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Abstract
The objective of the research project described in this thesis is the development of
a fundamental model that can be used for predicting product quality in spray
drying processes. The approach to this is to model what particles experience in the
drying chamber with respect to air temperature and humidity, in other words the
particles’ air temperature and humidity histories. These histories can be obtained
by combining the particles’ trajectories with the air temperature / humidity pattern
in the spray dryer.
The model was based on a commercial computational fluid dynamics (CFD)
package (CFX-F3D). The modelling work and validation measurements were done
for a co-current spray dryer (diameter 2.2 m; height 3.7 m; swirl angle 5°).
The basic components of the model were studied in detail: the airflow, temperature
and humidity patterns were modelled and measured; to study the particle
trajectories, the product residence time distribution was modelled and measured.
The air temperature and humidity histories obtained with the model were used for
the calculation of a product quality parameter, specifically the thermal
degradation. The calculated degradations were compared with measurements.
To prevent artefacts caused by an uneven inflow of air at the inlet, the swirl angle
was set to zero for the CFD modelling and measurements of the airflow pattern.
The modelled airflow pattern proved to consist of a fast flowing core and a slow
circulation around that core. This agreed very well with experimental observations.
The air inlet conditions for the CFD model were determined by measuring with a
hot-wire anemometer. This device was also used for velocity measurements in the
drying chamber. There was good agreement between the measured and modelled
airflow pattern.
In the study of the temperature and humidity pattern, two different feeds were
used: a feed of pure water, and one of an aqueous maltodextrin solution. The
patterns were modelled by tracking particles through the flow domain and
calculating the exchange of mass, energy, and momentum along the trajectories.
These exchange terms were fed back to the airflow pattern calculation to obtain a
two-way coupled solution. To calculate the exchange of mass and energy
(evaporation), the drying kinetics of maltodextrin had to be incorporated in the

CFD program. Because solving the diffusion equation would take too much
computation time, a so-called short-cut method was used for this, which proved to
be an accurate and efficient calculation method. Air temperature and humidity
measurements were done to validate the modelling results. For this, a special
device (a so-called micro-separator) was developed to prevent wet particles from
depositing on the temperature and humidity probe and thus causing meaurement
errors. The overall agreement between the modelled air temperature / humidity
pattern and the measurements was good, but near the central axis there was room
for improvement.
The residence time distribution of the powder was modelled by tracking a large
number of particles with turbulent particle dispersion and recording the times of
flight. By means of tracer analysis, the residence time distribution was measured.
There was a large discrepancy: the measured residence time distribution had a long
tail, caused by particles deposited on the conical part of the wall, followed by a
slow sliding of the powder towards the product outlet. This sliding behaviour
could not be predicted; nevertheless it was incorporated in the CFD model. This
was done by assuming constant velocities along the wall; the velocities were
obtained by fitting the measurements to the model.
By combining the air temperature / humidity patterns with particle trajectories, the
particles’ air temperature and humidity histories could be calculated. These were
applied to the modelling of a product quality parameter, specifically the thermal
degradation of α-amylase. This was done by simultaneously solving the diffusion
equation (drying) and the degradation rate equation; here the air temperature and
humidity histories were used as time dependent boundary conditions. The
calculations were done for three different air outlet temperatures. The results were
compared with basic models and with measurements. There was little difference
between the models and there was good agreement between models and
measurements, provided that the sliding behaviour of the particles along the wall
was included in the model.
The thesis concludes with a discussion of the strengths and weaknesses of the CFD
approach. When using CFD for quantitative quality predictions, a problem is the
fact that it is very difficult to accurately measure the kinetic properties of the
product being dried. The strength of CFD lies therefore not in this type of
calculations; the CFD approach can better be used for what-if studies and for
gaining more insight in spray drying processes. As an example of a what-if study,
the effects of increasing the swirl-angle from 5 to 15° on the residence time
distribution is discussed.
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1. Introduction
Spray drying
In many areas in industry, the product of a process is a liquid containing a valuable
solid material in either dissolved or suspended form. In many cases it is
advantageous to separate the solid material from the solvent in order to obtain the
dry material. The objective for this can be to save on shipping costs, or because the
material has better properties in dry form than when dissolved. This is for instance
the case in the preservation of foods.
Spray drying is a process for converting a liquid feed into a powder by evaporation
of the solvent. Compared to other evaporation processes, spray drying has the
great advantage that products can be dried without much loss of volatile or thermal
labile compounds. These advantages are especially important in the production of
food stuffs such as milk powder and instant coffee. The volatiles in these processes
are aromas; the thermal labile compounds are for example proteins.
Spray dryers are widely used in industry. Although they are mostly found at the
end-point of a plant, they have an important place in the whole process, not in the
least because of their capital investment, size (heights of 20–30 meters are not
uncommon), and operating costs.
The basic principle of the spray drying process is the extensive contacting of the
liquid with the drying medium, usually air. The air provides the energy for the
evaporation and ‘absorbs’ the solvent vapour (usually water). Four stages can be
discerned in the spray drying process. The first stage takes place at the core of the
process: the atomiser (see figure on next page). The liquid stream is broken up by
the atomiser into an enormous number of tiny droplets. (Droplets are referred to as
particles in this thesis.) The particle sizes range from less than ten to a few
hundred microns. Commonly used atomisers are the rotary disk atomiser, the
pressure nozzle, and the twin fluid nozzle. In pressure nozzles, like the one used in
this project, the feed is forced through a small hole (orifice). A liquid conical sheet
is formed after the orifice; this sheet breaks up into particles1–3, 5–12.
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The second stage is the dispersion of the particles in the air (spray-air mixing). The
extent of spray-air mixing has great influence on the drying of the particlese.g. 99–104.
The drying itself is considered the third stage.
Collecting the powder is the last stage. This usually comprises the removal of
powder from the walls (air brooms, sweepers, hammers, vibrators, etc.) and the
separation of powder from the exhaust air, usually by cyclones.
Spray dryers come in various shapes (tall forms, wide bodies) and types (cocurrent, counter-current or mixed flow). The co-current type is mostly used where
thermal degradation and aroma retention are of concern. This is the type of spray
dryer considered in this study.

Description of the problem
One of the problems associated with the spray drying process is that it is very
difficult to predict the quality of the product. Here, product quality consists of
parameters such as moisture content, thermal degradation15–17, 30, 31, aroma
retention23–27, 32–33, shape and size of the particles13, 28, stickiness4, etc. How can the
modelling of these parameters be approached? A first step is to recognise that a
quality parameter in the end product is the result of what a particle experiences
(e.g. temperatures, humidities) in the spray dryer and how it reacts to that (e.g.
evaporation rate87, 89–93, 95–98, thermal degradation rate). The combination of factors
that address the environment of a particle (e.g. air temperature, air humidity) is
called the equipment model, while the set of factors that address the responses of a
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particle is called the feedstock model. The equipment model thus comprises the
influence of the spray drying process on the quality of the product, and is the
subject of study in this project; a feedstock model reported in literature is used
(Meerdink, 1993).
Several equipment models have been developed in the past decades. Most of them
are based on crude assumptions of what takes place in the spray drying chamber,
especially with respect to spray-air mixing78, 81, 82, 84, 86. In most models, variations
in air temperature and residence times are neglected; the flow of air and particles is
not considered. The problem associated with this approach becomes apparent
when one considers a handful of product. It consists of thousands of particles; a
measure of the overall quality of that sample is the average of those thousands of
particles, each having a different size, a different residence time and a different air
temperature and air humidity history. Further, many properties are non-linear in
the composing parameters, for example the amount of moisture to be evaporated is
of the power of three in particle diameter, the surface through which the
evaporation takes place, is of the power of two in diameter, the moisture content is
strongly non-linear in time, etc.
Since the introduction of powerful computers in the 1980s, it is possible to
approach the spray-air mixing problem on a more fundamental level, taking the
flow of air and particles into account: the computational fluid dynamics (CFD)
approach55–77. In a nutshell, in the CFD approach the spray-air mixing is addressed
by combining airflow and particle trajectories, yielding temperature and humidity
patterns in the drying chamber, which in turn, when combined with the particle
trajectories, result in the air temperature and humidity histories of the particles.
Some studies of the CFD approach are reported in literature. Those studies were
mostly focused on only one aspect, such as the airflow or temperatures and
humidities. In the 1990s CFD and the CFD packages have matured40, 45–54, and now
a more integrated study is feasible that considers several aspects and the
integration of various models in the CFD model. The project described in this
thesis is the first of this type of research.

The objective of this research project
Initially, the objective of this research project was the development of a fundamental model for predicting product quality in spray drying. This is a very
comprehensive objective and was therefore redefined: concentration on the
integration of models in the CFD approach, on the testing of the approach and on
the assessment of the value of the use of CFD in product quality predictions.
Throughout all subjects studied, we have focused on two aspects: not only the
modelling of phenomena but also the validation of the models is of principal
concern.
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Outline of this thesis
As described above, the CFD approach consists of a number of components. The
basis of the approach is the airflow pattern. The modelling and measurement of the
airflow pattern is discussed in chapter 2. In this chapter the airflow is simplified:
spray and swirl are omitted.
For the measurement of the temperature and humidity pattern, a special measuring
device had to be developed. This device is described in chapter 3.
In chapter 4, the modelling of the temperature and humidity pattern is discussed:
when particles are tracked through the air and when the drying rate is calculated
along the trajectories, temperature and humidity patterns in the drying chamber can
be obtained. For this, it is necessary to integrate a drying model in the CFD model.
The modelling results were compared with measurements of temperatures and
humidities in the dryer. These measurements are described in this chapter as well.
Further, in contrast with chapter 2, the simplification with respect to the swirl
angle is omitted in the modelling work as well as in the measurements.
Unfortunately, direct measurement of particle trajectories is impossible. On the
other hand, it is possible to measure the particles’ end-points in time as well as
space. This is described in chapter 5, which is concerned with residence time
distributions of the particles and addresses product deposition on the walls.
Furthermore, the topic of residence time distributions in spray dryers is an
important subject on its own83, 85: they are of key importance for the design of
spray drying processing and —as will be shown in chapter 6— have great
influence on product quality.
By combining particle trajectories with the air temperature and humidity pattern,
air temperature and humidity histories can be calculated. It was our intention to
validate these air temperature and humidity histories by using a temperature time
integrator (TTI)17–17, 30, 31. A TTI is a chemical or biochemical compound that is
converted under increased temperatures with known conversion rate. An example
of a TTI is the enzyme α-amylase, which was used in this project. Unfortunately,
the accuracy of this approach to validation was too small and the objective shifted
to the prediction of thermal degradation using basic and the more advanced CFD
models. This is described in chapter 6.
Finally, the findings of these chapters are summarised in the conclusion, chapter 7.
In this chapter the advantages and drawbacks of the CFD approach as well as the
application of CFD in industrial practice are discussed.
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Note
The body of this thesis, contained in chapters 2 to 6, is a collection of articles. A
drawback of this is that some descriptions and discussions return in every chapter
and are therefore redundant. This is especially the case in the introduction and in
the description of the CFD model. On the other hand, every chapter is selfcontained and can be treated as such: it is not necessary to read all chapters
preceding the chapter one is interested in.
The only change to the original articles has been the removal of redundant figures,
and acknowledgements. The latter have been combined into a single section in this
thesis.
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2. Measurement and modelling
of the airflow pattern
ABSTRACT*
The air flow pattern in a co-current pilot plant spray dryer (diameter 2.2 m, height
3.7 m) was modelled and measured for the case without spray. The swirl angle was
zero. The modelling was done with a computational fluid dynamics package
(FLOW3D by CFDS).
The boundary conditions for the CFD-model (velocity and turbulence quantities at
the inlet) were derived from measurements with a hot-wire probe. To validate the
CFD model, air velocity magnitudes were measured at numerous locations in the
spray drying chamber. To interpret the data a novel approach was developed,
based on the interpretation of velocity distributions rather than time-averaging the
signals. This was necessary because of flow reversals and large fluctuations in the
air velocity.
The measurements were compared to the CFD model results: the agreement
between model and measurements was reasonable.

* This chapter is a slightly modified version of the publication
Kieviet, F.G., Van Raaij, J., De Moor, P.P.E.A., Kerkhof, P.J.A.M., Measurement and
modelling of the air flow pattern in a pilot- plant spray dryer, Trans. IChemE, Vol 75,
Part A, March 1997
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INTRODUCTION
Spray dryers are used for obtaining a dry powder from a liquid feed. Although the
process equipment is very bulky and operation is expensive, it is an ideal process
for drying heat sensitive materials. Spray dryers have been used for nearly a
century now, but still it is very difficult to model the performance of this type of
process equipment, especially with respect to the quality of the dried product.
The research described in this publication is part of a project that aims to develop
a model that can be used to predict product quality. Product quality is directly
related to what particles experience during drying with regard to temperature and
humidity. These factors can be derived from a combination of the particle
trajectories and the temperature and humidity pattern in the drying chamber. It is
obvious that the particle trajectories, and thus the temperature and humidity pattern
as well, depend directly on the airflow pattern. The airflow pattern is also
important for more operational concerns such as caking: the airflow pattern
determines the particle trajectories and thus where and when (i.e. at what moisture
content) the particles hit the wall. Modelling the air flow pattern is thus an
essential part of every model that aims to predict the performance of a spray dryer.
Since the introduction of fast computers and computational fluid dynamics (CFD)
software, it is possible to predict the airflow pattern in spray dryers. CFD software
is still very much under development, and results should not be used without
validation.
In the open literature a small number of model studies is described. Most of these
studies were carried out on spray dryers that were an order of magnitude smaller
than the dryer described in this study (10.3 m3). For instance, Oakley et al. (1988,
1991, 1994) used a 0.453 m3 dryer, Langrish and Zbicinski (1994) used a 0.78 m3
dryer. Only Livesley et al. (1992) did studies on industrial-size spray dryers, but
unfortunately few details are presented due to industrial confidentiality.
As a first step, this publication describes the modelling and measurement of the
airflow pattern in the absence of spray. A second step will be the modelling and
measurement of temperature and humidity in the drying chamber under operational
conditions, i.e. with a spray present. That study will be described in a subsequent
article (chapter 4).
In the following section the CFD model is described. Like any model, this CFD
model requires the specification of input parameters (boundary conditions). These
comprehend trivial quantities like temperature, geometry and such, as well as the
less trivial turbulence quantities at the air inlet. The subsequent section is concerned with a description of how these turbulence quantities can be determined, as
well as the theory of the measurement technique that was used. Hereafter, the
experimental setup is described, followed by measurements of the inlet conditions
and subsequently the measurement of the airflow pattern.
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MODELLING THE AIRFLOW PATTERN
Present knowledge in literature
In most spray dryers the air inlet is constructed such that the air enters with a
tangential velocity component. This is called swirl. The degree of swirl is expressed in the so-called swirl angle, which is defined as the angle between the axial
and tangential velocity components of the drying air at the inlet. The swirl angle
has great influence on the airflow pattern. At small swirl angles, the airflow pattern
consists of a fast flowing core with a slow circulation around that core. When the
swirl angle is increased, at a certain value (the so-called critical swirl angle) vortex
breakdown will occur. In this type of flow the direction of the velocity in the
centre of the original vortex will be reversed (Faler & Leibovich, 1977, 1978,
Sloan, 1986).
Another aspect of the airflow pattern are fluctuations in velocity. Langrish et al.
(1993) and Usui et al. (1985) observed slow fluctuations in the airflow, with
frequencies in the order of magnitude of 1 Hz. Oakley et al. (1988) noticed the
presence of oscillations of almost the same frequency in the CFD models of the
airflow pattern. Langrish et al. (1993) noticed that the fluctuations were stronger in
the case of high swirl and associated this observation with the occurrence of vortex
breakdown. No explication was given of the cause of the fluctuations in the case of
low swirl. In flow visualisation studies using video and particle image velocimetry,
Stafford et al. (1996) observed large velocity fluctuations in their spray dryer. The
length scale of the disturbances was of the same order of magnitude as the radius
of the dryer.
Theory of CFD modelling
The basic equations of fluid flow are the Navier-Stokes equations (conservation of
momentum), and the continuity equation. These equations can be found in every
standard work on fluid flow modelling, e.g. Bird et al. (1960). For the case of
laminar flow, these equations can be solved analytically. Turbulent flow is strongly
and rapidly fluctuating by nature. This, and the wide range of eddy sizes make it
impossible to calculate the flow using present-day computers: the calculation times
as well as the memory required would be enormous. That is why one has to make
all kinds of approximations to make computation feasible.
In most commercial CFD codes turbulence models are used that are based on the
splitting up of dependent quantities into a time-averaged and a fluctuating part.
This is the so-called Reynolds decomposition. For example for the U velocity:
~
U = U+u
(1)
The mean of the fluctuating component equals zero by definition. When the
Reynolds decomposition is applied to the Navier-Stokes equations, new unknowns
emerge, e.g. the so-called Reynolds stresses:
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uv, uw , vw

(2)

Because of this, there are more unknowns than there are equations. When new
equations are derived for the Reynolds stresses, new unknowns are introduced and
so on. This makes it impossible to solve the equations (the so-called closure
problem of turbulence). The only solution for this is to make use of assumptions:
closure models. Closure models that are widely used are the k-ε model, the
algebraic stress model (ASM) and the Reynolds stress model (RSM). The ASM
and RSM models are more accurate in the case of anisotropic turbulence, which is
the case in a high-swirl situation. The k-ε model is the most commonly used in
engineering practice because it converges considerably better than the ASM and
RSM model and requires less computational effort.
To calculate an approximated solution of the Navier-Stokes and continuity
equation, the equations have to be made discrete. For this, the flow domain is
divided into a number of control volumes. This is called the grid. For every grid
cell approximate solutions for the discrete Navier-Stokes and continuity equations
are calculated.
Characteristics of the flow solver used
We have used the flow solver FLOW3D version 3.3 by CFDS (Computational
Fluid Dynamics Services, Harwell, United Kingdom). This is a finite volume
solver that uses body-fitted co-ordinates. This allows for the grid cells to be nonrectangular, which greatly facilitates the modelling of non-rectangular geometries.
The flow solver is based on the SIMPLEC algorithm. The solver has ten differencing schemes built in, of which the Upwind Differencing Scheme proved to have
the best convergence behaviour. The algorithms used for approximating the
velocities were Block Stone’s method, for the pressure the Algebraic Multigrid
method and for the turbulence quantities k and ε the Line Relaxation method. The
values of the constants in the k-ε method were: C1 = 1.440; C2 = 1.920; Cµ =
0.090; κ = 0.419.
On all edges of the flow domain the boundary conditions have to be specified. At
the inlet the velocities, the turbulent kinetic energy k, and the turbulent dissipation
rate ε have to be specified (Dirichlet boundary condition). At the outlet, the normal
gradients of the transported quantities (e.g. k, ε) are set to zero (Neumann
boundary conditions). The normal gradients of the velocities are set to a constant
value though, such that the total inflow equals the outflow.
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Set-up of the problem in the flow solver
The spray dryer used in this research project is a pilot plant co-current spray dryer
by Niro Atomizer. The geometry is depicted in figure 1. The drying air enters the
drying chamber through an annulus with the nozzle as its centre (figure 2). The
angle between the air inlet vector and the vertical is 35°, pointing to the centre of
the annulus.
The outlet of the spray dryer is a pipe mounted through the wall of the cone, bent
downwards in the centre of the tower.
Exhaust air

