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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, one can increase the solid content of liquid feeds, although this, in turn, poses
the challenge of atomizing high-viscosity liquids into fine droplets. The Air-Core-Liquid-Ring (ACLR) nozzle
offers a potential solution for the atomization by inducing air and creating an annular flow inside the nozzle.
Nevertheless, a challenge of this design is that it tends to present internal instabilities. This study investigates
how feed viscosities up to 3 Pa-s, and feed dry-matter contents up to 57 % wt., influence the internal flow
conditions and the resulting spray performance, i.e., the droplet size distribution and the spray angle. The results
show that, while internal instabilities increment with increasing viscosities, the ACLR can seemingly achieve
atomization with viscosities as high as 3 Pa-s, even at, compared to pressure swirl nozzles, low pressures (7 bar)
and low air-to-liquid mass ratios (0.8). Nonetheless, a fraction of droplets over 500 um remains, which needs to
be addressed through higher ALRs or a geometrical optimization of the nozzle, before the nozzle can be
considered for industrial applications. Additionally, we showed that the internal flow and the external spray
instabilities can be correlated with each other. This confirms that any future studies attempting to increase the
spray stability of the ACLR nozzle can focus on only one of these factors, and reasonably expect that the others

Fourier Transform
Flow instabilities
Spray unsteadiness

will also improve.

1. Introduction

Drying processes are known to be the most energy-consuming type of
unit operation in the food industry [1,2]. An EU-Project showed that
12-25 % of the total industrial energy consumption in many developed
countries can be attributed to industrial drying [3]. In the field of food
powders, most products available on the market are produced using a
spray dryer [1]. Unfortunately, the potential for waste heat recovery is
restricted with this type of process [4]. Additionally, the capacity of a
spray dryer is limited by its specific water evaporation rate [5]. That is
why increasing the dry-matter content of a liquid that is fed to the spray
dryer is one of the most straightforward ways to both reduce energy
consumption and increase production throughput. However, the effects
of a high dry-matter content on the resulting powder morphology,
rehydration capacity and flowability must also be taken into account.
According to a model calculation on industrial spray drying by Fox et al.
[1], an increase in feed dry matter content by 1 % could lead to a
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decrease in thermal energy consumption of the spray dryer by 3.8 % or
an increase in powder production capacity of 4.5 %.

The major drawback of increasing the feed dry-matter content is that
it is linked with a sharp increase of the liquid viscosity, which causes
complications in the atomization step [5] when a certain viscosity is
exceeded. Consequently, it is vital that an appropriate nozzle design is
selected that can handle those high viscosities. One promising nozzle
design is the Air-Core-Liquid-Ring (ACLR) nozzle, which is a type of
internal-mixing pneumatic nozzle [6]. The working principle of the
ACLR nozzle is based on injecting a high-speed gas flow at the center of a
flowing liquid feed. This favors the development of an annular flow
inside the nozzle, with an air core surrounded by a liquid film, also
called a liquid lamella.

The two-phase flow inside the nozzle allows it to handle liquids with
higher viscosities than pressure swirl nozzles. For feed viscosities above
0.03 Paes, pressure swirl nozzles require high operating pressures (5-25
MPa [7]) just to atomize the liquid, which can easily become a limiting
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Fig. 1. Viscosity of the maltodextrin solutions with different mass fractions. Full symbols represent data from a rotational rheometer, while empty symbols represent
data from a capillary rheometer. The lines correspond to the regressions done using the Cross (dotted) and Carreau-Yasuda (continuous) models.

factor. In comparison, the ACLR has been shown to effectively handle
viscosities ten times as high while only requiring pressures of 0.04-0.08
MPa [6]. Additionally, because the gas and liquid flows are combined
inside the nozzle [8], lower gas flowrates are possible in internal-mixing
atomizers, like the ACLR, in comparison to external-mixing atomizers
[9]. For example, Stdhle et al. [10] showed than an internal-mixing
nozzle, in that case, an effervescent nozzle, requires only 30-50 % of
the gas mass flowrate of external-mixing ones to achieve similar Sauter
mean diameters (SMD). A lower atomizing gas flowrate leads to reduced
operating costs should lead to a higher heat transfer efficiency inside the
drying tower. The higher heat transfer is linked to the fact that: the lower
the flowrate of the compressed gas, the lesser the cooling effect of the
atomizing gas, which expands and cools down as it exits the nozzle, on
the drying air current. Consequently, the lower the atomizing gas
flowrate, the larger the temperature difference between the droplets and
the drying air, leading to a higher heat transfer efficiency [11]. Based on
these advantages, Wittner et al. [5] estimated that the ACLR nozzle can
potentially reduce total energy consumption in a spray-drying process
up to 29 % compared to a process using a standard pressure swirl nozzle,
which is the most common type of atomizer utilized in the spray drying
of foods [12].

Nonetheless, further investigation is needed, before the ACLR nozzle
can fulfill its energy-saving potential. The existing studies on the ACLR
have been restricted to viscosities from 0.03 to 0.39 Paes and dry-matter
contents up to 47 % wt. [6,13], but so far no published attempt has been
done to determine the upper limit of the feed dry-matter content and/or
the feed viscosity. This is compounded by the fact that mixtures with
dry-matter content above 30-40 % wt. tend to present an increasingly
non-Newtonian, typically a shear-thinning, rheological behavior [14].
To maximize energy savings, we investigated how the nozzle performs at
higher dry-matter contents. In addition, we investigated which critical
parameters can be used to quantify and evaluate the nozzle
performance.

Besides this, the ACLR nozzle is known to suffer from internal flow
instabilities, which becomes more significant at high viscosities. This
leads to an increase of the temporal unsteadiness of the droplet size
distribution (DSD) and the SMD [13]. To understand the development of

these instabilities we investigated how they develop along the nozzle
and along the general atomization process. In detail, we investigated the
spray inside the nozzle itself, at the spray cone near the nozzle exit, and
in the resulting spray droplets. This led to three variables chosen to
evaluate nozzle performance: the lamella thickness inside the nozzle, the
angle of the spray cone, and the DSD of the resulting spray. Correlating
the temporal instabilities of the lamella, the spray cone and the DSD has
another advantage. If the temporal variations could be proven to be all
directly correlated, then any factor that reduces the unsteadiness in one
of these can be reasonably expected to reduce the unsteadiness of the
other ones. This would be useful, for example, for computational studies
attempting to improve nozzle performance. In this case only part of the
atomizing process, such as the internal flow, needs to be simulated,
strongly reducing the computational time. It would also be useful for
future experimental analysis, or for industrial testing, since it means that
the temporal unsteadiness can be monitored simply by observing the
external spray and not also the internal flow. This would mean that the
nozzle would no longer need to be constructed out of transparent
materials.

