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H I G H L I G H T S

Spray parameters were correlated with
droplet and agglomerate properties.
A three-phase nozzle with additional
protection air stream was characterized.
Investigation of process-related variables
in combination with varied nozzle set-
up.
Agglomerate size was primarily influ-
enced by spray rate as well as nozzle
and fluidization air streams.
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A B S T R A C T

Liquid injection is one of the, if not the most, critical steps in fluidized bed spray granulation as the product
quality as well as the overall process stability can be massively influenced by the associated parameters.
Therefore, this study aims to correlate spray parameters to the spray pattern and droplets produced from the
nozzle and the resulting granule properties. First, the effect of spray variables on spray angle and droplet
size and velocity was analyzed, revealing the spray air pressure as crucial parameter. Afterwards, spray
agglomeration experiments were conducted according to a statistical experimental plan varying several process-
related parameters in addition to the nozzle set-up. The product particle size distribution was shown to
be impacted by a complex combination of the investigated variables with the liquid spray rate, spray and
protection air pressure, and fluidization air flow as main influences.
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1. Introduction

1.1. Fluidized bed spray granulation

A large proportion of industrial goods, intermediate products as
well as consumables is present in solid, more specifically, particulate
form [1,2]. Consequently, processes for the production and handling of
solids, such as fluidized bed spray granulation, are of great importance
for various industries, including pharmaceuticals, chemicals, and food
products. In most cases, a dust-free and free-flowing behavior is desired,
which enables a simplified handling of the powder. Depending on the
application, additional requirements must be met, e.g. a fast and com-
plete reconstitution for instant food powders [3,4]. For pharmaceutical
applications, a uniform distribution of critical quality attributes and
active ingredient is essential to achieve a high product quality and
precise dosage and release of active components.

Granulation often describes particle formulation and size enlarge-
ment processes in general with wet granulation referring to growth due
to addition of a solid-containing liquid phase. Two different growth
mechanisms are distinguished, coating or layering growth and agglom-
eration [5]. In case of coating, the injected liquid droplets collide with
the particle and spread on the surface. Due to evaporation of the liquid,
a solid layer is formed around the particle [6]. In agglomeration, the
liquid binds primary particles together to form stable clusters. Upon the
collision of two or more wet particles, liquid bridges are created and
transformed into solid bridges due to subsequent drying. In contrast,
size reduction can occur due to abrasion and breakage of solid particles
or rupture of liquid bridges if viscous and capillary forces are too
small [7]. In this work, a fluidized bed spray agglomeration process
is investigated.

The formation of agglomerates and consequently the properties
of the final product are dependent on the process parameters during
fluidized bed processing. One critical step is the spraying of liquids
into the particle bed. One the one hand, droplet characteristics like
size and velocity, that influence the interaction between solid particles
and liquid droplets, are affected by critical process parameters such
as liquid spray rate and spray air pressure. One the other hand, the
spray pattern and local particle motion are influenced by spray-related
process variables as well as geometry and position of the nozzle. To
achieve the desired agglomerate properties, suitable spray parameters,
that ensure a stable process and high product quality, need to be
chosen.

1.2. Liquid injection into fluidized beds

A nozzle type commonly used for liquid injection in fluidized bed
processes are two-fluid nozzles [8]. In this type of nozzle, a liquid
stream is atomized by a gas flow due to the shear forces acting on the
liquid. The significantly higher gas velocity compared to the velocity
of the liquid and the resulting forces cause the liquid to break up into
filaments and subsequently into fine droplets. Depending on the gas and
liquid velocities, droplets with different sizes and velocities are created.
The ratio of gas flow to liquid flow is referred to as gas-to-liquid ratio
or air-to-liquid-ratio (ALR) in case of air as atomizing gas [9]. Two-
fluid nozzles can be distinguished into nozzles with internal or external
mixing. In the former, the liquid is injected into a gas stream, whereas
in the latter both phases come into contact at the nozzle outlet [10].

To introduce the liquid droplets into a fluidized bed, one or mul-
tiple nozzles can be installed in different positions. Most commonly,
the top-spray configuration is applied, in which the nozzle is placed
facing downwards above the particle bed. Due to the large surface
of the particle bed exposed to the droplets, contact between liquid
and particles is promoted. However, the fluctuating bed height and
thus varying flight times and distances of the droplets might cause
a non-uniform distribution of liquid on the particles as well as an
2 
increased risk of spray drying of droplets before a collision with a
particle occurs [11–13].

To reduce droplet airborne time and distance, the nozzle can also
be installed in bottom-spray configuration with the nozzle positioned
in the distributor plate spraying upwards into the particle bed. While
the risk of spray drying is consequently reduced, direct wetting of the
product occurs. In the worst case, inhomogeneous wetting can lead
to local overwetting, lump formation, and collapse of the fluidized
bed [11].

Furthermore, a modified bottom-spray approach, the Wurster
coater, can be applied to induce a structured particle flow and more
uniform liquid distribution. By installing a vertical draft tube centrally
over a special distributor plate with a higher orifice diameter in the
area beneath the tube, the gas velocity in the central area is enhanced
resulting in a circulating particle motion. Hence, a distinct wetting zone
and drying zone are created [11,14,15].

1.3. Previous works

Several existing studies are concerned with the influence of ma-
terial and process parameters on agglomerate growth and proper-
ties in fluidized bed spray agglomeration. Mostly, a one-factor-at-a-
time approach was used or a limited number of parameters were
investigated.

