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Spray drying is a well-established method for converting liquid feed materials into 
a dry powder form. It is widely used to produce powdered food, healthcare and 
pharmaceutical products. Normally, spray dryer comes at the end-point of the pro-
cessing line, as it is an important step to control the final product quality. It has 
some advantages, such as rapid drying rates, a wide range of operating tempera-
tures and short residence times. In spray drying operations, CFD simulation tools 
are now often used, because measurements of air flow, temperature, particle size 
and humidity within the drying chamber are very difficult and expensive to obtain 
in large-scale dryer (Kuriakose and Anandharamakrishnan 2010).

2.1 � Spray Drying Process

Spray drying is the process of transforming a feed (solution or suspension) 
from a fluid into a dried particulate form by spraying the feed into a hot drying 
medium. Spray drying is a widely used industrial process for the continuous pro-
duction of dry powders with low moisture content (Charm 1971; Masters 1991; 
Anandharamakrishnan et al. 2007). As shown in Fig.  2.1, spray drying involves 
four stages of operation: (1) atomization of liquid feed into a spray chamber; (2) 
contact between the spray and the drying medium; (3) moisture evaporation; and 
(4) separation of dried products from air stream.

2.1.1 � Atomization

Atomization is a process where the bulk-liquid breaks up into a large number of 
small droplets. The choice of atomizer is most important in achieving economic 
production of high quality products (Fellows 1998). The different types of atom-
izer (Masters 1991) are:
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Centrifugal or rotary atomizer: Liquid is fed to the center of a rotating wheel 
with a peripheral velocity of 90–200 m/s. Droplets are produced typically in the 
range of 30–120  μm sizes. The size of droplets produced from the nozzle var-
ies directly with feed rate and feed viscosity, and inversely with wheel speed and 
wheel diameter.

Pressure nozzle atomizer: Liquid is forced at 700–2000 kPa pressure through a 
small aperture. Here the size of droplets is typically in the range of 120–250 μm. 
The droplet size produced from the nozzle varies directly with feed rate and feed 
viscosity, and inversely with pressure.

Two-fluid nozzle atomizer: Compressed air creates a shear field, which atom-
izes the liquid and produces a wide range of droplet sizes.

2.1.2 � Spray–Air Contact

During spray–air contact, droplets usually meet hot air in the spraying chamber 
either in co-current flow or counter-current flow. In co-current flow, the product 
and drying medium passes through the dryer in the same direction. In this arrange-
ment, the atomized droplets entering the dryer are in contact with the hot inlet air, 
but their temperature is kept low due to a high rate of evaporation taking place, 
and is approximately at the wet-bulb temperature. As the droplets pass through 
the dryer, the moisture content decreases, the air temperature also decreases, and 
so the particle temperature does not rise substantially as the particle dries and the 
effect of evaporation cooling diminishes (Mujumdar 1987). The temperature of 
the products leaving the dryer is slightly lower than the exhaust air temperature. 
This co-current configuration is therefore very suitable for the drying of heat-
sensitive materials. The advantages of the co-current flow process are rapid spray 
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Fig. 2.1   Processing stages of spray dryer
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evaporation, shorter evaporation time and less thermal degradation of the products 
(Masters 1991; Anandharamakrishnan et al. 2007).

In contrast, in the counter-current configuration, the product and drying 
medium enter at the opposite ends of the drying chamber. Here, the outlet product 
temperature is higher than the exhaust air temperature, and is almost at the feed-air 
temperature with which it is in contact. This type of arrangement is used for non-
heat sensitive products only. In another type called mixed flow, the dryer design 
incorporates both co-current flow and counter-current flow. This type of arrange-
ment is used for drying of coarse free-flowing powder, but the drawback is that the 
temperature of the product is high (Masters 1991).

2.1.3 � Moisture Evaporation

When droplets come in contact with hot air, evaporation of moisture from their 
surfaces takes place. The large surface area of the droplets leads to rapid evapo-
ration rates, keeping the temperature of the droplets at the wet-bulb temperature 
(Mujumdar 1987). In this period, different products exhibit different characteris-
tics, such as expansion, collapse, disintegration and irregular shape. Methods for 
calculating the changes in size, density and studies of droplet drying are described 
by Masters (1991).