With that in mind, this study encompasses two complementing ob-
jectives. On the one hand, to expand the knowledge on the ACLR nozzle
for higher viscosities, assessing how well this nozzle concept can
atomize shear-thinning feeds with a dry-matter content of up to 57 % wt.
and viscosities up to 3 Pa-s (measured at 10% s71). On the other hand, to
build on the insights of our previous work [15], we evaluated how the
high viscosities affect the internal flow instabilities of the nozzle and, in
turn, how these instabilities correlate with the spray stability and the
width of the DSD.

1.1. Model solutions

The experiments were carried out with aqueous solutions of malto-
dextrin C*DryTM MD 01,958 (dextrose equivalent = 8.8, Cargill
Deutschland GmbH, Diisseldorf, Germany). In total, five different solu-
tions were produced, with dry-matter contents between 44 and 57 % wt.
Only the solutions from 52 % wt. and higher were actually considered
for the performance analysis (see Section 5) in this study, since
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Table 1
Correlation parameter (R?) for the Cross and Carreau-Yasuda (CY) models.

Dry-matter content [% wt.] Cross R? [-] Carreau-Yasuda R? [-]
45 0.79 0.81
47 0.94 0.94
52 0.97 0.95
54 0.95 0.92
57 0.93 0.99

Table 2

Maximum (max), minimum (min), and range of variation (var) of the liquid
volume flow (Qp) for the non-Newtonian MD solutions. The zero viscosity is
mentioned for reference.

Dry-matter content [% o QLmin QLmax Quvar
wt] [Pa:s] [Lh1] [L-h] [Lh]
44 0.23 20 60 +1

47 0.37 20 60 +1

52 0.74 20 25 +2

54 1.33 14 16 +2

57 3.01 10 10 2-12°

2 The flowrate tended to vary around 10 + 2 L-h~ for a couple seconds but
would suddenly decrease to 2 L-h7, then return to 10 L-h~*.

Table 3
Process conditions evaluated. The ALR is given for each of the pressures (0.2-0.7
MPa) used in the experiments.

Dry-matter 1o [Pa-s] Nominal ALR [-]
0,

content [% ﬂowf:late 0.2 04 0.6 0.7
wt.] [L-h™]

MPa MPa MPa MPa
52 0.74 20 0.05 0.11 0.14 0.23
54 1.33 16 0.08 0.22 0.35 0.42
57 3.01 10 0.18 0.35 0.68 0.77

maltodextrin (MD) fractions up to 47 % wt. have already evaluated by
Wittner et al. [13]. Nonetheless, all five mixtures were included in the
analysis of the rheological behavior shown in this chapter, as well as in
the analysis of the pump performance of next chapter (see Table 2). This
was done to illustrate how these two factors were affected by the higher
maltodextrin content utilized in this study in comparison to previous
works.

The viscosities of the MD solutions were measured with a rotational
rheometer (Physica MCR 301, Geometry DG26.7, Anton Paar, Graz,
Austria) at shear rates between 1 and 10° s™!. To illustrate the non-
Newtonian behavior, the measurements were complemented with
measurements from a capillary rheometer Rheograph 6000 (GOTTFERT
Werkstoff-Priifmaschinen GmbH, Buchen, Germany), at shear rates be-
tween 10% and 10° s!. The complete viscosity profiles for the malto-
dextrin solutions are shown in Fig. 1. A strong shear-thinning behavior
can be seen for all solutions. In general, the rotational and capillary
measurements overlap well. There is a noticeable jump between the data
of the two rheometers for the least viscous solution.

To characterize the shear-thinning behavior, we fitted the rheolog-
ical measurements with two different options of non-Newtonian models:
the Carreau-Yasuda (CY) model [16,17] and the Cross model [18]. These
options were selected because they are commonly used to characterized
shear-thinning fluids [19]. Additionally, they are available in simulation
tools like STAR-CCM+ [20] or ANSYS Fluent [21], which would make
this characterization useful for future numerical studies. Given that our
current research on the ACLR nozzle is partly numerical [22], it was
particularly important that the rheological model we fitted could later
be implemented in numerical studies. For the CY model, the equation is
the following:

n(7) =g + (1o — 1) (1 + (7)) 1/ oS
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where 1 is the viscosity, 5, is the zero viscosity, 7., the viscosity at
infinite shear rate, and y is the shear rate. The correlation parameters are
the relaxation time A, the power index n, and the parameter a, which
control the shear-thinning behavior. For the Cross model, there is a quite
similar equation:

0(7) =Nl + (1o = 1) 1+ (7/7)™) )

where 7, is the critical shear rate, at which shear-thinning begins to
occur. In this case, the correlation parameter m controls the shear-
thinning behavior. As it can be noticed, the main difference between
the two models is that CY has three degrees of freedom to fit the shear-
thinning behavior (4, n and a), while the Cross model only has two: 7,
and m. The fitting curves for both models are shown in Fig. 1.

The correlation coefficients R? for both models are shown in Table 1,
and the corresponding model parameters are shown in Appendix A. In
general, both models perform similarly. The most important range of
comparison was for the shear rates around 10° - 5 x 10° s71, since this is
the range of the shear rates that can be expected, at least based on the
simulations from our previous numerical study [22]. The Cross model
fits the data slightly better at 52 % and 54 %, while the CY model pro-
vides a better fit for 57 %. Given that both models have similar perfor-
mances, the choice of which to use in future simulations is somewhat
arbitrary.

