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In this paper, three major aspects of food powders in context to spray drying are 
discussed. Practical problems involved during spray drying which may greatly influence 
the product quality are the first issue. The second issue is to identify how the accurate 
drying kinetics model can form a useful tool in order to predict changes in physical and 
biological quality aspects and the microstructure during processing. Dryer-wide 
simulations with accurate drying kinetics plus quality kinetics can significantly reduce a 
number of experimental trials for optimizing the process. So far, such a success has still 
been restricted to production runs with much less throughputs as in commercial 
operations. Finally, the superior functionality of the spray-dried food product needs to be 
established more scientifically which can help commercial operations to achieve high 
quality reconstitution. 

1.   Introduction 

Spray drying and subsequent fluidized bed drying are to date the most effective 
and economic way of producing powders of specific characteristics from 
concentrated liquid materials. Food powders are typically produced in order of 
several tons per hour per dryer using large-scale equipments and many of them 
have dairy ingredients as constituents. Preserving the nutrients, deactivating 
undesirable micro-organisms, achieving the desired particle moisture content and 
functionality, and extending the shelf-life of the product are the primary 
interests. Modeling the details of drying phenomena in spray dryer is difficult 
due to the complexity involved with droplet-gas interactions, droplet-size 
distribution, trajectories of the particles, and gas flow pattern. Following one 
droplet in a gas phase inside the drying chamber during drying or one particle in 
a liquid phase during reconstitution could form a helpful approach to understand 
the behavior of typical particles during processing and application. 

 In this paper, the main interest is around manufacturing food powders 
through spray drying and associated processes. The key elements of the process 
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and product interactions are highlighted, and potential problems are identified by 
taking examples of spray drying of milk-based materials. Furthermore, the types 
of functionality evaluations are discussed with a more scientific approach. 

2.   Spray drying and practical issues  

In the spray drying process, the concentrated liquid is turned into individual 
droplets in a stream of hot air of over 150 °C (up to 240 °C depending on the 
feed characteristics) [1]. Three types of atomizers are generally used in industrial 
drying: rotary, pressure nozzle and two-fluid nozzle. The droplet size when the 
droplet is detached from the atomizer is usually dependent on the feed rate, 
surface tension, liquid density and viscosity. The required accuracy and indeed 
the availability of these parameters in the environment of the rapid product 
development in today’s market are in serious question. For the disk atomizer, the 
rotational speed is also an influential parameter.  

Due to the rapid process experienced by the products containing 
carbohydrates, they form amorphous materials thus having glass transition 
related stickiness problems [2]. Drying of high fat products such as cream 
powder or high sugar content products such as lactose can all be tricky due to 
either the low melting point components or the amorphous nature of the material 
respectively that can lead to massive deposition inside the drying facility and 
also in ducts, cyclones and bag houses, preventing any cost-effective operations.  

 
Figure 1:  A spray of droplets interacts with hot air in the atomization zone. 

The drying efficiency of the spray dryer depends on the performance of the 
atomizer (i.e. ability to generate the desirable size and size distribution), the 
droplet spray pattern, the droplet-gas interaction and the gas-flow pattern. Upon 
mixing, how the multi-phase flow is evolved becomes an important issue. The 
reliability of the droplet size and size distribution predictions for large 
throughput atomizers remain to be a matter of doubt. As an illustration of the 
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spray-gas interaction, considering the case where a pressure nozzle is used, the 
droplets are sprayed into the hot air stream. Hot air is made to ‘soak’ and 
‘penetrate’ the spray region (see Figure 1). The droplets that are in the middle of 
the spray would need to ‘wait’ longer to get dried due to the lack of driving force 
for drying because droplets are highly moist in the middle region of the spray. 
The ineffective mixing of the ‘cloud’ of individual droplets and the hot air can 
result in a wide range of functionality among the particles when collected as a 
product. These phenomena may be considered in context to ‘one particle/droplet 
behavior in air’, and may be incorporated with the droplet drying kinetics for 
different feed materials in order to predict the quality of the final powder. 

The predominant objective for any drying operation is clearly to achieve the 
final water content. This final water content is changed with the weather pattern 
during each day while the dryer is operated at the same conditions. When a new 
formulation is dried, the final water content can not be determined beforehand. 
Companies have to conduct trial and error runs on large throughputs (can be as 
high as 10 ton powder per hour for instance). Wastage can be huge. Tuning the 
dryer to achieve the required water contents and the high quality product, 
wastage can be even greater. Spray dryer-wide simulations can greatly contribute 
to reducing the cost of product development, and can be used as a model control 
tool to adjust the plants to be operated at optimal conditions. 

3.   Drying kinetics and quality changes 

Spray drying substantially alters the physical and biochemical quality of the food 
material during processing. Predicting the extent of changes in the quality of the 
food droplets during a drying step is an essential aspect for optimizing the 
process. Though not yet used in designing the equipments to begin with, it has a 
prospect of being incorporated in the dryer suppliers’ future capability. In this 
exercise, a large number of particles have to be tracked in general to represent 
the droplet’s size and residence time distribution in the spray dryer.  

