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Abstract – A global overview is presented of recent developments in spray drying. Recent advances
in computational ﬂuid dynamics modeling have provided new insights into the ﬂow processes
occurring within the spray chamber. This is important since detailed experimental measurements
within an operating spray dryer are almost impossible due to the hostile environment of hightemperature two-phase ﬂow, which may be unsteady, and the high cost that would have to incur.
Some recent predictive studies on predicted effects of innovative chamber geometry, reduced
pressure operation, operation in low dew-point air and superheated steam are presented. Also, a
comparison is made between steady and unsteady state computations to highlight the critical issues.
Predicted results on a horizontal spray chamber conﬁguration are also presented. Finally, a brief
survey is made on the recent literature on spray freeze-drying as well as multi-stage drying processes.
computational ﬂuid dynamics / modeling / spray drying / CFD
摘要 – 喷雾干燥技术的研究进展—综述○ 本文对近年来喷雾干燥技术的研究进展进行了全
面的概述○ 近年来, 计算流体动力学模型为模拟喷雾室内流体流动过程提供了新的计算方
法○ 由于干燥室内为高温下的两相流动体系, 因此这样环境下模拟和精确计算干燥过程的
工作参数难度非常大○ 本文概述了采用预测模型的方法来预测干燥室的几何形状、减压操
作、低雾化点下的操作以及过热蒸汽等因素对干燥工程的影响○ 同样, 稳态和非稳态计算方
法的对比也是近年来研究的热点问题○ 作者还对水平喷雾干燥室构造的模拟和预测进行了
论述○ 最后对新兴的冷冻喷雾干燥和多级干燥的文献进行了简单的综述○
计算流体动力学 / 模拟 / 喷雾干燥 / CFD
Résumé – Récentes avancées dans la conception et l’optimisation des installations de séchage
par pulvérisation : une vue d’ensemble. Un inventaire des récents développements dans le
domaine du séchage par pulvérisation est dressé. Les dernières avancées de la dynamique des
ﬂuides numérique ont permis d’obtenir de nouvelles représentations des processus d’écoulement
ayant lieu à l’intérieur de la chambre de séchage. Ces modélisations sont très importantes car des
mesures expérimentales détaillées à l’intérieur d’une installation de séchage en fonctionnement sont
pratiquement impossibles à réaliser, en raison des conditions hostiles liées au ﬂux à température
élevée de deux phases, pouvant être irrégulier, et aux coûts qui seraient engendrés. Des études
prédictives récentes sur les effets d’une géométrie innovante de la chambre, de conditions de
pression réduite, d’air à bas point de rosée et de vapeur surchauffée, sont notamment présentées.
*Corresponding author (通讯作者): dong.chen@eng.monash.edu.au
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Une comparaison des calculs réalisés dans des conditions stables ou instables est également réalisée
aﬁn de mettre en lumière les points critiques. Les résultats de la prédiction pour une conﬁguration
de chambre horizontale sont présentés. Enﬁn, les dernières publications sur le couplage séchage par
pulvérisation-lyophilisation et les procédés de séchage multi-étage sont présentées rapidement.
dynamique des ﬂuides / modélisation / séchage par pulvérisation / CFD

1. INTRODUCTION
Because milk powder has many advantages, e.g., long shelf-life due to low moisture
content in the powder, low packing and
transport costs and facilitation of product
utilization, it plays a signiﬁcant role among
dairy products. For example, in France, in
2000, the consumption of milk powder
was almost the same as that of fresh skim
milk. Spray drying converts liquid form into
an engineered powder product in one step.
Such drying technology is also suitable to
dry many heat-sensitive products, e.g., dairy
products, foods and pharmaceuticals, due to
the short drying time and ability to obtain a
powder form product [8].
There are three main types of atomizers
to convert a feed liquid stream into a spray
of droplets, i.e., pressure nozzle, two-ﬂuid
nozzle and centrifugal wheel atomizer [18].
The selection of the atomization method is
dependent on the product requirements as
well as initial feed physical properties.
Recently, ultrasonic and electrostatic nozzles
have been reported to be used as atomizers
in small-scale spray drying operations. They
can produce a narrow size distribution of
droplets for production of a mono-disperse
product. For the contact of the drying medium and the atomized droplets, there are
three possible types of gas-droplet contact,
i.e., counter-current, co-current and mixed
ﬂow. In co-current contact, the droplets passing through the drying chamber move in the
same direction as the drying medium. In a
counter-current operation, they ﬂow in
opposite directions and hence semi-dried or
dried particles may be exposed to the drying
medium at a higher temperature. This can
damage thermo-sensitive powders, such as