Hemati et al. [16] analyzed how process-related variables, such as
nozzle position, atomizing air flow rate, fluidizing air velocity, and
liquid spray rate, as well as material properties affect the injected
droplets and growth rate of agglomerates in a top-spray fluidized
bed. An enhanced growth rate was observed at the lowest distance
between nozzle and particle bed, low spray air flows, high spray rates,
and decreased fluidization air velocities. Increasing the spray air flow
furthermore resulted in a more homogeneous distribution of the binder
over the surface of the primary particles due to the higher number and
smaller size of the injected droplets.

Similar trends concerning the agglomerate growth rate were ob-
served by Bouffard et al. [17] and Vengateson and Mohan [18] when
varying the binder spray rate and fluidization air velocity. However,
Bouffard et al. [17] also reported that the agglomeration was not
significantly affected by the different droplet sizes produced at var-
ied atomization pressure. Moreover, the binder concentration in the
spray liquid was identified as crucial influence on the agglomeration
mechanism with an enhanced agglomerate size at high concentrations.

Dadkhah and Tsotsas [19] performed agglomeration experiments
with porous as well as non-porous particles in a top-spray fluidized bed,
varying the inlet air temperature and binder concentration in the spray
solution. In addition to the growth of agglomerates, the internal particle
structure was analyzed using X-ray tomography. Again, the binder
concentration had a major impact on the agglomeration process, similar
to the trend described in [17]. The larger agglomerates produced at
high concentrations showed a greater porosity compared to the small
agglomerates from experiments with low binder concentrations. When
increasing the air temperature, smaller and denser agglomerates were
produced.

Lipps and Sakr [20] created a response surface methodology design
including binder spray rate and inlet air temperature. A quadratic
model was then used to describe the influence of these parameters
on several agglomerate properties, such as size, specific surface area,
and density, among others. The mean agglomerate size increased with
increasing liquid flow rate and decreasing air temperature.

A response surface design was also used by Wang et al. [21] to
investigate the influence of binder viscosity and spray rate, fluidization
gas velocity, and inlet gas temperature on agglomeration behavior of
glass beads in a top-spray fluidized bed. Similarly to the previously
mentioned studies, a higher product size and lower sphericity resulted
from increasing the spray rate and binder concentration due to the

higher binder content in bed and increased viscosity. In contrast, an
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increased gas velocity and temperature lead to the formation of smaller
agglomerates.

Kemp et al. [22] developed and validated a mechanistic model
to describe the impact of four process parameters on moisture ac-
cumulation and peak moisture content during fluidized bed spray
agglomeration. For this, the inlet air temperature, flow rate and hu-
midity were summed up in the heat input and evaluated together with
the liquid spray rate. High ratios of heat input to spray rate caused less
moisture accumulation and a lower maximum moisture content during
agglomeration, which lead to a smaller product size due to the weaker
binding between particles. In contrast, high moisture levels favored the
formation of large agglomerates by providing a larger amount of liquid
binder for bridge formation.

A continuous agglomeration process was investigated by Strenzke
et al. [23]. In addition to process variables specifically connected
to continuous operation, the binder spray rate, binder concentration,
spray air flow, fluidization air flow, and inlet air temperature were
varied. Similar trends as in the other studies presented were observed:
A high spray rate and binder concentration as well as low temperatures
and air flows for atomization and fluidization favored growth and re-
sulted in the production of larger agglomerates. Agglomerate structure,
as characterized by the porosity and sphericity, was only marginally
influenced.

Du et al. [24] observed similar effects of the inlet gas temperature
and binder concentration in a continuous agglomeration process in top-
spray configuration: A reduced temperature lead to faster growth of
agglomerates and a wider particle size distribution due to more moder-
ate drying conditions. Larger particles were produced when increasing
the binder concentration. Above a critical concentration however, the
high viscosity caused particle over-wetting near the nozzles, which
eventually lead to defluidization and collapse of the fluidized bed.

Further works, e.g. [25,26], discuss the influence of material char-
acteristics of the primary particles as well as the binder liquid on
agglomerate growth and product properties.

However, a comprehensive study including evaluation of the in-
fluence of numerous parameters as well as their interactions is still
needed. Therefore, this work aims to investigate the combined effect
of process parameters that affect the spray as well as variations of the
nozzle set-up on agglomerate formation in order to qualitatively and
quantitatively explain the multidimensional correlations between spray
parameters and product properties.

2. Materials and methods

2.1. Materials

As primary particles, the monohydrate lactose Lactochem®Fine Pow-
der (DFE Pharma, Germany) was used. Lactose is commonly used as an
excipient in pharmaceutical industry, being present in 60 – 70 % of
registered oral solid dosage formulations such as tablets [27]. With a
mean diameter of 50 μm, the milled lactose used in this study is well
suitable for structurization in a fluidized bed and a potential subsequent
compaction step [28].

As binder the water-soluble polymer polyvinylpyrrolidone (PVP)
with a K-value of 30 was used, which is a common additive in pharma-
ceutical formulations. During agglomeration experiments, an aqueous
solution containing 25 wt% PVP was injected. The solution showed
Newtonian flow behavior and the viscosity was measured to be 72.1
± 5.3 mPas at 20 ◦C. The combination of lactose and PVP is used as a
model system to form representative structures for solid pharmaceutical
products.
3 
Fig. 1. Three-fluid nozzle used in agglomeration experiments: (a) CAD model, (b)
scheme of nozzle outlet.

2.2. Nozzle characterization

For the injection of the binder liquid into the fluidized bed, two
three-fluid nozzles as shown in Fig. 1 (Syntegon Technology, Germany)
were used. In addition to the spray liquid and the atomization gas,
a second gas stream through the nozzle, the protection gas, prevents
particles from sticking to the nozzle tip. Pressurized air is used as spray
and protection gas. Both, the orifice diameter for the liquid as well as
the gap width for the spray air can be varied by changing the liquid
insert or air cap, respectively.