Feed

200.50 cm

Air

221.50 cm

172.50 cm

60°

Figure 1: Geometry of the spray dryer
top lid (removed)

7.00

wire mesh
3.39
22.34
55°
19.14

4.20

22.9

*

nozzle
7.18

Figure 2: Geometry details of the air inlet section (units in cm). The * denotes the position
where the inlet conditions were measured. To promote an even air inflow, the top lid of the
air distributor was removed.
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The geometry of the spray dryer was converted to a grid of 40 by 55 cells.
Rotational symmetry was assumed. The grid, depicted in figure 3, is refined at the
inlet such that it spans a range of five cells. Because of the rotational symmetry,
the horizontal part of the outlet pipe cannot be modelled and is neglected.
Besides the physical properties of the flowing medium (air), the boundary
conditions at the inlet were specified. In figure 2 the location where the conditions
are specified is marked with an asterisk. The inlet boundary conditions comprise
the velocity vector U,V,W (respectively the velocity in axial (x), radial (y) and
tangential direction (z)), the turbulent kinetic energy k, and the rate of dissipation
ε. These quantities were measured and were found to be (U,V,W) = (6.03, –4.22,
0.00 m/s); k = 0.027 m2s–2, ε = 0.37 m2s-3. These measurements are discussed in
the next section.
The calculated flow field, convergence, grid dependence, and turbulence model
The flow solver was executed with the problem set-up as described above; vector
plots of the calculated flow field are depicted in figure 4. As can be seen, the flow
field consists of a fast flowing core with a slow circulation around that core. The
air velocity in the core decreases going down to the outlet; at the same time, the
core broadens.
A measure of the quality of the convergence of the solution is the sum of the
absolute values of the mass residuals of all grid cells. This sum was 0.002% of the
total flow rate through the dryer. To check whether the solution was dependent on
the grid we had chosen, the grid was refined twice in both the x and y-direction (80
by 110 cells) and the flow field for this grid was calculated. For each grid cell of
the 40 by 55 grid, the values of U, V, W, k, and ε were compared with the
corresponding values (averaged over 2 by 2 cells) in the refined grid. The
differences were smaller than 1.5 %.
The solution of the flow field calculated with the k-ε model was compared with the
solution calculated with the ASM model. The centre of the circulation predicted
with the ASM model was located about 20 cm higher in the drying chamber and
extended approximately 30 cm further upwards. Further, the core broadened
slightly slower than as predicted with the k-ε model. The difference in velocity
magnitudes between the two turbulence models was less than 5%. As will be
shown in one of the next sections, this difference is insignificant taking the
measurements into consideration. Furthermore, the k-ε model converged considerably better than the ASM model. Therefore the k-ε model was used instead of
the ASM model.
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air outlet

symmetry axis

nozzle

air inlet

10 m/s

Figure 3: The grid used in the CFD simulations; due to the rotational symmetry only half
of the spray dryer is depicted. The air inlet covers a range of five cells. The horizontal part
of the outlet pipe is not modelled.
Figure 4: Vector plots (vector length represents speed (left-hand figure) and normalised
vectors (right-hand figure)) of the calculated solution of the flow pattern. For ease of
display, vectors are displayed in one of four grid cells only.
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THE DETERMINATION OF THE INLET CONDITIONS
AND THE AIR FLOW PATTERN
Flow conditions at the air inlet
The turbulent kinetic energy k and the dissipation rate ε at the inlet are boundary
conditions that are required for the CFD model. There is a number of approaches
to obtain values for these quantities. Oakley et al. (1988) regarded k and ε as fit
parameters in the CFD model. In a subsequent article (Oakley et al., 1991) the use
of CFD to model the inlet section of the dryer was described. The inlet section
consisted of an annulus with swirl vanes, guiding ambient air into the drying
chamber. Using the CFD technique, k and ε could be estimated. It is also possible
to obtain k from measurements. Assuming isotropic turbulence and using the
definition of k:
k≡

1
3
ui ui ≈ u2
2
2

(3)

Langrish et al. (1992) obtained the turbulence kinetic energy k in this way. Using
this value, they estimated the rate of dissipation ε using the following equation:
ε=

3/2
c 3/4
µ k

d

(4)

Here d is a characteristic length scale of turbulence and was taken to be equal to
the distance between the swirl vanes. In the publications of Sano et al. (1993) and
Langrish et al. (1994) a similar approach was followed.
Another approach is to derive both the turbulent kinetic energy k and the dissipation rate ε from measurements. This can be done as follows: in isotropic turbulence, the dissipation rate ε is equal to (Tennekes and Lumley, 1972):
2

∂ u1 
ε = 15 ν 
 ∂ x1 

(5)

The term (∂u1 / ∂x1 ) 2 can be found using the definition of the so-called Taylor
microscale λ:

 ∂ u1  2 ≡ u12
 ∂ x1  λ2

(6)

In isotropic turbulence, u12 equals u 2 . The Taylor microscale λ can be obtained
from spatial autocorrelations. Using the concept of frozen turbulence (Hinze,
1959), temporal autocorrelations can be used instead of spatial autocorrelations
(Tennekes and Lumley, 1972):
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∂2 ρ
∂ τ τ =0
2

=

−2
λ

(7)

For small τ, the autocorrelation function ρ(τ) can be approximated with a parabola
(Taylor expansion):
τ2
ρ( τ) ≅ 1 − 2
λ

(8)

The Taylor microscale λ can thus be obtained by fitting a parabola through the
autocorrelation. The dissipation rate ε can then be calculated by substituting
equation (6) in equation (5).
For calculating the autocorrelation function ρ(τ) from a measured velocity signal
for the determination of the turbulence dissipation rate ε, the measurement
equipment must meet two requirements: the response time must be very short and
the sensitivity must be high in order to measure the fast and small velocity
fluctuations due to turbulence. Two measuring techniques meet these requirements: laser Doppler anemometry (LDA) and hot-wire anemometry (HWA). In
this research project we had an HWA system to our disposal.
Hot-wire anemometry
The hot-wire probe consists of a thin wire of conducting material supported by two
prongs. The wire can also consist of a non-conducting carrier coated with a thin
film of conducting material. The wire is heated by an electrical current. The heat
transfer from the wire to the air depends on the velocity of the air. The electrical
resistance (equivalent to the temperature) of the wire is kept constant by an
electrical circuit. The bridge voltage of this circuit is a measure for the effective
cooling velocity (Bruun, 1995) of the air:
1

E2 = D + F ⋅ (Ue ) n

(9)

The parameters D, F and n are determined by calibration.
The effective cooling velocity depends on the angle between the wire and the
direction of the flowing air (Jørgensen, 1971):

U 2e = U 2n + k 2 U 2p + h 2 U 2bn

(10)

The indices n, p and bn mean: n = normal to wire, parallel to prongs; bn = normal
to wire and normal to prongs; p = parallel to wire. Because only heat transfer is
measured, it is impossible to distinguish between two opposite flow directions.
This is called the forward reverse ambiguity (Lomas, 1986). By calculating a
velocity distribution of the measured effective cooling velocities, it is possible to
check for flow reversals: in stable flow, the velocities should be distributed
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normally. If the distribution lies against the U=0 axis (appears to overlap with
velocities < 0), flow reversals have occurred. In this case the arithmetic mean of
the cooling velocity (i.e. the first moment of the velocity distribution) can
overestimate the true mean significantly.
We found that a better way to estimate the mean in this case is as follows: since the
part of the velocity distribution at negative velocities is added to the positive
counterpart, the apparent velocity distribution can be described with
P( U) =

exp − ( U − µ) 2  + exp − ( U + µ) 2  "#
 2σ 2   2σ 2  #
2π ! 
$

1
σ

(11)

In this equation it is assumed that the true velocity distribution is a normal
probability function. The mean velocity can now be estimated by fitting this
function to the measured normalised velocity distribution.
If the hot-wire probe is positioned in three orthogonal directions (as depicted in
figure 5), it appears to be possible to determine the velocity magnitude as well as a
number of possible velocity directions:

 U~ 12   k 2
 U~ 23  =  1
 U~ 22   h2

1
k2
1

 −1 U~ 2A 
 ~ 
h 2   U 2B 
~2 
k 2   U C

h2

(12)

This is true only if the magnitude and direction of the flow is constant. This is not
the case in the flow problem in this study. Therefore, this method cannot be used.
x3 U3

U
C

B
x2
U2

A

x1 U1

Figure 5: Positions of the hot-wire anemometer in three independent positions
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EXPERIMENTAL SET-UP AND RESULTS
Hot-wire set-up
The measurements were done using a Thermo Systems Inc. anemometer system
consisting of a single normal probe type 1210, a monitor & power supply module
type 1051-2 and a constant temperature anemometer type 1054A. The hot wire
consists of a non-conducting support of fused quartz (diameter about 40 µm,
length about 2 mm) coated with a platinum film. The bridge voltage was sampled
(up to 20 kHz) using a 12-bits AD-converter (DAS8PGA, Keithley Instruments)
built in a PC. The data acquisition software converts the measured voltage in real
time to the effective cooling velocity using equation (9). Besides recording and
storing time records (short time intervals, 16384 samples), the software also
calculates the mean, the standard deviation and the velocity distribution of the
calculated cooling velocities (any time interval, number of samples unlimited).
The autocorrelation function of a time record was calculated from the inverse
Fourier transform of the squared moduli of the Fourier spectrum (Wiener-Khinchin
theorem). To enhance the accuracy of the Fourier transform, the time record was
divided in seven half-overlapping chunks that were all fast Fourier transformed
individually. Before calculating the squared moduli of each chunk, the transform
was multiplied by a Hanning window. The resulting transformed chunks were
averaged and were inverse fast Fourier transformed yielding the autocorrelation
function (Press et al., 1989).
For the calibration of the hot-wire a Thermo Systems Inc. model 1125 calibrator
was used. This system consists of a calming chamber with a series of wire meshes
and a rounded nozzle. By measuring the pressure difference (Hottinger Baldwin
model PD1 + KWS 3073) over the nozzle, the velocity of the air could be
calculated. The velocity profile was assumed to be flat and to have a low turbulence intensity. The pressure signal was recorded using a PC; the parameters D, F
and n were obtained by non-linear regression of equation (9).
To position the hot-wire probe in the spray drying chamber, a vertical arm was
used that can be moved manually along the wall of the cylindrical part of the dryer.
To the underside of the arm a horizontal arm was fixed, that had a length equal to
the radius of the spray dryer. On the roof of the dryer, a little motor was installed
to rotate the vertical arm under PC control. In this way all radial positions could be
reached.
Measurements in the air inlet
At first the flow direction was determined using tufts. From this it appeared that
the swirl angle was nearly zero; the exact value of the swirl angle could not be
measured easily. The inflow of air was not the same at every location at the inlet.
To be able to make a fair comparison of the CFD calculations and the airflow
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measurements, the top lid of the air distributor was removed (figure 2). This
reduced the tangential velocity component of the inlet air to zero.
The hot-wire was positioned in the centre of the air inlet gap (marked with an
asterisk in figure 2), adjacent to the spray dryer roof and normal to the airflow
(wire parallel horizontal, prongs vertical). For this, the probe was mounted on a
support that was fixed to a vertical arm positioned in the centre of the dryer. The
vertical arm was rotated to measure at several positions in the annulus. The
velocity signal was recorded with a sampling rate of 20 kHz. In figure 6 the
velocity distribution is depicted. A time record at 20 kHz is shown in figure 7.
Because the measurements are done at the end of a nearly straight channel, the
turbulence is roughly isotropic. The turbulent kinetic energy k could therefore be
calculated using equation (3). The turbulent kinetic energy k was calculated using
the average of three time records and had a value of 0.027 m2s–2 (± 5%).
Because the turbulence intensity is low (2%) and the velocity is constant (see
figure 7) the Taylor hypothesis of ‘frozen turbulence’ can be applied. Therefore
the dissipation rate ε can be calculated from the autocorrelation function and
equations (5) to (8). The value of ε was calculated to be 0.37 m2s–3 (± 30%).
2.5
2
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0.5
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Figure 6: Distribution of velocities measured in the inlet.
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Figure 7: Time record at inlet, measured at 20 kHz. The measurement position in the inlet
is marked with an asterisk in figure 2.
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Measurement of the airflow pattern in the drying chamber
We tried to use a multi-position technique to obtain velocity magnitudes and
directions (according to equation (12)) as a function of position in the drying
chamber. After a number of experiments it became clear that this technique did not
yield any useful results. This was caused by flow reversals and the unstable nature
of the flow. Therefore we abandoned the multi-position technique and restricted
ourselves to measuring velocity magnitudes only. This is the procedure we used:
On a grid of a number of radial and axial positions, velocity distributions were
obtained from measurements during 10 minutes at 200 Hz. The probe was
positioned in such a way that the wire and the prongs were parallel to the roof.
Examples of a number of characteristic velocity distributions are depicted in figure
8.
We divided the distributions in four categories:
– Normal distributions that do not lie against the U=0 axis (e.g. distribution ➀
in figure 8). These distributions are at locations were the flow is apparently
stable and where there are no flow reversals. Hence the mean velocity can be
calculated from the first moment of the velocity distribution (equals the
arithmetic mean of the velocities).
– Narrow distributions that lie against the U=0 axis (e.g. distribution ➃ in
figure 8). These distributions are at locations where the flow is apparently
stable but where flow reversals occur. Calculating the mean velocity
magnitude by calculating the first moment of the velocity distribution would
result in a very large overestimation of the mean because flow reversals are
neglected. Therefore the distribution was fitted with equation (11). Initially,
this fit was carried out with a Marquardt-Levenberg algorithm, but the results
proved to be very dependent on the guess values. Therefore the fit was done
with a rigorous scan of the (µ, σ)-domain.

Normalised number of counts

2

140 cm axial,

1.5

➀

➃ 57 cm radial (L),

30 cm axial,
9.7 cm radial (R)

dashed line = curve fit
1

➂
0.5

140 cm axial,
9.7 cm radial (L)

➁

60 cm axial,
9.7 cm radial (L)

0
0
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6

8
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Figure 8: Some characteristic velocity distributions. The positions of the measurements
are marked with the numbers ➀ .. ➃ in figure 9.

23

y (m)
-1.0

-0.75

-0.5

-0.25

0

0.25

*
➀

0 m/s
4

0.5

0.75

1.0

*
x = 0.30 m

0 m/s
4

➁

x = 0.60 m

8/0
4

8/0
4

8 m/s
0

x = 1.00 m

4

8 m/s
0
4

8 m/s
0

➃

➂

x = 1.40 m

4

8 m/s
0
4

8 m/s

8 m/s
x = 2.00 m

0

0
4

4

8 m/s

8 m/s

0
4
8 m/s

x = 2.60 m

0
4
8 m/s

Figure 9: Predicted (curved line) and measured velocities (dots: time-averaged values;
vertical lines: estimated interval) at a measurement grid. For all axial positions, except at x
= 260 cm, the radial positions are: (left side) 93.6, 75.8, 57.3, 28.9, 19.3, 13.5, 9.7, 3.9,
(axis) 0.0, (right side) 3.9, 9.7, 13.5, 19.3, 28.9, 38.5, 47.9, 57.3, 75.8, 93.6 cm. For x =
260 cm the radial positions are: 47.9, 38.5, 28.9, 19.3, 9.7, 0.0, 9.7, 19.3, 28.9, 38.5, 47.9
cm. The numbers ➀ .. ➃ denote positions of measurements at which the velocity
distributions (figure 8), time records (figure 10) and autocorrelations (figure 11) are
presented as examples.
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–

–

Skewed distributions that lie against the U=0 axis (e.g. distribution ➂ in
figure 8). These distributions consist of a large number of normal
distributions. Since the velocity distributions lie against the U=0 axis, it is
impossible to calculate a sensible mean. The only way of evaluating the
velocity distribution quantitatively is to assign a velocity interval by eye.
Wide distributions that do not lie against the U=0 axis (e.g. distribution ➁ in
figure 8). It is possible to calculate a mean of this distribution by calculating
the first moment. However this mean is not very reliable. Therefore we have
also indicated a velocity interval for this category of distributions.

The calculated means and estimated intervals are depicted in figure 9.
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Figure 10: Time records at four locations. The positions of the measurements are marked
with the numbers ➀ .. ➃ in figure 9.
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In figure 10 partial time records of the velocity distributions in figure 8 are
depicted. At locations ➁ and ➃ a slow periodic fluctuation can be seen. In the
autocorrelation function of these time records (figure 11) it can be seen that the
characteristic time of this fluctuation is approximately 12 s. No distinct periodicity
can be discerned in the autocorrelation function of the air inlet velocity signal.

DISCUSSION
At various locations in the drying chamber it is impossible to calculate a sensible
mean velocity due to flow reversals and large variations in the velocity. Therefore
we have indicated ranges within which the velocity magnitude may vary. About the
fluctuations we can note the following:
– The time records and velocity distributions show that the flow pattern changes
continuously; the flow pattern does not alternate between two meta-stable patterns:
this would yield bi-modal velocity distributions; these were not observed.
– A distinct slow periodicity can be discerned in the velocity signal (figure 10 and
figure 11) at several locations in the drying chamber. This periodicity is not caused
by variations in the air feed rate, since no obvious periodicity was observed in the
time history record of the inlet air velocity.
It may be the case that the fast flowing air core, so to speak, ‘wiggles’ in space.
This would account for the fact that the measured fast flowing air core widens
faster than the modelled one. It may be the case that this ‘wiggling’ causes
instabilities in the slow circulation zones, but this is speculation.
The broad velocity ranges as estimated with the single hot wire technique raises
the question whether the velocities could have been measured more accurately by
using more sophisticated measurement techniques. One could consider:
– Triple hot wire anemometers
With a triple hot-wire one can measure a more accurate instantaneous velocity
magnitude. Flow directions cannot be measured if the flow is unstable or if flow
reversals are present. This can be circumvented by using split film probes.
– 3D laser Doppler anemometers
With this type of equipment one can measure a velocity magnitude as well as a
velocity direction, even when flow reversals are present. With this technique it is
thus possible to determine a more accurate time average for the local velocity.
For both techniques yields that the increase in accuracy in the average local
velocity has little significance because of the large variations in local velocity. A
technique that produces much more useful information is a technique that
measures the velocity at a large number of locations at the same time. In this way
the velocities at various locations can be correlated. For velocity fields that are
purely two dimensional, laser image velocimetry can be used (Stafford et al.,
1996). Three dimensional applications are under development and appear to be
extremely promising in spray drying research.
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CONCLUSION
For the interpretation of the hot-wire anemometer measurement data it proved to
be essential to consider velocity distributions instead of arithmetic means: they
reveal the unstable nature of the flow pattern and produce more accurate timeaveraged velocities in the case of flow reversals.
Considering the unstable nature of the measured flow pattern, still reasonable
agreement was found between the measurements and CFD results:
– The CFD model correctly predicts a fast downward flowing core and low
velocities in the outer region.
– The agreement between the predicted and measured velocity profile of the
core in the top of the drying chamber is good but decreases at lower positions.
– The widening of the core towards the air outlet as predicted was also found in
measurements.

NOMENCLATURE
a
cµ
d
D
E
F
h2
I
k
k2
n
P(U)
U
Ue

fitting parameter
constant in k-ε equation (0.09)
characteristic length
hot-wire calibration constant (7.0225)
bridge voltage
hot-wire calibration constant (4.562)
pitch factor of hot-wire (1.0)
turbulence intensity
kinetic energy of turbulence
yaw factor of hot-wire (0.062)
hot-wire calibration constant (2.027)
probability function
velocity, especially in x-direction
effective cooling velocity

u 2e
V,W
x,y,z

standard deviation of the effective cooling velocity
velocity in radial and tangential direction resp.
axial, radial, and tangential direction resp.

