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Abstract: Multi-stage spray drying is an important and widely used unit operation in the
production of food powders. In this paper we develop and present a dynamic model of the
complete drying process in a multi-stage spray dryer. The dryer is divided into three stages:
The spray stage and two fluid bed stages. Each stage is assumed ideally mixed and described by
mass- and energy balances. The model is able to predict the temperature, the residual moisture
and the particle size in each stage. Process constraints are also proposed to predict deposits due
to stickiness of the powder. The model predictions are compared to datasets gathered at GEA
Process Engineering’s test facility. The identified grey-box model parameters are identified from
data and the resulting model fits the data well. The complexity of the model has been selected
such that it is suitable for development of real-time optimization algorithms in an economic

optimizing MPC framework.
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1. INTRODUCTION

In 2015 the milk quota system in the European Union
will be completely liberalized. The expected effect is that
the milk volume production will increase significantly. The
extra milk will need to be processed to find its way to
the market. Analysts expect production of skimmed and
whole milk powder to increase by 5-6% while its prices
will decline by about 6-7% (IPTS and EuroCARE GmbH,
2009). To accommodate this production expansion, effi-
cient control and optimization of the spray drying process
become increasingly important. In this paper we develop
a simple first-principle engineering model that can be
used to simulate the spray drying processes and facilitate
development of efficient control algorithms.

In this paper a grey-box model will be introduced which is
based on engineering first principles. It describes the spray
drying (SD), the static fluid bed (SFB) and the vibrating
fluid bed (VFB) stages of a multi-stage dryer (MSD) plant
as illustrated in Fig. 1. The model is validated against
data acquired from a MSD at a test-station in Copenhagen
(GEA Process Engineering A/S). The model describes the
temperatures, the residual moisture and the particle size
in each stage of the spray dryer, as well as the stickiness
limit.

Conventional control of spray drying plants keeps inlet-
and outlet temperatures constant during operation, as a
surrogate to controlling the product quality (O’Callaghan
and Cunningham, 2005). This approach is simple, but
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known to be insufficient for control of residual moisture
and particle size. The simple approach is often preferred,
as product quality is expensive to measure and can lead
to sanitary problems. One approach to avoid the use of
expensive sensors is to use soft sensors based on readily
available measurements and a mathematical model. The
importance of good models is therefore evident for both
use in controllers and soft sensors as well as in design and
validation studies.

Chen and Lin (2005) derived a simple set of differen-
tial equations for use in computational fluid dynamics
(CFD) to describe the drying of a single particle. In this
study, it was shown that the characteristic drying rate
curve (CDRC) method did not resemble the experimental
trends, and therefore they preferred the reaction engi-
neering approach (REA) method. Langrish (2009) used
the REA method for CFD with success on studying wall
depositions. Shabde and Hoo (2008) investigated control
design and optimization using CFD methods for a single-
stage spray dryer, and described a (lumped) model and
control for the residual moisture and the particle size. We
deemed the models relying on CFD too complex for real-
time advanced control and real-time dynamic optimiza-
tion. Bizmark et al. (2010) introduced a sequential static
model for a continuous fluidized bed and Iguaz et al. (2003)
formulated a sequential reactor approach, which was used
to simulate the dynamic response of a rotary dryer to a
change in the input conditions. We come up with a three-
stage approach inspired by Bizmark et al. (2010) and Iguaz
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Fig. 1. Diagram of the multi-stage dryer. SD = spray
drying, SFB = static fluid bed and VFB = vibrating
fluid bed

et al. (2003) and use constitutive equations inspired by
Langrish and Kockel (2001).

To our knowledge, no control oriented general dynamic
model exist for multi-stage spray dryers. In this work such
a general model is proposed.

The paper is organized as follows. In Section 2 we describe
the spray drying process and in Section 3 we present
the three-stage model. We also give constraints to the
residual moisture in order to predict wall deposits. Section
4 contains a brief description of the method for parameter
estimation, the estimated parameters, and a validation of
the model to data from two experiments. Conclusions are
given in Section 5.

2. THE SPRAY DRYING PROCESS

As illustrated in Fig. 1, spray drying is a continuous pro-
cess which produces a dry powder from a liquid or a slurry.
The spray dryer consists most often of a combination of
three stages; the actual spray drying (SD), the static fluid
bed (SFB) and the vibrating fluid bed (VFB). The main
purpose of the SD stage is to reduce stickiness and fouling
of the wet feed. The powder then falls to the SFB for
further agglomeration and drying. Finally the powder is
transported to the external VFB, for gentle drying and
is cooled to the temperature desired for handling and
storage. Cooling air and fines from the cyclone are returned
to the SD stage near the nozzles for forced agglomeration.