To characterize the spray pattern and the droplets and consecutively
their influence on agglomerate formation, the nozzle was investigated
with regard to spray cone angle as well as droplet size and velocity.
The spray angle measurement was conducted according to the method
described in [29]. Therefore, the spray cone at different nozzle settings
was recorded using a high-speed camera (NX-S2, Imaging Solutions
GmbH, Germany). Afterwards, the images were post-processed and
analyzed using the software MATLAB (the MathWorks, Inc., USA). As
part of this, the grayscale images were converted to binary images
according to a threshold based on the peak in the histogram over all
gray levels in the images. In these images, the outlines of the white
spray cone on the black background were detected and approximated
by linear functions, from which the spray cone angle was calculated.
An exemplary binary image is shown in Fig. 2. Water was used as
spray liquid and compressed air as atomizing gas. Images were recorded
and evaluated at spray rates ranging from 20 to 60 g/min, spray air
pressures from 0.5 to 3.0 bar, and protection air pressures from 0.1 to
0.3 bar using three different air caps with the orifice diameters 2.3, 3.0,
and 3.8 mm.

To determine the droplet size and velocity, the SpraySpy®LabLine
system (AOM-Systems GmbH, Germany) was used. The measurement
principle is based on light scattering of a moving droplet that is
illuminated by a beam of light. The scattered light is then separated into
its individual scattering orders and registered by photodetectors. Using
the characteristics of the scattering order, the mean droplet size and
mean velocity can be obtained [30]. For all runs, a solution of 25 wt%
PVP and 75 wt% water was sprayed and atomized by compressed air.
Droplets were analyzed in the radial center of the spray cone at a
distance of 15 cm from the tip of the nozzle at a constant protection
air pressure of 0.2 bar. Three different air caps with orifice sizes 2.3,
3.0, and 3.8 mm were tested at different spray rates (6–472 g/min) and
spray air pressures (0.5–3.0 bar).
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Fig. 2. Binary image of spray cone of three-fluid nozzle to evaluate the spray cone
angle.

Table 1
Varied process parameters and nozzle set-ups.

Parameters Values Unit

Liquid spray rate 40 – 120 g/min
Spray air pressure 0.5 – 3.0 bar
Protection air pressure 0.1 – 0.3 bar
Fluidization air volume flow 130 – 200 m3/h
Nozzle inclination angle 40, 50, 60 ◦

Air cap orifice diameter 2.3, 3.0, 3.8 mm

2.3. Agglomeration experiments

Fluidized bed agglomeration experiments were performed in a lab-
oratory scale prototype developed at Syntegon Technology (Germany),
which is shown in Fig. 3. The fluidization gas enters the apparatus
through a tangential air inlet and a flat windbox, which creates a spiral
air flow pattern. Above the windbox, the Diskjet distributor, a stainless
steel plate with a diameter of 300 mm and a radial pattern of narrow
slits of 0.2 mm width with a 45◦ inclined guidance, supports the oblique
gas flow into the particle bed. In the center of the distributor, a stainless
steel cone of 90 mm height and 80 mm diameter is placed to ameliorate
the particle movement near the bottom. Two three-fluid nozzles (see
Section 2.2) are placed in bottom spray position with an inclination of
40◦, 50◦, or 60◦ each at 80 mm distance from the center of the Diskjet.
Fig. 4 depicts the different inclination angles in which the two nozzles
can be installed.

All experiments were carried out batch-wise with an initial bed mass
of 3 kg lactose and inlet temperature of the fluidization air of 80 ◦C.
600 g of binder solution were sprayed each run. In order to evaluate the
influence of spray related parameters on the agglomerates produced in
the fluidized bed, a statistical experimental plan was created including
six variables, related to either the process or apparatus design. The
design of experiment software Design-Expert (Stat-Ease, Inc., USA) was
used to create a D-optimal design, which offers the possibility to
combine continuous and discrete numeric factors as well as to set a
unique number of levels for each discrete factor [31]. To generate the
design, the covariance of the least-square estimates of the parameters
is minimized for a beforehand defined model by an iterative algorithm.
An experimental plan consisting of 31 experiments, with which linear,
two-factor interaction, and quadratic effects can be considered, was
created. Compared to a two-level full factorial plan with six parameters,
which would result in 64 runs, the experimental effort is significantly
reduced when using a D-optimal design. Varied parameters as well
as their limits or discrete values are listed in Table 1. The whole
experimental plan can be found in the appendix.

2.4. Particle characterization

To characterize the produced agglomerates, the particle size dis-
tribution and particle structure were analyzed. For the particle size
4 
Table 2
Reynolds number of spray air for investigated pressures and air caps.

Spray air pressure [bar]

0.5 1.75 3.0

Air cap orifice diameter [mm]
2.3 1.4 ⋅ 107 2.5 ⋅ 107 2.5 ⋅ 107

3.0 1.8 ⋅ 107 4.1 ⋅ 107 4.1 ⋅ 107

3.8 1.7 ⋅ 107 4.3 ⋅ 107 5.9 ⋅ 107

distribution measurement, the Camsizer XT (Retsch GmbH, Germany)
was used, equipped with the air pressure dispersion module (X-Jet).
After falling from a vibrated chute, the particles are entrained by
pressurized air to separate particles sticking together due to cohesive or
electrostatic forces. The particle size is determined based on an optical
measurement from images recorded by two cameras.

In addition to evaluating the mean particle size, the whole parti-
cle size distribution was analyzed with regard to the overall shape.
Therefore, the standard deviation of the distribution was calculated.
An advantage of the standard deviation in comparison to other charac-
teristic values such as the SPAN value is that in addition to the width
also the shape of the distribution is considered.

