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Multistage drying processes including spray drying and fluidized bed unit operations are challenging to design due to the

dependencies of the preceding process steps. Flowsheet simulation offers the possibility to simulate a complete process by

the application of suitable short-cut models. In this contribution a novel model for a spray dryer based on a population

balance approach is presented. Furthermore, a dynamic model for a fluidized bed dryer is introduced. Experimental data

is used for validation and parameter optimization. The calibrated models are then used to design an industrial drying

process of multiple drying stages.
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1 Introduction

Spray towers are widely applied in the production of chemi-
cals, e.g., catalysts or substances for protection of crops, as
well as various food powders. On production scale, a second
drying stage is often required due to limited residence times
inside the spray dryer to reach the desired low moisture
contents. This mainly occurs for temperature-sensitive
materials, which must not experience high temperatures,
especially in the inlet region. In this combination, the solids
formulation and parts of the drying is carried out in the
spray column, whereas the long residence time needed for
final drying is guaranteed by the following fluidized bed
dryer. To establish better control of the moisture content
out of the coupled spray drying and fluidized bed drying
process, the fluidized bed chamber may be divided into sev-
eral subsequent drying chambers.

In such interconnected systems, the dimensioning and
optimization of the single unit operations becomes difficult
without considering the time dynamic behavior of previous
and ensuing process steps. To allow for a consideration of
the interdependencies of the single unit operations, flow-
sheet models can be used by simulation of the whole pro-
cess, including recycle streams. Although flowsheet simula-
tion is state of the art for processes containing purely fluid
materials, the dynamic simulation of solids processes is still
challenging, mainly due to the granularity of the considered
material properties [1]. These issues are tackled by the novel
open-source simulation framework Dyssol (acronym for
dynamic simulation of solids processes), which is used in
this contribution [1]. Dyssol inherently gives the option to
keep track of the multidimensional distributed properties of
particulate materials, like particle size distributions and
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moisture contents, in a time-dynamic simulation setting.
Dyssol uses a sequential-modular approach in combination
with partitioning and tearing methods to solve complex
flowsheets including recycle streams. An extensive overview
of the applied methods and algorithms is given by [2].
Common approaches for the development of shortcut
models for spray drying processes revolve around plug flow
or ideal mixing considerations. Birchal and Passos [3] chose
the approach of an ideally mixed reactor to compute the
time dynamic behavior of a spray drying process for milk
powder production. The model considers particles with dif-
ferent residence times and therefore allows for the distinc-
tion between the evaporation processes of droplets and
already solidified particles. Petersen et al. [4] presented a
shortcut model for a spray dryer with serially connected flu-
idized bed units, based on physically derived balances and
empirical approaches. However, the granular phase is only
resolved for a characteristic diameter, such that the change
in the size distribution of the granules cannot be observed
in detail. Ali et al. [5] described a one-dimensional plug-
flow model of a countercurrent spray drying process for
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detergent production. The stationary state of the spray
dryer is computed by simplified calculation of particle
velocities and the resulting heat and mass transfer with the
hot gas.

A series of modeling approaches for fluidized bed drying
can be found in literature, which vary in the degree of
abstraction in which the hydrodynamics are considered and
how the particle size and moisture distribution are treated.
Gnielinksi et al. [6] calculated the moisture change of par-
ticles in a batch fluidized bed dryer via an overall moisture
balance over inlet and outlet gas. Palancz [7] included a
two-phase model for the bubbling fluidized bed hydro-
dynamics. The energy and mass transport between bubbles
and suspension is, hence, dependent on operation parame-
ters like gas temperature and fluidization velocity. Lai et al.
[8] extended this model by introducing a resistance for the
evaporation from the particle surface. Additionally, the bub-
ble gas is considered with a plug flow like behavior meaning
that the heat and mass transport between suspension and
bubble is calculated along the fluidized bed dryer height.
Garnavi et al. [9] included changing bubble sizes along the
dryer height, which corresponds more to the general under-
standing of bubbling fluidized beds. More recently, popula-
tion-based models are used to describe the drying in fluid-
ized beds to keep tracking of the drying for particles of
different size possible [10-12].

