification in spray drying

Miguel �Angel Ballesteros Mart�ınez and Volker Gaukel 

Institute of Process Engineering in Life Sciences: Food Process Engineering, Karlsruhe Institute of Technology, Karlsruhe, Germany 

ABSTRACT 
Spray drying is a widely used method for producing food powders in large quantities, but it 
also has a high energy demand. To address this, researchers have long aimed to increase 
the solid content of liquid feeds, which poses the challenge of atomizing high-viscosity 
liquids into fine droplets. The Air-Core-Liquid-Ring (ACLR) nozzle offers a potential solution 
by inducing an internal annular flow, though it faces its own limitations due to internal flow 
instabilities. This study investigates how the nozzle flow conditions impact spray perform
ance under different process conditions and liquid viscosities. We found that internal lamella 
thickness and atomization uniformity vary with pressure, viscosity, and liquid volume flow. 
Nonetheless, pressure appears to be the real critical factor in that case. The Air-to-Liquid 
Ratio (ALR) might be more decisive for the droplet size distribution than liquid viscosity. 
Future research should explore higher viscosities and consider simulations to circumvent 
experimental limitations.
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Introduction

Liquid atomization has applications in many industrial 
processes, such as combustion, surface coatings, and 
spray drying. Its objective is to increase the surface 
area between the liquid phase that is being atomized 
and the surrounding gas, which promotes the rate of 
heat and mass transfer.[1] The enlargement of the sur
face area requires energy, which must be transferred 
to the liquid using a suitable atomizer,[2] for which 
there is a vast number of different types, each with 
their own strengths and weaknesses.

This particular study focused on understanding the 
behavior and performance of the Air-Core-Liquid-Ring 
(ACLR) nozzle,[3] which is a type of internal-mixing 
pneumatic nozzle. A schematic of the ACLR-nozzle is 
shown in Figure 1. The device is composed of two 
concentric tubes. The outer casing is where the liquid 
feed flows, while a capillary at the center carries the 
compressed air and injects it at the core of the liquid 
phase in a mixing chamber. This favors the formation 
of an annular flow, with a liquid lamella (or ring) 
around the air core. As this two-phase flow exits the 
nozzle, the air phase expands, and the liquid film 
forms a cone that breaks up into droplets.[4]

The two-phase flow inside the atomizer allows it to 
handle liquids with higher viscosities than pressure 
swirl nozzles.[3] Additionally, because the gas and 
liquid flows are combined inside the nozzle,[5] lower 
gas flow rates are possible in internal-mixing atomizers 
than in external-mixing atomizers.[6] The ability to 
handle higher viscosities makes the ACLR-nozzle of 
special importance for spray drying, since it also means 
that higher solid concentrations can be handled.[7] 

Based on a model calculation by Fox et al.,[8] Wittner 
et al.[9] estimated that the ACLR-nozzle can potentially 
reduce total energy consumption in a spray-drying pro
cess up to 29% compared to a process using a standard 
pressure swirl nozzle.

However, while the need to atomize more viscous 
feeds has been already identified, the range of viscosities 
that has been successfully atomized is limited. Wittner 
et al.[9] reported viscosities, using maltodextrin solu
tions, of up to 390 mPas and a dry-matter content of 
47%. Yu et al.[10] reported viscosities, using domestic 
sludges, of barely 26 mPa.s and a dry-matter content of 
15%. It is clear that to maximize energy savings, the 
maximum range of atomizable viscosities still needs to 
be identified. However, that first requires determining 
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which performance parameters are affected the most by 
the feed viscosity.

St€ahle et al.[3] and Wittner et al.[11] already ana
lyzed how the viscosity affected the Sauter mean 
diameter and its temporal stability. Additionally, 
Wittner et al.[11] identified that a higher viscosity 
increases the variation in the lamella thickness inside 
the nozzle, which leads to the higher instability in the 
Droplet Size Distribution (DSD), although they only 
analyzed two different viscosities. Based on these pre
vious results, this study focused on how a wide range 
of liquid viscosities and operating conditions affect 
the internal flow instabilities of the nozzle and how 
these instabilities relate to the spray uniformity, i.e. 
the DSD width and modality, and the spray angle, 
which had not so far been considered as performance 
parameters.