To evaluate the agglomerate structure, selected samples were ana-
lyzed with the scanning electron microscope Supra VP55 (Zeiss, Ger-
many).

3. Results and discussion

3.1. Spray pattern

Depending on the spray parameters applied to the nozzle, various
spray patterns and droplets with different sizes and velocities are
created. These characteristics have a major impact on the interaction
between liquid and particles in the fluidized bed and thus on the
resulting agglomerate properties. Fig. 5 shows the spray cone angle for
varied ALRs, protection air pressures, and air cap orifices.

The different ALRs result from changes in liquid spray rate and
spray air pressure. For all protection air pressures and all air caps, a
decreasing spray angle was observed for an increasing ALR. A higher
ALR is either caused by a lowered liquid spray rate and therefore lower
liquid velocity or by an increase in spray air pressure that leads to
higher air velocity and inertia forces. To evaluate the air flow regime,
the Reynolds number at the three investigated pressures was calculated
from the air velocity, which in turn was determined from the measured
volume flow through the nozzle and the cross-sectional area between
the liquid insert and the air cap. Even though, for all spray air pressures
investigated, the air flow is in the turbulent regime, the higher Reynolds
numbers at increased air pressures indicate an enhanced turbulence
(see Table 2). Thus, with rising ALR, a higher relative velocity between
gas and liquid phase is achieved, which increases the frictional forces
on the liquid surface as well as the shear forces within the stream. In
addition, high velocity air can easily penetrate a low velocity liquid
jet, whereas at higher liquid velocities, the liquid stream cannot be
penetrated to the same degree [8]. Consequently, at high ALRs, the
spray cone is shaped into a narrow form with a low spray angle, while
a low ALR leads to a wider radial distribution of the spray at a given
distance from the nozzle tip. In case of a nozzle with external mixing,
as the one used in this study, the effect of a narrowing spray cone
with increasing ALR is further supported by the backflow of air and
droplets [10,32]. Similar trends regarding the influence of the ALR on
the spray angle were described by Lefebvre [33]. Liu et al. [32] also
observed a contraction of the spray cone at higher spray pressure.

As shown in Fig. 5a, the protection air stream has an additional
shaping effect on the spray cone with an increase in pressure inducing a
decreasing cone angle. This effect is especially pronounced at low ALRs.
The highest angle of 33.86 ± 0.76◦ is achieved at the lowest ALR of 0.37
and lowest protection air pressure of 0.1 bar. In contrast, at an ALR of
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Fig. 3. Fluidized bed set-up for agglomeration experiments.
Fig. 4. Different nozzle inclination angles for the prototype fluidized bed.

4.70 and protection air pressure of 0.3 bar, the narrowest spray pattern
with an angle of 19.21 ± 0.72◦ was created due to the additional energy
introduced into the system by both, the spray air and the protection
air. Fig. 6 shows exemplary images of spray cones recorded at different
parameter settings.

At high ALR as well as at high protection air pressure, the effect of
spray variables on the spray cone angle is less pronounced compared
to the measurement at lower gas velocities. Taking into account the
relation between the air mass flows and pressures depicted in Fig. 7, a
change in flow behavior can be observed when reaching a certain crit-
ical pressure. This effect occurs for both air streams, spray air (Fig. 7a)
and protection air (Fig. 7b). At low pressures, the correlation to the
mass flow is non-linear and contains at least quadratic dependencies.
When increasing the pressure up to a critical point, the air velocity
reaches sonic speed, which changes the air flow. For example, this
point is reached at approximately 1 bar when using an air cap with
5 
2.3 mm orifice. From this point on, the air mass flow increases linearly
with pressure due to the constant velocity at the nozzle outlet. As
consequence of this relation between air flow and pressure, the impact
on the spray cone angle declines with increasing air velocity and thus
ALR, as can be seen from the decreasing slope in Fig. 5.

The influence of the air cap on the spray angle is depicted in Fig. 5b.
For an orifice size of 3.0 mm and 3.8 mm, a similar trend can be
observed. The spray angle falls from just below 40◦ at 0.37 ALR to
24.64 ± 1.67◦ for 3.0 mm and 27.23 ± 3.09◦ at 4.70 ALR, respectively.
A falling trend of the angle over the ALR can also be seen for the
2.3 mm air cap orifice. However, with a decrease of only 5.65◦ over the
same ALR range the trend is less pronounced than for the larger orifices.
Furthermore, the spray angles measured for the smallest air cap are
significantly lower compared to larger gap sizes. Due to the smaller
cross-sectional area available for the air when choosing a smaller air
cap, a higher gas velocity is reached at the same air mass flow and
thus ALR. The therefore higher relative velocity between gas and liquid
results in larger forces acting on the liquid jet, consequently creating a
narrower spray cone. As the pressure, at which sonic speed is reached,
is lower the smaller the orifice, the degree to which the spray angle is
influenced by the ALR varies with the air cap.

However, using X-ray imaging Newton et al. [34] found that spray
angles of single slot and multiport nozzles were smaller in the fluidized
bed than in open air. In addition, Ariyapadi et al. [35] showed that for
a straight-tube nozzle, the expansion of the spray cone is dependent
on the density of the fluidized bed. These observations suggest that a
similar effect could occur with the three-fluid nozzles used in this study,
which needs to be considered when referring to the spray cone created
during fluidized bed experiments.