milk products. Therefore, the majority of
dairy products are dried in concurrent spray
dryers [45].
Spray drying chambers are mainly of the
vertical type [3]. Vertical vessels with a
cylindrical cross-section and a conical bottom are used most frequently [36]. The size
of the cylindrical and conical sections
depends on the application. Huang et al.
[22, 24] have tested a horizontal spray dryer
(HSD) as well as a two-stage horizontal
dryer using the computational ﬂuid dynamic
(CFD) method. A few commercial operations do use a horizontal layout but it is still
not popular and its performance characteristics are not well understood yet.
O’Callaghan and Cunningham [42] have
pointed out the need for the use of modern
process control techniques in large-scale
spray dryers and the use of “white box”
models as opposed to the more traditional
“black box” models. There is trend toward
Model Predictive Control (MPC) which
requires ability to forecast system behavior
or response to upsets. Currently in milk production, empirical or semi-empirical models
based on past experience are used for control purposes. Since the process involved
is highly nonlinear, it has the potential to
lead to large uncertainties and thus production of off-spec products, which can be very
costly for large-scale plants. A “white box”
model based on the fundamental equations
of conservation can be used to assist in
MPC, as discussed by Verdurmen et al.
[58]. As noted elsewhere the major deterrent
to such modeling is the difﬁculty in detailed
validation of CFD models due to the impossibility of obtaining local data within an
operating spray dryer even at a pilot scale.
Most authors “validate” their CFD results

An overview of the recent advances in spray-drying

using only outlet data in an averaged manner. This does not represent true validation
since compensating errors within the chamber computations can yield a good match at
the outlet of the chamber. In principle, it is
possible to model the effects of stickiness,
agglomeration, etc., using CFD models but
such models do depend necessarily on a
lot of empirical input and hence much
uncertainty.
Although spray drying is used in many
industries, fundamental understanding is still
lacking. For example, the design of spray
drying is probably still dependent on the
designer’s experience and/or extensive
pilot-scale testing. Even so, droplet/particle
deposition on the chamber walls is highly
undesirable problem. In this paper, an overview is presented of the recent developments
in spray drying technology including the
fundamentals and applications of spray drying in the dairy processing as well as the
recent advances in modeling spray drying
using CFDs.
2. THE DEVELOPMENTS
IN SPRAY DRYING PROCESS
USED IN DAIRY INDUSTRY
An industrial milk powder production
plant is a typical example of spray drying
plant in the food industry. After cooling,
pasteurization and homogenization stages,
the milk emulsion to be dried is concentrated up to 48–52 wt% of total solids in a
multiple-effect evaporator system (typically
of the falling-ﬁlm type or plate type) [46].
Then, this concentrated emulsion is ready
for spray drying. A one-stage spray dryer
is used in some plants. The concentrated
emulsion is atomized into droplets of
1–200 μm by a centrifugal wheel atomizer
or a high pressure spray nozzle, located at
the top of the spray chamber. The droplets
fall into the spray chamber in a concurrent
ﬂow with a hot ﬁltered air; the moisture in
the emulsion droplets is removed by hot
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air. Milk droplets shrink in size as water is
evaporated from its surface. Finally, the
droplets lose most of their moisture and
become particles with a solid crust formed
at their surface. In the single-stage spray
drying process, a pneumatic conveying system is always needed to remove the ﬁnal
fraction of moisture from the nominally
dried powder and to cool it prior to storage.
In the single-stage spray drying system,
energy consumption is high. The ﬁne powder product is not readily dissolved in water.
For these reasons, a multi-stage drying system was devised in the 1970s. In this system, a vibro-ﬂuidized bed drying (VFBD)
and cooling system follows below the spray
drying chamber. The VFBD consists of a
rectangular chamber and an inclined or
wrinkled perforated plate inside it. Hot air
at 80–120 °C is ﬁrst used to reduce the particle moisture from 8–9 wt% to 3–4 wt%,
as the particles move along the perforated
plate. Downstream of the VFBD, cooling
with dehumidiﬁed air is always used to cool
the dried particle before safe packaging
(Xiao Dong Chen, Industrial experiences,
1991–1999).
In the 1980s, a three-stage drying system
was developed for milk drying [54] to
enhance the overall performance to a higher
level as the production capacity requirements increased. In this system, a conventional ﬂuidized bed is inserted into the
conical bottom of the spray drying chamber.
Hot air at 90–100 °C is used to ﬂuidize the
semi-dried milk powder. A VFBD then follows downstream. Drying and cooling operations can be better controlled in the second
and third stages. The ﬁne powders from the
spray drying chamber and VFBD are recycled into the spray drying chamber. Thus,
agglomerated powders are ﬁnally obtained.
Recycling the ﬁne particles that have been
classiﬁed out of the ﬂuidized bed(s) and/or
cyclone(s) may be done at different locations in the primary chamber of spray dryer
for agglomeration purpose. The Niro
method is called “straight-through method”
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that returns the ﬁnes and feeds them into the
liquid atomization zone to induce agglomeration [4, 61]. This enhances powder quality
by control of the particle size distribution
and reduced dustiness. It is reported that a
three-stage drying process can save 20%
of energy consumption compared to the
single-stage spray drying system [23, 60].
A Chinese company, Linzhou China Ltd.
(www.linzhou.com), has used such a process
also to dry coconut juice.
As discussed earlier, the multi-stage drying process is preferred in dairy product
processing due to energy efﬁciency and
agglomeration of the particles obtained
which makes the product instantly soluble
in water. Some variations of this technique
can be found in the food industry. The
Linzhou China Ltd. used the two-stage
spray drying process to obtain the powder
of fat. The difference from the other process
is that the drying air is exhausted from the
middle of the drying chamber. The cyclones
can be omitted if a suitable bag ﬁlter is
installed in the middle of the chamber.
Another variation consists of a conveying
belt drying system that is installed at the
bottom of spray drying chamber (Niro
Denmark Ltd., www.niro.com). The partially
wet particles can be continuously dried on the
belt in a lower temperature environment.
Such a combined drying system is suitable
for heat-sensitive products, such as dairy
foods. Multi-staging reduces the size of the
spray drying chamber considerably.
Pulse combustion spray drying has been
reported as a relatively new but not-yetpopular development of spray drying. It
can be used to dry milk. Thompson [55]
compared the recovered milk by three drying methods, i.e., roller dryer, spray dryer
and pulse combustion dryer. They found that
the pulse combustion dryer produced the
least residual moisture in the ﬁnal product
followed by the roller dryer. The milk product from pulse combustion drying had the
best solubility compared to that by regular
spray dryer and roller dryer. Wu and Liu

