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Résumé  
La fabrication en procédés continus améliore l'efficacité de la productivité, la flexibilité et la 
transférabilité entre les sites. Cependant, l'industrie pharmaceutique s'appuie encore fortement 
sur les opérations par lots ; d'importants travaux de recherche sont nécessaires pour convertir 
les procédés actuels en procédés continus. 
Le besoin urgent d'un procédé de séchage en continu adapté à la production pharmaceutique 
pour dosage en forme solide (comprimés) en termes de productivité, flexibilité et contrôle a été 
identifié comme un sujet de recherche d'un grand intérêt. En réponse à ces demandes 
industrielles, ce projet de recherche étudie si un sécheur continu intégrant la technologie 
d'analyse de procédé peut être développé pour le séchage de granulés pharmaceutiques avec une 
performance équivalente ou supérieure aux sécheurs de type batch pharmaceutiques actuels. 
Pour atteindre l'objectif, une revue de littérature a été faite sur des différents types de séchoirs 
dans les autres secteurs et les nouvelles techniques de séchage. Ensuite, une série d'études 
expérimentales ont été menées sur : 1) un nouveau séchoir à lit fluidisé continu pour sécher un 
type typique de granule pharmaceutique, et 2) l'utilisation d'ultrasons de haute puissance comme 
nouvelle intensification de processus technique de séchage des matériaux thermosensibles. 
D'abord, un lit fluidisé horizontal équipé d'un convoyeur à vis a été sélectionné comme séchoir 
cible. Les granulés pharmaceutiques sont souvent de forme irrégulière et présentent une grande 
distribution granulométrique, compliquant ainsi le fonctionnement des lits fluidisés continus 
traditionnels avec des régimes de fluidisation homogènes. Cependant, dans le procédé cible, la 
présence du convoyeur à vis a amélioré l’écoulement, amélioré la stabilité et l'homogénéité de 
la fluidisation. La distribution du temps de séjour du flux de solides a été évaluée par la méthode 
d'injection de traceur d'impulsion, et les résultats ont montré que le modèle de dispersion et le 
modèle de réacteurs en série étaient tous deux adaptés pour décrire le flux de particules à travers 
le séchoir. Une méthodologie de modèle hybride a été adoptée pour décrire la cinétique de 
séchage des granulés cibles : 1) un modèle phénoménologique pour la période de taux de 
séchage constant, et 2) un modèle empirique pour la période de taux décroissant. Le modèle 
hybride a d'abord été validé par les résultats de séchage batch et a ensuite été étendu à la 
condition de séchage continu correspondante. Avec l'ajout des distributions de temps de séjour 
de particules comme déterminé dans les expériences précédentes, un modèle de dispersion a 
ensuite été développé qui considère l'écoulement des solides comme un écoulement piston se 
déplaçant de l'entrée à la sortie avec une dispersion axiale modérée, et le terme de rétro mélange 
a été exprimé par un coefficient de dispersion expérimental. Ce modèle permet de prédire la 
performance du séchage pour un type de granulation versus un autre. Aussi, avec l’aide du 
modèle, les influences des paramètres du processus ont été étudiées pour aider à l'optimisation 
et à la mise à l'échelle du processus.  
En tant que deuxième sujet de recherche de ce travail, le séchage assisté par ultrasons représente 
une technique de séchage hybride prometteuse qui, selon la littérature, améliore la vitesse de 
séchage et l'efficacité énergétique tout en préservant la qualité des matériaux en cours de 
séchage. Cependant, l'insuffisance de fondement scientifique empêche l'utilisation de la 
technologie dans des applications industrielles pratiques ; les chercheurs ne sont pas tout à fait 
capables d'expliquer certaines observations contradictoires issues de différentes études. Par 
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conséquent, des efforts ont été faits pour synthétiser et analyser l'état de l'art de cette technologie 
à travers une étude théorique, et certaines explications ont été suggérées dans une revue critique. 
Ensuite, une série d'expériences à petite échelle a encore validé l'intérêt d'appliquer des ultrasons 
au processus cible, améliorant l'efficacité du séchage sans impact significatif sur les propriétés 
physiques des granules cibles. Cependant, en raison de l'atténuation exorbitante des ultrasons 
par les gaz, qui est un phénomène naturel, une faible efficacité de transfert d'énergie est le plus 
grand défi lors de l'application d'ultrasons de haute puissance dans un processus de séchage par 
convection. Une méthode innovante d'application d'ultrasons au processus cible a été proposée 
en convertissant le convoyeur à vis en un transducteur à ultrasons, de sorte que le lit de solides 
soit en contact substantiel avec les vibrations ultrasonores qui étaient distribuées sur le vol. Cette 
nouvelle façon d'appliquer les ultrasons maximise le transfert d'énergie aux particules et 
surmonte la plus grande difficulté communément connue pour cette technologie. 

Mots clés: pharmaceutique, procédé continue, lit fluidisé, séchage de particule, séchage 

assisté par l’ultrason.
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Abstract  
Continuous manufacturing (CM) improves productivity efficiency, flexibility and 
transferability among sites. However, the pharmaceutical industry still heavily relies on batch 
operations; extensive R&D work is required to convert current processes to continuous ones.  
The urgent need for a continuous drying process that fits pharmaceutical production of solid 
dosage in terms of productivity, flexibility and control has been identified as a research subject 
of great interest. In response to these industrial demands, this research project investigates 
whether a continuous dryer incorporating process analytical technology (PAT) can be developed 
for drying pharmaceutical granules with a performance equivalent or superior to current 
pharmaceutical batch dryers. 
To achieve the objective, a literature review has been done on different types of dryers from 
other sectors and novel drying techniques. Then, a series of experimental investigations were 
carried out on: 1) a novel continuous fluidized bed dryer (FBD) for drying a typical type of 
pharmaceutical granule, and 2) the use of high-power ultrasound as a novel process 
intensification technique for drying heat-sensitive materials. 
First, a horizontal fluidized bed equipped with a screw conveyor was selected as the target dryer. 
Pharmaceutical granules are often irregularly shaped and feature a large particle size distribution 
(PSD), thus complicating the operation of traditional continuous FBDs with smooth fluidization 
regimes. However, in the target process, the presence of the screw conveyor enhanced plug-
flow and improved fluidization stability and homogeneity. The residence time distribution (RTD) 
of the solids’ flow was evaluated by the pulse-tracer injection method, and the results showed 
that the dispersion model and the tanks-in-series (T-I-S) model were both suitable for describing 
particle flow through the dryer. Furthermore, a phenomenological model was developed 
accordingly. A hybrid model methodology was adopted to describe the drying kinetics of the 
target granules: 1) a phenomenological model for the constant drying rate period, and 2) an 
empirical model for the falling rate period. The hybrid model was first validated by batch drying 
results and was then extended to the corresponding continuous drying condition. With the 
addition of the particle RTDs as determined in the previous experiments, a dispersion model 
was then developed which considers the solids’ flow as a plug-flow moving from the inlet to 
outlet with moderate axial dispersion, and the back-mixing term was expressed through an 
experimental dispersion coefficient. This model makes it possible to predict the drying 
performance for one type of granulation versus another. Also, with help of the model,  the 
influences of the process parameters were studied to assist with process optimization and scale-
up.  
As the second research subject of this work, ultrasound-assisted drying (UAD) represents a 
promising hybrid drying technique that according to the literature enhances drying rate and 
energy efficiency while preserving the quality of the materials being dried. However, the 
insufficiency of a scientific foundation prevents the technology from being used in practical 
industrial applications; researchers are not fully capable of explaining certain contradictory 
observations from different studies. Therefore, efforts were made to synthesize and analyze the 
state-of-the-art of this technology through a theoretical study, and certain explanations were 
suggested in a critical review. Then, a series of small-scale experiments further validated the 
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interest in applying ultrasound to the target process, enhancing the drying efficiency without a 
significant impact on the physical properties of the target granules. However, because of the 
exorbitant attenuation of ultrasound by gases, which is a natural phenomenon, poor energy 
transfer efficiency is the biggest challenge when applying high-power ultrasound in a convective 
drying process. An innovative method of applying ultrasound to the target process was proposed 
in converting the screw conveyor to an ultrasonic transducer, so that the solids’ bed was in 
substantial contact with the ultrasonic vibrations which were distributed on the flighting. This 
novel way of applying ultrasound maximizes the energy transfer to the particles, and overcomes 
the biggest difficulty commonly know for UAD applications.   

Key words: pharmaceutical, continuous process, fluidized bed, particle drying, ultrasound-
assisted drying.
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Chapter 1 Rationale and introduction 

1.1 Project background: Intensive development of continuous 

pharmaceutical manufacturing  

1.1.1 Production of pharmaceutical tablets 

The compressed tablet is the most popular form of pharmaceutical dosage in use today, among 

a variety such as capsules, aerosols and injectables [1]. Pharmaceutical dosage forms contain 

both active pharmaceutical ingredients and excipients, including diluents, binders, lubricants, 

disintegrants and sweeteners. Though these excipients have no therapeutic effect, they have a 

direct impact on the properties of the final products [2].  

Figure 1-1 depicts the typical processes in pharmaceutical tablet production.  Fabrication starts 

by blending individual components including the active pharmaceutical ingredients (APIs) and 

the excipients. Granulation is a process that agglomerates small particles into a larger mass with 

the original particles still identifiable. It can prevent segregation of the constituents of the 

powder mixture, improve the flow characteristics of the mixture, and improve compaction into 

a tablet [3]. In wet granulation, by spraying a liquid binder onto the particles which are 

vigorously agitated, the particles are agglomerated into granules by a combination of capillary 

and viscous forces. 

 

Figure 1-1 Schema of typical pharmaceutical tablet processing 
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The wet powder mixtures are dried to form permanent bonds within the granules [4]. 

Pharmaceutical products are often susceptible to heat and humidity, so inappropriate processing 

or storage can easily cause drug degradation. The choice of drying technique(s) often plays an 

important role and achieving a low moisture content (MC) is critical for maintaining long-term 

stability [1]. Tray drying or FBDs are the most common drying methods currently used in the 

pharmaceutical industry. For certain products that are extremely sensitive to heat or shear stress, 

such as protein products, lyophilization is a better option for preserving product quality. 

To eliminate oversize agglomeration, the dried granules must be milled and sieved before 

tableting. However, by achieving satisfactory granulation and drying results, these two steps 

may be avoidable which can save much time and cost.  

Finally, the granules are compressed into tablets and packaged as the final product. It worth 

mentioning that another excipient addition followed by an additional mixing step can sometimes 

be expected before compression. For instance, a lubricant, MgSt, is often added just before 

compression that to prevent powder from sticking to the punches. 

1.1.2 The emerging trend of continuous process development 

CM is well established in many sectors for its numerous advantages, such as reduced cost, more 

consistent product quality, and the possibility of 24-hour fully automatic production. The 

pharmaceutical industry, however, still relies heavily on batch processing. This is attributed to 

four reasons [5]: 

1) The compiled expertise in batch production, as it has been optimized for decades.

2) High flexibility in the available equipment, as a set of different operations can be

performed in almost any sequence to produce the pharmaceutical product.

3) Small batch quantities of pharmaceutical products.

4) Regulatory expectation still evolving on the topic of continuous manufacturing, means

that using batch is a more conservative and less risky approach to approving a new

drug.

Changes are desired as traditional batch productions show evident drawbacks in terms of 

production efficiency, flexibility and control. One of the biggest issues is scale-up. 
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Pharmaceutical production often requires highly flexible production volumes, from a few 

kilograms for clinical trials up to tonnes per day for commercial production, and it takes a lot of 

work to develop equipment for different batch sizes. Larger equipment is a much more complex 

than just a geometrical similarity. Not only does the development of the various equipment in 

tablet processing require substantial capital investment, but the different batch sizes also require 

extensive scale up/scale down studies to ensure adequate product quality, thus slowing the tech 

transfer process. Registration authorities have become increasingly interested in whether the 

quality of the production batch is the same as the quality of the small batches used for clinical 

trials [6],[5].  

In comparison, a continuous process has many advantages including:  

a. Avoiding the difficult scale-up necessary for larger batches. 

b.  Improved quality control due to the potential real-time control feedback loops.  

c. Substantial reduction in footprint and space requirements [7]. 

d. Substantial reduction in process start-up and shutdown time [1].  

e. Possibility of automatic production line on a 24h/day basis (‘lights-out’ operation) [5]. 

f. Increased safety due to the fact that a continuous process is characterized by less material 

losses compared with a batch process [1]. 

g. Easier to establish process knowledge since variables remain constant at steady state and 

there is a more homogenous transfer of mass, heat and momentum compared with batch 

processing [1],[8],[9]. 

This alternative approach can tackle many issues faced by the pharmaceutical industry, and in 

the last decades significant efforts have been made to develop continuous processes for 

pharmaceutical production. Nevertheless, the work to convert the current batch production mode 

to a continuous one is highly challenging and extensive work remains.  

One obstacle is the strict regulatory environment and high-quality standards in the 

pharmaceutical industry. For example, good manufacturing practices (GMPs) are applied to 

ensure that pharmaceutical products are consistently manufactured according to the quality 

standards appropriate to their intended use. Traditionally approved GMPs mean that once a 
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process is licensed, hardly anything can be changed in the way of processing. However, in 

continuous operations the production size can be changed according to the needs [8]. 

Consequently, the eventual application of CM necessitates the establishment of new regulatory 

approaches. The PAT guidance from the Food and Drug administration (FDA) intends to 

overcome this situation of unchangeable, inflexible traditional ‘frozen’ production processes 

[1],[8]. As real-time release testing provides for the possibility of evaluating and ensuring the 

in-process and/or final product specifications based on process data, the implementation of 

online analytical tools greatly enhanced the development and innovation of continuous 

processes for pharmaceutical products [5].  

1.1.3 Need for a continuous dryer for pharmaceutical powder mixtures 

For the reasons discussed above, continuous process development has become a new trend in 

the pharmaceutical industry.  

The companies Pfizer and GEA set a pioneering example by launching the Portable, Continuous, 

Miniature and Modular (PCMM) technology in September 2013 [10]. PCMM is an advanced 

rapid deployment tablet manufacturing platform running continuously with miniaturized 

equipment. The assembly and installation of the platform are designed to be quick and 

straightforward. It can also be enclosed in a portable, modular facility and transported to any 

location in the world [11].  

PCMM technology was evolutionary progress in pharmaceutical manufacturing that converted 

traditional batch production of oral solid dosages to continuous production. According to Pfizer, 

it has successfully shortened the manufacturing and control of required production volumes for 

oncology products from clinical trials to commercial lots from weeks to hours, which confirms 

the substantial value of CM. Furthermore, the use of the PCMM platform is expected to yield 

shorter cycle times, faster technology transfers and reduced process variability for more and 

more products [12]. 
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However, PCMM technology still faces many limitations which require extensive work to 

achieve an optimal performance. One of the major concerns lies in its drying process, which is 

currently carried out by a six-chamber semi-continuous FBD. The continuous solids’ flow is 

achieved by the alternative work of different chambers. This step with a semi-batch nature not 

only becomes the bottleneck in overall production capacity optimization, but also the potential 

inconsistent qualities between different batches may result in risks to the final product.  

It is desirable to replace this process by a fully continuous dryer. Nevertheless, despite many 

continuous dryers being available in other sectors, they have some limitations and cannot fit the 

pharmaceutical production requirements. The lack of a fully continuous dryer and the need to 

build knowledge about the continuous drying of pharmaceutical powder mixtures are preventing 

the industry from achieving a fully continuous line of tablet production.  

1.1.4 Need for next generation drying technologies 

Drying provides many benefits including ease of storage, reduction in transportation costs and 

improved stability, to name a few [13]. This ubiquitous operation can be found in almost all 

industrial sectors, ranging from agriculture to pharmaceuticals.  

Despite its industrial importance, drying is rarely associated with innovation. Compared to other 

key unit operations such as membrane separation, crystallization, adsorption and distillation, 

Figure 1-2 The PCMM production line developed by Pfizer/GEA (adapted from 
https://www.pfizer.com/) 
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drying receives much less attention in academic research circles, according to the number of 

publications in the literature which is in a negative correlation with industrial needs [14].  

It is probably a good time to start a revolutionary 

innovation for drying processes. Foster’s well 

known ‘S-curve’ (Figure 1-3) gives a sigmoid 

relationship between process performance indicators 

and resources devoted to developing the 

corresponding technology [14], [15]. Once a 

technology is developed to its full potential and 

reaching an asymptotic performance level under 

optimal conditions, the time is right to look for truly new concepts to yield a performance level 

well above current limits [15].  

Today, new forms of energy sources such as ultrasound, microwave, and infrared (IR) radiation 

are bringing new opportunities; they can offset some limitations of the current conventional 

dryers, and the development of new advanced drying technologies may bring solutions for some 

long-existing challenges in industrial production. Though these novel drying techniques may be 

yet to display a significantly superior performance, substantial outcomes are expected in future 

once their predicted asymptotic performance limits are reached [14]. 

1.2 Project context  

This project was conducted under the auspices of the Pfizer Chair on PATs in pharmaceutical 

engineering and supervised by Professor Nicolas ABATZOGLOU (Université de Sherbrooke). 

The project was supported by co-supervisors Sophie HUDON, Pierre-Philippe LAPOINTE-

GARANT and Jean-Sébastien SIMARD from Pfizer Canada Inc. During the project 

development, two collaborations were built with: 1) Prof. Quaegebeur and researchers from 

GAUS on developing UAD technology, and 2) Francis Gagnon and researchers from Université 

Laval on implementing the process control strategy for the target dryer. 

1.2.1 Research question and approach  

Figure 1-3 Foster’s S-curve 



 

 

22 
 

As discussed above, the pharmaceutical industry will greatly benefit from CM, but extensive 

R&D work is still required to achieve the evolution from traditional batch operations to fully 

continuous production lines.  

The urgent need for a continuous drying process that fits pharmaceutical production in terms of 

both efficiency and quality has been identified as a research subject of great interest. In response 

to the industrial demand, this research project aimed at investigating whether a continuous dryer 

with the incorporation of PAT tools could be developed for drying pharmaceutical granules with 

a performance equivalent or superior to current pharmaceutical batch dryers in a form factor 

that is small enough to be integrated into existing continuous manufacturing platforms such as 

PCMM. 

To achieve the objective, the research approach as summarized in Figure 1-4 has been adopted, 

which also corresponds to the structure of this document.  

The project began by reviewing the state-of-the-art on current dryers (Chapter 2) and advanced 

drying technology UAD (Chapter 3).  

Two series of experimental work were then carried out in parallel: 

1) Investigation of ultrasound-assist drying of pharmaceutical products at small (lab) scale 

(Chapter 4).  

2) Characterization of the target material and potential dryer selection (Chapter 5). 

Subsequently, a dryer prototype at bench scale was designed and built based on the selected 

operational mechanism and the characteristics of the target granules (Chapter 5). In addition, 

the application of ultrasound for the target process was studied (Chapter 6).  

A series of experiments were carried out with the laboratory dryer prototype investigating the 

solids’ flow dynamics in the target process. The influences of the critical process parameters on 

the RTD of the solids’ flow were then studied (Chapter 7). A dispersion model at 

phenomenological level was accordingly developed, and the simulation results compared with 

the experimental data. Finally, the parameters’ influence on drying performance was 

investigated to gain insights into process optimization (Chapter 8). 
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 The reported data in literature were analyzed and synthesized into a critical review. 

 The experimental investigation at small scale revealed the high potential of using high-

power ultrasound for enhancing drying efficiency.  

 Different ways of application were compared including: 1) direct-contact high frequency 

ultrasound, 2) airborne ultrasound, and 3) direct-contact low frequency ultrasound. The 

results showed that a direct-contact set-up has substantially higher effectiveness at both 

high and low ultrasonic frequencies.   

 The impacts of ultrasound on the physical properties of pharmaceutical granules were 

evaluated, and no significant change was observed in the investigated range.  

 An innovative way of applying ultrasound to the target process was proposed by 

converting the screw conveyor into an ultrasonic transducer, so the solids’ bed is in 

substantial contact with the ultrasonic vibrations which are distributed on the flighting. 

This novel way of applying ultrasound maximizes the energy transfer to the particles, 

which overcomes the biggest difficulty commonly known for UAD applications.   

• Intellectual property - Journal articles 

1) < Review: Fundamentals, applications, and potentials of ultrasound-assisted drying > 

published in Chemical Engineering Research and Design in 2019 (see Chapter 3). 

2) < Dynamics of heat-sensitive pharmaceutical granules dried in a horizontal fluidized 

bed combined with a screw conveyor > in Chemical Engineering and Process – Process 

Intensification in 2021 (see Chapter 7). 

3) < Modelling of continuous drying of heat-sensitive pharmaceutical granules in a 

horizontal fluidised bed dryer combined with a screw conveyor at steady state> 

published in Chemical Engineering Science in 2022 (see Chapter 8). 

• Conference participation 

1) Oral presentation at the Canadian Society for Chemical Engineering conference in 2018.  

2) Poster presentation at the 7th European Drying Conference in 2019.  

3) Oral presentation at the Canadian Chemical Engineering Conference in 2021.   
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accordingly. Tadeusz and Mujumdar (2009) have discussed several effective techniques 

for enhancements of drying rates depending on the drying period as summarized in Table 

2-1 [14]. 

Table 2-1 Techniques for the enhancement of drying rates in different drying rate periods 
Constant rate only Both Falling rate only 

- Enhance free-stream 
turbulence 
- Apply oscillation, vibration  
- Adding inner particle 
- Acoustic field  

- Increase interfacial area 
for heat and mass transfer 
- Dielectric heating 
- Superheated stream 
drying  

- Apply ultrasound field 
- Dielectric heating 
- Electro-kinetic 
phenomena  
- Synergistic effect 

2.1.2 Principles and operations of a dryer 

Generally, a drying system consists of a drying chamber, material feed train, product 

discharge train, exhaust gas cleaning system, cyclone and bag filter [17]. Depending on 

production needs, the airflow can be exhausted, partially recycled or recycled. When 

exhausted airflow is polluting or the solvent is toxic, a recycled system is required. A 

recycled system could also be designed for the sake of energy efficiency.  

In current industries, there are different types of dryers to accommodate various products. 

Table 2-2 summarizes some common criteria used for classifying dryers [19]. 

Table 2-2 Criteria often used for classifying dryers 
Classification of Dryers 

Criterion Types 
Mode of operation Batch, continuous 

Heat input type Convective, conduction, radiation, microwave, 
sound waves 

State of material in dryer Stationary, moving, agitated or dispersed 
Operating pressure Vacuum, atmospheric 

Drying medium (convection) Air, superheated steam, flue gases 
Drying temperature Below freezing point, below or above boiling point 

Airflow  Counter-current, concurrent, mixed flow  
Number of stages Single/multi-stage 
Residence time Short (<1 min), medium (1-60 min), long (> 60min) 

Drying is a thermal process that relies on heating. In the last few decades, particular 

attention has been directed on novel energy inputs to optimize drying performance.  
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In practice, the most common and simple heat transfer mode is convection; nevertheless, 

convective drying alone may not be an economical option as considerable energy is often 

wasted in exhaust airflow.  

In comparison, conduction heating is more satisfactory in terms of energy efficiency. Heat 

is supplied to the wet material by conduction from hot surfaces such as bands, plates, 

cylinders or simply dryer walls, and all the heat for moisture evaporation passes through 

the material layer [17]. But the drying efficiency is often limited by the poor exchange 

between the air phase and the materials being dried.   

In addition, other energy inputs including IR, microwave, electro-hydrodynamic (EHD) 

drying, and sound waves can be used to enhance drying efficiency.   

Far IR is the most efficient form of electromagnetic radiation for heat transfer and is 

directly absorbed by the material without heating the surrounding air [20]. It can penetrate 

the surface area of the materials and causes the molecules to vibrate, thereby creating a 

thermal effect [17].  

Microwave’s thermal effect comes from inducing the dipoles of dielectric or polar liquids 

to change their orientations and the molecular friction generates heat. This mechanism 

breaks the heat diffusion limitation inside the materials being dried and significantly 

increases the drying rate [17]. Microwave heating has been widely investigated for 

assisting food drying, and very promising results were reported that microwave can 

significantly increase drying rates [21], [22], [23]. However, the problem with the 

technique lies in the inherent non-uniform distribution of the microwave field; it can lead 

to an uneven temperature distribution within the drying material [24], [25]. Therefore, 

microwave heating is associated with high risk in product quality when drying heat-

sensitive materials. Examples of industrial microwave dryers include the Linn High Therm 

GmbH [26] and the Thermex Thermatron [27]. 

Electro-hydrodynamic drying was first reported by Asakawa (1976) [28]. The technique 

uses an electric wind (corona wind) to enhance the mass transfer between the material and 

ambient air. Some studies have demonstrated that the drying rate could be enhanced in an 

electronic field [24], [25]. 
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Sound is a special form of energy transmitted through pressure fluctuations in air (or other 

elastic media) that can enhance the transport phenomena. Comparing to the other 

techniques, it is particularly favoured for being a non-thermal energy that is friendly to 

heat-sensitive materials. Although known for many decades, sound and UAD have recently 

found renewed interest mostly because of the significant progress in ultrasonic equipment 

development [31]. As pharmaceutical products are often heat sensitive, ultrasound was 

identified as having a high potential for assisting techniques for the target process. More 

details will be discussed in Chapter 3.  

In the last few decades, hybrid drying techniques have received increasing attention for the 

combination of benefits of the individual processes. The novel heat inputs differ from each 

other in energy supply and area of impact. With an increasing number of available 

technologies, many different combinations are possible. Many successful hybrid drying 

techniques are discussed in the literature, and they demonstrate the interest in using other 

sources of energy to assist traditional convective drying. As an example, the drying of 

granulated kaolin was investigated and the results showed that the addition of either IR or 

MV in traditional convective drying significantly accelerated the drying rate, and the 

greatest reduction in drying time was achieved by applying both IR and MV [32].  

However, knowledge remains very limited on the drying mechanisms and the stresses 

involved in these novel drying techniques. The unknown effects bring risks to product 

quality, especially for pharmaceuticals which are usually sensitive to many factors such as 

shear stress and heat. Also, the sensitivity of each pharmaceutical compound is unique, so 

the selected drying technique for one product may not be universally applicable [25]. 

Currently, most of the reported research is found in the food industry. However, it is worth 

mentioning that the drying technologies currently employed in the pharmaceutical industry, 

such as lyophilization and spray drying, also first began in the food industry and were 

adopted only after many years of development and demonstrated success. The adoption of 

hybrid drying technologies in the pharmaceutical industry can be similar in future [25]. 
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2.1.3 Principle of dryer design and drying technology selection  

The dryer design and the 

selection of dryer are based on 

the process calculation and 

equipment design, supported 

by a cost analysis. The 

process calculation requires 

laboratory and field trials for 

its data input; it is also 

influenced by an economic analysis. Meanwhile, equipment design and process 

calculations are in interaction mode for generating optimum parameters. A block diagram 

is proposed in Figure 2-2 illustrating the critical path in most cases of dryer design [17]. 

• Process calculations  

The purpose of the process calculation is to determine 

the optimum parameters in operation. The main 

parameters inside dryers involve the temperature, 

humidity and throughput of the airflow and material. 

The calculation is mainly based on overall/differential 

heat and mass balance, residence time and distribution, 

drying kinetics and flow pattern inside the dryer [17].   

As computer science provides process development with the possibility of software 

simulation, which is significantly more efficient and economical than experimental 

investigations. Modelling and simulation of the different drying technologies via advanced 

methods, such as discrete element methods (DEM) and the coupling between 

computational fluid dynamics (CFD) and DEM, will be an important science-based step 

for process evaluation, optimization and control of CM plants [1], [9]. 

 

 

Design 
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Figure 2-2 Block diagram of dryer design, adapted from Tadeusz 
Kudra and Czeslaw Strumillo, 1999 [15]  

Figure 2-3 Heat and mass transfer in 
drying 
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contacting surface between airflows and particles. In addition, the local mixing effects can 

also ensure drying homogeneity [35]. The dryers are extensively used in the chemical, 

advanced materials, pharmaceutical and food industries, and can be further divided into: 

a) FBDs, in which particles are in suspension supported by a gas stream.  

b) Dryers with a flowing stream, in which particles are carried with the gas stream, such 

as a spin flash dryer or pneumatic conveyor.   

It is worth mentioning that not all modified FBDs are necessarily better than conventional 

dryers in terms of product quality, energy efficiency, or drug performance. Dryers with 

active hydrodynamic regimes are typically more complex to design, build and operate. 

Issues such as back-mixing, important attrition, and loss of fine particles are common. 

Besides, scale-up work is often complex [36]. Therefore, to design a continuous FBD can 

require extensive work on process design and optimization.  

A more detailed description of fluidization processes and different types of industrial FBDs 

are presented in the next section. 

2.2 Fluidization and industrial application in drying processes 

2.2.1 Fluidization fundamentals 

In an FBD, hot air is passed through a perforated bottom at high pressure into the drying 

chamber containing the wet solids. When the entraining force of the airflow is greater than 

the apparent weight of the particles, the solids’ bed is suspended by the rising airflow in a 

fluidized state [35]. Equation 2-1 is a mathematical description of this process.  
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�𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑔𝑔�𝑔𝑔                         

Eq ( 2-1) 

in which 𝐶𝐶𝐷𝐷 is the entraining coefficient, which depends on the Reynold number (Re) of 

the airflow and the sphericity of the particles 𝛷𝛷𝑠𝑠. The equation illustrates that fluidization 

depends on the airflow pattern and the particle properties. When the airflow velocity 

reaches the terminal velocity of the particles, the solids are transported out of the dryer by 

the stream.  
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particles, fines, agglomerates (i.e. low flexibility in terms of products). 

2) Important back-mixing. 

3) Loss of particles by air entrainment.  

4) Risk of particle retention.  

5) Important attrition, which generates fines. 

6) Formation of agglomerations. 

7) Erosion of the pipe and vessels. 

Some of these problems can be mitigated by optimizing the process design in three aspects 

[35]:  

1) Product parameters including particle size, shape, MC, feed rate, and batch size.  

2) Equipment parameters including the distribution plate position and configuration 

of the instrument.  

3) Process operating parameters including pressure, temperature, humidity, and 

velocity of airflows. 

2.2.2 Recent advances in FBDs 

Over the years, diverse types of modified FBDs have been developed for different purposes. 

The common industrial interests include enhancement of drying rate, drying quality, and 

energy efficiency. This section will discuss several FBDs identified as having potential for 

drying pharmaceutical granules.   

• Spin flash dryer 

The work principle of a spin flash dryer is depicted in Figure 2-7. Once the wet material is 

fed into the drying chamber, the agitator in the bottom then disintegrates and disperses the 

solids. The high velocity airflow entrains the particles to the top; meanwhile, particles are 

instantaneously dried and finally leave the chamber with the flow stream.  
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Recent advances with this dryer include the novel spin 

flash dryer developed by the Hosakawa company [38], 

of which a turbo air classifier is set on the top, and the 

agitator in the bottom is replaced by a grind. This 

design allows rebounding of the agglomerates back to 

the bottom and milling them into the appropriate size. 

Therefore, it avoids downstream milling and sieving 

(discussed in Section 1.1.1). 

Johannes Gursch et al. [9] have evaluated this process 

for the purpose of developing continuous drying for 

pharmaceutical powders. In their study, lactose and ibuprofen powders were respectively 

dried by a spin flash dryer, spray fluidized bed, paddle dryer, and extruder dryer. The spin 

flash dryer was reported to be the easiest continuous dryer to implement with advantages 

including high drying rate, low residual final MC, and being stable and flexible for different 

products, even highly viscous feeds. However, the broad RTD caused by back-mixing is 

one of the major drawbacks, even though it is still less than in a well-mixed continuous 

FBD. Another problem is the important attrition during the process, which generates a lot 

of fines with diameters less than 10 microns. The wet cake formed on the process 

chamber’s walls during start-up was also reported as an issue that requires further 

development optimization.  