A simple approach for predicting the quality of the final powder is to 
understand and model accurately what single droplet or particle actually 
experiences during its flight in the drying chamber regarding its temperature, 
moisture content and how single droplet or particle respond to these changes. 
Fluid-bed drying should also be followed closely for one-particle behavior as 
comprehensive as in spray drying in order to predict changes in characteristics of 
the particle.  

Selection of an appropriate drying kinetics model for modeling spray drying 
operations is an important step because predictions of various drying parameters, 
and hence dryer designing and scale-up are directly related to the accuracy 
(quality) of the drying kinetics model [3]. In literature, many studies are 
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published to formulate drying kinetics models in context to spray drying of 
various food materials. Sano & Keey [4] adopted a comprehensive transport 
phenomena approach by incorporating coupled heat and mass transfer equations. 
Langrish & Kockel [5] used a characteristic drying rate curve approach assuming 
the drying rate is a first-order and a ‘linear’ function of the particle’s free 
moisture content. This approach has been widely used in computational fluid 
dynamics programming for characterizing industrial spray drying operations.  

Chen & Lin [6] proposed a reaction engineering-based drying kinetics 
model for drying of small droplets or thin-layer materials. Their drying kinetics 
model was found to be useful for predicting the behavior of single milk droplets 
during drying under industrial drying conditions [7]. Majority of the drying 
kinetics models published in the literature were validated using lab-scale 
experiments of drying of single, suspended and large droplets (2 -10 mm). 
Certain drying parameters, which are difficult to obtain during real spray drying 
operations, could be qualitatively evaluated using drying of one droplet 
experiments. A simple trajectory spray dryer is necessary to progress further. 

 
(a) skim milk particle                                                                                                   (b) whole milk particle 

Figure 2. Cross-sectional images of two typical industrial milk powder products. 
Microstructure of the particle is the linkage between processing and 

functionality. A typical microstructure formed during spray drying is drying-rate 
dependent, and affected by drying conditions such as gas temperature, humidity 
and velocity, and feed conditions such as liquid concentration, composition and 
temperature. Typical microstructures of industrial skim milk and whole milk 
particles are illustrated in Fig.2 using scanning electron microscopy (SEM) 
images. The whole milk particle (WMP) was apparently observed to be more 
porous compared to the skim milk particle (SMP). The transport of key 
constituents in the droplet/particle, for instance migration of lactose, fat, proteins 
and water molecules when drying of milk droplets, is still somewhat blurry, but 
an accurate interpretation may help to understand the microstructure formation. 
Transport of key molecules is especially useful to determine the surface 
properties of dried particles. Surface composition may severely affect powder’s 
functionality (wetting and dispersion) and stability as well as stickiness and 
cohesiveness. Characterizing the structure and surface composition is relatively 
easier these days due to great advancements in various techniques such as SEM, 
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ESEM, AFM, XPS, FTIR, NMR, DSC, etc but the difficulty is how one can alter 
them favoring higher quality product.  

Solubility index or insolubility index is usually considered as a post-drying 
property of the food powder. Insolubility index is considered to be an indicator 
of formation of insoluble materials in the particle/powder. This property is often 
used by commercial milk powder manufacturers as a criterion to indicate the 
quality of milk powders. The rate of insoluble material formation during drying 
mainly depends on the temperature and moisture content profile of the droplet in 
the drying chamber. Straatsma et al. [8] proposed a zero-order kinetic model to 
determine the insolubility index for milk powders assuming that the insoluble 
material forms only when the particle moisture content is between 10 wt% and 
30 wt%. This approach may be used to describe the solubility behavior of 
individual droplets when it is combined with the drying kinetics model.  

Another surface property of interests that could be related to the stickiness 
behavior of the powder is the glass transition temperature, which is a 
characteristic property of an amorphous component of the food material. The 
sticky-point temperature, which is considered to be responsible for caking and 
wall deposition inside the dryer, is generally 5 to 20 ºC higher than the glass 
transition temperature [9]. The glass transition temperature of the food material 
is mostly estimated using a Gordon and Taylor equation or its modified 
expressions, considering the glass transition temperature of individual 
components and average water and solids fraction in single droplet. Since 
predicting the glass transition temperature during drying requires temperature-
time and moisture content-time profiles of single droplets, an accurate drying 
kinetics model has to be combined with the glass-transition kinetics model. 