1.2. Experimental setup

All measurements were carried out in our spray test rig, which has
been described in detail, and with schematics, in a previous work [23].
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. The air is supplied by a compressor and the air
pressure is adjusted with a pressure regulator, and its resulting volume
flow is measured by a gas flow meter.

It has to be mentioned that adjusting the liquid volume flow became
increasingly difficult as the viscosity increased. This is most likely
related to the fact, that the pump used was only designed for viscosities
up to 1 Pa-s. To illustrate this limitation, Table 2 shows the minimum
and maximum flow rates that the pump could achieve for different
viscosities, as well as the estimated variation of the value read on the
gear flow meter. Even with a viscosity of 0.74 Pa-s, the maximum flow
rate was severely limited. The operation range became even smaller
with higher viscosities, and the flow variation increased significantly. By
57 % wt. MD, controlling the flowrate was no longer possible.

It should be kept in mind that most of the measurements were carried
out at very short spans of time (see Section 4), usually 0.1-1 s. The
measuring frequency of each method was also very high, between 10
and 20 kHz. In comparison, the pump has a speed of 5 Hz. On one hand,
this means that the flowrate fluctuations should not affect the measured
data, because the measurements happen quickly in comparison to the
pump oscillations, and they were conducted at moments were the
nominal flowrate (shown in Table 3) was reached. An exemption to this
is the droplet size measurements performed at 1 Hz (see Section 4.3). In
that case, the effect of the pump can be considered as one of the causes of
the standard deviations seen in the DSD (see Section 5.3). On the other
hand, the short measuring time also means that the exact effect of the
pump oscillations could not be quantified during the instability fre-
quency analysis. This is because the effective resolution of the frequency
analysis, as it is explained in Section 4.4, was 1 Hz, which is very close to
the actual speed of the pump. Consequently, the influence of the pump
oscillations could not be decoupled from the flow and spray instabilities.

1.3. Characterization of flow and spray instabilities

The spray temporal stability was analyzed at three different sections
of the atomization process: the annular flow inside the nozzle (see
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Fig. 2. Schematic of the Air-Core-Liquid-Ring (ACLR) nozzle. Adapted from
Ballesteros Martinez and Gaukel [1]. The red line indicates where the lamella
thickness is measured inside the nozzle.

Section 4.1), the spray cone that forms at the nozzle exit (see Section
4.2), and the spray droplet size (see Section 4.3). The instabilities that
occurred in each of the three sections were then correlated with each
other using a Fourier transformation (see Section 4.4). As mentioned
while discussing the model solutions, these measurements were only
realized for the three maltodextrin solutions with a mass fraction of
52 % wt. or higher. Each mixture was also atomized at four different
pressures. The different conditions analyzed are shown in Table 3, along
with the air-to-liquid mass ratio (ALR), for reference. For each malto-
dextrin solution, a fixed volume flowrate was used. The difference be-
tween the flowrates is a consequence of the limitations mentioned in
Section 3.

Original Grayscale
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1.4. Lamella thickness inside the nozzle

To characterize the internal flow instabilities, we determined the
thickness of the liquid film, i.e. lamella, of the annular flow that de-
velops inside the nozzle. To exemplify this, Fig. 2 shows a schematic of
the nozzle design. As it can be seen, the ACLR nozzle is composed of an
outer casing, where the liquid flows, and an internal capillary that in-
jects the gas. The outer casing was constructed with clear acrylic, which
allows the direct optical visualization of the flow conditions inside the
outlet channel of the nozzle. A high-speed video camera (0S3-V3-S3,
Integrated Design Tools Inc., Tallahassee, FL, USA) recorded the internal
flow at a framerate of 20 kHz. Each measurement was composed of
10,000 images, which amounts of 0.5 s measurement time. The exposure
time of each image was 5 ps, and the resolution was around 10 pm/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. This lamella thickness was measured at the middle of
the outlet channel, indicated in Fig. 2 as the dotted red line. The lamella
thickness at the left and right sides of the channel were determined
separately. The algorithm of the code, and more details about the
measuring method, is described in Wittner et al. [13], who first devel-
oped the setup to measure the lamella thickness inside the ACLR nozzle.

In order to characterize the unsteadiness of the internal flow, we
continuously tracked how the lamella thickness (h) changed with time.
To statistically characterize the lamella thickness variation, the 5 %,
50 % and 95 % percentiles, which are denoted as hs o, hsg,0, and hgs o,
respectively, were calculated for each combination of pressure and
viscosity. The data collected from the left and the right side of the
channel were treated as a single group of measurements for the calcu-
lation of the percentiles.

1.5. Spray cone angle

Characterizing the external flow instabilities presented the challenge
that the ACLR nozzle does not produce a continuous conical liquid sheet,
as seen commonly in pressure swirl nozzles [7], but rather a set of
irregular and partly disconnected liquid ligaments. An example of the
spray obtained near the nozzle outlet is shown in Fig. 3. Nonetheless, we
had to define a single parameter that represented the stability of the
spray pattern. For that purpose, we defined a spray cone angle, which
works as the angle of an imaginary cone that encompasses most of the
ligaments observed near the nozzle outlet.

The process of determining this angle begins by recording the spray
pattern using the same setup as the one for the lamella thickness,
although, in this case, the spray is captured at a recording speed of 10
kHz. The camera was focused about 5 mm below the center of the outlet
orifice, capturing an atomization area of approximately 11x11 mm.
Previous angle measurement experiments have been performed at this
distance, making it suitable for this study [24]. Within one

Edge and angle detection

Fig. 3. Sample image of the first atomization area at the nozzle outlet (MD = 54 % wt., ALR = 0.35) and how the image looks after the different stages of post-
processing. The grayscale image has been simplified by reducing the horizontal division to just 14 stripes for visualization purposes. The angle detection process

is indicated on the last image on the right.
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Fig. 4. (a) Example of the time-domain measurements of the spray angle, the lamella thickness and the median droplet size. The measurements were taken at 0.2
MPa, with a flowrate of 16 L-h™! and for the MD solution of 54 % wt. (b) Corresponding single-sided amplitude spectrum that results from the FFT analysis. The

identified dominant frequencies are shown in Table 5.

measurement, 1000 images were taken at a frame rate of 10 kHz,
resulting in a measurement time of 0.1 s. The exposure time was 2 ps.

