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Résumé : Le processus de lyophilisation est 
largement utilisé pour stabiliser les produits 
pharmaceutiques sensibles à la chaleur (par exemple, 
les vaccins). L'apparence du produit séché est l'un des 
critères de qualité les plus importants et dépend de 
la température du produit pendant l'étape de 
sublimation. Des petits flacons "à haut débit" (< 1 mL) 
à l'intérieur de plaques à 96 puits pourraient 
accélérer le développement de vaccins en testant 
plus de formulations par cycle de lyophilisation par 
rapport aux grands flacons "à sérum" (> 3 mL) - qui 
sont utilisés pour la production. Cette thèse a étudié 
l'utilisation des flacons à haut débit en se concentrant 
sur : (Q1) comment identifier les conditions 
opératoires dans les flacons à sérum qui entraînent la 
même température de produit que dans les flacons à 
haut débit ?, et (Q2) comment les variations entre les 
flacons à haut débit pourraient affecter la 
température du produit ? 
En ce qui concerne Q1, un outil graphique a été 
proposé  pour  "traduire"  les  conditions  opératoires 

entre les flacons à haut débit et les flacons à sérum, 

en se basant sur un modèle de transfert de chaleur 
et de matière (à paramètres concentrés, en régime 
permanent) pour une solution de saccharose à 5%. 
Le transfert de chaleur vers les flacons à haut débit 
était plus efficace que vers les flacons à sérum 
grâce à la plaque à puits en aluminium, et le 
transfert de matière du front de sublimation vers la 
chambre de séchage tend à être plus efficace avec 
les flacons à haut débit en raison de la forme du 
front de sublimation.  
Concernant Q2, le fond du flacon à haut débit, le 
fond de la plaque à puits et les surfaces des puits, 
ainsi que la position de la plaque à puits sur 
l'étagère ont entraîné des variations significatives 
de la température du produit (jusqu’à 2 °C). La 
position du flacon à haut débit dans la plaque à 
puits et la température de nucléation n'ont pas 
affecté de manière significative la température du 
produit en cours de lyophilisation. 

 

 

Title: From High-throughput Systems to Serum Vials: Mathematical Modelling to Accelerate the Development 
of Freeze-Dried Vaccines 
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Abstract: The freeze-drying process is widely used to 
stabilize heat-sensitive pharmaceutical products (e.g. 
vaccines). The dried product appearance is one of the 
most relevant quality criteria and depends on the 
product temperature during the sublimation step. 
Small “high-throughput” vials (< 1 mL) inside 96-well 
plates could accelerate the development of vaccines 
by testing more formulations per freeze-drying cycle 
than larger “serum” vials (> 3 mL) – which are used 
for production. This PhD project studied the use of 
high-throughput vials focusing on: (Q1) how to 
identify the operating conditions in serum vials that 
entail the same product temperature obtained in 
high-throughput vials?; and (Q2) how variations 
between high-throughput vials could affect the 
product temperature? 
Regarding Q1, a graphic tool was proposed to 
“translate”     the     operating     conditions     between  

high-throughput and serum vials, based on a heat 
and mass transfer model (lumped-parameter, 
steady-state) for a 5% sucrose solution. The heat 
transfer to high-throughput vials was more 
efficient than to the serum vials thanks to the 
aluminum well plate, and the mass transfer from 
the sublimation front to the drying chamber 
tended to be more efficient in high-throughput 
vials due to the shape of the sublimation front.  
Concerning Q2, the high-throughput vial bottom, 
the well plate bottom and well surfaces, and the 
position of the well plate on the shelf entailed 
significant variations in the product temperature 
(up to 2 °C). The position of the high-throughput 
vial in the well plate (studied by 3D modelling) and 
the nucleation temperature did not significantly 
affect the product temperature in primary drying. 
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1.1. Motivation for This Work 

1.1.1. Freeze-Drying of Vaccines 

Infectious diseases are caused by organisms (e.g. virus, bacteria) known as “pathogens” (Smith et al., 2009). 

When a pathogen enters a subject’s body, the immune system produces “antibodies” that recognise and 

neutralise the pathogen. Live-attenuated viral vaccines contain weakened or inactive pathogens capable of 

triggering the production of antibodies without causing the disease, so a vaccinated subject’s immune 

system is prepared for future exposures to the pathogen (US Department of Health and Human Services, 

2008). The part of the inactivated pathogen that prompts antibodies is known as “antigen” (Siegrist, 2008). 

For an effective vaccination, the antigen needs to be stabilised to preserve its therapeutic effect during 

storage and transportation (World Health Organization, 2011). In the case of live-attenuated viral vaccines, 

most formulations on the market require a drying step at the end of the process to stabilise the antigen, 

ensuring the vaccine's functionality when rehydrated and administered to a subject (Hansen et al., 2015; 

Oslan et al., 2017; Patel et al., 2018; Yang et al., 2007). 

Freeze-drying or lyophilisation is a drying process that entails particularly low product 

temperatures (less than 0 °C), which is why it is widely used in the pharmaceutical industry to dry 

temperature-sensitive products, such as live-attenuated viral vaccines. The freeze-drying process consists 

of three steps, which are: (i) freezing, (ii) primary drying, and (iii) secondary drying (Adams, 2007). During 

the freezing step, over 80% of the water becomes ice crystals, and the rest of the water remains chemically 

bound to the product (Patel et al., 2010b). Ice crystals are removed by sublimation during primary drying, 

and the bound water is removed by desorption during secondary drying (Franks, 1998). Once the vaccines 

are dried, they could be stored and transported at temperatures commonly between 2 and 8 °C (World 

Health Organisation, 2000). After transportation and storage, freeze-dried vaccines are dissolved in a 

diluent before injection, obtaining the vaccine solution that should be dosed to the subject. This dissolution 

process is known as “reconstitution” (World Health Organization, 2015). 

Due to the freezing and drying steps, the antigen can suffer irreversible damage during freeze-

drying. Therefore, other ingredients (e.g. buffers, carbohydrates) are included in the vaccine formulation to 

protect the antigen and preserve the vaccine’s quality (Hansen et al., 2015). To characterize the quality of 

a freeze-dried vaccine, the World Health Organization (2011) referred to three attributes: (i) the potency 

(also denoted as biological activity), (ii) the moisture content, and (iii) the appearance. 

The product potency refers to retaining the integrity of the product composition, so the vaccine 

continues to fulfil its biological purpose after freeze-drying. Different experimental methods (e.g. in vivo 

methods, Milstien and Gibson, 1990; fluorescent focus formation assay, Naik et al., 2017; ELISA-type 
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methods, Page et al., 2017; live cell count, Schneid et al., 2011) and reference standards are defined to 

evaluate the potency, varying among antigens. 

The final moisture content of the product must be low enough to stabilise the antigen during storage 

and transportation. However, the moisture content shall not be extremely low since this can damage the 

antigen’s chemical structure (Passot et al., 2012a). The reference standard for the moisture’s range varies 

among products, yet values are commonly lower than 3% of the total weight of the freeze-dried product 

(May, 2010). 

The appearance of the final dried product refers to its shape upon visual inspection. The following 

Section 1.1.2 details how the product appearance is more than just a mere “cosmetic” requirement. 

 

1.1.2. The Importance of a Freeze-Dried Vaccine’s Appearance  

Arguably, the dried product appearance is the quality attribute involving the most subjective standards. The 

final dried product (commonly known as “dried cake”) must present an “elegant” appearance, which refers 

to a non-collapsed structure (Peiren et al., 2016; Stärtzel et al., 2015). To understand the importance of 

product collapse and its implications for product quality, we need to understand why collapse occurs. 

During primary drying, the sublimation front moves through the vial content leaving a dried product layer. 

In this way, the dried product layer presents a series of interconnected pores that allow the water vapour to 

escape from the sublimation front and leave the vial. The dried product layer contains bound water during 

primary drying (Patel et al., 2010b), so the layer is particularly unstable and collapses when heated above 

a specific critical temperature (Pikal and Shah, 1990a). If a portion of the dried product collapses, the pores 

in the dried product layer would no longer be connected. Collapse prevents the vapour from escaping 

through the dried product layer; consequently, a collapsed product shall present humidity pockets that can 

potentially entail the deterioration of the antigen during storage and transportation. However, a direct 

correlation between product collapse and the loss of potency has not been proved yet (Patel et al., 2017; 

Wang et al., 2004).  

The dried cake appearance also has practical consequences when dosing freeze-dried vaccines to 

subjects. During the vaccine reconstitution, the dried product and a diluent are mixed until obtaining a 

homogeneous solution. Porous and non-collapsed products are easier to dissolve due to their high surface-

area-to-volume ratio, simplifying the obtention of a homogenous solution. Therefore, non-collapsed or 

elegant dried products are required to reduce human error during vaccine reconstitution (Adams and Irons, 

1993; World Health Organisation, 2000). Product stability and reconstitution require an elegant non-

collapsed dried cake; thus, observing the dried cake appearance is, in practice, a key routine criterion for 

the quality assessment of freeze-dried vaccines (World Health Organization, 2011).  
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1.1.3. Developing a Freeze-Dried Vaccine 

Various authors frequently mentioned the dried cake appearance as a quality attribute of great importance 

(e.g. Adams, 2007; Barresi et al., 2009; Christensen et al., 2007; Nail and Searles, 2008; Patel and Pikal, 

2013), proving to be more than a “cosmetic” requirement. The temperature at which the dried product 

collapses (collapse temperature) varies between formulations (e.g. from -50 to -10 °C; Fonseca et al., 2004; 

MacKenzie, 1975). Therefore, when developing a freeze-dried vaccine, it is important to select a vaccine 

formulation that is most likely to entail an elegant (non-collapsed) appearance. Selecting such a formulation 

requires screening several potential vaccine formulations during freeze-drying. The most common 

containers used for screening are tubular vials, known as “serum vials”, with a total volume generally 

greater than 3 mL (Pisano et al., 2013a; Scutellà et al., 2017a; Sheehan and Liapis, 1998). Serum vials are 

the same containers used at the production scale to freeze-dry vaccines, being the final container for storage 

and transportation.  

Selecting a vaccine formulation that protects the antigen and does not collapse during primary 

drying involves trial and error, being a very time-consuming and laborious task. Recently, high-throughput 

systems consisting of aluminium 96-well plates containing small (less than 1 mL) tubular vials (from now 

on referred to as “high-throughput vials”) have been proposed to screen formulations more efficiently (von 

Graberg, 2011). To illustrate the difference between high-throughput and serum vials, Figure 1.1-1a 

presents picture of each vial type and Figure 1.1-1b shows a well plate containing high-throughput vials (of 

500 µL). Using (small) high-throughput vials allows fitting more containers inside the equipment used to 

freeze-dry (freeze dryer) than when using (large) serum vials. Hence, high-throughput vials reduce the 

number of freeze-drying cycles required to screen candidate formulations. Moreover, the 96-well 

disposition is compatible with most robots employed to prepare and dose the solutions to be screened 

(Peterman et al., 2014; Stangegaard et al., 2011; Taylor et al., 2002), simplifying the preparation of the 

samples and reducing handling errors. 

 

 

Figure 1.1-1 – (a) High-throughput and serum vials (Buceta et al., 2021). (b) Well plate with high-

throughput vials with a maximal volume of 500 µL. 
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To obtain an elegant dried cake, the product temperature must remain lower than the collapse 

temperature during primary drying; notwithstanding, a freeze dryer cannot set the product temperature 

directly. Freeze dryers present a drying chamber with shelves where the containers with the product are 

placed. Shelves have internal channels where a heat-transfer fluid circulates; the temperature of this heat-

transfer fluid is controlled by a cooling/heating system. The drying chamber is connected to a condenser 

through a duct. Moreover, the condenser is connected to a vacuum pump. A freeze dryer can set two 

operating conditions:  

(i) the temperature of the shelves, by setting the temperature of the heat-transfer fluid, and 

(ii) the pressure inside the chamber, by acting on the vacuum pump and the ventilation of the drying 

chamber. 

The product temperature depends on the heat and mass transfer phenomena occurring simultaneously in the 

drying chamber (Liapis and Litchfield, 1979; Pikal, 2000). Most of the heat flow goes from the shelves to 

the vials (Pisano et al., 2011), and the most critical mass transfer is the water vapour moving from the 

sublimation front to the gas inside the drying chamber through the dried product layer (Rambhatla et al., 

2004; X. C. Tang et al., 2006). Understanding the heat and mass transfer phenomena is the key to controlling 

the product temperature through the operating conditions, and thus, obtaining an elegant dried cake.  
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1.1.4. Scientific Questions 

1.1.4.1. From Freeze-Drying in High-Throughput to Serum Vials  

Different factors may impact the heat transfer during primary drying of a given formulation. For example, 

previous work put forward that the heat transfer depends on the container type (Nam and Song, 2005) and 

the presence of an object (e.g. a tray) between the shelf and the vial (Pisano et al., 2011). High-throughput 

and serum vials are considerably different in geometry, and the use of high-throughput vials requires 

placing an object (well plate) between the shelf and the vials. Thus, heat transfer is expected to change from 

high-throughput to serum vials. As a practical outcome, the product temperature during primary drying is 

might differ when using high-throughput vials during screening tests or serum vials during research or 

production. The product temperature impacts the dried cake appearance (Pikal and Shah, 1990a); hence, 

the product quality obtained using high-throughput vials may not be repeatable in serum vials unless the 

operating conditions are modified. The selection of the operating conditions for serum vials to recreate the 

product temperatures obtained with high-throughput vials will be referred to as “translation”. 

Mathematical modelling of the heat and mass transfer mechanisms (e.g. Liapis and Litchfield, 

1979; Pikal, 1985; Velardi and Barresi, 2008) could be potentially used to translate the operating conditions 

between high-throughput and serum vials. So far, von Graberg (2011) compared the heat transfer to high-

throughput and serum vials, but did not address the product temperature or any possible variation on the 

mass transfer due to the container type. To the best of this author’s knowledge, no research on translating 

the operating conditions between different container types has been published. Therefore, the first scientific 

question of this PhD project was: 

How could we identify the operating conditions that entail the same product temperature during 

primary drying in high-throughput systems and serum vials?  
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1.1.4.2. Factors Affecting Freeze-Drying in High-Throughput  

When considering the same vial type, inter-vial variations in the heat transfer depend on small differences 

in the geometry of the vial bottom (e.g., curvature and contact area; Brülls and Rasmuson, 2002; Scutellà 

et al., 2017a) and the vial position on the shelf with respect to the drying chamber wall or door (Rambhatla 

and Pikal, 2003; Sheehan and Liapis, 1998). Moreover, inter-vial variations in the mass transfer are entailed 

by differences during the freezing step (Oddone et al., 2016; Scutellà et al., 2018a; Searles et al., 2001a). 

Such inter-vial variations in the heat and mass transfer must be considered for a correct interpretation of 

formulation screening results and an accurate translation of the operating conditions during primary drying. 

Indeed, inter-vial variations may bias screening results since all the samples do not undergo the same 

conditions, possibly leading researchers to erroneously accept or reject a candidate formulation. In this vein, 

the second scientific question of this PhD project was: 

What are the main factors responsible for product quality variations during primary drying in high-

throughput systems?  
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1.2. Outline of This Thesis Manuscript 

Hereinafter, this thesis manuscript is divided into four main parts presenting the work carried out during 

this PhD project. 

The first part (Chapter 2) consists of a literature review on the freeze-drying process. This literature 

review begins by describing how to perform the freeze-drying process (Section 2.1), underlining the 

importance of the critical quality parameter considered in this work: the product temperature during primary 

drying. Heat and mass transfer equations are the base of the mathematical models used to relate the product 

temperature with the operating conditions. The equations that describe the heat transfer (Section 2.2) and 

the mass transfer (Section 2.3) are detailed, as well as the relevant factors that affect these transfers. The 

literature review finishes with an overview of the modelling hypothesis used to solve the heat and mass 

transfer equations (Section 2.4), emphasizing the hypothesis that may be most valuable according to the 

scientific question to be answered. 

The second part of this manuscript (Chapter 3) briefly connects the scientific questions of this thesis 

with the mathematical models reviewed from the literature and the laboratory work performed. 

The third part of this manuscript (Chapter 4) is divided into four scientific papers that report the 

results obtained. The first article (Section 4.1) focuses on how the container type (i.e. high-throughput or 

serum vial) impacts the heat transfer during primary drying, presenting a graphic tool to identify the 

operating conditions that entail the same product temperature when using high-throughput and serum vials. 

This graphic tool is a visual representation of the solution of the heat and mass transfer equations for high-

throughput and serum vials in 0D and steady-state. Moreover, the first article considers how the product 

temperature could be impacted by the container’s design and manufacture (i.e. the height of the vial, the 

high-throughput vial bottom geometry, the well plate bottom geometry, and the surface finish of the well 

plate). 

The second article (Section 4.2) investigates how the vial position in the well plate could impact 

the heat and mass transfer. 3D mathematical modelling for the heat and mass transfer during sublimation 

in high-throughput vials is used to study different vial positions (i.e. in the centre of the well plate 

surrounded by other vials, or at the edge of the well plate). Two 3D steady-state models are presented: 

(i) one representing the beginning of primary drying when there is no dried product layer 

inside the vials, and 

(ii) another one representing intermediate points of primary drying when a dried layer was 

formed inside the vials. 

The notion of time passing is introduced into the results by comparing these two 3D steady-state models. 

In this way, the second article considers the evolution of the heat transfer variations between vial positions 

in the well plate during primary drying.  
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Similarly, the third article (Section 4.3) explores how placing a well plate near a chamber wall or 

door impacts the heat and mass transfer during primary drying. 3D mathematical models for the heat and 

mass transfer during sublimation are employed to address different well plate positions (i.e. in the centre of 

the shelf, near a chamber wall, or near the chamber door). Much like in Section 4.2, the concept of time 

passing during primary drying was introduced by comparing two 3D steady-state models representing the 

process's beginning and an intermediate point. 

The fourth article (Section 4.4) studies how the container type impacts the mass transfer during 

primary drying. In this vein, the mass transfer resistance imposed by a “model” product (5% w/w sucrose 

aqueous solution) was determined in high-throughput and serum vials during primary drying. The effect of 

the nucleation temperature was evaluated by determining the mass transfer resistance using a variation of 

the model product that contained 0.1% (w/w) of a nucleating agent (which increased the nucleation 

temperature). The mass transfer resistance values were interpreted considering the pore size of the dried 

product (measured by X-ray micro-computed tomography) and the shape of the sublimation front.  

The fourth part of this manuscript (Chapter 5) presents the general conclusions on the scientific 

questions addressed during this PhD project, detailing the perspectives for future research. 

Finally, the fifth part of this manuscript (Chapter 6) is an excecutive summary of this PhD project 

in French. 
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2. Literature Review 
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2.1. Pharmaceutical Freeze-Drying 

2.1.1. A Historical Perspective on Epidemics, Vaccination, and Freeze-

Drying 

Pustules in mummies dating from Ancient Egypt (1ST century B.C.E.) are probably the first historical 

evidence of the disease we know today as “smallpox” (Hopkins, 2002). Smallpox symptoms start with high 

fever, followed by a rash that turns into eruptions filled with pus, sometimes causing disfiguration, 

blindness, and death. The smallpox virus is transmitted from person to person, and several smallpox 

epidemics occurred worldwide throughout history (Geddes, 2006; Hays, 2005). Due to global vaccination 

campaigns, smallpox was declared eradicated in 1980 by the World Health Assembly (33 World Health 

Assembly, 1980).  

