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ARTICLE INFO ABSTRACT

Keywords: Spray drying is a key method for large-scale production of food powders but remains among the most energy-
ACLR nozzle intensive processes in the food industry. Increasing the solids content of liquid feeds can lower thermal en-
CFD

ergy demand; however, higher viscosities complicate atomization. The Air-Core-Liquid-Ring (ACLR) nozzle
presents a promising approach, as it enables atomization of viscous feeds at low pressures (<0.8 MPa) and low
air-to-liquid ratios (<1). Nevertheless, existing ACLR designs suffer from internal flow instabilities, leading to
fluctuations in liquid lamella thickness and broad droplet size distributions. This study applies a validated CFD
model to systematically investigate the influence of key geometric parameters on lamella stability for feeds with
up to 54% wt. dry matter (1.33 Pa-s viscosity). The results indicate that a shorter outlet length, a larger chamber
inclination, and rounded internal edges promote thinner and more stable lamellas. An optimized design incor-
porating these features was manufactured and experimentally evaluated, yielding a narrower droplet size dis-
tribution than the reference design, even at operating pressures and air-to-liquid ratios reduced by 40%. These
findings demonstrate the energetic (of up to 45% when compared to a pressure-swirl nozzle) and operational
savings when applying the ACLR nozzle at industrial scale.

Geometrical optimization
Flow instabilities
Spray drying

1. Introduction

An important area of research in process engineering is how to
intensify processes with the objective of reducing energy consumption
and increasing efficiency. This topic of research becomes even more
important, when energy prices generally continue to rise, like in the
European Union [1]. Looking at the food industry, drying processes are
known to be the most energy-consuming type of unit operation, being
responsible for around 12-25 % of the total industrial energy con-
sumption in many developed countries [2]. From this, it can be noticed
that drying processes are an important target for process intensification.

At least when it comes to food powders, most products available on
the market are produced using a spray dryer [3]. A straightforward way
to reduce energy consumption is to increase the dry-matter content that
can be fed to the atomizer. According to a model calculation on indus-
trial spray drying by Fox et al. [3], an increase in feed dry matter content
by 1 % can lead to a decrease in thermal energy consumption of the
spray dryer by 3.8 %. However, a high dry-matter content also leads to a
steep increase in feed viscosity, which makes atomization more difficult

[4].
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Consequently, it is vital that an appropriate nozzle design is selected
that can handle those high viscosities. In general, pneumatic nozzles,
both external and internal mixing, are considered appropriate to handle
feeds with high viscosities, and each have their advantages and disad-
vantages. External-mixing nozzles allow the independent adjustment of
the air and liquid flow, enabling a better adjustment of the air-to-liquid
ratio (ALR) and of the resulting droplet sizes [5,6]. However,
internal-mixing atomizers usually require lower gas rates, in comparison
to external-mixing atomizers [7]. For example, Stahle et al. [8] showed
than an internal-mixing nozzle, in that case, an effervescent nozzle, re-
quires only 30-50 % of the gas mass flowrate of external-mixing ones to
achieve similar Sauter mean diameters. A lower atomizing gas flowrate
leads to reduced operating costs and should lead to a higher heat transfer
efficiency inside the drying tower, because of the lower amount of at-
omization air necessary [9].

One promising nozzle design is the Air-Core-Liquid-Ring (ACLR)
nozzle, which is a type of internal-mixing pneumatic nozzle [10]. The
nozzle is based on injecting a high-speed gas flow at the center of a
flowing liquid feed. Such a design favors the development of an annular
flow inside the nozzle, with an air core surrounded by a liquid film, also
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Fig. 1. (a) Schematic of all the different geometrical parameters identified for the ACLR nozzle. The red circles indicate the edges that can be rounded off. (b)
Diagram showing the dimensions of the base nozzle geometry.

Table 1

Summary of important geometrical parameters of the nozzle, indicating whether
they have already been investigated, and what their influence on the internal
flow is. The underlined values represent the values of the base ACLR nozzle

geometry.

Geometrical
parameter

Expected/known influence on
internal nozzle flow

Already investigated

Dy

Lm

Le

Dw

Smaller D, causes larger
pressure loss and higher initial
velocity for the gas, which
should reduce the lamella
thickness.

Longer L, means larger free
surface, leading to more flow
instabilities, but smaller L,
means smaller flow area
available for the liquid,
leading to higher pressure
losses.

Longer L. means larger free
surface, leading to more flow
instabilities, but also some
length is needed so that the
annular flow can develop.

Smaller D, means less
available area for the annular
flow and, with it, larger
pressure losses and phase
velocities. The larger gas
velocity might lead to thinner
liquid lamellas.

The thinner the D,,, the more
area for the liquid to flow
through, and, with it, the
smaller the liquid velocity.
This might reduce turbulence,
and with it, the flow
instabilities.

A higher a means that the
change of direction of the
liquid, as it mixes with the air
flow, is smoother. In turn, this
should cause the annular flow
that forms to be smoother and
more stable.

The larger the rounding R, the
smoother the change of
direction of the flow as it
encounters a corner, which
should lead to a smoother and
more stable annular flow.

Larger temporal unsteadiness
of the Sauter mean diameter
(SMD) — Evaluated at 2.4, 7.4,
and 12.4 mm [10].