While we performed the analysis with experimental 
measurements, we also adapted a CFD model from a 
previous study[12] to simulate the external flow near 
the outside of the nozzle. This included expanding the 
simulated volume two half of the nozzle instead of the 
original quarter, and adding a region of air (which we 
denote as airbox) at the exit of the nozzle. This com
plementary analysis had two main future objectives. 
On the one hand, it allows us to evaluate liquid vis
cosities and operating conditions beyond the restric
tions and limitations of our experimental setup. On 
the other hand, CFD modeling provides a deeper 
insight into the fluid mechanics at play during the 
atomization because it can determine flow characteris
tics that are not measurable experimentally, such as 

velocity profiles or 3D reconstructions of the spray 
cone.

Experimental setup

Model solutions

Experiments were carried out with water and maltodex
trin solutions. Table 1 shows the different types of 
maltodextrin (Cargill Deutschland GmbH, D€usseldorf, 
Germany), and the concentrations used to achieve the 
range of viscosities that we investigated. The fluid prop
erties of these model solutions were also introduced 
into the simulations (see Table 1), so that they were 
comparable to the experimental results. The properties 
of air and water were taken from the database of 
Siemens AG.[13] The viscosity of the maltodextrin solu
tion was measured with a rotational rheometer (Physica 
MCR 301, Geometry DG26.7, Anton Paar, Graz, 
Austria) at shear rates between 1 to 103 s−1. The solu
tion density was measured by use of a 25 cm3 pycnome
ter (Blaubrand, Brand, Wertheim, Germany).

Spray test rig and spray characterization

All experiments were carried out in a spray test rig, 
which has been described in detail in previous stud
ies.[11,12] In short, it is composed of a closed cabin 
with a vertical atomizer on top. The liquid flow is 
supplied by an eccentric screw pump (NM011BY, 
Erich Netzsch GmbH and Co. Holding KG, 
Waldkraiburg, Germany) and measured by a gear 
flow meter (VSI 044/16, VSE GmbH, Neuenrade, 
Germany). Air is supplied by a compressor (Renner 
RSF-Top 7.5, Renner GmbH, G€uglingen, Germany). 
The air pressure is adjusted with a pressure regulator, 
and its resulting volume flow is measured by a gas 
flow meter (ifm SD6000, ifm electronic, Essen, 
Germany).

The outer casing of the ACLR was constructed 
with clear acrylic. This allowed the direct optical visu
alization of the flow conditions inside the atomizer 
using a high-speed video camera (OS3-V3-S3, 
Integrated Design Tools Inc., Tallahassee, FL, USA) 
and a high-performance light-emitting diode system 

Figure 1. Schematic of the Air-Core-Liquid-Ring (ACLR) atom
izer. Taken from Ballesteros Mart�ınez and Gaukel.[12]

Table 1. Properties of model solutions used.

Maltodextrin
Mass  

fraction/% wt.
Viscosity/ 

mPa�s
Density/ 
kg�m−3

C�DryTM MD 01910 (DE 13.9) 25.5 9 1090
45 105 1208
47 140 1211

C�DryTM MD 01958 (DE 8.8) 45 225 1211
47 340 1234
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(constellation 120 E, ImagingSolution GmbH, Eningen 
unter Achalm, Germany). The camera recorded the 
internal flow at a framerate of 20 kHz. Each measure
ment was composed of 10,000 images, which amounts 
of 0.5 s measurement time. The exposure time of each 
image was 5 ms, and the resolution was around 
10 mm/pixel. The images were processed with a 
Matlab (The MathWorks Inc., Natick, MA, USA) code 
to measure the thickness of the liquid film, i.e. 
lamella, inside the nozzle. The algorithm of the code 
is described in detail in Wittner et al..[11] To statistic
ally characterize the lamella thickness variation, the 
5%, 50% and 95% percentiles, which are denoted as 
h5,0, h50,0, and h95,0, respectively, were calculated for 
each combination of pressure and viscosity. 
Additionally, a set of five random recorded images 
was also picked to manually determine an average 
spray angle.

Droplet size measurements were performed using a 
laser diffraction spectroscope (Spraytec, Malvern 
Instruments, Malvern, UK). It was equipped with a 
750 mm focal lens, offering a droplet size measuring 
range of 2–2000 mm. The spectrometer was placed 
250 mm underneath the exit orifice of the atomizer. 
The laser beam crossed the full cone spray angle at 
the nozzle axis centerline. Measurements were con
ducted over a time of 30 s, leading to a time-averaged 
distribution of the droplet size. To statistically charac
terize the atomization uniformity, the 10% and 90% 
percentiles, which are denoted as x10,3 and x90,3, 
respectively, were calculated for each pressure and vis
cosity. The difference between the two percentiles was 
defined as the distribution range.

