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A novel compact radial multizone dryer (RMD) has been tested at the pilot scale. In the radial centre of
the chamber, hot air and the atomized solution are injected axially and counter current. In the periphery,
mild temperature air is injected through multiple short vortex chambers to generate a rotational motion
in the chamber and ensure high-G intensified drying and separation of the produced powder and hot dry-

ing air. The RMD allows fast initial drying of the injected droplets with hot air in the radial centre and fast
evacuation of the initially dried powder to the periphery for final drying with mild temperature air. First,
dry and water evaporation tests were carried out to gain insight in the flow pattern and temperature pro-
file in the chamber. Next, a 4.5 min duration spray drying test was carried out using a 40 % maltodextrin
model solution at a solution feed rate of 16.1 g/s. The tests demonstrated the working principle and per-
formance of the RMD. Powder recovery and quality, as well as energy efficiency are discussed.
© 2025 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. All rights are reserved, including those for text and data mining, Al training, and

similar technologies.

1. Introduction

Spray drying is used to convert a dispersed solution or suspen-
sion into a dry, fine powder. Air or inert gas is used to evaporate the
solvent. Heat sensitive materials require mild temperature opera-
tion. Conventional spray dryers are large because of the required
droplet/particle-air contact time. The efficiency of interfacial mass
and heat transfer is limited by the low maximum slip velocity
between the droplets/particles and drying air - the so-called termi-
nal velocity determined by earth gravity [1]. This also limits the air
velocity that can be applied, as entrainment of particles with the
air needs to be avoided. Furthermore, supplying the required
energy with mild-temperature air requires high air flow rates.
Combined with low air velocities, this results in large spray dryer
cross sectional surface areas.

Interfacial mass and heat transfer can be intensified by opera-
tion at higher slip velocity and using high temperature air. Proper
contact with the latter is essential to prevent degradation of the
product. The Radial Multizone Dryer (RMD) design (Fig. 1) is par-
tially based on the use of a vortex chamber to generate a high-G
rotating fluidized bed in static geometry (RFB-SG) [2]. High-G
operation allows operation at higher slip velocities and related

* Corresponding author.
E-mail address: juray.dewilde@uclouvain.be (J. De Wilde).

https://doi.org/10.1016/j.apt.2025.105148

intensification of interfacial mass, heat and momentum transfer.
For given gas flow rate, the strength of the centrifugal force is deter-
mined by the tangential air inlet velocity, i.e. the number of slots of
the vortex chamber and their size, to be adjusted for the density and
diameter of the particles to be retained in the chamber [3,4]. In the
RMD, vortex chambers are used to generate a centrifugal field and
achieve fast evacuation of produced particles to the periphery
where drying is completed with mild temperature air. To achieve
fast initial drying and improve the energy efficiency, hot air and
the atomized solution or suspension are injected counter current
in the axial direction in the radial centre of the RMD. Multiple short
vortex chambers installed at different heights in the chamber are
used to reduce air consumption and control the axial motion in
the periphery of the chamber. Whereas the drying air is evacuated
via a central air exhaust, separate solids outlets are foreseen in the
periphery of the chamber. The RMD applies radial multi-zone oper-
ation, in contrast to the previously tested axial multi-zone opera-
tion [26].

The hydrodynamics of rotating fluidized beds in a single vortex
chamber has been extensively studied [5-9], as well as various
drying applications [10-14]. Scale-up issues were discussed by Li
et al. [27]. Comparison with conventional fluidized bed drying
showed that ca. one order magnitude process intensification can
be achieved by high-G operation [15-18]. It was also shown that
the gas flow rate can be varied in a wide range with limited effect
on the bed density or solids losses with the exhaust gas [11,18].
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Fig. 1. (a) Schematic drawing with labelled air streams and (b) Picture of the pilot plant Radial Multizone Dryer. (c) Example vortex chamber; (d) Top end protective sleeve

and 4 atomization nozzles in the central tube of the protective sleeve.

This flexibility and high-G intensified momentum transfer allowed
Eliaers et al. [26] to coat a cohesive powder and control agglomer-
ation using vortex chamber technology. Because of the very short
gas-solid contact times that can be achieved, the use of vortex
chambers for carrying out fast chemical reactions, combustions
[19] or for managing the heat of reaction [20 21 3 22 23] was con-
sidered. Finally, high-G intensified gas-solids contact and gas-
solids separation can eventually be combined with high-G intensi-
fied particle segregation [24,25].

The current paper reports tests on a large pilot plant RMD,
designed following successful tests with a small pilot plant RMD.
Design modifications were made to improve the hot air utilization
and fine particle recovery. They are discussed hereafter, along with
the experimental set-up and procedures. The paper then first
shows detailed temperature measurements during a dry run and
when evaporating water. These measurements allow to confirm
the operating principle of the RMD and to gain some insight in
the complex flow pattern. Next, the RMD performance during a
spray drying test is discussed, in terms of powder recovery and
quality and in terms of energy efficiency.