[65] used the CFD method to model such
a process. They found that the drying rates
are much faster than in normal spray drying.
Xiao et al. [66] have investigated the effects
of atomizing parameters on droplet characteristics in a pulse combustion spray dryer.
Generally, air is used as the drying medium for spray drying. Recently, Ducept et al.
[7] and Frydman et al. [9] used a commercial code to simulate a spray dryer using
superheated steam as the drying medium.
However, in their models, the elevation of
the boiling point for suspension was not
considered. Although superheated steam
can provide a number of advantages, e.g.,
excellent energy efﬁciency if the exhaust
steam can be utilized elsewhere in the plant
and also advantages resulting from the
absence of oxygen, the equipment and operation are more costly and complex. Pilot
tests are being conducted commercially to
examine the product quality of steam-dried
milk powders.
Freeze-drying is a good way to obtain
high-quality heat-sensitive products. Sonner
[49] used liquid nitrogen to obtain frozen
powder. The frozen powder is transferred
to a vacuum freeze-drying chamber. They
found that the drying time is reduced significantly compared to normal freeze-drying.
More recently, Leuenberger et al. [35]
reported spray freeze-drying of pharmaceuticals using cooled and dehumidiﬁed air
obtained by dry ice. Rogers et al. [47] investigated milk powder characteristics in laboratory-scale spray freeze-dryer using liquid
nitrogen as the cryogen. However, such a
process is still not mature and needs to be
developed on the industrial scale [21]. In
their process, they used the cooled and
dehumidiﬁed air instead of liquid nitrogen
or dry ice. Their experimental results
showed that the process time for atmospheric freeze-drying of milk needed
9–10 h. More voids in the dried milk powder were seen under a microscope, when
compared with the conventional spray dried
milk powder. It is unlikely that spray
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freeze-drying will become a viable process
for drying of milk in large scale, however.
With the increase in production of highly
valuable protein components extracted from
milk, which are in much less quantities but
highly bioactive, spray freeze-drying may
become manufacture tool.
3. MATHEMATICAL MODELING
OF SPRAY DRYERS
Although spray drying systems are
widely used in diverse industries, their
design is still based on empirical methods
and experience. Systematic studies must
be carried out on spray formation and air
ﬂow, as well as heat and mass transfer in
spray-air contact for optimizing and controlling the drying mechanisms, to achieve the
highest quality of powders produced. This
process-product association requires a complex model, which must predict not only the
material drying kinetics as a function of the
spray drying (SD) operation variables, but
also changes in powder properties during
drying. Such combination can be established by introducing into the SD model
empirical correlations for predicting the
most important product quality requirements (statistical approach) or by describing
mechanisms of change of the material properties during drying (kinetic approach).
Since 1970s, many attempts have been
made at modeling spray drying. An important advancement was made by Parti and
Palancz [44]. They formulated a mathematical description that included conservation
of momentum, heat and mass between the
continuous and discrete phases. But their
solutions were inadequate near the atomizer.
Later, Katta and Gauvin [28] created a
model of spray drying which divided the
chamber into a jet region and an annular
free entrainment region. The boundary conditions between these two regions were set
from empirical data. They assumed that
the gas ﬂow was not affected by the
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presence of the droplets or particles. Validation was done using data on water
sprays.
Crowe et al. [6] ﬁrst proposed an axi-symmetric spray drying model called the particlesource-in-cell model (PSI-Cell model). This
model included two-way mass, momentum
and thermal coupling. They developed a
method to solve the Navier-Stokes equations
and continuity equation where the droplets
were treated as sources of mass, momentum
and energy to the gaseous phase. In this
model, the gas phase was regarded as a continuum (Eulerian approach) and is described
by pressure, velocity, and temperature and
humidity ﬁelds. The droplets or particles
were treated as a discrete phase, which was
characterized by velocity, temperature, composition and the size along trajectories
(Lagrangian approach). It incorporated a
ﬁnite difference scheme for both the continuum and discrete phases.
In 1987, a spray dryer with a 0.76-m
diameter chamber having a 1.44 m height
was modeled using a commercial CFD
(FLOW3D) program [10, 43]. In this
model, the PSI-Cell model was also implemented. The trajectories of typical small,
medium and large droplets of water in drying chamber were computed. Kieviet [29]
carried out measurements of airﬂow patterns
and temperature proﬁles in a co-current pilot
spray dryer (diameter 2.2 m). A CFD package (FLOW3D) was used for simulation.
Good agreement was obtained by comparing the model results with measurements,
although a two-dimensional axi-symmetric
model was used for simulation.
Langrish and Zbicinski [34] used a CFD
program to explore the effects of several
parameters, e.g., adjusting the inlet geometry
and reducing the spray angle, for decreasing
wall deposits. Southwell and Langrish [50]
also carried out the CFD simulations of typical spray dryers with co-current and counter-current ﬂow using a commercial code
(CFX). Reasonable comparison with the
limit experimental data was made.
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Straatsma et al. [51] developed a drying
model that could describe the relation
between the processing conditions of the
drying process, energy consumption and
the properties of the powder produced for
a two-stage dryer. In their model, they
assumed a near-equilibrium state of water
vapor pressure between the powder and
the outlet air, which eliminated the need
for a detailed description of the heat and
mass transfer phenomena during the drying
process. However, this drying model could
not predict the details inside the drying
chamber. Straatsma et al. [52, 53] developed
a new drying model DrySim that made use
of CFD techniques to calculate the ﬂow pattern, particle behavior, etc. Verdurmen et al.
[58] used the DrySim program for modeling
some industrial cases. However, this model
is a two-dimensional model.
An industrial-scale spray dryer with a 7-m
diameter chamber having a cylindrical height
of 14 m with two pressure nozzles was modeled using CFD [21]. Good agreement was
obtained between the model data and the
plant. From the simulation results, they found
that the upper cone connected with the inlet
cylindrical pipe can reduce size of the recirculation zone, which is found in most spray
dryers [20, 29]. In a spray dryer, agglomeration cannot be avoided. It always takes place
within the droplet zone produced by an atomizer, between the droplets and semi-dried particles. In order to increase the solubility of the
dried powder, e.g., skim milk, a ﬁne return
system is always installed in a spray dryer
for skim milk since an agglomerated product
is needed. It is known that agglomeration is
quite difﬁcult to control in a spray dryer.
Main reason for this is the complex interaction of the process variables, e.g., atomization, contact between the atomization zone
and the drying medium, and drying kinetics
of the droplets and particles. Verdurmen
et al. [57] carried out the well-known EDECAD project designed to develop an industrial computation model for predicting
agglomerations in a spray dryer using CFD.