Each of the images captured by the camera was processed using a
code implemented in MATLAB. To make the principle of the algorithm
clearer, Fig. 3 shows a sample image in the different stages of processing.
The first step was to convert the 16-bit RGB image into 8-bit grayscale,
split it in half vertically and then separate it horizontally into 50 strips of
pixels. The saturation of the pixels of each strip was then locally
enhanced to increase the contrast between the liquid ligaments and the
background. The enhanced image is the one shown as grayscale in Fig. 3.
In the next step, the image was binarized with a sensitivity threshold of
0.55. The various strips of the decomposed image were then concate-
nated back together, as can be seen in the binarized image in Fig. 3. After
this, the edge of the spray cone was determined on the left and right side
of the image, particularly on the bottom third part of the image. We only
considered the bottom part of the image based on some pre-testing with
the algorithm, because otherwise the angle calculation was too sensitive
to small changes in the pixels detected at the spray edge. To eliminate
some of the noise from the background, separated ligaments that were
smaller than 3 pixels, which corresponds to 38 um, were not considered
for the edge detection. The detected edge can be seen as the blue edge
points on the right image in Fig. 3.

Once the edge was defined, we calculated two half-angles, one for
each side of the image. For that purpose, lines were drawn from the
nozzle outlet (shown in Fig. 3 as the two purple dots) to each edge pixel,
that is, the pixels marked in blue. For each side of the image, a distri-
bution was computed for the angles corresponding to all drawn lines.
The 90 % percentile of the resulting angle distribution was determined,
and it was used as the half-angle for the corresponding side. The two half
angles are illustrated in the photo in Fig. 3 as Bjef and 6yign.. We chose
90 % because it ensured that most of the ligaments were included inside
the defined spray cone, but that random flying ligaments or errors in the
binarization would not artificially inflate the calculated value. The two
half-angles were added up to determine the spray angle, 0, for the spe-
cific image. With this process, a single 6 was determined for each image
taken.

1.6. Droplet size characterization

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 pm. Previous studies on the ACLR nozzle placed the
spectrometer usually 25 cm [13,25], but we increased this distance to 35
cm because of the high viscosity of the liquids utilized in this

investigation. To confirm if the distance was sufficient, we recorded the
spray pattern that the nozzle produced up to 10 cm below the nozzle
exit. The purpose was to ensure that all liquid ligaments break up into
spherical droplets before they reach the laser. More details about how
this was evaluated can be found in Appendix B. The laser beam crossed
the full cone spray angle at the nozzle axis centerline. Two types of
measurements were carried out for each evaluated condition. First, a
continuous measurement was performed over 2 min with a measure-
ment frequency of 1 Hz. The purpose of this was to obtain an average
distribution of the droplet sizes that the atomizer produces, over a large
span of time. Second, a rapid measurement was conducted at a fre-
quency of 10 kHz over a time of 1 s, leading to 10,000 DSDs. This would
provide information about the DSD fluctuation and determine its tem-
poral unsteadiness. Each recorded distribution had to be corrected from
the beam-steering effect. This effect is a systematic error that causes the
apparent detection of large spray droplets due to density gradients in the
gas phase, and it is especially prevalent in pneumatic nozzles [26]. The
correction was done by adapting the code developed by Wittner et al.
[27]. In order to characterize the unsteadiness of the spray droplets, we
tracked the 10%, 50 % and 90 % volumetric percentiles of the
measured sizes, which are denoted as x93, X50,3, and Xoo,3, respectively,
as well as the Sauter Mean Diameter (SMD).

1.7. Correlation of temporal unsteadiness

A way to evidence that the different instabilities are directly corre-
lated is to verify if they have matching oscillation frequencies. This is the
purpose of the Fourier transform analysis. A Fourier transform analysis
is a method to decompose an input signal, which is usually a function of
time, t, into a combination of periodic functions of different frequencies,
f. This effectively transforms the signal representation from the time
domain to a frequency domain, which allows us to identify if the tem-
poral oscillations of the measurement have a characteristic frequency or
if they are simply caused by random noise [28]. For a continuous signal,
the transform is defined as:

©

/ s(t)e 2t

—o0

S|f 3

where S(f) and s(t) represent the signal in the frequency and the time
domains, respectively. The complex exponential term, noted by the
imaginary unit, i = v/—1, describes the periodic function at each fre-
quency [28].

However, the signal from an actual experimental measurement is
neither continuous nor infinite. Instruments take measurements at
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discrete, and usually regular, intervals, and for a finite time period. On
top of that, the resulting signal is usually computed numerically rather
than analytically, using numerical algorithms. With this in mind, the
discrete Fourier transform (DFT) is usually used to transform data into
the frequency domain. The fundamental equation of DFT is similar to Eq.
(3), but with a discrete series instead of an integral. For a discrete signal
measured with a sampling rate At over a period of T, the DFT is:

N-1
S[mAf] = At s[nAtle /N (C))
n=0

where m and n represent the frequency and time indexes, respectively. N
is then the length of the signal vector, which means that N = T /At. Af,
also known as the frequency resolution, represents the minimum dif-
ference between the discrete frequencies, is usually defined as 1 /T. The
DFT approach is considered valid until the evaluated frequency reaches
half of the sampling rate [29]. Algebraically speaking, this means that s
is a vector of the signal values in the time domain from 0 until NAt, while
S is the corresponding vector of signal values in the frequency domain
from Af until NAf/2. For this specific study, this means that the fre-
quency analysis encompassed frequencies between 1 and either 5 kHz
(for the spray angle and droplet sizes) or 10 kHz (for the lamella
thickness). However, for the analysis to be reliable, the frequencies to be
identified should ideally not be close to either of the two boundaries
[30]. This is the reason why the actual effect of the pump oscillation
could not be elucidated in this study, since the pump speed (5 Hz) is
fairly close to the lower frequency limit. The solution to this would be to
increase T, which could be addressed in future work.