Greek letters:
ε
turbulent energy dissipation
λ
Taylor micro scale
µ
mean velocity
ν
kinematic viscosity
ρ
autocorrelation function
2
σ
variance
τ
lag time

s-2
m
V

—
m2 s-2

m s-1
m s-1
m2 s-2
m s-1

m2 s-3
m
m s-1
m2 s-1
m s-1
s
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3. A device for measuring
temperatures and humidities
in the spray dryer chamber
ABSTRACT*
The design of a device is discussed that can be used to separate small particles
(~ 10 µm) from a gas stream. Computational fluid dynamics was used in the design
process. The device proved to be very useful in measuring temperatures and
humidities in a spray drying chamber.

*

This chapter is a slightly modified version of the publication
Kieviet, F.G., Van Raaij, J., Kerkhof, P.J.A.M., A device for measuring temperature and
humidity in a spray drying chamber, Trans. IChemE, Vol 75, Part A, March 1997
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INTRODUCTION
To predict the quality of a spray dried product, one has to know what happens to
the particles after they have been produced by the atomiser. It is necessary to know
which air temperatures and humidities a particle ‘experiences’ on its way through
the spray drying chamber. Therefore it is important to know the temperature and
humidity patterns in the spray drying chamber.
Measuring the air temperature patterns is complicated by the presence of the
particles being dried: on any temperature probe that is inserted in the spray drying
chamber, wet particles will deposit. Because of evaporation in the wet deposition
layer, the temperatures measured in this way encompass substantial error: the
measured temperature will be between the actual air temperature and the wet-bulb
temperature. Obviously the same problem is associated with the humidity
measurement. For reliable measurements it is therefore absolutely necessary to
prevent wet particles from depositing on the probe.
In this article a device is discussed with which temperatures and humidities in a
spray drying chamber can be measured. This device is designed using computational fluid dynamics, which proved to be a simple and effective tool to predict
the effectiveness of the device.

DEVICES DESCRIBED IN LITERATURE
Temperature measurements in spray drying chambers have been described in
literature a number of times. Many researchers have just neglected the influence of
the spray (for instance Fieg et al., 1994). Other researchers have addressed the
problem and have come up with two approaches: one can measure with an
unprotected probe until the probe is covered with liquid. Subsequently, the probe
is cleaned and another measurement cycle can begin. Another approach is to
prevent the probe from being hit by droplets.
Periodical removal of liquid from the probe
Most systems for the removal of liquid from the probe are based on heating the
probe to evaporate the liquid. This limits its application to sprays of liquids
without dissolved solid materials. The time span over which actual temperatures
can be measured is limited by the temperature equilibration of the probe and the
rate of particle deposition. This means that in most sprays the response time of the
probe should be very short while the denseness of the spray should be low.
Avoiding wetting of the probe
Arrangements to shield the probe vary from simple shields to so-called aspirated
probes. A simple shield as used by Papadakis (Papadakis, 1987) (see figure 1)
protects the probe from being hit by droplets mainly from one direction only. It is
clear that such an arrangement will not work in flow systems with circulations or
large eddies. To protect the probe from particles coming from all directions, the
shield can be extended (Goldberg, 1987). In such arrangements the problem arises
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that the probe is measuring temperature in stagnant air, surrounded by the cooler
walls of the shield. To avoid this, the probe should be aspirated. Such a system is
described by Nijhawan et al. (1980) and used in a spray dryer by Goldberg. As can
be seen in figure 2, this is quite a large system and quite complex to build.
Telfon tape cap

Steel pipe

1.25 cm

Steel wire

0.6 cm
1.25 cm
Teflon base

Wooden rod
Thermocouple tip

Figure 1: Shielded thermocouple as designed and used by Papadakis
Slot

Cap at end
of tube

Two slots

Enlarged view of
top of probe

Sleeve

60 cm
Outer
tube

61 cm

Inner
tube

Inner tube

11 cm

Outer
tube
6 cm

Figure 2: Shielded aspirated probe as used by Goldberg
gas + particles in

Thermocouple

cleaned gas out

waste out
(gas + particles)

Figure 3: Concept of the micro-separator
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BASIC IDEA
Our approach to developing a temperature and humidity measurement device is
based on protecting the temperature probe from being hit by particles by removing
the particles from the gas stream. The cleaned gas stream can be led to a hygrometer outside the spray drying chamber. The best way to separate the particles
from the air is to utilise the difference in inertia, as in a cyclone. A cyclone cannot
be used though, because of its large volume and of the risk of being clogged with
the sticky particles.
Another way to utilise the difference in inertia is a system in which the pathway of
the airstream to be cleaned follows a sharp curve, such that the particles cannot
follow this curve. The sharpest curve is at complete flow reversal (curve of 180°).
Such a system is depicted in figure 3. We have called this system a ‘microseparator’.

SIMULATION
Before building the system, we wanted to know if the concept would indeed be
effective. Furthermore we wanted to determine what would be the optimum
airflows through the inner and outer tube. To answer these questions, we made use
of the computational fluid dynamics (CFD) package Fluent V3.03 and V4.25,
which proved to be an effective and handy tool in the design process.
The goal of using CFD was to calculate the fraction of particles that would not be
dragged into the clean airstream (the so-called separation quality). For this,
particle trajectories had to be calculated for which in turn the airflow pattern had
to be calculated. Assuming rotational symmetry, the flow domain was divided into
small rectangles, the grid (see figure 4). Using this grid and the inlet boundary
conditions, Fluent calculates an approximate solution of the conservation laws of
mass and momentum. Turbulence is calculated using a standard k-ε turbulence
model. Thus a time-averaged air velocity and turbulence intensity pattern is
obtained (see figure 5). Using this airflow pattern, individual particle trajectories
can be calculated by ‘injecting’ particles into the airstream. The trajectory is
calculated by integrating the equation of motion (i.e. a combination of the
conservation of momentum and the drag the airflow exerts on the particle) over
time. Obviously the dragforce depends on the airspeed, for which the timeaveraged airspeed can be used; in this case two identical particles will have
identical trajectories. In reality the airspeed is not constant but fluctuates around an
average due to turbulence; this causes two identical particles to have different
trajectories. In Fluent this turbulent dispersion is calculated by adding a normal
distributed random value to the time-averaged velocity in each cell. The magnitude
of this random value is related to the local turbulence intensity. Fluent calculates
the trajectory by integrating over time during the lifetime of an eddy. After this
time span, or if the particle moves across the boundary of a grid cell, a new gas
velocity is calculated using the random generator. A drawback of this calculation
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method is that the correlation between subsequent eddies is disregarded, but its
simplicity is the crucial advantage.
A number of these particle trajectories are depicted in figure 6 to figure 8. Most
particles are dragged along in the waste airstream, only a few particles enter the
inner tube.

Figure 4: The grid used in the CFD modelling (standard geometry). The bold lines
represent the geometry, the dash-dot line represents the symmetry axis. In this picture both
halves of the domain are drawn. Only one half is calculated.

Figure 5: The calculated flow field. Normally each computational cell is represented with
one vector. To avoid overcrowding of the picture, every other vector is plotted (in the x
and y direction so one quarter of the total number of vectors is plotted).

Figure 6: Ten particle tracks (2 µm). Due to turbulent dispersion every particle track is
unique. The topmost horizontal line represents the wall of the outer tube, the dash-dot line
represents the symmetry axis. Particles are 'injected' just along the wall because of the
worst-case scenario. The particles’ initial speed equals that of the air.

Figure 7: Tracks of 8 µm particles.

Figure 8: Tracks of 32 µm particles.
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RESULTS
For practical reasons we have chosen for an outer tube with a length of 250 mm
and a diameter of 20 mm. The inner tube was chosen to be 75 mm long and 5 mm
in diameter. The simulations were carried out using this geometry.
It is obvious that large particles are separated better than small particles. Particle
sizes in pilot plant or commercial spray dryers are expected to range from 25 to
250 µm. In the simulations we assumed a worst-case scenario: the particles in the
simulation were considerably smaller than the particles expected to be present in
the actual spray dryer chamber. Furthermore, the particles were injected near the
wall of the inner pipe, which is the location from which most particles will be
trapped in the clean airstream. The following simulations were done:
Influence of the waste gas flowrate
While the clean airflow rate was kept constant at –4 m/s, the waste gas flowrate
was varied. The separation quality increased when the waste airflow rate increased
(as was to be expected). The results for a number of particle diameters are
depicted in figure 9
Influence of the clean gas flowrate
While the waste gas flowrate was kept constant at 9 m/s, the clean gas flowrate
was varied. As expected, the separation quality decreases at increasing clean gas
flowrates. The results for a number of particle diameters are depicted in figure 10.
Geometry of the inner pipe
In the simulations described above, a plain inner pipe was used. In this simulation
we have investigated what would happen to the separation quality if the inner pipe
inlet geometry was modified. The following geometries were considered (see
figure 11): sharp tip, holes in pipe and ‘jumping ramp’. Surprisingly none of the
modifications improved the separation quality significantly (see figure 12).
The geometry with the holes in the wall collected an increased number of particles
in the dead volume at the tip. The sharp tip caused a slightly deteriorated separation quality because the particles get a radial velocity as a result of the ramp and
tend to penetrate further to the central axis. The geometry with the ‘jumping ramp’
had about the same performance as the plain open pipe.
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Figure 9: Separation quality as function of outer tube velocity for the standard geometry.
The airflow in the inner pipe is fixed at the arbitrary value of 4 m/s. For every point in the
chart 100 particle tracks were calculated (turbulent dispersion).
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Figure 10: Separation quality as a function of the inner pipe velocity. The outer tube
velocity was fixed at the arbitrary value of 9 m/s.

Figure 11: Various geometries: plain, sharp tip, holes in pipe and ‘jumping ramp’.
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Figure 12: Performances of various geometries.
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DESIGN AND CONSTRUCTION
Based on practical considerations and the CFD modelling work, the microseparator probe was designed and built. It consists of an aluminium outer tube (see
figure 13). At the outlet end of the tube screw-thread was installed so it can easily
be connected to another tube (support). At the inlet end a grove with a length of 5
cm was sawed. The inner pipe can be slid through this grove.
The inner pipe consists of an aluminium pipe that is bent 90°. The part parallel to
the outer tube consists of two parts to enable easy installation and inspection of the
thermocouple. The groove in the outer tube is covered by a small plate that is fixed
to the inner pipe. This plate is fastened to the outer tube with a nut. To avoid
particles sticking to the outer tube and the inner pipe, the aluminium is coated with
Teflon (Eriflon).
In the inner pipe a thermocouple is installed. The flow is led to a dewpoint meter.
After the dewpoint meter a vacuum pump is installed. The airflow is measured
using a rotameter and is fixed at 0.029 l/s (equivalent to 1.5 m/s). This value was
chosen on the basis of the resulting pressure drop in the tubing to the dewpoint
meter. To avoid condensation in this tubing, it is wrapped in electrical heating wire
and insulation.
The airflow rate in the outer tube is set to 2.8 l/s (equivalent to 9 m/s) using a
blower and a rotameter. For measurements in a spray dryer, it must be checked that
this airflow does not significantly alter the airflow pattern.
It proved to be necessary to install a small cyclone to avoid clogging of the
rotameter and the blower.
250 mm

5 mm
20 mm
y
55 mm

75 mm

x

Figure 13: The micro-separator in detail. Please note: the x and y scale are not equal!
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MEASUREMENTS
To check if the micro-separator could indeed be used in an operational spray
drying chamber, the micro-separator was held in a spray of maltodextrin solution
for two hours. Maltodextrin is a non-volatile solid material consisting of carbohydrates of high molecular weight. The solution, 42% by weight, is a sticky
viscous wallpaper-glue-like liquid. The spray was produced using a pressure
nozzle yielding a mean droplet size of 31 µm, which was determined by measuring
a few thousand droplets under a microscope. The droplets were collected in silicon
oil.
The micro-separator was positioned horizontally in the spray, 50 cm under the
vertically positioned nozzle.
After two hours in the spray, the micro-separator was disassembled and the inner
pipe was inspected for the presence of maltodextrin. No maltodextrin was found,
neither on the inside of the pipe nor on the thermocouple. The rotameter used to
measure the flowrate in the inner pipe was clean too. This proves that the microseparator functions well.
Eventually the micro-separator was used to measure temperatures and humidities
in a commercial spray dryer chamber. For this the micro-separator was installed
horizontally, normal to the main flow direction. The set-up functioned without
great difficulties, although measuring in the spray close to the hot air inlet (195 °C)
caused a built-up of a dry crust of maltodextrin of several centimetres thick on the
outer tube. This shortened the maximum measuring period at that location to a few
minutes.
The measurement data and CFD simulation of the conditions in the spray drying
chamber will be published in a future article (chapter 4).

CONCLUSION
The design and construction of a device for the measurement of temperature and
humidity in a spray drying chamber is described. This device was designed using a
CFD package, which proved to be a useful tool. The device was tested and proved
to function properly. Measurements in an actual spray drying chamber did not
disclose great difficulties.
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4. The temperature
and humidity pattern
ABSTRACT*
Temperatures and humidities were measured in a co-current spray dryer (diameter
2.2 m, height 3.7 m). Experiments are described with feeds of pure water and an
aqueous maltodextrin solution. The problem of particles wetting the temperature /
humidity probe was addressed by using a small device that separates the particles
from a small stream of air (micro-separator).
The temperatures and humidities were modelled using a computational fluid
dynamics program (CFX-F3D). The drying kinetics of maltodextrin was incorporated in the CFD program by using a short-cut method. This method proved to be a
fast and efficient algorithm in the case of the calculation of mean particle
trajectories, but it cannot be used in the case of turbulent particle dispersion.
The agreement between temperature/humidity measurements and CFD modelling
results is reasonable for large parts of the dryer, but the agreement near the central
axis of the dryer leaves room for improvement.

*

This chapter has been submitted to Chem. Eng. Sci. as:
Kieviet, F.G., Van Raaij, J., Kerkhof, P.J.A.M., Air temperatures and humidities in a cocurrent pilot-plant spray dryer: measurements and modelling
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INTRODUCTION
In spray drying, a liquid feed is dried by spraying the feed into hot air. The air
provides the heat of vaporisation and absorbs the water. The solids in the droplets
remain as a dry powder. Spray drying is an excellent method for drying heatsensitive materials. Because of this, spray drying is a widely used process in
industry, especially in the food industry. Several studies have been done to model
the spray drying process, but it is still difficult to predict the performance of a
spray dryer, especially with respect to the quality of the product.
The research described in this paper is part of a project that aims to develop a
fundamental model which can be used to predict product quality. Product quality is
directly related to what particles experience during drying with regard to
temperature and humidity. These factors can be derived from a combination of the
particle trajectories and the temperature and humidity pattern in the drying
chamber. Modelling the temperature and humidity pattern is thus an essential part
of every model that aims to predict a spray dryer’s performance with regards to
product quality. As a first step we have modelled and measured the airflow pattern
in the absence of spray (Kieviet et al., 1997A / chapter 2). A logical second step is
the modelling and measurement of the temperature and humidity in the drying
chamber under operational conditions, i.e. with a spray present. This is the subject
of this publication.
Since Crowe et al. (1977) introduced their idea for calculating a two-way coupled
solution for airflow and an evaporating spray, only a few studies have been
reported in which temperatures and humidities were modelled. Papadakis (1987)
used the idea to model a water spray in a spray column. Goldberg (1987) followed
roughly the same approach in a lab scale spray dryer. Oakley et al. (1991)
extended the work of Goldberg, using the commercial computational fluid
dynamics (CFD) program FLOW3D.
Only two of the researchers mentioned above published on the validation of the
temperature and humidity patterns they modelled. This is probably due to the fact
that it is rather difficult to measure temperatures and humidities in a spray drying
chamber: on any probe that is inserted in the spray drying chamber, wet particles
will deposit. Because of evaporation in the wet deposition layer, the temperatures
measured in this way encompass substantial error: the measured temperature will
be between the actual air temperature and the wet-bulb temperature. Obviously the
same problem is associated with the humidity measurement. For reliable
measurements it is therefore absolutely necessary to prevent wet particles from
depositing on the probe. Papadakis (1987) used a simple shield above his probe to
avoid wetting. It is clear that such an arrangement in which the probe is protected
from particles coming from one direction only will not work in flow systems with
circulations or large eddies. To protect the probe from particles coming from all
directions, the shield can be extended (Goldberg, 1987). In such arrangements the
problem arises that the probe is measuring temperature in stagnant air, surrounded
by the cooler walls of the shield. To avoid this, Goldberg aspirated the probe he
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used. In this study we used a so-called micro-separator (Kieviet et al., 1997B /
chapter 3). This device is not based on shielding, but measures the temperature and
humidity of a small stream of air from which the particles were removed.
An important component of every model for calculating temperatures and
humidities in a spray drying chamber is the calculation of the evaporation rates of
the droplets. For water sprays this calculation is trivial; for sprays containing a
dissolved substance, the calculation of the evaporation rate is rather cumbersome.
Approximating the diffusion equation numerically tends to take too much
computational effort for incorporation in a CFD program. In this publication we
describe a calculation method based on short-cut methods. This calculation
method is much faster than numerically solving an approximate solution of the
diffusion equation, and proves to be suitable for incorporation in CFD programs.

MODEL
There are two commonly used approaches to modelling two phase flow
(Sommerfeld, 1993): the Euler/Euler approach and the Euler/Lagrange approach.
In the first approach, the disperse phase is treated as an extra fluid with its own
flowfield, and is mainly used in cases where the fraction of the disperse phase is
large. In the case of spray drying, with rather low concentrations of particles, one
usually uses the second approach. In this approach the airflow pattern (Euler) and
particle phase (Lagrange) are calculated separately. A solution for the airflow
pattern is found by calculating approximate solutions of the Navier-Stokes and
continuity equations on a grid of control volumes. The particle phase is calculated
by tracking a number of individual particles through the airflow domain. Along the
particle trajectories the exchange of mass, energy and momentum with the
continuous phase is calculated. These transfer terms are added to the source terms
of the Navier-Stokes equations of the airflow calculation. In this way the
interaction between the two phases is incorporated. A coupled solution for the two
phases is obtained by repeating this cycle of calculating the airflow pattern taking
the transfer terms into account, followed by particle tracking through this flow
pattern, calculating new values for the transfer terms. A few dozens of these cycles
are usually required before convergence is reached. This scheme is called the
Particle-Source-In-Cell model (Crowe et al., 1977).
The particle trajectories are calculated by integrating the equation of motion over
time. This equation incorporates terms such as gravity and the drag by the air.
Obviously, the drag force depends on the local air velocity, which is available
from the solution of the airflow. The effect of turbulence on the particle trajectory
can be incorporated by assuming that the turbulence is made up of a collection of
randomly directed eddies, each with its own lifetime and size. Particles are
conceived to pass through a number of these eddies. In an eddy the velocity is
envisaged to be composed of the mean gas velocity plus a randomly fluctuating
component, sampled from a Gaussian distribution with a variance proportional to
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the turbulent kinetic energy. More details can be found in Kieviet et al. (K1 /
chapter 5).
The spray is represented by a few dozens of discrete particles. Each particle
represents a particle flux. By choosing the size of the particle and its flux, a
particle size distribution can be incorporated.
Along the particle trajectory, the exchange of mass, energy and momentum is
calculated. The rate of heat transfer is calculated using the following equation:

Q = π D λ Nu (Tg − Tp )

(1)

For droplets below the boiling point, the evaporation rate can be described using
the following equation:
1− ωi
dm
= π DSh D diff ρg ln
1− ωg
dt

(2)

For water droplets or for particles in the initial stage of drying, the interfacial water
vapour mass fraction ωi can be calculated using the vapour pressure, which is
calculated with the Antoine relation psat(T):

p vap = p sat (T) ⋅ A w ( M w )
ωi =

(3)

p vap,i N vap
p vap,i ( N vap − N air ) + p amb N air

(4)

Equation (3) is also used to check if the particle is boiling: this is the case if the
vapour pressure is greater than the ambient pressure. In this case the evaporation
rate is described with equation (1) combined with the heat of evaporation:
dm
Q
=−
∆H vap
dt

(5)

For materials containing solids, the rate of mass transfer is initially controlled by
resistance in the gas phase, but will soon be controlled by diffusion of water in the
particle. The diffusion of water can be described using Fick’s law with a diffusion
coefficient that depends on both the water concentration and the temperature. For
the hollow spherical particles as modelled in this study (see figure 1), the diffusion
equation is (Van der Lijn, 1976; Wijlhuizen et al., 1979):


!