In order to validate droplet collision and coalescence models, the experiments on spray
interaction were carried out [41, 57].
Stochastic and direct simulation Monte Carlo
collision and coalescence models approaches
were implemented in the CFD codes they
developed [2, 48, 57]. The “Design” tools
developed by EDECAD project were validated in a pilot spray dryer [59]. This probably is the most comprehensive modeling
study of spray dryers including many complex interactions.
All these models are a signiﬁcant advance
in modeling of spray drying because the
mass, momentum and energy equations were
solved with no restrictive assumptions about
the drying chamber geometry and gas inlet
conditions. These advantages allow one to
investigate the new designs of drying chamber and the effects of inlet geometry variations on dryer performance. For example,
Huang et al. [17] investigated several
new chamber designs by CFD modeling
approach, i.e., conical, lantern and hour-glass
chamber geometries, for spray drying. They
found that pure cone and lantern shapes can
be used as viable drying chamber designs,
although they are not yet used in industry.
Pilot testing may be desirable for such novel
chamber geometries. More work is needed
along with the effect of supplemental inlet
gas streams to see their potential beneﬁts.
One-stage and two-stage HSDs were investigated using CFD approach as well [19, 20].
The velocity magnitude contours are shown
in Figure 1. It can be seen that there are some
high velocity regions near each ﬂuidized bed
plate inlet. This blocks the droplets that might
deposit at the bottom of the chamber in onestage HSD. Also, the ﬂuidized bed at the bottom of the chamber affects the chamber ﬂow
pattern as well, i.e., the high velocity region
at the main inlet is extended. In a real drying
condition, this may enhance heat and mass
transfer between the droplets and drying
medium.
Xu et al. [67] have recently examined
parabolic-shaped chamber geometries for
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Figure 1. Velocity magnitude contours for one-stage and two-stage HSDs: (a) one-stage HSD and
(b) two-stage HSD (the ﬂuidized bed covers the entire bottom boundary of this device simulated).