One limitation of the DFT approach is that its required computa-
tional time scales with N2, which can quickly become problematic for
large datasets. Therefore, we use a variation of the DFT, namely, the Fast
Fourier Transform analysis (FFT) with the Cooley-Tukey algorithm
[31]. In short, the algorithm recursively decomposes the DFT in halves,
which reduces the computational time from scaling with NT to scaling
with the Nlog,N [32].

Using this algorithm, we developed a data processing code in
MATLAB, which imported the discrete time data for the various
analyzed parameters: the spray angle, the lamella thickness, the SMD, as
well as the x50,3 and Xgq 3 of the DSD. As an example, Fig. 4a shows 10 ms
of each measurement in the time domain. It should be noted that the
entire measurement period was longer and also different for each

analyzed parameter (See Sections 4.1-4.3). The code then uses the FFT
to transform the signals into the frequency domain. The result is shown
in Fig. 4b. Then, the code identifies the most dominant frequency for
each signal, i. e., the signal with the greatest power/amplitude.

The dominant frequencies of every parameter were then determined,
so that the internal, external and DSD instabilities could be matched.
Following the usual breakup model for a conical spray [33], instabilities
first develop in the liquid lamella, grow along the spray cone and then
lead to the droplet formation. Consequently, the oscillation frequency of
the lamella thickness was considered the reference value, and the
oscillation frequencies of the other parameters were compared against it
to establish if they matched in value. To account for possible experi-
mental uncertainty, two frequencies were considered to match if their
values were +50 Hz near each other. Additionally, we also signaled
frequencies that were up to +200 Hz near the reference value, to
highlight frequencies that are similar but not matching the lamella in-
stabilities. These threshold values were chosen because the FFT analysis,
as mentioned before, can result in dominant frequencies ranging any-
where between 1 Hz and 5 kHz (or 10 kHz for the lamella thickness),
which means that +50 Hz represent at most 1 % of the possible range,
and +200 Hz represent at most 5 % of the possible range.

2. Results and discussion

As mentioned before, this work had two objectives: to evaluate the
applicability of the ACLR for highly viscous feeds and to correlate the
internal and external flow instabilities with the spray temporal un-
steadiness. For that purpose, each of the flow and spray variables of
interest was first analyzed separately (see Sections 5.1-5.3) and then the
frequency of their oscillations were correlated using the FFT analysis
(see Section 5.4).

2.1. Influence of high viscosity on the internal nozzle flow (lamella
thickness)

Fig. 5 shows the lamella thickness for the three different solutions at
different ALRs. The range of variation is illustrated as the shaded area
between hs and hgs . The hsg is also shown in the middle of the
shaded area. The most evident observation from the experimental data is
that all solutions, regardless of their very different viscosities, follow the
same behavior with respect to the ALR. The lamella thickness for all
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error bars represent the standard deviation from all the distributions collected during the continuous measurement. The corresponding ALRs for each pressure, and

MD fraction, is shown in Table 3.

solutions decreases with the ALR. In fact, it seems to share very similar
values at similar ALRs, regardless of the viscosity. At first glance, this
might seem to contrast with results from our previous study [15], which
covered viscosities up to 0.34 Paes and where we concluded that higher
viscosities required higher pressures, to achieve the same lamella
thickness. Nonetheless, the previous study varied the air pressure at a
constant volume flow for all MD mixtures, while this study compares the
mixtures on the sole basis of the ALR. Comparing the results of both
studies would only be meaningful if the analysis of the lamella had been
done on the basis of the ALR for both. Regardless of this, the trend
observed at these high viscosities is very promising for the process
intensification possibilities of the ACLR, because it means that the
annular flow can be produced even at high dry-matter fractions, while
still maintaining ALRs below 1. To give a point of comparison, most
studies with airblast nozzles, which are external-mixing atomizers,
report ALRs between 1 and 15, regardless of whether they worked with
viscosities of 2 mPaes [34] or 1 Paes [35]. The main limitation would
then be the pumpability of the liquid feed, to maintain stable volume
flows.

2.2. Influence of high viscosity on the external flow (spray cone angle)

Fig. 6 shows the average spray angle measured for the different
maltodextrin solution, at increasing ALRs. The average spray angles
observed for these viscous mixtures range between 20 and 32°, which
means that they are markedly smaller than the ones observed for lower
viscosities, e.g. 35-50° for 0.14 Paes [15]. This could be expected, since
viscosity acts as an opposing force to the disintegration of the lamella
and the expansion of the spray cone. However, there is no clear tendency
for the spray angle with the ALR, at least not one that can be generalized
for all MD solutions. Only the 52 % wt. solution shows a slight but
consistent increase in the spray angle as the ALR increases. On the other
hand, the spray angles for 54 % wt. and 57 % wt. oscillate between
20°-30°.

Another important point to mention is the standard deviation, which
is shown as the error bars in Fig. 6. As it can be noticed, the standard
deviation tends to decrease as the ALR increases. This is consistent for all
maltodextrin solutions, even though they have such different viscosities.
The fact that the standard deviation of the spray angle and the range of
variation of the internal lamella both decrease with higher ALRs
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(b)

Fig. 8. Spray formed at 0.4 MPa for (a) the 54 % wt. MD solution; (b) the 57 % wt. MD solution.
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Fig. 9. Droplet size variation of two different maltodextrin (MD) mass fractions (indicated with the different colors and markers) at increasing ALRs. The volumetric
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Table 4

Sauter mean diameter (SMD), volumetric mean diameter (X3), range, and span

for different MD mass fractions at increasing ALRs.

Dry-matter content ALR SMD X3 Range Span
[% wt.] [ [mm] [mm] [mm] [-]
52 0.05 0.10 0.48 0.53 2.61
0.11 0.13 0.40 0.60 2.39
0.14 0.08 0.24 0.45 3.18
0.23 0.07 0.20 0.42 3.14
54 0.08 0.19 0.54 0.69 2.15
0.22 0.12 0.27 0.50 2.87
0.35 0.09 0.26 0.42 3.44
0.42 0.05 0.20 0.41 3.43

highlights the connection between the lamella and the spray cone. It is a
sign that reducing the lamella instabilities should lead a more stable
spray cone, even at these high viscosities. The choice to use the standard
deviation in this case comes from the fact that the spray angle tended to
oscillate symmetrically around its average value. This can be noticed in
Fig. 4a. In comparison, the lamella thickness, also shown in Fig. 4a, has
very clear narrow peaks, so the maximum values are much further apart
from the median than the minimum values, which leads to the one-sided
distributions seen in Fig. 5.