Numerical modeling

The CFD model, including the physics models and the 
mesh, was adapted in STAR-CCMþ v.2206 (Siemens 
AG, Munich, Germany), from our previous work,[12] 

which had been implemented in ANSYS Fluent 2019 
R3 (Ansys, Inc., Canonsburg, Pennsylvania, USA). The 
multiphase flow that develops in the nozzle was mod
eled as an immiscible mixture of two phases: The 
liquid phase was set as incompressible and Newtonian, 
while the gas phase was assumed as ideal and 
Newtonian.

Governing equations

The multiphase flow was simulated using the Volume- 
Of-Fluid method. This model assumes that all fluid 
phases share the same pressure and velocity fields. 

This means that the two-phase system is modeled as a 
single-phase fluid, whose physical properties are calcu
lated from the volume averages of the properties of 
the actual phases.[14] This means that only one 
momentum equation, like the one shown in Equation 
(1), is solved to predict the velocity and pressure fields 
of the mixture.
d
dt

ð

V

qudVþ
ð

A
qu�udA¼−

ð

A
pI ∙dAþ

ð

A
s∙dAþ

ð

V

fbdV

(1) 

On the left side of the equation are the terms for 
transient and convective transport. u is the velocity, 
while q represents the volume-averaged density. On 
the right side of the equation are the pressure gradient 
term, the viscous stress term, and external force term. 
Correspondingly, p is the pressure, s is the stress ten
sor, and fb is the external body force vector. It should 
be noted that I is the identity matrix.[15] As for the 
integrals, V represents the volume; conversely, A is 
the normal vector of the surface area. Finally, t is the 
time.

Using the VOF formulation, the internal flow was 
modeled as transient because of the unstable free sur
face between the phases. Additionally, to account for 
turbulence, an appropriate Reynolds-Averaged (RANS) 
model was chosen, namely, the k-x SST. This model 
was selected after comparing with other RANS models, 
namely k-e and RSM, and evaluating how they cap
tured the flow instabilities that occur inside of the 
nozzle. More information about the model selection 
can be found in Ballesteros Martinez & Gaukel.[12] In 
summary, the k-x SST model reported the best balance 
between accuracy and computational efficiency. 
Additional information about the equations that com
pose this model and how they are implemented into 
the governing equations is presented in Baker et al.[16]

Mesh generation

The mesh configuration and density was based on the 
mesh independence analysis done on our previous 
study, which was performed for a quarter of a noz
zle.[12] More information about the mesh specifics and 
the results of the mesh independence test can be 
found there. The resulting the mesh utilized is shown 
in Figure 2. It should be noted that the nozzle geom
etry and design was, in principle, the same as the one 
in the previous work. However, for this study, the 
simulated volume was doubled to half a nozzle, to get 
a better visualization of the spray cone. Additionally, 
for the same purpose, an airbox was added 
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underneath the nozzle exit, with a height of two times 
the outlet diameter (D) and a width of 4D. The airbox 
was meshed with the same cell size and cell type as 
the one used for the outlet diameter.

Boundary and simulating conditions

The boundary conditions set for the simulation are 
shown in Figure 2. Just as in the experimental setup, 
the gas pressure and the liquid flowrate were the inlet 
boundary conditions set in the simulations. On the 
other hand, the exit of the simulated volume was set 
as an atmospheric pressure outlet. Because only half 
the nozzle was simulated, a symmetry plane was also 
implemented. All simulations were run for at least 
8 ms. we accounted for 4 ms of initialization time and 
used the other 4 ms of simulated time for the time- 
dependent and time-averaged analysis. An adaptative 
timestep was therefore introduced to better capture 
the flow variations. This ensured that the local CFL 
number across all the cells of the mixing chamber and 
outlet channel was always below one.

Model validation

The numerical model has already been validated with 
experimental results with viscosities of up to 
140 mPa�s. It can predict the average lamella thickness 
and the operating ALR, both with a relative error of 

around 10%.[12] Since the previous model had only 
been validated with the internal flow variation, a sec
ondary validation was performed here using the spray 
angle, to ensure that the model could also reasonably 
capture the external flow of the liquid after the nozzle 
exit. The spray angle in the simulation was determined 
by hand following the same procedure as with the 
experiments, although the measurement was performed 
without repetitions in this case.