SMD and its standard deviation
are larger with longer outlet
channels — Evaluated for an
effervescent nozzle at 1.5, 3,
4.5, and 6 mm [22].

Scaling the nozzle up while
keeping the same ALR
increases the SMD — Evaluated

for 1.5 and 3 mm [23].

called a liquid lamella [11]. The performance of the ACLR nozzle has
been so far proven to successfully operate even for viscosities up to 3
Paes and dry-matter concentrations up to 57 % wt [12]., at pressures of
barely 0.7 MPa and ALR below 1. These operating requirements are
small in comparison to the pressure requirements of pressure swirls,
5-25 MPa [13], and air flow requirements of external-mixing nozzles,
with ALRs of 1-15 [14]. Moreover, the ACLR can handle much higher
dry-matter contents (52-57 % wt [12].) compared to standard pressure
swirl nozzles, which are typically limited to a maximum of 30 % wt [15].
at the lab scales evaluated. Based on energy estimates from Fox [3], this
increase in atomizable dry-matter content could result in energy savings
of up to 45 %.

However, at the conditions evaluated, flow instabilities tend to
develop in the annular flow inside the nozzle. This unstable flow
behavior is in fact a common problem with internal-mixing nozzles [16,
17]. It is important to clarify that, in this context, flow instabilities refer
to fluctuations of the annular flow inside the nozzle, most notably os-
cillations in the thickness of the liquid lamella (as evidenced in Section
6). These fluctuations lead to a broader droplet size distribution and an
increased proportion of large droplets with diameters above 500 um
[18]. It should be distinguished from the microscopic instability mech-
anisms, such as Kelvin-Helmbholtz instabilities, which are responsible for
the actual breakup and atomization of the liquid [19]. Here, flow in-
stabilities denote the oscillations in the liquid lamella, which need to be
addressed by either evaluating higher operating pressures, or by
improving the nozzle geometrical design.

While the effect of the operating pressure, and in general, of the ALR,
on the lamella thickness and the resulting droplet sizes has already been
identified [18], the effect of the geometrical design of the nozzle has not
yet been systematically investigated. The present study encompassed
two complementing objectives. On the one hand, to identify and vary
the geometrical parameters of the nozzle design that have a positive
effect on reducing the internal flow instability. On the other hand, to
find the combination of the different geometrical parameters that most
improve the flow stability and, with that, produce the most stable spray
with smaller droplets. Experimentally evaluating numerous geometrical
variations would be wasteful and time consuming, so the geometrical
analysis contained in this study was conducted numerically, utilizing an
implemented CFD model of the nozzle that has already been validated
with experimental data for feed viscosities up to 1.33 Pa-s [20].
Although the geometrical variations were evaluated using a validated
numerical model, we also compared the droplet size distribution (DSD)
of the optimized nozzle with that of the base nozzle design, using a spray
test rig.
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Table 2
Simulation plan for the geometrical analysis. The underlined values represent
the values of the base geometry.

Geometrical parameter Variation level

D [mm] 0.8 1.2 1.5
L. [mm] 0.8 1.2 is
o [] 31 45 60
Dy [mm] 0.9 1.2 1.5
R [mm]’ 0.5 1 4 5

# In the base geometry, there were only sharp corners, so there was no original
rounding radius.

2. Geometrical analysis

The main geometrical parameters of the nozzle that are assumed to
have an influence on the flow stability are shown in Fig. 1a. These main
parameters are: the diameter (D,) and wall thickness (D) of the gas
capillary, the length (L,,) and inclination (@) of the mixing chamber, and
the length (L.) and diameter (D.) of the outlet channel. Additionally, we
considered the possibility of rounding off the sharp internal edges of the
nozzle, indicated in Fig. 1a with red circles. In that case, the actual
rounding radius (R) is also a geometrical parameter to consider. To give
a better reference of the scale of these parameters, all the important
dimensions of the nozzle geometry are shown in Fig. 1b.

Some of these parameters had been already investigated by previous
studies about the ACLR nozzle, or at least about pneumatic nozzles. For
those parameters that had not yet been investigated, we considered
which factors could favor the formation of a stable annular flow inside
the nozzle. Table 1 shows the summarized information about previous
studies and the expected, or in some cases, already known, effects of the
geometrical parameters on the internal flow. In principle, the considered
parameters could have one of three possible effects. First, they could
reduce the contact time or the free surface between the phases, which
might give the instabilities less time to develop. This is the case for L, or
L,. Second, they reduce the angle at which the two phases impinge on
each other. In turn, that reduces the apparition of oscillations in the
interface. This is the case for a or for rounded edges with a given R.
Third, they might affect the relative velocity between the phases, which
is one of the driving forces for the apparition of instabilities [21]. This is
the case for Dy, Dy, or D,.

With the information gathered in Table 1, we preemptively discarded
parameters that had already been sufficiently investigated by previous
studies about the ACLR nozzle, such as the L,,. Additionally, we decided
to keep the diameter of the capillary (Dg) and the total width of the
nozzle constant, because changing them would simply affect the inlet
pressure loss and/or volume flow of the phases, which would correspond
to scaling up the nozzle or simply increasing the ALR. With that in mind,
five parameters were selected for the geometrical analysis: the di-
mensions of the nozzle outlet channel, L, and D,, the parameters that can
change the impingement angle between the phases, @ and R, and, finally,
the D,,.