2. Experimental set up

The RMD was designed based on experience with smaller-scale
lab and pilot RMD’s [11,15,16,26 28 29]. Figs. 1a and b show a sche-
matic drawing and a picture of the RMD. A schematic drawing of a
vortex chamber and pictures of the protective sleeve containing
the two-fluid spray nozzles are shown in Figs. 1c and d. The RMD
consists of four main parts: a wide cylindrical spray drying cham-
ber with a vortex chamber against its top and bottom end walls, a
hot air distribution chamber, a cyclonic extension with an addi-
tional vortex chamber, and a cylindrical protective sleeve penetrat-
ing the spray drying chamber in which the spray nozzles are
mounted. To ensure all droplets | particles are sufficiently fast
entrained by the counter current injected hot air, the latter is intro-
duced at high velocity through a 270 mm diameter opening. Opti-
mal contact between the hot air and the droplets, however,
requires radial expansion of the hot air inside the spray drying
chamber and avoiding symmetry breaking. Therefore, a radial dual
hot air distribution design was applied (D and E streams), making
use of an air splitter. The outer air is fed rotating (E stream, Fig. 1a),
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making use of 12 tangential injection slots, and a conical outlet end
is foreseen. The hot air that is fed centrally is non-rotating to pre-
vent generation of a low pressure zone in the centre that could
cause internal recirculation and attract injected droplets. As for
the spray drying chamber, because of the fast drying, formation
of a thick rotating fluidized bed in the RMD is not expected. Dilute
operation results in high centrifugal forces and important sec-
ondary flows resulting from the presence of the end walls [2,5].
Furthermore, even when the slots of a vortex chamber extend over
its entire length, the gas enters the chamber non-uniformly and
preferentially in the near-end wall regions, where it faces a lower
centrifugal pressure. For this reason and to minimize air consump-
tion, two short vortex chambers were introduced when scaling up
the RMD, one placed in the vicinity of each end wall. The bottom
vortex chamber (F stream) has 16 slots, 1.625 cm? per slot, the
top vortex chamber (G stream) has 24 slots, 0.2917 cm? per slot.
This also allows to generate a centrifugal pressure difference
between the two vortex chambers, which can be used to control
the axial motion in the periphery. The length-to-diameter ratio
(L/D) is an important design parameter. Decreasing L/D was
observed to improve the flow stability, but sufficient distance
between the spray nozzles and the hot air inlet needs to be fore-
seen. Dry particles are collected via bottom and top collection ports
(BCP [ TCP) in the end walls of the spray drying chamber. The K air
stream serves to cool the bottom end plate of the spray drying
chamber through which the hot air enters and to cool the particles
evacuated via the bottom collection ports. The solution is atomized
using 4 two-fluid spray nozzles (Fig. 1d) [30], allowing indepen-
dently setting the mean droplet size and liquid injection flow rate.
Nozzles were operated in parallel to ensure a high droplet density
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in the radial centre of the chamber and the nozzle type was
selected to provide a certain liquid injection velocity. The protec-
tive sleeve (Fig. 1d) for the nozzles has a complex design allowing
secondary air injection (B, C and ] streams), apart from the
atomization air (A stream) to keep the nozzles and sleeve clean.
To achieve the latter, the C stream is rotating. The cyclonic cham-
ber serves reducing the loss of fines with the exhaust air. To
increase the centrifugal force, it is equipped with an additional vor-
tex chamber with 16 slots, 0.375 cm? per slot, through which the H
stream is fed. An extra solids outlet evacuates the captured fines.

Fig. 2 shows the flow sheet of the pilot plant. Air is fed using a
68.9 kW Robuschi compressor (833 mbar) and a 9.74 kW Aerzen
blower (236 mbar). The C, H, ], K, and G streams (Figs. 1a & 2) were
electrically heated to 70 °C, the B, D, E and F streams to respectively
286 °C, 331 °C, 295 °C and 102 °C. Pumps feed water or liquid solu-
tion from storage tanks mounted on balances for flow rate mea-
surement. The pumps are provided with internal recycle and ball
valves are used to set the target water and solution flow rates to
the RMD. Atomization air at 6.5 bar is fed using a Boge C25 com-
pressor (A stream). Table 1 shows the various air flow rates,
whereas Table 2 shows the air injection velocities for the four vor-
tex chambers, assuming uniform air distribution.

Table 1
Various air feed flow rates into the RMD unit. Unit: m>/hr.

B D E F C H ] K G
111 716 1132 175 68 97 49 29 126

P, T

A
Atomization air

Main compressor

Blower

30kW  40kW %

"““"‘@compressor (6.5 bar)

Maltodextrin
solution
table

I-lglta Ila -ance

rny LR -
A4 A4 -

C,JK,GH~50°C-70°C

m’x‘ -—= Digitally flow control panel [»<J}=— Valve -@--—— Flowmeter 3 = Electric heater
© ~— Compressor/blower O <— Pump E~295°C D~331°C B~286°C

BCP: Bottom collection port

F~102°C

TCP: Top collection port

Fig. 2. Schematic diagram of the complete spray drying unit with the RMD (half shown), air blower and compressors, air heaters, liquid feed vessel and pump. BCP: bottom

collection port, TCP: top collection port for the produced powder.
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Table 2
Air injection velocity through the slots of the different vortex chambers in the RMD
unit.

Inlet slot E F G H
Injection Velocity (m/s) 19 19 50 45
Number of slots 12 16 24 16