The main factors affecting the residual moisture in the
powder are the temperature, the relative humidity and the
particle size in the stages. Normally, the SD air temper-
ature (exhaust temperature) is automatically controlled
by adjusting the feed flow rate while the temperatures in
the other stages are manually controlled from the inlet
air temperatures set by the operator. The particle size
is mainly affected by the nozzle pressure (i.e. feed flow,
concentration and viscosity), residual moisture and the
SEFB inlet air flows. The particle size is often controlled
by adjusting inlet air flows and the residual moisture
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is controlled from the exhaust temperature. Generally,
two external disturbances are present in spray drying i.e.
the ambient air humidity and the feed composition. The
disturbances both affect the residual moisture and the
particle size. Also the hold-up of powder in the SFB and
VFB can vary and influences the drying.

3. MULTI-STAGE DRYER MODEL

The model structure is derived from engineering first prin-
ciples and the unknown parameters are identified using
a least-squares method. This approach, called grey-box
modeling (Ljung, 1999), combines physical knowledge with
data-based (statistical) modeling; physical knowledge pro-
vides the main structure and statistical modeling provides
details on the actual coefficients (Kristensen et al., 2004).
Compared to statistical black-box models; this is advanta-
geous since it allows a physical interpretation of the model
and often wide valid operation range. Utilizing mass and
energy conservation laws, also make it possible to extract
otherwise unknown drying conditions inside the drying
zones.

We divide the model of the dryer into three stages. The
SD, the SFB and the VFB stage. Fig. 2 shows a schematic
representation of the three-stage model approach, and Fig.
3 describes the details of a single stage.

For each of the stages, we set up two mass balances (Eq.
1 and 4), one energy balance (Eq. 15) and one particle
size balance (Eq. 31) in order to fully describe the drying
conditions in each stage. In the following, the derivation of
the equations for the stages will be treated generally and
when necessary a specific stage is noted in the superscript
of the equation.

The experiments were based on drying of maltodextrin
DE-18, because milk is expensive, cannot be stored in lig-
uid form and its composition is not well defined. Maltodex-
trin, though, resemble the same fundamental properties as
skim milk.

3.1 Powder moisture

A mass balance for water in the powder yields

dmy,
Ay — Fpsm Xin —

dt Fpsout XOUt - meps (1)

X is the dry basis water concentration (kg water/kg dry
solid) in the powder and the flux of evaporating water is
Rymps. The hold-up of dry powder is assumed constant,
and thus the flow of dry powder entering and leaving is

Fpsom, = FpSm = Sianm (2)

The dry basis concentration of product in- and outlet flows
are

_1_5171

My
Xin -

Xout =
S; Myp — My

(3)

where S;,, is the concentration (kg solid/kg total) and my,
is the mass of water. m,, is the total mass of the powder.

3.2 Air moisture

The amount of vapour in the air is given by
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dm,
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The inlet vapour flow, F), , for each stage is

in?

5P e Vi B AR (9
SFB __ fbsfb
F’um - Y;il F;ain (6>
VFB _ y/vfbh o fbh fbe o fb
va - )/;1;/ deam + Y—Zl;b CF;ai: (7)
The flow of dry air, Fy,,, , is given by
1
Fuary = o Fa,, 8
and the absolute humidity, Y;,, of the incoming air is
Mv RHiansat

Y;

= (9)
" Mda -Pzn - RHin-P'usat
RH;, is the relative humidity and P,s,; is the saturated
vapour pressure from the Antoine equation.

The hold-up of dry air is assumed constant, and thus the
dry air flow out of the chamber is equal to the dry air flow
into the chamber. The flow of vapour out of the stages is

FD = YR (Fpmen + Fgeot + F3PBYy - (10)
b

FFB =y i sl (11)

VEB _ yVEB(pufth | pribey (12)

The absolute humidity of the stage air, Y, is given by
Mda P— PU
M, P,

Assuming constant total chamber pressure, P, which is

controlled by a suction fan. The vapour pressure is given
by the ideal gas law

Yot = (13)

_ M'U RTaout

my,V
M, is the molar mass of vapour. V' is the stage air volume.