2.1. Simulation plan for geometrical analysis

For most of the selected geometrical parameters, we chose two
alternative values, different than the base value in the base design. These
values are shown in Table 2. The exception to this is the edge rounding,
where we instead considered four different rounding radii. In total, 12
simulations needed to be carried out.

Based on the geometrical analysis results, we proposed an improved
nozzle design, which was evaluated and compared with the base ge-
ometry. Every geometrical variation consisted of the base nozzle ge-
ometry with a single parameter being altered at a time. Appendix A
details the specifics of how every variation of the nozzle geometry was
generated.
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3. Spray test rig

All experiments were carried out in a spray test rig, which has been
described in detail in a previous study [24]. 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 and measured by a gear flow meter. Air is
supplied by a compressor. The air pressure is adjusted with a pressure
regulator, and its resulting volume flow is measured by a gas flow meter.

The DSD was measured 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
um, and it was located 35 cm below the nozzle exit. This distance was
chosen based on previous experimental testing [12]. The laser beam
crossed the full cone spray angle at the nozzle axis centerline. The
measurement was conducted at a frequency of 10 kHz over a time of 1 s,
leading to 10,000 DSDs. Each recorded distribution had to be corrected
from the beam-steering effect. This effect is a systematic error that is
especially prevalent in pneumatic nozzles. It causes the apparent
detection of large spray droplets due to density gradients in the gas
phase. The correction was done by adapting the code developed by
Wittner et al. [25]. In order to characterize the width of the droplet
distributions, we tracked the 10 %, 50 % and 90 % volumetric per-
centiles of the measured sizes, which are denoted as X1 3, Xs50,3, and xgq,
3, respectively. As will be discussed in more detail during the analysis of
the results, the presence of large droplets represents the most significant
limitation for the application of the ACLR in industrial processes. The
reason for this is that large droplets can cause several issues during
operation, such as caking on the dryer walls, product loss, or incomplete
drying [5]. Consequently, the main objective of improving the nozzle is
to reduce the xgq 3.

4. Numerical model

The CFD model, including the physics models and the mesh, was
implemented in STAR-CCM+ v.2206 (Siemens AG, Munich, Germany)
as described in our previous work [20]. In short, the multiphase flow
that develops in the nozzle was modelled as an immiscible mixture of
two phases: The liquid phase was set as incompressible with the
Carreau-Yasuda model to represent the non-Newtonian behavior, while
the gas phase was assumed as ideal and Newtonian. The implementation
Carreau-Yasuda model was validated in our previous work [20], and it
was shown that incorporating the non-Newtonian behavior into the
simulations did not compromise the accuracy of the simulations.

The multiphase flow was simulated using the Volume-Of-Fluid (VOF)
method. This model assumes that all fluid phases share the same pres-
sure and velocity fields. That means that the two-phase system is
modelled as a single-phase fluid, whose physical properties are calcu-
lated from the volume averages of the properties of the actual phases
[26]. In order to resolve the interface between the liquid and the gas,
STAR-CCM+ utilizes the High-Resolution Interface Capturing (HRIC)
scheme, which is a type of compressive method that ensures that the
volume fraction gradient remains sharp near the interface [27]. The
validity and accuracy of using a compressive scheme to simulate the
multiphase flow inside the ACLR was already evaluated in Ballesteros
Martinez and Gaukel [24].

Using the VOF formulation, the internal flow was modelled as
transient because of the unstable free surface between the phases.
Additionally, to account for turbulence, the Large Eddy Simulation
model (LES) was used. With LES, the flow variables are decomposed
spatially into a filtered value and a subgrid component [28]. By intro-
ducing these decomposed variables into the transport equations, the
filtered variables can be resolved directly. In contrast, the subgrid
stresses are modelled indirectly, estimating them from the filtered
values and a turbulent subgrid viscosity. There are different options to
determine the turbulent viscosity. From the recommendations of the
user guide [27], the Wall-Adapting Local-Eddy Viscosity (WALE)
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Fig. 2. (a) Simulated mesh of the ACLR atomizer. The boundary conditions are also indicated. Taken from Ballesteros Martinez and Gaukel [33]. (b) 2D snapshot of
an exemplary flow pattern inside the mixing chamber and outlet channel of the nozzle. The liquid phase is shown as blue, while the air phase is grey. The dotted

orange line is the line probe utilized to measure the liquid lamella thickness.

Table 3
Fitting parameters for the Carreau-Yasuda model for maltodextrin solutions.
Taken from Ballesteros Martinez and Gaukel [20].

Dry-matter content 1o /s A n a

[ % wt.] [Pa-s] [Pas] [s] [-] [-]

52 0.74 0 1.03 0.10 0.38

54 1.33 0 0.49 —0.60 0.46
Table 4

Operating conditions used for the simulations during the geometrical analysis.

Dry-matter content ALR Pressure Volume flow
[ % wt.] [MPa] [L-h-1]

52 0.19 0.7 25

54 0.17

Subgrid Scale model was selected [29].

The boundary conditions set for the simulation are shown in Fig. 2a.
The gas pressure and the liquid flowrate were the inlet boundary con-
ditions set in the simulations. The exit of the simulated volume was set as
an atmospheric pressure outlet. Because only half the nozzle was
simulated, a symmetry plane was implemented. All simulations were
run for at least 8 ms. We accounted for 4 ms of initialization time and 4
ms for the time-dependent and time-averaged analysis. An adaptive
timestep was introduced to ensure the stability of the solver, and it
usually stabilized around 50 ns.