In this contribution, a novel spray dryer model based on
a two-dimensional population balance approach to describe
the dynamic evolution of droplet and particle evaporation is
presented. Additionally, a dynamic model for a fluidized
bed unit operation is introduced. Both models are validated
based on lab and pilot-scale experiments and show promis-
ing results regarding the description of both drying mecha-
nisms and dynamic behavior. The models are then con-
nected in a multistage drying process and simulated using
the flowsheet simulation framework Dyssol to show the via-
bility of this approach for process design and plant optimi-
zation purposes.

2 Framework Models
2.1 Spray Dryer

The spray drying process under consideration is operated in
cocurrent mode. The present model uses a well-mixed
approach to account for the changing gas and granular
states inside the drying chamber. The droplet size distribu-
tion at the inlet is prescribed by a normal distribution. In
the drying chamber, the droplets dry and solidify showing
different drying behavior that is usually described by two
distinct drying stages. During the first drying stage, the
drop size shrinks and the contained primary particles move
towards the drop’s center. When a critical solid concentra-
tion is reached at the locking point, the drops solidify, and
the resulting wet particles continue to dry without changing
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their size during the so-called second drying stage [13]. To
account for the change in granule size and composition, the
state of the droplets and particles is modeled by a two-
dimensional population balance approach, accounting for
the different granule sizes and solvent mass fractions. In
total three different phases/regions are considered: gas
(index G), granules, i.e., drops and particles (index P), and
wall (index W).

2.1.1 Gas Phase

Due to the complexity of the fluid dynamics of the gas, a
quasi-stationary description for the dry gas (index g) and
water vapor (index v) components was chosen as follows:

dmg g =0 = MG.ein — MGoout (1)
dt s 85

de . . .
dr =0 = MG yvin — MGyvout T My PG 2)

The mass flows of the different components at the inlet
and the outlet is given by 7ig i, /oue and the transfer flow of
the water vapor between the granule and the gas phase by
mv,P%G‘

The enthalpy balance is used to determine the gas tem-
perature and accounts for heat transfer with granular phase
and the wall as well as the enthalpy flow from the evapora-
tion mass flow as follows:

dHg _ d(mche) _ o
dt dt
= MG inhGin — MGouthg + Hypg — Qasp — Qoow

©)

where hg = f{Tg) is the specific enthalpy of the respective
entity, Hv,p_,G is the enthalpy flow of the evaporated water
vapor, Qg_,p and Qg _,w are the heat flows that are trans-
ferred between the gas granular phase and wall, respectively.

2.1.2 Granular Phase

The granular phase consists of both droplets and solidified
particles that are present in the domain. To account for
varying granule sizes and water contents during the evapo-
ration process, a mass-based two-dimensional population
balance approach is developed. Fig. 1 shows the two-dimen-
sional grid for the size and moisture classes, on which the
population balances are applied. According to the before-
mentioned drying stages, three different granule states are
considered, as exemplary depicted in Fig. 1a, drop, solidified
moist particle and dry solid particle. The state of the granule
is determined by the water mass fraction of respective pop-
ulation. Figs. 1b-d illustrate the implementation of the size
and composition changes of the granule populations due to
evaporation. For droplets, the size and water mass fraction
decrease when water is evaporated, leading to a diagonal
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granule mass flow towards a population class with a lower
particle size and water mass fraction, as shown in Fig. lc. A
solidified particle shows only a decrease in water mass frac-
tion, leading to a mass transfer against the water mass
fraction axis as shown in Fig. 1d. Dry solidified particles are
treated as inert with respect to the evaporation mechanisms.

A population mass balance for size class i and moisture
class j reads as follows:

dmp ij
i . .
@ Mp inij = MPpout,ij T MP evap,in,ij

- mP,evap.out,i,j (4)

where #1p i /oy are the particle mass flows into and out of
the spray dryer calculation domain and i1p eyap in/our are the
particle mass flows across the population classes due to the
evaporation process as shown in Fig. 1. The difference of
the sums over the incoming and outgoing particle mass
flows due to evaporation leads to the total evaporated water
mass flow entering the gas phase.

For the particle phase, the temperature is averaged over
all population classes, i.e., an overall enthalpy balance of the
particle balance, is solved as follows:

@ d(mphp)

dt dt

= ti1p inhp jn — Hip outhp — Hv,P—)G + QG p (5)

The average temperature of the granule phase Tp is calcu-
lated analogously to the gas phase from the specific enthal-
py hp The enthalpy flow H, p_, g corresponds to vapor
mass flow that is transferred to the gas phase and Qg_, p is
the total heat exchange flow between gas and granular
phase.