hydro-cyclones, which also involve vortex
ﬂows similar to those in the conical section
of a spray dryer. They reported signiﬁcantly
reduced erosion rates for such geometry. In
spray drying, this may mean reduced wall
deposits. It is an interesting but as-yet
untested design.
Methods for reducing deposition in spray
dryers can be classiﬁed into two types: those
involved in reducing particle-wall contact
and those that reduce the stickiness of particle-wall contact. Some recent work on the
latter aspect involves manipulating the wall
surface energy. This idea was proposed in
a review by Bhandari and Howes [1] in
which lower wall surface energy was found

to result in less stickiness of the amorphous
particle-wall contact. Although such an
effect was not observed in a particle gun
experiment [40], recent investigations on
pilot-scale dryers revealed the potential of
using wall material with lower surface
energy [64] and other non-sticky wall material [30] to combat the deposition problem.
The reduction mechanism was further conﬁrmed with elevated wall temperatures, to
mimic industrial operation, that lower surface energy reduces deposition of amorphous particles [63]. In the latter report,
within a limited operational window, lower
surface energy also improved the ease in
removing the deposited particles. From some
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preliminary results, it was speculated that this
might reduce the cleaning effort required for
a spray dryer [63].
In terms of modeling of wall deposits
using the CFD Lagrangian-Eulerian
approach, mixed results on the modeling of
deposition can be found in the literature
[16, 18, 31]. Of course, one should not attribute this solely to the deposition model, as
the airﬂow prediction also plays an important
part in the accuracy of the models. Most
CFD work utilizes the stick-upon-contact
approach [18]. However, a particle may exhibit different degree of stickiness and impacting velocity or angle, depending on its
location or moisture content. These will
further affect the rebound characteristics of
a particle. A ﬁrst step in addressing the former aspect was proposed by Harvie et al.
[16] in utilizing the sticky point, which is
related to the glass transition and is a function
of particle moisture and temperature, as a
deposition criterion. While taking into
account the particle stickiness, this approach
does not consider the effect of impacting
velocity and angle. Although the effect of
these collision parameters is yet to be
quantiﬁed in a spray dryer, it is known that
particle restitution is sensitive to these parameters and will be interesting to incorporate
these in future development of deposition
models.
Huang and Mujumdar [19] investigated a
spray dryer ﬁtted with a centrifugal atomizer
using CFD model. In their model, they modeled the rotary disk atomization into the disk
side point injection which was the same as
the holes in the disk. The path-lines from
the air inlet of drying chamber are shown
in Figure 2. It was seen that there was strong
swirling just below the atomizer disk due to
the disk rotation. This swirling signiﬁcantly
affected the ﬂow pattern in the chamber.
This was proved from the non-uniform temperature contours at planes X-Z and Y-Z,
shown in Figure 3. It was also seen that there
was a low-temperature region away from the
central line at plane X-Z. It indicated that