∂ρ w
∂ρ
1 ∂
=− 2
−r 2 D w w
∂t
∂
∂r
r
r

"#
$

These are the initial and boundary conditions (see figure 1):
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(6)

Film
ωi ωg
R1
R2

Figure 1: Schematic view of a particle

t = 0 R 1,t ≤ r ≤ R 2,t
t>0

r = R 1,t

t>0

r = R 2,t

ρw = ρw0
∂ ρw
=0
∂r
Dw
∂ρ w
jwi = −
1 − ρw / d w ∂ r
=

(7)

1− ωi
Sh D diff
ρg ln
1− ωg
D

Due to the evaporation of water and the expansion of the air bubble in the particle,
the inner and outer surface (boundary) of the particle move relative to the centre of
the particle. This complicates the numerical solution. It is therefore very
convenient to immobilise the boundaries by introducing a dissolved solids centred
space co-ordinate z:

I
r

z=

ρs r 2 dr

(8)

R1

The differential equation (6) is thus transformed into:


!

∂X
∂X
∂
=
D w ρs2 r 4
∂t
∂z
∂z

"#
$

(9)

The initial and boundary conditions (7) transform into:
t = 0 0 ≤ z ≤ z max
t>0

z=0

t>0

z = z max

X = X0
∂X
=0
∂z
∂ X Sh D diff
1− ωi
ρg ln
=
jwi = − D w ρs2 r 2
∂z
1 − ω g ( t)
D

(10)

Solving this second order partial differential equation requires considerable
computational effort and is therefore not very suitable for incorporation in a CFD
program since this requires the computation of the drying of a large number of
droplets. In this publication equation (9) is only used to check the short-cut method
we used, described in the next section.
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Short-cut methods
Another method for calculating the drying rate was presented by Schoeber (1978),
a so-called short-cut calculation method. This method is based on the observation
that the drying rate, after some time, will only depend on the actual moisture
content and that the influence of the initial conditions decreases to virtually zero.
Schoeber discerned three stages in the drying curve by looking at the water
concentration in the centre of the particle. These are the constant activity period,
the penetration period, and the regular regime.
The drying curve starts off with a constant activity period in which the resistance
for mass transfer lies in the gas phase. When the particle dries, the resistance to
mass transfer shifts to diffusion in the particle: the concentration of water at the
surface drops and concentration profiles are formed. When the concentration
profiles have reached the centre of the particle, the drying curve is, according to
Schoeber, in the regular regime. A characteristic feature of this regular regime is
that the flux versus moisture concentration curve is independent of the initial
conditions, and for a given geometry it can be regarded as a material property. The
constant activity period can progress to the regular regime via another stage: the
penetration period. This occurs when the concentration profiles have not yet
reached the centre of the particle while the surface concentration has dropped
below the point of inflection in the water sorption isotherm. This is the point above
which the water activity in the gas phase is almost independent of the moisture
concentration in the droplet, generally taken as Aw = 0.90 (Kerkhof, 1975)
In the following discussion, the definitions of Kerkhof (1994) are used rather than
the dimensionless ones of Schoeber. The flux parameter is here defined as:
F = jwi R s

(11)

Here Rs is the solid shell thickness and is defined as
Rs =

R 2 ,t − R 1,t
d
1+ X s
dw

(12)

As mentioned previously, for a given geometry, temperature, and interfacial water
*
( X) can
concentration the flux parameter versus moisture concentration curve FRR
be regarded as a material property. This characteristic curve is usually presented at
zero interfacial moisture concentration. Regular regime curves at different
interfacial concentrations can be approximated using the following equation
(Schoeber, 1978):
*
*
FRR ( X, X i ) ≈ FRR ( X,0) − FRR ( X i ,0) = FRR
( X) − FRR
(Xi )

(13)

The temperature dependence of the regular regime curve is usually described with
an Arrhenius equation.
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To construct a drying curve, first the transition points are calculated from the
constant activity period to the penetration period (if any) and to the regular regime.
A penetration period exists if
FRR (T, X 0 , X i 90 ) > FH

(14)

Xi90 is the water concentration at which Aw = 0.90. This value is obtained from the
sorption isotherm. Further, FH is the flux calculated from the heat transfer
equation:
FH =

2 λ Nu R 2,t (Tg − Tp )
∆H vap

Rs

(15)

The temperature T in equations (14) and (15) is the wet-bulb temperature: it is
assumed that during the constant activity period the temperature of the particle
remains close to the wet-bulb temperature (Kerkhof, 1994). The average moisture
concentration that marks the end of the constant activity is called the critical
moisture concentration Xc, and is calculated as follows: if the constant activity
period directly progresses into the regular regime, Xc is the solution of
*
(T, X c ) = FH
FRR

(16)

If a penetration period exists, Xc is the solution of
FRR (T, X sl , X i )

X 0 − X sl
= FH
X0 − X

(17)

In this equation, Xsl is the solution of
*
d ln FRR
(T, X sl )
1
=
d X sl
X 0 − X sl

(18)

With these transition points, a drying curve can be constructed. In the constant
activity period (X > Xc) the flux is calculated analogous to a droplet of pure water:
equation (2) in which the vapour concentration at the interface is calculated with
the Antoine relation. In the penetration period (Xsl < X < Xc), the flux is calculated
using
F = FRR (T, X sl , X i )

X 0 − X sl
X0 − X

(19)

The interfacial moisture content Xi is calculated as follows: using the assumption
that the droplet follows the adiabatic cooling line, the water vapour concentration
at the interface in the gas phase can be calculated. In turn, using the water sorption
isotherm, the interfacial moisture concentration in the droplet can be calculated
(Kerkhof, 1994). In the regular regime (X < Xc if a penetration period is not
present, otherwise X < Xsl) the flux is calculated with
F = FRR (T, X, X i )

(20)
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Here, Xi is calculated as described previously.
To calculate an actual evaporation rate of a particle, the flux parameter F is
rendered into the mass flux:
dm
1
= −4 π R 22 ,t
F
dt
Rs

(21)

The short-cut method can thus be used for an efficient algorithm for the calculation
of the evaporation rate.

EXPERIMENT
The spray dryer
The spray dryer used in this research project is a pilot-plant-scale co-current spray
dryer (diameter 2.2 m, height 3.7 m) manufactured by Niro Atomizer. The
geometry of the dryer is depicted in figure 1 on page 15. The feed is pumped by
means of a three plunger pump, thus maintaining a constant pressure (75 bar). The
feed rate was measured using an Endress Hauser m-point DQ600 meter. The
drying air enters the drying chamber through an annulus; the nozzle is placed in
the centre of the annulus. The air distributor has a tangential entrance, causing the
air entering the drying chamber to have a tangential velocity component (swirl).
The amount of swirl, expressed in the so-called swirl angle (the angle between the
axial and tangential velocity component) was estimated by flow visualisation
techniques to be 5°. Using a Pt100, the temperature of the drying air is measured
in the air distributor. The electrical power fed to the heater is kept constant, thus
maintaining a constant air inlet temperature. The airflow rate at the inlet was
0.421 m3/s. This was determined by means of residence time distribution
measurements in the gas phase. The process conditions for the experiments are
listed in table 1.
Materials
Two experiments are described in this publication (table 1): one with a feed of
water and one with a feed of an aqueous maltodextrin (C-Pur 01921, Cerestar
Benelux) solution. Maltodextrin is a carbohydrate mixture of high molecular
weight and was used as a model compound because its material properties are well
known and it is widely used in industry. The solution was 42.5% by weight.
Table 1: Process conditions
Substance
water
maltodextrin
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Feed rate G
(kg/hr)
42
50

Temperature
inlet air (°C)
195
195

Temperature
outlet air (°C)
86
113

Atomisation
The feed is atomised using a pressure nozzle (Spraying Systems, SX type, see
table 2), producing a hollow-cone spray. The velocity of the droplets formed at the
nozzle required for the modelling were calculated by applying a mass balance over
the orifice, taking into account the air core in the orifice:
v=

G
d π ( r02

(22)

− rc2 ) cos(½θ)

The ratios of the orifice diameter / air core diameter for this type of nozzle were
tabulated as a function of the spray angle by Nelson and Stevens (1961). The
velocities thus calculated were checked by measuring the momentum of the spray.
This was done by measuring the force exerted by the spray on a strip of metal
(width 6 mm) that was placed a few centimetres below the nozzle. The force was
measured using an electronic balance. The velocities thus obtained showed
substantial scatter, but were within 15% of the velocities as calculated with the
data of Nelson and Stevens.
Table 2: Nozzle types and droplet velocities for the two experiments.
Substance

Nozzle
type
68/416
70/220

water
maltodextrin

Spray
angle θ (°)
73
76

Orifice diameter
2⋅r0 (mm)
0.787
0.711

rc / r0 (Nelson
& Stevens)
0.63
0.60

velocity
(m/s)
49
59

The droplet size distribution at the nozzle was determined by collecting the spray
in silicon oil. A few thousand droplets were sized using a microscope, a CCDcamera and a personal computer. A Rossin-Rammler distribution was fitted
through the data.
p( d ) = 1 − e

−

 d 
 D

q

(23)

The distribution parameters are listed in table 3.
Table 3: Rossin Rammler distribution parameters for the two experiments
Substance
water
maltodextrin

D (µm)
68.6
70.5

q (–)
2.45
2.09

Droplets produced with a pressure nozzle contain a small air bubble (Verhey,
1973). Brink (1991) determined the ratio of the inner and outer radii (R1,0 / R2,0) of
the droplets for this particular pressure nozzle used in this experiment; he
determined that this ratio is 0.6.
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Measurement of temperatures and humidities in the spray drying chamber
Temperatures in the drying chamber were measured using a thermocouple. Special
measures had to be taken to prevent the thermocouple from being hit by wet
particles, which would cause an error in the temperature measurement due to the
cooling effect of the evaporating water from the particles. A so-called microseparator (Kieviet et al., 1997B / chapter 3) was used for this. Using the inertia of
the particles, the micro-separator removes the particles from a small airstream. In
this stream the thermocouple is placed, and the stream is led to a dewpoint meter
(Endress Hauser Hygrolog WMT343/DT33) that was placed outside the spray
drying chamber.
The response time of the thermocouple was about 55 seconds (99% equilibration).
The mean residence time in the tubing to the dewpoint meter is less than 2 seconds, but the response time of the dewpoint meter itself was about 1.5 minutes.
The airflow rate through the micro-separator (waste gas stream) was 2.9 l/s. The
total flow rate through the dryer is 421 l/s. It is therefore improbable that the
airflow through the micro-separator alters the overall airflow pattern significantly.
Since the air velocities in the slow circulation zones can be as low as 0.7 m/s, the
airflow pattern may be altered locally. Due to the slow velocities in these regions,
the spatial resolution of the micro-separator will thus be decreased to roughly
10 cm. As will be shown, the temperatures and humidities in the circulation zone
show no steep gradient. Therefore the lack of spatial resolution in this region will
not be problematic.
To position the micro-separator in the drying chamber, a vertical arm was used
that could be moved along the wall of the cylindrical part of the chamber. A
horizontal arm with a length equal to half the diameter of the drying chamber, was
attached to the bottom end of the vertical arm. The vertical arm could be rotated as
to reach different radial positions. On the tip of the horizontal arm the microseparator was mounted.
Temperatures and humidities were measured on a grid of locations. At every
location the micro-separator was allowed 4 minutes to equilibrate. After this
period, using a personal computer the humidity and temperature signals were
recorded for 3 minutes. The signals did not fluctuate significantly, as can, in part,
be expected due to the response time of the thermocouple and the dewpoint meter.
The average values were stored. After measuring on the nodes of the grid, the
whole grid was measured once again to check the reproducibility. The average
values of the humidities did not deviate more than 5 percent in the two runs; the
temperatures did not deviate more than 2 °C.
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RESULTS AND DISCUSSION
For the calculation of a solution for the airflow, humidity and temperature pattern,
the flow solver CFX-F3D version 4.1 by Computational Fluid Dynamics Services
(Harwell, United Kingdom) was used. This is a finite volume solver that incorporates the so-called discrete droplet model, a variant of the Particle-Source-In-Cell
model. The geometry of the spray dryer was converted to a grid of 40 by 55 cells.
Rotational symmetry was assumed, neglecting the horizontal part of the air-outlet
pipe. The turbulence model used was the k-ε model. The air velocities at the inlet
were calculated from the volumetric flow rate and the cross-section of the air inlet;
the axial, radial and tangential velocity were 7.42, –5.19, and 0.649 m/s,
respectively. The turbulence intensity k and the dissipation rate ε at the air inlet
were taken to be 0.027 m2s–2 and 0.37 m2s–3, respectively. Details of how these
two parameters were estimated, details of the grid, and the calculation method can
be found in Kieviet et al., 1997A (chapter 2).
In the flow solver, buoyancy is incorporated through the dependence of the density
on the air humidity and the temperature. For this, the ideal gas law is used in which
the pressure is set to the reference pressure. Another feature of the flow solver is
heat loss through the walls. This heat flux is described with
Q = α (Tambient − Twall )

(24)

Here, the heat transfer coefficient α was determined experimentally from energy
balances over the dryer. The total heat loss is 7 kW.
30 particle sizes were chosen to represent the spray, ranging from 10 to 138 µm
taken from a Rossin-Rammler distribution (equation (23)). The sizes were chosen
such that the fluxes of the particles were all equal. The initial velocities of the
particles are listed in table 2. The distribution parameters of the Rossin-Rammler
distribution are listed in table 3.
The evaporation rate of the aqueous maltodextrin spray was calculated using the
previously described short-cut method. For this the short-cut method was
implemented in FORTRAN (table 4). This module was added to the flow solver.
*
The characteristic regular regime flux FRR
( X) for maltodextrin was used as
published by Kerkhof (1994):
*
ln FRR
(T, X) = 50.07 −




14960
X
22609
−
6166
. −
T
018
. +X
T




(25)
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Table 4: Algorithm for calculating evaporation rates using the short-cut method
Initialisation
1
Calculate the amount of air trapped in the bubble.
2
Based on the particle’s local air temperature and humidity, calculate the wet-bulb
temperature.
3
Evaluate equation (14) to determine the presence of a penetration period
4
If equation (14) is true (no penetration period), calculate the critical moisture
concentration Xc by solving equation (16).
5
If equation (14) is false (penetration period present), calculate Xsl by solving
equation (18). Next, calculate Xc by solving equation (17).
On each call to calculate the evaporation rate
1
Compute the size of the air bubble and the outer diameter; compute the solid
thickness Rs using equation (12).
2
If X > Xc
use equation (2);
else
calculate Xi using the adiabatic cooling line.
If a penetration period is present, calculate Xsl by solving equation
(18); choose between penetration period (X > X sl) or regular regime
(X < Xsl).
Use either equation (19) or (20) combined with equation (21).

In the calculation of the size of the particle and the air bubble it was assumed that
the air bubble contains water vapour that is in equilibrium with the average
moisture concentration in the droplet. Further, the total pressure in the air bubble
was assumed to be equal to the ambient pressure, and the partial density of the
dissolved material was assumed to be constant.
Results
The flow solver was run for both the water feed (simple drying kinetics) and the
aqueous maltodextrin feed (short-cut methods for drying kinetics). 30 flowfield –
particle tracking iterations were required to obtain a converged solution. The
number of gas flowfield iterations was 2000. A measure of the quality of the
convergence of the solution is the sum of the absolute values of the mass residuals
of all grid cells. This sum was 0.006 % of the total flow rate through the dryer.
To check whether the solution was dependent on the grid, the number of grid cells
was doubled in both the X and Y direction (80 by 110 cells). The difference
between the solutions for the standard and the refined grid was negligible.
In figure 2 a vector plot of the solution of the airflow pattern for the feed of
aqueous maltodextrin solution is depicted. The airflow pattern for the water feed
looks very similar and is therefore not depicted.

50

Air inlet

10 m/s

Figure 2: Modelled airflow pattern in the spray dryer. Starting points of the vectors
denote the centres of the grid cells. For ease of display only one in four of the vectors is
displayed.
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Figure 3: Mean particle trajectories for a feed of maltodextrin solution for the 30 particle
sizes. The particle size increases from left to right. A trajectory of a 58 µm particle is
highlighted.
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Figure 4: The air temperature and air humidity the 58 µm maltodextrin particle in figure 3
experiences on its way through the spray drying chamber.
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Figure 5: Temperature and moisture content as a function of time of a 58 µm particle,
calculated using the partial differential equation (—) and the short-cut method (- - -). The
air temperature and air humidity history were used from the mean particle trajectory in
figure 4. Note: the moisture content is averaged over the particle.