2.1.3 Transfer Flows

The heat and mass transfer between granular and gas phase
depends strongly on the granular size distribution, as small-
er granules have a larger specific surface area than larger
ones. Following correlations are used:

vaP%G = E E mv,PA)GAi,j
j

i

= Z ZAiﬁjﬁi,j(Sh) (YvAsat(TP) - YvﬁG) (6)
g

QGA)p = E E QG >P»i-,j
L
=D D Aijai(Nu)(Tg — Tp) ™)
L

Here, A;; is the surface area, 3;; the mass transfer coeffi-
cient and ¢;; the heat transfer coefficient of granules in size
class i and moisture class j,

a)

Droplet

Solid (wet)

@ Solid (dry)

b) c)

Yo sae(Tp) is the vapor saturation
concentration at the particle sur-
face and Y, g the vapor concentra-
tion in the gas phase. The vapor
saturation concentration is calcu-
lated using the saturation pressure
according to the Antoine equation
[14]. The heat and mass transfer
coefficient are calculated using the
Ranz-Marshall correlation for the
Nusselt number Nu and Sher-
wood number Sh for single drop-
let evaporation [15].

The particle mass transfer

between the population classes
depends on the respective

My p 5 Glij and the target size and
water mass fraction of the receiv-

ing class as follows:

ZH,0

—_—> i
d

1y p 5 Gij
= 2 msingle,i.j

msingle,w,i,j - msingleﬁw‘,k,l
(8)

Figure 1. a) Two-dimensional population balance description for the spray dryer model depend-

ing on the granule size and the water mass fraction. b) Exemplary granule population in size
class i and moisture class j. c) Droplet state drying leads to a decrease in size and water mass frac-
tion. d) Wet solid particle drying leads only to decrease in water mass fraction while the particle

size stays fixed.
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where Mgnglewij is the water
mass in a single granule of size
class i and moisture class j. The
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index variables k and I denote the indices of the target size
and moisture classes, according to the illustration in Fig. 1.

The heat exchange with the environment Qg _,w is calcu-
lated by assumption of free convection on the outside wall,
according to [16].

2.2 Fluidized Bed

The model for the bubbling fluidized bed dryers comprises
a hydrodynamic model to determine the size of bubbles and
the whereabouts of solids in the unit. Based on that, the
heat and mass transfer between bubble gas, suspension gas
and solid product to-be-dried is calculated by the drying
model.

2.2.1 Hydrodynamic Model Part

The fluidized bed hydrodynamics is modeled considering a
dense bottom zone, which comprises solid free bubbles and
a suspension phase from gas and solids. The height of the
dense bottom zone is determined by the bubble volume
fraction, the bubble mean diameter as well as the bubble rise
velocity. These values vary along the dryer height. Thus, the
fluidized bed is discretized in height elements and the val-
ues are calculated along the reactor height. Above the dense
bubbling phase, a dilute upper

tween bubbles and suspension as well as the evaporation of
water from the particles. The heat and mass transfer system
used in this work is depicted in Fig. 2.

To model the transient behavior of the moisture content,
the general change of water over time inside the fluidized
bed dryer is calculated as follows:

dm,,

dt

= ms,inXs,in - ms,outh, bed — mw,evap (10)

3 Experimental and Simulation Setup

3.1 Pilot-scale Spray Dryer

A pilot-scale spray dryer was operated for the validation of
the spray dryer model using standard fumed silica particle
suspensions dispersed in water as a reference material. A
suspension mass flow of 156 kgh™" with an initial solid con-
centration of 30 wt % was used. The spray dryer has a height
of 10m and a diameter of 1.5m. For the atomization, a
two-fluid nozzle, operated at 1.75 bar, was used at a gas-to-
liquid ratio of 0.4. The estimated mean drop diameter is at
100 um. A drying gas flow of 1500 Nm’h™" at 200°C was
applied.

zone is considered. This zone is
characterized by elutriation of
particles from the dense zone.
The implementation of the ap-

bubble gas

exhaust gas
Touts Xout» Uo

f suspension gas inlet solids

plied hydrodynamic model is de-
scribed by Puettmann et al. [17].

TB,out, XB,out: Ug

Tsus.out: Xsus,outr Umf Mg in, Ts,in: Xs,in

The model in this work addition- A
ally allows for the transient (PFR)
change of the bed mass inside the
dryer, leading to changes in the
operation parameters (ug, Tg;n).