Results and discussion

Effect of viscosity on internal flow stability

Wittner et al.[11] already indicated that increasing vis
cosities have a negative effect on the internal flow sta
bility, while increasing Air-to-Liquid Ratios (ALRs) 
have a positive effect on it. Nevertheless, we wanted to 
understand how the two factors (i.e. ALR and viscos
ity) interact. For that reason, we measured the lamella 
thickness for a wide range of liquid viscosities, at three 
different pressures and two different liquid volume 
flows. Both the volume flow and the air pressure were 
taken into consideration because they determine the 
ALR and can be easily set with the experimental setup.

To evidence the flow instabilities, the percentiles 
h5,0, h50,0, and h95,0 of the lamella thickness measure
ments are plotted for each viscosity, which is shown 
in Figure 3. The shaded region highlights then the 
range of lamella thicknesses that can be expected at a 
specific pressure and viscosity. For the higher liquid 
volume flow of 40 L�h−1, an additional pressure of 
0.7 MPa was evaluated. As expected, the h50,0 and 
h95,0 tend to increase with viscosity. In comparison, 
the h5,0 remains relatively constant with changes in 
liquid viscosities and operating conditions. It is inter
esting to note that the increase for the h95,0 is smaller 
at higher pressures. In contrast, the h50,0 is shifted 
downwards as pressure increases, but its increase with 
viscosity does not diminish with higher pressures, 
Looking at the liquid volume flow, a lower volume 
flow also causes the percentiles to increase less with 
viscosity, though, in this case, the h50,0 seems to be 
more affected than the h95,0. The behavior of the h50,0 

is severely flattened with a lower liquid volume flow; 
the h95,0 maintains comparatively the same behavior 
as with 40 L�h−1, even if the increase rate is slightly 
dampened. This means that the general behavior of 
the flow variations follows what is expected from pre
vious studies,[3,4] since they decrease with higher pres
sures and lower liquid volume flows, which are both 
related to higher ALRs.

Figure 2. Simulated mesh of the ACLR atomizer. Half of the 
nozzle was simulated along with an airbox underneath the 
nozzle exit. The inlet regions were meshed with hexahedral 
cells, while a finer polyhedral mesh was utilized for the other 
sections of the simulated volume. The boundary conditions are 
also indicated.
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As the top percentile, it would be expected that the 
h95,0 is more sensitive to all changes in process 
parameters. This is, however, not always the case, as it 
seen with the liquid volume flow. Nonetheless, it is 
still clear that the quasi-exponential increase of the 
characteristic values at higher viscosities, especially of 
the h95,0, is the limiting operability factor for the 
atomization. Future investigations with higher viscos
ities might show the upper limit of viscosity that 
allows a stable atomization. Since the experimental 
setup is limited to gas pressures of up to 0.7 MPa, 
these investigations might have to be complemented 
with numerical simulations of the nozzle to evaluate 
higher operating pressures.

Effect of viscosity on spray performance

As first recognized by Wittner et al.,[4] the internal 
flow instabilities have a negative effect on the DSD, 
which is one of our key spray performance parame
ters. With that in mind, we measured the cumulative 
volumetric DSD for two of the highest viscosities ana
lyzed in the previous section (140 and 340 mPa�s). 
This analysis was performed at the same three pres
sures and two liquid volume flows and is shown in 
Figure 4. The characteristic values of the DSD (the 
x10,3, x50,3, and x90,3 percentiles) all decrease with pres
sure and increase with viscosity, as well as with liquid 
volume flow. For clarification, to see how a percentiles 
changes (e.g. x50,3), one can focus on the correspond
ing ordinate in the y-axis (which in the example 

would be 0.5) and follow the horizontal line that 
intersects the DSDs. It is fairly evident then that any 
increase in the ALR leads to smaller values in the cor
responding percentile. This correlates with the behav
ior observed for the internal lamella thickness. This 
correlation also agrees with the behavior observed by 
Wittner et al.[4] and St€ahle et al.,[3] although they 
focused rather on the Sauter mean diameter and its 
temporal stability.