The mean particle trajectories for the maltodextrin feed are depicted in figure 3.
Using an in-house-developed post-processor with which the particle trajectories
could be combined with the air temperature and humidity patterns, we calculated
the air temperatures and air humidities the particles experience on their way
through the drying chamber. An example of these air temperature and humidity
histories for a maltodextrin droplet is depicted in figure 4. These air temperatures
and humidities were used to check the validity of the short-cut method we used.
For this, a program was used that calculates an approximate solution for the
diffusion equation (9). This program is based on the D03PGF routine of the NAG
(Numerical Algorithms Group) library. The air temperature Tg(t) and humidity
histories ωg(t) from figure 4 were used as time-dependent boundary conditions in
equation (1) and equation (10), respectively. The moisture- and temperaturedependent diffusion coefficient and sorption isotherm were used as published by
Meerdink (1995). The moisture content as well as the particle temperature thus
calculated are depicted in figure 5. In the same figure, the results are depicted for
the calculation using the short-cut method. As can be seen, there is good agreement between the two calculation methods. The discrepancy at high moisture
content is caused by the assumption in the short-cut method that the particle
temperature is at wet-bulb temperature during the constant activity period, while in
the calculation of the diffusion equation, the particle temperature is calculated
directly.
In figure 6 particle trajectories are depicted that were calculated with turbulent
particle dispersion. Again, the air temperature and humidity experienced by the
particles were calculated. An example of these histories is depicted in figure 7. As
can be seen, the changes in air temperature and humidity are much more vigorous
than those for the mean particle trajectories (figure 4). The short-cut method could
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Figure 6: Some particle trajectories calculated with turbulent dispersion for a feed of
maltodextrin solution. A trajectory of a 58 µm particle is highlighted.
Figure 7: Example of the air temperature and air humidity a 58 µm particle experiences
on its way through the spray drying chamber, calculated with turbulent dispersion. The
trajectory is highlighted in figure 6. The rapid fluctuations correspond with brief
encounters of the particle with the central core.

not cope with these fast changes; the particle trajectory is in fact calculated with a
simplified drying kinetics: equation (2) was used in which the interfacial water
vapour mass fraction ωi was calculated using the sorption isotherm of maltodextrin.
To check if there was any difference between the air temperature and humidity
pattern as calculated with mean particle trajectories and with particle trajectories
incorporating turbulent particle dispersion, solutions were calculated for both
cases, both using the simplified drying kinetics. The difference between the two
solutions was very small. The difference in corresponding temperatures in the two
cases was less than 2 °C. This is thought to be caused by the fact that only few
turbulent dispersion particle trajectories deviate considerably from the mean
trajectories; most particles are dragged along in the core.
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Figure 8: Measured ( $ ) and modelled (—) temperatures in the spray drying chamber.
This figure consists of a number of T(r)-charts plotted up-side down in the geometry of the
spray dryer, such that the baseline (or starting point of the vertical lines) of every chart
denotes the axial position of the points measured and modelled. The axial positions were:
0.20, 0.40, … , 1.40 (water spray) and 0.20, 0.60, 1.00, 1.40 m (maltodextrin spray). The
radial positions were 0.00, 0.29, 0.57, 0.85, 1,11 m, except for the measurement point near
the nozzle which had a radial position of 0.09 m.
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Figure 9: Measured ( $ ) and modelled (—) humidities in the spray drying chamber,
analogous to figure 8.
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In figure 8 the modelled and measured temperatures are depicted for both the
water and the aqueous maltodextrin feed. In figure 9, the corresponding humidity
patterns are depicted. From these figures it can be seen that a large volume of the
dryer has almost constant temperatures and humidities. It appears that most of the
drying takes place in the fast flowing core (figure 2). The velocity of the airflow in
the volume outside of the core is very low: it is almost stagnant. Further, particles
appear not to be able to penetrate into this stagnant zone (figures 3 and 6) and are
‘trapped’ in the fast flowing core. The measurements support the idea of a stagnant
zone with hardly any temperature and humidity gradient. The central core as
deducted from the measurements appears to be wider though. Unfortunately, the
spatial resolution of the measurements near the core is very low. The
measurements were done prior to the modelling work: at the time of the measurements, we were unaware of the importance of more detailed measurements near the
central axis of the dryer; after the measurements, the set-up was dismantled.

CONCLUSION
The short-cut method proves to be an efficient method for the calculation of the
evaporation rate of an aqueous maltodextrin feed and it can be integrated in
computation fluid dynamics calculations. A limitation of the method is that it
cannot be used in calculations with turbulent particle dispersion.
Temperature and humidity patterns in the spray drying chamber were measured
using a micro-separator. Most of the measured temperatures and humidities agreed
well with the modelled temperatures and humidities, but the gradients in the centre
region of the drying chamber could be improved.
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Aw
d
D
D
Ddiff
Dw
G
jwi
FRR
FH
∆Hvap
m
Nvap, Nair
Nu
pvap, pamb
psat
q
Q
r
r0, rc
R1, R2
Rs
Sh
t
Tg, Tp
X
z

NOMENCLATURE
water activity from sorption isotherm
specific density
diameter of particle
Rossin Rammler distribution parameter
diffusion coefficient of vapour in gas phase
diffusion coefficient of water in particle
volumetric feed rate of liquid to be spray dried
water flux through particle interface
regular regime flux
heat flux parameter
heat of evaporation
mass of particle
molecular weight of water vapour and air, respectively
dimensionless Nusselt number for heat transfer
water vapour pressure and ambient pressure, respectively
saturated water vapour pressure
Rossin-Rammler distribution parameter
heat flux
spatial co-ordinate (spherical)
orifice radius and air core radius, respectively
radius of air bubble and radius of particle, respectively
solid shell thickness
dimensionless Sherwood number
time
temperature of gas phase and particle, respectively
water solids ratio = ρw / ρs
dissolved solids centred space co-ordinate

–
kg m–3
m
µm
m2 s–1
m2 s–1
m3 s–1
kg m–2 s–1
kg m–1 s–1
kg m–1 s–1
J kg–1
kg
kg kmol-1
–
Pa
Pa
–
J m–2 s–1
m
m
m
m
–
s
K
kg w / kg s
kg solids

heat transfer coefficient
heat conductivity in gas phase
density of gas phase
water and solids concentration, respectively
spray angle
mass fraction of vapour in air at particle interface
mass fraction of vapour in air surrounding the particle

W m–2 K–1
J s-1 m-1 K-1
kg m–3
kg m–3
°
–
–

Greek
α
λ
ρg
ρw, ρs
θ
ωi
ωg

Subscripts
g, p
gas phase and particle phase, respectively
s, w
solids and water, respectively
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5. Particulate residence time
distributions
ABSTRACT*
Particle residence time distributions were modelled in a pilot plant co-current
spray dryer (diameter 2.2 m, height 3.7 m). This was done by calculating a large
number of particle trajectories with turbulent particle dispersion (discrete eddy
concept) using a computational fluid dynamics package. Residence time
distributions were calculated as a function of particle size: they did not strongly
depend on particle size. Neither did the residence time depend much on the
turbulent kinetic energy of the airflow pattern.
Powder residence time distributions were measured by means of tracer
experiments. By sieving the powder samples, the relation between residence time
and particle size was measured. There was not a clear relationship.
There was a large discrepancy between modelled residence time distributions and
the measured ones: measured residence times were much larger than predicted by
the model. This is caused by the fact that most particles are deposited on the wall
of the spray dryer and slide slowly along the wall towards the product outlet. If this
effect is incorporated in the computational fluid dynamics model, the agreement
between model and measurements is much better, but the model loses its predictive
significance.

*

This chapter has been submitted to AIChE Journal as:
Kieviet, F.G., De Moor, P.P.E.A., Kerkhof, P.J.A.M., Particulate residence time
distributions in a co-current spray dryer: CFD-based modelling and tracer-measurements
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INTRODUCTION
Spray dryers are used to obtain a dry powder from a liquid feed. This is done by
spraying the feed in hot air. Although the process equipment is very bulky and
operation is expensive, it is generally regarded as an ideal process for the drying of
heat-sensitive materials: because of the large specific surface of the droplets and
therefore high drying rates, only short residence times are required. Because of this
and because of the fact that in co-current spray dryers the air temperature
decreases during the drying of a particle, the temperatures of the powder particles
can remain low.
The research described in this publication is part of a project that aims to develop
a fundamental model that can be used to predict product quality in spray drying
operations. Since most processes affecting product quality, e.g. evaporation
(moisture content), thermal degradation, etc., are non-linear in time, knowledge on
residence time distributions are of great importance for the prediction of product
quality.
It is generally assumed that the residence time distributions of the particles are
equal to those of the air. Little research has been published on the actual residence
times of the particulates in spray dryers; besides our publication in 1995 (Kieviet
and Kerkhof, 1995), we have found just one publication on the particulates
residence time distributions in a co-current spray dryer (Pham and Keey, 1977).
The time a particle spends in the drying chamber is determined by its trajectories,
which in turn depends on the airflow pattern. Using computational fluid dynamics
(CFD), the airflow pattern as well as particle trajectories can be calculated. It is
therefore in principle possible to predict particle residence time distributions with
CFD.
The CFD model and the calculation of the particle trajectories are described in the
next section. Besides the modelling work, experiments have been carried out to
measure the residence time distribution. These measurements are described in the
section thereafter. Finally, the measurements and modelling results are compared.

MODEL
General description of the model
There are two commonly used approaches for modelling multi-phase flow
(Sommerfeld, 1993). Firstly, one can treat the disperse phase as an extra fluid with
its own flowfield (Euler/Euler approach). In the case of spray drying, with rather
low concentrations of particles, one usually uses the second approach, the
Euler/Lagrange method. In this approach the gas field is calculated first (Euler).
This is done by calculating approximate solutions of the Navier-Stokes and
continuity equations on a grid of control volumes. Subsequently the particles are
tracked individually (Lagrange). Along the particle trajectories the exchange of
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mass, energy and momentum (neglecting turbulent interactions) with the
continuous phase is calculated. These transfer terms are added to the source terms
of the Navier-Stokes equations of the gas flow calculation. After the particle
tracking, the airflow pattern is recalculated, taking the transfer terms into account.
This cycle of airflow calculation followed by particle tracking is repeated until
convergence is reached. This scheme is called the Particle-Source-In-Cell model
(Crowe et al., 1977).
A spray is represented by a few dozens of discrete particles —that is why the
model is often called the discrete droplet model. Each particle represents a particle
flux. By choosing the sizes of the particles and their fluxes, a particle size
distribution can be incorporated.
A particle residence time distribution can be calculated by tracking a large number
of particles through the flow domain and recording the time of flight of each
particle. A particle’s time of flight is here defined as the time it takes for a particle
to travel from the atomiser to a wall or to a product outlet.
Particle tracking
A particle trajectory is calculated by integrating the equation of motion over time.
This equation can be derived from a substitution of all forces working on the
particle in Newton’s second law:
&
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&
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d ρg C D | v R | v R
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π 3
d ρg ∇P
4

&

&
∂v
π 3
π
d (ρd − ρg ) g − d 3ρg
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12
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(1)

The first term denotes the drag force of the air on the particle. The second term is
the pressure gradient force and is negligible in the case of spray drying. The third
term is the buoyancy force, and because the density of the particle is much larger
than the air this term mainly constitutes the gravitational force. The last term
denotes the added mass force, which is caused by the air the particle drags along
with it.
It is obvious that for the calculation of the velocity of the particle relative to the air
vR, the absolute local air velocity is required. For this velocity, the mean air
velocity V can be used; in this way mean particle trajectories are obtained.
Obviously, for the calculation of a residence time distribution this approach will
not work, since particles with the same starting conditions (i.e. diameter, velocity
and position) would have the same time of flight. It is therefore necessary to
incorporate the dispersing effect of turbulence, in other words: turbulent particle
dispersion. There are two approaches to this: the random flight models and the
discrete eddy concept. Random flight models are based on the Langevin equation
and correlate the velocity fluctuation of a particle at a location to the previous
location (Markov process). A problem associated with this model is that particles
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tend to concentrate in parts of the flow domain where the turbulence intensity is
lower (Sommerfeld, 1993). This can be compensated for, but this is quite
complicated.
In this publication the discrete eddy concept of Gosman and Ioannides (1983) is
used. In this approach, the turbulent airflow pattern is assumed to be made up of a
collection of randomly directed eddies, each with its own lifetime and size. The
turbulence fluctuations v´ are obtained from the definition of the turbulent kinetic
energy k, assuming isotropic turbulence:

k = 3 2 v`2

(2)

The fluctuations are assumed to be distributed normally. The variance of this
distribution is equal to twice the turbulent kinetic energy k. On entry of an eddy,
the turbulent fluctuation v´ is randomly sampled from this distribution. The time a
particle experiences this velocity v will be the time it takes for the particle to travel
through the eddy tR, or it will be the eddy lifetime tE, whichever is shorter. The size
of the eddy lE required for the calculation of tR is assumed to be equal to the length
scale of turbulence dissipation and is given by (Shuen et al., 1983):
34

lE =

Cµ k 3 2
ε

(3)

The lifetime of the eddy tE is obtained using tE = lE / |v`| and equation (2):
34

tE =

3 Cµ k
2 ε

(4)

Particles are ‘injected’ into the flow domain at the nozzle and are envisaged to
pass through these random eddies until they hit the wall or leave the flow domain
through one of the product outlets. In principal, it is also possible to model
particle-wall interactions, i.e. particles bouncing back from the wall, but this
requires knowledge about the elasticity of the collisions, the stickiness of the
particles, etc. (Sommerfeld, 1992). This is still very much the subject of study, and
is not considered in this publication. Another type of collisions, the particleparticle collisions (agglomeration) are left out of consideration as well.
Heat and mass transfer
Along the particle trajectory, the exchange of mass, energy and momentum is
calculated. The rate of mass transfer is calculated using the following equation:
1− ωi
dm
= π d Sh D diff ρg ln
1− ωg
dt

(5)

In this equation, the mass fraction at the particle interface ωi depends on the water
concentration in the particle near the surface and the water vapour isotherm of the
material being dried:

62

ωi =

p vap,i N vap
p vap,i ( N vap − N air ) + p amb N air

p vap = p sat (T) ⋅ A w ( M w ,int )

(6)
(7)

For solid substances the calculation of the water concentration at the surface is
rather difficult. Solving Fick’s diffusion equation (a second order partial differential equation) in the computational fluid dynamics program takes too much
computational effort. A faster method, a so-called short-cut method, can be used in
the calculation of mean particle tracks, but fails in the calculation of particle tracks
with turbulent dispersion (Kieviet et al., K1 / chapter 4). Therefore, for the
calculation of turbulent particle tracks we used a crude but in this case adequate
approximation for the interfacial moisture content:
M w ,int = q ( M w )

(8)

The relationship q between the interfacial moisture content and the average
moisture content was found as follows: for a number of particle sizes, mean
particle trajectories were calculated. The air temperature and humidity experienced
by the particles on traversing the spray drying chamber were used as timedependent boundary conditions in a program that solved Fick’s diffusion equation.
With this program a table of Mw,int versus M w was generated. This table was
made available to the particle tracking module in the form of a look-up table.
A particle atomised by a pressure atomiser contains a small air bubble (Verhey,
1973). When the particle dries, the bubble will expand and shrink. The size of the
air bubble can be calculated using the assumptions that the pressure in the bubble
is always equal to ambient pressure, that the water vapour pressure is in equilibrium with the moisture content at the inner surface, and finally, that the material
to be dried shrinks ideally.

EXPERIMENT
Approach
The classical approach to measuring residence time distributions is the stimulus
response technique. In this type of experiment the response to some kind of
stimulus is measured; an analysis of the response yields the residence time
distribution. In the case of spray drying, the stimulus will be a disturbance in the
feed; the response is measured in the product stream. The disturbance can be either
a change in the feed rate or in the feed composition. The latter is called tracer
analysis. To prevent artefacts, in the ideal experiment the disturbance should not
change conditions in the spray drying chamber that affect the residence time
distribution. Since changes in feed rate must be rather large to be measurable, this
condition disqualifies this technique: the feed rate influences the particle size
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distribution, the temperatures and humidities in the dryer, etc. Therefore we have
used the tracer analysis technique. The change in feed rate technique was also
deployed, but only once, to test a hypothesis to be discussed in the last section.
Experimental set-up
THE SPRAY DRYER AND PROCESS CONDITIONS The spray dryer used in this
research project (figure 1 on page 15) is a pilot-plant-scale co-current spray dryer
(diameter 2.2 metres, height 3.7 metres) manufactured by Niro Atomizer. The
drying air enters the drying chamber through an annulus; the nozzle is placed in
the centre of the annulus. The air distributor has a tangential entrance, causing the
air entering the drying chamber to have a tangential velocity component (swirl).
The amount of swirl, expressed in the so-called swirl angle (the angle between the
axial and tangential velocity component) was estimated by flow visualisation
techniques to be 5°. Using a Pt100, the temperature of the drying air is measured
in the air distributor. The signal is fed to the controller of the electrical heater, thus
keeping the temperature at a constant level (195 °C). The airflow rate was
0.421 m3/s. This was determined by means of residence time distribution measurements in the gas phase, yielding a mean residence time of 24.2 seconds. The air
leaves the spray dryer through a pipe fixed through the conical part of the dryer.
Particles dragged along in this air stream are separated from the air by a cyclone,
installed next to the dryer. The feed was an aqueous maltodextrin (C-Pur 01921,
Cerestar Benelux) solution, 42.8% by weight. A three plunger positive displacement pump was used to pump the feed through the nozzle, thus maintaining a
constant atomisation pressure (75 bar). The flowrate of the feed was 0.0139 kg/s.
ATOMISATION The nozzle was a hollow-cone-type centrifugal pressure nozzle
(Spraying Systems Co: SX-type, orifice/core 70/220, spray angle 76°). The droplet
size distribution was measured by sizing a large number of droplets collected in
silicon oil; a Rossin-Rammler distribution (equation (9)) was fitted through the
data. The distribution parameters were found to be: D = 70.5 µm; q = 2.09.
p( d ) = 1 − e

d
− 
 D

q

(9)

The mean velocity of the droplets leaving the nozzle was estimated using the data
as tabulated by Nelson and Stevens (1961), and by measuring the momentum of
the spray. This was done by measuring the force exerted by the spray on a strip of
metal that was placed a few centimetres below the nozzle (Kieviet et al., K1 /
chapter 4). The mean velocity thus determined was 59 m/s.
Brink (1991) determined the size of the air bubbles in the particles for the
particular pressure nozzle used in this experiment. He determined that the ratio of
the inner and outer radii of the droplets is 0.6.
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PRODUCT DISCHARGE The powder is discharged via rotary valves at the bottom
of the dryer (main product stream) and at the cyclone (cyclone product stream),
see figure 1 on page 15. To decrease product-deposition on the wall of the conical
part, the dryer is equipped with two electrical hammers that hit the wall of the cone
every two seconds. The product flow ratio tower stream versus cyclone stream was
2.03:1.00.
THE TRACER INJECTION SYSTEM For the tracer experiments, the tracer had to be
injected into the feed without disturbing the flow rate. For this, a special injection
system had to be developed. The system consists of a set of valves that was
installed just before the nozzle. See figure 1. For loading the tracer, valves 2 and 3
are closed. The tube between valves 2 and 3 (called the sample loop) is now
pressureless, so valve 4 can be opened. The liquid in the sample loop is replaced
with tracer-solution. Next, valve 4 is closed and valve 2 is opened. Valve 1 is
partially closed, so that this causes an extra pressure increase of about 10 bar.
When valve 3 is opened, the liquid will flow through the sample loop because of
the resistance caused by the partially closed valve 1, carrying the sample solution
with it. In this way the tracer is injected without causing any disturbance to the
flow rate. The volume of the sample loop is approximately 10.5 ml. Assuming
plug flow the pulse width is therefore approximately 1 s.
THE TRACER
The tracer used in the tracer experiments was rhodamine-wt
(Polysciences Inc. Cat #19922). This is a water soluble substance that has an
intense red colour. The thermal stability was tested by means of Thermal
Gravimetric Analysis and Differential Thermal Analysis. It was found that the
rhodamine did neither degrade nor evaporate in measurable amounts under spray
drying conditions. The concentration of rhodamine in the tracer solution was 1.8%
by weight; the mass fraction of maltodextrin was the same as in the feed.

open valve

4
2

closed valve

1

partially closed valve
flow

3

no flow
nozzle
Load tracer fluid

Ready to inject

Injection

Figure 1: The injection system
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SAMPLE COLLECTION AND ANALYSIS Powder samples for the tracer analysis were
taken in two ways: a small conveyor belt was installed under the rotary
dischargers. The powder fell into small trays that were placed on the belt. In this
way a high sampling rate was obtained. A few experiments were done by simply
holding cans under the dischargers, causing the sampling rate to be much lower.
The concentration of rhodamine in the samples was measured by dissolving the
complete sample in water; the absorbance of the solution thus obtained was
measured at 557 nm using a spectrophotometer (Pharmacia Novaspec II). From
this the concentration could be calculated. The powder samples of one experiment
were sieved prior to analysis. This was done using a stack of seven sieves
(Endecotts, apertures 250, 180, 150, 125, 106, 75 and 53 µm) being vibrated until
the quantities of powder on each sieve remained constant.
MEASUREMENT OF PRODUCT FLOW RATE For the analysis using a disturbance in
the feed flow rate, the product flow of each product stream was collected in a
bucket placed on an electronic balance (Sartorius 12000 and 4500). The digital
signals of the two scales were recorded using a personal computer.
ADDITIONAL DELAYS In the system there are two delays: the residence time of
the tracer fluid in the volume between injection loop and nozzle and the residence
time of powder in the rotary product dischargers at the bottom of the tower and the
cyclone. The volume between the nozzle and the injection system is approximately
13 ml, thus causing a delay in the injection of about 1 s; the rotary dischargers
rotate at a speed of 27.2 and 53.7 rpm, respectively, causing delays of 1.1 and 0.56
s, respectively. Both delays have been compensated for in the processing of the
results.