Area of slots (cm?) 135 1.625 0.2917 0.375

Figs. 3a and b show various dimensions of the RMD and the
location of the various measurement and sample ports. The total
height of the set-up is 2.3 m, the diameter of the spray drying
chamber 800 mm. Looking downward, the rotational motion in
the RMD is in the clockwise direction. Pt 100 temperature sensors
are used along with a Gefran TK pressure transmitter. The various
measurement ports that can be used for sensor or probe insertion
at different radial positions are shown in Fig. 1a and Fig. 3. After
insertion, a sensor is kept at a particular location for 2-3 min until
a stable reading is observed and then another 30 s for averaging
purposes. Ports P1-P4 are located in the cyclonic extension, with
P1 and P2 diametrically opposed at one elevation. Ports P3 and
P4 are located somewhat lower and are not perfectly diametrically
opposed. P4 is also located 7 mm below P3. Ports P5-P9 are located
in the main spray drying chamber. Ports P5 are the highest up and
located below the spray nozzles, and 285 mm below the bottom of
the cyclonic extension. Ports P9 are found just above the bottom
vortex chamber in the spray drying chamber. P5-P9 are quadru-
pled, every 90° in the rotational direction (Fig. 3b) and identified
as Pi(0°), (90°), (180°) and (270°). The hot air distribution chamber
has four ports. P10(l) (left) and P10(r) (right) are at same height,
but with the sensor introduced under a 20° angle. As a result, when
a sensor is introduced with half of its length, the sensor tip is at
mid height in the hot chamber. With a sensor introduced at full
length, the sensor tip is close to the top of the hot chamber. P11
(1) and P11(r) at same height, just above the bottom most vortex
chamber (E stream). Another two thermocouples measure the air
exit temperature. A National Instrument data acquisition system
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controlled by LabVIEW is used to save data with a sampling rate
of 1 Hz.

Prior to the spray drying test, dry run and water evaporation
tests serve gaining insight in the flow, temperature and evapora-
tion patterns and identifying acceptable spray drying conditions.
Comparison of the temperature profiles in a dry test and during
water evaporation allows identifying where evaporation takes
place, verifying droplets do not penetrate the hot air distribution
chamber, and ensuring that the temperature in the periphery is
sufficiently low. Complete evaporation and eventual asymmetric
distribution of the atomized liquid in the chamber are visually
verified.

Spray drying requires a specific start-up procedure. After setting
the air flow rates and feed temperatures, the RMD unit is heated
until a steady air exit temperature of 209 + 1 °C is reached. Next,
water is evaporated at 10.4 g/s until a new steady air exit temper-
ature is observed. Critical temperatures are verified at this stage. To
start spray drying, the liquid feed to the spray nozzles is switched
from water to an aqueous 40 % maltodextrin solution and the lig-
uid flow rate increased to 16.1 g/s to operate at constant water
evaporation capacity of ca. 10 g/s. This minimized changes in the
temperature profile in the RMD. The spray drying time was limited
to 4.5 min. This brings the total weight of solution sprayed to
4.34 kg, the total weight maltodextrin spray dried to 1.738 kg.
The shut-down procedure is also important as it can affect the
quality of the powder recovered from inside the RMD and even
in the solids recovery vessels. To avoid overheating the produced
powder, the air heaters are shut down first, then the liquid flow
is reduced gradually while progressively increasing the cold air
flow rates and reducing the hot air flow rates.

3. Dry run

The dry test was done with the above-mentioned conditions
except the A stream and with the air exit temperature at 202-
206 °C. Fig. 4a shows the radial temperature profiles in the cyclonic
extension measured through P1-P4 (Fig. 3a). In the immediate
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vicinity of the cylindrical wall (distance = 0), P1 and P2 are at ca.
80-90 °C, significantly lower than P3 and P4. This is explained by
the downflow of the air injected in the top vortex chamber at
70 °C (H stream). The near-wall temperature of ca. 185 °C in P3
and P4 indicates this near-wall downflow of mild-temperature
air does not reach the bottom of the cyclonic extension, so that

the observed temperatures are mainly determined by the temper-
ature of the air exiting the spray drying chamber. The latter is also
the case in all points more away from the cylindrical wall, making
temperatures also more uniform. The temperatures in P1 and P2
are still ca. 10 °C lower as a result of mixing with the 70 °C H
stream. Comparison of the P1 and P2 temperature profiles shows
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good radial symmetry in the cyclonic extension. Some heat losses
through the non-insulated wall should be taken into account.
Figs. 4b—f show the radial temperature profiles measured in the
spray drying chamber through P5(0°, 90°, 180°, 270°)-P9(0°, 90°,
180°, 270°). The hot air is radially dispersed from bottom (P9) to
top (P5), but the mild temperature air injected through the vortex
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chambers and the hot air remain well segregated, confirming the
working principle of the RMD. With the hot air (D and E stream)
fed at 295-331 °C, the lower temperatures near the radial centre
of the chamber show penetration of mild temperature air coming
from the atomizers and sleeve. Below the sleeve (P5), the maxi-
mum temperature has decreased to 225-250 °C, the temperature
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Fig. 3a.
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in the radial centre to 170-205 °C. Comparison of the temperature
profiles measured through ports P5(0°), P5(90°), P5(180°) and P5
(270°) shows slight tangential asymmetry. The atomization air
penetrates the hot air in the radial centre and bypassing of the
two air streams does not occur. Minor atomization air deflection
towards one side is also seen in the P6, P7 and P8 temperature pro-
files. At P7 and P8 elevation, the max temperature has increased to
250-290 °C, at P9 to 270-300 °C. Mild temperature atomisation air
penetrates as low as P9, with the temperatures in the radial centre
260-285 °C at P7 and P8 elevation and 265-300 °C at P9.

The temperatures in the vicinity of the cylindrical wall of the
spray drying chamber are all below 100 °C. Despite some asymme-
try, the near-wall temperatures at P5 elevation are clearly affected
by the G stream injected through the top vortex chamber at 70 °C,
indicating a descending air stream in the periphery over at least than
25 cm or more than 1/3 of the main chamber length. The near-wall
temperatures at P6-P8 elevations are, on the other hand, clearly
determined by the F stream fed through the bottom vortex chamber
at 102 °C, suggesting up flow in that region. The lower near-wall
temperatures of ca. 85 °C observed in P9 show, however, the exis-
tence of a thin layer of 70 °C air descending all the way down, against
the cylindrical wall, as a result of the centrifugal pressure difference
between top and bottom. This layer is initially compressed by the
high centrifugal pressure in the top of the chamber and then pro-
gressively expands towards the P9 elevation where it is captured
by the temperature measurements. Radially inward flow is also
expected to take place in the bottom section of the chamber where
the centrifugal pressure is lower, but radial mixing of hot and mild
temperature air is seen to be limited. The latter is explained by the
axially upward parallel flow of hot air and mild temperature air -
hot air in the radial centre and mild temperature air in the periphery
but slightly away from the cylindrical wall.