3.2. Droplet properties

Not only the spray pattern, but also the droplets produced from
the three-phase nozzle are affected by the interactions of liquid and
gaseous phase described in Section 3.1. Fig. 8a and 8b show the mean
droplet diameter, which corresponds to the median value of the droplet
size distribution, and velocity in dependence of the ALR and spray air
pressure, respectively. Generally, both representations show a similar
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Fig. 5. Spray cone angle at varied ratio of spray air to liquid (ALR): (a) different protection air pressures, air cap orifice: 2.3 mm, (b) different air cap orifices, protection air
pressure: 0.2 bar.
trend, a decreasing droplet size and increasing velocity with rising
ALR and spray air pressure. These trends appear to be more clear
in dependence of the pressure as seen in Fig. 8b, indicating that the
pressure is the strongest influence on droplet properties among the
investigated parameters. However, it has to be noted that the variation
of the liquid spray rate is not marked in this depiction.

As explained in Section 3.1, an increase in spray air pressure and
thus velocity leads to higher dynamic pressure forces acting on the
liquid, which results in an enhanced shear stress and more effective
droplet comminution [9]. Moreover, the backflow of droplets and gas
associated with the increased relative velocity between both phases
further supports the creation of fine droplets [10,32]. In contrast, a
higher liquid flow rate and therefore lower ALR results in the creation
of larger droplets as the liquid jet cannot be as easily penetrated by
the gas [8]. The observed trends concerning the mean droplet size are
in agreement with the results of Rizk and Lefebvre [36] and Vesey
et al. [37]. The importance of the influence of the ALR and relative
velocity between air and liquid on droplet formation is also highlighted
by several correlations to calculate the droplet size, e.g. by Mulhem
et al. [9] or Walzel [38].

Another factor that affects droplet size is the viscosity of the liquid.
As reported by Mulhem and Schulte [9] and Vesey et al. [37], an
increased viscosity negatively impacts the break up of the liquid and
therefore the production of larger droplets. Since a PVP solution was
6 
used in this study, the increased viscosity in comparison to water is
also assumed to influence the droplet size accordingly.

Droplet velocity was measured in the center of the spray cone,
where the highest velocities occur [37]. Again, the spray air pressure
was identified as dominant influence, that seemingly overshadows the
influence of the liquid velocity due to conveying the liquid itself. When
increasing the spray air pressure and ALR, higher droplet velocities
are obtained due to the high velocity gas stream dragging the droplets
along. In addition, the finer droplets created at higher ALR can be easier
accelerated by the gas stream compared to larger droplets, increasing
their velocity even further.

The air cap orifice size did not show as clear an influence on the
droplet properties as it did on the spray cone angle. Still, a trend of
increase in size and decrease in velocity with increasing orifice size can
be observed. The highest mean droplet diameter of 32.6 μm and lowest
velocity of 16.4 m/s were reached at the lowest investigated ALR, when
using the largest air cap with an orifice size of 3.8 mm.

3.3. Mean agglomerate size

31 agglomeration experiments were performed in the prototype
fluidized bed set-up according to the statistical plan generated using the
D-optimal design algorithm. As described in Section 1.1, the creation
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Fig. 6. Spray cones recorded at varied parameters with 2.3 mm air cap orifice: (a)
protection air pressure = 0.1 bar, ALR = 0.37, angle = 33.86 ± 0.76◦, (b) protection
air pressure = 0.2 bar, ALR = 1.47, angle = 23.17 ± 0.80◦, (c) protection air pressure
= 0.3 bar, ALR = 4.70, angle = 19.31 ± 0.72◦.

of agglomerates and their properties are mainly dependent on the for-
mation, potential rupture, and solidification of liquid bridges between
primary particles. These phenomena are influenced by the droplet size,
droplet and particle motion, and available liquid in the particle bed
among others, which are in turn affected by spray parameters. Ennis
et al. [39] formulated a viscous Stokes number 𝑆𝑡𝑣 and a critical Stokes
number 𝑆𝑡∗𝑣 to obtain a criterion for successful agglomeration of two
colliding particles:

𝑆𝑡𝑣 = 2
3

𝑚𝑝 ⋅ 𝑣0
𝜋 ⋅ 𝜂 ⋅ 𝑟2

, (1)

𝑆𝑡∗𝑣 =
(

1 + 1
𝑒

)

⋅ ln
(

ℎ0
ℎ𝑎

)

(2)

with the particle mass 𝑚𝑝, particle velocity before collision 𝑣0, liquid
layer viscosity 𝜂, particle radius 𝑟, coefficient of reconstitution 𝑒, liquid
layer height ℎ0, and roughness ℎ𝑎. Successful coalescence is reached
if the viscous dissipation is higher than the kinetic energy

(

𝑆𝑡𝑣 ≤ 𝑆𝑡∗𝑣
)

.
However, it should be noted that the model by Ennis et al. [39] is based
on the assumption of non-deformable, spherical particles surrounded by
a thin viscous binder layer. Furthermore, capillary forces are neglected
as viscous forces are dominant for viscous binders under dynamic
conditions. The ratio of viscous to capillary forces is described by the
dimensionless capillary number [40]:

𝐶𝑎 =
6𝜂 ⋅ (𝑟 ⋅ g)

1
2

𝛾
(3)

with the viscosity 𝜂, particle radius 𝑟, acceleration due to gravity g, and
surface tension 𝛾.