The mesh configuration and density was based on the mesh inde-
pendence analysis done on our previous study, which was performed for
a quarter of a nozzle [24]. The regions of interest, i.e. the mixing
chamber and the outlet channel, were meshed with a fine polyhedral
grid. Conversely, the inlet regions upstream, where there is exclusively
either gas or liquid, were fitted with a coarser hexahedral grid. The
adequacy of the mesh was determined using the Kolmogorov and Taylor
length scales, which are good criteria for the minimum and maximum
local cell sizes, respectively, that an appropriate mesh should have. More
details about this analysis can be found in Ballesteros Martinez, Becerra,
and Gaukel [30]. The chosen mesh has a reference cell size of 33 mm, a
cell count of 1.3 million cells, and it can be seen in Fig. 2a.

To characterize the internal flow instabilities, that is the fluctuations

of the annular flow, we utilized the lamella thickness (h). For this pur-
pose, a linear probe was created in the middle of the outlet channel, with
the same length as the channel radius. The exact position of the probe is
shown in Fig. 2b, along with an exemplary snapshot of the annular flow
that forms inside the nozzle. Following the method established by Bal-
lesteros Martinez and Gaukel [24], the liquid volume fraction was
measured along the line. Then, using a line integral, we calculated the
portion of the line probe occupied by the liquid phase. This calculation
of the lamella thickness was performed at each timestep during the 4 ms
of simulation that were used for analysis. To characterize the lamella
thickness fluctuations along this time, the 5 %, 50 %, and 95 % per-
centiles were calculated and are denoted as hsg, hsgg, and hos,
respectively. Because a thicker lamella is correlated with larger droplets
[18], the geometrical analysis and optimization of the nozzle design are
biased toward primarily reducing the hgs o.

5. Operating conditions

To compare all the geometrical variations of the nozzle, it was

important to use the same conditions, and to choose a condition that is
representative for the desired application with the ACLR nozzle and the
atomization of highly viscous feeds. Therefore, all simulations were
carried out using the properties of a 52 % wt. maltodextrin solution.
Additionally, once the improved nozzle design was generated, it was
also tested with a higher dry-matter mass fraction, of 54 % wt., to ensure
that the improvement of the internal flow stability was not restricted to a
specific viscosity. The rheology of maltodextrin solutions at this range of
dry-matter concentrations has been shown to be strongly shear-thinning,
so the non-Newtonian Carreau-Yasuda model [31,32] was used to
represent this behavior. The equation of the model is:
N(7) = e + (1 = 1) (1 + (27)7) D72 @
where 7 is the viscosity, 7, is the zero viscosity, 7., the viscosity at
infinite shear rate, and 7 is the shear rate. The correlation parameters are
the relaxation time A, the power index n, and the parameter a, which
controls the shear-thinning behavior. Table 3 shows the model param-
eters that represent the behavior of the solutions at the different
maltodextrin concentrations.

Similarly, all simulations were carried out under the same pressure
and volume flow, which are summarized in Table 4. The resulting ALR
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Fig. 3. Box diagram of lamella thickness for the 52 % wt. MD solution at 0.7 MPa and a liquid volume flow of 25 L/h, for different values of the: (a) capillary wall
thickness and (b) mixing chamber inclination. The underlined value in the x-axis marks the dimension of the base geometry. The box width correlates to a = 15 %
interval around the median. The whiskers mark the 95 % and 5 % percentiles. The resulting median ALR is also indicated. The dotted line represents the maximum

thickness that the lamella can reach.
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Fig. 4. Box diagram of lamella thickness for the 52 % wt. MD solution at 0.7 MPa and a liquid volume flow of 25 L/h, for different rounding radii. The underlined
value in the x-axis marks the dimension of the base geometry. The box width correlates to a + 15 % interval around the median. The whiskers mark the 95 % and 5 %
percentiles. The resulting median ALR is also indicated. The dotted line represents the maximum thickness that the lamella can reach.

from the base geometry is also indicated for each maltodextrin solution.
As it will be discussed in Section 6.4, the geometrical variations have an
effect on the ALR. In turn, the ALR also has an effect on the flow in-
stabilities. To differentiate between the direct effect of the geometrical
parameters and the effect of a higher/lower ALR, some of the simula-
tions were repeated with a specified ALR instead of a set pressure. It
should be noted, however, that the ALR could not be directly set in the
simulations, because the boundary conditions of the CFD model are the
inlet pressure of the gas and the volume flow of the liquid. These are also
the parameters that can be adjusted in the experimental spray rig. It is
not possible to simultaneously set the mass flow and the pressure of the
gas, as that would overspecify the boundary condition [27]. To
circumvent that, we implemented a target mass flow in the pressure inlet
boundary, which allows the program to change the inlet gas pressure
(from an initial user-defined value) between iterations until the desired

air mass flow is reached. More details about how the implementation of
the gas inlet conditions affects the simulation are discussed in Appendix
B.

6. Results and discussion

Sections 6.1-6.3 detail the results from the geometrical variations of
the base nozzle geometry. The different parameters are grouped ac-
cording to which nozzle section was altered. Section 6.4 focuses on the
effect that the geometrical variation has on the ALR and how this affects
the flow stability. Section 6.5 consists of the evaluation of the improved
nozzle design.
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The whiskers mark the 95 % and 5 % percentiles. The resulting median ALR is also indicated. The dotted line represents the maximum thickness that the lamella

can reach.