2.1.4 � Separation of Dried Products

The dry powder is collected at the base of the dryer and removed by a screw con-
veyor or a pneumatic system with a cyclone separator. Other methods for collect-
ing the dry powder are bag filters and electrostatic precipitators (Fellows 1998). 
The selection of equipment depends on the operating conditions, such as particle 
size, shape, bulk density, and powder outlet position.

2.2 � Types of Spray Dryers

The two main designs of commonly used spray dryers are the short-form and tall-
form driers shown in Fig. 2.2.

Tall-form designs are characterized by height-to-diameter aspect ratios of 
greater than 5:1. Short-form dryers have height-to-diameter ratios of around 2:1. 
The short-form dryers are the most widely used, as they accommodate the com-
paratively flat spray disk from a rotary atomizer (Masters 1991). The flow patterns 
observed in short-form dryers are more complex than those in tall-form dryers, 
with many dryers having no plug-flow zone and a wide range of gas residence 
times (Langrish and Fletcher 2001).

2.1  Spray Drying Process
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2.3 � Airflow Pattern

During spray drying, the particle behaviour is dependent on the air flow pattern. 
Inside the spray chamber, there is presence of significant air flow instabilities due 
to the inlet swirl. The various spray drying–air flow studies have been summarized 
in Table 2.1. Hence, the effect of turbulence inside the spray chamber should be 
considered. Huang et al. (2004) showed that RNG k-ε model prediction was better 
for swirling two-phase flow in the spray drying chamber compared to standard k-ε, 
realizable k-ε and Reynolds stress models.

The air flow patterns in an industrial spray dryer used for milk powder production 
have been modeled using the transient Reynolds-averaged Navier–Stokes equations 
with the Shear Stress Transport (SST) turbulence model (Gabites et al. 2010). These 
simulations were carried out in the absence of atomized liquid droplets. The simula-
tions showed that the main air jet oscillated and processed about the central axis with 
no apparent distinct frequency. In turn, the recirculation zones between the main jet 
and the chamber walls fluctuated in size. Good agreement was found between the 
movements of the main jet via simulations and from telltale tufts installed in the 
plant dryer. The different outlet boundary condition appeared to have little influence 
on the overall flow field. In the gas-only simulations, different fluid bed flows within 
the range had only a local influence by reducing the length of the main jet. This may 
have an effect on the particle capture by the fluid bed.

2.4 � Atomization

The atomization stage during spray drying is very important, since it affects the 
final particle size. A co-current spray dryer fitted with pressure nozzle was investi-
gated both in experiment and CFD simulation by Kieviet et al. (1996), to develop 

Fig. 2.2   Schematic diagrams 
of spray dryer (Langrish and 
Fletcher 2001)
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a theoretical model for the prediction of final product quality. Good agreement was 
obtained between the experimental data and the simulation. An ultrasonic nozzle 
spray dryer was studied numerically by Huang et al. (2004). Birchal et al. (2006) sim-
ulated a spray dryer fitted with a rotary atomizer for drying of milk emulsion by using 
CFD, and also by a model with simplified particle motion. Authors also discussed 
the advantages and limitations of each model in the design and optimization of spray 
dryers. Studies on the effects of atomizer types (rotary disc and pressure nozzle) on 
droplet behaviour were performed by Huang et al. (2006) using CFD for spray drying 
of maltodextrin. They concluded that pressure nozzle may lead to a higher velocity 
variation in the center of the chamber than the rotary atomizer. Moreover, large recir-
culation of droplets was also found during pressure nozzle atomization.

2.5 � Particle Histories

The understanding of particle histories, such as velocity, temperature, residence 
time and the particle impact position, are important to design and operate a spray 
dryer. Moreover, final product quality is dependent on these particle histories. 
These particle histories can be tracked with the help of CFD simulations.