To obtain a model to correlate the investigated parameters in Ta-
ble 1 to the agglomerate size, an ANOVA with a significance level of
0.05 was used. Following this criteria, 13 significant terms, as indicated
by a 𝑝-value smaller than 0.05, where included in a quadratic model.
Furthermore, the air cap orifice and nozzle inclination angle were
7 
added in order to maintain hierarchy. Finally, the following model with
R2 = 0.96 was obtained:

𝑑50,3 = 199.0 + 43.5 𝑚̇2
𝑙 − 54.8 𝑝2𝑝𝑎 + 63.9 𝑚̇𝑙 − 58.6 𝑝𝑠𝑝𝑎

− 24.7 𝑝𝑝𝑎 − 31.1 𝑉̇𝑓𝑎 − 2.3 𝑑𝑠𝑝𝑎 − 6.1 𝛼𝑛 − 18.4 𝑚̇𝑙𝑝𝑝𝑎
− 17.1 𝑚̇𝑙𝑉̇𝑓𝑎 − 17.0 𝑚̇𝑙𝛼𝑛 + 13.0 𝑝𝑠𝑝𝑎𝑝𝑝𝑎 − 19.3 𝑝𝑠𝑝𝑎𝑑𝑠𝑝𝑎

+ 17.1 𝑑𝑠𝑝𝑎𝛼𝑛 (4)

with the mean particle diameter 𝑑50,3, liquid spray rate 𝑚̇𝑙, spray air
pressure 𝑝𝑠𝑝𝑎, protection air pressure 𝑝𝑝𝑎, fluidization air volume flow
𝑉̇𝑓𝑎, diameter of the spray air cap orifice 𝑑𝑠𝑝𝑎, and nozzle inclination
angle 𝛼𝑛. In Eq. (4), the high level of each factor is coded as 1 and
low levels are coded as −1 with the units being scaled accordingly. By
coding the equation like this, relative impacts of the factors can be iden-
tified by comparing the coefficients, which provides a common basis to
discuss the effects on agglomerate size. For clarity, all coefficients were
rounded to the first decimal place.

The spray rate, spray air and protection air pressure, and fluidiza-
tion air flow were identified as significant main effects in addition to
several interactions. Fig. 9 shows the influence of the main effects on
the mean particle diameter in form of contour plots.

With increasing spray rate of the binder solution, larger agglom-
erates were produced. This observation is confirmed by the scanning
electron microscope images in Fig. 10b and 10c, which show agglom-
erates from experiments with different spray rates. The liquid spray
rate affects the availability of binder for the solid particles and bed
temperature as well as the droplet size and spray pattern. At higher
spray rates, more liquid is injected into to fluidized bed per time
interval, which causes a large drop in bed temperature. Consequently,
evaporation of binder containing droplets happens comparatively slow.
As stated by Kemp et al. [22], the higher moisture accumulation
caused by higher spray rates enhances liquid bridge formation and
thus supports agglomerate growth. Considering the sticking criterion
based on the Stokes number, high availability of liquid increases the
liquid layer height and therefore the critical Stokes number, which
promotes agglomerate growth [7]. Furthermore, larger droplets and a
wider spray cone are created from the three-fluid nozzles at increased
spray rate, as explained in sections 3.1 and 3.2. All of these effects
contribute to a higher amount of wetted particles and therefore a
higher probability of wet particle collisions, which are a crucial step in
agglomerate formation. The larger droplet diameter and higher number
of injected droplets increase the number of wetted particles as well
as the surface area that is wetted during a particle–droplet collision.
Hence, more liquid bridges are formed and the liquid available for an
individual bridge might be higher, which results in an increased viscous
damping force and thus a less likely rupture. Bunke et al. [41] inves-
tigated binary wet particle collisions and showed that a higher liquid
film on the particle surface resulted in a higher energy dissipation upon
collision and consequently an enhanced deceleration. Grohn et al. [42]
measured a higher critical bridge length and longer time duration until
rupture of a liquid bridge between two particles with increasing bridge
volume. As a result of these more stable liquid bridges being formed
at higher bridge volumes, the agglomeration tendency is enhanced at
increased spray rates.

Due to the higher chance of wet collision in addition to a higher
chance of a wet collision being successful in terms of forming a perma-
nent connection between the particles involved, increasing the liquid
spray rate results in a larger mean agglomerate diameter. In contrast,
at lower spray rates, the opposite effects occur and the lower amount
of wet collisions leads to the formation of smaller agglomerates.

As depicted in Fig. 9a, the mean agglomerate size decreases with
increasing spray air pressure. The difference in size is also apparent
for the exemplary agglomerates shown in Fig. 10b and 10d, where
the particle from the experiment with elevated spray air pressure is
significantly smaller than the agglomerate produced at low pressure.

As explained in the previous section, the spray air pressure is one
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Fig. 7. Spray air mass flow at varied pressure for different air cap orifices.
of the main factors that determine droplet size and velocity, with
higher pressures resulting in smaller droplet diameters and enhanced
velocities. These small droplets are at a higher risk of being spray
dried by the heated fluidizing air and subsequently not available for
liquid bridge formation, before colliding with a particle. Furthermore,
droplets might be elutriated due to their high velocity in addition to
the locally increased bed porosity near the nozzles caused by the high
spray air flow. When colliding with a particle, the high velocity enables
a better spreading of the droplets [43]. As consequence, the liquid film
on the particle surface is lower, which reduces the viscous damping
force and thus the agglomeration tendency in case of a wet particle
collision. Moreover, the narrower spray cone angle created at high
spray air pressures decreases the size of the wetting zone, which in
turn lowers the amount of collision of wetted particles in the first place.
Although most particles are wetted near the tip of the nozzles, further
particles are entrained into the jet and liquid droplets are deposited
further away from the nozzles, which emphasized the importance of the
spray angle for wetting and agglomerate growth [35]. Another effect to
be considered is the possible breakage of agglomerates due to the high
shear forces of the spray air acting on the particles. When low spray air
pressures are applied on the other hand, the bigger and less accelerated
droplets allow the formation of larger agglomerates.