6.1. Effect of the mixing chamber dimensions (Dy,, &) on flow stability

Fig. 3 shows the time-dependent variations of the lamella thickness,
as a box diagram, for different @ and D,. As a general comment, all
median values are in the range of 0.12-0.15 mm. The main effect of the
geometrical variations is seen on the shift of the hs and hgs o values.

Looking specifically at the capillary wall thickness, Fig. 3a shows
that the value range of the distribution tends to increase with increasing
wall thickness, which is illustrated by the 5 %-95 % whiskers. In
contrast, the median and its surrounding range of +£15 % remain almost
constant, showing only a small decrease of around 7 % with the largest
D,,. From this, it can be concluded that thinner capillary walls cause the
lamella fluctuations to decrease but the median lamella to increase. The
ALR, on the other hand, only decreases marginally with thicker capillary
walls. Considering these results, decreasing the capillary wall thickness
has contrary effects on the hgsp (decreasing) and the median
(increasing), so it might not be the most recommendable option to
change for the improved design.

For the chamber inclination (Fig. 3b), there is a decrease in the
lamella fluctuations, when comparing 31° to the other two angles, which
would agree with the expectations explained in Table 1. The median
lamella thickness is reduced by around 10 % when increasing the
chamber inclination to 45°. However, the median then increases again
(although <5 %) when the inclination changes from 45° to 60° The
reason for this is not clear. The results from the simulations show that
the average shear rate of gas on the liquid surface increases from 2.7 x
10° to 2.9 x 10° s’l, when the chamber inclination increases from 31°
to 45°. It then decreases to 2.6 x 10° s}, when the inclination is
increased to 60°. Therefore, there might be an optimal impingement
angle between the phases that minimizes the change of flow direction
but maximizes the transfer of energy of the gas into the liquid. At least
from the values analyzed, 45° would be the most adequate option. With
regards to the ALR, there is a small increase of <10 % as the inclination
angle becomes larger. However, it should be noted that the increase is
minimal compared to the normal fluctuation of the ALR (see Appendix
B).

6.2. Effect of the rounded corners (R) on flow stability

Fig. 4 shows a box plot of the lamella thickness for different rounding
radii. In general, all percentiles decrease with larger R to a minimum at

around 1 mm and then begin to increase again. In fact, a radius of 5 mm
leads to a wider range of variation (difference between the hs o and the
hgs,0) compared to no edge rounding at all. This might be related to the
lower ALRs that occur at 4 and 5 mm. Conversely, smaller rounding radii
favor higher ALRs, under the same pressure conditions. It may also be,
that the nozzle becomes too round with the higher radii, and it can no
longer induce the formation of a stable annular flow. In the range of
values tested, rounding off the edges with a radius of 1 mm seems to be
the optimum to reduce the lamella thickness values and its range of
variation, as it presents the lowest hsg o and hos o.

6.3. Effect of the outlet channel dimensions (Le, De) on flow stability

Fig. 5 shows the effects of the dimensions of the nozzle outlet channel
on the lamella thickness, more specifically of the outlet diameter (in
Fig. 5a) and length (in Fig. 5b). As in Fig. 4, a box plot diagram is used to
illustrate the statistical distribution of the measured values. Starting
with the D,, it is evident that the outlet diameter has a decisive effect on
the resulting lamella thickness. However, contrary to what was hy-
pothesized in Table 1, a smaller diameter leads to a thicker liquid
lamella, as it can be seen when comparing 1.2 and 1.5 mm. When
reducing further to 0.8 mm, the flow is almost choked, and a very thick
lamella, almost as thick as the entire radius of the outlet (0.4 mm for that
geometry), forms. Additionally, the thick lamella presents very little
variation. That is why the box diagram seems to collapse into a line. The
reason for this behavior may lie in the strong reduction of the ALR, when
the diameter is reduced at a constant pressure. The rise in lamella
thickness with decreasing D, does not agree with the results of Wittner
et al. [23] and Hammad et al. [7]. However, their work was restricted to
much lower viscosities lower than 0.12 Pas. It may be that the pressure
losses when operating with higher viscosities, like in this work, out-
weighs any benefits from the larger gas velocity that come from the
reduced diameter.

On the other hand, when looking at the results of the outlet length
(Fig. 5b), the median of the lamella thickness increases consistently with
a longer outlet channel. The 5 % and 95 % percentiles also increase,
though at an inconsistent rate. hs o increases most from 1.2 to 1.5 mm,
while the hgs g increases most from 0.8 to 1.2 mm. This causes the range
of variation to be actually the largest for 1.2 mm. Nonetheless, the fact
that a shorter outlet channel leads to a more stable and thinner lamella
with what Schroder et al. [22] observed for a similar internal-mixing
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Fig. 7. Schematic of the proposed improved nozzle geometries: (a) improved nozzle 1 with L, = 0.8 mm; and (b) improved nozzle 2 with L, = 1.5 mm.

nozzle, the effervescent atomizer. Shortening the contact time between
the phases, by reducing L. or L,,, leads to a more stable lamella thick-
ness. On top of that, the shortened outlet channel also allows a higher
ALR under constant operating pressure, which has also a positive effect
in reducing the lamella fluctuations. It is clear then that an improved
nozzle should have a shorter outlet length.