RESULTS AND DISCUSSION
The airflow, temperature, and humidity pattern
For the calculation of a solution for the airflow, humidity and temperature pattern,
the flow solver CFX-F3D version 4.1 by Computational Fluid Dynamics Services
(Harwell, United Kingdom) was used. This is a finite volume solver that
incorporates the discrete droplet model and turbulent particle tracking based on the
discrete eddy concept.
The geometry of the spray dryer was converted to a grid of 40 by 55 cells.
Rotational symmetry was assumed, neglecting the horizontal part of the air-outlet
pipe. The turbulence model used was the k-ε model. The air velocities at the inlet
were calculated from the volumetric flow rate and the cross-section of the air inlet;
the axial, radial and tangential velocity were 7.42, –5.19, and 0.649 m/s,
respectively. The turbulence intensity k and the dissipation rate ε at the air inlet
were taken to be 0.027 m2s–2 and 0.37 m2s–3, respectively. Details of how these
two parameters were estimated, details on the grid and the calculation methods can
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be found in Kieviet et al., 1997A (chapter 2). The flow solver incorporated
buoyancy caused by temperature differences and differences in air humidity.
Further, heat loss through the walls was incorporated. More details about this can
be found in Kieviet et al., K1 (chapter 4).
For the calculation of the airflow pattern, 30 particle sizes were chosen to represent the spray, ranging from 10 to 138 µm, taken from a Rossin-Rammler distribution (equation (9)) with distribution parameters as listed in the preceding
section. The initial direction of the particles is equal to the spray angle (76°); the
particles’ initial temperatures were set equal to ambient temperature (25 °C); the
initial velocities were used as listed in the preceding section. The evaporation rate
of the spray was calculated using the short-cut method (Kieviet et al., K1 /
chapter 4).
The temperature, humidity, and airflow pattern (figure 2 on page 51) thus obtained
were used as input for the calculation of particle residence time distributions.

Figure 2: Some particle trajectories calculated with turbulent particle dispersion. Left: 75
particle tracks incorporating a particle size distribution; middle: 100 tracks of 110 µm
particles; right-hand picture: 100 tracks of 10 µm particles.
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Calculation of particle residence time distributions
For the particle tracking with turbulent particle dispersion, the evaporation rate
was calculated using equation (8). To save on computer time, the number of
particle sizes used to represent the spray was decreased from 30 to 10. The fluxes
the particle represented were all equal; sizes ranged from 10 to 109 µm. For each
of the ten particle sizes, 10000 particle trajectories were calculated. Of each
particle trajectory, the time of flight and the location of the end-point were
recorded.
In figure 2, a number of particle trajectories with turbulent particle dispersion is
depicted. As can be seen, a large fraction of the particles is deposited on the wall
of the conical part of the dryer (49%) Further, 32% hit the outside of the air-outlet,
3% hit the cylindrical part of the wall; only 0.04% of the particles hit the roof;
15% was dragged along to the cyclone, and only 0.1% of the particles were
discharged directly via the main product outlet (see figure 3 and figure 4). These
results agree very well with observations done during the spray drying
experiments: the conical part of the wall was indeed covered with powder, while
there was hardly any deposition on the cylindrical part of the wall; the roof
appeared to be completely clean.
10%
5%
Wall cylindrical part: 3%
0%
Roof: 0.04%
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To cyclone: 15%
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Figure 3: Distribution of the end-points of the particle trajectories, projected on half of the
geometry of the dryer (rotated 90°).
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Figure 4: Distribution of the end-points of the particle trajectories for the ten particle sizes.
Because of the marginal contribution of the roof and main product stream, these are left out
of the graph.
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A histogram of the times of flight of the particles, i.e. the modelled residence time
distribution, is depicted in figure 5. The mean residence time was 2.1 seconds. As
can be seen from equations (2), (3), and (4), the turbulent kinetic energy k is of
great influence on the magnitude of the random steps (equation (2)) and the
number of these steps (equations (3) and (4)). To assess the influence of the
turbulent kinetic energy on the net times of flight, the 100000 particle trajectories
were recalculated using a flowfield that was solved for an inlet-k that was 10 times
larger than the original k. The overall residence time distribution thus calculated is
depicted in figure 5 as well. As can be seen, there is only a slight difference (mean
residence time 2.3 s versus the 2.1 s mentioned above).
To evaluate the influence of the particle size on this residence time distribution, in
figure 6 the residence time distributions of all ten sizes are depicted. As can be
seen, the residence times depend strongly on the particle size: the larger the
particle, the longer the mean residence time (e.g. 3.7 s for a 109 µm; 1.1 s for a
10 µm particle). This is caused by the airflow pattern: as can be seen in figure 2 on
page 51, the flow pattern consists of a fast flowing core and a slow circulation
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Figure 5: Modelled particle residence time distributions, calculated with a flowfield that
was calculated with a turbulent kinetic energy at the air inlet of 0.027 m2s–2 (—) and
0.27 m2s–2 (---).
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Figure 6: Modelled residence time distributions for the ten particle sizes.
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Figure 7: Example of a measured residence time distribution.
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Figure 8: Comparison of residence time distributions of sieve fractions (sizes in microns)
of the main product stream (left-hand picture) and cyclone product stream (right-hand
picture).

around that core. In figure 2 it can be seen that large particles can penetrate into
the slowly flowing circulation zone while small particles are more likely to be
dragged along in the fast flowing core.
An interesting observation is that larger particles have longer residence times than
smaller particles, which is the opposite of what is predicted by classical models
that are solely based on gravity and the shape of the spray dryer (Kerkhof and
Schoeber, 1974).
In figure 7, the measured normalised tracer concentrations of one of the
experiments is depicted. The mean residence times are 128 seconds for the product
discharged at the main product outlet, and 100 seconds for the cyclone outlet.
More experimental data can be found in Kieviet and Kerkhof (1995).
To examine the relationship between particle size and residence time, the powder
samples of one of the experiments were sieved. The tracer concentration in the
sieve fractions was measured. In figure 8, the residence time distributions thus
obtained are depicted. As can be seen, there is no clear relationship between
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particle size and residence time. To make certain that this is not caused by
measurement errors, this experiment has been carried out multiple times, all
yielding the same result in the sense that there was no clear relationship between
the particle size and the residence time distribution.
Another predominant feature of the measured residence time distribution (figure 7)
is the very long tail. Further, there is an enormous difference between the
measurement data and the modelling results. We think that both facts are caused
by the deposition of powder on the wall. As can be seen by looking in the dryer
during experiments, particles deposited on the wall will slide slowly along the wall
towards the main product outlet. This sliding movement is promoted by the
electrical hammers. Wall deposition and the slow sliding movement can account
for the long tail of the residence time distribution of the main product outlet, but
the explanation for the tail of the cyclone product outlet is less obvious. Particles
having long residence times discharged at the cyclone have either been airborne
for a long time, possibly trapped in circulation zones, or they were deposited on
the wall and were later transported from the wall to the air-outlet. To test the latter
hypothesis, the following experiment was carried out: the flow rates of the product
streams were measured using electronic scales placed under the dischargers. At a
certain time t=0, the liquid feed to the atomiser was stopped completely. At the
same time, the electrical hammers were stopped. The flow of product gradually
decreased, until after approximately one minute the flow of product for both the
main and the cyclone outlet had stopped completely. Then, at t=10 minutes, the
electrical hammers were switched on again; the flow rates for both product streams
took up again. This proves that the long tails of the residence time distributions are
caused by wall deposition followed by sliding along the wall. Apparently, powder
is taken up from the wall by the airflow and dragged along to the cyclone.
The enormous difference between the calculated residence time distributions and
the measured ones caused by wall deposition, reveals a conceptual difference
between the two kinds of distributions: the calculated residence time distribution is
obtained by tracking particles until they hit the wall or leave the flow domain. It is,
so to speak, the primary residence time distribution. By contrast, the measured
residence time distribution encompasses the primary residence time distribution
and the delays caused by transport along the wall. It is therefore an overall
residence time distribution.
The primary as well as the overall residence time distribution are significant. The
primary residence time distribution is of key importance in the design of a spray
dryer: an important design criterion is that the particles must have sufficiently
dried before they hit the wall. The overall residence time distribution is important
when product quality is concerned. For instance, particles are likely to continue to
degrade when they are deposited on the wall.
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Figure 9: Measured residence time distribution (from figure 7), constructed from a
combination of main and cyclone product stream (—) and modelled residence time
distribution, incorporating constant velocities along the walls (----).

An interesting observation is that the primary as well as the overall residence time
distribution differ considerably from that of the air. The particles’ mean primary
residence time (2.1 s) is less than the air mean residence time (24.2 s) because the
particles are injected into the centre of the fast flowing air core, while the gas
tracer was injected in the inlet. Further, gravity exerts an extra force on the
particles which is obviously not the case for the airflow. The particles’ overall
mean residence times (128 and 100 s) being larger than that of the air, is not
surprising because the air is obviously not deposited and delayed on the wall.
An attempt was made to render the primary residence time distribution into the
overall residence time distribution, or, in other words, to incorporate the sliding of
the particles along the wall in the model. By observing the powder sliding along
the wall it became obvious that a theoretical approach of the sliding behaviour was
not feasible: the layer of powder on the wall grows until pieces of the layer tumble
down, dragging other pieces of the layer with them. It looks like tiny avalanches
occurring at many places on the wall and at irregular time intervals. Furthermore,
the two hammers complicate things even more: the layer is thicker just between the
two hammers than it is near a hammer. Therefore, a very simple statistical
approach was applied to the modelling of the sliding of the particles: it was
assumed that, on average, the particles move with constant velocities along the
wall. Using this assumption and using the locations of the end-points of the
particles (figure 3) and their residence times, a new residence time distribution
could be calculated. The velocities along the cylindrical and the conical part of the
wall were calculated such that the agreement between the calculated residence time
distribution and the measured distribution was optimal. The wall velocities thus
calculated were 0.59 cm/s for the cylindrical part and 0.27 cm/s for the conical
part of the wall above the air outlet pipe. The residence time distribution
calculated with these wall velocities, together with the measurement data from
figure 7, are depicted in figure 9. As can be seen, the modelling results and the
experimental data agree much better now. This is not very significant though:
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because the wall velocities are derived from measurements, the model loses a lot
of its predictive relevance based on first principles.
Direct measurement of the primary residence time distribution is complex but
possible (Pham and Keey, 1977). Comparing measured primary residence time
distributions with calculated ones is an interesting challenge for future research.

CONCLUSION
Using computational fluid dynamics, it can be predicted very well where particles
are deposited on the wall: the predicted area of deposition agrees very well with
the areas covered with powder as were observed in the experiments.
Product deposition on the wall causes a long tail in the residence time distribution
because the particles slide along the wall towards the product outlet only very
slowly. This is the case for both product streams: powder is taken up from the wall
near the air outlet, and dragged along with the air to the cyclone.
This behaviour can be modelled assuming constant wall velocities, but this
requires experimental data. Therefore, when using only first principles, particulate
residence time distributions cannot be modelled quantitatively with computational
fluid dynamics.

NOMENCLATURE
CD
drag coefficient = 24 (1 + 0.15 Re0.687) / Re
turbulence constant = 0.090
Cµ
d
particle diameter
Ddiff
diffusion coefficient of vapour in gas phase
D
parameter in Rossin Rammler distribution
k
kinetic energy of turbulence
2
Norm(µ, σ ) normal probability function around µ with variance σ2
Mw
moisture content
lE
eddy length scale
q
parameter in Rossin Rammler distribution
Sh
dimensionless Sherwood number
tE
eddy lifetime
tR
eddy traverse time
V
mean air velocity
v`
instantaneous air velocity
v
velocity in an eddy (v = V + v`)
vR
particle velocity relative to the air

m
m2 s–1
m
m2 s–2
kg m–3
m
–
–
s
s
m s–1
m s–1
m s–1
m s–1
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Greek letters:
ε
turbulent energy dissipation
ρg
density of gas phase
ωi
mass fraction of vapour in air at particle interface
ωg
mass fraction of vapour in air surrounding the particle

m2 s–3
kg m–3
–
–
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6. Thermal degradation
ABSTRACT*
The thermal degradation of α-amylase in maltodextrin in a co-current spray dryer
(diameter 2.2 m, height 3.7 m) was modelled using computational fluid dynamics.
Air temperature and humidity histories were calculated using mean particle
trajectories and using turbulent particle dispersion trajectories. The results of these
models were compared to two basic spray-air mixing models: the ideally mixed
model and the ideal co-current model.
The degradation of α-amylase was measured in the product stream of the spray
dryer at four different outlet temperatures. These measurements were compared
with the modelling results.
Provided that a residence time distribution was incorporated, the results of the four
models all agreed well with the measurements. The computational fluid dynamics
model performed only slightly better than the other models.

*

This chapter has been submitted to Ind. Eng. Chem. Res. as:
Kieviet, F.G. and Kerkhof, P.J.A.M., Thermal degradation in spray drying: CFD and basic
models and a comparison with measurements
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INTRODUCTION
Spray drying is a process used to convert a liquid feed into a powder. One of the
advantages of spray drying over other drying processes is that it can be used to dry
heat-sensitive materials: using a co-current spray dryer, the feed is sprayed in hot
air. The evaporation rate of the wet particles will be high, thus keeping their
temperatures low, while at the same time the air temperature decreases. When the
particles get drier and the evaporation rate decreases, the air temperature has
decreased as well, thus avoiding unacceptable heating of the particles. The
suitability to dry heat-sensitive materials is one of the reasons that the process is
widely used in industry, despite the fact that the process equipment is very large
and operation is expensive.
In literature, three approaches can be discerned in the research of the retention of
thermal labile compounds —or the opposite, thermal degradation— during spray
drying. Some researchers give a purely experimental description of the relation
between process parameters and degradation (e.g. Senoussi et al., 1994). Other
researchers describe only modelling aspects (e.g. Kerkhof and Schoeber, 1974,
Wijlhuizen et al., 1979). An intermediate approach is followed by, for example,
Meerdink (1993), Meerdink and Van ’t Riet (1995), and Fu et al., (1994). They
combined experimental results with models and simulations. With the exception of
Meerdink, none of the researchers took into account what happened in the spray
dryer with a particle with respect to its temperature and moisture content history.
Meerdink considered three basic spray-air mixing models for his idealised spray
dryer. This study extends that research by using two advanced models based on
computational fluid dynamics to describe the spray-air mixing in a commercial
pilot plant spray dryer. Further, the modelling results are compared with
measurements
In this publication, a model to describe the degradation and the drying of a single
particle is discussed first. Here the need for a spray-air mixing model is shown,
which is discussed next. To compare the modelling results to experiments, the
measurements are described. Prior to the discussion of the modelling and
measurement results, the approach to how the modelling results were calculated is
discussed.
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MODEL
Degradation and drying of a single particle
The degradation rate usually depends on both moisture content and temperature.
The fraction non-degraded material in a particle can be calculated by integrating
the reaction rate equation over time. Most thermal degradation reactions are first
order, for which this equation reads:
dc
= − k (T, X) c
dt

(1)

Here, k is the reaction rate constant. Its dependence on temperature is commonly
described with the Arrhenius equation:


!

E ( X)
k (T, X) = k ∞ ( X) ⋅ exp − a
ℜT

"#
$

(2)

From equations (1) and (2) it is obvious that for the calculation of the fraction
residue in a particle, it is necessary to know the temperature history T(t) and
moisture history X(t) of that particle. These can be obtained by calculating the
drying history of the particle.
A particle atomised using a pressure nozzle contains a small air bubble in its centre
(Verhey, 1973). Therefore, in the following discussion a particle will be modelled
as a hollow sphere. Assuming that the water evaporates at the outer surface of the
particle, the transport of water to the outer surface of the particle can be described
with Fick’s diffusion equation, which for a hollow sphere below the boiling point
reads (Van der Lijn 1976; Wijlhuizen et al., 1979):
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∂ρ w
∂ρ
1 ∂
=− 2
− r 2 D w (T, X) w
r
∂t
∂
∂r
r
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$

(3)

Here, the diffusion coefficient depends on both water concentration and
temperature. The initial and boundary conditions for equation (3) are:
t = 0 R 1,t ≤ r ≤ R 2,t
t>0

ρw = ρw0
∂ρ w
=0
∂r
D (T, X) ∂ ρ w
− w
1 − ρw / d w ∂ r

r = R 1,t
jwi =

t>0

r = R 2,t

=

(4)

1− ωi
Sh D diff
ρg ln
1 − ω g ( t)
D

From the evaporation rate of water and the heat transfer from the air surrounding
the particle, the change in the particle’s temperature can be calculated:
λ Nu (Tg ( t ) − T) − D jwi ∆H vap
dT
= πD
dt
ms (C p ,s + XC p ,w )

(5)
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If the particle is above the boiling point, the heat transfer from the air to the
particle determines the evaporation rate completely:
π D λ Nu (Tg ( t ) − T)
dm
=−
∆H vap
dt

(6)

It is obvious that both a particle’s moisture concentration and temperature depend
on the humidity and temperature of the air surrounding the particle. Therefore it is
necessary to know a particle’s air humidity history ωg(t) (equation (4)) and air
temperature history Tg(t) (equations (5) and (6)) for the calculation of the drying
history, which in turn is required for the calculation of the fraction residue.
Air temperature and humidity histories
To calculate the degradation of a single particle, the air temperature and humidity
histories are required. For this, a model of the spray-gas mixing is required.
Several rough approximations are described in literature. Three commonly used
basic models are: ideally mixed, ideally co-current, and the gradual mixing of air
and spray (Meerdink, 1993). In the case of ideally mixed spray-air, the air
temperature and humidity a particle experiences is constant in time and equals the
temperature at the air outlet. In the ideal co-current case, each particle is envisaged
to remain in its own ideally mixed volume of air during the whole drying process.
The temperature and humidity in the volume are calculated using a simple balance,
as in the following equation (neglecting the specific heat of the particle):
T(t ) = Tin −

G ( m w ,0 − m w ( t )) ∆H vap
F C p ,air

, H ( t ) = H in +

G ( m w ,0 − m w ( t ))
F

(7)

The gradual spray-air mixing model is an extension of the ideal co-current model:
the air volume in which the particle is confined grows gradually by the addition of
fresh air to the volume. Of course, in this model the rate of admixing has to be
known. This rate is not easily calculated, since it requires information on the
airflow pattern. It is often used as a fit parameter to make drying calculations agree
with experimental data.
Since the introduction of fast and powerful computers, it is possible to address the
spray-air mixing problem with more advanced models. Using computational fluid
dynamics (CFD), it is possible to calculate approximate solutions for the airflow
pattern and to incorporate the two-way interaction between air and spray. There
are two commonly used approaches to modelling two phase flow (Sommerfeld,
1993): the Euler/Euler approach and the Euler/Lagrange approach. Here, the latter
approach is followed. In this approach the airflow pattern (Euler) and particle
phase (Lagrange) are calculated separately. A solution for the airflow pattern is
found by calculating approximate solutions of the Navier-Stokes and continuity
equations on a grid of control volumes. The particle phase is calculated by tracking
a number of individual particles through the airflow pattern. Along the particle
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trajectories the exchange of mass, energy and momentum with the continuous
phase is calculated. These transfer terms are added to the source terms of the
Navier-Stokes equations of the airflow calculation. In this way, the interaction
between the two phases is incorporated. A coupled solution for the two phases is
obtained by repeating this cycle of calculating the airflow pattern taking the
transfer terms into account, followed by particle tracking through this flow pattern,
calculating new values for the transfer terms, and so forth. A few dozen of these
cycles are usually required before convergence is reached. This scheme is called
the Particle-Source-In-Cell model (Crowe et al., 1977).
The spray is represented by a few dozen of discrete particles. Each particle
represents a particle flux. By choosing the sizes of the particles and their fluxes, a
particle size distribution can be incorporated.
The particle trajectories are calculated by integrating the equation of motion over
time. This equation incorporates terms such as gravity and the drag by the air.
Obviously, the drag force depends on the local air velocity, which is available
from the solution of the airflow. The effect of turbulence on the particle trajectory
can be incorporated by assuming that the turbulence is made up of a collection of
randomly directed eddies, each with its own lifetime and size (Gosman and
Ioannides, 1983). Particles are conceived to pass through a number of these
eddies. In an eddy the velocity is envisaged to be composed of the mean gas
velocity plus a randomly fluctuating component, sampled from a Gaussian
distribution with a variance proportional to the turbulent kinetic energy.
A particle is tracked until it hits the wall or leaves the flow domain through one of
the product outlets. In reality, a particle that hits a wall will either bounce back or
remain on the wall and will be transported to the outlet via another mechanism,
e.g. it may slide down, promoted by external actions like hammers, air brooms,
vibrators, etc. A shortcoming of the CFD model is that these extra residence times,
which can be considerable (chapter 5), cannot be predicted a priori.