The temperature measurements in the hot air distribution
chamber (Fig. 4g) reveal some heat losses between the air heaters
and the hot air inlet, with ca. 20 °C lower than expected D (330 °C)
and E (290 °C) stream temperatures at the most bottom P11. The
lower temperatures at P10 are the result of additional heat losses
through the non-insulated walls and some mixing with the cold
K stream. As expected, temperature differences between P10 and
P11 are the most pronounced in the radial centre, despite using
the hot D stream to counteract the suction effect. The P11(l) and
P11(r) data confirm good symmetry at the hot air inlet. The P10
(1) and P10(r) temperature profiles show, however, up to 10 °C dif-
ference at given distance from the cylindrical wall. Hot air expan-
sion or the counter-current operation can be at the origin of some
symmetry breaking.

4. Water evaporation test

A video showing the water atomized from the top against the
hot air coming from the bottom hot air distribution chamber can
be seen in Supplementary material.

The flow pattern is somewhat dynamic, with the spray partially
deflected and rotating in the chamber. This may indicate a partial
bypass of hot air and droplets. Fig. 5 shows time averaged tempera-
ture profiles measured during water evaporation at 9.8 gfs, with
other operating conditions as in the dry run. Whereas a temperature
drop indicates evaporation at a given location, wetting of the ther-
mocouple can eventually affect the actual temperature reading.

Looking at the cyclonic extension (Fig. 5a), good radial symme-
try is observed. Comparing temperatures from the dry run (Fig. 4a)
and during water evaporation (Fig. 5a) shows that in the vicinity of
the cylindrical wall, the temperatures at P1 and P2 elevation have
only slightly decreased and remain determined by the H stream. At
P3 and P4 elevation, however, the near-wall temperatures have
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dropped by ca. 45 °C. More radially inward, all air temperatures
have dropped by ca. 50 °C, but there is no indication of liquid water
reaching the cyclonic extension.

Inside the spray drying chamber, the temperatures are strongly
affected by the water evaporation, as seen comparing Figs. 5b-f
and Figs. 4b-f. Water evaporation significantly decreased the tem-
perature in the radial centre of the chamber. Temperatures below
100 °C indicate potential presence of liquid water. Such temperatures
are observed as low as P9, ca. 9 cm above the bottom vortex cham-
ber. At P5-P8 elevation, radial symmetry is relatively well conserved,
with only a slight deviation of the water spray towards the 0° and 90°
orientations. At P9 elevation, the asymmetry is more pronounced,
with lower temperatures at the 0° and 90°, compared to the 180°
and 270° orientations. The temperatures in the periphery have
increased from ca. 100 °C to 120-140 °C. The water spray penetrating
the counter current introduced hot air pushes the latter radially out-
ward, leading to increased mixing with the mild temperature air
introduced in the periphery. A clearly distinct radially central zone
and periphery are, however, maintained, essential for the RMD work-
ing principle. Furthermore, radial expansion of the hot air increases
the contact time between the latter and the droplets | particles,
and as such the RMD efficiency.

The temperature profiles in the hot air distribution chamber
(Fig. 5g) show that some water vapor and cooled air reaches the
P10 elevation in the radial centre, but with temperatures just reach-
ing 100 °C at some locations, the presence of liquid water is not
expected. Near the cylindrical wall, hardly any penetration of water
vapor and cooled air is observed. Comparison of the P10(l) and P10
(r) profiles shows radial asymmetry, however, which can be prob-
lematic for fouling. At the lowest position P11, the effect of evaporat-
ing water in the RMD is minimal. A slight asymmetry comparable to
that detected in the dry run (Fig. 4g) is also observed.

A repetitive water evaporation test was carried out. Fig. 6 shows
the measured temperature profiles through port P9. Overall, the
observed profiles are similar. Some differences can be attributed
to deviations from symmetry, although in both tests the atomized
water preferentially penetrates at the 0° and 90° orientations.

5. Spray drying test

Figs. 7a and b show the evolution in time of the amount of
water [ maltodextrin solution consumed and of the air exit temper-
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Fig. 6. Repetitive water evaporation test showing measured temperature profiles at
P9.
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ature during the different phases of the spray drying test. Follow-
ing starting evaporation of water at 10.4 g/s, it takes ca. 35 min
for the steady state air exit temperature of 209 + 1 °C to decrease
to its new steady state value of 164 + 1 °C. When switching from
water to the maltodextrin solution, the air exit temperature

4

2 x 10 ‘ ‘ 20 S |
= switch to liquid feeding
2 maltodextrin 200 stopped J
é solution spray i
z 137 5 180 - .
2 liquid g drying"y
8 i o
2 feeding 2160 | |
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(a) Mass of water / maltodextrin
solution consumed (g) versus time

(s)

Fig. 7. (a) Amount of water / maltodextrin solution consumed (g) and (b) air exit
temperature versus time (s) during the different phases of the spray drying test, as
indicated in the figures.