P, (14)

3.3 Energy balance

It is assumed that in each stage the temperature of the
air and the product are in equilibrium and identical. This
temperature is defined by an energy balance

U AH+Q+W

i (15)
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where W = 0 and
AH = Ham - Haout + H, in Hpout (16)
Q = _Qloss + Qea:c (17)

The enthalpy of humid air is
H, = Hao + Fda(cda(Ta - Tref)
+Y AN+ Co(Ty — Trey))) (18)

where Cy, and C, is the specific heat capacity of dry air
and vapour respectively. A is the latent heat of evaporation
and T..y = 25°C is the reference temperature.

The enthalpy increase from inlet air in each stage is

HpD = Hy " + Hyoo + HplP (19)
HZEB = [g3f? (20)
H, P = HyIM o 1T (21)

The enthalpy of humid air leaving the stages is simply

determined from (18). We denote the enthalpies HSP |
HSFB HVFB '

Aout Aout

and

The enthalpy of liquid feed as well as powder is
H,=H,, + Fps(Cs + XCu)(Tp — Tpey) (22)

where C and C, is the specific heat capacity of solids and
water respectively.

The heat loss is given by
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Qloss = UA(TaDut - Tindoor) (23)
Since the indoor temperature was not measured, we ap-
proximate the indoor temperature by Ty fpc.

The SD and SFB stage is subject to exchange of heat,
as these are placed inside the same chamber. The heat
exchange is

fag = _UAezc(Tiﬁ)t - ifrB) (24)
oy T )

The VFB is isolated from the other stages, and thus have

zero heat exchange i.e. QVEP = 0.

The total energy is given by
U=mpCpT,,,, + miaCaqTla,,, + MyCavTla
+ msteeleteelTaDut (26)

As mentioned the temperature of the air in the chamber,
T,,.,. equals T, The heat capacities are placed in
appendix A. In this we assume that the temperature of the
steel chamber changes reasonably fast compared to the air

temperature. The mass of steel is determined by assuming

3 mm of steel. i.e. m%0, = 212.22 kg, m3EE = 7.80 kg
VFB

eteer = 8.10 kg.

out

out*

and m
3.4 Drying rate equation

The evaporation rate, R,, is an essential part of the
model. According to Iguaz et al. (2003) it should include
equilibrium moisture content data and must be determined
experimentally under conditions as close as possible to
those of the process. We find that the drying kinetics
is best described by the lumped-parameter expression
(Langrish and Kockel, 2001; Chen and Lin, 2005). Thus,
the drying rate is a function of vapour density and the
moisture content. The drying rate may be expressed as

R, =K; (Xout - Xeq)(pvsat - pv) (27)
where
Mvvaat _ MUPU
Pvsat = RT. Pv = RT (28)

Pout
The last term of (27), pysat — Pu, describes the driving force
of evaporation from the particles to the air, assuming that
the surface of the particle is completely covered in water.
To describe the friction of evaporation we introduce the
term of free moisture, Xou — Xeq. The term decreases
towards zero as the residual moisture get closer to the
equilibrium moisture content. The constant K; corrects
for un-modelled effects, such as relative speed between air
and particle and other phenomena affecting drying. These
phenomena are practically impossible to model without
taking a CFD approach. It is, furthermore, necessary to
multiply R,, by Fli{?/o.ozzu in the SD stage in order to
correctly render variations in the feed flow.

Qout

The equilibrium moisture content, X4, is described by

RH B 1 ©
X :A Aout 2
“ <1—RH > (T —273.15) (29)

Qout Qout
Xeq is a product dependent function that describe the
moisture content where water cannot be extracted from
the powder any longer. As the moisture content ap-
proaches this value the friction of extracting water from
the particles increase to infinite. In theory the moisture
content can only be obtained by infinite residence time.
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Woo et al. (2008), shows that A = 1.2098, B = 0.8535 and
C' = 0.5962 can be used for maltodextrin DE-18.