EXPERIMENT
Choice of model system
To choose a model system consisting of a degradable compound and the material
to be dried (carrier), we considered the following list of requirements: the reaction
should be irreversible, strongly dependent on temperature but weakly dependent
on the moisture content in the carrier, its rate should be such that a reasonable
fraction is converted during drying (neither too fast nor too slow), and the reaction
should depend on compounds in the carrier only (thus ruling out oxidation
reactions dependent on oxygen diffusion from the air). Further, the compound
should be soluble in water, should not evaporate out of the carrier, nor should it
affect the drying rate of moisture from the carrier. Finally, the concentration
should be measurable with reasonable accuracy.
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We considered chemical tracers such as peroxides (reaction is reversible), chiral
compounds (concentration measurement is difficult), thermal-sensitive paints (are
not soluble in water) and biological compounds. The enzyme α-amylase from the
fungus Aspergillius oryzae met most of the requirements mentioned above.
Moreover, the degradation kinetics of α-amylase in maltodextrin (carrier), and the
drying kinetics of the carrier are described in literature (Meerdink, 1993).
Therefore, we have chosen the system α-amylase / maltodextrin as the model
system.
Maltodextrin is a carbohydrate mixture of high molecular weight, widely used in
industry. α-amylase is a commercially available enzyme used in the food industry
for the hydrolysis of starch.
Analysis of the degradable compound
The concentration of non-degraded α-amylase was measured using the Phadebas
amylase test. This is a test kit for clinical use, produced by Pharmacia Diagnostics
AB. The measurement procedure was slightly adapted for use with maltodextrin
solutions.
The enzyme activity of a solution is measured by adding an excess of colourlabelled starch (a Phadebas tablet) to the solution. During 15 minutes the enzyme
is allowed to break down the starch, which will cause the release of the colourlabelled fragment into the solution. After filtration of the insoluble components,
the concentration of the dissolved colour fragments is measured using a photospectrometer. This concentration is a measure for the activity of the enzyme.
The analysis consists of the following steps: 100.0 µl of the sample is added to
4.00 ml 10 mM sodium maleate buffer (pH=6.5), allowed to incubate for 10 minutes at 37 °C. A Phadebas tablet is added and the solution is stirred for 15 minutes,
after which the reaction is terminated by adding 1.0 ml 0.5 M NaOH. Prior to
filtration, 2.5 ml water is added, after which the extinction is measured at 620 nm.
We put considerable effort in optimising the test; we discovered that the reagent
must be mixed in a reproducible manner. Besides that, every step must be timed
accurately, even the time between the addition of NaOH and filtration. Although
we improved the accuracy considerably compared to the accuracy we found at the
beginning of the study, we were never able to reach the inaccuracy of 5% reported
by Meerdink (1993). The inaccuracy in our tests was 7%.
Spray drying experiments
The spray dryer used in this research project is a pilot-plant-scale co-current spray
dryer (diameter 2.2 m, height 3.7 m) manufactured by Niro Atomizer. The
geometry of the dryer is depicted in figure 1 on page 15. The feed is pumped by
means of a three plunger pump, thus maintaining a constant pressure (75 bar). The
drying air enters the drying chamber through an annulus; the nozzle is placed in
the centre of the annulus. The air distributor has a tangential entrance, causing the
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air entering the drying chamber to have a tangential velocity component (swirl).
The amount of swirl, expressed in the so-called swirl angle (the angle between the
axial and tangential velocity component) was estimated by flow visualisation
techniques to be 5°. Using a Pt100, the temperature of the drying air is measured
in the air distributor. The electrical power fed to the heater is kept constant, thus
maintaining a constant air inlet temperature. The airflow rate at the inlet was
0.421 m3/s. This was determined by means of residence time distribution
measurements in the gas phase at an outlet temperature of 95 °C. The dependence
of the inlet volumetric flow rate on the outlet temperature was neglected.
The atomiser used was a hollow-cone-type centrifugal pressure nozzle (Spraying
Systems Co: SX-type, orifice/core 70/220, spray angle 76°). The droplet size
distribution was measured by sizing a large number of droplets collected in silicon
oil; a Rossin-Rammler distribution was fitted through the data. The distribution
parameters were found to be: D = 70.5 µm; q = 2.09. The mean velocity of the
droplets leaving the nozzle was estimated using the data as tabulated by Nelson
and Stevens (1961) and by measuring the momentum of the spray. This was done
by measuring the force exerted by the spray on a strip of metal that was placed a
few centimetres below the nozzle (Kieviet et al., K1 / chapter 4). The mean
velocity thus determined was 59 m/s. Brink (1991) determined the size of the air
bubble for the nozzle and materials used in this project: he found that the ratio of
the inner and outer radii is 0.6.
The dried product is discharged via a rotary valve at the bottom of the dryer and at
the cyclone. To decrease product deposition on the wall of the conical part, the
dryer is equipped with two electrical hammers that hit the wall of the cone every
two seconds. The product flow ratio tower stream versus cyclone stream was
2.03:1.00.
The feed for the spray drying process was an aqueous maltodextrin (C-Pur 01921,
Cerestar Benelux) solution. The solution was 42.5% by weight; the feed rate was
40 kg/hr. The α-amylase used was Fungamyl 800 L from Novo Nordisk A/S.
1.14 g Fungamyl per kg feed solution was used. 1.8 g/kg CaCl2 ⋅ 2H2O was added
to the feed solution to increase the stability of the enzyme.
The degradation of α-amylase was measured at four air-outlet temperatures of the
spray dryer. They were 144, 125, 111, and 99 °C, respectively. The corresponding
air-inlet temperatures were 209, 187, 170, and 154 °C, respectively.
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NUMERICAL SOLUTION
Calculation methods
As discussed in one of the preceding sections, for the calculation of thermal
degradation, the air temperature and humidity histories have to be calculated.
These are obtained by combining particle trajectories with air-temperature and
humidity patterns. The computation thus starts off with a combined solution of the
airflow pattern and the temperature and humidity patterns. This is done by
calculating an approximate solution for the airflow pattern, followed by tracking
particles through the flow domain. For this, mean particle trajectories are used.
Since solving the diffusion equation (3) takes too much computational effort in the
CFD program, the evaporation rate (i.e. exchange of mass and energy with the air)
is calculated using a short-cut method (Kieviet et al., K1 / chapter 4). Using the
combined solution of the airflow, temperature, and humidity pattern, a large
number of particles is tracked, taking turbulent dispersion into account. For these
particle trajectories, the evaporation rate is calculated using a simplified drying
model (Kieviet et al., K2 / chapter 5). Using an in-house-developed postprocessor, a set of air temperature and humidity histories is calculated by
combining the two. Finally, these histories are used as input for the combined
calculation of the thermal degradation and moisture content.
Computational fluid dynamics
The computational fluid dynamics program used is CFX-F3D version 4.1 by
Computational Fluid Dynamics Services (Harwell, United Kingdom). This is a
finite volume solver that incorporates the discrete droplet model (a modified
version of the Particle-Source-In-Cell model) and turbulent particle tracking based
on the discrete eddy concept.
For the calculations, the geometry of the spray dryer was converted to a grid of 40
by 55 cells. Rotational symmetry was assumed, neglecting the horizontal part of
the air-outlet pipe. The turbulence model used was the k-ε model. The air
velocities at the inlet were calculated from the volumetric flow rate and the crosssection of the air inlet; the axial, radial and tangential velocity were 7.42, –5.19,
and 0.649 m/s, respectively. The turbulence intensity k and the dissipation rate ε at
the air inlet were taken to be 0.027 m2s–2, and 0.37 m2s–3, respectively. Details of
how these two parameters were estimated, details on the grid, and calculation
method can be found in Kieviet et al., 1997A (chapter 2). The flow solver
incorporated buoyancy caused by temperature differences and differences in air
humidity. Further, heat loss through the walls was incorporated. More details about
this can be found in Kieviet et al., K1 (chapter 4).
For the calculation of the airflow, temperature and humidity pattern, 30 particle
sizes were chosen to represent the spray, ranging from 10 to 138 µm, taken from
the Rossin-Rammler distribution such that the fluxes the particles represented were
all equal. Distribution parameters and initial particle velocities were taken as listed

82

in the preceding section. The initial direction of the particles is equal to the spray
angle (76°); the particles’ initial temperatures were set equal to ambient
temperature (25 °C); the initial velocities were used as listed in the preceding
section. The evaporation rate of the spray was calculated using the short-cut
method (Kieviet et al., K1 / chapter 4).
Calculation of thermal degradation
The drying of a particle is described by equation (3); due to the evaporation of
water and the expansion of the air bubble in the particle, the inner and outer
surface (boundary) of the particle move in space with respect to the particle’s
centre. This complicates the numerical solution considerably. It is therefore very
convenient to immobilise the boundaries by introducing a dissolved solids centred
space co-ordinate z (Van der Lijn, 1976):

I
r

z=

ρs r 2 dr

(8)

R1

Equation (3) is thus transformed into:


!

∂X
∂X
∂
=
D w ( X, T) ρs2 r 4
∂t
∂z
∂z

"#
$

(9)

The initial and boundary conditions (4) transform into:
t = 0 0 ≤ z ≤ z max
t>0

X = X0
∂X
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∂z

z=0
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t>0
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Sh D diff
1− ωi
ρg ln
D
1 − ω g ( t)

This equation can be approximated numerically using the D03PGF routine of the
NAG (Numerical Algorithms Group) library. For this, the particle shell is divided
into 25 parts (grid cells). It is assumed that there is no temperature gradient in the
particle since the transport of heat in the particle is much faster than the transport
of moisture.
Assuming that the degradable compound is immobilised relative to the carrier, the
degradation rate can be expressed in solids co-ordinates (Wijlhuizen et al., 1979):
ρ
∂ l
ρs
ρ
= − k (T, X) l
∂ t z = cons tan t
ρs

(11)
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The fraction degraded thermal labile compound can now be calculated by
integrating equation (11) in each of the 25 grid cells over each time step. The total
degradation of a particle is calculated by integrating over the grid cells.
The shrinkage of the solids shell was calculated assuming that the partial density of
the dissolved material is constant. The water vapour pressure in the air bubble is
assumed to be in equilibrium with the moisture content at the inner surface.
Further, the pressure in the air bubble is assumed to be equal to the ambient
pressure. This causes the inflation of the particle when it is heated while the
moisture concentration at the inner surface is still high. It is assumed that the shell
is elastic and will allow this inflation. In reality, when the outer part of the shell is
dry, the shell might burst or leak (Sunkel and King (1993), Sano and Keey
(1982)). These phenomena were not considered. The model might be improved in
this respect.

Relationships for drying rate and degradation rate
The following relationships are used in the calculations (all taken from Meerdink,
1995).
THE SORPTION ISOTHERM (mw < 25.9%):
a w = 5.38828 ⋅ m w + 20.6498 ⋅ m w 2 -197.015 ⋅ m w 3

(12)

+443.880 ⋅ m w 4 - 315.853 ⋅ m w 5
THE DIFFUSION COEFFICIENT of water in maltodextrin is described by:
D w ,308 = 10 ∑ i =1
9

a i (1− mw ) i −1

⋅ 10 −4 m2 s −1

a 1 = -5.62029; a 2 = 3.75424; a 3 = -86.5335; a 4 = 704.872; a 5 = -2853.1 (13)
a 6 = 6354.49; a 7 = -7952.04; a 8 = 5245.81; a 9 = -1424.05
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(14)

THE THERMAL DEGRADATION RATE of α-amylase in maltodextrin is described by:
ln k = 73.9 + 1218
. ⋅X−

247300 + 34100 ⋅ X
ℜT

(15)

The density of maltodextrin is 1600 kg m–3; the specific heat is 1500 J kg–1 K–1.
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RESULTS AND DISCUSSION
Using the CFX-F3D flow solver, an approximate solution for the airflow,
temperature, and humidity patterns were calculated. These patterns were calculated
based on the mean particle trajectories. These are depicted in figure 1. The
difference between temperature or humidity patterns calculated with mean
trajectories, and patterns calculated with turbulent particle dispersion are
negligible (Kieviet et al., K1 / chapter 4). An example of a small number of
particle trajectories with turbulent particle dispersion is depicted in figure 2. A
temperature pattern thus calculated is depicted in figure 3. As can be expected, the
humidity pattern looks very similar (although inverted), and is therefore not
depicted. A study of the validation of the modelled temperature and humidity
patterns is described in another publication (Kieviet et al., K1 / chapter 4).
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Figure 1: Mean particle trajectories of 30 particle sizes. The size of the particles increases
from left to right. Two trajectories are highlighted: one of a particle with a diameter of 47.5
µm (—) and one of 108.7 µm (⋅⋅⋅⋅)
Figure 2: Some particle trajectories calculated with turbulent dispersion. Two trajectories
are highlighted: one of a particle with a diameter of 47.5 µm (—) and one with a diameter
of 108.7 µm (⋅⋅⋅⋅)
Figure 3: Temperature profiles in the spray drying chamber (outlet temperature 125 °C)
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Figure 4: Air temperature, moisture content, residual fraction and temperature histories of
a 108.7 µm particle (outlet temperature 125.9 °C). The corresponding trajectories are
highlighted in figures 1 and 2.

Air temperature and humidity histories were calculated using the four spray-air
mixing models discussed in the preceding section: the ideally mixed model
(constant temperature, equal to the outlet temperature), the ideal co-current model
(equation (7): a particle dries in its own private volume of air), and the
combination of the temperature and humidity pattern with either the mean
trajectory or the turbulent dispersion trajectory. As an example, for two particles
(47.5 and 108.7 µm in diameter) the air temperature histories as calculated with all
four models are depicted in figures 4 and 5. Again, the air humidity histories look
very similar to the air temperature histories and are therefore omitted.
By using the air temperature and humidity histories as time-dependent boundary
conditions in the solution procedure of the diffusion equation (9) and heat transfer
equation (5), the temperature and moisture content and the fraction of nondegraded amylase (equation (11), degradation rate) of a particle can be calculated.
For the two aforementioned particles, these quantities are also depicted in figures 4
and 5.
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Figure 5: Air temperature, moisture content, residual fraction and temperature histories of
a 47.5 µm particle (outlet temperature 125.9 °C). The corresponding trajectories are
highlighted in figures 1 and 2.

The overall thermal degradation of the product stream was calculated by averaging
the degradation of a number of particle sizes at the end-points of their trajectories.
The sizes were chosen such that together they make up the measured particle size
distribution. 1000 particles were used for the turbulent particle dispersion
trajectories, 30 for the other calculation methods.
In figure 6, the overall thermal degradation thus calculated is depicted. As can be
seen, the differences between the results for the four models are rather small,
especially when they are compared with the results in figures 4 and 5. This is
caused by the fact that the results in figure 6 are averaged values of various
particle diameters and particle tracks. As can be seen in figures 4 and 5, there is
not a distinct tendency of the models to predict consistent higher or lower
degradations: for instance, in figure 4 the results for the co-current mixing model
are the lowest, while in figure 5, these results take an intermediate position.
As can be seen in figure 6, at all outlet temperatures except the highest
temperature, the predicted residual fraction is much higher than the measured
values. This is caused by the fact that the CFD model under-predicts the residence
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Residual fraction (%)

times of the particles. This is, in turn, caused by the definition of the end-point of a
particle trajectory: as mentioned before, the particle tracking stops when a particle
hits the wall or leaves the flow domain through a product outlet. In reality, a
particle that hits the wall will remain there for a certain time; particles that hit the
conical part of the wall (almost 50% of the particles do) will slide slowly toward
the product outlet, promoted by the electrical hammers. We incorporated this
sliding along the wall in the CFD model by assuming a constant sliding velocity.
The sliding velocities were obtained by curve fitting a measured residence time
distribution, and were 0.59 cm/s for the cylindrical part of the wall and 0.27 cm/s
for the conical part. The residence time distribution thus calculated showed good
resemblance with measured residence time distributions (Kieviet et al., K2 /
chapter 5). With this extension to the model the overall degradations of figure 6
were recalculated. The results are depicted in figure 7. As can be seen, the effect of
the residence time distribution is that the predicted residual fractions are
considerably lower and are in better agreement with the experimental data. The
substantial effect of the extra residence times is caused by the fact that the
degradation rate is still significant at low moisture contents.
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Figure 6: Fractions non-degraded compound in the product stream at four different outlet
temperatures. The models were calculated without the extension of the residence time
distribution.
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Figure 7: Fractions non-degraded compound in the product at four different outlet temper–
atures. The models were calculated with the extension of the residence time distribution.
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As can be seen in figure 3, there is relatively little variation in temperature
throughout the spray dryer. This results in the fact that there is little difference
between the overall thermal degradation as calculated with turbulent dispersion
trajectories and with mean particle trajectories. Another factor that contributes to
this fact is that most particles are rapidly heated up to 100°C; because the moisture
concentration near the air bubble is still high, the particles inflate strongly. As can
be seen in figures 4 and 5, this phenomenon causes a stagnation in the rate of
temperature increase. The effect of this will be that similar particles will
experience fairly similar temperature and moisture histories. This is why the two
simple spray-air mixing models perform only slightly less than the CFD models.
We do not expect that the simple spray-air mixing models will perform equally
well compared to the CFD model in all situations: the swirl angle in this particular
spray dryer is 5°; this causes the airflow pattern to consist of a fast flowing core
with an almost stagnant zone around that core. Most particles will be dragged
along in this core, which accounts for the fact that there is relatively little variation
in the particles’ temperature histories. If the swirl angle is increased above the socalled critical swirl angle, the airflow pattern changes dramatically: the core breaks
down and is replaced by a central recirculation. In these systems, the spray is
dispersed better through the drying chamber and the temperature profiles will
show more variation. We expect that in this case the turbulent particle dispersion
model will perform much better than the simple mixing models.
Another consideration is that the influence of temperature variations will have
more effect when the temperature dependence of the degradation rate becomes
stronger; this will cause the difference between the turbulent particle dispersion
model and the others to become greater for compounds that are more sensitive to
increased temperatures.