2.3. Influence of high viscosity on the droplet size distribution

As mentioned in Section 4.3, the DSD was measured with two
different methodologies: a low-frequency measurement at 1 Hz over 2
min, and a rapid measurement at 10 kHz over 1 s. The low-frequency
averaged DSDs are shown in Fig. 7, for all evaluated conditions. The



M.A. Ballesteros Martinez et al.

Journal of Non-Newtonian Fluid Mechanics 338 (2025) 105405

0.7 MPa
ALR = 0.42

Fig. 10. Snapshots of the flow inside and right under the exit of the ACLR nozzle, for the 54 % wt. MD solution. Because of the pulsating nature of the flow at that
pressure, multiple snapshots are provided for 0.2 MPa, organized sequentially in time. For 0.7 MPa, only one example snapshot, since the flow pattern remained

stable across time.

Table 5

Dominant frequencies of the temporal unsteadiness for the lamella thickness, the spray angle, the Xs¢ 3, and the x99 3. No droplet size data could be collected for 57 %
wt. Green underlined values are within +50 Hz of the lamella thickness frequency. Orange italicized values are within +200 Hz. The corresponding ALRs for each

pressure, and MD fraction, is shown in Table 3.

MD Pressure

Dominant frequency [Hz|

pewtl Pl T e ™
52 0.2 486 440 1519 17 99
0.4 604 570 185 761 375

0.6 108 300 849 251 62

0.7 112 100 3 37 200

54 0.2 204 200 3 207 53
0.4 88 80 92 115 72

0.6 128 190 1556 1487 13

0.7 412 310 182 984 55

57 0.2 280 296 — — —
0.4 120 156 — — —

0.6 33 44 — — _

0.7 80 604 — — —

Table 6 Table 7

Fitting parameters of the Cross model for the non-Newtonian maltodextrin
solutions.

Fitting parameters of the Carreau-Yasuda model for the non-Newtonian malto-
dextrin solutions.

Dry-matter content [% wt.] 1o [Pa-s] Ve s M [-] Dry-matter content [% wt.] 1o [Pa-s] 4 [s] N [-] Al-]
44 0.29 1.45 0.13 44 0.23 10,425.09 0.92 2.16
47 0.37 1.45 0.33 47 0.37 2.09 0.59 0.31
52 0.72 1.29 0.58 52 0.74 1.03 0.10 0.38
54 1.37 1.32 0.89 54 1.33 0.49 —0.60 0.46
57 2.81 0.98 0.90 57 3.01 0.08 -1.22 0.35

first remark that must be made is that the distributions show that the
ACLR nozzle can atomize liquids with viscosities as high as 3 Pa-s while
requiring relatively low pressures and ALRs. Fig. 7c, for example, shows
that around a third of the liquid feed can be turned to droplets below 100

um, with only 0.7 MPa and an ALR of 0.8. Additionally, the DSD shifts to
smaller sizes as the pressure, and with it the ALR, increases. This fits the
expected behavior for a twin-fluid nozzle. The range of the shift to
smaller sizes seems to decrease with higher viscosities. This is especially



M.A. Ballesteros Martinez et al.

Journal of Non-Newtonian Fluid Mechanics 338 (2025) 105405

Fig. 11. Snapshots of the spray cone formed until 10 cm under the ACLR nozzle, for the 54 % wt. MD solution, at: (a) 0.2 MPa (ALR = 0.08); and (b) 0.7 MPa (ALR

= 0.42).

evident when comparing 52 % and 57 % wt. (see Fig. 7a and 7c). The
ALRs for 57 % wt. are consistently higher, yet still present larger droplet
sizes.

Although it is promising to see that atomization is achieved, it can
also be noticed that a high proportion of large droplets is observed and
that there is a large variation of the DSD, which is clear from the stan-
dard deviations shown in Fig. 7. On the topic of the large standard de-
viations, they are mostly caused by the variation of the lamella thickness
(see Fig. 5), but the pump flow variations (mentioned in Sect. 3) also
play a role. As for the percentage of large droplet, even at the highest
pressure, the x93 presents values around 500-1000 pm, which is
significantly higher than the 200-300 um that was seen at lower vis-
cosities [15]. Furthermore, for most industrial applications, such as the
spray drying of milk products, coffee, pigments and even ceramics, the
expected droplet sizes tend to be a maximum of 200-400 um [36]. This
indicates that the large droplet sizes evidenced in Fig. 7 might cause
issues if the ACLR nozzle were simply implemented, as is, in a spray
dryer. Nonetheless, there are also two important caveats to add here.
First, it should be noted that the current operating pressures, and ALRs,
of the ACLR nozzle are comparatively low to commercially available
nozzles. Therefore, increasing the atomization pressure could be
considered to further reduce the xgg 3. Besides simply increasing the
pressure, another option would be to improve the nozzle geometrical
design, to reduce the flow instabilities of the annular flow. Second, it
should also be considered that the increase in feed dry-matter content
that could possibly be achieved with the ACLR nozzle would impact
overall the process and its requirements. Most relevant, it would reduce
the skin formation and general drying time of the droplets inside the
spray tower [37]. This means that one would have to consider the
possible adjustments in operating conditions and general configuration
of the drying tower, before one can determine the effect of the large
droplet sizes on wall deposition, caking and particle agglomeration.