2.6 � Air–Particle Interaction

The primary problem in spray drying modeling is the coupling of equations in 
mass, momentum and energy between the gas and the droplets. These coupling 
phenomena of mass transfer from droplet to gas were coupling by evaporation, 
momentum exchange via drag, and energy coupling by heat transfer, which are 
schematically shown in Fig. 2.3.

Heat is transferred from the gas phase to the droplets convectively, and this leads to 
a decrease in temperature of the gas, which it affects the viscosity and density of the 
gas, which may in turn affect the gas flow field. This also affects the droplet trajectories 

DropletsGas

Velocity

Pressure

Temperature

Trajectories

Size

Temperature

Mass coupling
(Evaporation)

Momentum
(Drag)

Thermal energy
(Heat transfer)

Fig. 2.3   Gas-droplet coupling phenomena
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and the heat transfer rate between the droplets and the gas (Crowe et al. 1977). Hence, 
all three equations (mass, momentum and energy) are interdependent and should be 
included in the gas-droplet interactions (Kuriakose and Anandharamakrishnan 2010).

2.7 � Particle Tracking

Both the Eulerian–Eulerian and Eulerian–Lagrangian methods have been used in pub-
lished simulations of spray dryings. However, the Eulerian-Lagrangian frame work 
was selected most often, because it provides residence time of individual particles with 
a large range of particle sizes. Crowe et al. (1977) first proposed the particle source in 
the cell (PSI-Cell) model. This is the basis for the discrete phase model (DPM).

In the DPM, the flow field is divided into a grid defining computational cells 
around each grid point. Each computational cell is treated as a control volume for the 
continuous phase (gas phase). The droplets are treated as source of mass, momentum 
and energy inside the each control volume. The gas phase is regarded as a continuum 
(Eulerian approach), and is described by first solving the gas flow field, assuming 
no droplets are present. Using this continuous phase flow field, droplet trajectories, 
together with size and temperature histories along the trajectories, are calculated. 
The mass, momentum and energy source terms for each cell throughout the flow 
field is then determined. The source terms are evaluated from the droplet equation 
and are integrated over the time required to cross the length of the trajectory inside 
each control volume. The results are multiplied (scaled up) by the number flow rate 
of drops associated with this trajectory (Crowe et al.1977; Papadakis and King 1988; 
Fluent 2006). The gas flow field is solved again, incorporating these source terms, 
and then new droplet trajectories and temperature histories are calculated. This 
approach provides the influence of the droplets on the gas velocity and temperature 
fields. The method proceeds iteratively calculating gas and particle velocity fields.

The range of droplet sizes produced by the atomizer is represented by a number 
of discrete droplet sizes. Each initial droplet size is associated with one trajectory; 
along with the number of drops it is constant, assuming that no coalescence or 
shattering occurs. Once the air velocities, temperatures, and humidity are postu-
lated, the transport equations for the droplets of each size are integrated over time 
and positioned to yield droplet trajectories, velocities, sizes and temperatures. 
Calculations for droplets of each initial size continue until the volatile fractions 
(e.g. water) in the droplets evaporate completely, exit the column, or impact the 
column wall (Papadakis and King 1988; Fluent 2006).

In the CFD simulation, a combined Eulerian and Lagrangian model is used to 
obtain particle trajectories by solving the force balance equation:

where v is the fluid phase velocity, up is the particle velocity, ρg is the density of 
the fluid and ρp is the density of the particle.

(2.1)
dup

dt
=

18µ

ρpd2
p

CDRe

24

(

v − up

)

+ g
−

[

ρp − ρg

ρp

]

2.6  Air–Particle Interaction
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The particle force balance (equation of motion) includes discrete phase inertia, 
aerodynamic drag and gravity. The slip Reynolds number (Re) and drag coefficient 
(CD) are given in the following equations:

where dp is the particle diameter, and a1,a2 and a3 are constants that apply to smooth 
spherical particles over several ranges of Reynolds number (Re) given by Morsi and 
Alexander (1972).