• Multi-chamber or multi-stage FBDs 

The wide RTD caused by back-mixing is a common issue in continuous FBDs. It leads to 

under-drying or overheating risks. Moreover, this problem is aggravated in the dryers of 

small throughputs [39], which are often used in pharmaceutical production. 

Figure 2-7 Flash dryer, 
Hosakawa, adapted from 
https://www.hmicronpowder.co
m/  
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To reduce back-mixing, an effective 

technique is to set segmentations in the 

drying chamber. Some designs such as 

adding internals into dryers or dividing the 

chamber into multi-stages are proposed to 

enhance first-in-first-out solids’ pattern [40]. 

The multi-chamber operation is also 

advantageous in terms of energy efficiency 

and drying rate, especially for materials with 

both surface and internal moistures. Usually, high air velocity and high air temperature are 

applied in the chambers near the solid inlet; this allows rapid removal of the surface MC. 

In the later chambers the drying conditions are milder, allowing a longer residence time 

without overheating the particles.  

The separation of the chamber can be horizontal or vertical, but blockages happen 

frequently in a multi-stage structure if not appropriately designed and horizontal structures 

are more advantageous in this aspect. Other common limitations of traditional FBDs are 

not addressed by multi-chamber modifications, including scale-up complexity and 

important attrition. More notably, the feeding must be granules of good flowability, 

otherwise there is a high risk of particle retention for group C and D particles, which is not 

acceptable in pharmaceutical production.   

• Vibrated FBD 

In a vibrated FBD, vibration is combined with 

upward flow of air in an aerated bed so that all 

particles can pseudo-fluidize smoothly 

regardless of their size and density [35].  

Figure 2-8 Scheme of the fluidized bed 
horizontal multi-chamber dryer: (1) drying 
chambers; (2) threshold; (3) bed; (4) 
baffles; (5) grid; and (6) air collectors [24] 

Figure 2-9 Vibrated FBD, figure adapted from 
Ed Randel et al., 2013 [43] 
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Ed Randel et al. (2013) [41] compared a static FBD with internal heating panels with a 

vibrated FBD. The vibrated FBD was found to be particularly advantageous for handling 

products with large PSDs and irregular shapes. As the solids’ 

flow is assisted by mechanical forces, this type of FBD is more 

flexible for different production needs. In comparison, in a static 

FBD fine particles of a diameter less than 50 microns can hardly 

be fluidized or easily entrained by the air stream. Secondly, the 

vibration allows us to significantly reduce the required minimum 

fluidization velocity. As high air velocity results in important 

fine entrainment and violent collisions between particles 

(attrition) in traditional FBDs, it can be mitigated in a vibrated FBD. The addition of 

vibration has the additional benefit of reducing agglomerates [42], [43].  

One of the major drawbacks of a vibrated FBD is the big footprint due to the shallow 

material bed. Regarding this problem, the Kason company developed a vibratory screener, 

as shown in Figure 2-10 [44], which can serve as a vibrated FBD. The feeding is introduced 

from the top, then sieved and meanwhile dried falling through the vibrating meshes. The 

multiple-stage structure greatly reduces the footprint, and the final products are sieved at 

the same time. However, the equipment employs a counter-current airflow operation mode 

as the inlet airflow first comes across particles of low MC reaching the bottom, and this 

feature largely limits the drying air temperature when drying heat-sensitive materials.   

Another common issue in vibrated FBDs is that the many moving parts result in significant 

noise during production. Moreover, the abrasions caused by the vibrations lead to high 

maintenance costs for such equipment. The Russell company developed a novel sieving 

process assisted by sonic energy [45], which replaces a number of mobile parts. Though 

the system currently still depends on mechanical vibrations, the application revealed the 

potential of sonic energy and the possibility of replacing mobile parts by sound in future.  

 

 

Figure 2-10 Vibratory screener, 
adapted from www.kason.com [43] 
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Limited by length, other modifications and alternative techniques with fluid beds are not 

discussed here. A satisfactory drying result could be reached through different approaches 

but with the corresponding drawbacks and risks.  

As discussed above, five dryers were identified for meeting one or several criteria in this 

project (see Section 5.1.1): plate dryer, spin flash dryer, multi-chamber FBD, vibrated FBD 

and horizontal FBD assisted by a screw conveyor. Each technique has respective 

development potentials and risks, so it is difficult to judge which is the best solution 

without looking at the specific selection criteria and the characteristics of the target 

granules. It is also worth mentioning that it is still possible to overcome some of the 

limitations mentioned above by working on process optimization and with the aid of 

advanced drying technologies. For example, by combining the plate dryer with an assisting 

energy source such as ultrasound, the unsatisfactory drying efficiency may be improved. 

Further analysis and experimental investigations are required to select the ideal continuous 

drying equipment that can meet the pharmaceutical industry’s demands to a maximum 

extent. 
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prometteuse qui améliore le taux de séchage et efficacité énergétique tout en préservant la 

qualité des matières pendant le séchage. Cependant, selon la littérature, les connaissances 

et la capacité limitées des équipements à ultrasons empêchent encore cette technologie 

d'être utilisée dans des applications industrielles. 

La première partie décrit brièvement les principes fondamentaux de l’ultrason. Un défi 

majeur de développer le séchage assisté par ultrasons est son caractère pluridisciplinaire ; 

l’objective est d'étendre les connaissances sur science acoustique afin de comprendre le 

rôle des ultrasons dans l'amélioration du séchage. 

La seconde partie regroupe les dernières études sur le séchage assisté par ultrasons ; ces 

dernières sont focalisées sur quatre sujets de recherches : 

1) Équipement de séchage assisté par ultrasons  

2) Influence des ultrasons sur les performances de séchage 

3) Analyses paramétriques 

4) Impacts des ultrasons sur la qualité des matériaux séchés 

Des progrès ont été réalisés au cours des deux dernières décennies, mais à ce jour, les 

chercheurs ne sont pas pleinement susceptibles d'expliquer certaines observations 

contradictoires telles que celles présentées ici. 

Cette revue synthétise les résultats publiés et les analyse par rapport aux spécificités 

conditions de séchage; puis quelques explications sont proposées. 

Note:  

Some sections are removed from the originally published article, which include abstract, 

nomenclature, acknowledgement, reference, but the relative content is incorporated 

elsewhere according to the layout of this document.   
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3.1 Introduction  

Drying is an old and ubiquitous industrial unit operation. Removal of water and, more 

generally, liquid from wet solids is required for various reasons, which include handling 

and storage facilitation, transport costs minimization or, simply, the fact that the next 

processing steps and/or final products forms require dry solids. Despite its technological 

age, drying is a process which is still not fully understood. Its major drawbacks are: i) 

lengthy processing time; ii) intensive energy consumption; iii) negative impact on the 

quality and shelf life of the product. 

In practice, industrial drying processes mostly depend on convective and/or conductive 

heating. The last few decades’ attention has been paid to some hybrid drying technologies. 

The latter involves combining convective drying with one or few different energy 

supplying sources, such as microwaves [22], [23], [47], IR radiation [48]–[50], ohmic 

heating [51], [52], EHD drying field [53]–[55] and  high-power sound waves [56]–[58] all 

of which can overcome the limitations found in traditional drying processes.  

Drying is product-specific. When drying heat-sensitive materials, such as food and 

pharmaceutical formulations, the use of ultrasound, a non-thermal energy, is particularly 

suitable.  Other energy supplying sources, such as microwaves and IR radiation, are often 

less than ideal because of the inhomogeneous heating effect; in comparison, the 

enhancement by sound waves does not necessarily induce a temperature rise, which is ideal 

for preserving the quality of thermally weak materials.  

The study of the sound-assisted drying can be dated back to 1950s when Morse [59]–[61] 

first reported the accelerating effect of acoustic waves on drying; however, the poor 

capacity of the ultrasonic equipment available at the time led to the discontinuation of this 

type of study for very many years. The emergence of novel modern ultrasonic transducers 

at the beginning of the new century (early 2000s) [62], [63] renewed the interest in this 

field. Thus, in the last 15 years we have seen a relatively intensive investigation of the use 

of ultrasound to enhance drying. Ultrasound has widely shown effectiveness on enhancing 

the drying process of various types of materials and in various types of drying processes 

including freeze-drying, hot air drying (HAD), vacuum drying (VD) or fluidized bed 
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drying. In numerous studies, the presence of ultrasound not only significantly reduces 

drying time, but it may also enhance the energy efficiency and help to preserve the quality 

of the dried product, which has generated high hopes that this technology could have 

industrial potential. 

Even though promising results have been reported, UAD has not yet found any industrial 

application.  

One obstacle in developing this technology lies in its multidisciplinary nature. This 

research subject is at the interface of mechanical and chemical engineering; it requires 

expertise in various domains to: 

• Better understand the characteristics of sound wave propagation. 

• Better understand the complex transport phenomena involved in the process 

• Building specific ultrasonic equipment and designing the drying system 

The effects of ultrasounds are complex. Many discussions of UAD are limited to 

symptomatic phenomena, and some observations are even contradictory between different 

studies; with little to no explanation available for these contradictions. Efforts on behalf of 

the scientific community should be expected to synthesize the findings and analyze the 

heart of the mechanisms that contribute to the drying enhancement by ultrasound. 

Even though the use of ultrasounds in drying is still in the early research stage, there are 

already many available industrial ultrasonic applications for enhancement of heat and mass 

transfer, such as sono-synthesis and ultrasound-assisted heat exchange; more details can 

be found in the cited review papers [64], [65]. Apparently, the knowledge generated from 

these applications can help in understanding how the drying process is enhanced by 

ultrasonic waves, but, unfortunately, so far, very little effort has been put into linking these 

applications together.  

The first part of this review outlines the basic concepts of sound and some important 

ultrasonic phenomena. The major mechanisms involved in the transport phenomena 

enhancement by ultrasound are stretched out in brevity, which is useful as general 

background knowledge for studying UAD. Authors aim at building a conjunction between 
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the fundamental aspect of ultrasound and its drying applications; for readers who seek 

further knowledge on sound, reviews and monographs are available [64], [66], [67].   

Examples of UAD applications are set out in the second part. The discussion focuses on 

the impacts of ultrasound on the drying performance regarding drying rates, energy 

efficiency, quality as well as the parameters’ influence; also, both the equipment used for 

the studies and the modeling endeavors are described. Meanwhile, authors have identified 

the research areas of UAD which have not yet been sufficiently developed but would be 

interesting to investigate, to help further explore the potentials of this technology. 

3.2 Fundamentals of UAD  

3.2.1 Basic concepts  

Sound is a special form of momentum energy. The nature of sound is propagation of 

pressure oscillations, and the energy is transmitted through pressure fluctuations in the 

medium. The characteristics of sound waves, such as frequency, intensity, amplitude, 

wavelength and propagation speed are important; however, a detailed description of them 

is often missing in papers. Such omissions make it difficult to compare the results coming 

from different studies with respect to the specific properties of the applied waves [68].  

• Sound Frequency  

Depending on the vibration frequencies (f), sound waves are classified as infrasound (f < 

20 Hz), audible sound (20 Hz < f <20 kHz) and ultrasound. Ultrasound refers to the sound 

waves of which the frequencies are higher than the limit of the human hearing range, which 

is recognized as 20 kHz [64].  

Depending on the application purpose, ultrasound is recognized as: 

(1) Diagnostic ultrasound, used for medical diagnosis or non-destructive material control; 

(2) High-power ultrasound, generally used for enhancing heat and mass transfer in industry.  
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Diagnostic ultrasound is composed of high-frequency ultrasound waves, whose 

frequencies are often superior to 1 MHz; given their diagnostic purpose, the intensity is 

generally lower than 10 kW m-2 to avoid affecting the propagation medium [64].  

High-power ultrasound, whose frequencies are commonly found in the range of 20-100 

kHz, represents a novel clean and efficient tool to improve a wide range of processes, 

including for  chemical reactions [69], welding [70], [71], extraction [72], sieving [73], de-

foaming [74] and cleaning metal parts. Monographs [75] [76] are available describing 

different types of high-power ultrasound applications. 

In current industrial high-power ultrasound applications, the most used ultrasonic 

frequencies are in the range of 20 kHz to 40 kHz. Before the 2000s, there were also some 

attempts at using audible sounds to assist drying since they are much more transmissible 

in air than ultrasound, and they can also effectively enhance the drying rate [58], [77]. 

However, the important noise pollution that is generated is not acceptable for safety and 

security reasons; thus far, it has been difficult to adopt them in the industrial production.   

• Sound intensity and Sound Pressure Level (SPL) 

The sonic energy level can be presented in two forms: as sound intensity or as SPL. 

Sound intensity [W m-2] is defined as the product of the sound wave pressure 𝑃𝑃𝑠𝑠 [Pa] and 

particle velocity v [m s-1]: 

Sound intensity =  𝑃𝑃𝑠𝑠 × 𝑣𝑣 

Eq ( 3-1) 
which refers to the rate of energy flow per unit surface in the direction of sound propagation. 

Usually, 10 W m-2 is considered as the threshold of high-power intensity [64], [68]. 

SPL refers to the amplitude of the pressure fluctuations on the decibel (dB) scale with 20 

μPa as the reference level, which corresponds to the human hearing threshold. It is defined 

as [66]: 

SPL = 20 ∙ log10 �
𝑃𝑃𝑠𝑠
𝑃𝑃0
� 

Eq ( 3-2) 
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Here P0 denotes the reference sound pressure, i.e. 20 μPa. A high SPL value implies 

powerful pressure variations; as a reference, 120 dB SPL corresponds to the loudness of a 

jet taking off.  

Measurement of SPL of one point is straightforward, i.e. through a microphone. In the 

reported studies of UAD, the SPL of the applied sound waves are often in the range 

between 140 dB and 168 dB.  

• Sound impedance 

The biggest challenge in developing airborne ultrasound drying systems lies in the problem 

of impedance mismatch.  

Much like its analogue, electrical impedance, acoustic impedance is a measure of the ease 

with which a sound wave propagates through a particular medium. For instance, the 

specific acoustic impedance of water is 3,400 times higher than that of air; it means that at 

the same pressure amplitude, in water the acoustic waves have intensity 3,400 times higher 

than that in air.  

The characteristic impedance of a medium (z0) is the product of the volumetric mass 

density of the medium (𝜌𝜌0) and the speed of the sound waves traveling in the medium (𝑣𝑣) 

[66]: 

𝑧𝑧0 = 𝜌𝜌0𝑣𝑣 

Eq (3-3) 

For reference, the impedance of air at 0 ℃ is 429 Pa∙s m-1, and that of water and steel are 

respectively 1.5 x 106  Pa∙s m-1 and 47 x 106  Pa∙s m-1 [66].  

Obviously, the impedance of the gas medium is much lower than that of dense medium. 

When a sound wave strikes an interface with a significant impedance mismatch, the result 

is that most of the sound is reflected, and only a small portion can be transmitted to the 

second medium.  

In an airborne ultrasonic drying system, impedance mismatch happens for at least twice, 

including once at the interface between the transducer and air and another time between air 
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To make full use of this technology, one must have a good knowledge on these ultrasonic 

phenomena. And, so far, this knowledge seems missing from the available literature of 

UAD. Below, a description of the phenomena generated by ultrasound is presented.  

•  ‘Sponge effect’ 

It is widely believed that the ”sponge effect” is what is mainly responsible for the internal 

mass transfer enhancement by ultrasound [62], [64], [68], [80]. In order to understand this 

effect, one must consider that the materials exposed to ultrasound resemble a sponge 

squeezed and released alternatively as the result of a series of rapid compression and 

expansion movements caused by sound waves, which leads to an enhancement of the 

internal diffusion rate.  

It is reasonable to assume such a mechanism since ultrasound waves of high SPL generate 

powerful pressure variations; however, direct evidence showing that the alternative 

deformations really happen at an effective level during UAD is still lacking.  

Kowalski and Mierzwa [81] have visualized the structure of a section of apple tissue before 

and after UAD through microscopy. After drying, the dimension of the pores appeared to 

have expanded in the lower pressure zone, which was explained as the result of the "sponge 

effect". However, authors did not give the convective drying result. Since shrinkage 

commonly happens during drying, without comparing with convective drying result, it is 

difficult to say whether this expansion is associated with the nature of the apple tissue or 

due to the addition of ultrasound. Therefore, the conclusion is not sufficiently supported.  

In addition, Ozuna et al. [82] pointed out that the effectiveness of ultrasound is largely 

linked to the elasticity of materials being dried, and the acceleration is particularly evident 

on soft ones. Authors explained that it is easier to induce alternative deformations on softer 

materials, which is an indirect proof of the “sponge effect”. But soft materials, such as 

eggplant, are also generally of high porosity. When airborne ultrasound is applied on the 

materials, the pores allow the waves to easily reach the inner structure of the materials; 

hence, another explanation could be that airborne ultrasound waves propagate more easily 

in porous materials, and the higher effectiveness on the soft materials is not necessarily the 

result of the “sponge effect”.  
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• Acoustic Streaming and Micro-Streaming  

Acoustic streaming is a well-known ultrasonic phenomenon, and it plays an important role 

in the ultrasonic applications of heat transfer enhancements [64], [65]. In the studies of 

UAD, it was mentioned under different terms, such as micro-agitation, turbulence and 

micro-stirring, as one of the mechanisms which contributed to the drying process, but the 

description of its characteristics is often poor.   

Acoustic streaming can occur both in gas or liquid; all fluids. It is often recognized as two 

different categories depending on the scale: large-scale acoustic streaming and micro-

streaming.  

When sound is propagated in bulk fluids, its energy dissipation results in momentum 

gradients, thereby provoking large-scale streaming in this medium[64], [83]. A large-scale 

acoustic stream extending a few centimeters from an ultrasonic transducer was identified 

by Nowicki et al. [84], Figure 3-1-c illustrated the sketch of this streak photograph. 

Micro-streaming is often the result of the friction between a medium and a solid wall when 

the former is vibrating in contact with the latter, or vice versa [65][85]. When an acoustic 

stream encounters a solid surface, the friction between the medium and the solid surface 

induces rotating micro-streaming vortices, which consist of two parts, illustrated in figure 

1-d [86]: the inner and outer streams. The inner stream takes the form of an oscillatory 

boundary layer, called Stoke’s boundary layer; concurrently, the outermost edge of this 

boundary layer created by the inner stream provokes steady streaming at larger scale, thus 

generating the outer stream [64], [65]. Micro-streaming can effectively reduce the stagnant 

boundary layer, and therefore improve the heat and mass transfer occurring at the interface 

of fluid and solid [65].   

However, to provoke changes in the velocity profile of the fluid inside a porous structure, 

a minimum frequency is required. Early in 1956, Biot [87] observed that ultrasound waves 

can produce plug-type flows in porous structures but only above a threshold frequency. 

The minimum frequency (𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 ) is a function of the pore size (𝑑𝑑) and the viscosity of the 

fluid (𝜇𝜇), as Eq (3-4):  
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𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚 =
𝜋𝜋𝜇𝜇

4𝑑𝑑2
 

Eq (3-4) 
It means that the smaller the pore size, the higher the frequency must be for ultrasound to 

be effective.  

The velocity of acoustic streaming was measured by Loh et al. [88]; depending on the 

sound characteristics and the distance to the transducer, it can be ranged from 0.01 up to 1 

m s-1. To generate high-velocity streaming, low frequency and high amplitude sound waves 

appeared to be more favorable, but to date their mathematical relations are still ambiguous.  

Acoustic streaming has a direct impact on both external and internal resistance, being one 

of the main mechanisms in drying enhancement by ultrasound.  

• Thermal effect 

Ultrasound is considered to be a non-thermal energy, but mechanical frictions generate 

heat; as a result of the mechanical oscillations during its propagation, ultrasound can give 

rise to a temperature increase. Even though this heating effect is usually weak, one should 

not ignore the partial responsibility of the thermal effect by ultrasound for the accelerated 

drying rate.  

From the reported observations, the temperature rise caused by ultrasound is generally in 

the range of 1 ºC to 15 ºC, depending on the specific drying conditions, and the effect seems 

to be more evident at low drying temperatures [68], [81], [89]. One freeze-drying study 

even reported a temperature rise in red bell peppers by up to 50 ℃  after a few hours of 

direct-contact ultrasound treatment [89]. 

Surprisingly, a considerable number of UAD studies have not included any material 

temperature measurement in their setups [90]–[95]. They assumed that ultrasound is a 

thermal-free technique simply by analyzing several quality attributes between the products 

dried with and without ultrasound, for example the color and the shape between the salted 

coq [92] or peas [95]. Even though no significant difference has been found in final drying 

quality when ultrasound was applied, the thermal effect is not excluded from being one of 

the major mechanisms involved in drying. Kowalski et al. [96] even reported an improved 
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color change in a UAD compared to convective drying despite a 6 ℃  temperature rise 

during UAD. 

When the thermal effect must be strictly controlled, i.e. materials being dried are extremely 

sensitive to temperature rise, the efficient ways are to reduce the applied sound intensity or 

to replace continuous ultrasound by intermittent treatment [97]. 

On the other hand, in many cases the slight thermal effect below a detrimental level can be 

beneficial for improving the process efficiency. The thermal effect generated by ultrasound 

is different from the airflow temperature increase in its area of impact. During the constant 

drying rate period, the solids’ temperature is limited to the wet-bulb temperature regardless 

of ambient air temperature until the dried surface is exposed to air [17]; but ultrasound may 

overcome this limitation by achieving a higher solids’ temperature [98]. Drying being a 

thermal process, the solids’ temperature is one of the most sensitive parameters for the 

drying rate [99]; a minor change in solids’ temperature may bring substantial 

improvements. 

• Acoustic Cavitation 

Acoustic cavitation refers to the acoustic bubbles induced by ultrasound, which occurs only 

in liquid mediums. It is considered to be the most powerful ultrasonic phenomenon 

responsible for the heat transfer enhancement [64].  When a strong ultrasonic wave 

propagates, the rarefaction phase creates an instantaneous negative local pressure. When 

the liquid is stretched below its saturated vapor pressure, it will eventually return to 

equilibrium by nucleation of vapor bubbles. Eventually then these bubbles grow, oscillate 

and finally collapse [79]. The powerful collapse of cavitation bubbles releases a burst of 

energy, locally creating high temperature and pressure differentials; consequently, the 

boundary layer is disturbed, and the resistance is significantly reduced. At the same time, 

the collapse locally releases concentrated sonic energy creating large local gradients, which 

is very conducive to the formation of micro-streams [85].  

Even though some studies considered it as one of the primary mechanisms for drying 

acceleration [68], [100], cavitation may not occur at larger scales in drying applications 

due to the following characteristics of acoustic cavitation: 
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• The MC of wet materials is often present in the form of small droplets inside a 

solid's capillarity structures; acoustic cavitation bubbles do not easily form in these 

channels. The small volume of fluid in the micro-channel does not contain many 

pre-existing gas pockets.  

• The threshold of sound intensity for cavitation bubbles to appear is usually very 

high [101], [102]. For airborne UAD applications, this intensity is difficult to reach. 

Moreover, high-pressure amplitude ultrasound cannot easily be transmitted into the 

microfluidic channels because of the important dissipation effect which takes place 

when it encounters obstacles during propagation [103].  

For these reasons, it is unlikely that cavitation plays an important role in UAD applications, 

even though acoustic cavitation is the most powerful ultrasonic phenomenon for enhancing 

transport phenomena. 

On the other hand, cavitation is associated with high mechanical stress. The violent bubble 

collapse locally generates extremely high temperature up to a few thousands Kelvin degree, 

and a few thousands atmospheric pressure or more, consequently producing oxidants 

including OH radical, O atoms, H2O2 [43]. This concern reasserts the need for evaluating 

the presence of cavitation bubbles in drying applications, particularly for biomaterials, to 

ensure the final quality of the dried materials. So far, no evidence has been found showing 

the existence of cavitation in UAD applications. 

• Atomization 

Ultrasound can disperse liquids into mist with a narrow size distribution; it is known as 

acoustic atomization. For generating fine droplets,  high-frequency ultrasound is generally 

used [104].  The ultrasonic atomizer is widely used in humidifiers [105], spray dryers [106], 

intensifying the microencapsulation process [107].  

There are two proposed mechanisms of ultrasonic atomization [57], [104]: 

1) The capillary theory: ultrasound generates capillary waves at the liquid-vapor 

interface, and, at certain oscillation intensities, the interface becomes unstable, 

which then makes the liquid forms a fine mist.  
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2) The atomization is induced by the implosion of cavitation bubbles.  

This phenomenon rarely happens in drying applications. In order for atomization to happen, 

sufficiently high initial MC is required, but in most drying applications the materials do 

not contain such sufficient bulk liquid quantities.   

One original drying application [57], [108] is available, which involves using ultrasonic 

atomization to dry wet fabrics; in this application, the ultrasound ejected the moisture in 

the form of a mist, separating water from the cloth without thermal evaporation. It greatly 

enhanced both energy efficiency and drying rate. More details will be discussed in section 

3.4.1. 

3.3 UAD Applications 

This part discusses the state of the art in the research of UAD. In the last two decades, 

intensive investigation has been carried out, and the published studies can be categorized 

as follows: 

1) Design of novel types of ultrasound transducers and ultrasonic drying chambers 

2) Influences of ultrasound on the drying process performance and modeling 

approaches 

3) Parametric studies 

4) Impacts of ultrasound on the final quality of dried materials 

Few review articles on food drying assisted by ultrasound are available. Kai et al. [109] 

have listed airborne ultrasound applications and compared the effects of ultrasound on 

different food materials. M. Başlar et al. [110] have discussed using ultrasound to assist 

different types of drying process, including convective, osmotic, vacuum and freeze-drying. 

The review by G. Musielak et al. [68] broadly encapsulated the recent ultrasound-assisted 

food drying applications; also, the potential mechanisms and the impacts of ultrasound on 

the final quality have been discussed.  

A common issue in these papers is that the majority is overwhelmed by a plethora of 

experimental results from different studies, and do not proceed with sufficient in-depth 
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analyses before undertaking comparisons. Secondly, all these reviews are limited to food 

drying applications, even though drying of non-biological materials can also be benefited 

from the application of ultrasound, including coals, clothes, silicon, and wood drying.  

3.3.1 Ultrasound Transducers and Ultrasound Assisted-Drying Systems 

This section aims at presenting the working mechanism of ultrasonic equipment and the 

design principles of UAD systems. More details can be found in [68], [109], [111]. 

• Ways of applying ultrasound on dehydration: pre-treatment, direct or non-direct 

contact setups 

There are three ways of applying ultrasound in the drying process: pretreatment, airborne 

ultrasound transmission, and direct-contact transfer. 

Ultrasonic pretreatment refers to immersing the materials in an ultrasonic bathtub of 

hypertonic aqueous solution prior to drying. High power ultrasonic waves create 

microscopic channels in porous materials, so that the internal resistance is reduced and 

drying is effectively accelerated [112]–[115]. However, this technique has many 

limitations. First, this treatment is only suitable for some specific materials, mostly applied 

on wood, and not applicable to soluble or partly soluble materials. Secondly, in liquid phase, 

ultrasound waves tend to generate important cavitation; the collapse of cavitation bubbles 

may lead to unacceptable losses of active ingredients (i.e. nutrients or active 

pharmaceutical ingredients) during the treatment. Last but not least, this treatment becomes 

a supplementary step which increases the complexity and the costs to the industrial 

production. 

In a direct-contact setup, the material being dried is in contact with the vibrating transducer 

surface [62], [97], [108], [116], which efficiently enhances the sound energy transfer from 

the transducer to the materials. Fairbank [116] have compared: 

(a) The coal particles in direct contact with the vibrating surface; 

(b) During drying assisted by airborne ultrasound. 
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The effectiveness of ultrasound appeared to be ‘noticeably higher’ in the direct-contact 

setup; this observation has also been validated in other studies [62].  

However, airborne ultrasound remains the most ideal way of assisting the drying process 

in view of adapting it to convective dryers; ultrasound waves are generated by the vibrating 

transducer surface, then travel through air to the material being dried [59], [96], [109]. The 

challenge of applying airborne ultrasound is related to the poor efficiency of the current 

ultrasound equipment; as discussed in section 2.1.3, the important impedance mismatches 

between dense and gas mediums result in substantial energy loss. Investigations of novel 

airborne ultrasonic transducers of high efficiency for drying applications are underway [63], 

[117], [118].  

• Available Ultrasound Transducers in Industry 

The great majority of the transducers used today are based on the piezoelectric sandwich 

transducer originally designed by Langevin in 1920. The working mechanism relies on the 

fact that the size and shape of piezoelectric crystals change with the voltage applied on it; 

thus, alternative current voltage makes them oscillate at the same frequency.  

An ultrasonic system is often composed of three major parts working in sequence:  

1) A generator which supplies electronic currents with specific characteristics (e.g. f, 

wave shape); 

2) An amplifier which magnifies the electronic currents to the expected intensity;  

3) One or more ultrasound transducer(s), which convert the currents into sound waves. 

The performance of an ultrasonic system depends upon the design of the ultrasonic 

transducer; an appropriate configuration is critical for efficiently generating the targeted 

waves in a specific geometry.   

Sonotrodes are efficient and low-cost tools, such as ultrasonic cleaner (Fig. 4); they are 

widely used in industry for ultrasonic cleaning, machining, welding and mixing; they can 

generate high-power ultrasonic vibrations and apply this vibrational energy to a gas, liquid, 

solid or tissue.  
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During early stages of research, these transducers are acceptable for small-scale 

investigations; it allows rapidly validating some assumptions with simplicity. Many studies 

[93], [116], [119]–[121], have simply placed a vibrating sonotrode close to or in contact 

with materials being dried in order to evaluate the effects of ultrasound on the targeted 

materials.  

However, these sonotrodes are limited in scale and/or capacity; they are not suitable for 

further industrial development. Expertise and effort are required to design large-scale 

ultrasound transducers for industrial drying applications, and this matter has been 

increasingly investigated in recent years [63], [117], [118].  

In addition, certain airborne ultrasound sensors can be used. These sensors are specially 

designed to transmit ultrasound waves into ambient air in order to measure the distance 

between an object and the sensor. The principle involves adding a layer on the surface of 

the transducers, matching the high acoustic impedance of piezoelectric ceramics to low 

acoustic impedance of the gaseous medium [122]. However, given their diagnostic use, 

they are also tiny and limited in power level; in order to generate a large-scale field of high-

power ultrasound, a substantial amount of them must be assembled, which requires high 

costs in both material and human resources.   

• Novel types of ultrasound transducers for drying applications and UAD 

chamber design 

Various dryer designs have been proposed, but the common working principle involves 

extending the vibrating surface of the sonotrode, in order to create a larger vibrating surface 

inside the dryer; meanwhile, particular configurations are proposed to incorporate the 

impedances of air and the transducer in order to intensify the sound intensity and optimize 

the energy efficiency of generating airborne ultrasound. 

Various setups of UAD adopted in recent studies have been proposed, but the principle of 

these designs can be summarized as three types shown below: 

a) Vibration extended to the surface supporting the materials being dried (direct 

contact) 
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in flexural modes; the introduction of large plate surfaces has enabled an improved acoustic 

energy transfer between the vibrating system and the medium. Depending on the 

manufacturing complexity, the power capacity needed and the requirement of specific 

applications, there are various options of plate radiators. C. M. Charoux et al. [127] have 

compared several types of plate extensions including flat plate, stepped circular plate, 

stepped rectangular plate, grooved plate, grooved-stepped plate and cylindrical plate; the 

plates can also be differently shaped as circular, rectangular or cylindrical.  

The use of these radiators in a convective dryer is straightforward in view of adaptation, 

i.e. simply by placing the radiators inside the convective drying chambers at a desired 

position.   