The first preventive technique against smallpox was the “variolation” method, which consisted of 

introducing material from smallpox pustules into a healthy individual's skin (Dinc and Ulman, 2007). 

Variolation (usually) caused a less harmful infection than when the smallpox virus spread directly from 

human to human; however, the individual still obtained immunity against the disease. There are records of 

Emperor K'ang Hsi (China) having his children variolated in the 17th century; nevertheless, some historians 

assure variolation had begun before, in 200 B.C.E (The College of Physicians of Philadelphia, 2020). As 

promising as variolation was in Asia, Europe, and North America during the 17th and 18th centuries, many 

people were suspicious about the risks this procedure may involve for the subjects (Glynn and Glynn, 2004; 

Lombard et al., 2007). 

By the 1770s, there was probably an informal public understanding that milkmen who had 

“cowpox” – a disease that had symptoms similar to smallpox but less severe – were immune to smallpox 

(Boylston, 2013; Plett and Schmidt, 2006). Between the 1770s and the 1790s, several scientists started 

using cowpox biologic material to immunise subjects against smallpox. This procedure was safer than 

variolation and was called “vaccination”. As decades passed, vaccination replaced variolation, becoming a 

general western world procedure during the 19th century.  

The spread of vaccination to tropical countries presented a challenge for scientists, since the higher 

temperatures damaged the vaccines throughout transportation and storage. During the first decades of the 

20th century, researchers at the Vaccine Institute in Paris (France) have tried to dry smallpox vaccines to be 

sent to French tropical colonies. Initially, vaccines were “air-dried” by removing the moisture in an 

evacuated chamber (Schneider, 2009); but this method was hard to perform at industrial scales. In 1918 the 

Vaccine Institute produced a freeze-dried smallpox vaccine, being the first documented use of freeze-drying 

to preserve a vaccine formulation (The College of Physicians of Philadelphia, 2020). Freeze-drying 
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consisted in freezing the vaccines and removing the moisture (primarily) by sublimation in vacuum 

conditions, meaning that the ice crystals were taken from the solid state to the gas state (vapour) without 

going through a liquid state. This drying process has widely spread in the pharmaceutical industry, 

becoming a crucial step in the production chain for several products. The low product temperatures reached 

during freeze-drying make the process suitable for several thermolabile biological products such as cells, 

hormones, proteins, and vaccines for numerous diseases (Adams, 2007; Passot et al., 2009). Nevertheless, 

freeze-drying could damage the product's chemical structure if it is not performed correctly, hence the 

importance of selecting the vaccine formulations that are most stable during the process and the optimal 

operating conditions to assure the final product quality.   



Literature Review - Pharmaceutical Freeze-Drying 

 

15 
 
 

  



Literature Review - Pharmaceutical Freeze-Drying 

 

16 
 
 

2.1.2. Performing Pharmaceutical Freeze-Drying  

Freeze-drying consists of three successive steps: (i) freezing the product (e.g. vaccines), (ii) sublimation of 

the ice crystals (primary drying), and (iii) desorption of the water bound to the product (secondary drying). 

To understand the pressures and temperatures required for freezing and primary drying, Figure 

2.1-1 presents a state diagram of water. Throughout freezing, the product temperature is reduced (lower 

than 0 °C) so that water in the product solution could turn into ice crystals (from point 1 to 2 in Figure 

2.1-1). During primary drying, the pressure has to be lower than the triple point pressure (600 Pa) (from 

point 2 to 3 in Figure 2.1-1), so that the ice crystals can be heated without melting (from point 3 to 4 in 

Figure 2.1-1) and removed by sublimation (point 4 in Figure 2.1-1). Desorption during secondary drying is 

expected to occur until the moisture content and the relative humidity of the gas phase reach an equilibrium 

state given by the sorption isotherm (Pikal et al., 1990).  

Overall, freeze-drying involves low temperatures and pressures. The following Section 2.1.2.1 

present the equipment required to reach such temperatures and pressures, and Sections 2.1.2.2 to 2.1.2.4 

explain how the temperature and pressure vary throughout the process.  
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Figure 2.1-1 – Schematic of the phase diagram of water. Not in scale. Point 1 represents the initial state of 

the water in the product to be dried. Point 2 represents the ice crystals after freezing. Point 3 represents 

the ice crystals before primary drying. Point 4 represents the ice crystals during sublimation in primary 

drying (adapted from Ponsá et al., 2017).  
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2.1.2.1. Freeze-Drying Apparatus  

Freeze-drying is performed in an apparatus known as a “freeze dryer” (or “lyophiliser”). A scheme of a 

modern freeze dryer used in the pharmaceutical industry is presented in Figure 2.1-2, consisting of a drying 

chamber, a condenser, a compressor, a vacuum pump, a cooling/heating system, and control systems. 

Inside the drying chamber there are shelves that serve to place the product, except for the uppermost 

shelf, whose function is to ensure that all products have a shelf above and are thus processed in the same 

conditions as the other shelves. The shelves have internal channels filled with a heat-transfer fluid 

circulating in a closed circuit with the cooling/heating system. In this way, the temperature of the shelves 

is controlled by cooling or heating the heat-transfer fluid.  

The drying chamber is connected to the condenser through a duct presenting a valve. A vacuum 

pump is connected to the condenser and creates a pressure loss from the drying chamber (through the duct) 

to the condenser. This pressure loss “guides” the drying mass flow from the drying chamber to the 

condenser. Moreover, the pressure inside the drying chamber is measured using a manometer or a Pirani 

gauge (Patel et al., 2010b), and is regulated through a control system acting on the vacuum pump or through 

the injection of inert gas into the drying chamber. 

Two main operating conditions can be set in a freeze dryer: (i) the temperature of the heat-transfer 

fluid, commonly known as “shelf temperature”, and (ii) the pressure in the drying chamber. Another 

condition would be the temperature at the condenser, which is considered less important as long as it is low 

enough to ensure vapour condensation (typically lower than -60 °C). 

Before starting pharmaceutical freeze-drying, liquid formulations are filled into the selected 

containers (e.g. vials, syringes, microplates), which are then placed on the shelves of the freeze dryer. Glass 

serum vials are the most usual containers used to freeze-dry vaccines (Pikal, 1985; Pisano et al., 2011; 

Rambhatla et al., 2004). Once the containers are loaded in the freeze dryer, the freeze-drying protocol or 

cycle is started through the freeze dryer software interface. Figure 2.1-3 presents an example of a shelf 

temperature history (in green) during freeze-drying, a chamber pressure history (in violet/purple), and a 

product temperature history (in red). The following Sections 2.1.2.2 to 2.1.2.4 delve into each step, detailing 

the operating conditions set. 
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Figure 2.1-2 – Main parts of a batch freeze dryer (adapted from Millrock Technology Inc.). 

 

 

 
Figure 2.1-3 – Schematic illustration of the freeze-drying process. Green and red curves represent the shelf 

temperature and product temperature, respectively. 𝑇" is the nucleation temperature, and 𝑇H is the freezing-

point depression temperature. Numeric values are examples of typical values. Not in scale (adapted from 

Kawasaki et al., 2019).  
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2.1.2.2. Freezing  

The freezing step consists in decreasing the temperature of the product solution until the solvent (commonly 

water) crystallises. The shelf temperature decreases during freezing (Figure 2.1-3), and so does the product 

temperature until it registers a quick rise (within less than a couple of minutes) up to nearly 0 °C. This quick 

rise is due to the energy released when the nuclei are formed (nucleation), and ice crystals grow. The 

temperature when the first nuclei appear is known as “nucleation temperature” (𝑇", Figure 2.1-3) (Searles 

et al., 2001b). Nucleation is a stochastic process, hence 𝑇" varies between containers in the same batch and 

between batches (Searles et al., 2001a). Common 𝑇" values in the pharmaceutical industry range between 

-20 and -1 °C (Harrison et al., 2018; Konstantinidis et al., 2011; Searles et al., 2001a). After nucleation, the 

product temperature rises until the freezing-point depression temperature (𝑇H, Figure 2.1-3), which is close 

to 0 °C for diluted solutions (Kiyosawa, 1988) such as vaccines. The difference between 𝑇" and 𝑇H is known 

as “supercooling” or “undercooling” (Rambhatla et al., 2004).  

Water molecules in the initial product solution are commonly differentiated between (Feng et al., 

2020; Moy et al., 1971; Trelea et al., 2016): (i) water molecules chemically bound to the product; and (ii) 

water molecules not bound to the product, also known as “free water”. Crystal growth occurs when free 

water molecules turn into ice. What happens to the bound water during freezing depends on the 

characteristics of the product matrix. In the case of products that form amorphous matrices (e.g. sucrose, 

trehalose), bound water molecules are absorbed into the product; in contrast, when products form crystalline 

matrices (e.g. mannitol), bound water molecules are adsorbed on the product. In the pharmaceutical 

industry, most products form amorphous matrices (Barley, 2009). After the freezing step, bound water does 

not freeze, which is why it is referred to as “unfrozen water”, while free water is referred to as “frozen 

water” (Fonseca et al., 2015; Roos, 2005). 

The ice growth involves capturing water molecules from the solution, hence increasing the solute 

mass fraction and apparent viscosity of the product phase in a process known as “cryoconcentration” (Pikal, 

1999). Cryoconcentration progresses during freezing until reaching a maximal solute mass fraction (e.g. 

74% when freezing a 3% w/w sucrose solution; Pikal, 1999). To understand the meaning of this maximal 

value, Figure 2.1-4a presents a state diagram depending on the solute mass fraction and temperature for a 

product forming an amorphous matrix. If freezing occurs slowly enough as a succession of physicochemical 

pseudo-equilibria, cryoconcentration occurs as moving from “D” to “G” (Figure 2.1-4a). In contrast, if 

freezing occurs at a faster rate, cryoconcentration occurs as moving from “D” to “F” (Figure 2.1-4a) 

(Rahman, 2004). Regardless of the freezing rate, cryoconcentration continues until reaching the intersection 

with the glass transition curve (curve WS in Figure 2.1-4a). The maximal solute mass fraction reached 

through cryoconcentration (when the concentration is halted) is the value at the intersection with the glass 

transition curve, and it depends on the freezing rate (concentration in “G” is different to that in “F”;  
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Figure 2.1-4 – State diagram for a solution. I: Initial condition before freeze-drying, N: nucleation, D: 

freezing point depression, E: eutectic point, DE and DG: slow freezing curve, DF: faster freezing curve, 

EK: solubility curve, WS: glass transition line, 𝑇!: initial temperature, 𝑇": nucleation temperature, 𝑇H: 
freezing-point depression, 𝑇5: eutectic point temperature, 𝑇*′: glass transition for maximal-freeze-

concentration condition,	𝑇*4: glass transition of water,	𝑇*,: glass transition temperature of solids,  𝑋!: 
initial solute mass fraction,  𝑋,′: solute mass fraction at maximal-freeze-concentration condition (adapted 

from Rahman, 2004).  
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Figure 2.1-4a). The temperature at “G” and “F” is known as the “glass transition temperature” (𝑇*); for a 

certain solute mass fraction (𝑋), 𝑇* is the highest temperature at which the product phase obtained will 

remain in the glassy state. Heating the amorphous product phase above 𝑇* would take it to a rubbery state, 

which is less viscous and mechanically less stable. As it can be observed in Figure 2.1-4a, freezing at slow 

or fast conditions entails different 𝑇* values (the temperature in “G” is different from the temperature in 

“F”).  

Figure 2.1-4b presents a scheme of the state diagram for a product forming a crystalline phase. In 

this case, regardless of the freezing condition (“D” to “E” or “D” to “F”; Figure 2.1-4b), the product turns 

into a crystal phase at the eutectic temperature (𝑇5). Heating the crystalline product phase above 𝑇5 would 

make the product interact with the water, forming a saturated solution and making the crystalline product 

mechanically less stable. 

The freezing step finishes when the initial solution turns into ice crystals and a glassy or crystalline 

product phase. 
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2.1.2.3. Primary Drying 

Ice crystals are removed by sublimation throughout primary drying, representing a reduction of over 80% 

of the initial water content (Patel et al., 2010b). Primary drying is typically the most time-consuming step 

of the freeze-drying process, taking up to several days at industrial scale (Shukla, 2011). Once the freezing 

step finishes, the pressure inside the chamber is decreased, usually attaining values lower than 15 Pa. Then, 

the shelf temperature is increased until a set point commonly between -40 and 0 °C (Scutellà et al., 2017b) 

(Figure 2.1-3). In this way, a heat flow is established from the shelf to the container during primary drying. 

Initially, this heat flow only increases the product temperature. However, when the ice crystals in contact 

with the chamber gas reach the ice-vapour equilibrium temperature, this heat flow (mainly) causes ice 

sublimation (Pikal, 2000). The ice surface in contact with the chamber gas is known as the “sublimation 

front”. When ice crystals sublimate, the sublimation front moves through the content (Sheehan and Liapis, 

1998), leaving pores behind where the ice used to be. Vapour moves from the sublimation front to the 

drying chamber through the dried product layer, and then to the condenser through the duct. The condenser 

is a heat exchanger that is considerably colder than the drying chamber, usually at temperatures lower than 

-60 °C, so the vapour turns into ice. Primary drying finishes when all the ice in the containers has 

sublimated, only leaving unfrozen water bound to the product. 

 

2.1.2.4. Secondary Drying  

After primary drying, the product phase appears dry, even though it still contains unfrozen water. 

Throughout secondary drying, unfrozen water is desorbed, obtaining a final product phase with a moisture 

content potentially lower than 1% (Tang and Pikal, 2004). Excessively high final moistures can damage the 

antigen during storage and transportation; however, (World Health Organization, 2011), and excessively 

low final moisture contents can denature the active molecules or damage the cell structure of the biological 

product of interest (Passot et al., 2012a). Therefore, a limited range of final moisture content values is 

accepted after secondary drying so the antigen could be preserved correctly (e.g. 2.5 to 3.7% in Passot et 

al. (2012)), requiring a fine-tuning of the process parameters and duration of the step. 

 Pikal et al. (1990) concluded that it is more energetically efficient to set higher shelf temperatures 

to improve desorption rather than extend the secondary drying step. Therefore, shelf temperatures could be 

as high as 50 °C during secondary drying, so the duration of secondary drying is usually one-third of that 

of primary drying. Chamber pressure values during secondary drying remain similar to or lower than those 

in primary drying (typically lower than 15 Pa; Pikal et al., 1983).  
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2.1.3. Quality Management 

2.1.3.1. The Advantage of Quality by Design for Process Optimisation 

There are several ways to define “quality”; for pharmaceutical products, quality is commonly defined as 

the “fitness for use” (Woodcock, 2004). This definition is seen from the consumer's perspective and aims 

at complying with the therapeutic benefit promised in the label. The goal of industrial companies is to 

achieve a product with an acceptable quality while minimising production costs (i.e. ingredients, energy 

consumption, time, among others).  

The traditional approach to manage quality was only based on conforming to strict specifications 

during physical, chemical, or clinical tests, allowing producers to detect heterogeneities between batches 

(Elder, 2014). This approach does not require a deep understanding of the impact of the process on the 

product quality attributes and envisions process design based on trial and error. So it is impossible to 

certainly identify the optimal operating conditions. 

 Juran (1992) presented a novel approach known as “Quality by Design” (QbD), which was later 

adopted by the US Food and Drug Administration (FDA) in 2009 for the development of new drugs (US 

Food and Drug Administration, 2009). The QbD approach sustains that quality must be designed into the 

product and the manufacturing process, claiming that most quality problems are due to how the product 

and process were conceived. Hence, QbD implicates understanding the “connexions” between process 

variables or parameters (e.g. operating conditions, equipment, disposition) and product quality attributes 

(Hussain, 2003). These connexions allow researchers to optimise the operating conditions, so process 

design is faster and more efficient than performed by simple trial and error.  
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2.1.3.2. Critical Quality Attributes 

Freeze-drying aims at conditioning vaccines before storage and transportation to extend their shelf life, but 

the process could also deteriorate the product quality if not carried out correctly. For example, the antigen 

in the formulation could be denatured throughout freezing or drying, so the final product could lose potency 

and no longer immunise the subject receiving the dose (Akers, 2016). Buffers and carbohydrates (e.g. 

sucrose, trehalose, mannitol) are added to the formulation to protect the antigen during freeze-drying 

(Amorij et al., 2007). Each antigen requires a specific combination of several ingredients or excipients to 

be protected during the freeze-drying process.  

Under the umbrella of the QbD approach, the FDA (2009) requires “identifying the potential 

Critical Quality Attributes (CQAs)” before “selecting the type and amount of excipients to deliver a drug 

product of the desired quality”. In the case of freeze-dried vaccines, the CQAs are:  

(i) the final product potency, to ensure the antigen was not damaged during the freezing or drying;  

(ii) the final moisture content, to confirm drying was successful so the product would be stable 

during the prescribed shelf-life; and  

(iii) the dried product appearance (Awotwe-Otoo and Khan, 2015; World Health Organization, 

2011). 

The reason why the dried product appearance is a CQA may not be evident at first sight. To illustrate an 

acceptable appearance, Figure 2.1-5 (left vial) presents a successfully dried product (also known as “dried 

cake”). A visually elegant dried cake presents a shape that recalls the initial filled liquid volume, as opposed 

to a shrunk or collapsed dried cake (Figure 2.1-5; right vial). An elegant dried cake implies that the product 

retained its porous structure during drying. Porous products are desired because they: (i) improve drying 

since the vapour can escape through the pores, and (ii) improve the solubility since there is more surface 

area per volume, so the dried cake could be easily dissolved (regenerated) before injection (World Health 

Organisation, 2000). To the best of the author’s knowledge, there is no formal scientific proof confirming 

that an elegant dried cake guarantees that the product potency will be preserved during storage and 

transportation (Patel et al., 2017). However, the dried cake appearance is the most common CQA considered 

for process design (Nail and Searles, 2008; Nail and Gatlin, 2010; Scutellà et al., 2017b; Yu, 2008), 

presumably under the implicit assumption that the potency will always be preserved in cakes presenting an 

elegant pharmaceutical appearance. 
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Figure 2.1-5 – Observation of product collapse. The left vial has an acceptable appearance; the right vial 

does not have an acceptable appearance (collapsed). 
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2.1.3.3. Critical Process Parameters 

The thermal history of the product during drying plays a main role in the dried cake's appearance. If a dried 

cake exceeds a specific critical temperature, the solid phase softens to the point at which the structure cannot 

hold itself, so it shrinks and collapses. Collapse is a dynamic phenomenon; therefore, the critical 

temperature that entails product collapse, known as “collapse temperature” (𝑇$), is different from the glass 

transition temperature (𝑇*, for amorphous matrices) or the eutectic temperature (𝑇5, for crystalline matrices) 

which refer to equilibrium conditions (Levi and Karel, 1995; Meister and Gieseler, 2009; Pikal and Shah, 

1990a). The value of 𝑇$ varies for each formulation (ingredients and concentration), thus the dried cake 

appearance of each candidate vaccine formulation must be screened after freeze-drying. Selecting a final 

vaccine formulation that fulfils all the quality requirements is laborious and could take several months.  