The velocity of particles relative to air velocity was used in the trajectory calcu-
lations (Eq. 2.1). Turbulent particle dispersion was included in this model as dis-
crete eddy concept (Langrish and Zbicinski 1994). In this approach, the turbulent 
air flow pattern is assumed to be made up of a collection of randomly directed 
eddies, each with its own lifetime and size. Particles are injected into the flow 
domain at the nozzle point, and envisaged to pass through these random eddies 
until they impact the wall or leave the flow domain through the product outlet.

The heat and mass transfer between the particles and the hot gas is derived fol-
lowing the motion of the particles:

where mp is the mass of the particle, cp is the particle heat capacity, Tp is the parti-
cle temperature, hfg is the latent heat, Ap is the surface area of the particle, and h is 
the heat transfer co-efficient.

The heat transfer coefficient (h) is obtained from the Ranz-Marshall equation.

where Prandtl number (Pr) is defined as follows

where dp is the particle diameter, kta is the thermal conductivity of the fluid, μ is 
the molecular viscosity of the fluid.

The mass transfer rate (for evaporation) between the gas and the particles is cal-
culated from the following equation:

where Y∗
s
 is the saturation humidity, Yg is the gas humidity, and kc is the mass 

transfer co-efficient and can be obtained from Sherwood number:

(2.2)
Re =

ρgdp

∣
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∣

∣
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where Di, m is the diffusion coefficient of water vapour in the gas phase and Sc is 
the Schmidt number, defined as follows:

The values of vapour pressure, density, specific heat and diffusion coefficients 
can be obtained from Perry (1984).

When the temperatures of the droplet has reached the boiling point and the 
mass of the droplet exceeds the non-volatile fraction, then the boiling rate model is 
applied (Kuo 1986).

where kta is the thermal conductivity of the gas and cg is the heat capacity of the gas 
(Kuriakose and Anandharamakrishnan 2010).

2.8 � Particle Temperature

The particle temperature is very important in the case of heat sensitive products, since it 
influences the aroma retention and thermal stability of heat labile components. Crowe 
et al. (1977) predicted that the smaller size particles have higher temperatures than 
the larger particles, because the latter have a smaller surface area to volume ratio and 
evaporate more slowly. Kieviet (1997) studied the airflow pattern, temperature, humid-
ity, particle trajectories and residence time in a 2D co-current spray dryer fitted with a 
pressure nozzle using maltodextrin as feed solution, and concluded that the gradients 
in the center region of the drying chamber could be improved. Anandharamakrishnan 
et al. (2010a) studied the particle temperature in both short-form and tall-form spray 
dryer using CFD simulation for drying of whey proteins. They found that due to 
moisture evaporation of droplets, the temperature of droplets was high and was almost 
equal to the gas temperatures outside the core region. Moreover, the temperature of gas 
in the core spray region and the upper part of the chamber decreased due to the cooling 
effects of evaporation. The particle nature was also affected by the outlet air tempera-
ture (Kuriakose and Anandharamakrishnan 2010).

2.9 � Residence Time of Particle

The particle residence time has a great impact on the final powder quality and it 
also affects product qualities such as solubility and bulk density. The residence 
time (RT) is divided into two parts; namely, primary and secondary residence times. 

(2.8)Sh =
kcdp

Di,m

= 2 + 0.6 (Red)
1/2 (Sc)1/3

(2.9)Sc =
µ

ρgDi,m

(2.10)
d

(
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dt
=
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(

1 + 0.23
√

Re
)
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(

Tg − Tp

)

hfg

]
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The primary RT is calculated from the time taken for droplets leaving the nozzle 
to impact on the wall or leave at the outlet. The secondary residence time can be 
defined as the time taken for a particle to slide along the wall from the impact 
position to the exit (Kuriakose and Anandharamakrishnan 2010).