Some other studies [117], [128]–[130], have 

also employed their self-constructed flexural-

vibrating ultrasound plate radiators to assist 

drying. Moreover, Khmelev et al. [117], 

[128], [129] have specially designed a drying 

chamber equipped with upper and lower 

reflectors that further enhance the intensity of 

sound waves inside the dryer, as shown in 

Figure 3-5.  

The company Pusonics S.L., Spain, a commercial 

manufacturer, provides this type of plate transducers; several published studies have 

implemented their ultrasonic radiator [25], [81], [90], [96], [98] and the reported 

improvements by ultrasound are generally evident.   

The design of transducers and the construction of an optimum UAD system require specific 

expertise, positioning this research subject at the interface of drying technology and 

mechanical design; which makes the development even more challenging.  

A comparison of different types of ultrasonic drying setups is presented in Table 3-1.  

 

Figure 3-5 UAD chamber equipped with 
reflectors (unit:mm) (Khmelev et al. 2007) 
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System Type Advantage Shortage Application  
Dryer 
Size 

[Mm]1 

Ultrasonic 
Equipment 

Features 
Drying Condition 

Material 
Type Improvement Drying 

Type2 Reference 
f 

[kHz] 
PMax 
[W] 

SPL 
[dB] 

Tair 
[℃] 

mSolid 
[g] 

Vibrated 
supporting 

surface 

- Enhanced 
energy 
transfer 
efficiency 
- Set-up easy 
to build 

- Limited 
applicability 
(only for 
direct-contact 
setups) 
- Potential 
issues such as 
local heating 
and attrition 

An ultrasonic sieve has been 
adapted for drying; the materials 
are placed on an ultrasonically 
vibrated screen during drying, 
they are in direct contact to the 
vibrations (Fig. 2). 

- 24 423 - 70, -
30 90 

Vegetables, 
fruits 

Negligible on 
potato cubes, 

10-20% drying 
time reduction 
on apple and 

red bell 
peppers. 

AFD 
HAD 

 [89], [97], [123] 

Vibrated 
chamber 

- Easily 
adaptive 
- Enhanced 
capacity and 
energy 
transfer 
efficiency 
- Augmented 
scale 

-  Technical 
limitations 
- Expertise of 
mechanical 
design 
required 
- High-level 
optimization 
required 

The wall of the drying chamber 
is driven by an ultrasonic 
transducer (Fig. 3) 

ID : 
100 

H : 310 
21.9 90 155 -16 to 

60 
20-
100 

Vegetables, 
fruits, meat 

25-70% Drying 
time reduction 

AFD, 
HAD 

[80], [91], [92], 
[124], [124], 
[131]–[135] 

Plate radiator  

A plate radiator is placed above 
the materials being dried and the 
generated ultrasonic waves are 
transmitted to the materials 
through air  

- 26 200 1704 0 to 
90 30-90 

Vegetables, 
fruits 

30 - 60% 
Drying time 

reduction 

HAD [81], [96], [98], 
[136]–[138] 

There are three ring-shaped trays 
and the radiator is placed in the 
middle of the rings; ultrasound is 
transmitted from the radiator to 
the top of the drying chamber, 

ID : 
850  

H : 600 
24 200 150 Ambie

nt, 40 60 -70 

Vegetables, 
bread 

5-20% Drying 
time reduction 

HAD [128], [129], 
[139] 

 

 

1 ID – Internal diameter; H - Height. 
2 AFD-atmospheric freeze-drying; HAD-Hot-air drying; VD-Vacuum drying 
3 The effective amplitudes at the screen mesh is 6 to 13 μm 
4 Theoretical calculation result 
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and finally is reflected to the 
trays (Fig. 5). 

  The ultrasound transducer is 
placed underneath a perforated 
tray; the perforation allows air 
and ultrasonic waves to enter the 
drying chamber from bottom. 

- 21 150 - 30 to 
70 NA 

Carrot 10-30 % drying 
time reduction 

HAD [140] 

Simple 
industrial 

transducer 

- Already 
available 
- Simple to 
use 
- Low-cost 

Only suitable 
for small-
scale 
investigation 

The ultrasound transducer is 
placed 10 mm underneath the air 
distributor plate in the bottom of 
a fluidized bed, and the 
perforation in the bottom plate  
allows air and ultrasonic waves 
to enter the drying chamber. 

ID : 
200  

H : 300 
20 905 - -6 to 

30 
500-
1000 

Vegetable, 
fish 

Accelerated 
effective 

diffusion of up 
to 14.8%. 

AFD, 
HAD 

 [95], [119], [141] 

The transducer is placed 40 mm 
above the product sample; the 
sonotrode transmits the sound 
pressure waves through air to the 
product sample. 

- 20 120 - 50, 60, 
70 10 

Model 
food6 

50 - 60% drying 
time reduction 

HAD [121] 

Materials being dried are placed 
in a conical flask with a vacuum 
connected, and the flask is 
immerged in an ultrasonic bath.  

- 40 210 - 55, 65, 
75 35 

Fish, beef, 
chicken 

10-20% drying 
time reduction 

VD [142], [143] 

Table 3-1 Summary of different ultrasonic drying systems adopted in recent studies 

 

 

5 The energy efficiency is estimated to be 20%. 
6 The model food is consisted by water, cellulose, starch, and fructose. 
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Also, the modeling approach adopted has been discussed. Concerning process design and 

optimization, modeling is a very useful tool for predicting the results of the drying process. 

Despite its importance, this subject has not yet been sufficiently treated so far.  

• Impact on Drying Kinetics 

The presence of ultrasound in convective drying can significantly accelerate the drying rate; 

its effectiveness has been validated on various types of biological materials including 

vegetables [95], [123], [145], fruits [96], [98], [135], meat [142] or fish [93], [119] or non-

biological materials such as drying of coal [77], [116], wood [139], silicon [146] and cloth 

[57], [144].  

The superior drying quality is the highlight of this drying assistance technique. Unlike other 

energy-based assistances such as microwaves and IR radiation that accelerate drying by 

means of thermal effect, ultrasound shortens the drying time by enhancing the heat and 

mass transfer efficiency, so that the original quality of the product can be well preserved.  

Kolwaski et al. [96] have compared the efficiency of ultrasound waves and microwaves in 

assisting the convective drying of raspberries. Microwaves are more efficient for reducing 

the drying time and particularly the energy consumption; however, their use resulted in an 

unacceptable color and shape change to the dried products. In comparison, the use of 

ultrasound also efficiently reduced the drying time by 64%, but it did not incur any 

noticeable damage to the final product; the color change of the product was even improved 

thanks to the shortened drying time.  

However, so far all the reported studies have been done only at a laboratory scale; the mass 

of the materials being dried in most studies is less than 100 g, which is far behind the needs 

of industrial production. As discussed in section 3.3.1, current transducers are generally 

designed for intensifying processes in liquid, and no large-scale ultrasonic equipment is 

available for convective drying applications. To date, UAD has not yet found its way into 

industrial applications largely for this reason.  

Drying generally takes place in two phases: a constant-rate drying period and a falling-rate 

drying period. The constant-rate period refers to the beginning of the drying process, when 
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external heat transfer dictates the evaporation rate and drying is only a function of the 

external environment; when the external conditions are stable, the drying rate stays 

constant until all superficial water content is removed. With decreasing MC, the free water 

is evaporated and, finally, the diffusion of internal water (or, more generally, liquid) 

induces a deceleration in the drying rate. This point is reached when we have what is called 

the critical MC, under which the drying rate decreases with the decreasing MC. During the 

falling-rate period, the internal mass transfer resistance governs drying [147]. 

Many observations, for example that the acceleration in drying speed is generally more 

significant during the falling-rate period when compared to simple convective drying, seem 

to suggest that the enhancement of drying by ultrasound is particularly pronounced during 

the internal diffusion phase, even though the use of ultrasound shows effectiveness on both 

periods. The falling rate drying period is often extremely lengthy for heat-sensitive 

materials; under these circumstances the effectiveness of ultrasound on the falling rate 

period becomes very important for obvious reasons.  

The observation that ultrasound extends the constant rate period  while shortening the time 

at which critical MC is reached has also been made [116], [121]. When this is the case, the 

rate of internal mass transfer is increased by ultrasound to the same order of magnitude 

with the surface water evaporation rate through heat transfer. Moreover, when Fairbank 

[116] applied ultrasound on coal drying, the MC at the bottom of the material bed, after 5 

min of drying,  was higher than that in the convective drying group, while on the surface 

of the material bed the MC was much lower as a result of the accelerated drying rate by 

ultrasound. This is also considered as evidence that ultrasound reduced the internal 

resistance, so the moisture migrated to the bottom of the material bed due to gravity. This 

would mean that instead of drying in a more or less uniform manner, the coals were 

releasing their wet content in a manner similar to a bath tub emptying.  

In addition to this, García-Pérez et al. [90] proposed a modeling approach showing that 

ultrasound had higher positive impact on the internal diffusion rate than on the external 

heat transfer.  
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Since ultrasound has been found 

to be particularly effective 

during the internal diffusion 

phase, Beck et al. [121] have 

proposed not to apply ultrasound 

until the second period of drying 

for maximum energy efficiency. 

Authors have compared a model 

of food being dried by: 

1) Convective drying  

2) UAD  

3) Delayed UAD, which means that the ultrasound was applied only after 100 minutes of 

convective drying.  

As shown in Figure 3-7, the drying times turned out to be respectively 1) 400 minutes 2) 

170 minutes 3) 230 minutes; the delayed ultrasound treatment still showed an evident 

acceleration effect while the energy consumption was reduced. However, the application 

of ultrasound only during the beginning of drying, i.e. constant rate period was not tested 

in this study.  

Meanwhile, Bantle et al. [119] have 

reported an opposite tendency. For 

drying clipfish, the improvement by 

ultrasound was more significant at the 

beginning of the drying process than at 

the end, as shown in Figure 3-8. The 

contradictive conclusions are the result 

of the different prevailing mechanisms 

in the different drying processes. In the 

study of clipfish drying, the constant-

rate period was absent in the whole drying 

Figure 3-7 Drying assisted by continuous ultrasound 
and delayed ultrasound (Beck et al. 2014) 

Figure 3-8 Drying rate for drying of clipfish with 
and without ultrasound (Bantle et al. 2013) 
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curve and the drying started directly from the falling-rate period. The decrease of 

ultrasound efficiency in the end can be explained by the limited penetrating capacity of 

airborne ultrasound waves; in the later stage of drying, it became more difficult for the 

ultrasound waves to reach the MC in the inner structure of the clip fish.   

Additionally, ultrasound also has a noticeable impact on external resistance. Rodríguez et 

al. [148] have applied airborne ultrasound to a fixed bed of thyme leaves; because of the 

dense structure of the thyme leaves, ultrasound waves can hardly penetrate the surface and 

have negligible influence on the internal diffusion. But still the presence of ultrasound 

effectively shortened drying time simply by enhancing the external heat transfer rate.  

• Modeling approach  

There are two modeling approaches for studying UAD, which are through empirical 

models or through phenomenological models.    

a. Empirical models 

The simplest and the fastest model approach is the use of empirical models of drying, which 

are summarized in Table 3-2. The data derived from convective and UAD have been fitted 

with typical models which are used for drying curves [89], [97], [146]. By comparing the 

coefficient of determination (R2) and some other statistical parameters, the best fitting 

model is chosen for the targeted drying process. 

Table 3-2 Typical empirical model of drying kinetics 
Model names Equation Reference 
Lewis (Newton) X = exp (−k ∙ t) [149], [150] 
Page  X = exp (−k ∙ tn) [151] 
Modified Page  X = exp (−(k ∙ t)n) [152] 
Henderson and Pabis X = a exp (−k ∙ t) [153] 
Logarithmic X = a exp(−k ∙ t) + c [154] 
Two-term X = a exp(−k0 ∙ t) + bexp (−k1 ∙ t) [155] 
Two-term exponential X = a exp(−k ∙ t) + (1 − a)exp (−k

∙ a ∙ t) 
[155] 

Midilli et al. X = exp(−k ∙ tn) + bt [156] 
Thompson X = a lnMR + b(ln MR)2 [157] 
Wang and Singh X = 1 + a ∙ t + b ∙ t2 [158] 
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b. Phenomenological models 

The second approach is to adopt a phenomenological model based on the simultaneous 

heat and mass transfer phenomena present during drying and calculate the coefficients 

using the experimental drying kinetics. 

Kowalski et al. [81], [159] have proposed a phenomenological model which allows to 

assess the effectiveness of ultrasound and distinguish the preponderance of the thermal 

effect. Authors considered that the drying rate is governed by external heat transfer; in 

which case the final form of the governing equations of the mass and heat transfer read as 

follows:  

𝑚𝑚𝑠𝑠
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝐴𝐴𝑚𝑚ℎ𝑚𝑚𝑙𝑙𝑙𝑙
𝜑𝜑|𝜕𝜕𝜕𝜕𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇)
𝜑𝜑𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑎𝑎)

 

Eq (3-5) 

𝑚𝑚𝑠𝑠
𝑑𝑑
𝑑𝑑𝑑𝑑

[(𝑐𝑐𝑠𝑠 + 𝑐𝑐𝑙𝑙𝑑𝑑)𝑇𝑇] = −𝐴𝐴𝑇𝑇ℎ𝑇𝑇(𝑇𝑇𝑎𝑎 − 𝑇𝑇) 𝑙𝑙𝑙𝑙
𝜑𝜑|𝜕𝜕𝜕𝜕𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇)
𝜑𝜑𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑎𝑎)  

Eq (3-6) 

where 𝑚𝑚𝑠𝑠 refers the dry basis mass, X is the MC, T is the material temperature, cs and cI 

denote the specific heat for solid and liquid respectively, l is the latent heat of evaporation, 

Am and AT are the surfaces of mass and heat exchange, hm and hT are the coefficients of 

convective mass and heat transfer which should be determined by experimental results, 

𝜑𝜑𝑎𝑎and 𝑇𝑇𝑎𝑎 are respectively the relative air humidity and temperature, pv is the vapor partial 

pressure, and pvs is the vapor partial pressure for the saturated state for a given temperature 

𝑇𝑇𝑎𝑎.  

Here, the enhanced drying rate by ultrasound has been attributed to a “vibration effect” and 

a “heating effect”, which are respectively represented by the increased mass transfer 

coefficient Δℎ𝑚𝑚 and the material temperature rise ∆𝑇𝑇 shown as equation 3-7: 

𝑅𝑅Ultrasound − 𝑅𝑅Convective = 𝐴𝐴𝑚𝑚(ℎ𝑚𝑚 + ∆𝒉𝒉𝒎𝒎)𝑙𝑙𝑙𝑙
𝜑𝜑|𝜕𝜕𝜕𝜕𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇 + ∆𝑻𝑻)

𝜑𝜑𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑎𝑎)
− 𝐴𝐴𝑚𝑚ℎ𝑚𝑚𝑙𝑙𝑙𝑙

𝜑𝜑|𝜕𝜕𝜕𝜕𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇)
𝜑𝜑𝑝𝑝𝑣𝑣𝑠𝑠(𝑇𝑇𝑎𝑎)

 

Eq (3-7) 



 

 

68 
 

in which R refers drying rate. 

After rearrangement and using the evaporation equation to calculate the vapor pressure as 

a function of temperature given in literature, one can rewrite the formula as follows: 

∆𝑅𝑅 = 𝐴𝐴𝑚𝑚ℎ𝑚𝑚
1
𝑅𝑅
�

1
𝑇𝑇
−

1
𝑇𝑇 + ∆𝑇𝑇

� + 𝐴𝐴𝑚𝑚ℎ𝑚𝑚𝑙𝑙𝑙𝑙
𝜑𝜑|𝜕𝜕𝜕𝜕
𝜑𝜑𝑎𝑎

+ 𝐴𝐴𝑚𝑚∆ℎ𝑚𝑚
1
𝑅𝑅
�

1
𝑇𝑇
−

1
𝑇𝑇 + ∆𝑇𝑇

� 

Eq (3-8) 

∆R =        ∆′Heat′        +         ∆ ′Vibration′       +     ∆  ′Synergistic effect′ 

The first term on the right-hand side of Eq. (3-8) represents the contribution of the “heating 

effect”, and the second term is the contribution of the “vibration effect”. This extra term is 

defined as the “synergistic effect” that contributes to the drying efficiency. The material 

temperature 𝑇𝑇 and the temperature increase ∆𝑇𝑇 were monitored by a thermocouple, and the 

coefficients of heat and mass transfer, i.e. ℎ𝑇𝑇  and  ℎ𝑚𝑚 , occurring in this model were 

estimated by the experimental drying kinetics.  

The results demonstrated that the thermal effect generally does not hold the major 

responsibility for the enhancement. In the study of drying apples [136], the presence of 

ultrasound increased the average drying rate by 62%,  in which the “heating effect” was 

found to be only 17% of the contribution. This observation is consistent with the follow-

up studies [96], [98].  

Meanwhile, the results also showed that when the mass of the material being dried is too 

small, the “heating effect” can also dominate over the ‘vibration effect’. In the same system 

[136], when the mass of apple cubes being dried was reduced from 58 g to 33 g, the 

contribution of “heating effect” reached 68% for a total improvement of the drying rate of 

30%; this is evidence that the geometry of the material being dried has a direct impact on 

the mechanisms of ultrasound enhancements.  

The model has successfully demonstrated the effectiveness of ultrasound and the role of 

the thermal effect. Even though ultrasound is a generally considered to be a non-thermal 

assisting technique, the thermal effect should still be taken into consideration as one of the 

drying rate enhancement mechanisms of ultrasound.  
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However, this model only considers the external transport phenomena. During the falling 

rate period, the internal diffusion resistance governs the drying rate, and the material 

temperature influences the diffusion coefficient in a complex manner. Thus, this model is 

not applicable to the second period of drying. 

Garcia et al. [90] have adopted different models for the drying kinetics of apples, carrots 

and eggplants at −14℃ , they include a well-known liquid diffusion model, assuming that 

drying is exclusively dominated by internal diffusion, and a convective-diffusion model, 

which considers both the internal and external resistance. The comparison of the fit 

goodness allows the understanding of the controlling mechanism(s) during the drying 

process. A better fit to the diffusion model reveals that internal diffusion dominates the 

drying rate; on the contrary, a good fit to the convective-diffusion model means that 

external resistance of heat and mass transfer dominates the phenomenon.  

For convective drying of carrots and apples, the diffusion model fitted well the 

experimental results; but when ultrasound was present, the best fitting turned out to be the 

convective-diffusion model. It showed that ultrasound significantly increased the effective 

diffusivity to the same order of magnitude of the external heat transfer, thus, in this study, 

the ultrasound improvement is largely attributed to the internal mass transfer mechanism. 

Several following studies have also reported similar conclusions[131], [135].  

• Impact on Energy Efficiency  

Drying assisting technique(s) decreases the total energy consumption by shortening the 

drying cycle; meanwhile, the assisting energy itself also consumes additional energy. By 

applying ultrasound to assist drying, the influence on the overall energy efficiency may 

depend on applications.  

A direct-contact setup greatly facilitates the energy transfer from the vibrating surface of 

the transducer and the material being dried [62]. As previously discussed in section 3.1.3, 

the clothes drying assisted by direct-contact high-frequency ultrasound [144] is a 

pioneering example of possible energy-saving applications.  
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But when the transducers have been appropriately designed and optimized, the use of 

airborne ultrasound in several studies also enhanced the energy efficiency as result of a 

shortened drying time, including the following: 

• Drying of fruits and vegetables assisted by an airborne plate ultrasound transducer 

by Kowalski et al. [81], [96], [136] and Kroehnke et al. [160]; 

• Drying of grape stalks [133] and orange peel [161] by J. V. García-Pérez et al.. 

Generally, the improvements by airborne ultrasound are minor, ranging from 8 to 20% 

depending on the drying materials and the drying condition. Meanwhile, Kowalski et al. 

[81], [96], [136] have pointed out that a higher loading may further achieve a higher energy 

efficiency.  

Meanwhile, certain applications also reported contrary observations. Bantle and Ekevik 

[93] have reported that the use of ultrasound increased the energy consumption ‘by multiple 

times’, even though it reduced the drying time by 40%. But authors also mentioned that 

the sonotrode used in this study has a low efficiency in energy transfer between the emitter 

and the drying air, which was estimated to be less than 20%.  

If we look at the papers that complained about an increased energy consumption by 

implementing ultrasound[93], [126], [142], they all share these two characteristics: 

• The ultrasonic sonotrodes used for assisting convective drying are directly adopted 

from other ultrasonic applications, for instance ultrasonic cleaning, and these 

transducers are designed for being used in liquids;  

• The materials being dried are not in direct contact with the ultrasonic transducer.  

Very likely the poor efficiency of the ultrasonic equipment used in these studies holds the 

major responsibility for the undesired result.   

Besides, the characteristics of the material being dried and the drying temperature can also 

impact the energy efficiency of UAD. Başlar et al. [142] have applied ultrasound on VD 

of a piece of beef or chicken. It was found that only at high temperatures, e.g. 75℃, 

ultrasound decreased the total energy consumption of the drying process, but at low 
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temperature, e.g. 55℃, on the contrary, the addition of ultrasound increased the total energy 

consumption of drying. In this study, the materials being dried, i.e. meat pieces, are of 

dense and fibrous structure, in which sonic energy can barely penetrate; moreover, the 

pieces of the meat used were of a relatively important size, i.e. 5 cm x 5 cm x 1 cm.  Given 

these features, the applied ultrasound waves were effective only on the external resistance. 

Therefore, at low temperature, when the drying rate was governed by the internal resistance, 

the presence of ultrasound did not show any evident effect. But at higher temperature, the 

internal diffusion resistance has been decreased to the same order of magnitude of the 

external resistance (i.e. the drying rate was governed by both internal and external 

resistances), the enhancement of the external heat transfer by ultrasound then shortened the 

drying time and reduced the energy consumption. A good transmission of ultrasonic waves 

on the governing resistance is critical to ensure the high energy efficiency of UAD. 

When compared to other assisting techniques, such as microwaves, airborne ultrasound 

appeared to be much less effective for reducing energy consumption, because of the poor 

efficiency of current equipment. In the drying of green peppers, the presence of 

microwaves reduced the energy consumption by 84%, compared to a 10% reduction by 

ultrasound [137]; the observation was similar in the drying of raspberries [96].  

In terms of energy efficiency, a more advantageous way of applying ultrasound is to replace 

continuous treatment by intermittent or delayed ones. Schössler et al. [89] pointed out that 

ultrasound has a ‘delayed’ effect, and an appropriate intermittent treatment can still have a 

satisfying accelerating effect while saving energy. The study involved drying bell peppers 

and apple cubes. The continuous ultrasound treatment was compared with reduced 

ultrasound utilization by 50% by running for 10 s with ultrasound and then 10 s without; 

the results showed that the effects of ultrasound were still positive with significantly 

decreased energy consumption. But when the intermittent ultrasound was reduced to 10%, 

applying 10s of ultrasound followed by 90s recovery phase, the presence of ultrasound no 

longer showed any significant effects on the drying kinetics. This work indicated that a 

proper process design and optimization are critical for minimizing the energy consumption 

while maintaining efficiency.  
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The delayed ultrasound treatment proposed by Beck et al. [121], i.e. to apply ultrasound 

only during falling rate period, is an alternative option for improving the energy efficiency 

of the process, it has been previously discussed in section 3.2.1. 

• Types of applicable drying process and not yet sufficiently developed area – 

fluidized bed drying assisted by ultrasound 

Ultrasound has widely shown its effectiveness on different types of drying processes 

including HAD, freeze-drying, and VDto reduce drying times. Meanwhile, most of these 

studies are limited to drying in a stationary state; very little discussion is available on the 

fluidized bed drying process.  

Fluidized bed drying is a common and efficient process for particles drying; in a FBD, 

particles are suspended in an updraft of gas, called fluidized agent; the latter creates high 

specific surface, high forced convection velocities and in the case of bubbling fluid bed a 

thorough mixing pattern. The result is fast drying rate regime. Often affected by some well-

known  uncertainties present during fluidization, this process is complex and can be 

sometimes problematic due to the following [162]: 

• The maximum air velocity is limited by the particle size; a high airflow velocity 

results in entrainment of fine particles leading to the loss of products, this is 

unacceptable especially when the products are of high-value.  

• Fine particles tend to agglomerate; the agglomerates then stay in the bottom and 

are difficult to fluidize at low airflow velocity. This not only extends the drying 

time, but also results in inhomogeneous drying result; 

• Channeling and slugging, which are common issues in fluidization.   

As sound waves easily break the cluster of particles into sub-clusters, particularly for group 

B and C fine particles [163], [164], the presence of ultrasound in a fluidized bed drying 

process can improve both fluidization quality and drying rate.  

Reported benefits of applying a sound field to fluidization include: 

• Enhancing heat transfer coefficient [56] 
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• Decreasing the minimum fluidization velocity [165]–[168] 

• Reducing pressure fluctuation, which leads to a better contact between the solid and 

the gas [166], [167] 

• Slowing bubble rising velocity [167], [169] 

• Decreasing channeling  [169] 

So far, these benefits are rarely associated with drying applications. There are relatively 

few studies of UAD involved fluidization [95], [125], [126]; nearly all of them study drying 

rates without considering the fluidization behavior.  

The study of drying coal particles in a sound FBD [170] is the only paper that discussed 

the sound effects on both the drying kinetics and the minimum fluidization velocity. The 

presence of sound waves effectively reduced the minimum fluidization velocity from 1.65 

m/s to 1.05 m/s with a decreased drying time. But the studied sound waves were in the 

range of audible frequency, and authors did not give any details on the fluidization regimes 

with and without sound use. 

Fluidized bed UAD remains an interesting research area to investigate.  

3.3.3 Parametric studies  

• Material Properties 

Drying is a product-specific application. Material properties, such as geometry, 

hydrophilicity, extensibility of the material being dried all have influence on the efficiency 

of applying ultrasound.  

Many studies recognized that porosity is one of the most critical material characteristics in 

the airborne UAD applications since airborne ultrasonic waves generally exhibited a higher 

effectiveness on materials of open-porous product structures. Garcia-Perez et al. [124] 

reported that during HAD, the improvement provided by the use of ultrasound in the drying 

of lemon peel was more significant than that in the drying of carrots, and authors have 

attributed this fact to the higher porosity of lemon peel compared to carrots. Several other 

studies [123], [160] also confirmed that ultrasound is less effective for assisting drying 
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materials of dense structure. We may consider that the high porosity allows for a better 

transmission of acoustic waves into the inner structure of the materials instead of being 

reflected when the materials are of dense structure. 

However, it may not explain the observations in ultrasound-assisted freeze-drying [90]. 

Carrot, apple and eggplant, which are respectively considered as being of low-, medium- 

and high-porosity, were used to compare the effects of ultrasound. Surprisingly, it turned 

out that the percentage of the shortened drying time by ultrasound were similar for all three 

materials. The experiments have shown that, at temperatures below the freezing point 

(where water is in solid state) the ultrasonic effect was not dependent on the product 

structure; this is the opposite of what was observed at temperatures above the products’ 

freezing points. The explanation given by authors was that the similar responses of the 

three different materials to ultrasound are due to the small shrinkage degrees in drying 

below the freezing point; despite the differences in their initial structures, all of the products 

were converted into high-porosity matrices after being dried. This explanation does not 

seem to be sufficiently logical and convincing. 

Meanwhile, after analyzing the texture properties of several fruits and vegetables including 

eggplant, orange and lemon peels, cassava, carrot and potato, Ozuna et al. [82] pointed out 

that the elasticity, or ‘hardness’ as it is called by authors, coincided with the porosity. That 

is to say the most porous products, such as eggplant, were the most elastic ones, while the 

dense materials, such as carrots, were also the least elastic.  It may explain the contradictive 

observations discussed before:  

• In the freeze-drying, the elasticity of the materials was similar since they were all 

frozen, so the effects of ultrasound did not show any dependence on the material 

structure;  

• During the HAD, the texture of different materials was apparently different, so the 

effects of ultrasound appeared to be more pronounced on “softer” materials, which 

is favorable for the “sponge effect” to happen.  

These observations raise the question: Among porosity or elasticity, which is more critical 

as a material property to the effects of ultrasound? Or, are both of them equally important? 
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The answer will help distinguish which might be the most important of the contributing 

mechanisms of UAD between the “sponge effect” and acoustic micro-streaming.  

It seems that materials of low elasticity may still benefit from the use of UAD. As 

previously discussed in section 3.2.1, Rodríguez et al. [99] have applied airborne 

ultrasound to a fixed bed of thyme leaves. Despite the fact that the leaves are of dense 

structure and are poorly elastic, the use of ultrasound still accelerated the drying by 

enhancing external heat transfer. But it should be mentioned that in this application, there 

is a lot of void between the leaves, which formed a porous material bed; it facilitated the 

propagation of sound waves inside the bed and provided a large exchanging surface. 

Without this favorable condition, i.e. large exchanging surface, applying ultrasound on 

dense materials may not give meaningful results, for example on potato cubes [123]. This 

also indicated that the geometry of the materials being dried is another important material 

property.  

These materials properties are closely concerned by each other. According to Khmelev et 

al. [171], the carrot cut in bars (35 x 5 x 3 mm) has evidently higher response to the 

application of ultrasound than it cut in disks (thickness 4 mm - 5 mm); the higher response 

of the carrot bars should be the result of its lower thickness. But this influence is somehow 

decided by the porosity as well:  for the bread cut in slices or bars, the UAD results were 

similar. The structure of carrot is very dense; it is more difficult for ultrasound waves to 

reach the MC inside. Comparatively, bread has a very porous structure, thus, the slight 

geometry change had negligible impact. This explanation remains an assumption; very 

little discussion is available on the impact of the product geometry, which is an interesting 

area to investigate.  

• Process variables 

a. Airflow: temperature, velocity and humidity 

Many studies believe that enhancement of the drying process by ultrasound is prone to low 

drying temperature and low air velocity. However, some contradictory observations are 

also reported: particularly, the influence of the drying temperature remains debatable.  
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Gamboa-Santos et al. [91] have compared airborne UAD of strawberries at 40, 50, 60 and 

70 ℃. Either with or without ultrasound, a rise in the drying temperature always increased 

the drying rate; but at low temperatures (40, 50 °C), the percentage of the reduced drying 

time by ultrasound was higher than that at high temperatures (60, 70 °C). A series of studies 

have also validated the tendency that by increasing temperature, the percentage of the 

shortened drying time by ultrasound decreases [98], [135], [148].  

Also, the thermal effect of ultrasound tends to decrease at higher drying temperatures; the 

application of ultrasound to apples drying at 40 °C caused a material temperature rise by 

5 °C compared to 2 °C for drying at 50 °C [98]. 

It was explained that given the large amount of thermal energy available in the medium, 

the ratio of energy provided by ultrasound over the total energy was decreased, which 

resulted in a reduced effectiveness of ultrasound [91].  

This tendency is particularly evident when comparing drying above or below the freezing 

temperature. Santacatalina et al. [94] have compared the drying of eggplant at -10, 0 and 

10 ℃: 

• At -10 ℃, the drying time reduction by ultrasound was substantial, i.e. from 11 h 

to 2 h; 

• At 10 ℃, the drying time reduction by ultrasound was from 2.5 h to 1.38 h.  

The results reported by Garcia et al. [90], [161] also validated this observation; in the same 

drying system assisted by an airborne ultrasound of 45 W: 

• At -14 ℃, the drying of apple, carrot and eggplant was accelerated by 65-70 % 

[90];  

• At 40 °C, only 28% of acceleration was observed when drying orange peels [161].  

There are two possible explanations for the particularly high impact below the freezing 

point. In the conditions present during freeze-drying (low pressure), shrinkage is greatly 

reduced compared to HAD; the constant high porosity of the product facilitated the 

propagation of ultrasound, thus further enhancing the ultrasonic effects. The second 
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explanation is that the application of ultrasound often generates a slight thermal effect, and 

freeze-drying is much more sensitive to temperature change compared to HAD. But in 

these studies there is no measurement of the material temperature, therefore further 

investigation will be required to validate these assumptions.  