(b) Air exit temperature (°C)
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decreased within 25 s by 9 °C, but then increased again to
166 °C, that is 2 °C higher than during the water evaporation
(Fig. 7b). With the applied shut-down procedure, the increase in
air exit temperature could be limited to 8 °C, maximum reached
14 s after stopping the liquid feed, after which the air exit temper-
ature steadily decreased.

Fig. 8 shows pictures of different elements of the RMD unit after
the spray drying test. Powder is recovered from the collection bins,
from inside the spray drying chamber and from the cyclone
installed in the main air exhaust line. Very fine powder is not cap-
tured by the cyclone and reaches the filter and exhaust. Within the
spray drying chamber, powder deposits are more symmetrical in
the top than in the bottom portion. The observed asymmetry is
related to the deposits found in the hot air inlet which partially
block the entering hot air and accelerate further fouling. Some
deposits occurred around the sleeve protecting the spray nozzles
and in the hot air distribution chamber. The latter are brown due
to prolonged high temperature exposure. No fouling of the air
splitter integrated deeper inside the hot air distribution chamber
occurred. Deposits on the nozzle tips were not observed, which is
essential for keeping them functional and demonstrates proper
functioning of the protective sleeve with the dedicated air streams.
The deposits in the hot air distribution chamber indicate slower
evaporation from the solution as compared to water due to crust
formation introducing diffusion limitations. As a result, the drying
particles stay heavier and are deflected less rapidly by the counter
current hot air stream. Table 3 shows the amount of powder recov-
ered at the different locations. About 9 % of the injected solution
ends up fouling the hot air inlet, implying that ca. 90 % of the dro-
plets /| powder is properly deflected by the incoming hot air. Ca.

(a) Bottom part of the spray drying chamber with the

central hot air inlet

(b) Top part of the spray drying chamber with
centrally the passage to the cyclonic extension and

all the way at the top the main air outlet

(c) The hot air distribution

chamber

(d) Non-powderous deposition

(e) Powder deposition in the spray

drying chamber

Fig. 8. Pictures of various parts of the RMD unit after the spray drying test. Most of the powder was collected in the bins connected to the bottom and top collection ports.
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Table 3
Amount of maltodextrin powder recovered at different
locations in the RMD unit following spray drying (g).

Bottom Collection Port 1 204.7
Bottom Collection Port 2 155.4
Top Collection Port 263.0
Spray drying chamber 220.4
Hot air distribution chamber 152.8
Cyclone 271.2
Other (filter, loss of fines) 468.5

36 % of the injected maltodextrin left as powder via the collection
ports. A significant fraction of the maltodextrin is retrieved as pow-
der inside the spray drying chamber, however. As during spray
drying, powder is seen rotating in the chamber periphery, the
observed accumulation can be attributed to inefficient evacuation
via the collection ports or some stickiness of the powder to the
walls. The powder collected from the walls brushes, however,
easily off and its properties were also determined. Verification by
means of a thermal imaging camera showed the outer wall tem-
perature of the spray drying chamber did not exceed 100 °C,
explaining limited stickiness of the maltodextrin particles to the
wall. No deposits of maltodextrin were found in the cyclonic exten-

-

Be¥ s i
(e) Cyclone
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sion, indicating drying is completed in the spray drying chamber,
as was also observed during the water evaporation test. Ca. 16 %
of the maltodextrin is recovered as fine powder in the downstream
cyclone and 27 % ends up in the filters and exhaust. It should be
noted that the cyclone was not specifically designed for the droplet
size distribution produced by the selected nozzles.

6. Powder characterization

The powder collected from the different locations is character-
ized by means of optical microscopy, Scanning Electron Micro-
scopy (SEM), and particle size distribution and roundness
measurements. Fig. 9 shows the optical microscopy pictures with
a 100 pm reference bar. The particles are hollow and relatively
spherical, with little to no agglomeration. Whereas the particles
collected from the various collection ports and from inside the
spray drying chamber are quite similar, the particles retrieved in
the cyclone are clearly finer. Hollow particles are explained by
rapid initial drying and crust formation. When a crust forms, par-
ticles can explode if trapped water evaporates and cannot be suffi-
ciently fast evacuated. This is, however, not observed, indicating
efficient evacuation of the initially dried particles from the radial
centre to the periphery where slower final drying takes place in
contact with mild temperature air.

® Powder samplés

Fig. 9. (a)-(e) Optical microscopy pictures and (f) samples of the powder collected at the bottom (BCP1 and BCP2) and top (TCP) collection ports, inside the spray drying

chamber, and in the cyclone.
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Fig. 10 shows SEM pictures of the different collected powders.
The image resolution and other information are provided in the
image itself. Samples were deposited on a carbon tape and non-
sticky dust removed blowing a laminar flow of compressed air.
The obtained stub was then covered with a thin Au/Pd-layer using
a Balzer plasma sputtering machine operated for 60 s with a
30 mA current. As such, the particles are covered with a conductive
layer to prevent charging in the scanning electron microscope (SEM).
The Zeiss Ultra 55 microscope used for the imaging did not possess
low vacuum capabilities, and only high vacuum conditions (< 1le-
5 mbar) could be imposed. As a result, the produced hollow particles
exploded and fragmented particle remains are observed in the SEM
pictures. The fragmentation under the SEM vacuum confirms that
hollow particles were produced in the RMD. The images also show
very little porosity, at least at the observed scale. Approximate shell
thicknesses can be derived that are respectively in the range 3-9 1 m
for the powder collected from BCP1, 3-23 p m for that from BCP2, 2-
4 . m for that from the TCP, 4-11 p m for that from the main RMD
chamber, and 2-4 p m for that from the cyclone.