(" bubble phase ) [

suspension phase i

(CSTR)

| Hbubble-suspension gas |

This will alter the fluidized bed He AZI
holdup mass m, the bed height

TSUSPEHSiOH gas Xsuspension gas

I A

and the solids concentration ¢, of
the zones in the fluidized bed.

dm, .
a Hig in (t)

+ ms,out [ms(t)7 Cv(t)a uO(t)7 Tg,in(t)}
©)

The dynamic framework of the
fluidized bed hydrodynamics was v \

| Kbubble-suspenslon gas

| ans.so"d | |evaporation|

le—  Quan

N [ I I

Tsolid Xsolid

y,

described in Haus et al. [18]. Us

bubble gas

Umf .
outlet solids

suspension gas .
mS,OUtI TSI XS

2.2.2 Drying Model Part

The drying model equations by

fluidization gas
Tg,in: Xg,in/ Uo

Lai et al. [8] are used to describe
the heat and mass transfer be-

Figure 2. Model of heat and mass exchange in the fluidized bed dryer.
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3.2 Lab-scale Fluidized Bed

A lab-scale fluidized bed, as shown in Fig. 3, was operated
to achieve information on the drying behavior for the mate-
rial. The fluidized bed is operated at an inlet temperature
between 60 °C and 70 °C. The superficial gas velocity of the
fluidization gas flow was arranged with a flow control
meter. The material has a bulk density of 700kgm™, an
average particle diameter of 400 pum and a heat capacity of
1.57kg ' K. 200g of wet material with an initial water
mass fraction of 40 wt %, corresponding to a moisture con-
tent of 0.67 g gdry’l, was used. The varied operational condi-
tions of the experimental runs are shown in Tab. 1.

Moist gas

Moisture analyzer

Gas filter |

Diameter e

67.5 mm
—>

Thermocouple

‘| Perforated plate

Dry nitrogen distributor

Thermocouple

Gas flow control Gas preheater

Figure 3. Lab-scale fluidized bed kinetic reactor as operated at
BASF for the determination of the drying kinetics.

During fluidization, the bed had a height of around
100 mm, and a fixed bed height of around 80 mm. Thermo-
couples measured the temperature of the inlet gas and in-
side the fluidized bed drying

Table 1. Experimental runs for drying parameter adjustment.

Run 1 2 3
Ty, [°C] 60 60 70
o [ms™) 0.25 0.125 0.25

drying behavior seen in the experiments, the drying param-
eters n and K as well as the critical moisture content of the
product are extracted.

The extracted parameters for the drying kinetics were
then used for the dynamic simulation of a small industrial
scale and continuous process shown on the right side in
Fig. 4. Stream (1) is introducing 250 kgh™" of spray suspen-
sion into the spray tower with an inlet moisture of 50 wt %
water, corresponding to a moisture content of 1g gdry_l.
Drying gas is introduced to the spray dryer via inlet stream
(2). The partly dried product with a moisture of around
40wt % enters the fluidized bed stage in stream (3). The
three fluidized bed chambers are fluidized with streams (4),
(7) and (10) and should establish a superficial gas velocity
of 0.25ms™". A difference compared to the lab-scale trials
arises, because ambient air is used in the industrial process
with an inlet moisture content of 8 gkgg,, . Both the spray
dryer as well as the fluidized bed unit models allow for a
starting inlet moisture content, which will influence the
drying behavior of the material.

The aim of the small industrial scale simulation is to find
suitable dimensions of the spray column and the chambered
fluidized bed to achieve a final outlet moisture content
below 5wt % water in the product.

chamber. The outlet gas flow is
analyzed for the relative humidity
at a set temperature.