Some contradictory observations have shown that the increase of drying temperature 

enhances the effects of ultrasound sometimes.  To accelerate the VD of chicken, Başlar et 

al. [142] have found the effectiveness of ultrasound was highest at 75°C compared to that 

at 55 °C and 65 °C, which is contrary to the previous discussed tendency. But in this study, 

the size of the materials being dried is relatively big, i.e. 5 cm x 5 cm x 1 cm (e.g. oven 

drying time more than 20h) and meats generally have a greater internal resistance compared 

to other food products. Additionally, the dense and fibrous structure of meats prevents 

ultrasound waves from penetrating inside; there is an important dissipation effect, which 

occurs when sound waves encounter obstacles during propagation, hence the impact of 

ultrasound is limited to a shallow layer on the surface. Consequently, at low temperatures, 

when the internal diffusion was the governing resistance, the application of ultrasound 

showed poor efficiency on drying. As internal resistance decreases with increasing 

temperature, at higher temperatures, when the internal resistance has been reduced to the 

similar order of magnitude to that of the external resistance, the enhancement by ultrasound 

appeared to be more significant.  

The results from the study by Khmelev et al. [171] correspond well to this assumption. For 

ginseng root and carrot, of which the structure is dense and the internal resistance is high, 

the presence of ultrasound in convective drying showed effectiveness only when air was 

heated up to 40℃, and there is almost no improvement at ambient air temperature. Instead, 

for drying bread, of which the internal resistance is much lower, by increasing air 

temperature, the effectiveness of ultrasound did not show any noticeable difference.  

Furthermore, Ozuna et al. [92] have also found abnormal tendencies when studying the 

UAD of cod at -10, 0, 10 and 20 ℃; the greatest time reduction was found at the lowest 

and the highest temperatures tested (−10 ℃ and 20 °C).  This should be related to the 

change of the governing resistance when increasing the temperature as well.  
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Therefore, for specific applications, experimental studies are often needed to determine the 

optimum drying condition. 

Regarding the influence of airflow rates, most studies so far have concluded that high 

airflow velocity usually decreases the effects of ultrasound. This is because strong airflow 

may result in a great loss of ultrasonic energy and disruption of the acoustic field. Cárcel 

et al. [134] have compared drying under airflow rate ranging from 0.5 m s-1 to 12 m s-1, 

and only when airflow rate was lower than 4 m/s was the enhancement provided by 

ultrasound evident. Similar observations are available in many other studies [80], [81], [98], 

[148], [172]; generally the threshold is reported to be between 2-4 m s-1. Meanwhile, drying 

is less sensitive to airflow velocity change than to temperature change; in a range of low 

airflow velocity, e.g. below 2 m s-1, small variations did not exert clear influence on the 

ultrasound effects [94].  

On the contrary, Beck et al. [121] reported that an increase of air velocity enhanced 

ultrasound efficiency. Authors have ascribed the discrepancy to the different configuration 

of the setup, in which the turbulent airflow was parallel to the acoustic field, which may 

not affect the field to the same extent as when the latter is perpendicular to the flow 

direction. Sound waves are directional; thus, authors think that the airflow direction impact 

on ultrasound efficiency during drying must be further investigated. Nonetheless, attention 

should be paid to the range of the studied airflow velocity, which is between 0.3 m s-1 and 

1.9 m s-1 in this study.  

Therefore, their results may not necessarily be caused by different setup configurations, 

but rather by the fast that under the previously stated threshold of 2-4 m s-1, any increase 

of airflow velocity regardless of the flow direction enhances the effects of ultrasound. This 

assumption also corresponds well with the results reported by J.V. Santacatalina et al. [94] 

on UAD of eggplant at different air velocities (1, 2, 4, 6 m s-1). Even though, surprisingly, 

the authors claimed to have found no clear influence of air velocities on the effects of UAD, 

the reported experimental data showed that the most significant increase in the diffusion 

coefficient was at air velocity of 2 m/s for all three drying temperature levels (-10, 5, 10 
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℃ ). And above that threshold, higher air velocity clearly decreased the ultrasound 

effectiveness.  

Besides air temperature and velocity, Beck et al. [121] included humidity as a parameter 

to consider for UAD; in their observations, the efficiency of ultrasound transmission 

noticeably decreased at a low relative air humidity, e.g., 15%. However, this observation 

is not supported by other studies. On the contrary, in many drying studies[90], [92], [96], 

[131], despite air humidity being low, i.e. ranged between 7% and 15%, the improvements 

of assistance by ultrasound are generally evident according to the reported results. 

b. Features of ultrasound waves 

The three most critical parameters in an ultrasonic treatment appear to be the sound 

intensity, the frequency and the duration of the treatment. 

Early in 1961, Boucher [173] showed that a minimum sound intensity, called critical SPL, 

is required for ultrasound to exert influence on drying; below this intensity sound waves 

do not affect drying rate. In his experiment, the critical SPL was found to be 125 dB, but 

in several following studies [58], [116], [174] this threshold was found to vary between 

120-140 dB depending on the nature of products, geometry, process parameters. 

Above this threshold, the effects of ultrasound increase with increasing ultrasound power 

levels. Garcia et al. [124] have proposed that the values of effective moisture diffusivity 

were proportional to the applied acoustic power density; Ozuna et al. [132] and Gamboa-

Santos et al. [91] have also established linear relationships between the effective diffusivity 

and the applied ultrasonic power in the tested range (0, 30, 60 W). But these studies all 

shared the same equipment; in other studies this observation may not be applicable. For 

example, in Kowalski et al. [96], an ultrasound of 100 W reduced the drying time of 

raspberries by 54%, and by doubling the ultrasound power to 200 W, the drying time 

reduction was only increased to 64%. This difference may be largely linked to the 

performance of the ultrasonic equipment and the setup design. 

When a certain power level is reached, according to Beck et al. [121], an increasing power 

level may even decrease the effects of airborne ultrasound; this was explained by the fact 
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that the high-intensity ultrasound generate turbulences, which waste a part of the available 

energy. It indicates that a maximum threshold also exists, above which a higher intensity 

level is no longer meaningful for enhancing drying. 

Compared to all other parameters, it is more difficult to find a tendency with regard to the 

sound frequency. Si et al. [170] have compared several audible frequencies, ranging from 

1 kHz to 4 kHz, to assist the drying of lignite, and the optimum frequency was found to be 

1.5 kHz. In general, the ultrasonic frequency range has been studied yet so far because it is 

greatly depending upon the equipment used. The resonance frequency of the ultrasonic 

transducer depends on its material and configuration; that is to say, in order to change its 

frequency, the transducer must be redesigned. Compared to other parameters, it requires 

more work and materials to vary the frequency. It was assumed that a low ultrasonic 

frequency is preferable because ultrasound waves of low frequencies are more 

transmissible in air. But to date, no experimental result allows validating this assumption.  

Legay et al. [64] have summarized and compared the frequencies applied in 20 different 

studies in which ultrasound was used to enhance the heat transfer in liquids. However, the 

comparison did not give any significant tendency. Meanwhile, it has been noticed that most 

studies are concentrated in the range between 15 kHz to 60 kHz, while higher frequencies 

have not yet been investigated.  

Still, it is reasonable to assume that sound frequency should have special meaning in UAD 

applications. As previously discussed in section 2.2.2 [87], to provoke changes of velocity 

profile in porous structures, a minimum frequency is required depending on the pore size 

and viscosity of the fluid. Also, the frequency is critical in some specific ultrasonic 

phenomena, such as atomization. This subject is worth further investigation.  

Major observations in recent parametric studies of UAD are summarized in table 3-3.  
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Table 3-3 summary of parametric study 

Parameter Studied 
range 

Major observation 
Thresh

old 
Above Threshold (if 

applicable) 
Below Threshold 

(if applicable) 
Airflow Temperature -14 – 75 ℃ Freeze 

point 
0 °C 

Generally the effects 
of ultrasound are less 
evident with 
increasing air 
temperature.  
But for materials of 
high internal 
resistance, the 
tendency may change 
depending on the 
impact area of 
ultrasound and the 
governing 
resistance(s) in drying. 

In freeze-drying, 
UAD often shows 
high efficiency, 
but it may also be 
concerned by 
higher thermal 
effect.   

Velocity 0.3-12 m s-

1 
2-4 m s-

1 
Strong Airflow 
disturbs the sound 
field and decreases the 
effective sonic energy. 
 

Increasing airflow 
velocity slightly 
enhances the 
effects of 
ultrasound. 

Ultrasound 
waves 

Power level Application 
depending 

Unkno
wn 

High intensity 
ultrasound generates 
turbulences in air, 
which wastes a part of 
energy. 

The effectiveness 
of ultrasound 
increases with 
increasing power 
level.  

Frequency 20-40 kHz Not 
applica

ble 
 

No clear tendency has been found 
Assumption: sound waves of low 
frequency are favorable as they are more 
transmissible in air. 

Treatment 
duration 

Continuous 
Intermittent 

Delayed 

Appropriate intermittent or delayed 
ultrasound treatments save energy while 
maintaining a satisfying drying 
acceleration effect. 

Material 
properties 

Porosity Food 
materials 

The effects of ultrasound are more 
pronounced in highly porous materials. 

Hardness The effects of ultrasound are more 
pronounced in materials of soft structure.   

Geometry The effects of ultrasound are more 
pronounced in thin-shaped materials. 
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3.3.4 The influences on the final quality  

Product quality is always a priority when assessing a drying process. The exposure to high-

power ultrasound involves the following, rather complex, vibration-induced phenomena [175]:  

• Cavitation and micro-streaming in liquids 

• Surface instability occurring at liquid-liquid and liquid-gas interfaces 

• Heating in liquid and liquid-like media 

• Heating and induction of fatigue in solids 

Particularly for biological materials, severe conditions may induce physical and chemical 

changes that impair the organoleptic properties and reduce the content or bioavailability of some 

nutrients. For example, strong ultrasound cavitation produces hydroxyl radicals, which may 

directly oxidize certain components and often this influence is undesired. The ultrasound power 

must be controlled to operate below a certain level, beyond which it becomes detrimental to the 

product [79], similarly to liquid pumps.  

For each specific application, identifying appropriate acceptance criteria and quality attributes 

is critical in order to evaluate the feasibility of using ultrasound. For food drying, common 

quality attributes include color, shrinkage, water activity, rehydration characteristics, anti-

oxidation components and microstructure. For some applications, certain particular functional 

components should also be considered. Soria and Villamiel [176] have presented a detailed 

discussion of the ultrasonic effects specifically on food properties.  

In the reported studies, for instance drying of peas [95], potatoes [123], and carrots [177], 

airborne ultrasound did not affect the color of the dried materials, while ultrasonic treatment in 

liquid was found to have deteriorated the color as result of important cavitation [178]. Moreover, 

the presence of ultrasound even improved the color of some dried materials in the drying of 

raspberries [96], potatoes [160], and salted cod [92] due to a shortened drying time.  

Similarly, the presence of ultrasound did not change or even slightly decreased the water 

activities of dried fruits and vegetables [96], [160]. Water activity is a critical parameter for food 

storing, and a low water activity may ensure a good stability of the dried foods during transport 

or storing.  
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The effects on product shrinkage have been assessed either through visual comparison or 

through the comparison of the density of the dried materials. In most studies, no evident 

difference has been found between the result of the convective drying and that of the UAD [89], 

[91], [95], [123]. One exceptional result was reported by Kowalski et al. [96], [177] in which 

the presence of ultrasound slightly increased the extent of shrinkage, even though the change 

was at an acceptable level. Authors have ascribed it to the ‘sponge effect’, but they did not 

consider that the shrinkage is closely associated with the drying rate. In general, the higher the 

drying rate, the more severe the shrinkage; this change is not necessarily the result of the 

ultrasonic vibration-induced phenomena, but may be simply linked to the shortened drying time 

due to the ultrasound enhancement.  

The most pronounced impact of applying ultrasound on biological materials is the 

microstructure collapse caused by the mechanical stress induced by the ultrasound. It was found 

that the salted cod dried with ultrasound were significantly softer due to a more collapsed 

structure and higher porosity [92]; another study [161] has also confirmed that ultrasound 

disrupted the cell structure of orange peels by creating large intercellular air spaces, which 

facilitated the water transfer through the tissue.  

Depending on the specific application, this influence can be detrimental or beneficial. A few 

unwanted results may include: 

• Destruction of the bioactivities of some ingredients by disrupting their protein structures 

[179];  

• The collapse of a structure may result in nutrition loss. 

When applying ultrasound to a spray drying of sour milk [180], the microorganisms, for 

example lactic acid bacteria, were significantly reduced in the dried product, which is 

undesirable for this product. Therefore, the application of ultrasound is not suitable for assisting 

drying of fragile materials that contain functional protein components, such as enzymes and 

probiotics.  

But for certain products, the collapse of microstructure may bring additional benefits including: 

• Providing sterilization while intensifying drying, for example for medicines; 
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• Increasing the rehydration rate; 

• Improving the texture of the final product to reduce the hardening effect of drying [177]. 

For non-biological materials, microstructure change may also occur. In drying of lignite, Si et 

al. [77] found that the presence of acoustic waves reduced the pore volume, the average pore 

diameter, and the specific surface area of the dried particles. But authors only provided the 

results of one series of measurements with no reproducibility; the slight difference between the 

comparative groups could be due to the inherent statistical variations (errors) in the samples; 

duplicates are required to validate the observation.  

The second concern of applying ultrasound is the potential degradation of the product’s 

antioxidant capacity, but this observation is still debatable. During convective drying of fresh 

fruits and vegetables, degradation of the antioxidant capacity is a common issue, but some 

studies have reported that ultrasound worsened it, for instance in apple drying [135]. In addition, 

Soria et al. [177] observed not only a minor decrease in the antioxidant capacity, but also a 

decrease in the soluble sugars and total phenolic content when carrots were dried with the aid 

of ultrasound. However, an interesting point has been raised in the study of apple drying [135]. 

Four different analysis methods have been employed in this study to assess if UAD aggravated 

the antioxidant capacity degradation compared to convective drying, and it was found that the 

judgment highly depended on the analysis method chosen. More precisely, among four assays, 

there was only one that showed a substantial difference between the result of UAD and of 

convective drying; while the other three showed only minor differences. This revealed that 

appropriate analysis methods and selection criteria are critical for assessing the impacts of 

ultrasound on the drying quality, but so far no universal norm is available for such measurement.  

Meanwhile, it was also reported that the use of ultrasound does not decrease or even effectively 

help preserve anti-oxidizing ingredients. For instance, in the drying of red bell peppers [97],  

authors compared the concentrations of ascorbic acid in the final products after convective 

drying or UAD, and no evidence was found to show that ultrasound was harmful. Moreover, in 

the drying of carrots [181], UAD achieved an even higher vitamin C and β-carotene retention 

rate than convective air drying. The improvements may likely be the result of a shortened drying 

time.  
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Generally speaking, ultrasound is a moderate drying assistance technique which is gaining more 

and more attention in research due to its potential for enhancing both drying rates and dried 

material quality. The assessments of the influence of ultrasound on drying quality have been 

summarized in Table 3-4. The application of ultrasound on drying processes has appeared to be 

beneficial for preserving quality; the latter is mainly attributed to the shortened drying time. Still, 

given the potential mechanical stress involved in the complex effects of ultrasound, for each 

specific application a comprehensive investigation is required to assess the feasibility of using 

ultrasound in said application; in the meantime, developing appropriate analysis methods will 

be critical in order to advance further studies on this subject.  

Table 3-4 Impact of ultrasound on the final quality 
Investigated 

quality attribute 
Impact of ultrasound Outcome 

Color Not affected or improved color Favorable 
Shrinkage Not affected or slightly increased due to the 

shortened drying time 
Favorable 

Water activity Not affected or decreased  Favorable 
Rehydration rate Increased  Favorable 
Microstructure Collapse of microstructure:   

- Positive outcomes include the higher 
rehydration rate, softer texture, reduced bacteria 
level. 
- Negative effects include the deterioration of 
functional protein components, loss of nutrition. 

Depending on 
specific 
application 

Anti-oxidation 
capacity 

Depending on the application and analyzing 
method  

Debatable 

This review encapsulates the studies of UAD and has discussed the fundamentals of ultrasound 

required for understanding this research subject. UAD is an ideal technique to use when dealing 

with heat-sensitive materials in order to effectively improve the drying rate while minimizing 

thermal effects. The propagation of high-power ultrasound may provoke a series of phenomena 

including ”sponge effect”, acoustic streaming, thermal effect, local oscillation, acoustic 

cavitation and atomization, and can consequently enhance heat and mass transfer in drying. The 

major industrial interest of this application is to reduce drying time for economic benefits and/or 

to reduce drying temperature for the sake of drying quality.   

The research is focused on four subjects.  
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First, intensive research has been carried out on designing UAD systems and airborne ultrasonic 

transducers. In many applications, the materials being dried are put in direct contact with the 

transducer or its extension to maximise energy transfer efficiency. On the other hand, with 

regards to adapting UAD to convective dryers, the most straightforward mode of applying 

ultrasound is the use of airborne waves: however, current transducers are limited in their ability 

to generate high-power airborne ultrasound at large scales, which is considered to be the major 

obstacle of this application. In recent years, the use of novel flexural-vibrating ultrasound plate 

radiators has been recognized as a potential solution. 

Secondly, the effectiveness of UAD has been validated on drying of diverse materials, both 

biological and non-biological. Also, UAD has been proven to be effective in improving different 

types of drying, such as HAD, freeze-drying, and vacuum drying. However, very little attention 

has been paid to fluidized bed drying. Not only can the presence of ultrasound accelerate drying, 

but sound waves also improve the fluidization quality, which will be an interesting area to 

investigate. As for the modeling of UAD, many studies adopted empirical models, which is a 

simple and fast approach. However, the phenomenological models are much more informative 

and thus allow a better understanding of the underlying mechanisms involved. Their limitation, 

however, is that they are developed based on certain parameters which are given assumed values: 

these assumed values may sometimes differ from real values which would be encountered. One 

successful example is the model based on external heat transfer, which expresses the effects of 

ultrasound in the model through an increased solids’ temperature and an improved heat transfer 

coefficient. This model adequately demonstrates that the vibrating effect of ultrasound generally 

has much more impact on the improved drying rate than the thermal effect in UAD. However, 

the model did not take internal resistance into consideration; efforts should be made to extend 

this model in order to cover the second phase of drying in which internal diffusion becomes the 

most important factor to predict the rate of drying.  

Thirdly, different parameters have been found to significantly affect UAD, such as porosity, 

elasticity, geometry of the material being dried, temperature, velocity of the airflow as well as 

power levels and the duration of the ultrasound treatment. In particular, many contradictive 

observations have been reported on the influence of airflow velocity and temperature. After 

comparing the air velocities used in different studies, a threshold has been found, i.e. 2-4 m s-1; 
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below it, the increase in airflow velocity may enhance the effects of ultrasound, but higher 

airflow velocities attenuate the ultrasonic waves and hence decrease the efficiency of UAD. 

With regards to air temperature: use of ultrasound lead to a better improvement of the drying 

rate at low temperatures, particularly below freezing point; but for materials with high internal 

resistances, this tendency may change depending on the area of impact of ultrasound and the 

prevailing mechanism involved in drying. Further investigation is required to fully understand 

the roles of these parameters. Also, some other elements of high interest have not yet been 

sufficiently investigated, such as ultrasonic frequency.  

Last, but not least, the impact of ultrasound on the final drying quality is a very important 

concern in industrial applications, particularly for biological materials. The presence of 

ultrasound in drying did not cause any significant change to most of the investigated quality 

attributes, including color, shrinkage degree, rehydration rate and water activities of the dried 

products. However, attention must be paid to potential microstructure collapse caused by high-

power ultrasound; it raises concerns about the use of ultrasound in drying certain biomaterials 

that contain functional structures, such as enzymes.   

Even though numerous perspectives and results have been reported, all existing research on 

UAD has only been done in small scale (laboratory) applications. Enabling the industrialization 

of this type of application would require significant efforts in designing powerful ultrasonic 

dryers, which would have to meet the needs of industrial drying in terms of scale and capacity. 

However, in order to be able to scale these processes upwards, the mathematical relations hidden 

beneath the complex transport phenomena involved in UAD must also be revealed. Given the 

multidisciplinary nature of this research subject, it the collaboration of various fields of study, 

including acoustic science, mechanical design and chemical engineering will be necessary in 

order to uncover the scientific foundations required for UAD to find its way into industrial 

applications in near future.
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frequency, it requires close contact between the transducer and the material being dried for the 

sake of energy transfer efficiency.   

• Materials preparation 

Microcrystalline cellulose (MCC) granules and calcium carbonate granules were used as the 

target materials being dried; they are both commonly used in pharmaceutical formulations but 

have different physical properties. MCC powders are fine particles of an average diameter of 50 

microns. They are hydrophilic and can hold a significant amount of internal moisture. Thus, the 

drying process can often consist of a lengthy falling rate period. In comparison, calcium 

carbonate granules have larger particle size but are so cohesive that they tend to form large-size 

agglomerates with higher density. However, due to their hydrophobicity, a major part of the 

drying process takes place at a constant rate which involves the removal of the surface moisture.  

The preparation procedure started by weighing 5 g of MCC powders in a beaker and adding 1.8 

mL of water with a syringe. The powders were stirred rapidly while the water was dropped in 

at each 20 circles until entirely used up. The samples were separated into 2 sub-batches; one 

sub-batch was used to test drying using ultrasounds, the other to test conventional tray drying 

(comparison samples were produced in the same batch).  

Granules of calcium carbonate were prepared using the same method but adding 1 mL of water 

to 5 grams of powders. The initial MC of the MCC granules was 26.5% and calcium carbonate 

granules 16.7%.  

• Drying experiment 

Approximately 1g of the samples were evenly distributed in an even layer on the ultrasonic 

transducer (Figure 4-2) and the drying carried out at ambient temperature, 20 ±1 ℃. Another 

1g of samples for conventional tray drying were spread in approximately the same thickness as 

for the ultrasonic drying in a holder. The holder was placed in an oven at 50 oC during drying. 

For both groups, the initial sample mass and the mass every 2 minutes during the drying process 

were weighed to determine the MC.  
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Figure 4-2 Small scale drying of a) MCC granules by ultrasound (left) and oven (right), and b) 
calcium carbonate granules by ultrasound (left) and oven (right) in ORNL  

4.1.3 Results 

• Visual observation: vibrations of MCC granules during ultrasonic drying 

An interesting phenomenon was observed during ultrasonic drying of MCC granules. Shortly 

after the drying was launched, the MCC granules started to vibrate on the transducer and some 

were even moved off the metal mesh surface. The vibrations lasted for the entire duration of the 

test. However, it should be noted that the ultrasonic vibration of the transducer itself is not 

visually perceivable. It is also worth noting that the phenomenon did not occur during the drying 

of calcium carbonate granules, which remained still during the entire drying process. 

This suggests that the ultrasound waves generated acoustic streaming, which entrained the MCC 

granules and created the movements of particles. As calcium carbonate granules are much 

denser and there is more cohesion between particles, the airflow was not strong enough to move 

the granules. Therefore, the phenomenon was only observed during the drying of MCC granules. 

This point is investigated later and more discussion is provided in Section 4.3.3. 

• Physical properties of dried granules 

The dried granules were analyzed by microscopy to compare the morphological features of the 

granules dried by ultrasound or by oven. The scanning electron microscope (SEM) images, 

presented in Figure 4-3, show that the granules dried by the two methods are apparently similar; 

the application of ultrasound did not cause any evident damage to the morphological properties 

of the granules.  
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impossible to achieve such high-power level of ultrasound waves in air due to the following two 

hurdles: inefficient transmission of ultrasound from piezoelectric material into air/gas, and high 

attenuation of ultrasound by gases [184].  

To compare the efficiency of airborne ultrasound with the previous experiment in which the 

direct contact between the ultrasonic transducer and the granules during drying led to a 

substantial reduction of drying time, this experiment evaluated the influence of airborne 

ultrasound at 40 kHz up to 120 dB on the drying of a typical type of pharmaceutical granule. 

The experiment is carried out in the laboratory of GAUS in the Université de Sherbrooke 

mechanical engineering faculty with support from Pr. Quaegebeur.    

4.2.2 Method 

MCC-based pharmaceutical wet granules weighing 15 g was prepared for the tests, and the 

granulation process carried out by a rheometer (Caleva, United Kingdom). The dry powder 

mixtures were created without binder addition for the first 2 minutes with the impeller and 

chopper speeds at 250 rpm. Then, 6.74 g of distilled water was added using an automatic 

dropping system within 5 minutes at the same impeller and chopper speeds. 

Two samples of approximately 3 g were spread out on holders in the form of a thin layer, as 

shown in Figure 4-5.  

 

Figure 4-5 Samples prepared for the airborne ultrasound drying experiments 
Airborne ultrasonic waves can be significantly influenced by air currents, so to maximize the 

effects of ultrasound, no forced airflow was set and during the drying the sample was placed 

under the ultrasound speaker at its focus area (SoundLazer, 41kHz, 120 dB maximum SPL); 

this is shown in Figure 4-6. As it was not possible to place the speaker in a heated oven, the 

drying was carried out at ambient temperature (21℃).  
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Figure 4-6 Small scale airborne UAD experimental set-up 
The experiment was carried out twice. In the first test, the drying lasted for 45 min and then the 

final MC determined by the Loss-On-Drying (LOD) method. In the second test, the drying lasted 

for one hour before the final MC was determined by LOD.  

4.2.3 Results and discussion 

Though the drying lasted for 45 minutes in the first test, the remaining MCs were 21.8% in 

sample A and 23.8% in sample B, due to the lack of air current and heating. So the UAD 

achieved a 10.2% MC reduction and 8.2% in ambient bulk drying, meaning that the application 

of airborne ultrasound increased evaporation by 24% during the test. In the second test, with a 

prolonged drying time, the MC reductions were 11.7% in UAD and 9.3% in ambient bulk drying; 

the airborne ultrasound increased the MC reduction by 26%. 

The application of airborne ultrasound showed a positive influence on the drying rate but, 

comparing with the direct-contact ultrasound, its effectiveness is lower by an order of magnitude.  

4.3 Drying with Langevin transducers  

To further investigate the feasibility of using ultrasound in the drying of pharmaceutical granules, 

a series of experiments were carried out with low frequency Langevin transducers. Applications 

of this type of ultrasonic transducer are common in industry, e.g. ultrasonic cleaning baths and 

ultrasonic welding. So, as discussed in Section 3.5.1, they are easy to find at a low cost. Besides 

validating the efficiency of high-power ultrasound in assisting drying, the objectives of the 

experiments also include studying the impacts on the physical properties of pharmaceutical 
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Table 4-1 Drying conditions of small scale UAD experiments with Langevin transducers  
Test #  �̇�𝑽[L/min] Tg [℃] Ultrasound 

power[W] 
Ultrasound 
frequency 

[kHz] 

 Material being 
dried  

1 11.2 20 0 - MCC 
2 11.2 20 50W 20 MCC 
3 11.2 20 50W 25 MCC 
4 11.2 20 50W 28 MCC 
5 11.2 20 0 - Calcium carbonate 
6 11.2 20 50W 28 Calcium carbonate 
7 15.6 20 50W 28 MCC 
8 15.6 20 0 - MCC 
9 11.2 40 50W 28 MCC 

10 11.2 40 0 - MCC 
11 11.2 40 50W 28 MCC 
12 11.2 40 0 - MCC 

4.3.2 Results of the drying experiments 

The presence of ultrasound showed an acceleration effect in all the tests, but the effectiveness 

largely depended on the drying conditions.  

The results of tests 1–4 are presented in Figure 4-8 to compare the effectiveness of ultrasound 

at different frequencies. The presence of ultrasound significantly shortened the drying time at 

all investigated frequencies. It took less than 20 minutes for the ultrasonic drying to reach 25% 

MR compared to 44 minutes in the convective drying, and the difference became increasingly 

important at lower MR. However, the drying kinetics are highly similar in tests 2–4; almost no 

difference was observed between the different frequencies. This may be due to the fact that the 

investigated frequency range is relatively narrow; it is worth further investigating this parameter 

on a broader scale with a larger range of frequencies, i.e. above 40 kHz.  
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granules was heated with temperature between 25 and 35℃ . Therefore, this observation 

demonstrates that the thermal effect also played a role in ultrasound’s enhancement of drying. 

It is worth mentioning that the temperature rise was gradual; as the image was taken at the end 

of drying, the temperature during most of the drying was lower than the value shown. A 

reasonable temperature rise can be accepted as drying is a thermal process, but as 

pharmaceutical granules are often highly sensitive to thermal damage, excessive heating effects 

are not desirable and, consequently, must be controlled and minimized. These points are worth 

further investigation during process design and optimization. 

4.3.4 Impacts of ultrasound on material physical properties  

One of the concerns about the use of ultrasound is related to its powerful cavitation phenomenon, 

which may lead to the risk of structural changes. To evaluate the impact of ultrasound on the 

physical properties of the dried granules, a BET analysis was carried out to compare the specific 

surface, porosity and pore size of the granules dried with or without ultrasound. The results are 

presented in Tables 4-2 and 4-3. The results of the granules dried with or without ultrasound are 

highly similar. They have been compared by a paired t-test, and no statistically significant 

difference was observed except that the porosity of the MCC granules appeared to be slightly 

higher. It was not observed with the calcium carbonate samples. A possible explanation is that 

MCC granules contain a higher level of internal MC so ultrasound may have triggered higher 

levels of cavitation. However, the sample number is limited; further investigation is necessary 

to validate the observation.  

Table 4-2 Physical properties comparison of the MCC granules dried with or without 
ultrasound 

Analysis Sample # Ultrasound Convective 

Specific surface 
(m² g-1) 

1 0.379 0.141 
2 0.320 0.340 
3 0.585 0.519 

Average 0.428 0.333 
t-value 0.70 

Adsorption 
porosity (cm³ g-1) 

1 0.00215 0.00169 
2 0.00204 0.00138 
3 0.00203 0.00167 

Average 0.00207 0.00158 
t-value 2.97 
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Pore size (nm) 

1 22.9 47.9 
2 26.8 55.2 
3 54.1 27.8 

Average 34.6 43.6 
 t-value -0.71 
Note: paired t-test critical value t0.05, 6=2.45 

 
Table 4-3 Physical properties comparison of calcium carbonate granules dried with or without 

ultrasound   
Ultrasound Convective 

Specific surface 
(m² g-1) 

1 1.635 1.509 
2 1.464 1.453 

Average 1.549 1.481 
t-value 0.76 

Adsorption 
porosity (cm³ g-1)  

1 0.0115 0.0123 
2 0.0107 0.0100 

Average 0.0111 0.0112 
t-value -0.04 

Pore size (nm) 

1 27.6 30.7 
2 29.6 31.0 

Average 28.6 30.8 
t-value -2.23 

Note: paired t-test critical value t0.05, 4=2.78 

Though the application of ultrasound did not show a significant impact on the granules’ 

properties in this experiment, many other points require further investigations. For example, the 

impact on the PSD of the dried granules must be explored. A narrow PSD with minimum 

agglomerates and fines is usually desired for pharmaceutical granules. As acoustic streaming 

improves the local mixing effect, the use of ultrasound should reduce the number of 

agglomerates. At the same time, it may aggravate the attrition and thus result in more fines. This 

experiment was carried out on a small scale and, thus, the sample amount was insufficient for a 

sieving analysis. This assumption must be validated for larger scale runs. 

Besides the impacts on physical properties, the potential thermal damage and oxidation effects 

of high-power ultrasound are also worth attention. As pharmaceutical formulations often contain 

highly sensitive ingredients, the power of the ultrasound must be controlled under a predefined 

maximum deterioration level, which is of interest for further investigation.
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3) Limited damage to oxidation-sensitive ingredients. 