Similar trends as for the spray air pressure can be observed for the
influence of the protection air pressure, as shown in Fig. 9b, where
an increase in pressure results in a decreasing mean particle size. The
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effect on spray pattern and droplet properties and subsequently the
agglomerate properties are similar to those discussed for the spray air
pressure, although less pronounced, as observed in sections 3.1 and
3.2. However, the main purpose of the protection air pressure is not
atomization of the liquid, but to protect the nozzle from particles to
prevent clogging. Thus, the protection air affects the particle motion in
front of the nozzle tip, which in turn determines, where the droplets
come into contact with the particles. At increased protection air pres-
sure, particle–droplet collisions occur mostly after a longer flying time
of the droplets, after a certain amount of water is already evaporated.
With the lower amount of liquid available, agglomeration is less likely,
which results in a smaller mean diameter of the product. In contrast,
low pressures allow an early contact between droplets and particles
near the top of the nozzle before a significant amount of the liquid is
evaporated. Therefore, successful wet collisions leading to permanent
connections between particles are promoted. For all settings, the nozzle
was successfully protected by the additional air stream and no clogging
was observed. Hence, the protection air pressure can be used as ad-
ditional factor to tailor agglomerate properties without compromising
nozzle protection.

The last main effect on the mean particle size is the fluidization
air volume flow. In Eq. (4) as well as in the contour plot in Fig. 9
a decreasing particle size can be observed with increasing air flow.
The fluidization air is the crucial factor for the particle motion in
the fluidized bed. When the particles are accelerated by an increased
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Fig. 8. Mean droplet size and mean droplet velocity at different air cap orifices: (a) varied ratio of spray air to liquid, (b) varied spray air pressure.

Fig. 9. Mean particle diameter according to quadratic model at varied spray rate and (a) spray air pressure, (b) protection air pressure, and (c) fluidization air flow rate.
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Fig. 10. Scanning electron microscope images of primary particles and agglomerates produced at different spray parameter settings: (a) Lactochem®Fine Powder, (b) 𝑚̇𝑙 = 40 g/min,
𝑝𝑠𝑝𝑎 = 0.5 bar, 𝑝𝑝𝑎 = 0.1 bar, 𝑉̇𝑓𝑎 = 130 m3/h, (c) 𝑚̇𝑙 = 120 g/min, (d) 𝑝𝑠𝑝𝑎 = 3.0 bar, (e) 𝑝𝑝𝑎 = 0.3 bar, (f) 𝑉̇𝑓𝑎 = 200 m3/h.
volume flow, the bed expands higher, which increases the bed porosity.
Due to the additional and larger voids in the bed, that are then
created, the flight time and distance of the droplets before colliding
with a particle increases. Consequently, the risk of spray drying and
droplet elutriation is higher, which lowers the agglomeration tendency.
Another factor contributing to the lower product size is the decreased
heat input at higher flow rates that reduces moisture accumulation
and amplifies the fast drying of droplets and less pronounced bond
formation between particles. Moreover, the higher collision velocity
caused by an increase of the fluidization air flow enhances the viscous
Stokes number, which reduces the probability of a particle–particle
collision resulting in coalescence. Collisions between agglomerates with
a higher velocity due to an increased air flow or between particles
and the apparatus walls are also more likely to result in breakage or
attrition, which further reduces particle size. At low fluidization air
flows on the other hand, most particles are moving within the lower
part of the process chamber, which favors particle–droplet collisions
and thus the formation of larger agglomerates.

In addition to the quadratic and linear main effects, complex in-
teractions between certain parameters further influence the mean ag-
glomerate size. For example, the two air streams applied at the nozzles
interact with each other. Another significant interaction is the com-
bined effect of spray air pressure and air cap orifice due to the different
air flows passing through differently sized orifices to reach the same
pressure.
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3.4. Standard deviation of particle size distribution

Besides the mean agglomerate size, the width of the particle size
distribution needs to be considered to evaluate product quality. Usu-
ally, a narrow distribution of product properties is desired to ensure a
constant quality. Using the same procedure and statistical criteria as in
Section 3.3, a quadratic model with R2 = 0.99 was obtained to correlate
the standard deviation of the agglomerate size distribution to various
spray parameters:

𝜎𝑑 = 121.6 + 34.4 𝑚̇2
𝑙 − 30.6 𝑝2𝑠𝑝𝑎 − 45.5 𝑝2𝑝𝑎 + 21.3 𝑑2𝑠𝑝𝑎 + 34.8 𝑚̇𝑙

− 33.2 𝑝𝑠𝑝𝑎 − 12.2 𝑝𝑝𝑎 − 12.3 𝑉̇𝑓𝑎 − 4.1 𝑑𝑠𝑝𝑎 − 0.6 𝛼𝑛 − 9.6 𝑚̇𝑙𝑝𝑝𝑎
− 14.8 𝑚̇𝑙𝛼𝑛 + 8.5 𝑝𝑠𝑝𝑎𝑝𝑝𝑎 − 15.8 𝑝𝑠𝑝𝑎𝑑𝑠𝑝𝑎 + 4.5 𝑝𝑝𝑟𝛼𝑛

− 8.3 𝑉̇𝑓𝑎𝑑𝑠𝑝𝑎 + 13.1𝑑𝑠𝑝𝑎𝛼𝑛 (5)

with the standard deviation of the particle size distribution 𝜎𝑑 , liquid
spray rate 𝑚̇𝑙, spray air pressure 𝑝𝑠𝑝𝑎, protection air pressure 𝑝𝑝𝑎,
fluidization air volume flow 𝑉̇𝑓𝑎, diameter of the spray air cap orifice
𝑑𝑠𝑝𝑎, and nozzle inclination angle 𝛼𝑛. The spray rate, fluidization air
flow, and air cap orifice size, as well as both pressures were identified as
significant main influences. Their influence on the standard deviation
is depicted in Fig. 11. Combined with the relevant interactions and the
nozzle inclination angle, which was added for model hierarchy, the
model contains a total of 18 coefficients.