CONCLUSION
The thermal degradation of the degradable compound α-amylase was measured
and compared with the predictions of four different spray-air mixing models. The
modelling results agreed very well with the measurements.
The four models were the ideally mixed model, the ideal co-current model and two
types of computational fluid dynamics models: using mean and turbulent particle
dispersion trajectories. With respect to the prediction of thermal degradation, for
the particular type of spray dryer and the particular degradable compound used in
this study, all four models performed well. The turbulent particle dispersion model
performed only slightly better than the other three models.
Because of the fact that for the particular type of degradable compound used in
this study, the degradation rate at low moisture contents is still significant, the
incorporation of a residence time distribution in the models proved to be essential.
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Cp,s,Cp,w
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D
Ddiff
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ℜ
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Sh
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NOMENCLATURE
water sorption isotherm
concentration thermal labile compound
specific heat of solids and water, respectively
specific density of solids and water, respectively
diameter of particle
Rossin Rammler distribution parameter
diffusion coefficient of vapour in gas phase
diffusion coefficient of water in particle
activation energy
flow rate drying air
feed rate of liquid to be spray dried
water flux through particle interface
heat of evaporation
degradation rate constant
pre-exponential factor
mass of particle and solids, respectively
moisture content = mass fraction water
dimensionless Nusselt number for heat transfer
  d q
Rossin Rammler distribution: p(d ) = 1 − exp −   
  D  
Rossin-Rammler distribution parameter
spatial co-ordinate (spherical)
fraction non-degraded thermal labile compound
universal gas constant
radius of air bubble and particle, respectively
dimensionless Sherwood number
time
temperature, temperature of gas phase and particle, resp.
water solids ratio = ρw / ρs
dissolved solids centred space co-ordinate

Greek letters:
heat conductivity in gas phase
λ
ρw, ρs, ρl water, solids, and thermal labile compound concentration
mass fraction of vapour in air at particle interface
ωi
mass fraction of vapour in air surrounding the particle
ωg
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–
J kg–1 K–1
kg m–3
m
µm
m2 s–1
m2 s–1
J mol–1
kg s–1
kg s–1
kg m–2 s–1
J kg–1
s–1
s–1
kg
–
–

–
m
–
J mol–1 K–1
m
–
s
K
kg / kg
kg solids
J s–1 m–1 K–1
kg m–3
–
–
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7. Discussion and conclusion
Summary of the followed approach and the results presented in this thesis
The basis of CFD modelling is the prediction of the airflow. In chapter 2,
measurements of air velocity magnitudes were described. The measurements were
done in absence of spray because the hot-wire probe that was used cannot function
with a spray present. There was reasonable agreement between the CFD prediction
and the measurements.
A point of concern remains the presence of large, low-frequency fluctuations;
these were not predicted by the CFD simulations. The exact cause of these
fluctuations remains unknown.
By tracking evaporating particles through the airflow, temperature and humidity
patterns can be calculated. These patterns can be measured using the so-called
micro-separator that was developed in the framework of this research project. This
device was described in chapter 3. Measurements were done with water sprays and
with aqueous maltodextrin sprays.
To calculate the evaporation from the maltodextrin-solution particles, a short-cut
method was integrated in the CFD model. These simulations and measurements
were described in chapter 4. Both measurements and simulations showed that the
largest variations in temperature and humidity are found near the central axis of
the dryer. The quantitative agreement between the measured and modelled
gradients in temperature and humidity near this central zone leaves room for
improvement.
In chapter 5, particle trajectories were discussed in more detail. Simulations were
done with turbulent particle dispersion. The only validation method to our disposal
was the measurement of residence time distributions and visual inspection of the
drying chamber wall with respect to product deposition. Areas of product
deposition were predicted very well. Slow transport of the deposited powder to the
product outlet accounted for the fact that the measured residence time distribution
was very different from the one calculated: it proved impossible to accurately
predict the movement of powder along the wall. Instead, the transport along the

93

wall was incorporated in the model by assuming constant wall velocities. These
velocities were obtained by fitting a measured residence time distribution.
By combining particle trajectories with the temperature and humidity patterns, air
temperature and humidity histories can be calculated (chapter 6). These histories
can, for instance, be used to calculate the thermal degradation of thermal labile
compounds. This was applied to the degradation of α-amylase. The calculations
were compared with measurements. This showed the significance of the extra
residence times caused by product deposition on the wall. Although the agreement
between measurements and model was excellent, the measurements could not be
used to validate the modelled air temperature and humidity histories. This was
caused by the unfavourable degradation rate properties of this particular thermal
labile compound.
Also in chapter 6, the air temperature and humidity histories as calculated with
CFD were compared with basic spray-air mixing models. There was little
difference in the calculation results. For thermal labile compounds with different
degradation kinetics or other types of airflow patterns, this difference is expected
to increase, and the CFD approach will prove more advantageous.

Validation and use of CFD in quantitative predictions of product quality
A well-known fact in spray dryer modelling is that validation is very difficult. This
problem was once again encountered in this project. Especially the validation of
the particle trajectories is problematic. Measurement of a single complete
trajectory is as yet impossible, not to mention measurement of a large number of
them. Particle trajectories are a determining factor in the spray drying process. The
ability to predict particle trajectories is the greatest gain of CFD. They therefore
deserve substantial attention with respect to validation, all the more because the
trajectories depend on so many factors. Because of this, it is difficult to predict
what effect inaccuracies in other components of the model have on the trajectories.
For instance, the significance of the discrepancies found between the airflow
measurements and model (chapter 2) is difficult to assess.
In this area, the development of more powerful particle image velocimetry
techniques (PIV) looks very promising. Until those methods become available,
validations based on residence time distribution measurements seem to be the
appropriate approach. These measurements should be focused on the time of flight
of particles between the nozzle and a point in space, rather than measurements at
the dryer outlet. Again, the use of lasers and fluorescence techniques appears to be
very promising.
In the area of modelling airflow patterns and particle trajectories, the development
of advanced modelling techniques such as the large eddy simulation, direct
numerical simulation, etc. seems very promising. Because the way turbulence
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structures are treated in these techniques is more sound they will provide more
reliable particle tracking models.
In this research project, the level of accuracy in the prediction of product quality
parameters could not sufficiently be determined. It is the author’s opinion that the
gain of CFD in spray drying lies as yet not in absolute quantitative predictions of
overall parameters. This is only partially due to shortcomings in CFD modelling
and validation methods. After all, in the prediction of product quality, two groups
of factors play a role: the equipment model (CFD) and the feedstock model. The
latter encompasses the properties of the substance being spray dried and how those
properties will be affected by conditions in the spray dryer. It is very difficult to
measure these properties accurately.
For instance, for the calculation of thermal degradation, it is obvious that the
degradation kinetics has to be known. In this project, we have tried to measure the
rate constants for α-amylase. Although we have put considerable effort in this, we
did not succeed in measuring these rate constants with reasonable accuracy.
(Instead, we relied on the data of Meerdink (1993), although we had to extrapolate
the data more than desirable.)
Other quality parameters such as aroma retention require extensive feedstock
measurements too. The situation is aggravated by the fact that the measurements
have to be done at temperatures and drying times that are difficult to attain in
experimental set-ups.
Despite the problems mentioned above, considering the absolute quantitative
prediction of product quality parameters, the CFD approach offers distinct
advantages in other types of predictions, such as trend prediction, design, and
what-if studies. This will be discussed next.
CFD in the design of spray dryers and spray drying processes
The two most important considerations in the design of a spray dryer or a spray
drying process are both concerned with residence times of the particles: particles at
the dryer outlet should have had sufficient drying time to reach the desired product
moisture content (of course within the bounds imposed by the sorption properties
of the feedstock). The second provision is that at least the outside of a particle
should have dried that much, that, in the case it hits the wall, it will not stick to it.
Of course, this provision is also directly related to the chamber diameter and the
spray angle.
A common approach to calculate particle residence times is to relate them to the
mean residence time of the air, often using a correction factor, the so-called
chamber coefficient. Because in this approach the airflow pattern is totally
disregarded, the coefficient depends heavily on the flowrate, atomisation method,
air inlet swirl angle, etc. It is apparent that the use of CFD provides a far better
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approach to this: all factors that influence particle trajectories are incorporated in
that approach.
CFD provides also an excellent tool for what-if studies. For instance, it can be
calculated what happens if the swirl angle at the air inlet is increased. This was
done for the spray dryer used in this project, as will be showed in the example
below.
Another application of CFD is to gain a better understanding in the processes
taking place in existing spray dryers and the limitations of these dryers. For
example, for the dryer studied in this project, the limitation in production capacity
are the residence times of the biggest particles: if the outlet-temperature decreases,
the biggest particles cause wetting of the wall near the air outlet. This has indeed
been observed in practice. From CFD studies it can be learned that a promising
approach to circumvent this problem would be to increase the spray angle or the
swirl angle.
On the other hand, when the aim is to decrease thermal degradation in this spray
dryer, the model studies show that it would be advantageous to shorten the
residence times on the conical part of the wall, for example by installing an air
broom.
Example of a what-if study: increase of the swirl angle
As was discussed in chapter 2, the airflow pattern changes dramatically if the swirl
angle is increased to a value above the so-called critical swirl angle. The central
fast flowing core is then replaced by a circulation (vortex breakdown). In figure 1
the airflow pattern, the mean particle trajectories, and the trajectories with
turbulent particle dispersion are depicted for a swirl angle of 15°. At this swirl
angle, vortex breakdown occurs. All other conditions are the same as described in
chapter 5. Similar to chapter 5, the corresponding residence time distribution is
calculated. This is depicted in figure 2, together with the distribution at 5° swirl as
was presented in chapter 5.
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Figure 1: From left to right: vector plot and normalised vector plot of the airflow pattern,
mean particle trajectories, and some particle trajectories calculated with turbulent
dispersion.
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Figure 2: Primairy particle residence time distributions at two swirl angles.
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The use of CFD in industry
Clearly, the approach followed in this research project in determining inlet
conditions and validating results is not suitable for industry: the approach is too
labour extensive and requires too much measurement equipment. Parameters that
are essential in any case are: the swirl angle, the airflow rate, the spray angle and
the droplet size distribution. The swirl angle can be measured by fixing tufts in the
air-inlet; the swirl angle can then be estimated using a protractor. In case that there
are no direct measurement techniques available, the airflow rate can usually be
obtained from energy or mass balances over the dryer. Usually, the spray angle is
specified by the nozzle manufacturer. If not, it can be estimated by eye, again by
using a protractor. In the case of a rotary disk atomiser, the spray angle is of course
trivial. The droplet size distribution is the most difficult parameter. The simplest
method is collecting droplets in a liquid in which the droplets are immiscible.
Sizing only a few hundreds of droplets using a microscope gives a rough but
adequate idea of the size distribution.

Tracer concentration

Some rough methods for assessing the validity of the modelling results include a
visual inspection of the spray dryer wall to check where product is deposited.
Further, an impression of the particles’ residence time distribution can be obtained
by performing stop-flow experiments. As was described in chapter 5, this consists
of switching off the liquid feed flow followed by recording the flow of product at
the outlet. In this way, the total product hold-up in the dryer can be measured quite
easily. If desired, an impression of the airflow pattern can be obtained by residence
time distribution measurements in the gas phase. An example of a gas phase
residence time distribution measured in the spray dryer used in this project is
depicted in figure 3. This type of measurements is relatively straightforward, and
requires only fairly simple equipment. For the air residence time distribution
measurement in figure 3, a flame ionisation detector was used from a discarded gas
chromatograph.
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Figure 3: Example of a measured residence time distribution in the gas phase.
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Conclusion
In the previous discussion it was shown that the absolute quantitative prediction of
product quality parameters in spray drying using the CFD approach is problematic.
On one hand, this is due to the lack of means of validation of the various aspects of
the CFD model. On the other hand, a complicating factor is the fact that the
determination of feedstock properties required for quantitative modelling is very
difficult. Relative quantitative predictions such as encountered in trend-analyses
will benefit greatly from the use of CFD though.
Further, the use of CFD in areas with more qualitative predictions is very
promising. For example in design: e.g. the design of new spray dryers, spray
drying processes, and the scaling up of existing dryers. Moreover, CFD is the only
modelling technique that provides a better understanding of what takes place in
the spray dryer. It can therefore be excellently deployed in, for example, trouble
shooting and what-if studies.

99

100

Samenvatting
Het doel van het in dit proefschrift beschreven onderzoek was de ontwikkeling van
een fundamenteel model dat gebruikt kan worden om de productkwaliteit bij
sproeidroogprocessen te voorspellen. Dit werd benaderd door te modelleren wat
deeltjes in de sproeidroger ervaren met betrekking tot de luchttemperatuur en
-vochtigheid, oftewel de luchttemperatuurs- en luchtvochtigheidsgeschiedenissen.
Deze geschiedenissen kunnen verkregen worden door de deeltjesbanen te combineren met het luchttemperatuurs- en vochtigheidspatroon in de sproeidroger.
Het model werd gebaseerd op een commercieel computational fluid dynamics
pakket (CFX-F3D). De modelberekeningen en validaties werden uitgevoerd voor
een pilot-plant meestroom sproeidroger (diameter 2.2 m; hoogte 3.7 m; 5° swirl).
De belangrijkste onderdelen van het model werden in detail bestudeerd: het luchtstromingspatroon, het temperatuurs- en het luchtvochtigheidspatroon werden
zowel gemodelleerd als gemeten. De deeltjesbanen werden bestudeerd door de
verblijftijdspreiding van het product te meten en te modelleren. De luchttemperatuurs- en vochtigheidsgeschiedenissen die met het model werden uitgerekend,
werden gebruikt voor de berekening van een productkwaliteitsparameter, te weten
de thermische degradatie van een enzym. De berekende degradaties werden
vergeleken met metingen.
Om problemen ten gevolge van een ongelijke instroom van lucht uit de inlaat te
voorkomen, werd voor de meting en CFD-modellering van het luchtstromingspatroon de swirl-angle op nul gesteld. Het gemodelleerde luchtstromingspatroon
bestond uit een snel-stromende kern met een langzame circulatie daar omheen. Dit
kwam nauw overeen met waarnemingen in de sproeidroger. De luchtinlaatcondities voor de modellering werden gemeten met een hotwire-anemometer. Hiermee
werden ook metingen ín de sproeidroger uitgevoerd. De voorspellingen die met het
CFD model gedaan werden, kwamen goed overeen met de metingen.
Twee verschillende voedingen werden gebruikt bij de bestudering van het luchttemperatuurs en -vochtigheidspatroon: een voeding van puur water en één van een
waterige maltodextrine oplossing. De luchttemperatuurs en -vochtigheidspatronen
werden gemodelleerd door deeltjesbanen uit te rekenen, en langs deze banen de
uitwisseling van massa, energie en impuls te berekenen. Deze uitwisselingstermen

werden in de berekening van het luchtstromingspatroon gebruikt om op die manier
een gekoppelde oplossing van het luchtstromings-, temperatuurs- en vochtigheidspatroon te verkrijgen. Om de uitwisseling van massa en energie uit te
rekenen, moest de droogkinetiek van maltodextrine aan het CFD-pakket worden
toegevoegd. Omdat het oplossen van de diffusievergelijking te veel rekentijd kost,
werd een zogenaamde kortsluitvergelijking gebruikt, wat resulteerde in een snelle
en efficiënte rekenmethode. Om de voorspellingen met het model te valideren,
werden metingen in de sproeidroger uitgevoerd. Hiervoor was het nodig om
speciale apparatuur te ontwikkelen om te voorkomen dat vochtige deeltjes op de
temperatuur- en vochtprobe zouden neerslaan. Op veel plaatsen in de toren was er
een goede overeenkomst tussen modelvoorspellingen en metingen, maar in de
buurt van de as van de toren liet de overeenkomst te wensen over.
De verblijftijdspreiding van het product werd gemodelleerd door een groot aantal
deeltjesbanen uit te rekenen met turbulente dispersie, en voor elk deeltje de tijd dat
het zich in de lucht bevond, te registreren. De verblijftijdspreiding werd gemeten
met behulp van een tracer. Er was een groot verschil tussen modellering en
metingen. Dit werd veroorzaakt door het feit dat veel deeltjes op wand terecht
kwamen, en langzaam langs de wand naar beneden gleden. Dit naar-benedenglijden kon niet worden voorspeld; het werd in het CFD model beschreven met
constante snelheden langs de wand, waarbij de snelheden werden berekend aan de
hand van de metingen.
Door de luchttemperatuurs- en vochtigheidspatronen te combineren met de deeltjesbanen, konden de luchttemperatuurs- en vochtigheidsgeschiedenissen van de
deeltjes worden uitgerekend. Deze werden gebruikt voor het berekenen van de
thermische degradatie van het enzym α-amylase. Hiertoe werden de luchttemperatuurs- en vochtigheidsgeschiedenissen gebruikt als tijdsafhankelijke randvoorwaarden in de numerieke benadering van de gekoppelde diffusie- en degradatiedifferentiaalvergelijkingen. De berekeningen werden uitgevoerd voor vier
verschillende luchtuitlaattemperaturen. Deze berekeningen werden vergeleken met
metingen en met de resultaten van andere modelberekeningen. Er bleek weinig
verschil te zijn tussen de resultaten van de verschillende modellen. Verder was er
een goede overeenkomst tussen de modelberekeningen en metingen mits het
transport van deeltjes langs de wand in de berekeningen werd meegenomen.
Tot slot worden in deze dissertatie de sterke en zwakke punten van de CFD-aanpak
besproken. De CFD-aanpak blijkt niet bij uitstek geschikt voor kwantitatieve
berekeningen van de productkwaliteit. Dit komt doordat het met voldoende
nauwkeurigheid meten van de kinetische parameters van een te sproeidrogen stof,
een uiterst moeilijke aangelegenheid is. De voordelen van CFD liggen meer in het
doen van what-if studies en in het verkrijgen van inzicht in wat er in een sproeidroger gebeurt. Als een voorbeeld van een what-if studie wordt besproken wat er
gebeurt met het luchtstromingspatroon en de productverblijftijdspreiding als de
swirl-angle wordt verhoogd van 5 naar 15°.
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