4) Limited damage to heat-sensitive ingredients.  

Given the high risk of particle retention and back-mixing, known as common problems in 

traditional FBDs, the multi-chamber FBD received the lowest rate in quality assurance. As 

particles’ trajectories depend on the airflow, granules with a wide-range PSD and irregular 

shapes are subject to high uncertainties in such a process. In comparison, the solids’ flow in the 

vibrated FBD or the FBD assisted by conveyor are partly controlled by mechanical forces, which 

alleviate these risks. Nevertheless, the increased shear stress associated with the additional 

mechanical forces, especially in the vibrated FBD, is of concern for damaging the granules’ 

properties. For the plate dryer, the lack of a mixing effect can result in heterogeneous MC and 

substantial agglomerates in the final products. The long processing time can also damage 

oxidation-sensitive or heat-sensitive ingredients. For a spin flash dryer, the abrasion caused by 

intense airflow is the major problem in the quality aspect.   

• Productivity and yield 

The drying efficiency in terms of drying rate and yield are also critical factors to consider in 

dryer selection. For pharmaceutical production, the yield is important not only in view of 

productivity but also for product quality. As drugs’ effects can be extremely sensitive to dosage 

change, and the product loss during the process will damage product integrity, it can sometimes 

cause serious quality problems. Caking and particle entrainment are common reasons for 

product loss in particle drying.  

Generally, the dryers involving fluidization processes can achieve satisfactory drying efficiency. 

Accordingly, only the plate dryer received a low rate for this criterion. The multi-chamber FBD 

and the spin flash dryer received the highest rate for the intense airflow applied during drying.  

Particle entrainment is a common issue in FBDs resulting in product loss, and usually is directly 

related to the applied air velocity. The multi-chamber FBD or the spin flash dryer require intense 

airflows for maintaining a steady solids’ flow, and the separation of fines from the air exhaustion 

can often be challenging. But in the vibrated FBD or in the FBD assisted by conveyor, the 

required airflow rate is substantially lowered as the mechanical force can help maintain the 

solids’ flow. Particle entrainment is not considered a common problem in the plate dryer. On 

the other hand, caking due to lack of a mixing effect can also lead to product loss in such a dryer.   
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• Simple operation & low maintenance  

Among the five dryers, the plate dryer employs the simplest operation as it does not require 

fluidization. However, the maintenance work for its complex inner structure can be demanding. 

Likewise, the vibrated FBD has a high maintenance cost due to its numerous mobile parts. The 

rate of the spin flash dryer has a slight deduction considering the particle classifier and the miller 

parts. The shortfalls of the multi-chamber FBD still lie in the uncertainties of fluidization. The 

FBD assisted by a screw conveyor appears to be the most satisfactory option in terms of both 

operational simplicity and maintenance facility, and consequently received the highest rate.  

• Flexibility 

The flexibility and agility assessment is based on the effort required to adapt a dryer in the event 

of changing product type or production volume. In many situations, the flexibility of a process 

is inversely related to the process complexity. However, it can sometimes be alleviated by well-

established knowledge of the process. With rapid advances in computer science development, 

mathematical models can be efficiently and economically simulated on software. When 

adapting a dryer to a different type of granule, it is possible to optimize the process parameters 

through simulations in conjunction with multivariate methods using updated material properties 

in the model (e.g., specific heat capacity and particle size). The flexibility of a process is also 

related to its tolerance to fluctuations. A process sensitive to variations often comes with a high 

development risk and can be difficult to adapt for different production needs.  

The multi-chamber FBD is barely satisfactory in this aspect. In the event of changing product 

types or production volume, process development can require extensive experimental work 

since certain properties and parameters are difficult to predict, such as the evolution of particle 

properties and the local heat and mass transfer coefficients. The process also has a poor tolerance 

to fluctuations in product characteristics and local hydrodynamic conditions. Thus, this type of 

dryer particularly lacks flexibility. In comparison, in the other four types of dryers the adaptation 

to new products or varied production volumes appears to be much more straightforward. 

Notably, the spin flash dryer is flexible in handling a wide variety of products, even slurry 

products. However, the plate dryer’s flexibility is limited because of the low production capacity; 

the upper limit of the production throughput for the dryer is much lower compared to the others.   
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• Ease of clean 

Strict cleaning is often required in pharmaceutical production as cross contamination can lead 

to severe product quality issues. Easy to clean equipment can also decrease product changeovers 

time and thus maximize production outcome for a manufacturing plant. A simple structure for 

the drying chamber can facilitate cleaning, so the multi-chamber FBD, the vibrated FBD and 

the FBD assisted by conveyor received high rates. The rate of the spin flash dryer has a slight 

deduction considering that the agitator set in the bottom can add some complexity to cleaning. 

The plate dryer received the lowest rate due to the complex inner structure inside the drying 

chamber.  

• High energy efficiency 

Drying involving fluidization generally shows a satisfactory performance, owing to the 

substantial contact surface between the air stream and the particles in suspension which 

contributes to a high energy transfer efficiency. Therefore, only the plate dryer is poorly rated 

on this criterion. The air and energy consumptions in the spin flash dryer are relatively higher 

than the other FBDs, considering that the process requires the air velocity to be greater than the 

terminal velocity of the particles. 

• Overall performance 

In conclusion, the horizontal FBD assisted by a screw conveyor received the highest rate, 

followed by the spin flash dryer and the vibrated FBD. The multi-chamber FBD and plate dryer 

are poorly rated for their respective limitations. 
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Table 5-2 Functional specifications of an industrial continuous dryer for pharmaceutical 
production 

Function  Evaluation 
criteria  

Acceptation level  Flexibility  

Drying 
performance 

Target compound Placebo formulation: MCC-based 
pharmaceutical wet granulation as model 
product  

F1 

Throughput 10-30 kg h-1 for the target formulation F3 
Final MC  2% for the target formulation F0 
Yield  Limited loss  F0 
Flexibility Flexible for upstream feeding properties 

(wide range of PSD/different shapes etc.)  
Flexible for wide range of production 
volumes 

F1 

Process control  Develop 
PAT/instrument 
strategy  

Process real-time monitoring and 
automatic controls 

F1 

Energy 
consumption 

Electricity  Minimized   F3 
Airflow 
consumption 

Minimized F3 

Installation Dryer size Fits a similar format than the PCMM or 
equivalent equipment; height inferior to 
1m.  

F0 

Cleaning  Ease of clean F1 
Product quality Maximum 

product 
temperature  

For the target formulation, maximum 
solids’ temperature < 49℃; inlet air 
temperature < 80℃. 
 

F0 

Particle size  Limited fines and agglomerates for 
downstream processing 

F3 

Particle integrity  Limited abrasion  F1 

5.2 Material characterization of target granules  
• Wet granule preparation procedure 

In this study, a typical type of MCC-based pharmaceutical granule, was selected as the targeted 

granule. The ingredients of the dry blend, the wet granules and the dried granules are listed in 

Table 5-3.   

Table 5-3 Ingredients of the target pharmaceutical formulation 
Ingredient  Dry blend 

[%] 
Wet granules 
[%] 

Dried granules 
[%] 

MCC 41.2% 29.6% 40.4% 
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Lactose monohydrate  22.5% 16.2% 22.1% 
Sodium saccharine  7.4% 5.4% 7.3% 
Sodium croscarmellose  6.2% 4.4% 6.1% 
Calcium carbonate  22.7% 16.3% 22.2% 
Hydroxypropyl cellulose 
(HPC) 

- 1.5% 2.0% 

Water - 26.6% - 

The preparation of the wet granules was carried out with a high-shear granulator (Figure 5-2).  

First, 2% of HPC solution was prepared. Half the distilled water was poured into a beaker and 

heated to 60–65 ℃. While agitating, the HPC powders were added gradually to the heated water. 

Once the powders were all well dispersed, the rest of the distilled water was added to the beaker 

and agitated for 5 minutes until full dissolution of the powders. As HPC does not dissolve in hot 

water, the primary dispersion of the powders in hot water can avoid the formation of 

agglomerates, and then when the water was cooled down the suspension of HPC gradually 

turned into a homogeneous solution. 

Second, the dry blend was poured into the granulator and mixed for five minutes, then the binder 

solution was pumped into the granulator drop by drop. At the same time, the granulator kept 

blending the powder mixtures at 200 rpm with low intensifier. Once the binder solution was all 

added up, the wet granules were blended for 6 minutes more with the blend rate increased to 

400 rpm and high intensifier until homogeneous powder mixtures were obtained.  

 

Figure 5-2 Pilot scale high-shear granulator used for preparing wet granules 
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• Microscopic analysis of the target granules 

The granules were analyzed using microscopy to determine morphological features, and the 

scanning electron microscopy (SEM) images of the dried granules are shown in Figure 5-3. The 

granules presented highly irregular shapes and coarse surfaces with a lot of fines and 

agglomerates present. Most granules’ shapes are elongated due to the substantial amount of 

MCC fibres whose shapes are elongated (SEM images of each raw material are available in 

Appendix 2); this ingredient takes a 50% part in the target formulation. These features are not 

favourable for maintaining a steady continuous fluidization regime. The fact further reveals that 

a traditional continuous FBD can hardly fit the needs of pharmaceutical drying, and additional 

mechanical forces are necessary for ensuring the stability of the solids’ flow.  

 

Figure 5-3 SEM images of the target granules 

• Sphericity 

The sphericity is a measure of a particle’s nonideality in both shape and roughness, and can be 

calculated by [185]:  

𝜑𝜑 =
𝐴𝐴𝑠𝑠
𝐴𝐴𝑝𝑝

=
(𝜋𝜋(6𝑉𝑉𝑝𝑝/𝜋𝜋)2/3

𝐴𝐴𝑝𝑝
 

Eq ( 5-1) 

where 𝐴𝐴𝑠𝑠 is the surface of a sphere with equivalent volume to that of the considered particle and 

𝐴𝐴𝑝𝑝 is the real surface. Commonly, the sphericities of most particles fall in the range between 0.5 

and 1; the higher the value, the more spherical the shape.  
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However, in practice the parameter is difficult to measure. In this study, 0.6 is estimated to be 

the sphericity for the target granules based on the SEM images of the target granules (Figure 5-

3) and the properties known for a typical granular solid.  

• Specific heat capacity  

The specific heat capacity (Cp) of each ingredient was determined by thermogravimetric 

analysis in PRAM at the Université de Sherbrooke. The results are presented in Table 5-4.  

Table 5-4 Specific heat capacity of raw materials in the target formulation 
Ingredient Cp [J kg-1 K-1] Mass fraction 

in target 
granules 

MCC 1550 40.4% 
Lactose 1380 7.5% 

Calcium carbonate 1140 22.2% 
Sodium saccharin 550 22.7% 

Croscarmellose 1710 6.5% 
HPC 1640 2.2% 

 

The specific heat capacity of the target granules was calculated to be 1230 J kg-1 K-1 by: 

𝐶𝐶𝑝𝑝 = �𝐶𝐶𝑝𝑝,𝑚𝑚 ∗ 𝑤𝑤𝑚𝑚 

Eq (5-2) 

in which 𝐶𝐶𝑝𝑝,𝑚𝑚  refers to the specific heat of ingredient i and 𝑤𝑤𝑚𝑚  is the mass fraction of the 

ingredient in the formulation.  

• Bulk density, tapped density and flowability of wet granules  

The bulk density and tapped density of the wet granules were determined by weighing 100 mL 

of the targeted samples [4]. First, the weight of an empty 100 mL graduated cylinder was 

determined on a balance. Second, the powders flowed down freely into the cylinder until 

reaching the 100 mL graduation and the total weight determined.  

The bulk density was calculated as: 
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Bulk density(
g

mL
) =

Total weight − Weight of empty container
100 mL

  

Eq (5-3) 
The sample was then tapped at least 20 times until no more visual change to its volume was 

observed, and the volume recorded for calculating the tapped densities: 

Tapped density (
g

mL
) =

Total weight − Weight of empty container
 tapped volume (mL)

  

Eq (5-4) 
The measurement was carried out three times and the average value of the three measurements 

used as the result (Table 5-5).   

Table 5-5 Bulk density and tapped density of the target granules 
Sample # Bulk density (g mL-1) Tapped density 

(g mL-1) 
Carr index Hausner ratio 

1 0.408 0.729 44 1.79 
2 0.413 0.737 44 1.79 
3 0.402 0.717 44 1.79 

Average 0.408 0.728 44 1.79 
 

To evaluate the flowability of the wet granules, the Carr index and Hausner ratio were also 
calculated:  

Carr index = 100 ∗
ρtapped − ρbulk

ρtapped
 

Eq (5-5) 
Hausner ratio =

ρtapped
ρbulk

 

Eq (5-6) 
The high Carr index and Hausner ratio indicate that the wet granules have poor flowability, so 

a high-performance feeding system is needed for handling the target granules.  

• Skeletal density  

The skeletal density is defined as the ratio of the mass per unit volume excluding the pores as 

well as the void spaces between particles within the bulk sample. The measurements were 
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carried out in the Civil Engineering Department at the Université de Sherbrooke by the 

technician M. Denis Bolduc using a helium pycnometer according to ASTM C188.  

Two groups of samples were measured, each measurement repeated five times. The average of 

the ten results was considered the skeleton density of the target granules. The results are shown 

in Table 5-6. 

Table 5-6 Skeleton density of dried target placebo granules measured by a helium pycnometer 
Test number 1 2 3 4 5 

Sample 1 [kg m-3] 1697.3 1707.5 1710.8 1712.7 1703.4 
Sample 2 [kg m-3] 1698.3 1701.8 1706.3 1708.0 1703.4 
Average [kg m-3] 1705.0 

 

• Specific surface, porosity, and pore size   

The target granules were characterized by a BET analysis in PRAM. Given the lengthy details 

of the results, the complete report is placed in Appendix 3.  

• PSD and effective diameter 

The volume-based PSDs of the target 

granules were determined by a laser 

diffraction technique using a Malvern 

Mastersizer Aero Sizer (Malvern 

Panalytical, UK), as shown in Figure 5-4.  

Before the analysis, the samples were 

sieved with a 1.7 mm sieve to remove 

oversized agglomerates.   

The wet and dried granules were separately analyzed for purposes of comparison. The dried 

granules were prepared from the same batch of granulation as the wet, but were dried by a batch 

FBD process. The measurement of the dried granules was repeated 15 times while the 

measurements of the wet granules were carried out 5 times, as presented in Figure 5-5 and Table 

5-7. 

Figure 5-4 Malvern Mastersizer (Aero S) 
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𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒������ =
1

∑𝑚𝑚𝑚𝑚
𝑑𝑑𝑚𝑚

 

Eq ( 5-7) 

where 𝑚𝑚𝑚𝑚  denotes the mass fraction of the size cut i of the diameter 𝑑𝑑𝑚𝑚.  

• Fluidization features  

As discussed in Section 2.2.1, the Geldart classification reflects the fluidization behaviours of 

the particles. Accordingly, the dried and wet granules were classified based on the material 

characterization results discussed above (Figure 5-6).  

Both the wet and dried granules consist of group D/B/A particles, but the proportion of each 

type varies. The dried granules mainly consist of group A and B particles, which are ideal for 

fluidization. In comparison, the wet granules contain fewer group A particles but more group D 

spoutable particles, which indicate they require higher fluidization velocity and tend to form a 

heterogeneous bed. It was later confirmed by experiments that the wet granules tended to form 

many spouting points in the bed with many visible dead zones present, but near the end of the 

drying process, when most of the MC was removed, the bed presented a smooth fluidization 

regime.  
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and stable fluidization regime. It was observed in our preliminary experiments that the surface 

MC and capillary forces between the wet particles substantially increased the required 

fluidization velocities compared to the theoretical values, and the excessive surface MC caused 

lot of agglomeration of the granules which easily de-fluidized the entire bed. By achieving fast 

removal of the surface MC at the beginning of the process, the process stability and the quality 

of the fluidization regime were substantially improved. The drying conditions in the second 

zone near the solids’ outlet are mild with an airflow at lower temperature and velocity. The 

purposes are:  

1) To reduce overheating risks which can damage heat-sensitive ingredients.  

2) To decrease energy loss from the heated solids’ flow at outlet. 

3) To minimize the product loss by entrained fines.   

A horizontal screw conveyor is set in the bottom to assist the solids’ flow inside the dryer. The 

rotation not only ensures a stable flow of the fines and agglomerates, which are difficult to 

fluidize, but also constantly destroys the channels and chunks formed in the bed and helps 

maintain a stable fluidization regime. 

5.3.2 Process control and input parameters 

The process monitoring and control strategy was developed in collaboration with Francis 

Gagnon and Prof. Andre Desbiens from Laval University, Department of Electrical Engineering 

and Computer Engineering. Both our research group and theirs participated in the work of: 1) 

critical process parameter identification, 2) instrument acquisition, and 3) hardware installation. 

The electrical automation and user-friendly interface were developed by researchers at Laval 

University [187].  

As shown in Figure 5-9, the identified input parameters are highlighted in blue including: 1) 

inlet airflow rates (�̇�𝑚𝑎𝑎𝑚𝑚𝑎𝑎), 2) inlet air temperatures (𝑇𝑇𝑎𝑎𝑚𝑚𝑎𝑎), 3) screw rotation rate (𝑣𝑣𝑠𝑠𝑠𝑠𝑎𝑎𝑒𝑒𝑠𝑠), and 4) 

feeding rate (�̇�𝑚𝑠𝑠) . Feedback controls were built for parameters 1–3, and the instrument 

information is available in Appendix 4. The parameter feeding rate is regulated simply by a 

manual set-point that came with the original equipment; limited by resources, the optimization 

of the feeding rate control was excluded in the scope of this study.  
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• Control of the inlet airflow rate  

From the selected vendor (Alicat Scientific, US), air controllers for 

different operational ranges are available from 0 to 5000 litres per 

minute (LPM) full scale. The airflow controller selection was based on 

the desired operating range in the target process and the laboratory 

equipped air compressors’ maximum capacities: 

1) The dimension of the air distributor was 25 mm x 600 mm; to 

reach inlet air velocity up to 1.2 m s-1, a reasonable maximum 

air velocity for pharmaceutical drying processes can require an airflow rate up to 1080 

LPM.  

2) Two air compressors were available in the laboratory for supplying the inlet air; the 

maximum capacity of each is 46 kg h-1, corresponding to 626 LPM each.   

Consequently, two airflow controllers in the range 0 to 500 LPM were selected for the target 

system (Figure 5-10).  

• Control of inlet air temperature 

Each air inlet is equipped with an inline duct heater (Figure 5-11) of 

750 W for heating the airflow to the desired temperature. The 

selection of air heater depends on the desired operational range of 

airflow rate and temperature.  

The maximum airflow rate was determined to be 500 LPM and, as 

required by the industrial collaborator (Section 5.1.2), the inlet air 

temperature was controlled under 80 ℃. This means the heater’s 

power should be higher than 428 W, calculated as:   

Figure 5-11 Duct 
heater for heating the 
inlet airflow of the 
prototype 

Figure 5-10 Airflow 
controller for the prototype 
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kHz in cycles of 0.5 s. So, if one or a few optimum frequencies existed in this range, they were 

generated in cycles. However, it also meant that the intense vibrations at resonance frequencies 

were discontinued and its power reduced. 

• Only a single working transducer   

According to the responses received by the amplifiers, only the longer side of the screw conveyor 

was providing effective vibrations. In contrast, the vibrations from the piezo elements at the shorter 

side were weak and most input electrical power was converted into heat. The problem was 

suspected to be bad electrical connections and should be revised.   

• No ultrasonic phenomena 

Atomization and cavitation are typical ultrasonic phenomena and were used to evaluate the 

vibrations along the screw conveyor at different positions. To induce the phenomena, the threshold 

of the required power level is usually high. Therefore, the observation of water atomization or 

cavitation on the ultrasonic screw conveyor signifies the presence of intense ultrasonic vibrations.   

With the Langevin transducers used in the preliminary experiences (Section 4.3), when water was 

dripped on a vibrating transducer, atomization happened immediately. However, the vibrated 

screw conveyor failed to generate any evident ultrasonic phenomena despite some minor 

vibrations. This means that the intensity was insufficient for the desired power level.  

6.2.2 Batch drying test with the first ultrasonic screw conveyor 

A batch drying test was organized to evaluate the effectiveness of the ultrasonic conveyor in 

assisting the drying of pharmaceutical granules. 

As shown in Figure 6-3, the ultrasonic screw conveyor was placed in a PVC tube which had been 

horizontally cut. MCC wet granules weighing 360 g with 26 % initial MC were evenly distributed 

on the screw conveyor. The whole set-up was placed on a balance to monitor the weight change 

so the MCs of the samples could be recorded. The drying was carried out at ambient temperature 

without forced air. The test lasted 3 hours 20 minutes, and the evolutions of the MCs either with 

or without the presence of ultrasound were compared.  
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• COMSOL simulation of screw structure modification  

Some modifications of the screw conveyor were simulated on COMSOL software to investigate 

the impacts on performance. The simulations were conducted by Prof. Quaegebeur and Romain 

Lemagueresse from GAUS (Mechanical Engineering Department, Université de Sherbrooke). The 

objective is to identify and optimize the critical parameters of the screw conveyor, and eventually 

to generate intensive ultrasonic vibrations on the conveyor. The results were compared based on 

the maximum vibration amplitude (intensity) in the frequency range between 15kHz and 45 kHz 

(Figures 6-7, 6-8). The resonance frequencies can vary with structure changes, but in this study 

only the maximum achievable peak amplitude was counted as the study object. Neither the 

resonance position in the investigated range nor the number of resonance frequencies were 

considered as being important for the process.  

First, screw conveyors with a hollow shaft (with hole) 

and a solid shaft (without hole) were compared. As 

shown in Figure 6-7, this structure change did not 

make a significant difference either to the vibration 

amplitude or the resonance frequencies; this means 

that the shaft structure is not critical for the vibrations.   

The most critical parameter was found to be the 

flighting thickness, as shown in Figure 6-8a. The 

reduction of the flighting thickness appeared to be an 

effective way to increase the vibration amplitude. 

When the thickness was reduced from 3 mm to 1 mm, 

the maximum vibration intensity gradually increased from 1 μm to more than 1.5 μm. The increase 

was even more important when the thickness was further reduced to 0.5 mm: the vibration 

amplitude doubled to 3.1 μm.   

The number of piezo elements were also studied. In an ultrasonic transducer, the piezo elements 

serve to convert electrical signals into ultrasonic vibrations. In the first screw conveyor, four piezo 

elements were attached to each side of the conveyor and the simulation varied this number from 2 

to 8 to evaluate the impacts. As shown in Figure 6-8b, by changing the piezo element number, the 

vibration intensity varied substantially. Four piezo elements showed the most optimum result by 

Figure 6-7 COMSOL simulation of the 
ultrasonic screw conveyor with a different 
number of piezo elements  
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characteristics. For example, in the previous experiment the generator was set on sweeping mode 

so the frequencies were alternated in cycles automatically searching for the resonance frequencies. 

But if an optimum frequency can be tuned for using continuous mode, it will increase the overall 

power level.   

There are other potential optimization approaches for achieving a higher vibration intensity, for 

example investigating another conveyor configuration such as shaftless or with different flighting 

distance and diameter. Limited by time and resources, the further development and optimization 

of such a novel ultrasonic screw conveyor is not included in the scope of this project.    

6.3.2 Second fabricated ultrasonic screw conveyor and tests  

Based on the simulation results and the discussion of screw fabrication methods, a second screw 

conveyor was fabricated by a machining method (Figure 6-10), for which the thickness of the 

flighting was reduced as much as possible to 0.5 mm at the edge but gradually increased to 5 mm 

in the centre. Due to machining limits, it is difficult to achieve a thinner flighting and deviations 

from the simulated structure are inevitable.  

An ideal structure may be achievable by 3D printing technology. However, the target screw 

conveyor should be made of metal with a length of more than 70 cm; this is beyond the capacity 

of most 3D printers on the market. Limited by resources, this option was not realizable in this 

project.  

 

Figure 6-10 The second screw conveyor with thinner flighting fabricated by machining  
As discussed in Section 6.2.1, the ultrasonic phenomenon of atomization can be used to evaluate 

the vibrations along the new screw conveyor at different positions. It was observed that many 

positions along the optimized screw conveyor generated atomization phenomena, indicating the 

presence of intense vibrations. Notably, these positions are mostly found on the edge of the 

flighting but never close to the centre of the shaft. This may be the thickness difference; as 
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discussed in Section 6.3.1, in COMSOL simulations thin flighting was critical for achieving 

intensive vibrations.    

6.4 Continuous drying with optimized ultrasound screw conveyor  

The optimized ultrasonic screw conveyor was attached to the continuous FBD prototype and the 

effectiveness of the ultrasonic screw conveyor in the target continuous drying process evaluated 

in a continuous drying experiment. 

6.4.1 Method 

The MCC granules of an initial MC at 23% were prepared by a bowl-lift stand mixer (Kitchenaid, 

US). Distilled water weighing 140 g was dropped into 560 g of MCC powders while being mixed 

vigorously, and the mixing was continued until the MC was visually homogeneously distributed.  

The wet MCC granules were then dried by the FBD prototype either with or without the presence 

of ultrasound vibrations. For the UAD, the sound waves were fixed at 23.91 kHz in continuous 

mode with 100 W input power for the piezo elements on each side. During the conventional drying 

test, the ultrasonic generator was shut down so the screw conveyor generated no vibrations. For 

both tests, the airflow rates were set at 12 kg h-1 in zone 1 and 7.5 kg h-1 in zone 2. The internal 

rotation rate was set at 0.75 rpm, corresponding to a residence time of 14.6 minutes.  

The experiment was carried out just after the prototype was built, and some functions were yet to 

be completed including the air heaters and feeding rate control. Thus, the inlet airflows were not 

heated and were at the ambient temperature (approximately 20 ℃). The feeding rate was not 

recorded, but fixed, according to the preliminary experiments, to a level such that solid fluidization 

appeared visually stable with a bed height reaching almost the same level as the upper side of the 

screw conveyor.  

Once the drying process was launched, the granules at the outlet were collected each minute, and 

after approximately 12 minutes start-up time the process reached a steady state and the sample 

weights became stable. In each test either with or without the aid of ultrasound, three samples of 

approximately 1-2 g were collected at the solids’ outlet 15 minutes after the launch of the process, 

and the MCs were analyzed by the LOD method. To validate the results, the sampling was repeated 

twice at 20 minutes and 25 minutes after the launch of drying.   
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6.4.2 Results  

The LOD analysis results are presented in Table 6-1. With the presence of ultrasound, the final 

MCs were between 8.6% and 9.5% with an average of 8.9 % for the 9 samples. In comparison, the 

final solids’ MCs after conventional drying were on average 10.2%, ranging from 9.0% to 11.2%. 

Thus, the average MC reductions in the UAD and conventional drying were, respectively, 13.6% 

and 12.4%, so the presence of ultrasound increased the MC reduction by 11%. And the results 

showed a significant difference when compared by a paired t-test.   

Table 6-1 Ultrasound-assisted continuous drying with the second fabricated ultrasonic screw 
conveyor 

  UAD Conventional drying  
Sampling number  LOD 

1 
LOD2 LOD 

3 
LOD 

1 
LOD2 LOD 3 

1  8.7% 9.2% 8.6% 10.9% 10.3% 11.2% 
2 9.5% 9.5% 8.6% 9.0% 10.0% 11.0% 
3 8.6% 8.8% 8.9% 9.8% 10.3% 9.0% 

Average  8.9% 9.2% 8.7% 9.7% 10.3% 10.4% 
Total Average  8.9% 10.2% 

Standard 
variation 

0.37% 0.81% 

t-value 4.38 (Note: paired t-test critical value t0.05, 9=2.26) 

It worth mentioning that the solids’ flow reached the outlet just after the start of the falling rate 

period, so the results do not reflect the effectiveness of ultrasound on the falling rate period. It is 

possible that more significant improvement can be expected when the second phase of drying is 

involved, and will require further experimental investigation for validation.  

6.4.3 Failure of data validation and study prospective 

The positive results reported from the previous experiment support the interest in this novel design 

for enhancing industrial particle drying. However, the following experiments failed to validate the 

data; a series of similar tests were carried out with heated air, but the UAD failed to show any 

enhancement of the drying process.  

It was found that the screw conveyor lost efficiency in generating ultrasonic vibrations after some 

modifications done later on the prototype. The absence of high-power ultrasonic vibrations was 

confirmed by the atomization test; when water was dropped onto the screw conveyor, no ultrasonic 
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phenomenon was observed. It was suspected that the prototype modifications damaged electrical 

connections between the piezo elements. As the work of troubleshooting the transducer requires 

the expertise of collaborators, and can produce extensive delays that exceed the time frame planned 

for this project, further investigation was dropped from the scope of this project but will be 

continued in an extended study.  

The changed drying conditions with heated air in the later experiments may also hold responsibility 

for the ineffectiveness of the ultrasound application. As observed in the preliminary experiments 

(Section 4.3.2, Figure 4-11), ultrasound was found to be ineffective in certain drying conditions 

with high air temperature and airflow rate. This can be explained by the thermal energy increasing 

the drying rate by reducing the resistance of the involved transport phenomena, and the impacts of 

ultrasound may be applied in the same area. Therefore, given the resistance itself is already low, 

the application of ultrasound does not generate a significant difference as result. This assumption 

is worth the effort to validate with experimental work once the screw conveyor is repaired. Another 

aspect to improve for this application in future is the energy efficiency. In the continuous drying 

experiment, the input ultrasonic power was 200 W in total, but the increased evaporation power 

was estimated to be below 20 W. Substantial energy was either not converted into ultrasonic 

vibrations or lost during the transfers. Poor energy efficiency is acceptable for now, as this 

technology is still in its development infancy, but eventually industrial applications will require 

improvements in this aspect.
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pharmaceutical granules is feasible. As pharmaceutical granules are often irregularly shaped and 

feature a large PSD, thus complicating the operation of traditional continuous FBDs with smooth 

fluidization regimes. The presence of the screw conveyor enhanced plug flow decreased 

agglomeration, and improved fluidization stability and homogeneity.  

The RTD of solids’ flow was evaluated by the pulse-tracer injection method. The dispersion model 

and the T-I-S model were both suitable for describing the particle flow through the dryer. The 

corresponding Peclet numbers vary between 9.8 and 13.3 while the tank number better fitting the 

model are between 5.4 and 7.2. 

Additionally, the influences of different parameters were studied to build knowledge for process 

optimization in practical use.  The internal screw conveyor rotation was the most critical parameter 

affecting the solids’ RTD, followed by air velocity. The air temperature also had a moderate impact. 

The solids’ throughput rate had a negligible effect on the solids’ RTD, but it did have a direct 

impact on the overall drying rate. Finally, the addition of a baffle did not markedly change the 

solids’ RTD or the drying efficiency.  

Abstract in French:  

La fabrication continue peut grandement bénéficier à l'industrie pharmaceutique pour améliorer 

les rendements de production, la flexibilité de la taille et la transférabilité entre les sites. 

Cette étude a examiné la dynamique des granulés pharmaceutiques séchés dans un séchoir à lit 

fluidisé horizontal continu équipé d'un convoyeur à vis pour évaluer la faisabilité de l'adoption de 

ce procédé. 

Les granulés pharmaceutiques sont souvent de forme irrégulière et présentent une grande 

distribution granulométrique, ce qui complique le fonctionnement des lits fluidisés continus 

traditionnels avec des régimes de fluidisation lisses. La présence du convoyeur à vis a amélioré 

l'écoulement piston, réduit l'agglomération et amélioré la stabilité et l'homogénéité de la 

fluidisation. 