8.5 Particle size

The droplets can be produced by either a rotating atomizer
or a nozzle. We use a nozzle and the particle size can be
described by

D;P = Do+ a(F5P — Fo) + b(T5P — Tpo)

+¢(S5P — Sp)

The constants have been manually fitted to

a = 4000 b=-10.1 c = —600

Fpo =0.021921 Tpho = 326.35 So=0.5

(30)

The sprayed droplets are subject to shrinkage during
drying. If it is assumed that the particles are perfectly
spherical before and after the drying and only water is
evaporating, we can derive a differential equation for the
resulting size of the particles. For each stage we get

1
. 1 Xout +1 . 3
Dout = - i ' Ppin Dzn
T Xi” + 1 ppout

+Kog(Fo — Fao) — Dout) (31)
Agglomeration is generally difficult to describe and we
simply add a term proportional to the air flow rate of the
stage. The parameters are

9P =400 B =200 VB =100
KPP =100 K3FP =300 Ky FP =200
F5P =0.49944 F5FB =0.14167 F)FP =0.18046

a a

3.6 Stickiness

Stickiness of the produced particles is an important limi-
tation to the achievable performance of the MSD. Sticky
particles form depositions on the walls of the spray dryer.
Stickiness has been found to depend on product temper-
ature and moisture content. Furthermore, the transition
from sticky to non-sticky takes place very quickly, thus we
can assume it to have binary state. We will use a mass-
proportion-mixing rule, as proposed by (Hennigs et al.,
2001; Hogan et al., 2010), to describe the non-sticky region
i.e. when the powder is below its glass transition temper-
ature.

SoutTgp + k(]- - Sout)Tgw
Sout + k(l - Sout)
Typ = 144.8°C and Ty, = —137°C for maltodextrin DE-
18 and water respectively. The value k = 6.296 is estimated

from adsorption isotherm data.

Ty = (32)

The data of the experiment is produced by studying the
stickiness of the powder in an equilibrium state. Meaning
that the moisture at the surface is equal to that of the
core of the particle. This situation is not present in spray
drying, where the rapid evaporation from the surface tend
to form a particle with a crisper surface than the core. In
practice this means that T} is higher i.e. that the powder is
less sticky inside the spray dryer. To compensate for this,
we form a correction term

Tma:v = Tg + AT‘adj (33)

The offset depends on the design of the dryer and unknown
factors. Normally it is in the range of 10 to 60°C (Hogan
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Table 1. Identified parameters.

Symbol Value 99% Conf. Unit
K 0.027106  £0.00070505 m3/(s - kg)
Usp 6.0576 +0.05556 J/Km?
USFB 56.513 +0.67788 J/Km?
yvrB 151.74 +4.1353 J/Km?
m3D 19.279 +0.45641 kg
mSPFB 15.954 +1.8596 kg
mf FB 3.4953 +3.7004 kg
UAeze 113.76 +3.0285 J/K
Do 154.39 +0.12645 wm

et al., 2010). It must be determined experimentally for
each dryer.

4. SYSTEM IDENTIFICATION

The unknown variables in the grey-box model are iden-
tified in order to determine the relation between input
and output variables of the MSD. The cost function is
the sum of squared prediction errors. The dynamic system
is described by the set of ordinary differential equations
(ODEs) given in Section 3. Consequently, the grey-box
model of the MSD can be written

d
%x(t) = f(X(t)7 u(t), 0)

y(tr) = g(x(tr), ultr), 0)
with the optimization problem given by

e(tr,0) = y(tx) — ¥(tx,0)

N
1 2
Vis(6) = 5 3 lelt. Ol
tp=1
§LS = argmin V;5(6)
0D,
y(tr) and y(¢x, 0) are the measured and estimated output
at time t. We ignore the initial startup trend i.e. only use
data points from t; > 5.8 hours. e is the estimation error
(residual) and Vi g is the value of the cost function. The
weights have been selected to

w = diag([1 1 1 100 0.05])

The weights are selected such that the magnitude of the
residuals are in the same range. The weight on S55B could
be increased, giving a better fit on this residual. But then
the temperature estimates will suffer and vice versa. The

outputs and inputs are

_ [PSD mSFB m"VFB QSFB nSFB]T
Y= [Taout Pout Taout Sout Dout ]

u= [Ffeed Tfeed Sfeed Fmain Tma'm Ymain Fcool
Tcool Ycoolstb Tsfb stb vabh vabh
vabh vabc vabc vabc Tindoov‘]T

x = [mSP mSP TSP DSE mSFB mSFB TSFB

SFB VFB VFB VFB VFB\|T
Dout My My, Taom out ]

The identified parameters are shown in Table 1. The
approximate 99% confidence interval in Table 1 is given

by p; + tm_nc%\/C’i_il with m —n = 1525 — 9 equal to the
degrees of freedom, t is the student-T-distribution, & is the

unbiased estimate of the noise covariance and C = JT.J
where J is the Jacobian of the model.
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The correlation matrix for the parameters is