On a separate matter, the rapid measurements of the DSD, at 10 kHz,
were carried out. As a reminder, the objective of the rapid measurements
was to more accurately determine the temporal variations of the char-
acteristic droplet sizes, that is, the percentile droplet sizes and the SMD.
Unfortunately, it was not possible to perform the rapid measurements
for all the maltodextrin solutions. Namely, not enough data could be
collected for the 57 % wt. solution. The reason may be that the spray
pattern that forms at the highest viscosity is not uniform, at least with
the pressures that can be achieved with the current experimental setup.
To exemplify this, Fig. 8 shows a comparison of the spray cone pattern of
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the 54 % and 57 % wt. solutions at the same pressure. The photos in
Fig. 8 were not taken with the same high-speed camera described in
Section 4.1, but instead with a standard Canon EOS 100D (Canon
Deutschland GmbH, Krefeld, Germany), with a exposure time of 40 pm.
The reason for this was the field of view of the standard camera was
much wider than that of the high-speed one, allowing us to capture a
larger section of the spray cone. As one can see, the spray tends to
develop a much more concentrated one-sided jet and a sparser sur-
rounding cone for 57 %. The jet itself is not stationary, and forms
randomly in any direction, but the laser itself is stationary. This was not
a problem for the low-frequency measurements, since the droplet sizes
were measured every second over 2 min. In this case, the laser might still
be able to collect enough diffraction data of the one-sided jet to produce
a DSD. With the rapid measurements, the droplet sizes were measured
every 0.1 ms over only a second, so no reliable data could be produced.
Future work might need to expand the measuring time, which might
allow enough data to be collected.

Because of the aforementioned limitation, only the rapid DSD mea-
surements for the 52 % wt. and 54 % wt. solutions are shown in Fig. 9.
To summarize the data, the figure shows the averaged values from the
percentiles of the 10,000 DSDs that were measured for each maltodex-
trin solution at the different ALRs. In general, the percentile droplet sizes
decrease with ALR. This is similar to the trend observed for the lamella
thickness in Fig. 5. Additionally, in the range of ALR where there is an
overlap, the x50 3 of both maltodextrin solutions have similar values, in
spite of the difference in their viscosities. One outlier value seems to be
the lowest ALR of the 52 % wt., which shows both lower x50,3 and xg¢,3
than the rest of measurements. Given that this was not observed in the
DSDs shown in Fig. 7a, it might be a consequence of the short measuring
time of the rapid measurements. Longer measurements would have to be
conducted at 10 kHz to validate the trends observed here. As also
noticed for the DSDs in Fig 7, the large xgo 3 values show that higher
ALRs or a geometrical improvement are needed to achieve droplet sizes
that are appropriate for spray drying processes.

To further characterize the droplet sizes obtained from the spray, we
calculated the Sauter and volumetric mean diameters for the DSDs
shown in Fig. 9. The volumetric mean diameter (x3) is also known as the
De Brouckere mean [38]. Additionally, we calculated the range and span
of the DSDs to characterize their width. As the range, we simply calcu-
lated the difference between the xgp 3 and x;¢ 3. The span is this range
divided by the x50 3 [38]. All these statistics are shown in Table 4. In
general, the mean values and the range decrease consistently with
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higher ALRs. The outlier behavior observed for 52 % wt. MD at the
lowest ALR, which was observed in Fig. 9, can also be seen here.
Comparing between the different MD mass fractions, similar ALRs lead
to different mean values, so the effect of the feed viscosity cannot be
disregarded. As for the span, it is difficult to distinguish a consistent
trend.

The expected mean values for pneumatic nozzles range reportedly
between 30 and 150 pm [11]. The SMD seems to lie within this range for
the MD solutions analyzed, but the De Broucker means show much
larger droplet sizes. This is because a volumetric mean is more biased
towards the large droplets that form part of the spray. Nonetheless, it is
promising to see that the mean values, as well as the x93, can all be
strongly reduced even at ALRs of only 0.23 (for the 52 % wt. solution)
and 0.42 (for the 54 % wt. solution). This shows that it might be possible
to further narrow the DSDs to desirable conditions while still remaining
at ALR < 1, which highlights the potential of the ACLR nozzle is for
high-viscosity application.

2.4. Correlation between lamella thickness, spray cone and droplet size
variations

The connection between the internal and external instabilities was
investigated by analyzing the flow pattern inside and outside the nozzle.
Fig. 10 shows an example of these flow patterns, at two different pres-
sures, for the 54 % wt. MD solution. At low pressures and ALRs (see 0.2
MPa in Fig. 10) the internal flow resembles a slug flow, with no
continuous air core, but rather air pockets intermittently flowing
through the outlet channel. The effect of the internal slug flow on the
external flow is also evident in Fig. 10. It causes the liquid lamella
outside the nozzle to intermittently burst, followed by short in-
terruptions of the liquid film. This pulsating behavior is not desirable in
regards to achieving a stable atomization. In comparison, when oper-
ating at higher pressures and ALRs (see 0.7 MPa in Fig. 10), an annular
flow can be achieved inside the nozzle, which also corresponds to a
continuous spray cone forming outside the nozzle. This correlation be-
tween the internal and external flows, where an intermittent plug flow
causes a pulsating spray cone to appear, while a stable annular flow
leads to a more stable and uniform spray cone, has been seen before for
other internal-mixing nozzles, such as the effervescent nozzle described
by Lorcher and Mewes [39]. It should be mentioned again that, even
when talking about “high” pressures and ALRs, the 0.7 MPa and ALR of
0.42 are very low in comparison to the operating conditions of pressure
swirls (5-25 MPa [7]), which would not be able to handle these vis-
cosities anyway, or airblast nozzles, which require ALRs between 1 and
15 [35].

For a more quantitative analysis of the flow and spray instabilities,
the FFT analysis was used to determine the dominant oscillation fre-
quencies of our parameters of interest: the lamella thickness, the spray
angle, as well as the X503 and xgo 3 of the DSD. These frequencies are
shown in Table 5. As a reminder from what was discussed in Section 4.4,
we classified the dominant frequencies according to how close they were
to the lamella thickness frequencies. Frequencies within +50 Hz of the
lamella thickness values were considered matching and are highlighted
in green and underlined. Frequencies within £200 Hz of the lamella
thickness values were considered similar and are highlighted in orange
and italicized. Comparing the frequencies, it is evident that the in-
stabilities of the spray cone, represented by the spray angle, match very
consistently with the lamella thickness instabilities. This corresponds
with the qualitative spray observation shown in Fig. 10 and serves as
indication that the internal and spray cone instabilities are well corre-
lated. For the droplet sizes, the correlation is not consistent, although
around 60 % of the calculated frequencies of the x5¢ 3 match, or are at
least similar to the lamella thickness instabilities. It should be kept in
mind, that the calculated frequencies could range anywhere between 1
and 5000 Hz, so the fact that they are within the same 5 % bracket (+
200 Hz) in more than half of the analyzed cases can indicate some
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connection between the internal and the droplet sizes instabilities. This
is reinforced by Figs. 4 and 8, which show that both the lamella thick-
ness and Xsg 3 decrease similarly with the ALR.