La distribution du temps de séjour du régime solide a été évaluée par la méthode d'injection de 

pulse-tracer. Le modèle de dispersion et le modèle de cuves en série étaient tous deux appropriés 

pour décrire le régime des particules dans le sécheur. Les numéros de Peclet correspondants varient 
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entre 9,8 et 13,3 tandis que les numéros de cuves les mieux adaptés au modèle se situent entre 5,4 

et 7,2. 

Les influences de différents paramètres ont été étudiées. La rotation du convoyeur à vis interne 

était le paramètre le plus critique pour la distribution du temps de séjour du solide, suivi de la 

vitesse de l'air. La température de l'air a également eu un impact modéré. Le débit de solides a eu 

un effet négligeable sur la distribution du temps de séjour du solide, mais il a eu un impact direct 

sur le taux de séchage global. Enfin, l'ajout d'un séparateur n'a pas modifié de manière significative 

la RTD du solide ou l'efficacité de séchage. 

Note:  

Some sections are removed from the originally published article, which include abstract, 

nomenclature, acknowledgement, reference, but the relative content is incorporated elsewhere 

according to the layout of this document.   
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7.1 Introduction  

It is widely believed that CM is the future of drug production, although at present, pharmaceutical 

production heavily relies on batch operations for many reasons, particularly limited by the strict 

regulatory environment and high quality assurance requirements. With the help of emerging 

advanced PATs, CM enables continuous in-line monitoring of variation in product quality, which 

improves process control. This drastically reduces the waste generated in batch operations and 

increases the overall production yield. Another considerable advantage of adopting CM is its 

flexibility in terms of production capacity and transferability between manufacturing sites. 

Continuous processes can yield a small production of a few thousand tablets or a large production 

of millions of tablets with the same level of efficiency and quality. This enables the same process 

to be used throughout the lifecycle of the product, from the clinical phase to the high-volume 

commercial phase, without the need for scale-up studies. CM is less time- and money-intensive 

than batch production. Moreover, for new drug development, the time and cost are significantly 

reduced [188].  

In recent decades, pharmaceutical manufacturers have achieved encouraging progress in 

continuous process development. However, the drying of wet granules, one of the basic operations 

in solid oral dosage production, is still often carried out using semi-batch operations. For example, 

as previously described [189], in the six-segmented FBD used in the ConsiGma™ continuous 

from-powder-to-tablet production line of GEA Pharma Systems (Collette™, Wommelgem, 

Belgium), each drying chamber works alternatively to continuously supply the downstream 

process. Potential variations between each drying batch significantly increase the risk of process 

variability and may limit the overall production capacity.  

Fluidization is the most efficient technique for particle drying. However, traditional continuous 

FBDs are not feasible in the pharmaceutical industry because of the high development risk, as 

explained below.  

Drying is a product-specific process. Pharmaceutical particles are quite different from free-flowing 

particles of relatively narrow PSD used in most published studies. Pharmaceutical particles are 

often irregularly shaped and have a large PSD, and their size ranges from a few microns to 
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millimeters. Thus, for pharmaceutical products, extensive experimental studies are necessary to 

determine the specific features of solids’ flow dynamics inside continuous FBDs. 

Two common types of continuous FBDs are widely implemented in industry—horizontal fluid 

beds with high aspect ratios and vibrated fluid beds. In both types, material is continuously 

supplied from the solids’ inlet at one side and dried while it moves horizontally along the dryer 

length to the other side, where the dry product is discharged. 

The literature on the dynamics of solids’ flow in these dryers is fairly rich [190]–[195]. These 

studies have clarified the role of different drying parameters and have provided insight on process 

design and optimization.  

RTD is the most common way used to study solids’ flow in a continuous process. The identified 

critical parameters are summarized below: 

• Air temperature and velocity 

• Weir/baffle number, shape and position  

• Feed rate 

• Material properties, including MC, shape, and PSD 

• Vibration intensity and frequency for vibrated fluid beds 

• Air distributor design 

A target final MC is achievable by applying different combinations of these parameters; for 

example, the drying rate can be increased by increasing the air temperature and/or velocity. In 

addition to low water content, it is also desirable for a drying process to achieve optimum energy 

efficiency and produce a product that contains the least amount of oversize particles and fines 

[196]. To simultaneously reduce the number of oversize particles and the final MC, it is most 

effective to increase the residence time of solids rather than making moderate variations in the air 

temperature or velocity. This can be done, for example, by increasing the weir height or reducing 

the feed rate without applying significant thermal or shear stress to the particles [197]. 

One common problem in studying the RTD of solids is that dynamics are often evaluated using 

dry rather than wet particles in the experiments. In industrial drying, moisture is often present on 
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the particle surface throughout most of the drying time, and the capillary forces between particles 

have a significant impact on the fluidization regime. This heavily impacts the dynamics of solids’ 

flow, because particles tend to agglomerate easily when they are wet.  

However, continuous horizontal FBDs and vibrated FBDs may not be optimal for producing 

pharmaceutical granules. In horizontal FBDs, particle trajectories exclusively depend upon the 

fluidization regime and lack of plug flow, which is the major concern [197]. Additionally, to ensure 

the required residence time, the dryer length must be sufficiently long, and this requires more space. 

Moreover, pharmaceutical granules feature wide PSDs. For small particles, heterogeneous beds 

tend to form, which is responsible for the preferential channeling of air rather than being well-

dispersed between the particles. For products of large diameter, the solids are prone to form 

spouted beds. These features contribute to unstable fluidization regimes and products with wide 

RTDs. These instabilities can also lead to serious problems in product quality, e.g., overheating 

and particle entrainment. For materials with a wide PSD, segregation is a common problem [196]. 

Therefore, the high development risk is not conducive to adopting such continuous FBDs for 

pharmaceutical granules. 

By comparison, a vibrated FBD seems to be a better choice [41]. The vibration helps to maintain 

a stable material flow and constantly breaks apart lumps, thereby destroying air channels. 

Nevertheless, for particles with a fragile structure, intense vibration exposes them to high shear 

stress. This can increase the presence of fine particles in the final product and can even decrease 

the product quality because of abrasion. Furthermore, the high maintenance cost owing to 

numerous moving parts and the considerable noise are drawbacks of vibrated FBDs, which makes 

them also not ideal for drying pharmaceutical granules.  

Gursch et al. (2015) attempted to identify an appropriate dryer for pharmaceutical granules by 

testing different small-scale continuous dryers, including spin flash dryers, a fluid bed spray dryer, 

a paddle dryer and a co-rotating twin-screw extruder. However, the context of that study was 

limited to the overall impression of each dryer, and it lacked an in-depth analysis. Thus, further 

extensive research is still required to extend the process knowledge. Of the tested dryers, only the 

spin flash dryer is applicable for wet granule drying; the others are applicable only for slurries or 

solutions. However, the spin flash dryer also produced a large proportion of fine particles. The 

fragile structure of pharmaceutical granules cannot tolerate abrasion, which must be avoided. 
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A novel FBD configuration is used in the Granucon® continuous drying system (Gebrüder Lödige 

Maschinenbau GmbH), which appears to be a potential solution for pharmaceutical production. It 

consists of a horizontal FBD, with a screw conveyor added to the bottom of the bed. The rotation 

of the screw conveyor plays the role of external mechanical force that enhances the solids’ 

horizontal movement, such as the vibration in a vibrated FBD, which constantly destroys the air 

channels and avoids the retention of agglomerates. Compared to a vibrated FBD, the internal 

rotation is much milder, which lowers the shear stress exposure. In addition, to some extent, the 

flights of the screw can reduce back-mixing and enhance the desired first-in-first-out pattern.  

However, so far, no study has yet been reported on this operational mechanism. An experimental 

study is necessary to validate its efficiency for drying pharmaceutical granules and to determine 

an appropriate modelling approach for the process.  

The objective of this study was to investigate the dynamics of drying pharmaceutical granules in 

a continuous FBD combined with a screw conveyor at steady state. Because the start-up time is 

often negligible in practical industrial production, the transient states were not evaluated in depth 

here. A bench-scale prototype was designed and built for the drying experiments, and wet granules 

were used for the investigation. The results were compared in terms of visual observations of the 

solid pattern, the features of the solids’ RTD curves, the level of dispersion resulting from back-

mixing, and the final MC of the solids. The aims of the study were: (1) to determine the 

characteristics of the solids’ flow RTD; (2) to understand how the operating parameters (solids’ 

feed rate, conveyor rotation rate, air temperature, air velocity, and the addition of baffles) influence 

the RTD characteristics and the drying results, and (3) to gain insight into the modelling approach 

for this continuous FBD novel configuration.  

  

 

 

 

.  
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The airflow is supplied by an air compressor equipped with a dehumidifier. The flow rate is 

controlled by two independent mass flow controllers (Alicat Scientific Inc. MCR Series, USA), 

and the inlet air temperature is controlled using heating components. This design allows the 

creation of two independent zones inside the dryer: (a) zone 1 at the solids’ inlet side, where the 

airflow is high and at high temperature and (b) zone 2 at the solids’ outlet side under relatively 

mild conditions to avoid the solids overheating by the end of drying. The air streams are supplied 

to the drying system through eight air ducts and enter the drying chamber passing through an air 

distributor, which is made of sintered metal with 80-μm holes. The distributor pressure drop was 

measured to be approximately 20 000 Pa at an inlet air velocity of 0.8 m s-1 (above the air 

distributor); this is sufficient to form an even airflow distribution along the bed. The air velocity 

decreases along the bed height as the bed width increases. Before exiting to the atmosphere, the 

air passes through a dust filter to remove entrained particles. Along the bed length, two resistance 

temperature detectors (ProSense ETS50N-150-1001, Germany) inserted in the bed bottom 

tangentially to the screw conveyor allow for monitoring the solids’ temperature during drying. 

Meanwhile, two zinc selenide windows are set on the top of the bed to enable measuring the solids’ 

temperature by an infra-red thermal camera (FLIR T420, Sweden).     

7.2.2 Materials preparation and characterization  

A typical type of pharmaceutical granule was used in this study (Figure 7-2). The characteristics 

are presented in Table 7-1. The wet granules were first 

prepared by a high-shear wet granulator; the size of the wet 

batch was 4 kg Before drying, the wet granules were sieved 

with a 1.7-mm mesh to remove oversized agglomerates. 

They were then poured into the screw feeder (Brabender 

DSR-28, Canada), which continuously supplied the solid to 

the drying chamber. 

The PSD of the wet granules was determined by laser 

diffraction in a Malvern Mastersizer air cell (Aero S) (Malvern Panalytical, United Kingdom). The 

average value of five measurements was used.  

The bulk density and the tapped density were determined by measuring 100 mL of the target 

samples. The weight of an empty 100-mL cylinder was first measured. The powder then flowed 

Figure 7-2 Scanning electron 
microscopy image of the target granules 
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down freely into the cylinder, and then the total weight was measured [4]. The minimum 

fluidization velocity (Umf) of the target granules varies from 0.0012 m s-1 to 0.53 m s-1 depending 

on the particle size. 

The bulk density (𝜌𝜌𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏) was calculated as: 

ρbulk ( g mL−1) = (Total weight − Weight of the empty container)/100mL  

Eq (7-1) 
The skeleton density is defined as the ratio of the mass per unit volume excluding the pores and 

the void space between particles within the bulk sample. This property was determined using a 

helium pycnometer according to ASTM C 188. Two samples were measured, and each 

measurement was repeated five times. The average of the ten results was considered as the skeleton 

density of the target granules. 

Table 7-1 Properties of granules used in the continuous drying experiments 
Principle Composition MCC ph101  

Lactose monohydrate  
Calcium carbonate  
Sodium saccharine  

Croscarmellose sodium 
PSD (volume-based) D10 47 μm (Umf = 0.0012 m s-1 ) 

D50 121 μm (Umf = 0.0081 m s-1 ) 
D90 1260 μm (Umf = 0.53 m s-1 ) 

Dried granules skeletal density 1700 kg m-3 
Granule bulk density 288 d.b. kg m-3 

Mass fraction of the initial MC 28% 
Specific heat capacity 1.263 J g-1 K-1 

Hausner ratio 1.10 (Dired granules)  
1.27 (At the initial MC) 

Other features Hydrophilic, elongated shape, coarse surface 

7.2.3 Characterization of the drying process    

• Drying conditions and results analysis 

Nine continuous drying experiments were carried out (Table 2). This study is of an exploratory 

nature; the experiments were planed based on the results of the preliminary tests. It was expected 

that the process covers the majority of drying and solids’ MC be close to its target final value, i.e. 

2.0 % , but the granules should not be completely dried before reaching the outlet so that the drying 
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The final MC was determined by the LOD method. At steady state, 15 samples were collected at 

the outlet of the dryer every 60 s. They were then placed in an oven at 105 ℃ for 24 hours. The 

weight difference before and after drying was considered as the wet mass of the sample. The 

average value was used as the final MC for the corresponding drying condition.  

• Bed hold-up, axial flow velocity at steady state  

The discharge rate was measured by weighing samples that were collected at the outlet each minute. 

When the sample weights stabilized, it was considered that the solids’ flow reached a steady state. 

In our preliminary experiments, we determined the time needed for the target drying process to 

reach a steady state, which ranged from 15 to 18 minutes depending on the drying condition. 

According to previous studies, it usually takes 1.5–2 times the mean residence time for the process 

to reach a steady state in a traditional horizontal FBD [193], compared to 2–2.5 times in our target 

process. The start-up time needed for the target process in this study was slightly longer. During 

the start-up period, a small part of particles can build up on the dust filter at the air exit and in the 

part junctions of the prototype. But the quantity is estimated to be inferior to 5 % of the bed hold-

up, and it becomes stable once the steady state is reached; its impact on the process is assumed to 

be negligible.  

The bed hold-up (mbed) was measured by the stop-and-empty method [193]. At steady state, the 

solids’ feeding was suddenly stopped, and simultaneously the solids’ at the outlet was collected 

until the drying chamber was empty. The collected samples were dried in an oven at 105 ℃ for 24 

hours, and the mass of the remaining dry basis was considered as the bed hold-up.    

7.2.4 RTD measurement and analysis  

In previous studies, the tracer-pulse-injection method [198] is the most common technique adopted 

for measuring the RTD of continuous FBDs. In the current study, dried target granules were dyed 

with methyl orange solution (5 g L-1) to the initial MC of the drying process. In each test, once a 

steady state was reached, 15 g of the tracer (approximately 8%–10% of the bed hold-up), was 

poured into the chamber through a port near the material inlet, and a timer was started. The 

disturbance to the bulk flow caused by the injection of the tracer was assumed to be negligible. 

From the second minute after the tracer addition, the discharged granules were collected every 60 

s until 15 samples were collected.  
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To determine the mass fraction of tracer in each sample (Ni), the collected samples were first dried 

in an oven at 105 °C for 24 hours to remove the MC After, the samples have been mixed with  

distilled water by a 10 to 1 ratio between water and product (dry basis). This step was conducted 

to extract the dye from the water-insoluble solid samples, e.g., MCC and calcium carbonate. The 

suspensions were rested for three days, and then the solutions were separated from the solids by 

centrifuging for 15 minutes at 18 000 rpm. Finally, the absorption intensities of the clear solutions 

were analyzed at 460 nm by a UV analyzer.  

• RTD characteristics 

The exit concentration curve of the tracer C(t) can be obtained by plotting the mass fraction of 

the tracer in the output sample over time. By normalizing the C(t) curve, the exit age distribution 

E(t) was calculated as follows [185]: 

𝐸𝐸(𝑑𝑑) =
∆𝑁𝑁𝑚𝑚

∑ ∆𝑁𝑁𝑚𝑚∆𝑑𝑑15
1

 

Eq (7-2) 

where 𝑁𝑁𝑚𝑚 denotes the tracer mass in the collected sample, and ∆𝑑𝑑 is the sampling time, i.e., 1 min 

for each sample.   

The calculation of mean residence time (𝑑𝑑𝑚𝑚) and variance of distribution (𝜎𝜎2) are shown below: 

𝑑𝑑𝑚𝑚 = �𝑑𝑑𝐸𝐸(𝑑𝑑)𝑑𝑑𝑑𝑑 

Eq (7-3) 

𝜎𝜎2 = �(𝑑𝑑 − 𝑑𝑑𝑚𝑚)2𝐸𝐸(𝑑𝑑)𝑑𝑑𝑑𝑑 

Eq (7-4) 

A low variance of distribution signifies greater consistency in the drying results, which is desirable 

for the process.  

Back-mixing is a common problem in all types of FBDs. To mathematically describe back-mixing 

resulting from the air stream in the target process, a dispersion term can be adopted by using an 

experimental dispersion coefficient D. In a dispersion model, the solids flow is considered as a 
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plug flow with moderate axial dispersion. In a closed system, i.e., no dispersion across the solids’ 

inlet and outlet boundaries, the solution for such system has been previously described, and D can 

be calculated by solving Equation 6 [185]: 

𝜎𝜎2/𝑑𝑑𝑚𝑚2 = 2  𝑁𝑁𝑃𝑃𝑒𝑒−1 − 2 𝑁𝑁𝑃𝑃𝑒𝑒−2[1 − 𝑒𝑒𝑒𝑒𝑝𝑝 (−𝑁𝑁𝑃𝑃𝑒𝑒)] 

Eq (7-5) 

in which the Peclet number (𝑁𝑁𝑃𝑃𝑒𝑒) indicates the degree of axial dispersion, which is defined as 

[185]:  

𝑁𝑁𝑃𝑃𝑒𝑒 =
Rate of transport by convection
Rate of transport by dispersion

= 𝑈𝑈𝑠𝑠𝐿𝐿/𝐷𝐷 

Eq (7-6) 

in which the axial solids’ flow velocity (𝑈𝑈𝑆𝑆) can be calculated as: 

𝑈𝑈𝑆𝑆 [𝑚𝑚 𝑠𝑠−1] =
Bed length (𝐿𝐿) [𝑚𝑚]

Mean residence time [s]
 

Eq (7-7) 

in which L is the characteristic length term and D is the effective dispersion coefficient [m2 s-1].   

Additionally, Bérard et al. (2020) provided an analytical solution to determine the Peclet number 

of a Bolus injection by minimizing the errors of the prediction to the experimental data. 

A T-I-S model assumes that the drying chamber is divided into several isothermal “drying cells”, 

and each “cell” is considered as a continuous stirred tank reactor (CSTR). The number of CSTRs 

(NCSTR) can be determined from the mean residence time and dispersion coefficient measured in 

the experiment, as below [185]:  

𝑁𝑁𝐶𝐶𝑆𝑆𝑇𝑇𝐶𝐶 = 𝑑𝑑𝑚𝑚2/𝜎𝜎2 

Eq (7-8) 

These two models can be considered as being equivalent when the Peclet–Bodenstein number is 

related to the number of tanks in series by Equation 8 [185], [200]: 



 

154 
 

𝑁𝑁𝑃𝑃𝑒𝑒 = 2(𝑁𝑁𝐶𝐶𝑆𝑆𝑇𝑇𝐶𝐶 − 1) 

Eq (7-9) 

When a simple mathematical solution is desired, a T-I-S model is often preferred [185].  
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7.3 Results and discussion  

7.3.1 Visual observations of the solids’ regime  

In our preliminary experiments, wet and dried granules were tested in the prototype to compare 

the fluidization regimes; the solids’ dynamics were found to be very different. 

For the dried granules, a low inlet air velocity of 0.3 m s-1 was sufficient to fluidize the solids’ bed, 

either with or without the internal rotation. Visually, the bed presented a smooth and homogeneous 

fluidization regime without obvious spouting or dead zones, as shown in Figure 7-4 (a).   

However, as shown in Figure 7-4 (c), the fluidization quality of wet granules was not as good as 

that of the dried granules. With the internal rotation of the screw feeder, continuous fluidization 

was achievable at 0.54 m s-1 inlet air velocity, but the regime was heterogeneous with several dead 

zones. Many spouting points appeared on the contact surface between the flights and the solids’ 

bed. However, between the flights, where the solids were not in contact with the rotor, the particles 

tended to agglomerate, and airflow exited the bed through many channels. A considerable portion 

of wet granules remained at the bottom, and the solids’ flow heavily relied on transport by the 

conveyor until it reached the middle of the dryer length. As the MC decreased in the latter part of 

the dryer (zone 2), the 

fluidization quality significantly 

improved.  

Internal rotation was essential to 

maintain the fluidization regime 

for wet granules. When the 

rotation stopped during the 

process, the bed was de-

fluidized immediately (within 

seconds), and serious channeling 

appeared, as shown in Figure 7-

4 (b). The air flowed through the 

bed through these channels 

without fluidizing the particles.  

Figure 7-4 (a) fluidization regime of dried granules (b) De-
fluidization and serious channeling when the rotation was stopped 
during the drying of wet granules (c) fluidization regime of wet 
granulations with help of internal rotation 
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However, without the rotation, it was impossible to transform the fixed bed into a fluidized bed, 

even at the maximum airflow (inlet air velocity above the distributor at 0.9 m s-1). To achieve 

fluidization, the screw rotation must continuously destroy the channels within the bed.  

7.3.2 Experimental data and process modeling approach 

The drying results are presented in Table 7-3.  

Table 7-3 Summary of continuous drying results 

The dispersion coefficients ranged from 0.51 x 10-4 to 0.93 x 10-4 m s-1. These values are much 

lower than the ranges reported in other studies; for example, 2.6 x 10-4 to 4.5 x 10-4 m s-1 reported 

for rice drying [201] and 2 x 10-4 to 23 x 10-4 m s-1 for sand drying [194] in typical horizontal FBDs. 

These differences may be attributed to two causes:  

1. The added screw flights acted as baffles and blocked some of the back-mixing, thereby 

effectively enhancing plug flow.  

2. With the help of the conveyor, a much lower air velocity was required to achieve a 

fluidization regime in the prototype than in traditional horizontal FBDs. Particle transport 

inside the bed depends on both air flow and conveyor operation. Therefore, some of the 

back-mixing was reduced.  

Similarly, NCSTR used here (5.4 to 7.2) were much higher than in related studies; for example, 2 to 

4 reported for drying in a horizontal FBD [190]. This further indicates that with the addition of the 

conveyor, the target process is closer to a plug flow and the amount of back-mixing is significantly 

reduced.   

Test 
no. 

mbed [g] Final MC  
[%] 

tm 
[min] 

𝝈𝝈𝟐𝟐 NPe D  
[10-4 m2 s-1] 

NCSTR NPe/2(NCSTR-1) 

1 173 5.1 8.1 9.3 12.9 0.52 7.0 1.08 
2 145 3.4 7.3 8.9 11.0 0.68 6.0 1.09 
3 198 4.4 8.6 12.0 11.3 0.56 6.1 1.08 
4 157 3.2 8.0 9.0 13.3 0.51 7.1 1.08 
5 127 4.2 5.9 6.5 9.8 0.93 5.4 1.10 
6 175 2.6 8.56 12.3 10.9 0.58 6.0 1.09 
7 160 6.7 8.1 9.3 13.2 0.50 7.2 1.07 
8 138 2.8 7.1 8.8 10.5 0.72 5.8 1.10 
9 129 2.8 7.2 8.0 11.7 0.65 6.4 1.08 
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reduced as the residence time decreased. The final MC depends on a combination of these two 

antagonistic effects. To determine the optimal air velocity for a specific drying process, these two 

aspects must be considered and, ultimately, evaluated together.  

• Influence of air temperature 

As yet, there are no reports of how air temperature influences the RTD. For these studies, which 

are carried out with dry particles, it is reasonable to assume that this parameter does not change 

the solids’ dynamics.  

However, in this study, wet granules were used to investigate the solids’ RTD, and it was found 

that the residence time was reduced when the air temperature was increased, even though the 

impact was less substantial compared to that of the air velocity variation.   

Drying is a thermal process in which air temperature is the most sensitive parameter [35]. 

Increasing the air temperature can dramatically accelerate drying because the moisture on the 

particle surface is rapidly removed. As a result, the capillary forces between the particles are 

reduced, and the quality of the fluidization regime is improved because of reduced agglomeration. 

Additionally, as the particle density decreases with lower MC, the minimum fluidization velocity 

should also decrease accordingly.   

The visual observations showed that at high air temperature (60 ℃ in test 2 and 8) there was more 

intense fluidization near the solids’ inlet than at lower air inlet temperatures (50 ℃ in test 1 and 40 

℃ in test 7). More dead zones were seen in low-temperature tests, and the fluidization was highly 

inhomogeneous. This is because the particles tended to agglomerate from the solids’ inlet until 

they reached the middle of the dryer.   



.
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• Although the mean residence time was substantially shorter at higher rotation rates (7.13 

and 7.31 min at 1.9 rpm compared with 8.59 and 8.62 min at 1.3 rpm), the final MCs were 

almost identical or even slightly lower at higher rpm for the tests performed at the same 

feed rates.  

To optimize fluidization efficiency and stability, it is highly recommended to apply a high internal 

rotation rate. However, to ensure that the solids’ flow reaches the target final MC, an adequate 

dryer length is necessary to allow the required residence time.  

• Influence of feed rate  

In the investigated range, the variation of the feed rate had a relatively small impact on the solids’ 

RTD, but it moderately changed the drying efficiency.  

As shown in Figures 7-8, the curves became slightly flattened when the throughput was increased 

from 1.2 kg h-1 to 1.4 kg h-1, but the differences were not significant enough to distinguish a 

tendency. A wider variation range would be necessary to validate these observations.  

Similarly, the feed rate had a negligible effect on the mean residence time and 𝑁𝑁𝑃𝑃𝑒𝑒. For tests 2 and 

8 (both at 1.9 rpm internal screw conveyor rotation rate), the mean residence times were 7.31 and 

7.13 min, with Peclet numbers of 10.9 and 10.5, respectively. Overall, the observed 2%–4% 

differences were minor. The same conclusion was found when comparing the results of tests 3 and 

6.  

The influences of the feed rate on the final MC was found to be more pronounced. By increasing 

the feed rate, the final MC increased from 2.6% in test 6 to 4.4% in test 3, accompanied by an 

increase in the bed hold-up, from 175 g to 198 g.  

There is a high intensity of heat and mass transfer in a fluidized bed due to the large contacting 

surface between the solids and the airflow, even for bed heights of a few centimeters; thus, gas 

leaves the bed at a temperature close to that of the solid. Therefore, above a certain bed height, it 

is not worthwhile to further increase the bed hold-up, because it simply decreases the amount of 

heat transfer per bed mass unit [203]. The overall evaporation rate can be calculated as: 

Overall evaporation rate [kg water s−1] =  𝐹𝐹𝑠𝑠 (𝑑𝑑0 − 𝑑𝑑final) 

Eq ( 7-10 ) 
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With similar overall evaporation rates, when 𝐹𝐹𝑠𝑠 increases, the final MC also increases.  

Because the final MC depends on the solids’ throughput, for a specific drying condition, varying 

the feed rate is a straightforward way to adjust the final MC without changing the RTD features. 

This is important for process design and process control purposes. For example, when a lower final 

MC is required, the drying process could be simply controlled by reducing the feed rate. However, 

the bed hold-up must be considered. To improve the energy efficiency, a minimum bed height 

must be reached to ensure adequate heat and mass transfer between the air-rich and the solid-rich 

phases of the fluidized bed. When the bed hold-up is too low, considerable energy loss is to be 

expected through the humid air stream outlet.   

By contrast, the solids’ throughput has a different influence on the solids’ RTD in traditional 

continuous FBDs [204], [205]. In this situation, the feed rate can considerably impact the RTD 

without changing the bed hold-up. By increasing the feed rate, the mean residence time was 

significantly reduced, with an increased dispersion level. The association between the square root 

of the particle mass flow rate and the Peclet-Bodenstein number appeared to be linear [204]. This 

difference may have resulted from the conveyor’s flights, which considerably hindered the 

bypassing. In a traditional FBD, the solids’ flow exclusively depends on fluidization, and the bed 

hold-up is stable if the bed configuration and air conditions do not change. However, in the process 

used in the current study, when the feed rate is increased, the flights can detain the increased solids 

up to a maximum level depending on the flight geometry. Above this maximum level, the bed 

hold-up tended to increase.  

• Influence of baffle addition  

Underflow baffles are reportedly effective for reducing back-mixing [192], [205]. However, this 

observation was not found in our experiments. The addition of an underflow baffle at the solid 

outlet did not change the solids’ RTD or the final drying results. The RTD curves of test 8 (with 

baffle) and test 9 (without baffle) are almost identical (Figure 7-9). 
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7.4 Conclusion  

This study validated the feasibility of adopting a combination of FBD and a screw conveyor for 

drying pharmaceutical granules. For granular materials with a large PSD and many Geldart group 

A/C/D particles that are difficult to fluidize, this operational mechanism is an effective solution to 

maintain a stable continuous fluidization regime. The internal rotation significantly reduced the 

airflow needed to achieve fluidization and improved the fluidization homogeneity. Compared to 

traditional horizontal FBDs, the plug-flow was considerably enhanced in the target process, with 

a slightly longer start-up time required (2–2.5 times the mean residence time) to reach steady state.  

The dispersion model and the T-I-S model were both able to suitably describe the solids’ RTD 

under the investigated conditions. They should also give similar predictions for the drying results.  

The influence of air velocity in the zone 1, air temperature, internal rotation rate, solids’ throughput, 

and baffle addition were investigated:  

• Varying the internal rotation rate had the most significant impact on the solids’ RTD; a 

high rotation rate ensures process efficiency and stability.  

• Varying the air velocity also had a significant impact, which indicates that both airflow and 

internal conveyors are the ‘driving forces’ of the solids’ flow.  

• The influence of air temperature on the solids’ RTD was investigated here for the first time. 

When the air temperature was increased, the mean residence time moderately decreased, 

with increased dispersion levels.  

• The influence of the feed rate was found to be quite different from that of previous 

observations in traditional FBDs. Varying the feed rate had a negligible effect on the solids’ 

RTD. However, the bed hold-up and the final MC were very sensitive to this parameter.  

• The addition of an underflow baffle at the solids’ outlet did not substantially change the 

process. Further studies should investigate different baffle positions where more by-

passing or back-mixing may occur.   

The findings of this study indicate that this novel configuration of a continuous FBD can be a good 

choice for drying pharmaceutical granules, but further investigation is required to extend our 

knowledge of the dynamics and mechanisms of this novel FBD. Studies should also be made on 
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the final product quality, such as the portion of fines and agglomerates, comparing to that of the 

dryers used in the current pharmaceutical industry. Its performance for drying other types of 

pharmaceutical granules, for example non-hygroscopic material, should be further validated. In 

addition, the proposed models must appropriately describe the drying kinetics, and the accuracy 

of their predictions of the drying results should be evaluated.   
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List of symbols 

C(t) The exit concentration curve of the tracer  

d.b. Dry basis 

E(t) Exit age distribution  

Fs  Solid dry basis throughput  

mbed Bed hold-up 

NCSTR Tank number 

𝑁𝑁𝑚𝑚  Tracer mass in the collected sample   

𝑁𝑁𝑃𝑃𝑒𝑒 Peclet number  

𝑑𝑑𝑚𝑚 Mean residence time  

∆𝑑𝑑  Sampling time 

𝑈𝑈𝑆𝑆 Axial solid flow velocity 

vg   Inlet air velocity  

𝑑𝑑  Moisture content 
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𝜎𝜎2 Variance of distribution 

𝜌𝜌𝑏𝑏𝑏𝑏𝑙𝑙𝑏𝑏 Bulk density 
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RTD measurements presented in Chapter 7 and the model of  drying kinetics, which allows  

predicting the continuous drying results at a steady state.  

The influences of several parameters were studied towards process optimisation and scale-up. The 

increase of air temperature and velocity were efficient on reducing the final MC. The increase of 

the feeding rate enhanced the energy efficiency. And the increase of the internal rotation rate 

enhanced the process stability and reduced the overheating effect.  

Abstract in French: 

La fabrication continue améliore la productivité en termes d'efficacité, de flexibilité et de qualité. 