Fig. 11a shows the Particle Size Distributions (PSD) of the pow-
der collected at the different locations, measured using a Microtrac
Turbo Sync particle characterising machine [31]. A wet dispersion

15.00kV
Mag= 50X
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WD = 5.0mm

20 Mar 2024
9:28:36

EHT = 15,00 kV £2
Mag= 50X WD= 6.4mm

) TCP
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EHT = 15.00kV
[ S— Mag= 50X

(e) Cyclone
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system was used to separate the particles and produce a uniform
distribution. Isopropanol with a refractive index of 1.38 was used
as solvent. Once wetted, the fully dispersed particles enter a flow
loop. Laser beam diffraction on the dispersed particles is measured
by a detector array. Additionally, pictures are taken by a high-
speed camera while a LED light source illuminates the sample.
Dynamic image processing software then derives the particle size
distribution. The observed particle size distributions are directly
related to that of the injected droplets, significant agglomeration
not taking place. The PSD measurements confirm that similar pow-
der is collected from both bottom collection ports with an average
particle size of 34 pm and 36 pm respectively. The mean particle
size of the powder (Table 4) from the top collection port is slightly
smaller at 28 pm, whereas that of the powder retrieved from the
spray drying chamber is somewhat larger at 42 um. The average
size of the powder recovered from the collection ports and inside
the spray drying chamber is within the range of commercial inter-
est. With an average particle size of ca. 19 um, the powder cap-
tured by the cyclone is significantly smaller. Under the action of
the centrifugal force in the RMD, larger particles are well retained,
whereas there is a significant loss of the smallest particles with the
air exiting the RMD. The intensified segregation of particles of dif-

EHT = 15.00 kv
Mag= 50X

Signal A = SE2
[T TP T —

9:22:29

20 Mar 2024
92648 |

EHT = 15.00 KV
Mag= 300X

(f) magnified BCP 2

Signal A= SE2
WD = 6.4mm

20 Mar 2024
9:23:42

Fig. 10. (a)-(e) SEM pictures of the powder collected at the bottom (BCP1 and BCP2) and top (TCP) collection ports, inside the spray drying chamber, and in the cyclone (f)

magnified view of powder from BCP2.
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Fig. 11. Characterization of the powder collected at the bottom (BCP1 and BCP2)
and top (TCP) collection ports, inside the spray drying chamber (RMD), and in the
cyclone: (a) Particle Size Distribution; (b) Particle roundness distribution; (c)
Particle circularity distribution; (d) Particle aspect ratio distribution.

Table 4
Average particle diameter of the powder from various collection points.
Collection point BCP 1 BCP 2 TCP Spray drying Cyclone
chamber/RMD
<Diameter> (pm) 344 36.0 28.5 41.5 19.1

ferent size and/or density under the action of the centrifugal force
can be of practical interest and was earlier observed and experi-
mentally and numerically studied in vortex chamber-generated
rotating fluidized beds [32 24].

Fig. 11b shows the roundness distribution curves of powder sam-
ples from the various collection points, generated by MATLAB soft-
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ware’s histogram function [33]. Microtrac provides information on
the roundness, circularity and aspect ratio of a powder sample. A
total of 38629, 8388, 43839, 36,334 and 76,748 particles were anal-
ysed for the samples taken from BCP1, BCP2, the TCP, the RMD main
chamber and the cyclone, respectively. The average roundness and
the percentage of particles with roundness above 0.8 are reported
in Table 5. The particle roundness distribution curves are similar
and somewhat bimodal, except for the powder from the cyclone
which has a maximum around 0.9. The average roundness for the
BCP1, BCP2, TCP, RMD and cyclone samples are 0.573, 0.574, 0.630,
0.601 and 0.685, respectively and 10.5 %, 13.2 %, 23.7 %, 18.5 % and
30.1 % of the powder having a roundness above 0.8. Apart from
roundness, other important shape factors are circularity (Fig. 11c)
and aspect ratio (Fig. 11d). Table 6 shows the average circularity
and the percentage of particles with above 80 % circularity. Most
of the powder has a circularity above 0.7, with for respectively
BCP1, BCP2, the TCP, the RMD main chamber, and the cyclone, an
average circularity of 0.76, 0.76, 0.80, 0.77 and 0.85, and 54.3 %,
443 %, 67.7 %, 56.7 % and 82.1 % of the powder having a circularity
above 0.8. The circularity is seen to be significantly higher than the
roundness, which indicates rough surfaces over the edges. Table 7
shows the average aspect ratio and the percentage of particles with
above 80 % aspect ratio. The Ilatter is defined as
FWidth/FLength (2D), where FLength = Maximal distance between
parallel tangents, FWidth = Minimal distance between parallel tan-
gents. Most of the powder has an aspect ratio above 0.6, with the
powder from the BCP1, BCP2, TCP, RMD main chamber and cyclone
having an average aspect ratios of 0.63, 0.63, 0.68, 0.66 and 0.73,
respectively, and 21.2 %, 21.2 %, 33.5 %, 27.4 % and 43.4 % of the pow-
der having an aspect ratio above 0.8. Combining the observations of
particle size and shape distribution, the finer powder has a superior
roundness, which can be expected in spray drying.

Table 8 compares Laser diffraction data of the particle mean vol-
ume diameter with the particle size distribution found from sieving
the particles using four sieves with mesh width 50 pm, 100 pm,
150 pum and 450 pm. The particles were sieved using a Retsch vs
1000 sieving apparatus [34]| which was operated at amplitude 60
for 120 min using the particles as collected without adding chemi-
cals. It is seen that only for the powder collected from the cyclone,
the data obtained from Laser diffraction and from sieving correspond
relatively well. For the samples collected through the other ports and
from inside the RMD, significant fractions of larger-diameter parti-
cles are found when using the sieving technique. This indicates a cer-
tain degree of agglomeration of produced fine powder by
electrostatic or cohesive forces - these agglomerates being broken
down when using the Laser diffraction technique.