The European Medicines Agency (2009) defined “Critical Process Parameters” (CPPs) as “a 

process parameter whose variability has an impact on a critical quality attribute and therefore should be 

monitored or controlled to ensure the process produces the desired quality”. The product is structurally 

fragile mostly due to the water content (adsorbed or absorbed), so the dried cake is particularly delicate 

during primary drying when the water content is the greatest. Therefore, the product temperature during 

primary drying will be the CPP considered in this thesis, impacting the dried cake appearance (CQA). The 

product temperature during primary drying cannot be directly set. Instead, the freeze dryer allows the user 

to set the shelf temperature and chamber pressure (operating conditions). According to the QbD approach, 

selecting the optimal operating conditions (process design) requires connecting the operating conditions 

with the product temperature. This “connection” is commonly established through mathematical models 

for heat and mass transfer during primary drying (Nail and Searles, 2008; Patel and Pikal, 2013). 
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2.1.4. Take-Home Message  

Freeze-drying is a process widely used in the pharmaceutical industry to dry vaccines, 

serving to preserve their potency during storage and transportation. The process 

consists of three steps: (i) freezing the vaccine, (ii) removing the free water by 

sublimation (primary drying), and (iii) removing the bound water by desorption 

(secondary drying). Section 2.1 highlighted how the product temperature during 

primary drying is closely related to the dried cake appearance, which is a commonly 

monitored critical quality attribute. In particular, the product temperature should be 

maintained below a critical value (collapse temperature) to ensure a non-collapsed 

dried cake. The collapse temperature varies for each vaccine formulation, so every 

candidate vaccine's appearance must be screened after freeze-drying. Moreover, the 

product temperature cannot be directly fixed during freeze-drying, hence the 

importance of using mathematical models for heat and mass transfer to understand how 

to control the product temperature through the operating conditions (shelf temperature 

and chamber pressure).  
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2.2. Heat Transfer Modelling during Primary 

Drying  

2.2.1. Heat Transfer Mechanisms 

In physics, there are three mechanisms (or modes) of heat transfer: (i) conduction, (ii) radiation, and (iii) 

convection (Lienhard and Lienhard, 2017). On a microscopic scale, conduction is the heat transfer from a 

particle with a higher energy level to a contiguous particle with a lower energy level by collision (Rohsenow 

et al., 1998). On a larger scale, conduction refers to the heat transfer within a body from one region at a 

higher temperature to another region at a lower temperature, or between bodies in physical contact from 

the body at a higher temperature to the body at a lower temperature. Radiation is the heat transfer between 

surfaces through electromagnetic energy transportation (Perry and Green, 2008). Unlike conduction, 

radiation between surfaces does not require a medium (or body) between them. Conduction and radiation 

are fundamental physical modes (White, 1984), while convection is the heat transfer by moving fluids, 

ultimately due to conduction and radiation (Perry and Green, 2008). In other words, convection considers 

how fluid mechanics affect heat transfer.  

During primary drying, heat transfer in the drying chamber occurs under vacuum conditions. 

Conduction (between and within objects) and radiation are the main heat transfer mechanisms during 

primary drying, so the contribution of convection in the gas inside the chamber is commonly considered 

negligible (Pikal et al., 2016a). Figure 2.2-1 presents the heat transfer mechanisms at an intermediate point 

of primary drying using a serum vial (traditional container), so there is a frozen product layer (ice crystals 

and product matrix with bound water) and a dried product layer (product matrix with bound water). The 

main heat sink is the sublimation front, where the heat is employed for the phase change from ice to vapour 

(sublimation), and the main heat sources are the shelves (mostly the bottom shelf) (Pikal, 1985). Other heat 

sources are the chamber walls and the door, which are commonly unwanted because they cause heat transfer 

heterogeneities between vials according to their position in the freeze dryer (Pisano et al., 2011; Scutellà et 

al., 2017b). 

The following Sections 2.2.1.1 to 2.2.1.5 detail the physical laws that govern the heat transfer 

mechanisms in the drying chamber, as well as the principal heat transfer coefficients.  
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Figure 2.2-1 – Main heat transfer mechanisms (radiation and conduction) between bodies for a serum vial 

placed directly on the freeze dryer’s shelf (adapted from Pikal, 2000).  
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2.2.1.1. Contact Conduction 

The heat flow (�̇�%,&$$ , W) transferred by contact conduction from one surface (1) to another (2) is calculated 

as (Perry and Green, 2008): 

 �̇�%,&$$ = 𝐴%,& × 𝐾%,&$$ × (𝑇% − 𝑇&) Equation 2.2-1 

where 𝐴%,& (m2) is the area of both surfaces facing each other in “macroscopic” contact (different to the 

total area of “microscopic” contact points), 𝐾%,&$$  (W.m-2.K-1) is the heat transfer coefficient by contact 

conduction between the surfaces, 𝑇% (K) is the temperature at surface 1, and 𝑇& is the temperature at surface 

2. When it comes to pharmaceutical freeze-drying, containers are commonly placed (directly) on the 

shelves. Thus, the two thermal contact conductance values between the shelf and the sublimation front 

(represented as red arrows in Figure 2.2-1) are those: (i) between a shelf and the container placed on it, (ii) 

between a container and the product. Only the thermal contact conductance between the shelf and the 

container has been studied in the freeze-drying literature (e.g. Pikal, 2000; Pisano et al., 2011); presumably, 

under the implicit hypothesis that the thermal contact conductance values between the container and the 

(frozen or dried) product do not limit the transfer to the sublimation front.  

The empirical and semi-empirical correlations used in various fields of process engineering to 

estimate the thermal contact conductance between two surfaces depend on: (i) the geometry of the surfaces 

(e.g. roughness, flatness, asperity slope), (ii) the pressure of the gas between the surfaces, (iii) the 

physicochemical properties of the surfaces (e.g. thermal conductivity, specific heat capacity, surface 

hardness, elastic modulus, coefficient of thermal expansion), and (iv) the average temperature at the 

interface (Hasselstrom and Nilsson, 2012; Tariq and Asif, 2016). In pharmaceutical freeze-drying, the heat 

transfer coefficient by contact conduction between the shelf and the container (𝐾#$$, W.m-2.K-1) is 

considered as independent of the operating conditions (i.e. shelf temperature and chamber pressure) and 

depends on the surface geometry and material  (Fissore et al., 2011; Kuu and Nail, 2009; Patel et al., 2010c; 

Pikal, 2000). 𝐾#$$ could be considered as a function of the total area of “microscopic” contact points between 

the container bottom and the shelf (𝐴#$$, m2; different from the “macroscopic” contact area 𝐴%,&), as follows 

(Scutellà et al., 2017a): 

 𝐾#$$ = 𝐴#$$ × 𝑘#$$ Equation 2.2-2 

where 𝑘#$$ (W.m-4.K-1) is the thermal conductivity per “microscopic” contact area between the shelf and the 

container bottom. 
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2.2.1.2. Conduction within Solid Bodies 

The heat flux by conduction (�̇�$, W.m-2) within solid bodies is governed by Fourier’s law as follows (Perry 

and Green, 2008): 

 �̇�$ = −𝜆∇𝑇 Equation 2.2-3 

where 𝜆 (W.m-1.K-1) is the thermal conductivity of the body, and ∇𝑇 (K) is the temperature gradient within 

the body. 𝜆 is a measure of the body’s ability to conduct heat and has a different value for each material. 

For solid bodies in the drying chamber (e.g. containers, frozen or dried product; represented as yellow 

arrows in Figure 2.2-1), 𝜆 is considered independent of the operating conditions (Scutellà et al., 2017b; 

Velardi and Barresi, 2008). 

 

2.2.1.3. Conduction within Gas  

Much like solid bodies, the heat flux by conduction (�̇�$, W.m-2) within a gas (represented as green arrows 

in Figure 2.2-1) is also governed by Fourier’s law (Equation 2.2-3). Conduction occurs when molecules 

collide and exchange heat. In the gas phase, molecules travel distances greater than the molecule diameter 

until they collide and exchange energy (heat) with other molecules. The average distance travelled between 

collisions is known as the “mean free path” (𝑙8>, m), and is calculated as:  

 𝑙8> = 1√2𝜋𝑑*+,&Θ*+, = 𝜅 × 𝑇√2𝜋𝑑*+,& × 𝑃 Equation 2.2-4 

where 𝑑*+, (m), is the gas molecule diameter, Θ*+, (n° of molecules per m3) is the number of gas molecules 

per volume, 𝜅 (J.K-1) is the Boltzmann constant, 𝑇 (K) is the gas temperature (Pikal, 2000), and	𝑃 (Pa) is 

the gas pressure. When considering the heat conduction through the gas phase from one surface (1) to 

another parallel surface (2), the effective thermal conductivity depends on the ratio of  𝑙8> to the distance 

between surfaces (𝑙%,&, m), also known as “Knudsen number” (Kn = 𝑙8>/𝑙%,&). If 𝑙8> is much greater than 𝑙%,& (Kn much greater than 1; Perry and Green, 2008) gas molecules are more likely to interact with the 

surfaces than with other molecules; this condition is known as “free molecular regime”. Under a free 

molecular regime, an increase in the gas pressure entails a direct increase in the possibility of molecule 

collision, hence the thermal conductivity of the gas (𝜆*+,8J , W.m-1.K-1) is directly proportional to the pressure 

and can be calculated as:  

 𝜆*+,8J = 𝛼Λ.𝑃𝑙%,& Equation 2.2-5 

where 𝛼 is a thermal accommodation coefficient related to the quality of momentum exchange between the 

gas molecules and the surfaces, and Λ. (W.m-2.K-1.Pa-1) is the heat transfer coefficient of the gas under a 
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free molecular regime (Scutellà et al., 2017b). If 𝑙8 is much smaller than 𝑙%,& (Kn much smaller than 1; Perry 

and Green, 2008), gas molecules are more likely to interact with each other than with the surfaces. This 

heat transfer condition is known as “continuous regime”, and in this case, the thermal conductivity (𝜆*+,$D"3, 

W.m-1.K-1) is almost independent of the gas pressure. 

Due to the low pressure during primary drying, the regime of the gas inside the drying chamber is 

commonly somewhere between the free molecular and continuous. This transition regime between free 

molecular and continuous has been particularly studied in the heat flow through the gas trapped between 

two parallel surfaces (1 and 2), e.g. the gas trapped between the bottom shelf and the vial bottom. The 

following expression was derived by Pikal et al. (1984) based on the kinetic theory of gases: 

�̇�%,&*$ = 𝐴%,& × ^ 𝑙%,&𝜆*+,8J
+ 𝑙%,&𝜆*+,$D"3`9% × (𝑇% − 𝑇&) = 	𝐴% × 𝐾%,&*$ × (𝑇% − 𝑇&)	 Equation 2.2-6 

where �̇�%,&*$  (W) is the conductive heat flow through the gas from surface 1 to surface 2, 𝐴%,& (m2) is the area 

of both parallel surfaces, and 𝐾%,&*$ (W.m-2.K-1) is the heat transfer coefficient by gas conduction between 

the surfaces. The term 𝑙%,&/𝜆*+,8J   represents the resistance to the heat transfer through a free molecular flow, 

and the term 𝑙%,&/𝜆*+,$D"3 represents the resistance through a continuous flow. 𝐾%,&*$ can be calculated based 

on Equation 2.2-6 as: 

𝐾%,&*$ = ^ 𝑙%,&𝜆*+,8J
+ 𝑙%,&𝜆*+,$D"3`9% = 𝛼Λ.𝑃1 + 𝛼Λ.𝑃𝑙%,&/𝜆*+,$D"3 Equation 2.2-7 

 

2.2.1.4. Radiation between Surfaces 

All objects in the drying chamber emit electromagnetic radiation (represented as orange arrows in Figure 

2.2-1) (Howell et al., 2020). When radiation reaches a surface, the energy can be: (i) absorbed by the 

surface, (ii) reflected to other surfaces, or (iii) transmitted deeper into the body. A black body emits the 

maximal energy possible at its surface temperature, and the heat flux by radiation emitted (�̇�22:+=, W.m-2) 

follows the Stefan-Boltzmann law (Perry and Green, 2008):  

 �̇�22:+= = 𝜎𝑇L Equation 2.2-8 

where 𝜎 (W.m-2.K-4) is the Stefan-Boltzmann constant. Real surfaces emit less energy than a black body, 

and the ratio of the radiation emitted by real surfaces to the black body radiation (at the same temperature) 

is known as “emissivity” (𝜀, dimensionless). Surfaces inside the drying chamber are considered diffuse 

grey bodies in the freeze-drying literature (Pikal, 2000), which means that 𝜀 is equal to the fraction of energy 

absorbed (absorptivity) and does not depend on the radiation's wavelength and angle. Emissivity values of 

common non-metallic materials used during freeze-drying (e.g. glass, ice) are close to 1 (black-body 
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emissivity), and polished metallic surfaces have lower emissivity values (lower than 0.3) than rough 

metallic surfaces (greater than 0.6) (Perry and Green, 2008; Pikal, 2000). The heat flow by radiation 

between two diffuse grey-bodies surfaces (1 and 2) is usually calculated as (Pisano et al., 2011; Scutellà et 

al., 2017a; von Graberg, 2011): 

 �̇�%,&:+= = 𝐴% × 𝐹%,&𝜎 × b𝑇%L − 𝑇&Lc = 𝐴% × 𝐾%,&:+= × (𝑇% − 𝑇&) Equation 2.2-9 

where �̇�%,&:+= (W) is the heat flow by radiation from surface 1 to surface 2, 𝐴% (m2) is the area of surface 1, 𝐹%,& (dimensionless) is the visualisation factor (or view factor) from surface 1 to 2, and 𝐾%,&:+= (W.m-2.K-1) 

is the heat transfer coefficient by radiation between the surfaces. 𝐹%,& is a geometrical parameter that 

considers the effects of the surfaces’ position, orientation and emissivity on 𝑄%,&:+=. 𝐾%,&:+= can be calculated 

based on Equation 2.2-9 as: 

 𝐾%,&:+= = 𝐹%,&𝜎(𝑇% + 𝑇&)b𝑇%& + 𝑇&&c ≅ 4𝐹%,&𝜎𝑇f'				; 				𝑇f = (𝑇% + 𝑇&)2  Equation 2.2-10 

where 𝑇f  (K) is the average surface temperature, which is often considered a constant value within the range 

of temperatures reached during freeze-drying applications (Pikal, 2000). 
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2.2.1.5. Heat Transfer Coefficient to the Container 

The total heat flow (�̇�, W) received by a serum vial placed directly on the shelf (without a tray) and 

surrounded by other identical vials during primary drying can be calculated as: 

 �̇� = 	 �̇�2 +	�̇�3 Equation 2.2-11 

where �̇�2 (W) is the heat flow from the bottom shelf (Figure 2.2-1) to the vial, and �̇�3 (W) is the heat flow 

from the top shelf (Figure 2.2-1) to the vial. Equation 2.2-11 neglects the heat reaching the vial from any 

object but the shelves (e.g. chamber wall and door, other vials). Thus, this equation is valid for the so-called 

“central vials” – i.e. vials surrounded by other identical vials for which the net exchanged heat is zero by 

symmetry.  

 

Heat Transfer Coefficient between the Bottom Shelf and the Container �̇�2 is commonly considered proportional to the temperature difference between the vial surface and the 

shelf surface (e.g. Pikal, 2000; Pisano et al., 2011), and is calculated as:  

 �̇�2 = 𝐴# × 𝐾#,2 × b𝑇,7568 − 𝑇2c Equation 2.2-12 

where 𝐴# (m2) is the outer cross-sectional area, 𝐾#,2 (W.m-2.K-1) is the heat transfer coefficient between 

the bottom shelf and the vial, 𝑇,7568 (K) is the shelf surface temperature, and 𝑇2 is the vial bottom 

temperature. As a remark, 𝑇,7568 is usually considered as the temperature of the heat-transfer fluid due to 

the high thermal conductivity of the metallic shelves (Scutellà et al., 2017a), and 𝑇,7568 is considered to 

have the same value for all the shelves in the freeze dryer. 𝐾#,2 includes the contribution of each heat 

transfer mechanism from the bottom shelf to the serum vials in parallel according to the following equation 

(Pikal, 2000; von Graberg, 2011):  

 𝐾#,2 = 𝐾#$$ + 𝐾#,2*$ + 𝐾#,2:+= Equation 2.2-13 

where 𝐾#,2$$  (W.m-2.K-1) is the heat transfer coefficient by contact conduction; 𝐾#,2*$  (W.m-2.K-1) is the heat 

transfer coefficient by conduction through the gas trapped between the bottom shelf and vial bottom 

surfaces; and 𝐾#,2:+= (W.m-2.K-1) is the heat transfer coefficient by radiation. Each term in 𝐾#,2 can be 

modelled according to Equation 2.2-1, Equation 2.2-6 and Equation 2.2-9, arriving at the expression:   

𝐾#,2 = 𝐴#( × 𝑘#$$ + 𝛼#Λ.𝑃(1 + 𝛼#Λ.𝑃(𝑙#,2/𝜆*+,$D"3 + 4𝐹#,2𝜎𝑇f' Equation 2.2-14 

where 𝛼# (dimensionless) is the thermal accommodation coefficient between the bottom shelf and the vial 

bottom; 𝑙#,2 (m) is the mean distance between the bottom shelf and the vial bottom; 𝑃(  (Pa) is the pressure 

inside the drying chamber, which is considered to be homogenous within the chamber; 𝐹#,2 is the 
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visualisation factor from the vial bottom to the bottom shelf; and 𝑇f is the average temperature between the 

shelf and the vial bottom.  

 

Heat Transfer Coefficient between the Top Shelf and the Container 

Similarly to �̇�2, �̇�3 can also be considered proportional to the temperature difference between the vial 

surface and the shelf surface, obtaining the following expression: 

 �̇�3 = 𝐴#,3 × 𝐾#,3 × b𝑇,7568 − 𝑇3c Equation 2.2-15 

where 𝐴#,3 (m2) is the heat transfer area between the top shelf and the vial, 𝐾#,2 (W.m-2.K-1) is the apparent 

heat transfer coefficient between the top shelf and the vial, and 𝑇3 (K) is the temperature at the vial top. 𝑇3 
is usually considered equal to the bottom vial temperature (𝑇2) (Pisano et al., 2011; Scutellà et al., 2017a), 

under the assumption that the temperature difference within the vial (𝑇2 − 𝑇3) is negligible compared to the 

temperature difference between the vial and the shelf (𝑇,7568 − 𝑇2). 𝐾#,3 considered the heat transfer 

mechanism from the top shelf to the serum vials in parallel, as follows:  

 𝐾#,3 = 𝐾#,3*$ + 𝐾#,3:+= Equation 2.2-16 

where 𝐾#,3*$ (W.m-2.K-1) is the heat transfer coefficient by conduction through the gas between the top shelf 

and vial surfaces; and 𝐾#,3:+= (W.m-2.K-1) is the heat transfer coefficient by radiation. 𝐾#,3 can be modelled 

based on Equation 2.2-6 and Equation 2.2-9 as follows:   

𝐾#,3 = 𝛼#Λ.𝑃(1 + 𝛼#Λ.𝑃(𝑙#,3/𝜆*+,$D"3 + 4𝐹#,3𝜎𝑇f' Equation 2.2-17 

where 𝑙#,3 (m) is the mean distance between the top shelf and the vial, and 𝐹#,3 is the visualisation factor 

from the vial to the top shelf. The first term of Equation 2.2-14 (representing 𝐾#,3*$) is commonly neglected 

(e.g. Kuu et al., 2006; Rambhatla and Pikal, 2003) compared to the heat transfer to the vial by other 

mechanisms (viz. 𝐾#,3:+=, 𝐾#,2$$ , 𝐾#,2*$ , 𝐾#,2:+=), presumably due to the great distance between the top shelf and 

the vial (𝑙3). 
 