Cependant, l'industrie pharmaceutique s'appuie encore fortement sur les opérations en batch ; 

d'importants travaux de R&D sont nécessaires pour convertir les processus actuels en processus 

continus. 

Ce travail présente une approche de modélisation phénoménologique pour le séchage en continu 

de granulés pharmaceutiques dans un nouveau sécheur à lit fluidisé (FBD) combiné à un 

convoyeur à vis. 

Une méthodologie de modèle hybride a été adoptée pour décrire la cinétique de séchage des 

granulés cibles : (1) un modèle phénoménologique pour la période à taux de séchage constant et 

(2) un modèle empirique pour la période à taux décroissant. Le modèle a d'abord été validé par des 

résultats de séchage discontinu, puis a été étendu à la condition de séchage continu correspondante. 

Les distributions des temps de séjour des particules (RTD) ont été déterminées par la méthode 

d'injection de pulse-tracer. Ensuite, un modèle de dispersion a été développé sur la base des 

mesures RTD et de la cinétique de séchage qui permet de prédire les résultats de séchage continu 

à un état stable. L'écoulement des solides a été considéré comme un écoulement piston se déplaçant 

de l'entrée vers la sortie avec une dispersion axiale modérée, et le terme de rétromélange a été 

exprimé par un coefficient de dispersion expérimental. 

Les influences de plusieurs paramètres sont étudiées pour l'optimisation et la mise à l'échelle du 

procédé. L'augmentation de la température et de la vitesse de l'air a été efficace pour réduire la 

teneur en humidité finale. L'augmentation du taux d'alimentation a amélioré l'efficacité 

énergétique. Et l'augmentation du taux de rotation interne a amélioré la stabilité du processus et 

réduit l'effet de surchauffe. 
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Note : 

Some sections are removed from the originally published article, including abstract, nomenclature, 

acknowledgement, reference, but the relative content is incorporated elsewhere according to the 

layout of this document.   
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8.1 Introduction  

CM brings numerous benefits, including facilitating process control, improving productivity, and 

reducing capital cost. However, because of the strict regulatory environment, mainly driven by 

product quality, the pharmaceutical industry still heavily relies on batch operations and faces 

numerous challenges to convert them into continuous processes.  

Drying wet granules is one of the basic unit operations in pharmaceutical solids oral dosage 

production that is generally carried out by batch FBDs and tray dryers. Fluidisation is the most 

efficient technique for particle drying, but the process itself is associated with high development 

risks because of the uncertainties in particle trajectories. Traditional continuous FBDs often 

operate away from the plug flow regime, and common problems include insufficient drying caused 

by bypassing and overheating by back-mixing or particle retention. Moreover, pharmaceutical 

granules mixtures are often characterised by large PSD, different mixture components densities, 

and are generally irregularly shaped; these features make it even more difficult to achieve a stable 

and well-controlled fluidisation regime. Even though many continuous FBDs are available in other 

sectors, such as the food industry and coal industry, they are limited by some drawbacks and cannot 

be directly applied to pharmaceutical products. Pharmaceutical production has very strict 

requirements for quality assurance as the products are often susceptible to humidity and thermal 

damage. Thus, inappropriate drying might deteriorate the active ingredients in a pharmaceutical 

formulation. It is important to ensure homogeneity and control of the drying conditions so that the 

ingredients of the formulation to be dried do not exceed their maximum allowable temperature at 

any point in the process.  

In our previous study [206], a novel configuration of a continuous FBD was investigated for drying 

pharmaceutical granules, and the results were proven satisfactory. This dryer setup is composed 

of a horizontal FBD combined with a screw conveyor. The internal rotation contributes to 

minimizing the retention of unfluidised fines or agglomerates and also helps maintain the 

fluidisation regime by constantly destroying channelling in the bed. Moreover, the flights of the 

screw play the role of baffles, which largely reduce back mixing and maintain a first-in-first-out 

regime.  
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In nearly all industrial process development endeavours, modelling is a useful means to facilitate 

process design, optimisation and eventually scale-up. To gain more insight into this process, this 

study aimed at developing a first-principles-based phenomenological model (1) to predict the MC 

and solids temperature profiles along the dryer length and (2) to investigate the effects of drying 

parameters, including air temperature, air velocity, feeding rate and internal rotation rate of the 

screw conveyor. 

The literature describes two common types of modelling continuous FBDs: T-I-S models [190] 

and dispersion models [194], [201]. In our previous investigation, both models have proven 

successful in describing the solids flow inside the targeted process [206]. 

In a T-I-S model, the drying chamber is divided into several isothermal “drying cells,” and each 

cell is considered as a CSTR. In a dispersion mode, the solids flow is considered as a plug flow 

with moderate axial dispersion [185]. In a continuous fluidisation process, the intense air flow 

creates turbulence to the solids flow, which brings a part of the particles back to the solids inlet 

direction. Here, the dispersion term is intended to describe the back-mixing of the solids flow. 

Both models mentioned above contain an adjustable parameter for describing the back-mixing 

term of the solids flow, that is, a tank number n in a T-I-S model or a dispersion coefficient D in a 

dispersion model; experimental measurements of the solids RTDs are required to determine the 

coefficients for the corresponding condition. The success of a continuous FBD model largely 

depends on the accurate measurement of particle trajectory, velocities and residence time in 

different zones of the fluidised bed [207]. The most common technique for measuring RTD is the 

tracer pulse injection method [198]; it is conducted by injecting a small quantity of tracers near the 

material inlet, and the solids are collected at the outlet to determine the time needed for the 

trajectories.  

CFD, DEM, and combinations of CFD-DEM are also studied in the literature as simulation tools 

for FBD. Although an exhaustive literature review of this field is out of the scope of this work, it 

is useful to provide the reader with the state of the art.  Wang et al.[208] have presented a CFD-

DEM model that simulates the flow of dry and wet particles in a circulating fluidised bed riser. 

They use the Euler–Lagrange approach, where the solids phase is modelled by DEM, and the gas 

phase is modelled by Navier–Stokes equations. The forces considered in this simulation include 

inertia, friction, van der Waals, liquid bridge force, gravitational, drag and pressure gradient. The 
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results focus on the differences in behaviour between dry and wet particles and the role of the 

particle wetness on the motion, and the tendency to agglomerate and form clusters. However, the 

model does not address water evaporation (drying phenomena), the role of the particle shape, and 

the presence of particles with different densities and hygroscopicities. Azmir et al.[209] have 

presented a CFD-DEM simulation studying the effects of food grain properties on drying and 

shrinkage in a fluidised bed. The simulation does not consider adhesion and cohesion forces, and 

it is performed for the relatively regular shapes and a narrow size distribution of food grain 

populations. Unfortunately, the complexity encountered in real pharmaceutical formulations 

renders this tool impractical for the moment. There is no doubt that CFD and DEM can play an 

important role in the future, but the necessary oversimplifications used so far must be improved 

considerably to render the simulation reliable for industrial design, scale-up and operation.  

In this study, a typical type of pharmaceutical granules has been investigated as the target product, 

and a dispersion model has been developed based on its drying kinetics and the RTD of its solids 

flow inside the target process. Compared to the dispersion model published for traditional 

horizontal FBDs [201], the current model extends to a phenomenological level by considering the 

influences of the local air condition and the dryer geometry that allows applying higher values in 

the process design and optimisation.  

In the following sections, the paper first presents the principle of the dispersion model and the heat 

and mass balances of the process. Then, the model predictions were compared with experimental 

data. Finally, the continuous model simulates the parameter variations, and their impacts on the 

drying results are discussed.  

8.2 Modelling approach 

8.2.1  Solids flow of the target continuous drying process - Dispersion model  

The adopted modelling approach for the targeted process includes three parts: 

1) Modelling of drying kinetics for the target granules and model validation using batch drying 

experimentation 

2) Experimental investigation of the solids flow dynamics in the target process  



=
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To determine the dispersion coefficient for a specific drying condition requires experimental 

measurements of the solid’s RTD. A common problem in many published studies is that the RTDs 

are often measured with dry particles; given the important capillary forces between particles in a 

drying process, the wet solids flow could have very different dynamic behaviours. The data 

obtained from the dry particles may lead to significant deviations when directly applied to the 

drying process. The dispersion coefficients used in this study have been measured with wet 

granules; details of the experiments and calculation are available in [206]. 

8.2.2 Heat and mass balance for the solids flow 

In the control element at the position L (Figure 8-1b), the mass balance of the solids phase is:   

𝐷𝐷
𝜕𝜕𝑑𝑑s2

𝜕𝜕2𝐿𝐿
− 𝑈𝑈𝑠𝑠

𝜕𝜕𝑑𝑑s
𝜕𝜕𝐿𝐿

+
𝜕𝜕𝑑𝑑s
𝜕𝜕𝑑𝑑

= 0 

Eq (8-2) 
The heat balance of the solids phase is: 

𝐷𝐷
𝜕𝜕𝐻𝐻s2

𝜕𝜕2𝐿𝐿
− 𝑈𝑈s

𝜕𝜕𝐻𝐻s
𝜕𝜕𝐿𝐿

+
𝜕𝜕𝐻𝐻s
𝜕𝜕𝑑𝑑

= 0 

Eq (8-3) 

where 𝐻𝐻s [J kg−1] denotes the enthalpy and 𝑑𝑑s [% dry basis (d.b.)] the MC of the solids phase.  

𝐻𝐻s = (𝑐𝑐s + 𝑐𝑐wl𝑑𝑑s) ∙ (𝑇𝑇s − 𝑇𝑇ref) 

Eq (8-4) 

where 𝑐𝑐s and 𝑐𝑐wl [J kg−1 K−1] are, respectively, the specific heat capacity of the solids basis and 

liquid phase water; 𝑇𝑇s [K] is the solids temperature.  

𝑑𝑑𝑋𝑋s
𝑑𝑑𝑡𝑡

 [s−1] and 𝑑𝑑𝐻𝐻s
𝑑𝑑𝑡𝑡

 [J kg−1 s−1] represent the local drying rate and the enthalpy change of the solids 

phase at a given dryer length L. At steady state, they are constant; they do not vary with time but 

only depend on the location inside the dryer. The calculations of the local mass and heat transfer 

are provided in Section 2.2.  

• Boundary conditions  

The following boundary conditions are set for the resolution of these equations: 
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1) No dispersion occurs across the solid inlet and outlet boundaries.  

2) At the solids inlet position (L = 0), the granules are mixtures of the solids feeding flow 
and the back-mixing flow. So, one boundary condition is concluded as below:   

𝑑𝑑𝑠𝑠|𝐿𝐿=0 = 𝑑𝑑0 +
𝐷𝐷
𝑈𝑈s

(
𝜕𝜕𝑑𝑑s
𝜕𝜕𝐿𝐿

)�
𝐿𝐿=0

 

Eq (8-5) 

𝐻𝐻s|𝐿𝐿=0 = 𝐻𝐻s0 +
𝐷𝐷
𝑈𝑈s

(
𝜕𝜕𝐻𝐻s
𝜕𝜕𝐿𝐿

)�
𝐿𝐿=0

 

Eq (8-6) 

in which 𝑑𝑑0 and 𝐻𝐻s0 are initial MC and initial enthalpy of the feeding solids flow.  

At the solid outlet, the solids flow leaves the drying chamber by falling into a container without 

the possibility of back-mixing; therefore, the boundary condition at this position can be described 

as:  

(
𝜕𝜕𝑑𝑑s
𝜕𝜕𝐿𝐿

)�
𝐿𝐿=𝐿𝐿max

= 0 

Eq ( 8-7) 

(
𝜕𝜕𝐻𝐻s
𝜕𝜕𝐿𝐿

)�
𝐿𝐿=𝐿𝐿max

= 0 

Eq ( 8-8) 

8.2.3 Drying kinetics  

• Model description 

The local drying rate 𝒅𝒅𝑋𝑋s
𝒅𝒅𝒅𝒅

 and solids enthalpy change 𝒅𝒅𝐻𝐻s
𝒅𝒅𝒅𝒅

 along the dryer length have been 

determined based on the heat and mass transfer between solids and gas phase; they are decided by 

the local air humidity (Yg), temperature (Tg), velocity (Vg) and the dryer geometry, as detailed in 

Eq. 8-9 to 8-31.  

Some assumptions widely used in the published FBD models [190], [210] have been adopted in 

this study:   
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(1) The bed is considered as an emulsion, which consists of a solid and a gas phase. The target 

process is a shallow fluid bed, so the model does not distinguish the bubble phase from the 

emulsion.  

(2) Particles are perfectly mixed radially in the control volume (Figure 8-1b). 

(3) One single particle can represent all other particles in the chamber, including identical solids 

temperature (Ts), MC and other physical properties.  

(4) The gas flow is ideal plug flow, moving upwards from the bed bottom to the top. The gas back 

mixing is indirectly accounted for using gas-to-particle heat and mass transfer coefficients.  

(5) The wall of the bed has poor thermal conductivity, such as plexiglass of 10 mm thickness, so 

the heat loss is neglected.  

(6) The particles’ physical properties, including size and shape, do not change during the drying 

process. Collisions or agglomerations between particles are neglected.  

(7) Particles only exchange mass and energy with the gas phase. 

For the differential control element (Figure 8-1c) located at bed height Z and dryer length L, the 

mass and heat balances for the solids phase are described below:  

𝑊𝑊|𝐻𝐻 ∆𝐿𝐿 ∆𝑍𝑍 ∙ 𝜌𝜌f
𝑑𝑑𝑑𝑑s
𝑑𝑑𝑑𝑑

�
𝑍𝑍

= 𝑊𝑊|𝐻𝐻∆𝑍𝑍  ∆𝐿𝐿 ∙  �̇�𝑚|𝑧𝑧 

Eq ( 8-9) 

𝑊𝑊|𝑍𝑍 ∆𝐿𝐿∆𝑍𝑍 ∙ 𝜌𝜌f
𝑑𝑑𝐻𝐻s
𝑑𝑑𝑑𝑑

�
𝑍𝑍

 = 𝑊𝑊|𝑍𝑍 ∆𝐿𝐿∆𝑍𝑍 ∙ ��̇�𝑞|𝑍𝑍 − 𝜌𝜌f(−
𝑑𝑑𝑑𝑑s
𝑑𝑑𝑑𝑑

�
𝑍𝑍

)𝐻𝐻vap� 

Eq ( 8-10) 
where 

𝜌𝜌f = 𝜌𝜌s(1 − 𝜀𝜀f) 

Eq ( 8-11) 

�̇�𝑞 [J m−3 s−1] and 𝑚𝑚 ̇ [kg m−3s−1] refer to the volumetric heat and mass transfer rate from air to the 

solid. 𝜀𝜀f refers to the bed voidage during fluidisation. A typical value, that is, 0.7, has been used in 

this model. 𝜌𝜌s denotes the true solids density. 
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𝐻𝐻vap is the enthalpy change calculated as below: 

𝐻𝐻vap = 𝑐𝑐wv�𝑇𝑇g − 𝑇𝑇s� + 𝛾𝛾vap + 𝑐𝑐wl(𝑇𝑇s − 𝑇𝑇ref) 

Eq ( 8-12) 

in which 𝛾𝛾vap is the latent heat of water [J Kg−1] 

The bed width (W) increases along the bed height (Z), which can be expressed by:  

𝑊𝑊(𝑍𝑍) =

⎩
⎪
⎪
⎨

⎪
⎪
⎧ 𝑊𝑊0 + 2 𝑍𝑍

tan𝜃𝜃
                                                          � 𝑍𝑍 < 𝑍𝑍0 −

𝑑𝑑
2
�

𝑊𝑊0 + 2 𝑍𝑍
tan𝜃𝜃

− 2��𝑑𝑑
2

4
− (𝑍𝑍 − 𝑍𝑍0)2�                       �𝑍𝑍0 −

𝑑𝑑
2

< 𝑍𝑍 < 𝑍𝑍0�

𝑊𝑊0 + 2 𝑍𝑍0
tan𝜃𝜃

+ 2 𝑍𝑍−𝑍𝑍0
tan𝛼𝛼

− 2��𝑑𝑑
2

4
− (𝑍𝑍 − 𝑍𝑍0)2�    �𝑍𝑍0 < 𝑍𝑍 < 𝑍𝑍0 + 𝑑𝑑

2
�

𝑊𝑊0 + 2 𝑍𝑍0
tan𝜃𝜃

+ 2 𝑍𝑍−𝑍𝑍0
tan𝛼𝛼

                                     �𝑍𝑍0 + 𝑑𝑑
2

< 𝑍𝑍�

                  

Eq ( 8-13) 
 

in which 𝑊𝑊0, 𝑍𝑍0, tan𝜃𝜃 and tan𝛼𝛼 are demonstrated in Figure 8-1b.  

The mass and heat balances for the gas phase are expressed below:  

𝜌𝜌g 𝑣𝑣g�𝑍𝑍𝑊𝑊|𝑍𝑍 ∆𝐿𝐿 
𝑑𝑑𝑌𝑌g
𝑑𝑑𝑍𝑍

∆𝑍𝑍 = 𝝆𝝆f
𝒅𝒅𝑿𝑿𝒔𝒔
𝒅𝒅𝒅𝒅

�
𝑍𝑍
𝑊𝑊|𝑍𝑍∆𝐿𝐿∆𝑍𝑍 

Eq (8-14) 

𝜌𝜌g 𝑣𝑣g�𝑍𝑍𝑊𝑊|𝑍𝑍∆𝐿𝐿
𝑑𝑑𝐻𝐻g
𝑑𝑑𝑍𝑍

 ∆𝑍𝑍 =
𝒅𝒅𝑯𝑯𝐬𝐬

𝒅𝒅𝒅𝒅
�
𝑍𝑍

 𝑊𝑊|𝑍𝑍∆𝐿𝐿∆𝑍𝑍 

Eq (8-15) 

where 𝑌𝑌g [kg kg-1 water to air] denotes the absolute air humidity, and 𝐻𝐻g [J kg-1] denotes the air 

enthalpy, which can be calculated as below: 

𝐻𝐻g = 𝑐𝑐g�𝑇𝑇g − 𝑇𝑇ref� + �𝑌𝑌g ∙ �𝑇𝑇g − 𝑇𝑇ref�𝑐𝑐wv + 𝛾𝛾vap� 

Eq ( 8-16) 
The change of air velocity due to water evaporation is estimated to be low; it is, therefore, 

neglected in the model. The air velocity 𝑣𝑣𝑔𝑔�𝑍𝑍changes along the bed height, which depends on the 

inlet air velocity 𝑣𝑣𝑔𝑔0 and the bed width W|𝑍𝑍, shown below:  
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𝑣𝑣g�𝑍𝑍 = 𝑣𝑣0
𝑊𝑊0

𝑊𝑊|𝑍𝑍
 

Eq ( 8-17) 
As described earlier in the assumptions, the air flow moves from the bottom to the top as plug flow, 

and the boundary condition at the air inlet can be described as below: 

𝑌𝑌g�𝑍𝑍=0 = 𝑌𝑌0 ,  𝑇𝑇g�𝑍𝑍=0 = 𝑇𝑇g0 

Eq ( 8-18) 
At the bed length L, the average solids phase drying rate and enthalpy change in the control element 

(Figure 8-1b) are calculated by integrating the rates at different bed heights using the equations 

below:   

𝑑𝑑𝑑𝑑s
𝑑𝑑𝑑𝑑
�����

=
𝜌𝜌f ∫ ∫ 𝒅𝒅𝑿𝑿𝐬𝐬

𝒅𝒅𝒅𝒅 �𝑍𝑍
𝑊𝑊|𝑍𝑍 𝑑𝑑𝑍𝑍𝑍𝑍bed

0 𝑑𝑑𝐿𝐿   𝐿𝐿+∆𝐿𝐿
𝐿𝐿

𝜌𝜌f∆𝑉𝑉
 

Eq ( 8-19) 

𝑑𝑑𝐻𝐻𝑠𝑠
𝑑𝑑𝑑𝑑
�����

=
𝜌𝜌f ∫ ∫ 𝒅𝒅𝐻𝐻𝒔𝒔

𝒅𝒅𝒅𝒅 �𝑍𝑍
W|𝑍𝑍 𝑑𝑑𝑍𝑍𝐻𝐻bed

0 𝑑𝑑𝐿𝐿   𝐿𝐿+∆𝐿𝐿
𝐿𝐿

𝝆𝝆f ∆𝑉𝑉
 

Eq ( 8-20) 

where 𝑍𝑍bed depends on the bed hold-up 𝑚𝑚s and the voidage of the emulsion 𝜀𝜀. The relationship is 

shown below:  

� 𝑊𝑊|𝑍𝑍∆𝐿𝐿𝑑𝑑𝑍𝑍
𝑍𝑍bed

0
=

𝑚𝑚s

𝜌𝜌wet bulk(1 −  𝜀𝜀)
 

Eq ( 8-21) 

∆𝑉𝑉 [m3] denotes the volume of the controlled element shown as below:  

∆𝑉𝑉 = � 𝑊𝑊|𝑍𝑍
𝑍𝑍bed

0
∆L ∙ d𝑍𝑍 

Eq ( 8-22) 

The heat and mass transfer rates between gas and solids phase, that is, �̇�𝑞 and �̇�𝑚, depend on the 

governing resistance during drying.  
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Drying of any solids saturated with a liquid consists of two periods: a constant-drying rate period 

and a falling rate period [33]. In certain applications, a solids pre-heating period is considered 

before the constant drying rate period, but it is a very rapid process, which usually lasts tenths of 

a second in industrial conditions [18], so here this period is neglected.    

The external volumetric heat transfer is calculated for both the constant drying rate period and 

falling rate period below: 

�̇�𝑞|𝑍𝑍 = 𝐴𝐴p ∙ ℎ|𝑍𝑍 ∙ �𝑇𝑇g�𝑍𝑍 − 𝑇𝑇s� 

Eq ( 8-23) 

where �̅�𝑑p denotes the average particle diameter. 𝐴𝐴𝑝𝑝 [m2 m-3] is the volumetric exchanging surface 

between the solids phase and the gas phase, which can be calculated as below: 

𝐴𝐴p =
 𝜌𝜌f
𝜌𝜌s

 6
�̅�𝑑p

 

Eq ( 8-24) 
The heat transfer coefficient (h) depends on the local air velocity, which is determined by the 

equation below [203], [211] :  

Nu = 0.0133 Re1.6 

Eq ( 8-25) 
where  

𝑅𝑅𝑒𝑒 = 𝜌𝜌g𝑣𝑣g𝑑𝑑p
𝜇𝜇g

, 𝑁𝑁𝑁𝑁 = ℎ 𝑑𝑑p
𝑏𝑏g

, 𝑃𝑃𝑃𝑃 = 𝐶𝐶g 
𝜌𝜌g𝑏𝑏g

 

Eq ( 8-26) 
When the external heat and mass transfer govern the drying, the solids temperature is equal to the 

wet-bulb temperature (𝑇𝑇wb), which depends on many factors; namely local air temperature, air 

velocity and air humidity. 

For a specific condition, the most straightforward way of determining 𝑇𝑇𝑠𝑠𝑏𝑏 is to simulate the drying 

process in the control element in batch mode, which allows predicting the solids temperature 

evolution as a function of time in the corresponding geometry and air condition. During the 

constant rate period, the solids temperature presents a stable value until the critical MC is reached; 
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this value is the thermal dynamic wet-bulb temperature for the corresponding condition, and it can 

be used as the Twb for the element.   

The mass transfer during the constant drying rate period can be calculated as below: 

�̇�𝑚|𝑍𝑍 = 𝐴𝐴p ∙ 𝑘𝑘|𝑍𝑍 �𝑌𝑌g�𝑍𝑍 − 𝑌𝑌sat� 

Eq ( 8-27) 
where Ysat denotes the air saturation humidity at the solids surface depending on the solids 

temperature [212], the calculation is: 

𝑌𝑌sat = 0.622
𝑃𝑃sat

𝑃𝑃0 − 𝑃𝑃sat
 

Eq ( 8-28) 

where 𝑃𝑃sat [Pa] is the water vapor staturation pressure and 𝑃𝑃0 [Pa] denotes the pressure of the 

drying condition.  

The vapour saturation pressure can be calculated as below: 

𝑃𝑃sat = 1.01325 ∙ 105 ∙ e(13.869−5173𝑇𝑇s
)  

Eq ( 8-29) 
The mass transfer coefficient k is calculated as below [203], [213]:  

Sh=0.374Re1.18 for 0.1<Re<15 

Sh=2.01Re0.5 for 15<Re<250 

Eq ( 8-30) 
where  

𝑆𝑆ℎ =
𝑘𝑘𝑑𝑑p
𝐷𝐷v

 

Eq ( 8-31) 
 

in which 𝐷𝐷v [m2 s−1] is the vapour diffusion coefficient in air.  

Equation 8-27 is no longer appropriate for describing the mass transfer during the falling-rate 

period when the internal diffusion limits the drying rate.  



=

=  e
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(2) Air velocity is constant along the bed height, so equation 8-17 has been modified as below:  

 𝑣𝑣g�𝑍𝑍 = 𝑣𝑣0  

Eq ( 8-34) 

Additionally, in batch drying, the solids MC is a function of drying time. The boundary condition 

is at the start of the drying process (𝑑𝑑 = 0) when the MC and the temperature of the solids phase 

are at their initial state (𝑑𝑑s = 𝑑𝑑0, 𝑇𝑇s =  𝑇𝑇0). 

8.2.4  Solving the continuous drying process  

The continuous model can be solved iteratively with an explicit method.  

First, the drying chamber was divided into segments of a sufficiently small length ∆𝐿𝐿 (Figure 1-b) 

along the dryer length. Each segment is coordinated with i (i = 1, 2, …, n, where n= 𝐿𝐿
∆𝐿𝐿

 ). 

Second, the derivative equation 8-2 and equation 8-3 were decomposed by central approximation, 

and then the explicit values were isolated and iterated over the points.  

Finally, the equations were solved using the relaxation method by iterating until convergence[201]. 

By central difference approximation, the derivative equation 8-2 and 8-3 are converted as below:   
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Eq (8-35) 
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Eq (8-36) 
Similarly, the boundary conditions of equations 8-5 to 8-8 are converted as below:  

(1+ 𝐷𝐷
𝑈𝑈s∆𝐿𝐿

)𝑑𝑑s,1 −
𝐷𝐷

𝑈𝑈s∆𝐿𝐿
𝑑𝑑s,2 = 𝑑𝑑0 

Eq (8-37) 

(1+ 𝐷𝐷
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𝐷𝐷

𝑈𝑈s∆𝐿𝐿
𝐻𝐻s,2 = 𝐻𝐻s,0 

Eq (8-38) 
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𝑑𝑑s,n − 𝑑𝑑s,𝑚𝑚−1 = 0 

Eq (8-39) 
 

𝐻𝐻s,𝑚𝑚 − 𝐻𝐻s,𝑚𝑚−1 = 0 

Eq ( 8-40) 
The mass transfer of the solids flow can be calculated by substituting equations 8-9, 8-19, 8-27 

and 8-32 into 8-35 as: 
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Eq ( 8-41) 
The calculation algorithm of the right term of the equation is presented in Figure 8-3b.  

Similarly, the enthalpy change for the solids phase is calculated by substituting equations 8-10, 8-

20 and 8-23 into equation 8-36 as:  
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Eq (8-42) 

To solve equation 8-42, the solids temperature 𝑇𝑇𝑠𝑠 should be substituted into the 𝐻𝐻𝑠𝑠 term, according 

to equations 8-4, and be moved to the left side of the equation. After the substitution and 

rearrangement, it can be expressed as:  
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Eq (8-43) 

where the constants 𝑎𝑎𝑚𝑚 at each grid point are calculated as below:  
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Eq (8-44) 
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Eq (8-45) 

in which the values of the terms 𝑑𝑑s,𝑚𝑚 in equation 8-44 and  𝑑𝑑𝑋𝑋s
𝑑𝑑𝑡𝑡
�
𝐿𝐿
in equation 8-45 are previously 

determined by solving equation 8-41.  

Khanali et al. [3] presented a similar model which predicted well the continuous drying results, 

but almost all solid temperatures were overestimated in the predictions. An improvement can be 

done by considering the temperature gradient along the bed height. Their model adopted the air 

inlet temperature as the air temperature all along the bed height. But the air temperature along the 

bed height is not a constant, and its profile is decided by the heat transfer between the solid and 

gas phase. Once the air flow enters the drying chamber, the temperature decreases rapidly because 

of the intense heat transfer. This modification may improve the prediction precision. 
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8.3 Materials, apparatus and methods 

8.3.1 Material  

The wet granules were prepared by a high-shear granulator and then sieved by a 1.7 mm screen to 

remove agglomerates before drying. The properties of the target granules are presented in Table 

8-1. More details of the material characterisation are provided in the paper [206] . 

Table 8-1 Properties of the target granules 

Principle Composition 

MCC ph101  
Lactose monohydrate  

Calcium carbonate  
Sodium saccharine  

Croscarmellose sodium 

Particle average diameter (volume based) [μm] 132 (Wet granules) 
    83 (Dried granules) 

Dried granules skeletal density [kg m−3] 1700 
Bulk density [dry basis kg m−3] 288 
Initial MC mass fraction[%] 28 
Critical MC mass fraction [%] 13 
Specific heat capacity [J kg−1 K−1] 1.263 
Other features Hydrophilic, elongated shaped, coarse 

surface 

The volumetric PSD of the dried and wet granules was measured with a Malvern Mastersizer 

(Malvern Panalytical, United Kingdom), and the average diameter is smaller after drying because 

of shrinkage. Given that the particle diameter is needed for determining the drying rate during the 

constant rate period, the wet granules’ diameter, that is, 132 μm, was used as the particle diameter 

in the model.  

8.3.2 Batch drying kinetics 

To characterise the drying kinetics of the target granules, 60 g of the wet granules of 38.9 % d.b. 

initial MC were dried in a cylinder batch FBD of 6 cm diameter made by plexiglass.  

The results of batch drying at 40 °C, 50 °C and 60 °C were compared with the simulations to 

validate the drying kinetics model for the target granules. The inlet air velocity was 0.7 m s-1 and 

inlet air humidity 0.035 kg kg-1 water to air in all the tests. Each drying condition test was repeated 

at least once. 
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The evolution of the solids temperature as a function of drying time was monitored by a thermal 

IR camera (FLIR T420, Swede) through a Zinc-Selenide window on the wall of the bed. In each 

drying test, 4–6 samples of about 1 g were collected at different time intervals to determine the 

MC evolution during drying. The granules were picked up through a sampling port on the wall of 

the FBD, and then the MC of the sample was determined by a LOD balance (Mettler Toledo IR 

Dryers LJ16, Switzerland).  

8.3.3 Continuous drying  

Continuous drying of the target granules was carried out in a bench-scale FBD prototype built on 

purpose which has been presented in a previous study[206]. The prototype consists of a horizontal 

FBD and a screw conveyor of thin flights located at the bottom of the FBD. The solids are fed 

continuously from the top of one side of the bed by a motor-driven screw feeder and leave the 

drying chamber at the other side driven by both the fluidisation regime and the conveyor. As the 

flighting pitches can hold sufficient solids in the bed during the process, no weir is set at the end 

of the process, and the solids fall freely into a container once they arrive at the material outlet. In 

the scope of this study, the internal rotation rate was fixed at 1.9 rpm in all experiments to ensure 

that in all tests, at the solid outlet, the granules reach a wetness below Xcr but they are not totally 

dried.  .   

The air flow is supplied by an air compressor equipped with a dehumidifier. The flow rate is 

controlled by two independent mass flow controllers (Alicat Scientific Inc. MCR Series, USA), 

and the inlet air temperature is controlled using heating components. The air streams enter the 

drying chamber by passing through an air distributor made of sintered metal with 80-μm holes; the 

distributor creates a pressure drop which is high enough to form an even air flow distribution along 

the bed. Before exiting to the atmosphere, the air passes through a dust filter to remove entrained 

particles. 