The moisture content of the produced powder was determined
keeping samples in an oven at 70 °C for 2 h and measuring the
weight change. A moisture content of respectively 0.8 %, 0.9 %,
0.7 %, 0.8 % and 0.7 % was found in the samples collected from
the BCP1, BCP2, TCP, RMD main chamber and cyclone.

7. Energy efficiency

a) Measured energy efficiency.

The energy efficiency was determined from a water evaporation
test evaporating 15.6 g/s of water. From the required heat of evapora-
tion and from the power consumption by the five heaters that are
used, an energy efficiency of 53.8 % is obtained for this non-

Table 5

Average roundness of the powder from various collection points.
Collection point BCP 1 BCP 2 TCP Spray drying chamber/RMD Cyclone
Average roundness 0.573 0.574 0.630 0.601 0.685
More than 80 % roundness 104 % 132 % 23.7 % 185 % 30.1%
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Table 6
Average circularity of the powder from various collection ports.
Collection point BCP 1 BCP 2 TCP Spray drying chamber/RMD Cyclone
Average circularity 0.76 0.76 0.80 0.77 0.85
More than 80 % circularity 54.3 % 443 % 67.7 % 56.7 % 82.1%
Table 7
Average aspect ratio of the powder from various collection ports.
Collection point BCP 1 BCP 2 TCP Spray drying chamber/RMD Cyclone
Average aspect ratio 0.63 0.63 0.68 0.66 0.73
More than 80 % aspect ratio 212 % 212 % 335% 274 % 434 %
Table 8
Sieve analysis of the powder from various collection points and comparison with Laser diffraction data.
Laser diffraction - % particles Sieve Sieve Sieve Sieve Sieve
with mean volume diameter analysis - m% analysis - m% analysis - m% analysis - m% analysis - m%
0-52 pm 0-50 pm 50-100 pum 100-150 pm 150-450 pm >450 um
BCP1 76.01 42.55 40.52 11.10 4.95 0.85
BCP2 73.43 34.21 51.71 9.63 3.56 0.86
TCP 87.17 64.13 31.2 3.67 0.65 0.32
Spray drying chamber/RMD 76.44 4.19 24.53 17.85 39.20 14.21
Cyclone 95.71 89.8 7.8 2.1 0.10 0.10

optimized pilot scale RMD, where conventional spray dryers offer 40—
60 % energy efficiency. The actual energy efficiency should account for
the energy consumption by the two compressors (68.9 kW and
18.5 kW), the blower (9.74 kW) and the pump (1/2 HP) that are used
to feed the drying air and liquid feed. The actual energy consumption
by these devices during the tests is, however, not measured. In a com-
mercial RMD unit, the energy efficiency can be optimized by using a
highly efficient air blower and by reducing various heat losses. Heat
recovery from the air exiting can be considered. The exiting air can
eventually also be partially recycled and used for the hot air feed
streams after reheating, if it is powder free.

b) Theoretical energy efficiency and evaporation capacity.

Efficient contact between a dense droplet cloud and the hot
air that is fed is essential for achieving a high energy efficiency
and evaporation capacity. The pilot plant RMD was designed
for feeding ca. 1,500 kg/h hot air in the radially central zone
(streams B, D and E) at about 350 °C, and ca. 700 kg/h mild tem-
perature or cold air along the periphery and through the sleeve
outer surface. The latter is split in a warm stream F at ca.
130 °C with a design mass flow rate of around 200 kg/h for main-
taining a dense rotating fluidized bed of powder undergoing
final drying, and cold streams C, G, H and K at room temperature
or as heated by the compressor.

Taking the experimental example water evaporation test case
and accounting for the heat capacity of air of 1.005 kJ/kg/°C and
heat of evaporation of water of 2256.5 kJ/kg, the theoretical water
evaporation capacity of the heat provided by the different air
streams can be estimated as:

e Hot air streams B, D and E: 1308 kg air/h at 350 °C (air heated
from 20 °C to 350 °C): assuming 50 % of the provided heat is effec-
tively used, this allows to evaporate 1308 kg air/h * 330 °C *
1.005 KJ/kg air/°C * 0.5 [ 2256.5 k]/kg water = 96.12 kg water/h.

e Warm air stream F: 192 kg air/h at 130 °C (air heated from 20 °C
to 130 °C): assuming an 80 °C temperature drop by the final
drying in the periphery, this allows to evaporate 192 kg air/h
* 80 °C * 1.005 KJ/kg air/°C | 2256.5 k]J/kg water = 6.84 kg
water/h.
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The cold streams C, G, J and H (at least 475 kg air/h at room tem-
perature) are assumed not to contribute to the water evaporation
but are needed for maintaining a relatively dry (< 45 g water/kg
air) and cold (< 100 °C) air layer along the periphery and the sleeve
in order to prevent powder stickiness and for generating a suffi-
ciently high centrifugal force in order to accumulate the produced
powder along the periphery.