Apparent Heat Transfer Coefficient between the Shelves and the Container 

Overall, the total heat flow reaching the vial (�̇�) is commonly calculated using an apparent heat transfer 

coefficient between the shelves and the vials (𝐾#) (e.g. Assegehegn et al., 2019; Tang et al., 2006) as: 

 �̇� = 𝐴# × 𝐾# × b𝑇,7568 − 𝑇2c Equation 2.2-18 

𝐾# is mechanistically modelled based on Equation 2.2-11, Equation 2.2-12, Equation 2.2-14, Equation 

2.2-15, Equation 2.2-17, and Equation 2.2-18 as: 

𝐾# = 𝐴#( × 𝑘#$$ + 𝛼#Λ.𝑃(1 + 𝛼#Λ.𝑃(𝑙#,2/𝜆*+,$D"3 + 4(𝐹#,2 + 𝐴#,3𝐴# 𝐹#,3)𝜎𝑇f' Equation 2.2-19 
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Note that Equation 2.2-19 neglects the heat transfer coefficient by conduction through the gas between the 

top shelf and vial surfaces (𝐾#,3*$, first term in Equation 2.2-17), as well as the difference between 𝑇2 and 𝑇3. In practice, Equation 2.2-19 is usually simplified to a pressure-independent and a pressure-dependent 

term (e.g. Fissore et al., 2011; Pisano et al., 2011) as:  

𝐾# = 𝐶% + 𝐶&𝑃(1 + 𝐶'𝑃(  Equation 2.2-20 

where 𝐶% (W.m-2.K-1), 𝐶& (W.m-2.K-1.Pa-1), and 𝐶' (Pa-1) are: 

𝐶% = 𝐴#( × 𝑘#$$ + 4(𝐹#,2 + 𝐴#,3𝐴# 𝐹#,3)𝜎𝑇f' 

𝐶& = 𝛼#Λ.𝑃(  

𝐶' = 𝛼#Λ.𝑃(𝑙#,2/𝜆*+,$D"3 

Equation 2.2-21 

The values of 𝐶%, 𝐶&, and 𝐶' are usually estimated from experimental data. 

Based on the hypothesis used to build 𝐾#, the estimated value of 𝐶% possibly includes other 

pressure-independent heat transfer coefficients by mechanisms; for example, the radiation and gas 

conduction from the chamber walls or door. Note that the heat transfer coefficient by gas conduction from 

the chamber walls or door is supposed independent of 𝑃(  since the distance between surfaces is considerably 

greater than the mean free path (Kn much smaller than 1, continuous regime). For example, considering a 

distance between the vial and the chamber wall or door (𝑙%,& in Equation 2.2-7) of 10 cm and a thermal 

accommodation coefficient taken from Scutellà et al. (2017b) (𝛼 = 0.34), the heat transfer coefficient 

between the wall or door and the vial by gas conduction increases by less than 6% from 𝑃(  = 4 Pa to 𝑃(  = 

15 Pa. 

It is commonly supposed that 𝐶% (as well as 𝐶& and 𝐶') is independent of the operating conditions 

(𝑇,7568 and 𝑃(), even if according to Equation 2.2-10, 𝑇f does depend on 𝑇,7568 (𝑇% in Equation 2.2-10) and 

the vial temperature (𝑇& in Equation 2.2-10). However, the validity of this supposition depends on the range 

of operating conditions. For example, assuming the vial is 20 °C hotter than 𝑇,7568 (Pikal, 2000), 𝑇f' 

increases 27% from 𝑇,7568 = -40 °C to 𝑇,7568 = -20 °C. The impact of such increase on 𝐾# (Equation 2.2-19) 

may or may not be relevant depending on the value of the other terms.  
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2.2.2. Relevant Factors for the Heat Transfer during Primary Drying 

The product temperature during primary drying depends not only on the operating conditions (i.e. shelf 

temperature and chamber pressure). Some other factors impact the heat transfer, ultimately causing 

differences between batches or among containers of the same batch.  

 

2.2.2.1. Container Type 

Several types of container can be employed to perform freeze-drying; Figure 2.2-2 shows a variety of 

containers found in the literature. Serum vials are the most common container used to freeze-dry vaccines 

at laboratory, pilot and industrial scale (Figure 2.2-2a) (Pikal, 1985; Rambhatla and Pikal, 2003; Sheehan 

and Liapis, 1998). However, syringes (Figure 2.2-2b) and ampoules (Figure 2.2-2c) are also used at various 

scales (Berny and Hennebert, 1991; Hottot et al., 2009a; Miyamoto-Shinohara et al., 2000). Some 

containers are strictly used for formulation research and development; such is the case of 96-well PCR-

plates (Figure 2.2-2d), plastic 96-well plates (Figure 2.2-2e), and high-throughput vials inside aluminium 

well plates (Figure 2.2-2f). To the best of the author’s knowledge, less than a handful of scientific works 

mention these containers strictly used for formulation research (e.g. Trnka et al., 2015; von Graberg, 2011). 

The total heat flow reaching a container (�̇�) is considered to be governed by the apparent heat 

transfer coefficient, 𝐾# (Equation 2.2-18). As detailed in Equation 2.2-19, the geometry of the container 

impacts certain components of 𝐾# (i.e. 𝐴#$$, 𝑙#,2, 𝐹#,2, 𝐹#,3). Furthermore, the surface characteristics of the 

container and shelves (e.g. material, roughness) could also affect components of 𝐾# (i.e. 𝑘#$$, 𝛼#, 𝐹#,2, 𝐹#,3). 
Therefore, 𝐾# should be determined for every container type and freeze dryer. As a remark, high-throughput 

vials are not directly placed on the shelf, so the expression of  𝐾# as in Equation 2.2-19 does not have a 

physical meaning in their case. Regardless, von Graberg (2011) determined an apparent 𝐾# between the 

high-throughput vial bottoms and the shelves at different chamber pressures. The results of von Graberg 

(2011) showed that Equation 2.2-20 was able to fit the data although it is not physically pertinent. 
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Figure 2.2-2 – Containers to perform freeze-drying. (a) Serum vial. (b) Syringe. (c) Ampoule. (d) 96-well 

PCR-plate. (e) Plastic 96-well plates. (f) 500-µL high-throughput vial in front of a 96-Well Freeze-Drying 

System manufactured by VirTis, consisting of an aluminium well plate carrying 96 high-throughput vials. 
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2.2.2.2. Container Geometry 

Even if all the containers of a batch are of the same type and made of the same material, slight variations 

in the geometry could affect the heat received during primary drying. To the best of this author’s knowledge, 

the only published research on this matter was carried using serum vials. The bottom shelf is considered to 

be the main heat transfer source, which is why the impact of the vial bottom geometry on 𝐾# (and the total 

heat flow received by serum vials) has been the subject of more than one study (e.g. Brülls and Rasmuson, 

2002; Pisano et al., 2011; Scutellà et al., 2017a).  

 Scutellà et al. (2017a) determined 𝐾# for 210 serum vials at several chamber pressures (4 to 50 Pa) 

through gravimetric analysis during ice sublimation experiments. Then, Scutellà et al. (2017a) compared 

the experimental 𝐾# distributions with modelled 𝐾# distributions obtained using Equation 2.2-19 and 

experimental values of contact area (𝐴#$$) and distance between surfaces (𝑙#,2), concluding that variations 

on 𝐴#$$ are the main cause of 𝐾# variations at chamber pressures lower than 30 Pa. 

Other authors indicated that the impact of variations on 𝑙#,2 was greater at increasing chamber 

pressures (e.g. Brülls and Rasmuson, 2002; Cannon and Shemeley, 2004). Indeed, at lower chamber 

pressures, the gas trapped tends to a free molecular regime, for which the distance between surfaces (𝑙#,2) 

does not impact the heat transfer. In contrast, at higher chamber pressures, the gas trapped tends to a 

continuous regime, for which the distance between surfaces impacts the heat transfer. 

 

2.2.2.3. Presence of a Tray between the Shelf and the Container 

Serum vials are arranged on a tray and framed by a rail before being charged on the freeze dryer. Once the 

vials are charged, the tray is removed in most cases, so the vials are placed directly on the shelf, and the 

rail is left to keep the vials in place during the drying cycle. However, in some freeze-drying protocols, the 

rail and the tray are left in the drying chamber, and the vials do not have direct contact with the shelf. Pisano 

et al. (2011) studied the impact of leaving the tray during freeze-drying, and determined the apparent heat 

transfer coefficient between the shelves and the vial bottom (𝐾#) with and without tray. Their work 

concluded that the tray represents a heat transfer resistance in series with 𝐾#, as: 

 𝐾# = h 1𝐾,756893:+; + 1𝐾3:+;9<!+6i
9%

 Equation 2.2-22 

where 𝐾,756893:+; (W.m-2.K-1) is the apparent heat transfer coefficient between the shelf and the tray, and 𝐾3:+;9<!+6 (W.m-2.K-1) is the apparent heat transfer coefficient between the tray and the serum vial. 

Moreover, it was experimentally observed that placing a tray between the shelf and the vials reduced the 

heat transfer variations within the batch (Pisano et al., 2011).  
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2.2.2.4. Container Position: Edge Vial Effect 

Several researchers pointed out that the position of the serum vials impacts the heat flow received during 

primary drying (e.g. Patel et al., 2010b; Pikal et al., 1984, 2016; Pisano et al., 2011; Rambhatla and Pikal, 

2003; Schneid and Gieseler, 2008; Scutellà et al., 2017b; von Graberg, 2011; Wegiel et al., 2018). Figure 

2.2-3 presents a common disposition of serum vials on the shelf surrounded by a containing rail. Vials 

situated at the borders of the shelf are commonly referred to as “edge vials” (red circles in Figure 2.2-3b), 

and vials surrounded by other vials are known as “central vials” (white circles in Figure 2.2-3b). Edge vials 

present higher heat flow rates during primary drying (hence higher product temperatures) than central vials, 

and this variation is known as “edge vial effect" or “edge effect" (Rambhatla and Pikal, 2003).  

The standard explanation for the edge vial effect is that vials at the edge of the arrangement facing 

a rail, a chamber wall or a chamber door receive an “extra” heat contribution through their side faces. 

Traditionally, the edge vial effect is considered to be due to “extra” radiation received by edge vials from 

the chamber surfaces (Pikal et al., 1984; Pikal, 2000; Pikal et al., 2016a; Pisano et al., 2011; Rambhatla and 

Pikal, 2003; Schneid and Gieseler, 2008; Wegiel et al., 2018). However, Scutellà et al. (2017b) presented 

a 3D mathematical model of the heat transfer during ice sublimation, concluding that the main “extra” heat 

contribution from the chamber wall was transferred by gas conduction. 

In practical situations, both radiation and conduction contribute to the edge vial effect, and their 

relative contribution is dependent on the exact configuration studied. According to the results obtained by 

Rambhatla and Pikal (2003), radiation shields of aluminium foil (placed on the chamber walls and door) 

reduced the difference in the sublimation rates between edge vials facing a chamber door and central vials 

by 55%, and reduced the difference between edge vials facing a chamber wall and central vials by 9%. 

Therefore, radiation shields were fairly effective for edge vials facing the chamber door, indicating that the 

edge effect for those vials has a considerable radiation contribution. However, for edge vials facing the 

chamber wall, the radiation shields had little impact, suggesting that gas conduction is the main mechanism 

behind the edge vial effect in this case, which is aligned with the results of Scutellà et al. (2017b). As a 

remark, radiation shields were intended to reduce radiation but may have also disturbed the conduction 

flow in an unknown (unstudied) way. It appears to be a disagreement between authors on how to define the 

edge vial effect: (i) either focusing on the influence of the chamber walls (e.g. Pisano et al., 2011; Scutellà 

et al., 2017b), or (ii) focusing on the influence of the chamber door (e.g. Rambhatla and Pikal, 2003; Wegiel 

et al., 2018). Therefore, it seems possible that different conclusions on which is the primary mechanism 

causing the effect could arise.  
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Figure 2.2-3 – Vials disposition on the shelf. (a) Lateral view of the shelves, vials and rail inside the 

chamber. (b) Schematic representation (not in scale) of the top view of the vials disposition on the shelf. 

The rail is represented as a black rectangle, edge vials are represented as red circles, and central vials are 

represented as white circles (adapted from Scutellà et al., 2017b).  
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2.2.3. Take-Home Message  

The main four heat transfer mechanisms during primary drying were detailed in this 

section (i.e. contact conduction, solid conduction, gas conduction, and radiation). An 

apparent heat transfer coefficient between the shelf and the vial bottom (KM) was 

defined and mechanistically interpreted.  

Heat transfer variations among containers could entail differences in the 

product temperature within a batch or between batches during primary drying, and 

therefore cause quality heterogeneities. This Section 2.2 highlighted the main factors 

studied in the literature that cause such heat transfer variations: (i) the container type 

and geometry (i.e. shape, bottom curvatures, number of contact points, accommodation 

coefficients for gas conduction), (ii) the presence of a tray between the containers and 

the heating shelves, and (iii) the container position on the shelf.   
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2.3. Mass Transfer Modelling during Primary 

Drying 

2.3.1. Mass Transfer Mechanisms 

The sublimation mass flow during primary drying goes from the sublimation front (of each container) to 

the condenser. Figure 2.3-1 presents the most relevant mass transfer mechanisms within the gas phase 

during primary drying using serum vials, which are: (i) the mass flow through the dried product layer, (ii) 

the mass flow through the gap between the stopper and the vial neck, and (iii) the mass flow from the 

chamber to the condenser.  

 

2.3.1.1. Mass Flow through the Dried Product Layer 

The phase change at the sublimation front entails a pressure (𝑃8:D"3, Figure 2.3-1) higher than that of the 

vial's main gas volume (𝑃#, Figure 2.3-1). This pressure difference causes the circulation of vapour 

molecules from the sublimation front to the vial's main gas volume. As ice sublimates, the empty volume 

left behind by ice crystals become pores in the product layer. The gas diffusion through the pores in the 

dried product layer is responsible for the most significant pressure loss between the sublimation front and 

the condenser (Scutellà et al., 2018a). 

The mass flow through the dried product is considered to occur under a free molecular regime due 

to the small distance between the dried product surfaces, i.e. pore size (lower than 0.2 mm; Oddone et al., 

2016) and the low pressures in the matrix (the mean free path is 0.14 mm at 67 Pa; Pikal, 2000). Arguably, 

the most common approach in the freeze-drying community to model this mass transfer is that described 

by Pikal et al. (1983) based on the gas flow in capillaries. Another common approach was presented by 

Liapis and Litchfield (1979) based on the dusty-gas model (DGM), which considers the binary gas transport 

of the water vapour and the inert gas used to regulate the pressure in the chamber. The following paragraphs 

describe each approach used to model the mass transfer through the dried product layer. 
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Figure 2.3-1 – Mass transfer in primary drying: schematic of resistances. Typical pressure values are given 

(adapted from Pikal, 1985). Note that the vapour-ice equilibrium pressure at the condenser temperature is 

lower than indicated, e.g. at -60 °C it would be 1.1 Pa.  
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Gas Flow in Capillaries 

The shape of the pores does not follow a particular pattern and does not necessarily recall the shape of 

capillaries. Notwithstanding, Pikal et al. (1983) interpreted pores as a collection of capillaries due to the 

small diameter of the pores (e.g. smaller than 0.2 mm; Oddone et al., 2016) compared to the dry layer 

thickness (e.g. 10 mm, Scutellà et al., 2018a). In this vein, Pikal et al. (1983) presented an approach to 

determine the sublimation mass flow (�̇�, kg.s-1) assuming: (i) pseudo-steady-state, (ii) one-directional flow, 

and (iii) the inner cross-sectional area of the container (𝐴!", m2) as the mass transfer area. In this way, �̇� 

could be considered proportional to the pressure loss through the dried product (𝑃8:D"3 − 𝑃#), as: 

 �̇� = 𝐴!"𝑅@ × b𝑃8:D"3 − 𝑃#c												(𝑖𝑛	𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑖𝑒𝑠) Equation 2.3-1 

where 𝑃8:D"3 and 𝑃# are expressed in Pa, and 𝑅@ (Pa.s.m2.kg-1) is the area-normalised product resistance to 

the mass transfer. Moreover, 𝑅@ is calculated based on kinetic theory of gases and assuming free molecular 

flow as (Pikal, 2000): 

 𝑅@ = m 𝑅𝑇f𝑊*+, × 𝑙= 	× 3√𝜋4√2 × 𝜏&𝜙𝑟@D:5 											(𝑖𝑛	𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑖𝑒𝑠) Equation 2.3-2 

where 𝜏 (dimensionless) is the tortuosity, 𝜙 (dimensionless) is the porosity, 𝑟@D:5 (m) is the average pore 

radius, 𝑇f (K) is the average gas temperature, 𝑅 (m3.Pa.K-1.mol-1) is the ideal gas constant,	𝑊*+, (kg.mol-1) 

is the molar mass of the gas, and 𝑙= (m) is the dried product layer thickness. 

 

Dusty-Gas Model 

The pressure inside the drying chamber during primary drying is regulated using an inert gas (e.g. nitrogen, 

air). Some authors (e.g. Liapis and Litchfield, 1979; Mascarenhas et al., 1997; Nam and Song, 2005; 

Sheehan and Liapis, 1998) considered the inert gas in their mass transfer equations according to the dusty-

gas model (DGM) proposed by Evans et al. (1962). The DGM describes the flow of two (or more) gases 

through a porous matrix, and it takes into account the contributions of diffusion and convection according 

to Darcy’s Law (Darcy, 1856), as well as the Knudsen diffusion (Knudsen, 1909). According to the DGM, 

the mass flux rate of the vapour through the dried product (�̇�-&C, kg.s-1.m-2) is calculated as:    

 �̇�-&C = 𝑊-&C𝑅𝑇 [𝜓-&.∇𝑃-&C + 𝜓K𝑃-&C(∇𝑃-&C + ∇𝑃1)] Equation 2.3-3 

where 𝑊-&C (kg.mol-1) is the molar mass of the water vapour, 𝜓-&. (m.s-1) is the bulk diffusivity for the 

water vapour, 𝜓K (m4.N-1.s-1) is the self-diffusivity for both gases, 𝑃-&C (Pa) is the partial pressure of the 

water vapour, and 𝑃1 (Pa) is the partial pressure of the inert gas.  
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Similarly, the mass flux rate of the inert gas through the dried product (�̇�1, kg.s-1.m-2) is:    

where 𝑊1 (kg.mol-1) is the molar mass of the inert gas, and 𝜓1 (m.s-1) is the bulk diffusivity for the inert 

gas. 