As explained in the previous section, the additional liquid in the
fluidized bed at high spray rates favors the formation and stability of
liquid bridges with more wet particles in the system. Consequently,
more agglomeration events occur, in which primary particles or already
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Fig. 11. Standard deviation of particle size distribution according to quadratic model at varied spray rate and (a) spray air pressure, (b) protection air pressure, (c) fluidization
air flow rate, and (d) air cap orifice.
agglomerated particles stick to each other and form a connection. Due
to this increased interaction of wet particles, agglomerates of many
different sizes are built, which results in a wide particle size distribu-
tion with a high standard deviation. The wide spray zone created at
increased spray rates further support this uneven growth, by providing
a large zone for wet particles to form several liquid bridges and smaller
drying zone. Since the binder solution was injected through two nozzles
in bottom-spray configuration, the two spray cones might even interact
with each other at high spray angles. Lastly, the standard deviation
is increased due to breakage of larger agglomerates into smaller frag-
ments, as the particle size distribution with a high mean agglomerate
size is additionally widened when adding those small particles.

Fig. 11a and 11b show the influence of the spray air and protection
air pressure on the standard deviation. With increasing pressures, the
produced agglomerates have a narrower size distribution with smaller
deviation. Due to the smaller spray cone angle at higher pressures, a
narrow spray zone is created in front of both nozzles. This defined spray
zone in combination with a larger drying zone limits the area in which
wet particle collisions occur. Since the agglomerate size is generally
smaller, particle fragments from broken agglomerates do not impact
the width of the particle size distribution to the same extent as for a
distribution with a higher mean diameter.

Analogously, the size distribution of the smaller agglomerates
formed at high fluidization air volume flows is not as majorly affected
by the fine particles generated in the process as the distribution of
the larger agglomerates produced at low air flow. Furthermore, fine
particles, such as spray dried droplets and dust generated by breakage
and attrition, are more likely to be elutriated in a process with higher
fluidization air flow. Since these elutriated particles are not part of
11 
the product, they do not influence the particle size distribution. Conse-
quently, an increase in fluidization air flow results in a narrower size
distribution and smaller standard deviation as shown in Fig. 11c.

Choosing an air cap with a larger orifice diameter leads to a higher
spray air flow in order to achieve the same pressure compared to a
smaller air cap (see Fig. 7). As can be seen in Fig. 11d and from Eq. (5),
no general trend, that is applicable to the whole design space, could be
observed. Due to the many significant interactions involving the air cap
orifice, the standard deviation can be influenced either positively or
negatively depending on the further parameter settings. One of these
interactions is the combination of air cap orifice size and spray air
pressure, which leads to a narrower size distribution with increasing
value. Other relevant interactions include for example the interaction
between the pressures of both nozzle air flows and the ALR, which is
based on liquid spray rate and spray air pressure.

4. Conclusion

While spraying of the liquid is a crucial step in fluidized bed spray
agglomeration, the correlation of the associated parameters, physico-
chemical phenomena occurring during the process, and agglomerate
properties is yet to be fully explained. To contribute to a comprehensive
understanding of the process, measurements of nozzle characteristics
as well as agglomeration experiments were performed at varied spray
parameters. For the agglomeration experiments, a statistical experimen-
tal plan including process variables as well as parameters regarding
the nozzle set-up was created. Afterwards, the mean size and size
distribution of the product particles was evaluated and the significant
influences were combined in quadratic models.
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Overall, the liquid spray rate, spray air and protection air pressure,
and fludization air volume flow were identified as most influential
factors on mean agglomerate size. For the standard deviation of the
particle size distribution, the diameter of the air cap orifice is an
additional main impact. Thereby, the spray rate mainly influences the
amount of wet particles in the fluidized bed and the stability of liquid
bridges formed between particles, which results in a high spray rate
leading to larger agglomerates with a wider size distribution. Droplet
size and velocity as well as spray cone angle were massively affected
by the spray air, which subsequently influences the agglomeration in
such a way that small particles with a narrow size distribution were
formed at high pressure. A factor that has not been investigated before,
the pressure of the protection air applied to the nozzle, showed a
significant influence on spray pattern and agglomerate size, with an
increasing pressure resulting in decreasing particle size and width of the
distribution. Increasing the fluidization air flow lead to the production
of smaller agglomerates with a narrow size distribution due to higher
bed porosity and enhanced particle breakage. Lastly, several interac-
tions between the various spray parameters further impact agglomerate
formation.

By combining the data obtained from nozzle characterization and
spray agglomeration experiments, this study correlates spray parame-
ters, spray pattern and droplets characteristics, and agglomerate prop-
erties, which contributes to a better process understanding and provides
a guideline to find suitable parameter setting to achieve desired product
properties. In this way, a bridge is built between micro-mechanisms
happening during agglomeration, as for example studied in [41,42],
and macroscopic observations about process behavior and particle
properties. The approach used in this study can easily be transferred
to other material systems and fluidized bed set-ups and nozzles to
obtain a better understanding about industrial processes and provide a
foundation to optimize the agglomeration process as well as the product
quality. By providing information on the influence of numerous pa-
rameters over a wide range and giving an overview of relevant factors
and interactions, this study can serve as basis for future works with
focus on other materials, fluidized bed set-ups, or the more detailed
investigation of certain here mentioned effects.
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