-1 -
-035 1

0.19 —-095 1

0.33 —0.36 0.28 1

—0.36 —0.59 0.64 0.18 1

0.46 —0.44 0.24 041 0.15 1
0.02 —0.09 0.08 0.74 0.09 0.06 1
0.04 —0.49 0.61 0.03 0.00 0.05 0.01 1
| 0.63 —0.67 0.51 0.47 0.31 0.83 0.08 0.05 1]

The hold-up of powder in the VFB, mXFB, is difficult to
estimate, as it is mostly determined from a combination
of the measurement of residual moisture in the VFB
(unmeasured) and the dynamic change of temperature

v Ft B which is slowly varying.

Fig. 4 shows the estimation data and the corresponding
model response. The model response to the validation data
is shown in Fig. 5. We removed a constant temperature
offset in the validation model response by adjusting the
indoor temperature by Aﬂiﬁ’ow = —10.06°C, ATZ.%ZEM =
14.33°C and ATSEB = 2.745°C. The reason for these
offsets is most likely the changed indoor temperature
between trials (the dryer is placed in a tall unheated test-
facility) and the non-uniform temperature between top
and bottom of the dryer. The indoor temperature was
unfortunately not measured.

The estimation dataset (Fig. 4) is made by first changing
the SD feed flow from 65 1/h to 75 1/h twice. The inlet air
temperature is then changed from 160°C to 150°C and
increased to 170°C and back. The SD air flow is then
changed from 1800 kg/h to 2000 kg/h and back twice.
The second time with the heater in manual, which cause
the inlet air temperature to drop slightly. Then the SFB
inlet air flow was changed followed by a change in the SFB
inlet air temperature.

In the validation dataset (Fig. 5) the SD outlet air temper-
ature is controlled constant at 87°C by the feed flow rate.
First the inlet air humidity is changed from 7 to 22 g/kg
and back. Next the feed solids content is changed from
50% to 40% and back. Notice the difference in time-scale
of the two experiments.

Inspecting Fig. 4 and 5, we conclude that the estimation of
temperatures shows a precise fit while the product quality
is more difficult to estimate. Disregarding the initial start-
up trend of approx. 4-5 hours, in which the dryer is
not operating normally, especially the residual moisture
is difficult to estimate. The reason is the difficulty of
measuring the residual moisture, the indoor temperature
change and the discontinuous discharge (especially in the
validation data at ¢ = 4.5) of powder from the SFB.
The estimation of particle size is slightly off, but within
reasonable limits. For a greater accuracy we might need
to model the nozzle pressure directly and the fines return
system.

As a consequence the MSD is now being upgraded with in-
line residual moisture sensors, indoor temperature sensors
and a new mechanism for discharge of powder from the
SFB. A new experiment has already been ordered and will
soon be conducted.
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Fig. 4. The estimation dataset. S5EB and DSEP are

sampled by hand resulting in a low sample frequency.
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Fig. 5. The validation dataset. The three temperatures are
offset corrected. The temperature peak (t = 3.5) is
due to change of feed tank and the peak at t = 5.5
and 6.5 is due to change of nozzle.

5. CONCLUSIONS

In this paper, a mathematical model is proposed for a
multi-stage spray dryer. We established a dynamic model
consisting of three stages; the actual spray drying (SD),
the static fluid bed (SFB) and the vibrating fluid bed
(VFB). The stages were described by the same constitutive
equation. The model predicts the temperatures within the
dryer with high accuracy. The residual moisture and the
particle size of the powder is predicted with some expected
uncertainty, due to unstable discharge of powder from
the SFB stage and varying indoor temperature. We also
provided a novel prediction for stickiness of the powder, as
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a function of powder temperature and residual moisture.
The model is general in the sense, that it can be adjusted
to describe the drying of any liquid or slurry in a multi-
stage spray dryer.
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Appendix A. PRODUCT RELATED CONSTANTS

The latent heat of evaporation for water is A = 2260 KJ.
The heat capacity of dry air, vapour, solid maltodextrin
DE-18 and water is

Caa = 1008.6 C, = 1883.6

Cs = 1548.8 + 1.9625T — 5.9399 - 107372
Cyp = 4176.2 — 0.09097 — 1.3129 - 107372