6.4. Separating effects of geometric parameters from the ALR

As noticed in Sections 6.1-6.3, varying the nozzle dimensions has
both an effect on the lamella thickness and on the ALR, which, in turn,
has an effect on the lamella thickness. Therefore, it was of interest to
distinguish between a direct influence of the geometrical parameters on
the flow instabilities and a secondary effect from the higher/lower ALRs.
For this purpose, we implemented alternate boundary conditions, as
explained in Section 5, in a way that the same ALR was reached in the
new geometry as in the base geometry. We conducted this analysis for
the geometrical parameters that showed the largest ALR deviations: the
outlet diameter and outlet length.

The results are shown in Fig. 6, which presents the fluctuations in

lamella thickness over time at a constant ALR of 0.19. The box plot di-
agram is analogous to the diagram at a constant pressure of 0.7 MPa (see
Fig. 5). When operating at the same ALR, it is clear that both smaller
outlet lengths and diameters lead to thinner lamellas, with a strong
reduction of the hsg o. This agrees with what was expected from Table 1.
The effect on the hgs g is not as clear. However, one important thing to
notice is the average pressure required to achieve the ALR of 0.19. For
the L., there is little difference between the pressures. However, for the
D,, the pressure increases over 400 %, when the diameter is reduced to
from 1.5 to 0.8 mm. This confirms our previous conclusions that the
improved nozzle should have a shorter outlet length but the base
diameter.

6.5. Improved nozzle design

Based on the knowledge gained from Sections 6.1-6.4, it becomes
clear that an improved nozzle would need to have a shorter L., a larger a,
and its internal edges rounded off. Determining the specific optimal
value for each of these parameters would have required a much more
extensive simulation plan, so instead we combined the simulated
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Fig. 9. Box diagram of lamella thickness for the 54 % wt. MD solution at 0.4
and 0.7 MPa liquid volume flow of 25 L/h, for the base geometry and the
improved nozzle design. The box width correlates to a &= 15 % interval around
the median. The whiskers mark the 95 % and 5 % percentiles. The dotted line
represents the maximum thickness that the lamella can reach. The corre-
sponding pressure and ALR are noted on top of each measurement.

dimensions that provided the best results. This leads to the improved
nozzle 1 shown in Fig. 7a. The effect of the D,, was not as clear, given
that the median lamella thickness increased while the hgs o decreased, so
we considered it best to maintain the original value. Additionally, a
thicker capillary wall allows additional safety when handling larger
pressures and makes construction of the nozzle easier. The original D,
was also maintained, because decreasing it raises the pressure

requirements of the nozzle (see Fig. 6a) and increasing it leads to a
higher SMD [23].

In general, we expected that the different geometrical variations
would not negatively interact with each other when combined, as they
all should lead to thinner and more stable lamellas. The single exception
was that rounding off the edges with an R of 1 mm plus having a shorter
L. might not allow enough length for the annular flow to develop. To
evaluate if this is a valid concern, we also included an alternative
improved nozzle 2, with an L, of 1.5 mm, which is shown in Fig. 7b.

With that in mind, the internal flow stability of the optimized nozzles
was examined. The box plot diagram of the two improved designs is
shown in Fig. 8. Comparing the simulations at 0.7 MPa, it is clear that
the geometrical changes lead to reduced lamella thicknesses, with both
the median and the hgs g being smaller than those of the base geometry.
The greatest improvement can be seen in the shorter L.. Consequently,
there seems to be still enough length for the annular flow to develop. An
even more interesting finding is that, when simulating the same geom-
etries at 0.4 MPa, the improved nozzle 1 still presents thinner lamellas
than the base geometry, with an hsg ¢ around 20 % smaller. This could
mean that the improved design could operate at a lower pressure and
still obtain smaller or similar lamella thicknesses than the base geome-
try, which could lead to smaller operating costs in industrial applica-
tions. In contrast, the improved nozzle 2, with L, of 1.5 mm, shows
larger lamella variations than the base geometry when operating at a
lower pressure, which is the expected result. Overall, it can be seen that
the improved design 1 is the most promising one.

It is possible that the apparent reduced pressure requirements of the
improved nozzle 1 are simply due to larger ALRs, which is why the ALRs
were determined as shown also in Fig. 8. As expected, when operating at
the same pressure, the improved nozzles present a larger ALR than the
base geometry. However, contrary to the initial expectation, the ALR of
the improved nozzle 1 at 0.4 MPa is smaller than the one of the base
geometry at 0.7 MPa, even though it has a thinner lamella with smaller
fluctuations. This outcome highlights that the geometrical improvement
leads to a more stable and smaller lamella thickness. In addition, the
smaller pressure and ALR requirements could even further lower energy



M.A. Ballesteros Martinez et al. Chemical Engineering and Processing - Process Intensification 222 (2026) 110745

1.0 T T T 1.0 T T T
© Median: xg © Median: xg 54% wt. MD
1 Range: x5 - X903 I Range:xio;-Xg4
0.8+ 1 0.8+ .
. o2t ] [0z -
£ 07 MPa [0.4MP £,
x 0.6+ 0:7MPa] (04 WPl < 06{ | 038 | 043 | {023 ]
I (]
.§ T N 0.7 MPa| - [0.4 MPa
T 0.4 D 0.4- l
5 5
a l ©) a
0.2 I _ 0.2 |
0.0 : — ; 0.0 ;
Base geometry  Improved nozzle 1 Base geometry  Improved nozzle 1