However, not only is the temporal stability impor
tant for process design, the atomization uniformity 
must also be considered. In this study, atomization 
uniformity refers to the size uniformity of the droplets 
after atomization,[17] which we evaluated using two 
criteria. On one side, we evaluated qualitatively the 
unimodality of the DSDs that are plotted in Figure 4. 
In doing so, one can notice that, for both viscosities, 
increasing pressure and lowering the volume flow 
(meaning increasing the ALR) shifts the DSD to 
smaller values and turns it from multimodal to uni
modal. A higher viscosity seems to diminish the 
amount shift on the DSD caused by the ALR. This 
correlates to the behavior of the lamella thickness 
shown in Figure 3. As the viscosity increases, higher 
pressures are required to keep the same internal flow 
variation, exemplified by width of the shaded region 
in Figure 3.

As a side note, the amount of overlap that seems to 
occur between the DSD at different operating condi
tions is interesting. This is related to the ALR, which 

Figure 3. Lamella thickness for maltodextrin solutions of increasing viscosities at different gas pressures (indicated with the 
different colors and markers) and two different liquid volume flows (Left: 20 L�h−1; Right: 40 L�h−1). For both left and right graphs, 
the median (h50,0) is indicated by the marker. The 5% and 95% percentiles (h5,0 and h95,0) are indicated as the shaded regions, 
showing the variation range of the thickness. The black dashed line represents the radius of the outlet channel; a lamella thickness 
of this magnitude would mean that the whole nozzle is filled with liquid.
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is known to be an important process parameter for 
the DSD with this type of nozzle.[3] To consider the 
effect of this parameter, we calculated the ALR for the 
different DSDs plotted in Figure 4. This is shown in 
Table 2 along with the range of the DSD, which is 
our second criterion of atomization uniformity. 
Coming back to the ALR, while the overlapping DSD 
do not share the same ALR, their ALR seems to fall 
within a same range, irrespective of the liquid viscos
ity. ALRs under 0.04 (marked with A in Table 2) lead 
to similar multimodal DSD with a large portion of 
large droplets. ALRs between 0.04 and 0.06 (marked 
with B) present a DSD with less multimodality but 
still a large portion of large droplets. ALRs from 0.06 
to 0.1 (marked with C) transition to a unimodal DSD, 
which seems to converge to a final stable distribution 
for ALRs above 0.1 (marked with D). A next step 
would be to evaluate whether this convergence hap
pens as well with higher viscosities, and whether there 

is a critical ALR that ensures this convergence irre
spective of viscosity.

The range of the DSD (see Table 2) follows the 
same pattern as the characteristic values of the DSD. 
This is evidenced by its tendency to decrease with 
pressure and increase with volume flow, that means, it 
decreases with higher ALRs. The effect of the viscosity 
is not as clear. Under constant operating conditions, a 
higher viscosity does lead to a smaller ALR, because 
of the thicker liquid lamella; however, the effect of 
this is not evident on the droplet size range. The vari
ation caused seems to be relatively small, so it is pos
sible that a stronger tendency could be noticed when 
evaluating higher viscosities.

Simulation of external flow

Both the analysis of the internal flow and the DSD 
indicate that higher viscosities have to be evaluated. 
However, both highlight the limitation of expanding 
this analysis with the experimental setup: Higher vis
cosities require higher pressures to ensure internal 
flow stability and a unimodal DSD. These pressure 
requirements may quickly exceed the capability of 
our, or any, experimental setup, which is why we 
decided to utilize a CFD model. In that way, we 
should be able to evaluate any useful process condi
tion without limitations of the experimental setup.

The results of this validation are shown in Table 3. 
The spray angle at three pressures was determined 
experimentally and with the simulation, for two 

Figure 4. Droplet size distribution of maltodextrin solutions of two different viscosities (Left: 140 mPa�s; Right: 340 mPa�s,), atom
ized at different gas pressures (indicated with line and marker color) with two different liquid volume flows (marked with either 
filled or empty markers). The ALR of each distribution are classified into four ranges, each marked with a different marker shape. 
The error bars also indicated for each distribution.

Table 2. Range and uniformity of the DSD for different pres
sures and viscosities.