Lab scale fluidized bed

3.3 Multistage Dryer

In a first step, the presented fluid-
ized bed dryer model is fitted to
the batch experiments in the lab-
scale fluidized bed reactor as
shown in Fig.4 where stream (1)
on the left represents the gas inlet
and stream (2) the outlet gas. The
operation input parameters in

Extraction of
drying
parameters

Multi-stage drying process

RO N

EAGeieit @’A L, @—'X...)_X;& , @
ERERES o St

the simulation were set exactly as
in the lab runs as described
before. By accurately meeting the
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Figure 4. Workflow and flowsheets of the lab-scale fluidized bed and the small industrial scale
process comprising a spray tower, a chambered fluidized bed with three consecutive beds.
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4 Simulation Results

a) 10 b) 170 007

_ — o 160 A Temperature 0.06 <
4.1 Spray Dryer H':,o 8 | s = 150 measurement | 50

. ; 6 ' 4§ E 140 (pilot plant) ' %
The pilot-scale spray dryer set- S | EE oy lmF————— — 0.04 £
up, described in Sect. 3.1, was 2 4 % E 100 0.03 §
used to validate the presented _g I A Mass flow .g % 110 0.02 g
spray dryer model. The time se- 5 2 measurement [ 0.2 o § L S5e==: 001 2
ries of solid mass flow and solid . (pilot plant) 100 | fEs=sgisssn - 2
mass fraction of the granules are 0 0 %0 0
shown in Fig.5a. Over time the 0 >0 Ti:rlr?g[s] 10 200 o =0 Tirizo[s] 150 200
initially empty drying chamber 9 1
fills with granules leading to an ]
increase of the solids in the dry- - 08 -
ing chamber. A mean residence 5 ,,';/
time of the granules 7 = mp /#ip 3 0.6 Z Inlet
is estimated with a value of 20s Z 0.4 — —Outlet (t=55)
due to the plant operation con- <
ditions. As the solids heat up O 02 ot e o i b e s et e e et | Outlet (t = 200s)
and the water evaporates, the A Pilot plant
solid mass fraction increases 0
0 50 100 150

resulting in a final solid mass
fraction of 96.3 %, which is in

Diameter [um]

good agreement with the mea-
sured product solid mass frac-
tions of 98.0%. Due to the
quasi-stationary model, the sim-
ulated gas temperature rapidly
changes its state to a constant value of 99.5°C, while a gas
temperature of 100°C was measured, with an elevated
moisture content of 3.78 ggar, = due to the uptake of the
evaporated water from the suspension. The computed Qs
distributions of the product particles in Fig.5c show a
decrease in particle sizes over time, representing the
decreasing droplet sizes due to evaporation until a steady
state is reached. The comparison of the computed final par-
ticle size distributions from the pilot plant product are in
very good agreement, suggesting a fitting model structure
for the spray drying process.

4.2 Lab-scale Fluidized Bed

As described in Sect. 3.2, three different experimental runs
were used for the calibration of the drying parameters. As
the presented models showed deviations from the measure-
ments for the implemented fluid and the thermodynamic
models, a calibration of the applied heat and mass transfer
coefficients Kbubble-suspension and Hbubble-suspension’ that are
shown in Fig. 2, had to be performed to match the tempera-
ture measurements inside the fluidized bed. Afterwards the
drying parameters n and K could be adjusted according to
the measurements of the moisture content. The resulting
time series of the particle temperatures and the particle
moisture contents inside the fluidized bed are shown in
Fig. 6, for the set of model parameters that is given in Tab. 2.

www.cit-journal.com
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Figure 5. Results of spray dryer simulation at the outlet: a) Solid mass flow (solid line) and solid
mass fraction over time (dashed line). b) Gas temperature (solid line) and moisture content of
gas flow (dashed line) over time. c) Comparison of granule size distribution at the spray dryer
outlet at different time points with measurements from a pilot-scale plant.

Table 2. Fitted values of model parameters to the measure-
ments from lab scale fluidized bed experiments.

Parameter Fitted value
Kpubble-suspension 6
Hpubble-suspension 6

n 3

K 0.001

The time series of the particle moistures are in good agree-
ment with the measurements allowing for a subsequent
usage of the drying parameters n and K for the following
design simulation of the multistage drying process. The
deviations in the particle temperatures can be mainly
accounted to the thermal inertia of the wall that is heated
up in the experiments, which is not considered in the fluid-
ized bed model.

4.3 Multistage Drying Process

With the validated models for the spray tower and the fluid-
ized bed dryer, a multistage industrial process was simulat-
ed. The plant dimensions were altered to meet the final
target, a moisture content of 5wt % water of the final prod-
uct. This led to a spray tower with 2 m in diameter and 6 m

Chem. Ing. Tech. 2021, 93, No. 8, 1-9
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height. Three subsequent fluidized
beds with a width of 1,6m and a
depth of 1m each were enough to
reach the target. A weir height of
0.25m was rendered a good option
for the fluidized bed reactors.