The RTD and the dispersion coefficient were measured by the tracer pulse-injection method. At a 

steady state, 15 g of wet granules coloured by methyl orange (approximately 8%–10% of the bed 

hold-up) were poured into the chamber through a port near the material inlet, and a timer was 

started. From the second minute after the tracer addition, the discharged granules were collected 

every 60 s, and the quantities of the tracer in the samples were determined by ultraviolet analysis.  
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The bed hold-up (ms) was determined by the stop and empty method. At a steady state, the solids 

feeding was suddenly stopped, and the solids were collected at the outlet until the bed was empty. 

The mass of the collected solids is then considered as the bed hold-up for the corresponding 

condition [206]. 

Four sampling ports were set along the dryer length for picking up granules at different positions 

during the drying process; the MCs of the samples were determined by an LOD balance (Mettler 

Toledo IR Dryers LJ16, Switzerland).  

The solids temperature of the granules was measured by an off-line method; at a steady state, the 

process is suddenly stopped, thus allowing the prototype to be opened from its top, then the solids 

temperatures at different positions were measured by an IR thermometer.  

The dryer consisted of a zone 1 and a zone 2 with independent inlet air flows. Zone 1 is the first 

half of dryer length near the solids inlet side; a high air velocity (vg1) was applied in this zone to 

remove rapidly the MC on the granules’ surface. After the middle of the dryer length, usually when 

the internal diffusion starts to govern the drying rate, a lower air velocity (vg2) was applied to avoid 

overheating and limit particle entrainment.  

Because the constant rate period generally finishes before the solids reach the middle of the dryer 

length (when the external condition controls the drying rate), in this study, the variations of the air 

velocity have been carried out only in zone 1 while in zone 2 the inlet air velocity was maintained 

at 0.3 m s-1.  

The continuous drying results under six different drying conditions, presented in Table 8-2, were 

used for validating the prediction of the continuous drying model. ‘b1’ and ‘b2’ are the empirical 

coefficients previously determined for the falling rate periods when the granules were positioned 

in zone 1 or zone 2. In total, three levels of drying temperature, 40 ℃, 50 ℃ and 60 ℃, and 

different air velocities in zone 1, 0.54 m s-1, 0.67 m s-1, and 0.77 m s-1, have been tested. The inlet 

air humidity was at 0.035 kg kg-1 water to air in all tests.  

Tests 3 and 4 were repeated twice to evaluate the experimental errors. The deviations of the MC 

profile are in the range of 0.3 % to 2.6 % d.b.; the final MC 0.2 % to 0.8 % d.b.. And the deviations 

of the solid temperature fell into the range of 0.2 to 1.0 ℃ in zone 1 and 1.2 to 3.4 ℃ in zone 2. 
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Table 8-2 Continuous drying operating conditions 
Test # Vg1 

[m s−1] 
Tg0 
[℃] 

Fs  
[kg h−1] 

b1 b2 

1 0.67 40 1.24 0.006 0.003 
2 0.67 50 1.40 0.009 0.004 
3 0.67 60 1.41 0.012 0.006 
4 0.54 60 1.34 0.011 0.006 
5 0.77 60 1.26 0.015 0.006 
6 0.67 60 1.24 0.012 0.006 

The dry basis throughput (Fs) is calculated based on the discharge rate at a steady state. Even 

though the same feed rate setpoints were used (1.20 kg h-1), the actual measured feed rate showed 

some variation, from 1.24 kg h-1 to 1.41 kg h-1. Because the feeder was operated at its lowest limit, 

fine adjustment of the feed rate was difficult. Also, different hopper filling levels or small 

variations in the granule properties among the tests may cause variations. The experimentally 

measured data were used for the model validation. 

The internal rotation rate is not a direct parameter in the continuous model, but it plays an important 

role in deciding the RTD of the solids flow and the bed hold-up. By accelerating the internal 

rotation rate, both the mean residence time and the bed hold up are prone to decrease [206]. 

8.3.4 Process efficiency evaluation 

The drying efficiency under different operating conditions has been assessed by the overall 
evaporation rate and the energy efficiency.  

• Overall evaporation rate 𝑑𝑑𝑑𝑑𝐶𝐶
𝑑𝑑𝑡𝑡
����� [kg s−1] 

The overall evaporation rate was calculated based on the MCs of the solids flow at the inlet and at 
the outlet by the equation shown below:  

𝑑𝑑𝑑𝑑𝐶𝐶
𝑑𝑑𝑑𝑑
������

 = 𝐹𝐹s �𝑑𝑑𝑠𝑠 inlet − 𝑑𝑑𝑠𝑠outlet� 
Eq ( 8-46) 

where 𝐹𝐹𝑠𝑠 denotes the solids flowrate [kg s−1].  

• Energy efficiency 

The heat used for heating the inlet air flow is considered as input energy, calculated as below:  
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Energy input [J s−1] = �̇�𝑚g(𝑇𝑇g,in − 𝑇𝑇ambient)(𝑌𝑌0𝐶𝐶wv + 𝐶𝐶g) 

Eq ( 8-47) 
The energy efficiency is calculated by dividing the evaporation heat by the input energy:  

Energy efficiency [J J−1 evaporation heat to input energy ] =
𝑑𝑑𝑑𝑑𝐶𝐶
𝑑𝑑𝑑𝑑
������

 𝐻𝐻vap  / Energy input  

Eq ( 8-48) 
The air consumption is another energy aspect of evaluating the process efficiency: 

Air consumption [kg kg−1 water evaporation to air] =
𝑑𝑑𝑑𝑑𝐶𝐶
𝑑𝑑𝑑𝑑
������

 /�̇�𝑚g 

Eq ( 8-49) 

8.4 Results 

8.4.1 Simulation results vs. experimental data  

Based on the model proposed in 8.2, a program has been developed in a Python environment to 
simulate the batch and continuous drying process. The experimental data are compared with the 
simulated data.  

8.4.2 Batch drying  

The evolution of the MC and solids temperature as a function of drying time was determined for 
batch drying, and the results have been compared with the model predictions (Figure 8-4).  
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solids and ambient environment is expected to exceed 10 ℃. In addition, the experimental data 

should be validated by an in-line measuring method.   

8.4.4 Parametric study  

Several parameters of the target continuous drying process have been identified as being critical 

[206]; they include: 

1) Inlet air temperature 

2) Inlet air velocity (zone 1) 

3) Internal rotation rate 

4) Solids feeding rate  

Additionally, the inlet air humidity, the physical properties of the granules, such as particle size, 

shape, critical MC, can also be influential to some extent and must be considered in further 

investigation.  

The influence of 20% variation among the selected parameters has been studied by simulating test 

2. The results are presented in Table 8-4, and they are compared in terms of MC axial profile, 

solids temperature axial profile, overall evaporation efficiency and energy efficiency, as shown in 

Figure 8-9. 
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• Air temperature  

Drying is a thermal process in which air temperature has been identified as the parameter that 

affects the drying rate the most, according to the reported studies on batch FBD [35]. The increase 

of air temperature significantly enhances the drying rate, but at the same time, it may result in 

severe solids heating as well; the latter must be avoided in drying heat-sensitive pharmaceutical 

granules.  

The final MC was substantially lower at 60 °C than 40 °C (Figures 8-9i, 8-10a and Table 8-4), and 

the change is the most substantial of the changes generated by varying other parameters. Therefore, 

upon process control, the most effective way to decrease the final MC is by adjusting the air 

temperature.  

Energy efficiency decreases with increasing air temperature due to the important heat loss to 

heating the solids and the hot outlet air flow. However, the air consumption was slightly reduced; 

the same quantity of air can bring out more humidity thanks to its higher saturation pressure at 

high temperatures. 

• Air velocity  

The increase of air velocity also decreased the final MC and increased the overall evaporation rate 

(Figure 8-9ii, 8-10b and Table 8-4). The effect of changing air velocity on the drying results was 

less substantial than the effect of varying air temperature. However, the air flow increase did not 

necessarily increase the risk of solids overheating; the solids temperature evolution tendencies are 

almost identical among the three levels. Therefore, when drying heat-sensitive pharmaceutical 

materials with a temperature limitation, increasing the air velocity may be an appropriate way to 

enhance the drying rate without heating the solids to a higher level. At the same time, it should be 

noted that the abrasion and the solids loss by entrainment could potentially become problems at 

higher air velocity. Depending on the specific requirements of the product, these factors must be 

considered during the process design.  

Note that the increase of air velocity caused higher consumption of both air flow and energy. At 

higher air velocity, the airflow leaves the bed faster, and the exchange time between the solids 

phase and the gas phase is shortened, resulting in lower efficiency of heat and mass transfers. 
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When high energy efficiency is desired, the decrease of the air velocity is a process-optimisation 

option. 

• Feeding rate  

Our previous study [206] found that the feeding rate variations were always accompanied by 

important bed hold-up changes that cannot be neglected. Within the investigated range,  

1) the changes between the feeding rate and the bed hold-up were almost proportional. 

2) The solids RTDs were practically the same, which means the feeding rate did not 

substantially affect the horizontal solids transport.  

Therefore, to simulate the feeding rate variations in the target process, the bed hold-ups were also 

accordingly adjusted in the model at a ratio of 1:1 while maintaining the same axial velocity.  

The feeding rate increase enhanced the overall evaporation rate, shows that the solids MC was 

increased all along the dryer length with lower solids temperatures (Figure 8-9iii, 8-10c and Table 

8-4). The larger bed depth is responsible for these changes; the quantity of the wet granules inside 

the bed was increased, so the MC evolution along the dryer length was slowed, resulting in an 

increase of the final MC.  

Additionally, the energy efficiency was improved with a substantial reduction in both energy and 

air consumption. The increased bed height improves the contact between the solids and the gas 

phases, thus further enhancing the heat and mass transfers of the drying process. Hence, increasing 

the feeding rate is an effective way of optimising the process energy efficiency, but a longer dryer 

length may be required to allow sufficient drying time for the solids flow to reach its target final 

MC at the exit of the dryer.  

• Internal rotation rate  

The internal rotation rate is not a direct parameter to put into the model; its variations are 

essentially embodied in changing the bed hold-up and the solids RTD at the same time. In our 

previous study [206], an inverse correlation was found between the rotation rate and the bed hold-

up; by accelerating the internal rotation rate, the bed hold-up significantly decreased and the axial 

velocity increased, resulting in a shortened mean residence time. So, to investigate the influence 

of this parameter, the variations of the bed hold-up have been simulated.  
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The internal rotation rate was found to have the most significant impact on the solids RTD features 

[206]. In contrast, as shown in Figure 8-9iv, when varying the internal rotation rate the changes on 

the axial profile of the MC and the solids temperature are relatively low. This corresponds well to 

the experimental observations reported in the previous study [206]: even though the internal 

rotation rate acceleration significantly decreased the mean residence time, the differences in the 

final MCs were minor. Also, the drying and the energy efficiencies were similar within the range 

of investigated conditions (Figure 8-10d). Because both the drying rate and the solids flow axial 

velocity were increased, the co-action of the enhanced drying efficiency and the shortened drying 

time cancelled each other’s impacts on the drying results.  

Our previous study [206] concluded that a high internal rotation rate is recommended for 

optimising the fluidisation efficiency and maintaining the process stability. Additionally, reducing 

the solids flow mean residence time is beneficial for reducing the abrasion/attrition during the 

process.  

This study further confirmed the industrial interest of applying a high rotation rate. Lower solids 

temperature rises are overserved at higher rotation rate (Figure 8-10d). Even though the overall 

drying rate stays similar, the increase of rotation rate enhances local drying efficiency and shortens 

the required residence time for the solids to reach the target MC; thus, the granules are dried faster 

and are heated less during the process.  This feature is different from the other three parameters’ 

influence, where the increase of drying rate is always accompanied by increased solids heating. 

8.5 Conclusion  

This study presented a modelling approach for a continuous drying process of pharmaceutical 

granules in a horizontal FBD combined with a screw conveyor. The drying kinetics have been 

modelled and validated by batch drying results based on the heat and mass transfer between the 

solids phase and the air flow. The solids flow of the continuous process has been considered as 

plug flow from the inlet to the outlet with moderate axial back-mixing. Then, a dispersion model 

has been developed accordingly by extending the batch drying model to the continuous drying 

condition along with solids flow dynamics.  

The model allows simulating the process at a phenomenological level, and the predictions have 

been compared with the experimental data. The MC axial profile predictions showed a good fit, 
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but the predicted solids temperatures are generally higher than the experimental measurements at 

the falling drying rate regime. This is plausibly attributed to the important heat dissipation (loss) 

during the process that was not considered in the model.  

The influences of the parameter variations have been studied. The air temperature showed the most 

significant impact on the final MC, but the major drawbacks include the important solids heating 

effect and the reduced energy efficiency. The increase of air velocity decreased the final MC 

without thermal effect; this proves to be a more appropriate way to decrease the final MC when 

drying heat-sensitive materials. Increasing the feeding rate enhanced both the process energy 

efficiency and the overall evaporation rates. However, the faster feeding rate can require a longer 

dryer length to achieve the target final MC. Finally, even though the rotation rate is critical for the 

RTD of the solids flow, its impact on the drying results is less significant in terms of overall 

evaporation rate and energy efficiency. Nevertheless, the increase of the internal rotation rate is 

beneficial for the process stability and can reduce the overheating effect. It is worth attention that 

the feeding rate should be adjusted accordingly to maintain an optimum bed hold-up level.   

In further investigation, the continuous model will be completed with a heat loss term to improve 

the precision of the predictions of the solid temperature evolution. Currently, the kinetics of the 

falling rate period still rely on an empirical model and require additional effort to be extended 

based on first principles. Although the composition of the solid mixture used in this study is highly 

representative of a real pharmaceutical formulation, more formulations must be studied to evaluate 

the general applicability of the proposed model.  
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List of symbols 
b Coefficient for the falling rate period  
𝑐𝑐s Solids specific heat capacity [J Kg−1 K−1] 
𝑐𝑐wl Water specific heat capacity [J Kg−1 K−1] 
𝐷𝐷  Solids flow dispersion coefficient [m2 s−1] 
𝐷𝐷v Vapour diffusion coefficient in air [m2 s−1] 
�̅�𝑑p Particle average diameter [m] 
d.b. Dry basis  
Fs Solids throughput [kg s−1] 
h heat transfer coefficient [W m−2 K−1] 
𝐻𝐻vap Evaporation enthalpy [J kg−1] 
𝐻𝐻𝑠𝑠 Solids enthalpy [J kg−1] 
𝐻𝐻g Air enthalpy [J kg−1] 
k Mass transfer coefficient [ kg m−2 S−1] 
L Dryer length [m] 
𝑚𝑚 ̇ Volumetric mass transfer rate [kg m−3 s−1] 
𝑚𝑚s Bed hold-up [kg] 
Nu Nusselt number [-] 
Pe Peclet number  
Pr Prandtl number [-] 
P Pressure [pa]  
�̇�𝑞 Volumetric heat transfer rate [J m−3s−1] 
Re Reynolds number [-] 
Sh Sherwood number 
𝑇𝑇s Solids temperature [K] 
t Time [s] 
𝑇𝑇g Air temperature [°C] 
𝑇𝑇wb Wet-bulb temperature [°C] 
Us Solids flow axial velocity [m s−1] 
𝑣𝑣g Air velocity [m s−1] 
W Dryer bed width [m] 
X Solids moisture content [-] 
Ysat Air saturation humidity [kg water/kg air] 
𝑌𝑌g Air absolute humidity [kg water/kg air] 
Z  Bed height [m] 
Zbed Solid bed height [m] 
𝜀𝜀 Emulsion voidage [-] 
𝛾𝛾vap Latent heat of water [J Kg−1] 
𝜌𝜌𝑒𝑒 Fluidisation density [kg m−3] 
𝜌𝜌𝑠𝑠 Solids true density [kg m−3] 
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Conclusion and perspectives  
CM brings enormous value to the pharmaceutical industry that can render the fabrication of 

medications faster, more controllable, and with a reduced cost. The lack of a pharmaceutical 

continuous dryer was identified as one of the obstacles preventing the industry from achieving 

fully continuous tablet production. This project aimed at proposing a solution and helping the 

pharmaceutical industry get a step closer to full CM. As a conclusion, the research has validated 

that the adoption of a horizontal FBD assisted by a screw conveyor is a feasible option, and the 

aid of high-power ultrasound has been proposed as a process intensification technique.  

First, the work examined current drying technologies and commercial dryers from different 

industrial sectors from the perspective of pharmaceutical production. Subsequently, a laboratory 

dryer porotype was designed and built based on the selected operational mechanism and the 

characteristics of the target granules for further experimental investigation. The results showed 

that the fluidization process provided a satisfactory drying efficiency and homogeneity, while 

the aid of the screw conveyor increased the flexibility of the process in terms of production 

volume, feeding types and tolerance to process perturbations. Given that the target granules 

featured irregular shapes with large PSD, the internal rotation of the screw conveyor was 

indispensable for maintaining the solids’ regime stability by constantly breaking the severe 

channellings formed in the bed. Moreover, the measurements of the solids’ RTDs showed that 

the screw conveyor significantly enhanced the plug-flow pattern compared with transitional 

horizontal FBDs. All observations indicated that the target process is an ideal choice for 

production.   

Furthermore, a practical modelling approach at phenomenological level was developed which 

will facilitate adoption of this novel FBD in industry. The model considered the solids’ flow as 

a plug-flow moving from the inlet to the outlet side with moderate axial dispersion, and the 

back-mixing level was described by an empirical coefficient depending on experimental 

measurements.   

The model predictions were validated by the experimental data, and the solids’ MC profiles 

well-fitted the simulations for different drying conditions. Additionally, the influences of the 

critical parameters were determined to build process optimization strategies for specific 
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purposes. If the final MC is found to be higher than the desired value, the process can be 

optimized by increasing the residence time and/or increase the drying rate: 

• The internal rotation rate is the most sensitive parameter for controlling the solids’ 

residence time.  

• The most effective way to increasing the drying rate is by increasing air temperature. It 

may also slightly decrease the solids’ mean residence time but, in comparison, the impact 

on the drying rate is much more significant than that on the solids’ RTDs, so overall the 

final MC tends to decrease.  

• When drying heat-sensitive ingredients with strict air temperature limitations, the 

reduction of the feeding rate can lower the final solids’ MC; it reduces the bed hold-up 

and hence further increases the local drying rate. 

• The increase in the air velocity increases the local drying rate while decreasing the mean 

residence time, so the change in the final MC depends on the synergetic effect of both.   

If a higher energy efficiency is desired, an increase in the feeding rate can increase the bed hold-

up and lead to an improved overall energy efficiency.  

The addition of a baffle at the investigated position did not substantially change the drying 

results, but further studies are worth pursuing on different baffle positions where bypassing or 

back-mixing are more likely to occur.   

Limited by the scope of the project, this study identified a few other work others to further 

develop the technology before proceeding with the adoption of this process in industry 

production. First, it would be necessary to evaluate its performance with other types of 

pharmaceutical granules with different properties, for example hydrophobic granules with 

different drying kinetics, or cohesive granules for assessing the risk of caking or collage. Second, 

the additional shear stress caused by the rotation of the screw conveyor can bring risks to product 

quality, and it is worth some effort to determine the effects on particle breakage and 

agglomeration during the process. Finally, the prototype developed in this study is at laboratory 

scale and the throughput is not sufficient for the needs of industrial production. So further effort 

should be spent on scaling up the process according to the capacity and space availability of the 

target production line.  Last but not least on the process side, the use and deployment of PATs 
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to monitor the MC was not studied extensively and more work should be done to both deploy 

the NIR capability to measure particle MC at the exit of the dryer and to monitor flux of air flow 

temperature at the exit of the dryer as continuous process verification tools. 

The second goal of this research project was to enhance the target process with high-power 

ultrasound. Ultrasound is known as a non-thermal energy that is ideal for heat-sensitive 

pharmaceutical products. But the development of UAD is still in its early stage and the scientific 

foundation requires extensive work. Therefore, first a theoretical study was carried out and the 

reported studies were synthesized into a critical review which addressed the knowledge gap and 

revealed the potential of the technology. Promising results observed from small scale trials 

further validated the interest in applying high-power ultrasound for enhancing drying efficiency. 

The presence of high-power ultrasound significantly increased the drying rate without evident 

change to the physical properties of the dried granules. Different application methods were also 

compared and the results suggested that a direct contact between the transducer and the solids, 

compared with airborne waves, can generate much more significant improvements. Accordingly, 

an innovative way of applying ultrasound in the target process was brought up to convert the 

screw conveyor into an ultrasonic transducer; it allows for a substantial contacting surface 

between the particles and the ultrasonic vibrations. This original design can maximize the 

energy transfer, which overcomes the biggest challenge for ultrasound applications in 

convective drying.  

Further development of the technology was hindered when new research questions arose on how 

to design and optimize such a novel ultrasonic screw conveyor at the desired power level. As in 

known in most high-power ultrasound applications, the industrialization challenges are often 

related to equipment capacity; ultrasonic transducer development is still limiting its applicability 

in industry. Nevertheless, with the increasing attention and the intensive development of 

ultrasonic equipment in recent years, breakthrough progress is expected in the near future. The 

effects of ultrasound on API are also worth further investigation, particularly for ingredients that 

are heat-sensitive, oxidation-sensitive and/or structure-fragile.   
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Conclusion et perspectives (français) 
CM apporte une valeur énorme à l'industrie pharmaceutique qui peut rendre la fabrication de 

médicaments plus rapide, plus fiable et à moindre coût. L'absence d'un sécheur continu 

pharmaceutique a été identifiée comme l'un des obstacles empêchant l'industrie d'atteindre une 

production de comprimés entièrement continue. Ce projet visait à proposer une solution et à 

aider l'industrie pharmaceutique à se rapprocher de la CM complète. En conclusion, la recherche 

a validé que l'adoption d'un FBD horizontal assisté par un convoyeur à vis est une option 

réalisable, et l'aide d'ultrasons de haute puissance a été proposée comme technique 

d'intensification du processus. 

Premièrement, les travaux ont examiné les technologies de séchage actuelles et les séchoirs 

commerciaux de différents secteurs industriels du point de vue de la production pharmaceutique. 

Par la suite, un prototype de séchoir de laboratoire a été conçu et construit sur la base du 

mécanisme opérationnel sélectionné et des caractéristiques des granulés cibles pour une étude 

expérimentale plus approfondie. Les résultats ont montré que le processus de fluidisation offrait 

une efficacité et une homogénéité de séchage satisfaisantes, tandis que l'aide du convoyeur à vis 

augmentait la flexibilité du processus en termes de volume de production, de types 

d'alimentation et de tolérance aux perturbations du processus. Étant donné que les granules 

cibles présentaient des formes irrégulières avec un grand PSD, la rotation interne du convoyeur 

à vis était indispensable pour maintenir la stabilité du régime des solides en brisant constamment 

les graves canalisations formées dans le lit. De plus, les mesures des RTD des solides ont montré 

que le convoyeur à vis améliorait considérablement le modèle d'écoulement piston par rapport 

aux FBD horizontaux de transition. Toutes les observations ont indiqué que le processus cible 

est un choix idéal pour la production. 

De plus, une approche de modélisation pratique au niveau phénoménologique a été développée 

qui facilitera l'adoption de ce nouveau FBD dans l'industrie. Le modèle a considéré l'écoulement 

des solides comme un écoulement piston se déplaçant de l'entrée vers la sortie avec une 

dispersion axiale modérée, et le niveau de rétro mélange a été décrit par un coefficient empirique 

dépendant des mesures expérimentales. 
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Les prédictions du modèle ont été validées par les données expérimentales et les profils MC des 

solides correspondaient bien aux simulations pour différentes conditions de séchage. De plus, 

les influences des paramètres critiques ont été déterminées pour élaborer des stratégies 

d'optimisation des processus pour des fins. Si la MC finale s'avère supérieure à la valeur 

souhaitée, le procédé peut être optimisé en augmentant le temps de séjour et/ou en augmentant 

la vitesse de séchage : 

• La vitesse de rotation interne est le paramètre le plus sensible pour contrôler le temps de séjour 

des solides. 

• La manière la plus efficace d'augmenter le taux de séchage est d'augmenter la température de 

l'air. Cela peut également diminuer légèrement le temps de séjour moyen des solides mais, en 

comparaison, l'impact sur la vitesse de séchage est beaucoup plus important que celui sur les 

RTD des solides, donc globalement le MC final a tendance à diminuer. 

• Lors du séchage d'ingrédients sensibles à la chaleur avec des limitations strictes de température 

de l'air, la réduction du taux d'alimentation peut abaisser le MC des solides finaux ; il réduit la 

rétention du lit et augmente donc encore le taux de séchage local. 

• L'augmentation de la vitesse de l'air augmente le taux de séchage local tout en diminuant le 

temps de séjour moyen, de sorte que le changement du MC final dépend de l'effet synergique 

des deux. 

Si un rendement énergétique plus élevé est souhaité, une augmentation du débit d'alimentation 

peut augmenter le maintien du lit et conduire à un rendement énergétique global amélioré. 

L'ajout d'un déflecteur à la position étudiée n'a pas sensiblement modifié les résultats de séchage, 

mais d'autres études méritent d'être poursuivies sur différentes positions de déflecteur où le 

contournement ou le rétro mélange sont plus susceptibles de se produire. 

Limité par l'envergure du projet, cette étude a identifié quelques autres travaux pour développer 

davantage la technologie avant de procéder à l'adoption de ce procédé dans l'industrie de 

production. Dans un premier temps, il faudrait évaluer ses performances avec d'autres types de 

granulés pharmaceutiques aux propriétés différentes, par exemple des granulés hydrophobes 

avec des cinétiques de séchage différentes, ou des granulés cohésifs pour évaluer le risque de 

mottage ou de collage. Deuxièmement, la contrainte de cisaillement supplémentaire causée par 
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la rotation du convoyeur à vis peut entraîner des risques pour la qualité du produit, et il vaut la 

peine de s'efforcer de déterminer les effets sur la rupture et l'agglomération des particules au 

cours du processus. Enfin, le prototype développé dans cette étude est à l'échelle du laboratoire 

et le débit n'est pas suffisant pour les besoins de la production industrielle. Des efforts 

supplémentaires doivent donc être consacrés à l'intensification du processus en fonction de la 

capacité et de l'espace disponible de la chaîne de production cible. Enfin et surtout, du côté du 

procédé, l'utilisation et le déploiement des technologies analytiques de procédé pour surveiller 

le teneur de l’humidité n'ont pas été étudiés de manière approfondie et davantage de travail 

devrait être fait pour déployer la capacité NIR pour mesurer le teneur de l’humidité des 

particules à la sortie du sécheur et pour surveiller flux de température du flux d'air à la sortie du 

sécheur comme outils de vérification continue du processus. 

Le deuxième objectif de ce projet de recherche était d'améliorer le processus cible avec des 

ultrasons de haute puissance. Les ultrasons sont connus comme une énergie non thermique 

idéale pour les produits sensibles à la chaleur. Mais cette technologie n'en est qu'au début de son 

développement et le fondement scientifique nécessite un travail considérable. Par conséquent, 

une étude théorique a d'abord été réalisée et les études rapportées ont été synthétisées dans un 

examen critique qui a abordé le manque de connaissances et révélé le potentiel de la technologie. 

Les résultats prometteurs observés lors d'essais à petite échelle ont encore confirmé l'intérêt 

d'appliquer des ultrasons à haute puissance pour améliorer l'efficacité du séchage. La présence 

d'ultrasons de haute puissance a considérablement augmenté la vitesse de séchage sans 

modification évidente des propriétés physiques des granulés séchés. Différentes méthodes 

d'application ont également été comparées et les résultats suggèrent qu'un contact direct entre le 

transducteur et les solides, par rapport aux ondes aériennes, peut générer des améliorations 

beaucoup plus significatives. En conséquence, une manière innovante d'appliquer les ultrasons 

dans le processus cible a été mise au point pour convertir le convoyeur à vis en un transducteur 

à ultrasons ; il permet une surface de contact importante entre les particules et les vibrations 

ultrasonores. Cette conception originale peut maximiser le transfert d'énergie, ce qui surmonte 

le plus grand défi pour les applications à ultrasons dans le séchage par convection. 

Le développement ultérieur de la technologie a été entravé lorsque de nouvelles questions de 

recherche se sont posées sur la façon de concevoir et d'optimiser un tel nouveau convoyeur à 
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vis à ultrasons au niveau de puissance souhaité. Comme on le sait dans la plupart des 

applications d'ultrasons de haute puissance, les défis d'industrialisation sont souvent liés à la 

capacité des équipements ; Le développement de transducteurs à ultrasons limite encore son 

applicabilité dans l'industrie. Néanmoins, avec l'attention croissante et le développement intensif 

des équipements à ultrasons ces dernières années, des progrès décisifs sont attendus dans un 

proche avenir. Les effets des ultrasons sur l'API méritent également une enquête plus 

approfondie, en particulier pour les ingrédients sensibles à la chaleur, sensibles à l'oxydation 

et/ou à structure fragile.  
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Appendix 1 Common Industrial dryers 
Note: Tables and figures of Appendix 1 are reprinted from Thermal Processing of Bio-Materials by Tadeusz Kudra and Czeslaw 
Strumillo, Gordon and Breach Science Publishers (1993).  

Table A.1-1 Dryers with non-active hydrodynamic regime 
 

With non-
active 

hydrodynamic 
regime 

 

Stationary (non-aerated) bed Moving bed Free-falling bed 

Description In which the materials can be 
considered as remaining static while 
drying. 

In which the bed of particles moves 
due to gravity and mechanical force. 

In which particles are falling due to 
gravitational forces in the quiescent 
air. 

Examples  - Compartment (tray dryer) 
- Tunnel 
- Band with past/through flow 
- Film drum 
- Double drum 

- Agitated batch 
- Rotary (Direct) 
- Agitated cone 
- Tumbler 
- Screw conveyor 

- Cascade tray 
- Shaft 
- Chute 
- Spray 

 

 

Table A.1-2 Dryers with active hydrodynamic regime 
 

With active 
hydrodynamic regime 

 

Dryers with fluidization Dryers with flowing stream 

Description In which particles are in suspension supported by 
gas stream  

Where particles are carried with the gas stream. 
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Examples - Standard Fluidized bed 
-Fast fluidized bed 
- Fluidized bed with inert body 
- Vibro-fluidized bed 
- Pulse-fluidized bed 
- Spouted bed 
-Fast spouted bed 

- Pneumatic (with or without delay chambers) 
- Spiral         - Vortex  
- Cyclone       - Impinging 
- Spin flash dryer – Spin impact 
- Jet 
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Figure A.1-1 Configurations of dryers with non-active hydrodynamic regime 
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Figure A.1-2 Configurations of dryers with non-active hydrodynamic regime 
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Figure A.1-3 Configurations of dryers with active hydrodynamic regime 
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Figure A.1-4  Configurations of dryers with active hydrodynamic regime 
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Appendix 2 SEM image of the raw materials and 

the target granules target placebo 

 
Figure A.2-1 SEM image of target placebo granules at different scales 

 
• Saccharine sodium  

 
Figure A.2-2 SEM image of saccharine sodium 
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• MCC Ph101  

 

• Monohydrate lactose  

 
Figure A.2-4 SEM image of Monohydrate lactose 

  

Figure A.2-3 SEM image of MCC 
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• Croscarmellose sodium  

 
Figure A.2-5 SEM image of Croscarmellose sodium 

 

• Calcium carbonate  

 Figure A.2-6 SEM image of Calcium carbonate 
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Appendix 3 BET analysis of the target granules  
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Appendix 4.1 Specification of the airflow 

controller for the laboratory prototype
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Appendix 4.2 Specification of the air heater for 

the laboratory 
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Appendix 4.3 Specification of the smart motor
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Appendix 5 Dimension of the laboratory prototype  

70 cm 
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Appendix 6 LabVIEW Interface for the laboratory prototype
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