Kieviet and Kerkhof (1995) determined the RTD of particles in a co-current 
spray dryer during the drying of aqueous maltodextrin solutions. Kieviet (1997) 
observed that during spray drying of maltodextrin solution, the larger diameter 
particles have longer RTs than smaller particles. He also found enormous differ-
ence between measured and predicted results due to particle wall depositions and 
sliding movement. Ducept et al. (2002) performed an experiment to determine the 
RTD of particles, and validated with the CFD predictions in a superheated steam 
spray dryer. The residence time distribution of different sized particles in a spray 
dryer was studied by Huang et al. (2003a), and they found that different droplets 
follow different trajectories in the drying chamber.

Anandharamakrishnan et al. (2010a) studied Particle Residence Time Distribution 
of whey proteins in both short-form and tall-form dryers and the residence time 
(Fig. 2.4). The study indicates that most of the particles have very low RT during 
spray drying (short-form). It was observed that a bent outlet pipe inside the chamber 
increases gas and particle recirculation (Fig.  2.4); consequently, cold gas is mixed 
with down-flowing hot inlet gas, and dried particles will be exposed to the high inlet gas  

Fig. 2.4   Particle trajectories 
colored by residence time(s) 
(Anandharamakrishnan et al. 
2010a)
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temperatures. This recirculation may lead to denaturation of proteins or inactivation  
of enzymes. Hence, bend outlet pipe needs to be avoided inside the chamber for 
producing high quality spray dried food products. Moreover, they found a large 
difference between the gas and particle residence time. However, there is no direct 
measurement of primary RT available to confirm the predictions, and this is an inter-
esting challenge for future research (Kuriakose and Anandharamakrishnan 2010).

2.10 � Particle Deposition and Position

The knowledge of particle impact positions is important for the design and opera-
tion of spray dryers, as it influences the final product quality. In an earlier numerical 
study, Reay (1988) has shown that the most likely areas for wall deposition are an 
annular area of the dryer roof and a region below the atomizer, where large particles 
are likely to deposit. Later, Kieviet (1997) investigated the interaction of wall deposi-
tion with the residence time, and the effect of wall deposition on the product quality  
and yield during spray drying of maltodextrin. Goula and Adamopoulos (2004) 
determined the operating conditions that influence the fouling and residue accumula-
tion of the equipment during the drying process. Anandharamakrishnan et al. (2010a) 
studied the particle impact position during drying of whey proteins from the simula-
tion data using an in-house post-processor. Figure  2.5a, b shows the top and front 
cross-sectional views of the simulated results (Anandharamakrishnan et al. 2010a). 
Figure 2.5a, b indicates that a large fraction of the particles (50 %) strike the conical 

Fig. 2.5   Particle impact positions, a top view, b front view (Anandharamakrishnan et al. 2010a)

2.9  Residence Time of Particle
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part of the spray dryer chamber (similar with the earlier observation of Langrish and 
Zbicinski 1994) and 23 % of particles hit the cylindrical part of the wall, but only a 
small proportion (25 %) of the particles come out of the outlet pipe line (the intended 
destination). A very small 2 % of particles hit the ceiling despite the large volume of 
re-circulated gas, but particles hitting the cone and/or cylindrical wall (73 %) should 
slide down to the main outlet aided by mechanical hammer operations. They also 
found that in a short-form dryer, a large fraction of the particles strike the conical part 
of spray dryer chamber, while in tall-form dryer, the particles struck the cylindrical 
part of the wall. In both forms of dryer, they found less impact on the ceiling, despite 
the recirculation of gas in the zone (Kuriakose and Anandharamakrishnan 2010).

2.11 � Current Trends

In recent years, application of the Reaction Engineering Approach (REA), drying 
kinetics model, droplet–droplet interactions, unsteady state modeling and popu-
lation balance model for the simulation of spray dryers has been increasing. The 
Reaction Engineering Approach assumes that evaporation is an activation pro-
cess to overcome an energy barrier, while this is not the case for condensation 
or adsorption. The basic concept of REA was described by Chen and Xie (1997) 
and Chen et al. (2001). This method describes the droplet drying trend, giving a 
detailed account of the temperature changes that occur within the droplet during 
the drying period; some experimental data are required to determine the model 
parameters. The REA model was used by Chen and Xie (1997) for the simulation 
of drying of thin-layer food materials such as kiwifruit, silica gel, potato and apple 
slices. Moreover, Huang et al. (2004) found that this approach (REA) fits in well 
with the fluent commercial CFD code for spray drying.