(@ (b)
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Fig. 11. Schematic of the nozzle geometry with all base parameters except for: (a-b) the wall thickness (Dy) of the gas capillary; and (c—d) the length (L) of the
outlet channel. In the case of the Dy, it was decreased from its original 1.5 mm to (a) 0.9 mm; and (b) 1.2 mm. In the case of L., it was decreased from its original 1.5
mm to (c) 0.8 mm; and (d) 1.2 mm.

consumption and operating costs. corresponds to a maltodextrin solution of 54 % wt. The resulting lamella
To further evaluate the applicability of the improved nozzle 1, we thicknesses are plotted in Fig. 9, both for the improved nozzle and the
investigated its operation with a higher viscosity of 1.33 Pa-s, which base geometry. Just as it was observed for the lower viscosity, the
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improved design shows much smaller values for the lamella thickness,
compared to the base design, when operating at the same pressure,
mostly because the resulting ALR is larger (also shown in the figure).
However, in this case, lowering the pressure to 0.4 MPa leads to a wider
range of variation compared to the base design at 0.7 MPa. Taking into
account that the viscosity in this case is about double of that in Fig. 8, it
was to be expected that the performance at 0.4 MPa would be worse.
Nonetheless, it should be kept in mind that even operating at 0.7 MPa,
the improved geometry still requires far lower ALRs than commercial
external-mixing nozzles, which normally require ALRs of 1-15 [14].

6.6. Experimental evaluation of the improved nozzle design

As a final proof of concept, we compared the actual performance of
the improved nozzle with the base design, on a spray test rig. For this
purpose, the improved nozzle 1 was manufactured as two pieces: a metal
capillary tube for the gas and a clear acrylic block around it, which re-
ceives the liquid feed. The most important parameter to evaluate is the
DSD, since the resulting droplet sizes have a large influence on the
drying kinetics as well as on the properties of the final powder. Fig. 10
shows how the droplet sizes compare between the designs, for two
different MD concentrations. Following the same logic as in Section 6.5,
we not only compared the two designs using the same inlet pressure, but
also evaluated a lower pressure with the improved geometry, to high-
light the lower pressure requirements of the improved design.

The data shows that the improved nozzle generates smaller xg 3
compared to the base design. This holds true even when operating the
improved nozzle at a lower pressure, and it occurs with both evaluated
solutions. The effect of the geometry on the median droplet sizes is not as
clear. For 52 % wt., it follows a similar trend as the xq¢ 3, decreasing
when xgq 3 decreases. However, for 54 % wt., the median is actually at its

10

highest when the xgq 3 is at its lowest. As for the x;¢,3, it becomes smaller
with the improved nozzle, for 52 % wt., but it shows almost no change
when atomizing the 54 % wt. solution. Overall, given that the xg¢ 3 is a
critical factor for the operability of an spray dryer [5], it is an important
finding that the geometry improvement has such a positive effect on
reducing the xgg 3.

It might jump to the attention of the reader that the droplet sizes are
lower for the MD solution with a higher viscosity, which seems counter
intuitive. The reason for this difference is that, in the experimental
setup, the maximum volume flow that could be achieved decreased for
higher viscosities [12]. This means that each solution was evaluated at a
different volume flow and, therefore, at a different range of ALRs (this is
also noted in Fig. 10). Nonetheless, the difference in ALR range had no
real effect on the geometry analysis. It simply means that the perfor-
mance with the different feed viscosities cannot be compared directly
with each other.

Similar to the previous analysis of the lamella thicknesses, it is
important to verify if the positive effect of the improved geometry on the
droplet sizes are simply caused by larger ALRs. For that purpose, we
compare the ALRs and droplet sizes shown in Fig. 10. As expected, when
operating at the same pressure, the improved nozzle presents both a
higher ALR and smaller droplets (xg9,3) than the base design. However,
we can also see that when we reduce the operating pressure to 0.4 MPa,
the improved nozzle still maintains an xg 3 smaller than that of the base
geometry at 0.7 MPa, even though its ALR at 0.4 MPa is lower than the
one of the base design. This holds true for both viscosities, and it con-
firms the lower operating requirements of the improved nozzle design,
which would also mean lower operating costs.

An important disclaimer to address here is that, although the
improved nozzle presents a smaller Xq¢ 3 than the base design, the value
is still higher than what is recommended for most industrial
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Fig. 14. Example of time-dependent profile, as well as the average, the median, and the £25 %-range of variation around the median, for: (a) the ALR of a simulation

with a fixed inlet pressure of 0.7 MPa and a liquid volume flow of 25 L/h, with the basic geometry; and (b) the inlet pressure for a simulation with a specified target
ALR of 0.19 and a liquid volume flow of 25 L/h, with a modified geometry with D, = 1.2 mm.

applications. As a reference, for the spray drying of milk products, cof- exceed 200-400 pm [5]. Nonetheless, it should be noted that the ALRs
fee, pigments and even ceramics, the expected droplet sizes should not are very low compared to those of commercially available pneumatic
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nozzles, such as air-blast nozzles, which usually require ALRs between 1
and 15 [14]. Therefore, increasing the atomization pressure could be
considered to further reduce the xqq 3, if the experimental setup allows
it. The simulation results from Ballesteros Martinez and Gaukel [20]
show that the maximum lamella thickness can be strongly reduced while
remaining at ALRs below 1. This would indicate that further reduction of
the xg¢ 3 should also be possible while maintaining the benefit of low
ALR requirement that the ACLR nozzle has with respect to other pneu-
matic nozzles. Because the vast majority of the energy consumption in
the spray-drying process occurs during the drying step (over 95 % [3]),
increasing the ALR would not significantly reduce the potential 45 %
energy savings achieved by implementing the ACLR in a standard
process.