It is possible to obtain Equation 2.3-1 for gas flow in capillaries (Pikal, 2000) based on Equation 

2.3-3 for binary gas transport considering: (i) the partial pressure of the inert gas (𝑃1) in the porous layer is 

negligible compared to that of the vapour (𝑃-&C), (ii) the mass flow is one directional, (iii) 𝐴!" is the 

constant mass transfer cross area, (iv) 𝑇f  is the average gas temperature, and (v) steady-state. In this way, 

Equation 2.3-3 can be expressed as: 

�̇� = 𝐴!" × �̇�-&C = 𝐴!" × q𝑊-&C𝑅𝑇f × 1𝑙= × 𝐷&-&./" r × (𝑃,+3 − 𝑃#) Equation 2.3-5 

where 𝐷&-&./"  is the Knudsen diffusivity for the vapour at 𝑇f . Note that in this case 𝑃,+3 is equal to the pressure 

at the sublimation front (𝑃8:D"3). Equation 2.3-5 is commonly used in other fields of process engineering 

to describe diffusivity through porous media under a Knudsen regime (also knowns as the “Klinkenberg 

effect”) (Carrigy et al., 2012; Cunningham and Williams, 1980; Kuila et al., 2012; Pant et al., 2012). 

Moreover, comparing Equation 2.3-1 and Equation 2.3-5, one can relate 𝑅@ to 𝐷&-&./"  as: 

𝑅@ = 𝑅𝑇f𝑊-&C

× 𝑙= × 1𝐷&-&./"  Equation 2.3-6 

 

2.3.1.2. Mass Flow through the Gap between the Stopper and the Vial Neck 

Once the vapour escaped through the dried product, it reaches the free gas volume inside the vials at 𝑃#. 

When vials do not have stoppers partially inserted into their necks, 𝑃# is considered to be equal to the 

pressure inside the drying chamber (𝑃( , Figure 2.3-1). However, when stoppers are partially inserted into 

the vial necks, they entail a resistance to the mass transfer from the vial to the drying chamber and 𝑃# 

greater than 𝑃( . Similarly to Equation 2.3-1 for the mass flow through the dried product layer, the mass 

flow through the gap between the stopper and the vial neck (�̇�) is considered proportional to the pressure 

loss (𝑃# − 𝑃() and inversely proportional to a mass transfer resistance (𝑅0, Pa.s.kg-1) (Pikal, 1985): 

 �̇� = 1𝑅0 × (𝑃# − 𝑃() Equation 2.3-7 

Considering the total flow from the sublimation front to the condenser, several researchers pointed out that 𝑅0 does not play a significant role compared to 𝑅@ (Rambhatla et al., 2004; Scutellà et al., 2018a; X. C. 

Tang et al., 2006).  

 �̇�1 = 𝑊1𝑅𝑇 [𝜓1𝛻𝑃1 + 𝜓K𝑃1(𝛻𝑃-&C + 𝛻𝑃1)]	 Equation 2.3-4 
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2.3.1.3. Mass Flow from the Drying Chamber to the Condenser 

The molecules moving from the vial necks to the condenser may encounter several objects in their way 

(e.g. vials, shelves, chamber walls and door, ducts, valves). The mass flow in the drying chamber is 

commonly neglected, and the pressure inside the chamber is usually considered homogeneous (Pikal, 2000). 

However, the speed of the mass flow increases in the duct connecting the drying chamber and the condenser, 

because the duct is much narrower than the drying chamber (Petitti et al., 2013). The mass flow from the 

chamber to the condenser (�̇�3D3+6, kg.s-1) concerns all the containers in the drying chamber, and could be 

modelled (similarly to Equation 2.3-1 and Equation 2.3-7) as (Pikal, 2000): 

 �̇�3D3+6 = 1𝑅(E × (𝑃( − 𝑃(E) Equation 2.3-8 

where 𝑅(E (Pa.s.kg-1) is the mass transfer resistance due to the duct between the drying chamber and the 

condenser, and 𝑃(E (Pa) is the pressure at the condenser (Figure 2.3-1). Other more complex models than 

a constant 𝑅(E were also used. For example, Trelea et al. (2015) considered a binary gas transport model 

(water vapour and inert gas), achieving a better prediction of the vapour pressure in the drying chamber 

compared to the predictions obtained with Equation 2.3-8. 

Determining �̇�3D3+6 is particularly important to avoid reaching a “choked flow” condition (Patel et 

al., 2010a). “Choked flow” occurs when the gas flow velocity through the duct reaches the speed of sound 

(Mach number = 1). In this case, an increase in the �̇�3D3+6 would not be possible to be evacuated through 

the duct, causing an increase in the chamber pressure. When �̇�3D3+6 is high enough to reach a “choked 

flow”, the freeze dryer loses regulation of the chamber pressure. The “choked flow” condition depends on 

the geometry of the duct (and valves) connecting the chamber with the condenser. A deeper study of the 

impact of the duct geometry requires more complex models than Equation 2.3-8; for example, Alexeenko 

et al. (2009) studied the mass transfer through 2D mathematical modelling (computational fluid dynamics, 

CFD), focusing on how pipes in the duct could affect the mass flow.  
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2.3.1.4. Contribution of Desorption to the Mass Flow 

Water removal by sublimation and desorption can occur in parallel during the primary drying step of freeze-

drying. When ice crystals are removed by sublimation during primary drying, the sublimation front moves, 

leaving empty pores so the product phase in contact with the gas phase. While the gas inside the pore is 

saturated at the sublimation front (Scutellà et al., 2017a), it is not saturated in other regions where desorption 

can occur even if it is very slow at low temperatures encountered in primary drying (Pikal and Shah, 1990a). 

Different product regions in the same container or different containers in the same batch could be going 

through ice sublimation and water desorption at the same time. Overall the desorbed amount of water is 

four times less than the sublimed amount (Patel et al., 2010b). Moreover, with an Arrhenius equation for 

the temperature dependence of desorption and activation energy of ~29 kJ.mol-1 (Trelea et al., 2016), the 

desorption is ~11 times slower at –25°C (typical shelf temperature during primary drying) than at +25 °C 

(typical shelf temperature during secondary drying). Therefore, most researches on primary drying neglect 

the contribution of the mass flow due to desorption (Konstantinidis et al., 2011; Liapis and Litchfield, 1979; 

Pikal, 1985; Scutellà et al., 2017a). 
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2.3.2. Relevant Factors for the Mass Transfer during Primary Drying 

Operating conditions (i.e. shelf temperature and chamber pressure) are set to control the product 

temperature during primary drying. However, other factors impact the mass transfer and could affect the 

product temperature, causing quality heterogeneities within the batch or between batches. The limiting mass 

transfer mechanism during primary drying is that through the dried product layer, which is why this Section 

2.3.2 will focus on 𝑅@.  

Ice crystals sublimate throughout primary drying, leaving empty pores in the dried product matrix. 

The pores sizes are identical to the ice crystals sizes obtained during freezing. Thus, the shape of the ice 

crystals impacts the structure of the dried product and 𝑅>, so the freezing step will be addressed in the 

following discussion. 

 

2.3.2.1. Formulation 

Ice crystal growth depends on the physicochemical characteristics of the formulation (e.g. viscosity, 

freezing point) (Fan et al., 2019). Therefore, the size and shape distribution of ice crystals vary between 

formulations (ingredients and concentrations), and so do the pore size distributions and 𝑅> values 

(Konstantinidis et al., 2011; Tang and Pikal, 2004). Moreover, the total concentration of all ingredients 

impacts the void volume or porosity, hence on 𝑅> (Equation 2.3-2). For a same product, higher 

concentration values entail higher 𝑅>	values. Table 2.3-1 reports 𝑅> values for common formulations found 

in the literature.  

 



Literature Review - Mass Transfer Modelling during Primary Drying 

 

55 
 
 

Table 2.3-1 – Area-normalised dried product resistances at a dried product layer thickness of 5 mm.  

Product 

𝑹𝑷 

(kPa.s.m2.kg-1) 

for 𝒍𝒅 = 5 mm 

Nucleation Container 

Source 𝑻𝒏 (°C) Control 

Filling 

depth 

(mm) 

Inner 

diameter 

(mm) 

5% dextran 
aqueous solution 

175 -2 Ice fog technique 7.5 29 Rambhatla et al. (2004) 

191 -7 Ice fog technique 7.5 29 Rambhatla et al. (2004) 

3% mannitol, 2% 
sucrose aqueous 
solution 

283 -2.4 to -4.1 Pressurization and depressurization 8.5 27 Konstantinidis et al. (2011) 

5% mannitol 
aqueous solution 

240 -2 Ice fog technique 7.5 29 Rambhatla et al. (2004) 

293 -7 Ice fog technique 7.5 29 Rambhatla et al. (2004) 

341 -11 Ice fog technique 7.5 29 Rambhatla et al. (2004) 

178 -2.3 to -3.7 Pressurization and depressurization 8.5 27 Konstantinidis et al. (2011) 

371 -8.0 to -15.9 Uncontrolled 8.5 27 Konstantinidis et al. (2011) 

(Continued on the next page) 
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Continuation of Table 2.3-1. 

Product 

𝑹𝑷 

(kPa.s.m2.kg-1) 

for 𝒍𝒅 = 5 mm 

Nucleation Container 

Source 𝑻𝒏 (°C) Control 

Filling 

depth 

(mm) 

Inner 

diameter 

(mm) 

5% sucrose 
aqueous solution 

67 -1 Ice fog technique 7.5 29 Rambhatla et al. (2004) 

77 -6 Ice fog technique 7.5 29 Rambhatla et al. (2004) 

96 -11 Ice fog technique 7.5 29 Rambhatla et al. (2004) 

158 -10 Reduced pressure ice fog technique 7.5 18 Patel et al. (2009) 

149 -10 Reduced pressure ice fog technique 15 18 Patel et al. (2009) 

91 -2.4 to -3.7 Pressurization and depressurization 8.5 27 Konstantinidis et al. (2011) 

125 -7.2 to -16.6 Uncontrolled 8.5 27 Konstantinidis et al. (2011) 

92 -4 Nucleating agent (snomax 0.1 %) 10 15 Scutellà et al. (2018a) 

10% sucrose 
aqueous solution 

221 -10 Reduced pressure ice fog technique 7.5 18 Patel et al. (2009) 

202 -10 Reduced pressure ice fog technique 15 18 Patel et al. (2009) 
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2.3.2.2. Nucleation Temperature during Freezing 

For a given formulation, the ice crystals size depends on the thermal history of the product during freezing. 

The nucleation temperature (𝑇") has been traditionally linked to the ice crystal size (Fennema, 1973). 

Nucleation is a stochastic process, so 𝑇" values differ among vials of the same batch or between batches, 

causing differences in the ice crystal sizes. In general, lower 𝑇" values entail smaller ice crystals than higher 𝑇" values (Geidobler and Winter, 2013; Nakagawa et al., 2006). This is why lower 𝑇" values are related to 

product structures with smaller pores and greater 𝑅> (Equation 2.3-2), and higher 𝑇" values are related to 

greater pores and lower 𝑅> (Searles et al., 2001a). Table 2.3-1 presents 𝑅> values at different 𝑇". 

Several methods have been developed to control nucleation and obtain consistent 𝑇" values among 

containers (Assegehegn et al., 2019; Kasper and Friess, 2011; Morris and Acton, 2012; Nakagawa et al., 

2006). Most of these methods induce nucleation by mechanically affecting the stability of the supercooled 

(or undercooled) solution and therefore generate nucleation sites simultaneously in all vials (e.g. ice fog 

freezing in Rowe, 1990; vacuum-induced surface freezing in Kramer et al., 2002; depressurization freezing 

in Otero and Sanz, 2000; gap freezing in Kuu, 2014). Mechanical methods have the disadvantage of 

requiring special equipment, which may not be compatible with all freeze dryers. Adding a nucleating agent 

to the formulation is a widely used technique to homogenize 𝑇" among vials for research purposes, and it 

is compatible with all freeze dryers. Nucleating agents promote the crystallization by creating numerous 

nucleation sites, increasing the vial-averaged 𝑇" value and reducing the vial-averaged 𝑅@ value. 

Nevertheless, nucleating agents may not be added to most real formulations such as vaccines, so the use of 

nucleating agents is for research purposes. 

The cleanness of the container’s surface also proved to have an impact on 𝑇". Particles on the 

container are potential nucleation sites; thus, cleaner surfaces present lower 𝑇"	values than those with 

particulate content (Searles et al., 2001b). 
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2.3.2.3. Annealing Step during Freezing 

An annealing step can increase the size of the ice crystals obtained during freezing (Searles et al., 2001a; 

Shi et al., 2012). Annealing consists in maintaining the product at a temperature lower than the freezing 

point depression (point D in Figure 2.1-4) and higher than the glass transition temperature (points F and G 

in Figure 2.1-4a) (Searles, 2004). This step can be performed during the initial freezing of the product, after 

nucleation; however, it is most often performed after the initial freezing by increasing the shelf temperature, 

holding it, and decreasing it again (e.g. Abdelwahed et al., 2006; Lim et al., 2018). The ice crystals obtained 

after the first freezing melt at product temperatures higher than the glass transition temperature during the 

annealing step. Then, when the product temperature is lowered, water may crystallize as greater crystals 

than those obtained during the first freezing.  This increase in the ice crystal size increases the pore size of 

the dried product layer and decreases 𝑅@ (Lu and Pikal, 2004).   
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2.3.2.4. Dried Product Layer Thickness 

The dried product layer moves through the vial content during primary drying until all the ice crystals 

sublimate. Considering that the sublimation front remains flat and moves parallel to the vial bottom, the 

value of the dried product layer thickness (𝑙=, m) goes from 0 to the filling depth. Therefore, the length of 

the vapour's path from the sublimation front to the free gas volume inside the vial increases as primary 

drying proceeds. As 𝑙= increases, vapour molecules may encounter more product structures on their way, 

so the resistance to the mass transfer (𝑅@) will also tend to increase.  

According to Equation 2.3-2, 𝑅> should be directly proportional to 𝑙=. However, this mathematical 

relation between 𝑅> and 𝑙= may not be true due to two main factors: (i) variations in the pore size within 

the product, and (ii) non-flat sublimation fronts. Dried product structures are not necessarily homogenous, 

and the pore size may vary. Moreover, the shape of the sublimation front may not be flat and parallel to the 

vial bottom when the vial receives heat flows from the sides, and the curvature of the shape may vary during 

primary drying (Nam and Song, 2005; Sheehan and Liapis, 1998). Figure 2.3-2 shows the possible 

tendencies of 𝑅> ploted as a function of 𝑙=. The most common equation to relate 𝑅> and 𝑙= considering 

variations within the pore size distribution in a container is (Bosca et al., 2013; Konstantinidis et al., 2011; 

Rambhatla et al., 2004): 

 𝑅> = 𝑅>,. + 𝑅>,% × 𝑙=1 + 𝑅>,& × 𝑙= Equation 2.3-9 

where 𝑅>,. (Pa.s.m2.kg-1), 𝑅>,% (Pa.s.m.kg-1), and 𝑅>,& (m-1) are coefficients related to the dried product 

structure. The value of 𝑅>,. embodies a possible “crust” on top of the product where the pore size is 

particularly smaller than in the rest of the dried product. 𝑅>,% represents the directly proportional relation 

between 𝑅> and 𝑙= theoretically expected (Equation 2.3-2). A positive 𝑅>,& (Figure 2.3-2a) could be 

explained by an increase in the pore size or an increase in the canalizations towards the bottom of the 

product. A negative 𝑅>,& (Figure 2.3-2b) could be explained by a decrease in the pore size or a decrease of 

the sublimation area towards the very end of primary drying, following the logic of a non-flat sublimation 

front. If 𝑅>,& is negligible (𝑅>,& = 0 m-1, Figure 2.3-2c), the pore size may be similar in all the product, 

except for a possible “crust” on top (𝑅>,.). 
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Figure 2.3-2 – Possible tendencies of the area normalised dried product resistance to mass transfer (𝑅@) 

vs the dried product layer thickness (𝑙=). (a) Representation of the tendency observed for a 5% sucrose 

solution or a 3% mannitol/2% sucrose solution frozen without controlling the nucleation temperature at 

approximately -3 °C (Konstantinidis et al., 2011). (b) Representation of the tendency observed for a 5% 

glycine solution (Gieseler et al., 2007). (c) Representation of the tendency observed for a 5% sucrose 

solution (Scutellà et al., 2018a).  
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2.3.2.5. Product Temperature Gradient during Freezing 

The variations of the pore size distribution in the same vial are commonly attributed to the product 

temperature gradient in the product during freezing, which impacts the crystal growth (Arsiccio et al., 2018; 

Kurz and Fisher, 1989; Pisano and Capozzi, 2017). The temperature gradient could vary depending on each 

batch's freezing step (Hottot et al., 2007; Nakagawa et al., 2007) or the vial geometry (Rosa et al., 2016). 

The research on the freezing step of pharmaceutical freeze-drying consists almost exclusively of works 

using serum vials. Exceptionally, Hottot et al. (2009b) studied freezing in syringes (6 mm inner diameter, 

filling depth 7 mm) filled with a 5% sucrose aqueous solution. The morphology of the ice crystals obtained 

was studied through stereomicroscopy performed in a cold chamber, and these results were compared to 

those obtained using 3 mL serum vials. Unlike serum vials, ice crystals obtained in syringes presented a 

homogeneous size distribution. These results suggested an impact of the container on the freezing step, and 

ultimately on 𝑅>. 