Volume  
flow/L�h−1 Pressure/MPa

Range/mm† ALR/-

140 mPa�s 340 mPa�s 140 mPa�s 340 mPa�s

20 0.2 1127 ± 6 865 ± 298 0.068C 0.048B

0.4 268 ± 128 278 ± 121 0.136D 0.099D

0.6 231 ± 87 191 ± 71 0.214D 0.150D

40 0.2 1311 ± 28 1232 ± 48 0.023A 0.018A

0.4 1015 ± 97 1284 ± 30 0.052B 0.038A

0.6 437 ± 66 1078 ± 119 0.090C 0.062B

†Three replicate measurements were performed for each pressure.
ABCD The different ALR values were classified into four groups (A-D) based 

on the ranges described above in the text.
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different viscosities: 8 and 140 mPa�s. Both in simula
tions and experiments, increasing the pressure or low
ering the viscosity cause a wider spray cone (a larger 
spray angle), which makes sense since both are related 
to a thinner liquid lamella. Comparing between simu
lations and experiments, there seems to be in general 
a good agreement, considering the case at 0.6 MPa 
and 140 mPa�s as an outlier. As a side note, one can 
also notice that the variation of the spray angle, which 
is in general minor, does not change with pressure or 
viscosity, which is a good indicator for applications 
with larger viscosities. Further measurements that 
evaluate the temporal instability of the spray angle 
may confirm this.

Apart from the ability to simulate operating condi
tions beyond the limitations of the experimental setup, 
a CFD of the system also allows visualizing flow infor
mation that is not experimentally attainable. Figure 5
shows an example of this possible application, in that 
the spray cone at the nozzle exit was recreated. While 
in experiments, the 2D recordings are limited by the 

camera resolution and obscured by the spray mist, a 
simulation can accomplish full 3D reconstructions of 
the breakup of the liquid lamella. In the same way, 
extensive information can be obtained about other 
flow variables, e.g. the velocity or pressure drop.

Conclusions

The correlation between internal and external flow 
stability of the ACLR nozzle was studied for viscosities 
up to 340 mPa�s. The variations in the internal lamella 
thickness behaved as expected, as it decreased with 
ALR and increased with viscosity. It was interesting to 
note that the two main characteristic values of the 
flow variations (the h50,0 and h95,0 of the lamella 
thickness) had different sensitivities to changes in 
liquid viscosity and operating conditions: The h50,0 
was more sensitive to changes in liquid volume flow, 
while the h95,0 seemed to be more sensitive to changes 
in pressure. In fact, the pressure seems to be the limit
ing operating factor for the internal stability, since it 
is what most directly affects the h95,0. This means 
that, as viscosity increases, a higher operating pressure 
is critical to ensure stable operation.

In regard to the characteristic values and range of 
the DSD, they followed the same behavior as the 
internal lamella thickness, which happened as 
expected. In the same way that, at increasing viscos
ities, a higher pressure is needed to keep the same 
h95,0 of the lamella thickness, a higher pressure is also 
required to ensure a unimodal DSD with a small frac
tion of large droplets. Above a critical ALR of around 
0.1, the DSD might converge to a final distribution 

Table 3. Spray angle in simulations (SIM) and experiments 
(EXP) for different pressures and viscosities. All spray angles 
were determined for a liquid flowrate of 40 L�h−1.

Pressure/MPa

Spray anglea

8 mPa�s 140 mPa�s

EXP SIM EXP SIM

0.2 41 ± 4� 44� 35 ± 6� 42�

0.4 56 ± 2� 58� 44 ± 4� 45�

0.6 70 ± 4� 70� 51 ± 4� 67�

aMeasurement repeated five times in experiments, but no repetitions in 
simulations.

Figure 5. Experimentally observed spray cone (left) and simulated 3D-reconstruction of the liquid lamella (right) at the nozzle exit, 
for maltodextrin solutions of 8 and 140 mPa�s, at different pressures and a liquid flowrate of 40 L�h−1.
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irrespective of viscosity. This, however, will have to be 
investigated further with higher viscosities.

Both the analysis of the internal flow instability and 
of the DSD lead to the same conclusion: stable spray
ing with higher viscosities needs higher operating pres
sures. This means that simulations will have to 
complement the experimental measurements to evalu
ate until which point a stable atomization is possible. 
The validation of an existing CFD model with the 
spray angle provided promising results. In both experi
ments and simulations, the same trend was observed, 
as the spray cone widens with higher ALRs and smaller 
viscosities. The ability to obtain flow information that 
is not experimentally attainable is certainly one of the 
most alluring advantages of utilizing CFD simulations.
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