Figure 2. Path-lines from the air inlet of drying
chamber.

more droplets passed through this region
due to the central swirling.
However, the works above all assumed
steady ﬂow in spray drying. A recent review
suggests that the airﬂow pattern, speciﬁcally
the central jet, has tendency to exhibit selfsustained oscillatory behavior and this is
important to be accounted for in a CFD
model. There are signiﬁcant differences
between the wall deposit rates and locations
for steady and unsteady swirling ﬂows. Of
course, experimental veriﬁcation is yet to
be reported. While data on pilot size spray
dryers are more realistically obtained for
model validation, signiﬁcant uncertainty
still remains when the model is to be
applied to full-scale dryers.
Initial work on the transient behavior
involved visualization and measurement
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Figure 3. Temperature contours at cut-planes X-Z and Y-Z.

of the ﬂow ﬂuctuation in pilot-scale units
[32, 50]. Langrish et al. [32] reported that
there were low-frequency oscillations found
in the ﬂow ﬁeld inside a 1.5-m diameter
spray drying chamber during the measurements using a hot-wire anemometer. It was
seen that the ﬂow in the drying chamber is
not stable. So the steady ﬂow model might
not predict well the performance of the spray
drying in some applications. The timedependent model is necessary for accurate
modeling of spray drying. Oakley and Bahu
[43] used the CFDS-FLOW3D™ program to
run in time-dependent mode of spray drying.
They found that there were low-frequency
oscillations when the signiﬁcant swirl in
the gas inlet is sufﬁcient. Guo et al. [11]
carried out a fully three-dimensional and
transient simulation using CFX4™. The simulated results showed that there were both
swinging and swirling oscillations of a regular period, even with no inlet swirling.
In order to discern these transient ﬂow
mechanisms, it was later proposed that ﬂow
in a typical SD geometry is similar to that of
a conﬁned jet under sudden expansion. This
was followed by a series of papers on
numerical studies of such small-scale sudden

pipe expansion systems which provided further evidence to the self-sustained oscillation
for such geometry which is similar to the SD
[12, 13, 14]. Along this line, the effect of
inlet swirls on such self-sustained oscillation
was studied. Usage of inlet swirls, a common industrial design, was shown to aggravate the transient behavior [33].
These recent ﬁndings seem to delineate
the obsolete of the steady state approach.
However, transient simulation would imply
much higher simulation time and resources
due to: (1) small time step required for such
systems and (2) 3D domain required as 2D
or axi-symmetric model is not sufﬁcient to
capture the jet precession and ﬂapping
motion. Furthermore, from our modeling
experience, a transient simulation introduces
additional uncertainty in choosing the time
step and spatial resolution required in capturing these transient vortices. In the study of
the sudden pipe or cavity expansion systems, self-sustained oscillation was found
to be geometry aspect ratio and inlet condition dependent [12, 15, 37]. In view of the
reasonable prediction via the steady state
approach in some of the earlier work mentioned above, this suggests that there may
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Figure 4. Axial velocity contours at different time intervals for (a) Case A and (b) Case A with
smaller radius and higher ﬂow rate (plan view is taken at 0.9 m from the ceiling).