 

2.3.2.6. Micro-Collapse 

When the temperature of the product approaches the collapse temperature during primary drying, 

nanometric regions of the product can collapse and create tiny holes in the dried cake; this phenomenon is 

known as “micro-collapse” (Bosca et al., 2013; Kuu et al., 2011). Micro-collapse is not noticeable by visual 

inspection, but it can be observed at a microscopic scale. Overcashier et al. (1999) studied the structure of 

freeze-dried trehalose by Scanning Electron Microscopy (SEM), varying in the shelf temperature set during 

primary drying. The freeze-dried trehalose structure obtained at shelf temperature 10 °C presented more 

small holes (diameter smaller than 10 µm) than that obtained at shelf temperature -30 °C, suggesting that 

the greater product temperatures entailed by the higher shelf temperature caused a superior degree of micro-

collapse. The small holes in the structure increase the pores' connectivity, reducing the dried product 

resistance to the mass transfer (Fissore and Pisano, 2015; Overcashier et al., 1999).  
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2.3.3. Take-Home Message  

Throughout primary drying, the structure of the dried product matrix imposes a 

resistance to the mass transfer, which increases the pressure and temperature at the 

sublimation front. The greatest portion of the literature refers to the area-normalised 

product resistance to the mass transfer (RQ) defined for the inner cross-sectional area 

of the container. RQ is considered independent of the operating conditions (i.e. shelf 

temperature and chamber pressure) in the absence of micro-collapse, but depends on 

the dried product matrix's characteristics (i.e. pore size, connectivity, and tortuosity), 

which in turn depend on the freezing conditions. This Section stressed five factors that 

could cause mass transfer variations: (i) the formulation, (ii) the nucleation 

temperature, (iii) an annealing step during freezing, (iv) the dried product layer 

thickness, and (v) micro-collapse.   
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2.4. Coupled Heat and Mass Transfer Modelling 

of Primary Drying 

2.4.1. Coupling Heat and Mass Transfer 

According to the Quality by Design (QbD) approach, the dried cake's appearance is a Critical Quality 

Attribute (CQA) affected by the product temperature during primary drying, which is a Critical Process 

Parameter (CPP). Freeze dryers cannot regulate the product temperature directly; instead, the shelf 

temperature and chamber pressure are the two operating conditions that can be set.  

Heat and mass transfer models of primary drying serve to relate the operating conditions with the 

product temperature. Several mathematical models have been developed consisting of the heat and mass 

transfer equations that govern the transfer mechanisms during primary drying. As different as most models 

might seem, they all share the same basic set of equations describing: (i) the heat transfer to the sublimation 

front, (ii) the mass transfer from the sublimation front to the condenser, and (iii) the coupling of heat and 

mass transfer at the sublimation front. The heat transfer to the sublimation front was described in Section 

2.2.1, and the mass transfer from the sublimation front to the condenser was described in Section 2.3.1. The 

coupling of heat and mass transfer explains how the heat flow reaching the sublimation front (�̇�, W) is 

related to the sublimation mass flow (�̇�, kg.s-1). Under the hypothesis that all of the heat reaching the 

sublimation front is used for sublimation, �̇� and �̇� are directly related in the simplest way as (Velardi and 

Barresi, 2008): 

 �̇� = ∆𝐻 × �̇� Equation 2.4-1 

where ∆𝐻 (J.kg-1) is the latent heat of sublimation. 

Mathematical models consider the solid phase (ice) and gas phase (vapour) in equilibrium at the 

sublimation front (e.g. Mascarenhas et al., 1997; Scutellà et al., 2017b; Trelea et al., 2007). This phase 

equilibrium serves to relate the saturation temperature (𝑇,+3, K) with the saturated pressure (𝑃,+3, Pa) at the 

sublimation front (𝑃8:D"3 = 𝑃,+3) using the Clausius Clapeyron relation (Perry and Green, 2008): 

 𝑇,+3 = 𝑇3:!>651 − 𝑅𝑇3:!>65∆𝐻,I2> 𝑙𝑛q 𝑃,+3𝑃3:!>65r 
Equation 2.4-2 

where 𝑇3:!>65 (K) and 𝑃3:!>65 (Pa) are the triple point temperature and pressure of the water respectively, 𝑅 

(J.K-1.mol-1) is the ideal gas constant, and ∆𝐻,I2>  (kJ.mol-1) is the molar enthalpy of sublimation. Equation 

2.4-2 links 𝑇,+3 related to heat transfer with 𝑃,+3 related to mass transfer and thus constitutes, together with 

Equation 2.4-1, the bridge between heat and mass transfer in primary drying. 



Literature Review - Coupled Heat and Mass Transfer Modelling of Primary Drying 

 

66 
 
 

2.4.2. Modelling Hypothesis 

The mathematical resolution of the heat and mass transfer equations varies according to the author’s 

hypothesis on the time dependency (i.e. transient-state or steady-state), the dimensions considered (i.e. 0D, 

1D, 2D, or 3D), and the scale of the system considered (e.g. one container or all the containers in the freeze 

dryer). Depending on the simplifying hypothesis, the difficulty of the resolution (programming complexity) 

and calculation time varies greatly. Simplifications must be done considering the purpose of the model. An 

efficient or elegant model addresses the scientific question of interest while keeping calculations to the 

necessary minimum. 

The author of this thesis grouped scientific questions on pharmaceutical freeze-drying according to 

the following topics:  

(i) Fundamental understanding; aiming at developing, improving, and validating models to 

account for the product temperature, heat flows, and mass flows during primary drying. 

(ii) Process design; revolving around the use of mathematical modelling to select the operating 

conditions during primary drying. 

(iii) Process variations; focusing on how variations in the process (e.g. container type and 

geometry, container position, product freezing) could impact a CPP (e.g. product temperature). 

(iv) State estimation; which refers to the use of mathematical modelling for in-line monitoring of 

CPP (e.g. product temperature) based on parameters that are easier to measure (e.g. mass flow). 

Table 2.4-1 to Table 2.4-4 list works relevant for this thesis grouped according to their main research topic. 

Some scientific questions could involve more than one topic. 

The following Sections 2.4.2.1 to 0 review common hypotheses used to address scientific questions 

similar to those of this thesis, focusing on how each hypothesis could be more or less useful to research on 

a particular topic. 
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Table 2.4-1 – Mathematical models of primary drying for a fundamental understanding of the process. Adapted from Scutellà (2017), the table was 

updated for the present thesis. 

Source 
Main innovation relevant for 

this thesis 

Model Container Heat transfer from: 

Mass 

transfer 
Product 

D 
Time 

dependency 
Type 

Fill 

depth 

(mm) 

Inner 

diameter 

(mm) 

bottom 

shelf 

top 

shelf 

chamber 

surfaces 

Liapis and 

Litchfield 

(1979) 

Presented a transient model in 

1D. 
1D 

Transient-

state 

Product slab 

on a holder 
n.s. n.s. - R - DGM Not given 

Liapis and 

Bruttini 

(1994) 

Used a 1D transient model 

applied to a plate or tray. 
1D 

Transient-

state 
Plate or tray 20 n.s. 

GC 

and R 
n.s. n.s. DGM 

Cloxacillin 

monosodium 

salt and skim 

milk 

Mascarenhas 

et al. (1997) 

Used a 2D transient model 

applied to a cylindrical 

geometry. 

2D 
Transient-

state 

Cylindrical 

geometry 

3 and 

6 
n.s. n.s. n.s. n.s. DGM Skim milk 

Zhai et al. 

(2005) 

Compared experimental and 
calculated heights of the 

sublimation front. 

2D 
Transient-

state 
Serum vial 18 20 GC - R n.a. Pure water 

Nam and 
Song (2005) 

Studied the shape of the 
sublimation front in various 

containers. 

2D 
Transient-

state 

Tray 20 n.s. 

GC R - DGM Skim milk 

Cylindrical 

vial 
20 10 

Product 

without 

container 

20 
10, 20 

and 30 

GC: gas conduction. R: radiation. DGM: dusty-gas model. “n.s.”: not specified. “n.a.”: not applicable.  

“-”: not considered.
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Table 2.4-2 – Mathematical models of primary drying for process design. Adapted from Scutellà (2017), the table was updated for the present thesis. 

Source 
Main innovation relevant for 

this thesis 

Model Container Heat transfer from: 

Mass 

transfer 
Product 

D 
Time 

dependency 
Type 

Fill 

depth 

(mm) 

Inner 

diameter 

(mm) 

bottom 

shelf 

top 

shelf 

chamber 

surfaces 

Nail and 

Searles 

(2008) 

Presented a design space. 0D Steady-state Serum vial n.s. n.s. n.s. n.s. n.s. n.s. Not given 

Koganti et 

al. (2011) 

Presented a design space with 

operating conditions on the axis. 
0D Steady-state Serum vial n.s. n.s. 

CC, 

GC, 

and R 

- - RP Pfizer A 

Scutellà et 

al. (2018b) 

Presented a multi-vial model 

capable of predicting the 
percentage of accepted vials. 

0D 
Transient-

state 
Serum vial 10 15 

CC, 

GC, 
and R 

R - RP 

5% w/w 

aqueous 

sucrose 
solution 

 CC: contact conduction. GC: gas conduction. R: radiation. RP: based on the area-normalised dried product resistance (𝑅@). “n.s.”: not specified. “-”: 

not considered. 
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Table 2.4-3 – Mathematical models of primary drying for studying process variations. Adapted from Scutellà (2017), the table was updated for the 

present thesis. 

Source 
Main innovation relevant for 

this thesis 

Model Container Heat transfer from: 

Mass 

transfer 
Product 

D 
Time 

dependency 
Type 

Fill 

depth 

(mm) 

Inner 

diameter 

(mm) 

bottom 

shelf 

top 

shelf 

chamber 

surfaces 

Pikal et al. 

(1984) 

Studied geometric variations of 

the same container type. 
0D Steady-state Serum vial 20 

22, 27, 

29, and 

43 

CC, 

GC, 

and R 

R - RP 

Pure water, 

dobutamine 

hydrochloride-

mannitol 

solution, and 

KCl solution 

Millman et 
al. (1985) 

Studied the impact of the filled 
height on the speed of the 

moving sublimation front. 

1D 
Transient-

state 
Not given 

3, 

4,5, 

6, 9, 
12, 

and 

15 

n.s. 
GC 

and R 

GC 
and 

R 

- DGM Skim milk 

Sheehan and 

Liapis 

(1998) 

Studied the impact of lateral 

heat contributions on the heat 

and mass transfer and the shape 

of the sublimation front. 

2D 
Transient-

state 
Serum vial 

7, 12, 

and 

22 

10 GC R R DGM Skim milk 

Brülls and 

Rasmuson 

(2002) 

Studied the impact of the vial 

geometry (glass thickness and 

bottom curvature) and filled 

height on the heat transfer. 

2D 
Transient-

state 
Serum vial 21 24 

GC 

and R 
- n.s. n.a. Pure water 

Gan et al. 

(2005) 

Studied the impact of using 

trays with sides on the heat 

transfer and the shape of the 
sublimation front. 

2D 
Transient-

state 
Serum vial 16 14 GC R R DGM Skim milk 

(Continued on the next page) 

CC: contact conduction. GC: gas conduction. R: radiation. RP: based on the area-normalised dried product resistance (𝑅@). DGM: dusty-gas model. 

“n.s.”: not specified. “n.a.”: not applicable. “-”: not considered.  
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Continuation of Table 2.4-3. 

Source 
Main innovation relevant for 

this thesis 

Model Container Heat transfer from: 

Mass 

transfer 
Product 

D 
Time 

dependency 
Type 

Fill 

depth 

(mm) 

Inner 

diameter 

(mm) 

bottom 

shelf 

top 

shelf 

chamber 

surfaces 

von 

Graberg, 

(2011) 

Studied the heat transfer 

resistance between the shelf and 

the high-throughput vial  

bottoms of different containers. 

0D Steady-state 

96-Well 

PCR-plates 
n.s. 5 

CC, 

GC, 

and R 

R - n.a. Pure water 

High-

throughput 

system 

n.s. 5 

Serum vial 

0.2 

and 

0.5 

14 

Pisano et al. 

(2011) 

Considered the impact of a tray 

between the shelf and the serum 

vials on the heat transfer from 

the shelf below. 

0D Steady-state Serum vial n.s. 
12, 15 

and 22 

CC, 

GC, 

and R 

R - n.a. Pure water 

Scutellà et 

al. (2017a) 

Studied the impact of the vial 
geometry (bottom curvature and 

contact area) on the heat transfer 

coefficient between the shelf 

and the vial bottom and on the 

product temperature. 

0D Steady-state Serum vial 10 15 

CC, 

GC, 

and R 

R - RP 

Pure water and 

5% w/w 

aqueous 

sucrose 

solution 

Scutellà et 

al. (2017b) 

Studied the impact of the vial 

position using 3D modelling. 
3D Steady-state Serum vial 9 15 

CC, 

GC, 

and R 

GC 

and 

R 

GC and 

R 
n.a. Pure water 

CC: contact conduction. GC: gas conduction. R: radiation. RP: based on the area-normalised dried product resistance (𝑅@). DGM: dusty-gas model. 

“n.s.”: not specified. “n.a.”: not applicable. “-”: not considered.  
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Table 2.4-4 – Mathematical models of primary drying for state estimation. Adapted from Scutellà (2017), the table was updated for the present thesis. 

Source 
Main innovation relevant for 

this thesis 

Model Container Heat transfer from: 

Mass 

transfer 
Product 

D 
Time 

dependency 
Type 

Fill 

depth 

(mm) 

Inner 

diameter 

(mm) 

bottom 

shelf 

top 

shelf 

chamber 

surfaces 

Chouvenc et 
al. (2004) 

Used the Pressure Rise Analysis 

(PRA), a method to monitor the 
product temperature in-line. 

0D 
Transient-

state 
Tubing vial 10 14 

CC, 

GC, 
and R 

n.s. R RP 

5% w/w 

aqueous 
mannitol 

solution 

X. Tang et 

al. (2006) 

Studied the factors that could 

cause systematic errors when 

using the Manometric 

Temperature Measurement 

(MTM) method to monitor the 

product temperature in-line. 

0D 
Transient-

state 
Serum vial 7 19 n.s. n.s. R RP 

5% w/v 

sucrose or 5% 

w/v glycine 

aqueous 

solutions 

Velardi et al. 

(2008) 

Used the Dynamic Parameters 

Estimation (DPE) method to 

monitor the product temperature 

in-line. 

0D 
Transient-

state 
Tubing vial 

7.1 14.25 

n.s. n.s. R RP 

10% w/w 

sucrose or 5% 

w/w bovine 

serum albumin 

aqueous 

solutions 
9.9 20.85 

Fissore et al. 

(2010) 

Studied how the calculated 

product temperature is impacted 

by the mathematical model 

selected (i.e. MTM, PRA, DPE) 

0D 
Transient-

state 
Tubing vial 7.21 14.25 n.s. n.s. R RP 

10% w/w 

aqueous 

sucrose 

solution 

 CC: contact conduction. GC: gas conduction. R: radiation. RP: based on the area-normalised dried product resistance (𝑅@). “n.s.”: not specified. 
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2.4.2.1. Transient-state vs Steady-state 

The sublimation front moves through the product during the primary drying step of freeze-drying. The 

vapour’s path through the dried product layer varies during primary drying, affecting the heat and mass 

transfer. Therefore, heat and mass transfer is, in essence, a transient process. Several authors reflected this 

transient-state in their models by considering time dependency in their equations (e.g. Brülls and Rasmuson, 

2002; Liapis and Litchfield, 1979; Mascarenhas et al., 1997; Scutellà et al., 2018b).  

Primary drying could last up to several days (Shukla, 2011); however, the characteristic times of 

the heat and mass transfer phenomena are considerably shorter (minutes or faster) (Lopez-Quiroga et al., 

2012). For example, Table 2.4-5 presents the characteristic time of the typical heat and mass transfer 

phenomena that could take place during primary drying. At short time scales (minutes or less), primary 

drying could be considered as a succession of heat and mass transfer pseudo-equilibria. Several authors 

focused their research on particular moments of primary drying (e.g. beginning, an intermediate point, and 

end) and considered heat and mass transfer to be in a pseudo-steady-state or equilibrium (e.g. Pikal, 2000; 

Pisano et al., 2011; Scutellà et al., 2017a).  

Transient-state and steady-state models exhibit practical advantages and disadvantages for 

researchers. On the one hand, transient-state models are better at identifying the most critical stages of the 

process, while steady-state models require previous knowledge of the system’s behaviour to select the most 

interesting stages to be modelled. On the other hand, transient-state models are harder to solve than steady-

state models, requiring more sophisticated calculation algorithms and more calculation time. Moreover, 

transient-state models offer results at different times (big data sets), so data treatment is more time-

consuming than for steady-state models. 

The selection of a transient-state or a steady-state model depends on the aim of our research. For the sake 

of an example, let us suppose we aimed at studying the impact of geometric variations of the serum vial 

bottom on the heat transfer from the shelf to the serum vial. Brülls and Rasmuson (2002) considered a 

transient-state model to evaluate the product temperature variations caused by using 2 serum vials with 

different bottom curvatures, and noticed that the maximal temperature difference was right after the 

beginning of primary drying. Hence, the work of Brülls and Rasmuson (2002) identified the critical stage 

when variations were greater. In contrast, Scutellà et al. (2017a) used a steady-state model to calculate the 

product temperature distribution at a certain stage of primary drying for 120 serum vials with different 

bottom curvatures. Scutellà et al. (2017a) obtained results that may have a greater statistical validity (more 

vials were sampled) than those of Brülls and Rasmuson (2002). However, previous knowledge of the 

system's behaviour is required to generalise the results of Scutellà et al. (2017a) during other stages of 

primary drying. While transient-state models were mostly used for the fundamental understanding of 

primary drying (Table 2.4-1), both transient-state and steady-state models were used for process design 

(Table 2.4-2) and the study of process variations (Table 2.4-3). 
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Table 2.4-5 – Characteristic times of the freeze-drying phenomena. (Adapted from Lopez-Quiroga et al., 

2012) 

Phenomena Order of magnitude 

Heat transfer in the dried product layer Minutes 

Heat transfer in the frozen product layer Seconds 

Heat transfer in the vapour phase Milliseconds 

Mass transfer in the vapour phase Milliseconds 
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Transient-state models are particularly relevant for state estimation (Table 2.4-4). The most 

common methods used to estimate the product temperature in-line are the Manometric Temperature 

Measurement (MTM) (Milton et al., 1997; Pikal et al., 2005; Tang et al., 2005), the Pressure Rise Analysis 

(PRA) (Chouvenc et al., 2004), and the Dynamic Parameters Estimation (DPE) (Velardi et al., 2008). These 

methods require disturbing the system during a negligible period (usually less than a minute) by closing the 

valve connecting the drying chamber and the condenser; this causes an increase in the chamber pressure 

due to the sublimation mass flow that accumulates vapour in the chamber. Mathematical models are used 

to estimate the product temperature based on the pressure rise in the chamber, and must be solved in 

transient-state since the chamber pressure varies in time. Each method (MTM, PRA, DPE) differs in the 

algorithms used to treat the pressure rise signal. Overall, mathematical models applied for state estimation 

allow researchers to estimate the product temperature without using invasive methods, such as 

thermocouples or probes, that could bias the results. 

 

2.4.2.2. Various Geometric Dimensions (1D to 3D) vs Lumped-Parameter (0D) 

Heat and mass transfer models refer to the behaviour of real bodies in space (3D). However, solving heat 

and mass transfer equations in a 3D geometry is a labour-intensive task that involves complex calculation 

algorithms and even specific software. To the best of this author’s knowledge, Scutellà et al. (2017b) is the 

only work that used 3D modelling to study the heat transfer during ice sublimation (vials contained water 

only, not a product).  

3D geometries can be simplified into 2D or 1D geometries. Some authors (e.g. Mascarenhas et al., 

1997; Sheehan and Liapis, 1998; Zhai et al., 2005) considered vials as cylindrical bodies of revolution, 

modelling the geometry of the vial and content using 2D (height and radius directions). Other authors (e.g. 