7. Conclusions

The geometrical design of the ACLR was investigated and improved
using a validated CFD model. Six parameters were considered: the
diameter and wall thickness of the gas capillary, the length and incli-
nation of the mixing chamber, and the length and diameter of the outlet
channel. Additionally, we considered the possibility of rounding off the
sharp corners of the nozzle with different radii. The influence of these
parameters on the internal multiphase flow was analyzed, with the
intent on minimizing the thickness of the liquid lamella that forms inside
the nozzle. The results showed that a shorter outlet length, a larger
chamber inclination, and rounded internal edges produced thinner and
more stable liquid lamellas.

Based on these findings, two optimized designs were proposed,
differing only in outlet length (0.8 and 1.5 mm). The purpose of eval-
uating two outlet lengths was to verify whether combining the rounded
internal edges with a shorter outlet channel could hinder the develop-
ment of the internal flow. This, however, was not the case, as simula-
tions indicated that the shorter outlet (0.8 mm) generated thinner and
more stable lamellas. Based on this result, this version of optimized
nozzle was manufactured and tested in an experimental spray rig, by
comparing its droplet size distribution with that of the base design. The
optimized nozzle consistently produced smaller droplet sizes and
generally performed better than the base design, even at lower pressures
and ALRs. This outcome highlights that the geometrical improvement

Appendix A. Geometrical variations of the ACLR nozzle

Chemical Engineering and Processing - Process Intensification 222 (2026) 110745

leads to a more stable and smaller lamella. Not only that, but the smaller
pressure and ALR requirements could even further lower energy con-
sumption and operating costs.
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The geometrical analysis was conducted with the principle of varying only one specific parameter while keeping all the rest constant. In some
cases, this could be done directly, like the alternative geometries shown in Fig. 11 for the D,, and the L,.

Varying a single parameter without altering anything else in the nozzle was, however, not always possible. In the case of the variations of a,
keeping all other nozzle dimensions the same meant chamfering the outer edge of gas capillary. This is shown in the alternative geometries of
Fig. 12a-b. By chamfering the gas capillary, the L,, can be maintained without the gas capillary and the outer casing colliding with each other. One
point to notice, especially in Fig. 12b, is that increasing the inclination angle of the mixing chamber decreases the cross-sectional area available for the
liquid flow. This, however, cannot be avoided without also having to alter the L,, by changing the position of the gas capillary. Therefore, it was simply
considered a secondary effect of changing a.

Similarly, changing the outlet diameter D, could not be done without altering the Ly, is it can be seen in Fig. 12c—d. Trying to maintain the same L,,
would have meant changing the a or moving the gas capillary, so we considered the change in L, as simply a secondary effect of varying the outlet
diameter. The effect was also minor. The L,, in Fig. 12¢ changed from 2.4 mm to 2.61 mm; for Fig. 12d, it changed to 2.49 mm.

Finally, Fig. 13 shows how the different rounding radii were implemented into the nozzle. As it can be noticed, the large radii (4 and 5 mm) could
not be implemented in all the edges, mainly because of spatial restrictions. In those cases, the edge was rounded off to the largest radius that was
physically possible. For simplicity, only integer values were considered.

Appendix B. Setting the air inlet conditions and its effect on the simulation

The inlet boundary of the air phase in the simulation allows one to either set a fixed pressure or a fixed mass flow, but not both at the same time.
Moreover, setting the inlet pressure (which is the boundary configuration used in all these simulations) leads to a fluctuation of the ALR across time, as
it can be seen in Fig. 14a. Looking at the asymmetrical fluctuations in Fig. 14a, the median value might be more useful, and it is the value used in this
study, when comparing simulations. For simplicity, the median value of the ALR is simply denoted as ALR, instead of ALRs o.

With regards to the causes for these fluctuations in the ALR, they are most likely the result of the compressibility of the gas and the small volume of
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gas that is being simulated. In comparison, the volume of gas in a normal experimental setup is much larger, so it can buffer the local variations in the
gas pressure and density. Nonetheless, over 50 % of the measured values fall within +0.03 of the median, so the small fluctuations and the short-lived
large peaks are not considered to be an important source of error for the simulations.

That is why we implemented a target mass flow in the pressure inlet boundary, for the simulations where we were comparing the nozzles at a
constant ALR. This means that, while the boundary is still a pressure inlet, the program adjusts the set inlet pressure every 50 timesteps so that the
specified mass flow is reached and maintained [27]. This correction leads to a fluctuation in the inlet pressure, as shown in Fig. 14b. Nonetheless, the
fluctuation is symmetrical around the average value, so the average can be used to compare the inlet pressures between geometrical variations, as it
can be seen in Section 6.4.

Data availability

Data will be made available on request.
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