Fig.7a shows the mass flows after
each drying stage. The particles exit
the spray tower with 0.46kgs™" and a
temperature of 23°C as shown in
Fig.7b and a water mass fraction of
around 40 wt % given in Fig. 7c. The

LY
(%3]
wv

Particle temperature [°C]

b)
mass flow from the first fluidized bed = 07
dryer starts at 0kgs™", but after filling & 06
up to the weir height it goes up to o 05
0.45kgs™ and stabilizes towards a 5
steady outflow of 0.40kgs™. The 'é 04
decrease in mass flow in comparison o 03
with the mass flow of the spray dryer 4§ 0.2
outlet is due to the lower moisture %01
content of the particles. The second 0
stage again starts with no outflow 0 50 100 150 200

towards stage 3. After around 1.5h Time [min]
particles amounting to 0.31 kgs ™" exit

the bed towards stage 3 with a water ~ Figure 6. a) Time series of the particle temperatures for experiments corresponding simula-
mass fraction of 0.12wt%. In the tions.b)Respective time series of the moisture content of the particles inside the fluidized

third stage the final drying towards bed.
0.047 wt % water is established, and a
mass flow of 0.29kgs™" is achieved, 0.06
which corresponds to a total product a) 0'05 — Spray dryer - FBStagel ----- FBStage2 —-—--FB Stage3
mass flow of 100kggyh™. The bed |7 :
temperatures stabilize:y at 26°C in |2 004 B SR R e
stage 1, to 29 °C in stage 2 and reach 4 0.03 ; e e RS S EEEE R R SR EE R e
51 °C at the exit of stage 3. u——z 0.02 : ,'

é 0.01 E E i

0 e e el e i

5 Conclusion b} R EE RN SRR R RN S R

S 50 e M
In this contribution, a dynamic spray OE 0 Eam
dryer model based on two-dimen- 2
sional population balances is intro- E’_ 130 et et e 6 0
duced. The model allows for the cal- E ’ __________

culation of the transient behavior of 20

the evaporation leading to changes in o 0 \

particle sizes that may have different — 04

moisture contents. A comparison 8 o3 EEEEcCSeeme

with the results of a pilot-scale spray g

dryer shows the suitability of this |3 %2 ~  TTee

approach. Furthermore, a dynamic € 00 SRR R e e S

model of a fluidized bed is presented % o EEESEEESSEEEEEEsSErsRCEECiEtEsstEntaataastaantass
considering both the hydrodynamic = 0 1 2 3 4 5 6 7 8 9 10
and thermodynamic mechanisms Time [h]

inside the drying chamber. The fluid-

ized bed model is validated using lab- Figure 7. Simulation results for the solid streams at the outlet of the different process

. stages: a) Solid phase mass flows, b) solid phase temperatures and c) solid phase water mass
scale experimental data that are also  fraction. The temperatures and water mass fractions of for the time points at which the
used for the determination of the  mass flow is zero are not included.
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drying kinetics. These calibrated models are then applied to
create a flowsheet model of a multistage drying process,
which is used as a tool to design the dimensions of the sin-
gle unit operations.

(1]
Open access funding enabled and organized by Projekt
DEAL.
(2]
(3]

Symbols used

A

[m?] surface area
c, (kg m™] solids concentration
d [m] granule diameter [5]
H 7] enthalpy
h [J kg’l] specific enthalpy
H (W] enthalpy flow (6]
m (kg] mass
m (kgs™'] mass flow (7]
Nu (-] Nusselt number
o} (W] heat flow [8]
Sh -] Sherwood number
T K] temperature (9]
U WK™ thermal transmittance
U [ms™ superficial velocity (10]
Y [kgm™] gas concentration
[11]
I Greek letters (12]
a [Wm™K™'] heat transfer coefficient
p [kgm™] gas concentration (13]
(14]
I Sub- and Superscripts
[15]
B bubble phase
dry dry matter (gas/solid) [16]
gas phase (17]
g dry gas compound
P granular particle/drop phase
. [18]
s dry solid compound
sus suspension phase
v water (vapor)
w water (liquid)
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A multistage drying process consisting of a spray dryer and fluidized =9 g
beds is designed using flowsheet simulation. A novel modeling approach is presented for
the spray drying. The dynamic modeling of the fluidized bed is based on an adaptation of
established models.
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