Liapis and Litchfield, 1979; Millman et al., 1985) neglected the heat contributions received at the side of 

the container, so the heat and mass transfer would be one-directional. Under this assumption, the heat and 

mass transfer in the container could be modelled using a 1D (vertical direction) model. 

Non-dimensional models – also known as “0D” or “lumped-parameter” models – simplify the 

spatial distribution of the variables or parameters (e.g. temperatures, heat flux, mass flux) into discrete 

values that encompass the behaviour of one or several objects or regions of interest (e.g. vial bottom, shelf 

surface, sublimation front, among others) (Pikal, 2000; Pisano et al., 2011; Scutellà et al., 2017a; von 

Graberg, 2011). In this manner, equations are no longer solved “in space”, and only the value of the discrete 

variables or parameters is calculated. For example, Velardi and Barresi (2008) presented a 0D heat and 

mass transfer model for primary drying considering two temperature values in the container: (i) the vial 

bottom temperature, and (ii) the temperature at the sublimation front.  
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Solving heat and mass transfer equations in 1D, 2D, and 3D geometries imply different numerical 

calculation methods. These methods discretise the geometry into a finite collection of points where 

equations are solved (Nam and Song, 2005). 0D models already contain spatially discrete parameters, so 

their “geometry” could be mathematically considered as a finite collection of one point. Calculation times 

increase with an increasing number of points required to discretize the geometry. The number of points 

tends to rise from 0D models to 1D, 2D and 3D, and calculation times increase following the same tendency.  

2D and 3D models are mostly used to address scientific questions on fundamental understanding 

(Table 2.4-1) and process variations (Table 2.4-3) involving lateral flows reaching the container (Hottot et 

al., 2007; Zhai et al., 2005). 2D and 3D models entail long calculation times (e.g. one hour; Scutellà et al., 

2017b); hence these models are commonly used to represent no more than a handful of different scenarios. 

For example, to explain how the heat from the chamber impact the heat and mass transfer during primary 

and secondary drying, Sheehan and Liapis (1998) used two 2D geometries: (i) a vial in the centre of the 

shelf surrounded by other vials, and (ii) a vial in the edge of the disposition facing a chamber surface. 

The amount of data obtained with 0D models is less extensive than that of 1D, 2D and 3D models, 

simplifying the data treatment and the interpretation of the results. 0D models are particularly useful for 

addressing scientific questions that require comparing numerous conditions, such as the case of process 

design (Table 2.4-2) and the study of process variations (Table 2.4-3). For example, Pisano et al. (2013) 

used a 0D heat and mass transfer model to simultaneously study the impact of heat transfer variations 

among vials and the impact of the operating conditions. Moreover, fewer data simplifies the physical 

understanding of the system; thus, 0D models are commonly used for state estimation (Table 2.4-4). 
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2.4.2.3. Spatial Extension of the Model 

The extension of a system of interest could go from a particular product region (e.g. a portion of the dried 

product layer and frozen layer) to the entire freeze dryer with all containers. The definition of the spatial 

limits of the system depends on the scientific question to be studied. The spatial extension of the model 

should be reduced as much as possible to simplify the model’s equations and reduce calculation times. 

Finding a compromise between physical validity, mathematical complexity, and spatial extension is 

paramount to achieving an efficient model.  

Assuming symmetry planes is an advantageous hypothesis to reduce the spatial extension of a 

model. For example, Scutellà et al. (2017b) studied how the serum vial position on the shelf impacts the 

heat transfer during ice sublimation. To do so, Scutellà et al. (2017b) presented a 3D geometry consisting 

of a fragment of the freeze dryer, four half-vials, and one quarter-vial. This fragment was considered 

representative of the drying chamber due to vertical symmetry planes between vials on the shelf, and 

horizontal symmetry planes between shelves. For a particular fragment of the system, a symmetry plane 

dividing two regions is mathematically analogous to neglecting the heat and mass exchange between 

regions. In this vein, several models were developed for vials in the centre of the shelf, neglecting the heat 

coming from other vials, therefore assuming symmetry planes between vials (e.g. Pikal, 2000; Pisano et al., 

2011). 

When a scientific question requires a wide spatial extension, the spatial complexity is usually 

compensated by considering 0D heat and mass transfer equations for individual containers (vials) to 

simplify calculations. For instance, most models related to process design (Table 2.4-2) or state estimation 

(Table 2.4-4) are spatially extended to include the drying chamber and condenser; therefore, equations for 

these models are commonly solved in 0D for the containers (vials) (Fissore et al., 2011; Giordano et al., 

2011; Nail and Searles, 2008; Trelea et al., 2015; Velardi et al., 2008). 
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2.4.3. Design Space: a Widespread 0D Steady-State Model in view of Quality 

by Design  

The QbD approach requires designing the process while considering the final product quality. In other 

words, the operating conditions need to be selected so the dried cake appearance will be acceptable; hence 

the product temperature during primary drying must remain lower than the collapse temperature. Process 

design requires comparing several combinations of operating conditions and the product temperature 

reached, which involves many simulations to be run. A 0D steady-state model is commonly used for process 

design purposes due to its fast calculation times and the reduced amount of data to be processed (Fissore et 

al., 2011; Giordano et al., 2011; Nail and Searles, 2008; Patel and Pikal, 2013). Solving the 0D steady-state 

model requires an iterative loop that makes it hard to directly see the connection between the operating 

conditions and the product temperature. A graphic solution of the 0D steady-state model was proposed by 

Nail and Searles (2008) to provide a visual understanding of the system’s behaviour and simplify the 

selection of the operating conditions. This graphic solution is commonly referred to as the “design space” 

for primary drying. 

The construction of the design space requires understanding the meaning of the equations 

composing the 0D steady-state model. Mathematically, the 0D steady-state model consists of a system of 

equations relating: (i) the two operating conditions (shelf temperature, 𝑇,7568; and chamber pressure, 𝑃(), 

(ii) the critical process parameter (CPP; product temperature, 𝑇2), and (iii) a variable related to the 

optimization of the process duration (sublimation mass flow, �̇�). This system of equations has two degrees 

of freedom, meaning that, when setting the values of two, the values of the third degree is determined. 

Design spaces express the solution of the 0D steady-state model through different graphic 

presentations – viz. the mathematical connection between four parameters: 𝑇,7568, 𝑃( , 𝑇2 , and �̇�. Figure 

2.4-1 shows two examples of design space presentations. The axis of a design space embody the values of 

two parameters, while the other two parameters are represented as iso-parametric curves. For example, Nail 

and Searles (2008) (Figure 2.4-1a) proposed placing the values of 𝑃(  and �̇� in the axis, and Pisano et al. 

(2013) (Figure 2.4-1b) placed the values of 𝑃(  and 𝑇,7568. Design spaces present curves that relate the 

values in the axis by considering a third parameter (iso-parameter) as  fixed. In this fashion, Nail and Searles 

(2008) plotted iso-𝑇,7568 curves (green dashed curves in Figure 2.4-1a) by expressing �̇� as a function of 𝑃(  and a fixing  𝑇,7568, and iso-𝑇2 curves (red dashed curves in Figure 2.4-1a) by fixing  𝑇2. Similarly, 

Pisano et al. (2013) plotted iso-sublimation mass flow curves (expressed as �̇� per vial inner cross-sectional 

area; grey dashed curve in Figure 2.4-1b) by expressing 𝑇,7568 as a function of 𝑃(  and a fixing �̇�, and a 

iso-𝑇2 curve (red dashed curve in Figure 2.4-1b) by fixing or 𝑇2. The value of the parameters in a design 

space are limited by: (i) the minimal 𝑇,7568 value for sublimation can occur, (ii) the minimal 𝑃(  value 

reached by the freeze dryer, (iii) the maximal �̇� value that would not “choke” the flow in the duct between  
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Figure 2.4-1 – (a) Design space adapted from Nail and Searles (2008). (b) Design space adapted from 

Pisano et al. (2013) for a mixture of sucrose and amino acids (total solid content 9% w/w). 
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the drying chamber and the condenser (so-called “freeze dryer capability”), and (iv) the maximal 𝑇2 value 

so the product does not collapse (𝑇$). Design spaces present an area (yellow areas in Figure 2.4-1) where 

all parameters are within the admissible limits. Ultimately, design spaces let visually identify  the values of 𝑇,7568 and 𝑃(  (pink stars in Figure 2.4-1) that maximize �̇� to accelerate the process, while maintaining 𝑇2 

lower than 𝑇$ to obtain an elegant (non collapsed) dried cake. In other words, design spaces simplify the 

task of optimizing production while maintaining product quality. 

One of the main shortcomings of design spaces is the difficulty to represent heat and mass transfer 

variations among vials. To address this difficulty, Mortier et al. (2016) introduced the uncertainty of heat 

and mass transfer coefficients, geometric parameters, and operating conditions. Their work offers a design 

space depending on the risk of failure acceptance levels. Another shortcoming of design spaces is their 

incapacity to represent different stages (or moments) during primary drying, since it is based on a steady-

state model. Fissore et al. (2011) introduced a design space for primary drying that considers different dried 

product resistances (𝑅@), that could be interpreted as the time passage during primary drying, as the dried 

product layer forms and 𝑅@ increases. 

Recently, other graphical tools similar to the designs space for primary drying have been used to 

simplify decision making in other research areas of freeze-drying. Pisano et al. (2012) presented a design 

space for secondary drying, optimising the operating conditions during this step. Arsiccio et al. (2018) built 

a design space to relate the shelf temperature during ice crystal growth, the holding time of this shelf 

temperature and the average ice crystal size; this design space could be particularly useful to design the 

freezing step. 
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2.4.4. Take-Home Message  

Mechanistic modelling is the key to predicting the product temperature (TR) and 

understanding how the operating conditions (i.e. shelf temperature and chamber 

pressure) and process variations (e.g. container type, geometry, or position) impact the 

final product quality. Models consist of heat and mass transfer equations. The 

resolution of these equations requires hypotheses on: (i) the time dependency of the 

parameters (i.e. transient-state, steady-state), (ii) the dimensions considered (from 0D 

to 3D), and (iii) the spatial extension of the model (e.g. just one vial, or the entire 

chamber and condenser). Efficient and elegant models are those whose hypotheses 

allow researchers to address the relevant scientific question while simplifying the 

equations and reducing calculation times.  
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3. Experimental Strategy  
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As previously established in Section 2, this thesis focused on the following scientific questions:  

• Question 1: “How could we identify the operating conditions that entail the same product 

temperature during primary drying in high-throughput systems and serum vials?” 

• Question 2: “What are the main factors responsible for product quality variations during primary 

drying in high-throughput systems?” 

These scientific questions were addressed considering mathematical models of the heat and mass transfer 

during primary drying. Furthermore, models were developed, validated and analysed in the light of relevant 

bodies of acquired experimental data. The following Section 3.1 presents an overview of the modelling and 

experimental strategies followed to address Question 1, while Section 3.2 summarises the strategies to 

address Question 2. 
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3.1. Question 1: Translation of the Operating 

Conditions 

 

The process design of the primary drying step of freeze-drying is commonly carried out using a lumped-

variable (0D) steady-state heat and mass transfer model (Section 2.4, Table 2.4-2). This model allows one 

to easily relate the operating conditions (i.e. shelf temperature and chamber pressure) with the product 

temperature using an effective heat transfer coefficient between the shelf and the container (𝐾#) and an 

effective dried product resistance to the mass transfer (𝑅@). As it was previously discussed in the Literature 

Review, the container type could affect 𝐾# (Section 2.2.2.1) and 𝑅@ (Section 2.3.2.5). Thus, the operating 

conditions must be modified (“translated”) to obtain the same product temperature when using high-

throughput or serum vials. To build the mathematical models for the translation, 𝐾# and 𝑅@ for high-

throughput vials were determined in this thesis, as represented in Figure 3.1-1. 𝐾# values in high-throughput systems were determined by gravimetric analysis during ice 

sublimation tests, considering 360 high-throughput vials with a maximal filling volume of 500 µL, and 360 

high-throughput vials with a maximal filling volume of 1000 µL (upper blue rectangle in Figure 3.1-1). 

The gravimetric analysis method and data treatment to calculate 𝐾# are detailed in Section 4.1.3 (Materials 

and methods). The effective 𝐾# values were used to predict the product temperature using the 0D steady-

state model originally developed for serum vials and considering a 𝑅@ value taken from the literature. 

Moreover, 𝐾# values and product temperatures in high-throughput vials were compared with those 

previously determined for serum vials. Given the popularity of the design space approach and the use of 

response surfaces for process design, a graphic tool was proposed to simultaneously solve the 0D steady-

state model for high-throughput and serum vials. The graphic tool connects the operating conditions that 

entail the same product temperature in both container types, and represents a proof of concept to scale-up 

high-throughput screening results to a serum vial production scale. The results of this investigation are 

reported in Section 4.1.3 (Results and discussion). 𝑅@ values for a 5% (w/w) sucrose aqueous solution (“model” product) were determined by pressure 

rise tests using high-throughput systems and serum vials (lower red rectangle in Figure 3.1-1). A detailed 

description of the pressure rise test and the data treatment implemented is presented in Section 4.4.3 

(Pressure rise test). Finally, the 0D steady-state model was validated by calculating the product temperature 

at the vial bottom (𝑇2) and comparing these results with the temperature registered during primary drying 

using thin thermocouples touching the vial bottom (red rectangle in Figure 3.1-1). The results for this 

validation are shown in Section 4.4.3 (Results and discussion). 
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Figure 3.1-1 – Schematic of the experimental strategy to address Question 1: “How could we identify the 

operating conditions that entail the same product temperature during primary drying in high-throughput 

systems and serum vials?”. These experiments served to develop a mathematical model to translate the 

operating conditions between high-throughput and serum vials, determining the most sensitive parameters 

(i.e. 𝐾# and 𝑅@) and obtaining data for validation. Experiments in the blue square are detailed in Section 

4.1.3. Experiments in the red square are detailed in Section 4.4.3.  
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3.2. Question 2: Factors Responsible for Product 

Quality Variations 

Based on the Literature Review (Sections 2.2.2 and 2.3.2), five factors were initially considered in this 

thesis to potentially cause variations in the heat and mass transfer between high-throughput vials: (i) the 

variability of the well plate bottom finish and well surfaces; (ii) the variability of the high-throughput vial 

bottom; (iii) the position of the vials in the well plate; (iv) the position of the well plate on the shelf; and 

(v) the variability of the nucleation temperature. Figure 3.2-1 presents the experimental strategies followed 

to investigate these five factors. 

Regarding the impact of the well plate bottom and well surfaces on the heat transfer, two well plate 

types were considered in this thesis, each type presenting a different surface finish (brilliant black or matte 

black). The apparent heat transfer coefficient between the shelf and the well plate (𝐾S@) was determined 

for each well plate type by gravimetric analysis before and after ice sublimation tests using well plates 

without vials (“i” in Figure 3.2-1). Furthermore, the apparent heat transfer coefficient between the wells 

and the vials (𝐾-#) was calculated for each high-throughput vial size (500 or 1000 µL) and well plate type 

based on the effective 𝐾# and 𝐾S@. The heat transfer mechanisms responsible for the variations between 

well plate types were identified using mechanistic models of 𝐾S@ and 𝐾-# – analogous to the mechanistic 

model of 𝐾# in serum vials (Section 2.2.1.5). 𝐾S@ and 𝐾-# are physically related to 𝐾#, so 𝐾S@ was used 

to interpret how the variability of the well plate bottom affects 𝐾#, while 𝐾-# served to study how the 

variability of the well surfaces affects 𝐾#. The detailed description of the materials and methods used, the 

theoretical framework, and the results are presented in Section 4.1.3. 

The impact of the vial bottom on 𝐾# is attributed in the literature to the vial bottom concavity (𝑙-#) 

and the contact area (𝐴-#$$ ) (Section 2.2.2.2). 𝑙-# of 192 vials was determined at high precision (“ii.1” in 

Figure 3.2-1). Moreover, 𝐴-#$$  of 96 vials was determined by the imprint method (“ii.2” in Figure 3.2-1), 

consisting in measuring the area of the imprint left on a white paper when placing each vial bottom covered 

on a thin layer of black ink. 𝐾# distributions were calculated based on mechanistic models of 𝐾S@ and 𝐾-#, 𝐴-#$$ , and 𝑙-#. Calculated 𝐾# distributions were compared to experimental 𝐾# distributions to check if the 

variation on the vial bottom geometry could explain 𝐾# variations. The results of this investigation are 

presented in Section 4.1.3. 

3D mathematical modelling was employed to study how the position of high-throughput vials in 

the well plate could impact the heat flow received during primary drying. A 3D model for the heat transfer 

during ice sublimation (distilled water model) was proposed to calculate the heat flow rates received by 

eight representative vials inside a well plate in the centre of the shelf. This model was validated using 

experimental heat flows during ice sublimation tests (“iii” in Figure 3.2-1), and served to illustrate the initial 
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Figure 3.2-1 – Schematic of the experimental strategy to address Question 2: “What are the main factors 

responsible for product quality variations during primary drying in high-throughput systems?”. These 

experiments study factors affecting the heat and mass transfer. Experiments in the blue square (i, ii.1, and 

ii.2) are detailed in Section 4.1.3. Experiments in the green square and the study of the heat flow of vials in 

a well plate in the centre of the shelf (iii) are detailed in Section 4.2.3. The study of the heat flow of vials in 

a well plate near the chamber wall or door (iv) is detailed in Section 4.3.3. Experiments in the red square 

(v.1, v.2, and v.3) are detailed in Section 4.4.3.  
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stage of primary drying, when there is no dried product resistance to the mass transfer. Moreover, the 

distilled water model was expanded to represent the heat and mass transfer during intermediate points of 

primary drying (product model) by considering a 𝑅@ value taken from the literature. The distilled water and 

product models were used to understand how the impact of the vial position in the well plate may vary from 

the beginning of primary drying (distilled water model) to an advanced point of primary drying (product 

model) and which are the mechanisms responsible for this variation. The complete description of the models 

and the results are detailed in Section 4.2.3. 

The original distilled water and product models (Section 4.2.3) were modified to embody twelve 

representative vial positions in a well plate near the chamber wall or door. These modified models were 

used to study how the well plate position on the shelf could impact the heat transfer. The heat flows 

calculated using the modified distilled water model were validated using experimental heat flows 

determined during ice sublimation tests (“iv” in Figure 3.2-1). The impact of the well plate position on the 

shelf was studied in time by comparing the modified distilled water model (beginning of primary drying) 

and product model (advanced point of primary drying). The modified models and the results of this 

comparison are presented in Section 4.3.3. 