Liquid food material typically contains many heat-sensitive biological 
compounds such as proteins, vitamins, enzymes, probiotics, etc., which may 
provide nutrients and other health benefits to the consumers, and harmful micro-
organisms those may be responsible for deterioration of the food and causing 
severe dieses. The fundamental understanding and keeping a good balance 
between inactivation of useful and harmful bioactive substances can certainly 
help improving the overall quality of dried products. Drying involves removal of 
excess water from the food matrix until a ‘safe’ moisture level is achieved, at 
which minimum or no physical, chemical and microbiological reactions occur. 
The removal of water from the food material during drying may cause 
irreversible changes to the protein and enzyme structures and also reduces the 
viability and activity of micro-organisms in the dried product. Predicting the 
survival/activity of micro-organisms and bioactive compounds during drying is 
necessary for ensuring the high retention of bioactivity and also for the 
optimization and scale-up or scale-down purposes [10]. This requires a good 
understanding regarding how drying and operating parameters are correlated 
with the rate of inactivation during processing. For dryer-wide simulations, it is 
essential to couple the inactivation kinetics model with the suitable drying 
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kinetics model in order to predict the survival of micro-organisms accurately. 
This inactivation process, the solid formation process and particle characteristics 
could be qualitatively and quantitatively studied by following one droplet and 
tracking its temperature and moisture content history during drying. 

4.   Functionality and testing 

In the food industry, ingredients in a powder form are commonly used for food 
formulation. The properties of these powders determine the quality of the 
resulting food products. Dissolution of food powders is of particular importance, 
both to the manufacturers and to the consumers, being one of the critical 
benchmarks of the food powder quality for consumption. One example is 
reconstituted milk powder, where it is important for the powder to dissolve 
instantly to form a stable colloidal suspension of fat and protein, thus leaving 
little or no visible residue either suspended in water or lumped on the container 
surface. Instead of what happens in air when considering a droplet being dried as 
in the previous section, we now consider how one particle behaves in the liquid 
(water, tea or coffee etc). Reconstitution or dissolution of food powder generally 
consists of four steps: (a) wetting of powder particles, (b) particles sinking into 
solution, (c) particles dispersing evenly in solution, and (d) solid particles 
dissolving completely. As soon as a particle is immersed in the liquid phase, the 
‘one particle behavior in liquid’ becomes a key phenomenon of interest 
(following on from the ‘one droplet/particle behavior in air’ as mentioned 
previously).  Drying of one droplet in a gaseous environment and reconstitution 
of one particle in a liquid medium are schematically illustrated in Figure 3. 

 
Figure 3. A schematic diagram of the two particle processes. 

The dissolution procedure takes place in the sequence indicated. 
Nevertheless, there are times where different phases overlap each other, and 
hence the steps of dissolution are difficult to study independently [11]. This 
leads to the four reconstitution properties of food powder: wettability, 
sinkability, dispersibility, and solubility. The solubility, which is the final step of 
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the dissolution process, appeared to be a more reliable criterion to evaluate 
powders’ behavior in the aqueous phase [12]. Insolubility index is commonly 
used to evaluate the solubility of the powders after manufacturing or during 
reconstitution. When producing protein-rich materials such as high milk protein 
powder, whey protein powder and casein-rich powders, the insolubility index is 
an important property that relates the functional behavior of proteins with the 
solubility property. The solubility of proteins, which are trapped in the particle 
structure, depends on their native or denatured state and also on environmental 
factors such as temperature and pH of the liquid medium. It is important to 
recognize that denaturation of proteins alone is not significant to cause a 
measurable loss of solubility, as proteins must also aggregate and/or coagulate 
and finally precipitate [13]. 

5.   Concluding Remarks 

Understanding and quantifying the one droplet/particle process is of prime 
importance for producing high quality products efficiently. In dryer, the 
important processes are atomization, mixing and drying; in liquid, these 
processes are wetting, dispersing and dissolution of particles. No comprehensive 
mathematical tool has been established (except perhaps the software developed 
at NIZO, the Netherlands) to cater a large number of operating parameters to 
account for most of the important physical phenomena involved, and certainly 
there is no simple-to-use software developed for large plant applications at the 
operator level that the plant settings can be predicted before the large throughput 
production is commenced. In industry, engineers/technologists are often more 
interested in the trend of changes when ‘turning a knob’ in the control panel. 
This provides the opportunity for the functionality predictions where simple (not 
yet so accurate but qualitatively correct) models could be used. The related 
parameters for predicting functionality are more difficult to gain compared with 
the drying kinetics and are unlikely to be determined comprehensively for each 
formulation. There is also no accurate model of shrinkage as a function of 
product composition, which warrants further investigation. Simple yet accurate 
drying kinetics models (i.e. lumped kinetics), on the other hand, can be 
established and are used most effectively to optimize the plant operations for 
energy saving and product development purposes. It remains to be a challenge 
when the spatial distribution of water content inside a particle becomes critical 
for determining changes in the quality of the dried products; yet there is no 
accurate laboratory determination of the moisture profiles in micron-size 
particles (size ranging from tens of micron to a few hundred microns) which can 
back up modeling attempts. 
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