be certain operating and geometry combinations in which the steady state will prove to
be a good approximation. Kota and Langrish
[30], in their numerical study, noted that the
mild transient jet movement of a non-swirling inlet ﬂow only caused small ﬂuctuations
in the overall particle deposition trend at different transient simulation time.
Therefore, it will be interesting and practical to determine the possibility of such
boundaries or “map” to discern the suitability
of the steady state or transient approach in
actual dryer geometries for effective application of the CFD tool. As would be noted,
most of the studies on the transient behavior
were mainly focused on the non-swirling and
inlet swirling ﬂows, without much attention

being placed on the atomizer-induced
swirling ﬂows. Some preliminary work is
currently underway in these two areas mentioned. Apart from that, Langrish et al. [33]
also noted that airﬂow studies undertaken
hitherto are mainly without inclusion of the
droplets or particles. It is unclear how the
droplet-air momentum transfer near the inlet
region will affect the possible transient
behavior of the jet. Further work was suggested in this area [33].
More recently, an unsteady model in a
spray dryer ﬁtted with a rotary disk was
studied by Woo [62]. Two cases, i.e.,
Case A (0.8-m diameter drying chamber)
and Case A with smaller radius and higher
ﬂow rate at the inlet, were investigated.
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Non-periodic and unstable ﬂuctuation patterns were observed. These illustrate the
dependence of the jet in an actual spray
dryer on the radial expansion ratio and inlet
Reynolds number which quantiﬁed the
feedback effect when the jet encountered
any obstruction in the conﬁned geometry
or due to the backﬂow hydrodynamics. In
this case, it was the constriction at the outlet
and the recirculation region at the outer
annular region of the chamber. On the effect
of Reynolds number, Maurel et al. [37] have
shown, with their small-scale laboratory
experiments, that the oscillation regimes of
non-swirling conﬁned jets under sudden
expansion are sensitive to this parameter.
These ﬁndings also explained why few
workers reported semi-symmetric and
quasi-steady state solution in chambers of
larger diameter for non-rotating ﬂows [56].
In Figure 4, axial velocity contours at different time intervals for the two tested cases
are shown. The contour plots at different ﬂow
times for Case A are shown in Figure 4a.
Contrary to the ﬁndings of Guo et al. [15]
on different dryer geometries, it was found
that there was no signiﬁcant unsteadiness in
the simulation without atomizer rotation. It
can be seen from Figure 4b that the tip of
the jet stretched and expanded. This occurred
in many directions in an unsteady manner,
similar to the ﬁndings of Guo et al. [15].
However, lack of carefully obtained
experimental data – primarily due to often
the proprietary nature of the process and difﬁculty of making the necessary detailed
measurements – is currently hampering the
development of CFD-based design and
analysis of spray dryers. It is quite possible
that the numerical predictions almost as reliable as experimental data can be obtained
within the spray dryer chamber under operating conditions. Mezhericher et al. [38, 39]
explored droplet interactions in a pilot-scale
dryer numerically and further examined the
effects of 2D or 3D modeling approaches.
Most recently, Jin and Chen [25, 26, 27]
have conducted transient CFD modeling
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of large-scale industrial spray drying processes including an investigation on powder
deposition in a large-scale dryer [27] that
has 9 tonnes powder production per
hour [5]. There are still some limitations
to depending entirely on the CFD approach
since it does not typically include reliable
models based on experience for quality
changes, attrition or agglomeration of particles that can occur within the chamber.
4. CONCLUSION
Spray drying is an important step in
dairy powder processing. Of course, it is a
technology that has a very wide range of
applications and in this review greater attention has been paid to those applied in the
dairy industry. Dried dairy products have
long shelf-life and are easy to be used at
remote locations from the production area
or country hence having a great inﬂuence
on international trade. Three-stage drying
system is commonly used, which includes
primary drying (spray drying) and ﬂuidized
bed drying (second and third stages). This
system is by far the most efﬁcient approach.
Recently, some new drying technologies,
e.g., spray freeze-drying and superheated
steam spray drying, are also developed.
These new drying technologies are still
exploratory and due to the potentially
higher costs, they are considered for some
special products that are heat-sensitive and
pricy.
It is noteworthy that with CFD technology developing rapidly, mathematical modeling has become a useful tool to simulate
the complex drying process and guide
future developments without excessive
experimental trial-and-error associated
costs. However, measurements at an industrial scale to validate the computer models
are hard to come by. There are few experimental data at a large industrial scale (such
as several T of powder produced per hour).
This does hamper the industrial conﬁdence
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upon the use of CFD software. Efforts are
being placed to ﬁll such a gap in both
academia and industry, in particular, those
who do work together coherently.
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