3. Conclusions

The performance of the ACLR nozzle was successfully evaluated for
maltodextrin solutions with viscosities up to 3 Paes and dry-matter
fractions up to 57 % wt., focusing on three parameters as criteria: the
internal lamella thickness, the spray cone angle, and the DSD. For the
internal lamella, both its thickness and variation range decrease mark-
edly with higher ALR. In fact, it seems that similar ALRs lead to similar
thickness values, regardless of the liquid viscosity, which is promising
for a further increase of the dry-matter concentration and further pro-
cess intensification. However, one has to deal with challenges for stably
pumping the feed at these high viscosities.

With regards to the spray cone, there was no consistent correlation
between the ALR and the measured spray angles, at least within the
range of pressures analyzed. The values for the 52 % wt. solution were
an exception, as they showed a slight but consistent increase with higher
ALRs. The spray angle ranged between 20 and 30°. This is much smaller
than the values observed before for lower viscosities, which ranged
between 40 and 70°.

On the topic of the DSD, it is already a significant achievement that
the ACLR can atomize liquids with viscosities up to 3 Paes at pressures of
barely 0.7 MPa and ALRs below 1. This is very small in comparison to
the pressure requirements of pressure swirls and air flow requirements
of external-mixing nozzles. However, the atomization presents a fraction
of large droplets, which leads to xg¢ 3 values above 500 um even at 0.7
MPa. These droplets are outside of the size range expected in industrial
applications. For the foreseeable application of the ACLR nozzle, future
work should characterize the DSD at higher ALRs and pressures. It might
also be necessary to improve the nozzle geometrical design. The effect of
the high dry-matter concentrations on the particle morphology and the
drying kinetics, e.g., the skin formation, and general drying time, should
also be analyzed.

Finally, the temporal instabilities of the internal lamella and the
spray cone could be correlated with each other, by evidencing that their
dominant frequencies consistently match. In contrast, no consistent
correlation could be evidenced with the droplet sizes. However, the x50 3
shared similar frequencies with the internal lamella in around 60 % of
the analyzed cases. Additionally, both the lamella thickness and the
droplet sizes decrease similarly with increasing ALR. These two facts are
indications that it should still hold true that reducing the range of
variation of the lamella also reduce the width and temporal unsteadiness
of the DSD. This means that future studies, which may aim to improve
the stability of the ACLR nozzle, could simply focus on one of the three
parameters (lamella thickness, spray cone angle or DSD), and they can
reasonably expect that the others will also decrease accordingly.
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Appendix A. Fitting parameters for non-Newtonian rheological models

The fitting parameters are shown in Table 6 for the Cross model and in Table 7 for the CY model. In all cases, the 5, was set to 0. In general, the
parameters highlight that the increase in the dry-matter content correlates to higher viscosity (see the zero viscosity) and a stronger shear-thinning
effect. This shear thinning can be noticed in the parameter m approaching unity, for the Cross model, or the power index n consistently decreasing, for
the CY model. Concerning the CY model, the deviation observed for the solutions with lower MD content can be noticed in the relaxation time 1 and the
parameter a, which are much larger than the ones of the other mixtures.

Appendix B. Distance between nozzle exit and DSD measurement

When determining the DSD, it is important to ensure that the measurement is conducted at enough distance from the nozzle outlet, so that the
primary atomization process has mostly already taken place. Additionally, the laser diffraction principle, used to measure the DSD in this study, is
based on the assumption that the liquid parts that cross the laser are mostly spherical [27] and not irregular ligaments. This implies that the ligaments
must have been broken up and that surface tension forces have prevailed and made the ligament spherical. The length required for this to happen is
known to depend both on the liquid viscosity as well as the ALR at which the pneumatic nozzle is operating [40].

With this in mind, it is clear that distance at which we were measuring the DSD was an important decision. The methodology we utilized to measure
the DSD was based on a previous study carried out on the ACLR nozzle by Wittner et al. [25], which utilized a vertical distance of 25 cm between the
nozzle and the laser spectrometer. Nonetheless, two differences with this study had to be taken into consideration here. First, Wittner et al. only
analyzed MD solution viscosities of up to 0.39 Paes, while the viscosity of the mixtures used in this study reaches 3 Paes (see Fig. 1). Second, they
reached ALRs only up to 0.3, while in our study the maximum ALRs range between 0.23-0.77 depending on the maltodextrin concentration (see
Table 3). Given that the higher viscosities and higher ALRs have opposite effects on the breakup length required, it was not evident if and how the
measuring distance should be changed.

To clarify that, we recorded the liquid breakup outside the nozzle, utilizing the 54 % wt. MD solution, at the lowest and highest pressures: 0.2 and
0.7 MPa. For that purpose, we used a standard Canon EOS 100D, with an exposure time of 17 um. This standard camera was used instead of the high-
speed one, described in Section 4.1, because the standard camera had a wider field of view, allowing us to capture a larger section of the spray cone.
For the two pressures analyzed, the spray patterns observed up to 10 cm below the nozzle exit are shown in Fig. 11. As it can be noticed, the liquid
seems to have broken up mostly by this point, even at 0.2 MPa. That means that the large ligaments near the nozzle, observed in Figs. 3 and 10, should
have enough time to break up into more spherical droplets before they reach the laser, even if it were placed as the same distance as in Wittner et al.
[25]. Unfortunately, we could not directly confirm that assumption, because we could not record a field of view wide enough to cover the entire spray
cone, with a low enough exposure time and high enough resolution to capture the fine liquid ligaments and droplets. Because of that limitation, we
decided to increase the laser distance to the maximum possible in our spray cabin setup, namely, 35 cm. With that safety measure, we were mostly
certain that the DSD measurements were reliable for the purposes of this study.
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