The experimental determination of spray drying kinetics was performed by 
Zbicinski et al. (2002). They determined the spray drying kinetics as a function 
of atomization ratio and drying agent temperature. They also proved that, based 
on the critical moisture content of the material, spray drying kinetics can be deter-
mined from the generalized drying curves. These lab-scale details can be used 
for scaling up the spray drying process. Further, Woo et al. (2008) analyzed the 
effect of wall surface properties on the deposition problem during spray drying 
using different drying kinetics. They concluded that proper selection of dryer wall 
material will provide potential alternatives for reducing the deposition problem. 
Roustapour et al. (2009) performed a CFD study for the drying of lime juice. They 
determined the drying kinetics based on experimental results of moisture content 
variation along the length of chamber, and numerically estimated residence time of 
droplets. The authors found that an increase in initial droplet diameter resulted in a 
lower particle residence time. CFD was used to gain more insights into the drying 
characteristics of the mono-dispersed droplets produced using a low velocity spray 
tower. Introduction of droplet and mass transfer did not significantly alter the 
flow field. Analysis revealed that the wet bulb region was significant in this tower. 
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Varying the inlet air temperature from 100 to 180 °C resulted in contrasting drying 
histories. These drying kinetics were then extended to assess the in situ crystalliza-
tion phenomenon. For this spray drying tower, it was found that lower inlet tem-
perature conditions favored a higher degree of crystallinity.

Droplet–droplet interactions during the spray drying were performed by applying 
the transient mode of calculations (Mezhericher et al. 2008). The droplet collisions 
influenced the temperature and humidity patterns, while their effect on velocity 
was less marked. They investigated both insulated and non-insulated spray cham-
bers and reported that the insulation of a spray chamber will affect the airflow pat-
terns, thereby affecting the droplet trajectories.

The modeling of spray dryers using the population balance method is gaining 
importance as the model accounts for droplet growth, coalescence and break up dur-
ing the spray drying process. Nijdam et al. (2004) modeled the particle agglomera-
tion within the spray chamber using two different frameworks, namely, Lagrangian 
and Eulerian. They validated their prediction using phase doppler anemometry (PDA) 
measurement, and found that in terms of ease of implementation and range of appli-
cability, the Lagrangian approach is more suitable for modeling of agglomeration of 
particles. The modeling of droplet drying in the spray drying chamber by applying the 
unsteady mode of calculations (Mezhericher et al. 2009) showed that among 2D and 
3D analyses, the latter predicts asymmetry of flow patterns in the spray chamber. Chen 
and Jin (2009b) performed transient 3D simulations in an industrial-scale spray dryer 
(15 m tall and 10 m wide). They observed that the particles make the central jet oscil-
late more non-linearly and that the frequency of oscillation decreases with increasing 
feed rate. Woo et al. (2009) have performed unsteady state simulations of spray drying 
and investigated the effect of chamber aspect ratio and operating conditions on flow 
stability. The authors observed that a large expansion ratio produces a more stable 
flow due to the limitations of jet fluctuations by outer geometry constriction.

2.12 � Scope for Future Research

There remains scope for future research in the area of optimization of the spray 
drying process. Further work is needed to refine the turbulence models for the 
Lagrangian approach, in order to account for the various particle turbulence phe-
nomena and particle–particle correlations. Modeling of particle agglomeration 
(including gas–particle interaction and particle–particle correlations), wall depo-
sition (including nature of the product) and predicting particle residence time 
(including sliding movement of particles in the secondary residence time) during 
spray drying of food products is currently lacking. Hence, there is also scope for 
further study in the area to overcome problems like agglomeration, wall deposi-
tion, particle residence time, thermal degradation of particles and aroma loss 
(Kuriakose and Anandharamakrishnan 2010). Langrish (2007) has reported the 
same. Thus, the modeling approach may lead to better productivity and high-quality 
food products.

2.11  Current Trends
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