Using the above numbers, the total heat consumed to heat the
various air streams amounts to 1308 kg air/h * 330 °C * 1.005 kJ/
kg air/°C + 192 kg air/h * 110 °C * 1.005 kJ/kg air/°C = 455 M]/h.
The total amount of heat used for the evaporation of water
amounts to 102.96 kg water/h * 2256.5 kJ/kg water = 232.33 M]J/
h, bringing the energy efficiency to 232.33/455 = ~ 51 %. The the-
oretical analysis of the energy efficiency and evaporation capacity
is summarized in Table 9. In a commercial scale unit, the fraction of
heat from the hot air streams that is effectively used for evapora-
tion can be higher than the 50 % assumed in this calculation, bring-
ing the overall efficiency to > 65 %. As such, a 1975 kg/h total air
stream in the 0.45 m? pilot plant is expected to be able to vaporize
103 kg/h of water contained in a 172 kg/h maltodextrin solution at
40 % concentration, in order to produce 69 kg/h dry powder.

8. Conclusions

The paper presents a first maltodextrin spray drying study with
a pilot scale Radial Multizone Dryer (RMD). The RMD combines fast
initial drying in the radial centre of the spray drying chamber with
slower final drying in the periphery. In the radial centre, hot air and
atomized liquid are injected axially and counter-current. Rapid
evacuation of the initially dried particles to the periphery is
achieved by introducing a rotational motion in the chamber by
means of two vortex chambers. The mild temperature air injected
in those vortex chambers ensures proper conditions for final drying
in the periphery. Generating a centrifugal pressure difference
between the two vortex chambers allows controlling the axial
motion in the periphery. A cyclonic extension on top of the spray
drying chamber aims at optimizing gas-solids separation.

Detailed temperature measurements during dry run and water
evaporation tests allowed gaining insight in the functioning of the
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Table 9
Theoretical energy efficiency and evaporation capacity analysis.
Air stream Air mass flow Air feed temp. (°C) Heat Expected temp. Energy Water evaporation Heat of
rate (kg/h) supply (M]J/h) drop (°C) efficiency (%) capacity (kg/h) evaporation (M]/h)
B 70 350 °C 4338 165 °C 50 % 96.12 216.9
D 472
E 766
F 192 130 °C 21.2 80 °C 73 % 6.84 154
G+H+C+] 475 min. Room temp. N.A. - for preventing powder stickiness and generating centrifugal force
Total 1975 N.A. 455 154 °C 51% 102.96 232.3

RMD and selecting proper conditions for a spray drying test. The
measurements confirmed the working principle of the RMD and
confirmed limited mixing between the air injected in the radial
centre and in the periphery, fast initial drying and a sufficiently
low temperature in the periphery. Efficient and complete evapora-
tion could be achieved at 15.6 g H,0/s. The measured energy effi-
ciency is close to the expected value of 51 %.

A spray drying test under identical operating conditions as dur-
ing water evaporation but maintaining the water evaporation duty
produced fine maltodextrin powder. The latter left the RMD
through the foreseen collection ports, remained in the spray drying
chamber or, a finer fraction, was lost through the main air exit and
captured by a downstream cyclone. Minor deposits of solid mate-
rial were found at the exit of the hot air distribution chamber. This
indicates somewhat slower water evaporation from the maltodex-
trin solution compared to pure water droplets, as can be expected.
Nevertheless, such deposits have to be avoided, as they get burned
rapidly and cause asymmetric distribution of hot air in the spray
drying chamber. About 90 % of the atomized solution is properly
deflected, with about 36 % of the maltodextrin recovered via the
collection ports, and 9 % was fouling the hot air inlet. A significant
amount of powder was recovered from the spray drying chamber
itself, none was found in the cyclonic extension. Finally, about
16 % of the maltodextrin is found in the downstream cyclone as
fine powder and 27 % finds its way to the filter and exhaust. The
results show that a more efficient evacuation of the produced pow-
der and optimization of the operating conditions is needed to avoid
excessive accumulation of powder in the spray drying chamber
and initial stickiness to the cylindrical wall. With respect to the lat-
ter, optimization of the start-up procedure is also to be considered.
Cyclone redesign and a controlled wall temperature may also fur-
ther improve the powder recovery efficiency and energy efficiency.
Analysis of the produced powder collected at the different loca-
tions by means of optical microscopy, SEM and particle size and
roundness distribution measurements indicates that very little to
no agglomeration of the produced powder occurred. The optical
microscopy pictures further reveal that hollow and relatively
spherical particles were produced. The particle size distribution
is directly related to the droplet size distribution that was gener-
ated by the spray nozzles. The particle size distribution of the pow-
ders from the various collection ports and from inside the spray
drying chamber are not very different, with an average particle size
of ca. 30-40 pm - on the lower end of the commercially interesting
size. The powder retrieved from the downstream cyclone was sig-
nificantly smaller with an average size of 19 um. The action of the
centrifugal force in the RMD as such provides some segregation of
the produced powder, which can be of practical interest. Laser
diffraction measurements of the particle roundness, circularity
and aspect ratio confirmed the visual observation that relatively
spherical particles were produced. The average particle roundness,
circularity and, respectively, aspect ratio are 0.5735 [ 0.76 | 0.63 for
the powder that left through the bottom collection ports, 0.601 /
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0.77 | 0.66 for the powder retrieved in the spray drying chamber,
0.630 / 0.80 / 0.68 for the powder that left through the top collec-
tion port and 0.685 / 0.85 / 0.73 for the fines in the downstream
cyclone. The moisture content of the produced powder was in
the range 0.7-0.9 %. The observed shape is, hence, more spherical
as the particles are smaller. Comparison with a conventional parti-
cle sieving analysis shows some agglomeration due to electrostatic
or cohesive forces. The analysis furthermore indicates some irreg-
ularities over the edges of larger particles. Finally, SEM pictures
show that the produced particles are hollow and with a low poros-
ity shell.
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