The impact of the nucleating temperature (𝑇") on 𝑅@ was evaluated by considering a 5% (w/w) 

sucrose aqueous solution (“model” product) with and without a nucleating agent. The nucleating 

temperature of 288 high-throughput vials and 264 serum vials filled with the model product with and 

without the nucleating agent was determined using a thermal camera during freezing (“v.1” in Figure 3.2-1). 𝑇" values were correlated with the 𝑅@ values previously determined by a pressure rise test method (red 

rectangle in Figure 3.1-1). The relation between 𝑇" and 𝑅@ was interpreted for each container type 

considering the pore size of the dried product and the shape of the sublimation front. The pore size of the 

dried product obtained in both containers was determined by 3D micro-computed tomography (“v.2” in 

Figure 3.2-1). Furthermore, the shape of the sublimation front was observed at different moments of 

primary drying (“v.3” in Figure 3.2-1), being considered an indicator of the mass transfer area. The 

materials and methods used, the theoretical framework, and the results of this research are presented in 

Section 4.4.3. 
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4. Results 
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4.1. Heat Transfer during Primary Drying Using 

High-Throughput Vial Systems 

4.1.1. Context 

Vaccines are freeze-dried in their final packaging container, which is typically cylindrical and made of 

glass. This container is known as “serum vial” and has a maximum filling volume of over 3000 µL (Pikal 

et al., 1984; Scutellà et al., 2017a; Zhai et al., 2005). The size of serum vials is advantageous for a correct 

reconstitution of the freeze-dried product and dosing the vaccines to the subjects. However, using smaller 

vials would be beneficial for research purposes since more vials could fit inside the freeze dryer; therefore, 

more formulations could be tested per freeze-drying cycle. In this vein, high-throughput systems consisting 

of small glass tubular vials (“high-throughput vials”, smaller than 1000 µL) inside an aluminium well plate 

were recently proposed to accelerate formulation screening (von Graberg, 2011).  

Previous work proved that the vial geometry and the presence of an object (tray) between the shelf 

and the vial (Pisano et al., 2011) and the vial bottom geometry (Brülls and Rasmuson, 2002) could entail 

variations in the heat transfer to serum vials during the primary drying stage of freeze-drying, ultimately 

affecting the product quality. The product quality is expected to differ when using high-throughput or serum 

vials, given the differences in their geometry and the presence of a well plate in the case of high-throughput 

vials. To the best of this author’s knowledge, there is no published research on managing such change of 

container (high-throughput vials for research and serum vials for production) while maintaining the product 

quality. Furthermore, no published research was found on the impact of the high-throughput vial bottom 

geometry and the well plate characteristics.  

 

4.1.2. Objectives 

This Section 4.1 aimed at studying the heat transfer to high-throughput vials as a first step to understand 

how to obtain a product with the same quality when using serum vials (“translation” of the operating 

conditions). Moreover, this work delves into the impact of the high-throughput vial bottom geometry and 

the well plate’s surface characteristics to determine how these factors may entail deviations in the product 

quality. 
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ABSTRACT 

Specific devices that combine 96-well plates and high-throughput vials were recently proposed to improve 

the efficiency of formulation screening. Such devices make it possible to increase the number of 

formulations tested while reducing the amount of active ingredients needed. The geometry of the product 

container influences the heat and mass transfer during freeze-drying, impacting product temperature (𝑇>) 

and therefore affecting the final product quality. Our study aimed at developing a tool to identify the 

operating conditions resulting in the same 𝑇> when using high-throughput vials inside well plates and serum 

vials. Heat transfer coefficients between the shelf and the high-throughput vials (𝐾#) were measured using 

the gravimetric method at chamber pressures ranging from 4 to 65 Pa for a batch of 576 vials located at the 

centre of the well plates. 𝐾# distributions were used to predict 𝑇@ distributions during primary drying of a 

5% sucrose solution. 𝑇> values were in average 6 °C higher using high-throughput vials instead of serum 

vials at chamber pressures lower than 12 Pa. This study provides a graphical solution for the management 

of process scale-up and scale-down between both types of product containers depending on their respective 𝐾# and product resistance to mass transfer. 

 

 

KEYWORDS 

Freeze-drying; Lyophilization; Mathematical model(s); Mechanistic modeling; Vaccine(s). 
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INTRODUCTION 

 

Freeze-drying is a dehydration method widely used in the pharmaceutical industry to preserve proteins, 

hormones, vaccines and bacteria, among others (Fonseca et al., 2015; Pikal, 1994; Pikal et al., 1991; 

Scutellà et al., 2017a). This method consists of three steps: freezing the product, removing the ice by 

sublimation (primary drying), and desorbing the bound water (secondary drying). Freeze-drying vaccines 

extends their shelf life during storage and transportation, and is the recommended procedure for 

formulations that are not stable enough in liquid form. Because of the rapid growth of the biopharmaceutical 

industry, it is necessary to find ways to accelerate the development phase of new products. Novel devices 

combining 96-well plates and small glass tubular containers – known as high-throughput vials – could 

speed-up the formulation development step by increasing the number of formulations tested per freeze-

drying cycle, while limiting the amount of active ingredients. The final product containers used for 

commercial distribution are usually serum vials, which have a vial bottom area three times greater than 

high-throughput vials, and are directly placed on the freeze dryer shelf usually contained by a bottomless 

tray.  

The US Food and Drug Administration (FDA) now requires that product quality be integrated into 

process design.  This initiative is known as Quality by Design (QbD). Constructing a “design space” is a 

key step in the QbD initiative.  A design space is defined as the “multidimensional combination and 

interaction of input variables (e.g., material attributes) and process parameters that have been demonstrated 

to provide assurance of quality” (US Food and Drug Administration, 2009). When considering the primary 

drying step of the freeze-drying process, the design space is a graphical solution of the heat and mass 

transfer equations, capable of predicting the product temperature and sublimation rate at a given time during 

the process. The design space is built taking account of the product container used at the production scale. 

Changing the product container during the formulation development step implies a change in the heat and 

mass transfer properties (Pikal et al., 1984; Pisano et al., 2011) and, consequently, the design space. The 

design spaces using high-throughput and serum vials must be connected in order to “translate” the results 

of high-throughput formulation screening to a pilot or industrial scale. This strategy enables researchers to 

accelerate the development of new products, particularly when the container used at industrial scale is 

defined and known before the formulation development step – 3 mL serum vials in our case of study. In 

this work, the connection between design spaces will be done considering the predicted product temperature 

for each vial geometry. Product temperature is a crucial process parameter that affects product appearance; 

and that could subsequently result in unacceptable values of residual moisture content and reconstitution 

time, as well as a loss of product potency. If the product exceeds a critical temperature known as the collapse 

temperature, it will not present the desired appearance and will therefore not be accepted on the basis of 

quality standards. We will use the term “scale-up” to refer to the “translation” of the operating conditions 

that use high-throughput vials to the operating conditions that use serum vials at the same product 
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temperature. Similarly, we will use the term “scale-down” for the “translation” of the operating conditions 

from serum to high-throughput vials. 

Little research has been conducted on the heat transfer during primary drying using high-

throughput vials in well plates: Patel and Pikal (2011) and von Graberg (2011) estimated a global heat 

transfer coefficient between the shelf and the high-throughput vial bottom (𝐾#), and Trnka et al. (2015) 

measured the temperature of plastic well plates and compared it to that of serum vials for only one set of 

operating conditions. In our study, we applied the approach of Scutellà et al. (2017a) for investigating heat 

transfer in serum vials to the high-throughput vial system. Our objective was to propose a graphical solution 

for interconnecting the design space of both types of product containers. Only vials located in the centre of 

the well plate and surrounded by other vials were considered. Different types of well plates and high-

throughput vials were investigated. The global heat transfer coefficient between the shelf and the high-

throughput vial bottom (𝐾#) was experimentally determined and was described as the contribution of two 

heat transfer coefficients: one between the shelf and the well plate, and one between the well plate and the 

vial. 𝐾# heterogeneity was also quantified and explained by the contact area between the high-throughput 

vial bottom and the well plate. 𝐾# values were used to predict the product temperature during primary 

drying of an aqueous sucrose solution (5% w/w). Our data on high-throughput vials were systematically 

compared to the data obtained with serum vials by Scutellà et al. (2017a). Finally, a graphical method was 

presented to scale-up and scale-down the operating conditions of the process when changing the product 

container. 
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MATERIALS AND METHODS 

 

High-throughput vial system 

The 96-Well Freeze-Drying System manufactured by VirTis (SP Scientific, Stone Ridge, New York, USA) 

consisting of aluminium well plates and glass tubular vials, and referred to below as high-throughput vials, 

was used in our study. Figure 4.1-1a presents the two types of well plates used, which differ in their surface 

finish: (i) brilliant black (A-type well plate), and (ii) matte black (B-type well plate). A-type well plate 

bottom surfaces have circular marks due to the way they are manufactured, whereas B-type well plate 

bottom surfaces do not present such marks (Figure 4.1-1c). Furthermore, Figure 4.1-1b shows the two high-

throughput vial sizes used that differ only in height, which, therefore, present a maximal filling volume of 

either 500-µL or 1000-µL. Figure 4.1-1b also shows a 3-mL serum vial, the traditional container used for 

vaccine freeze-drying (Brülls and Rasmuson, 2002; Pikal et al., 1984; Pisano et al., 2011; Scutellà et al., 

2017a) for comparison. Seven A-type well plates, five B-type well plates, and 576 high-throughput vials of 

each size were used for the study.  

A robotic tube handler (model XL9; BioMicrolab, Concord, CA, USA) shown in Figure 4.1-1d was 

used to weigh the high-throughput vials. The tube handler consisted of a mechanical arm and an analytical 

scale (± 0.0001 g). Vials were manually placed in a custom-made plate designed to fit on the loading area 

of the robot. The mechanical arm took the vials one by one, placed them on the analytical scale, and returned 

them to the custom-made plate. 

 

Freeze dryer 

A laboratory-scale freeze dryer (Epsilon 2-25D, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode 

am Harz, Germany) was used in this study. The freeze dryer had seven shelves measuring 0.27 m2 each, a 

distance between shelves of 57 mm, a drying chamber volume of 0.38 m3, a duct between the chamber and 

the condenser closed by a mushroom valve, and a capacitance manometer to monitor the pressure inside 

the chamber. Tempris wireless temperature probes (iQ-mobil solution GmbH, Holzkirchen, Germany) were 

used to register the ice temperature. 
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Figure 4.1-1 – 96-Well Freeze-Drying System manufactured by VirTis composed of (a) well plates and (c) 

high-throughput glass vials; (b) close-ups of the well plate bottom surfaces; (d) the robotic tube handler 

specifically developed for weighing the high-throughput glass vials. 
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Ice sublimation experiments 

Ice sublimation experiments were performed using well plates with and without high-throughput vials 

inside. The procedure previously described by Scutellà et al. (2017a) for serum vials was applied with some 

modifications. Stoppers were not inserted into the vial necks.  

The 1000-µL vials were filled with 600 µL of distilled water. Three A-type well plates and three 

B-type well plates, each filled with 96 1000-µL vials, were placed on the middle shelf of the freeze dryer 

according to the arrangement shown in Figure 4.1-2a. During each experiment, the same vial was placed in 

the same well of the same well plate, and the same well plate was placed in the same position on the shelf. 

Well plates were quickly loaded onto the pre-cooled shelf at -50 °C. Relative air humidity was limited by 

a dry air laminar flow in front of the freeze dryer door, reducing condensation on the shelves. A freezing 

step of 2 hours was carried out to ensure complete water solidification. The sublimation step began after 

the freezing step by decreasing the chamber pressure and increasing the shelf temperature at a rate of 1 

°C.min-1. Experiments were carried out at 4, 6, 12, 25, and 65 Pa with a shelf fluid inlet temperature (shelf 

temperature) of -15 °C. Sublimation lasted long enough to remove approximately 20% of the initial ice 

mass. Tempris probes were inserted into three vials located in the centre of A-type well plates. 

During experiments with 500-µL vials, well plates were arranged as shown in Figure 4.1-2b, and 

Tempris probes were not used since they could not be properly placed in the vials. Four A-type well plates 

and two B-type well plates were each charged with 96 500-µL vials filled with 400 µL of distilled water. 

During experiments without vials, well plates were arranged as in Figure 4.1-2a, and one Tempris probe 

was placed in a well in the centre of each well plate. Well plates were filled with 60 mL of distilled water. 

The time-averaged sublimation mass flow was gravimetrically measured for each vial, �̇�-#, kg.s-1 

(experiments with vials), and for each well plate, �̇�S@, kg.s-1 (experiments without vials).	�̇�-# and �̇�S@ 

were calculated as the mass loss divided by the time the sublimation lasted. Vials of 500 µL and 1000 µL 

were individually weighed before and after the experiment using a robotic tube handler. The mass loss 

during waiting and weighing times was quantified and shown to be negligible (< 0.5% of the initial ice 

mass). Well plates were weighed on a precision scale (± 0.001 g; Mettler Toledo, Zaventem, 142 Belgium). 

Sublimation time was considered to begin when the shelf fluid inlet temperature was greater than the ice-

vapour equilibrium temperature at the chamber pressure. 
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Figure 4.1-2 – Arrangement of the well plates on the freeze dryer shelf for tests with (a) 1000-µL vials, and 

(b) 500-µL vials; tests without vials were performed using the same well plate arrangement as (a). View of 

the shelf from the top not in scale. Well plate positions with A-type well plates are in blue, and B-type well 

plate positions are in orange. Circles represent vial positions, green circles represent positions considered 

for 𝐾# and 𝐾-# treatment, white circles represent positions on the edge of the well plate not considered in 

this work, and red circles represent vial positions with temperature probes during tests with 1000-µL vials. 
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Measurement of dimensions and emissivity of well plates and high-throughput vials  

The dimensions of 96 vials of each size (500-µL and 1000-µL), and one well plate were measured by 

Precis&Mans (Le Mans, Pays de la Loire, France). The following geometrical parameters were determined 

with a precision of 0.01 mm: (i) inner and outer bottom diameters of the vial; (ii) maximum and minimum 

vial bottom concavity; (iii) length and width of the well plate; and (iv) diameter and depth of the wells. 

These values were used to calculate additional dimensions: (i) inner and outer bottom areas of the vial; and 

(ii) well plate bottom area. 

Emissivity measurements of the well plate surfaces and the high-throughput vials were carried out 

by Themacs Ingénierie (Champs sur Marne, France) using a Fourier Transform Infrared Spectrometer 

Frontier (PerkinElmer, Waltham, MA, USA). The emissivity of well plates and vials varied less than 0.02 

between -40 °C and -10 °C; for our purposes, the emissivity values were considered to be constant and 

equal to the temperature-averaged values.  

Furthermore, the imprint method proposed by Kuu et al. (2009) was used to evaluate the vial 

bottom-well plate contact area (𝐴-#$$ ) of 96 vials. This method consisted of placing the vials on an inkpad 

and then on a piece of white paper. The ink marks left on the paper were scanned and pixels with ink were 

counted using a code especially developed for this task using MATLAB R2017a (The MathWorks, Inc, 

Natick, MA, USA). Finally, the number of pixels per mm2 was established using a figure of known area 

treated by the same procedure. The measured dimensions and surface emissivity values are given in Table 

4.1-1. 

 

Characterisation of the bottom surface of the well plate in contact with the freeze dryer shelf  

The surface of A-type and B-type well plates in contact with the shelf was characterised by detailed 

inspection through high-definition photography. Two A-type and two B-type well plates were placed in a 

light-controlled cabin and were photographed using a Reflex Canon EOS camera (Canon France, Paris, 

France). The image of each well plate bottom surface contained 4892 × 3294 pixels. Pictures were treated 

using Adobe Photoshop (Adobe Inc., San José, CA, USA), original images were enlarged four times, and 

contrast was increased by 75% to enhance the shades created by the surface marks as presented in Figure 

4.1-1c. 

 

Numerical calculations and statistical analysis 

Calculations were performed using MATLAB R2017a. The system of equations described in the Section 

Theory and data analysis (of this Paper I) was solved by an iterative code especially developed for this 

study, and the convergence criterion was the relative tolerance of the heat flow value (0.1%). Parameter 

estimations were performed using the nlinfit function of the Statistics and Machine Learning Toolbox, chi-

square goodness-of-fit tests were performed using the chi2gof function, and artificial standard distributions 

consisting of 1000 elements were created using the normrnd function. 
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Table 4.1-1 – Well plate, vial dimensions, properties and physical properties. 

Symbol Significance Value 
Standard 

deviation 
Units Source 

Well plate (A-type and B-type) 𝐴S@ Bottom area of the well plate 1.08×10-2 - m2 Calculated 𝑑4566 Diameter of the wells 9.2655×10-3 0.0056×10-3 m Measured ℎ4566 Depth of the wells 1.5245×10-2 - m Measured 𝐿S@ Well plate length 1.2712×10-1 - m Measured 𝑊S@ Well plate width 8.519×10-2 - m Measured 𝜀S@ Emissivity of the well plate 0.87 - Dimensionless Measured 

High-throughput vial 𝐴-# 	 Outer bottom area of the vial 6.103×10-5 0.039×10-5 m² Calculated 𝐴!"-# Inner bottom area of the vial 4.081×10-5 0.032×10-5 m² Calculated 𝐴-#$$  Vial-well plate contact area 1.93×10-5 0.71×10-5  m2 Measured 𝑑#) 
Outer bottom diameter of the 
vial 

8.815×10-3 0.028×10-3 m Measured 

𝑑#1 Inner bottom diameter of the 
vial 

7.208×10-3 0.028×10-3 m Measured ℎ-#,T.. 500-µL vial height 1.569×10-2 0.0066×10-2 m Measured ℎ-#,%... 1000-µL vial height 2.906×10-2 0.0083×10-2 m Measured 𝑙-#J+F Maximum bottom concavity 9.0×10-5 1.9×10-5 m Measured 𝑙-#J!" Minimum bottom concavity 4.4×10-5 2.3×10-5 m Measured 𝜀-# Emissivity of the vial 0.85 - Dimensionless Measured 

Serum vial 𝐴#,5: Outer bottom area of the vial 2.07×10-4 0.37×10-4 m² 
(Scutellà et 
al., 2017a) 𝐴!,5: Inner bottom area of the vial 1.78×10-4 0.29×10-4 m² 
(Scutellà et 
al., 2017a) 𝐴,5:$$  Vial-shelf contact area 1.67×10-5 0.40×10-5 m² 
(Scutellà et 
al., 2017a) 𝑙#,5: Mean bottom curvature depth 1.23×10-4 0.34×10-4 m 
(Scutellà et 
al., 2017a) 𝑘,5:$$  

Empirical constant for serum 
vial-shelf contact conduction 

2.20×105 0.27×105 W.m-4.K-1 
(Scutellà et 
al., 2017a) 𝜀# Emissivity of the vial 0.78 - Dimensionless 
(Scutellà et 
al., 2017a) 

Other parameters 

𝐹-# 
Visualisation factor at the 
bottom of the vial (Equation 
4.1-21] 

0.75 - Dimensionless Calculated 

𝐹S@ 
Visualisation factor at the 
bottom of the well plate 
(Equation 4.1-21) 

0.18 - Dimensionless Calculated 

Continuation of Table 4.1-1. 



Results - Heat Transfer during Primary Drying Using High-Throughput Vial Systems 

 

106 
 
 

Symbol Significance Value 
Standard 

deviation 
Units Source 

Other parameters 𝑙8 Initial ice thickness      

 In 500-µL vial 9.8×10-3 - mm Calculated 

 In 1000-µL vial 1.5×10-2 - mm Calculated 𝑃3:!>65 Triple point pressure of water 611.66 - Pa 
(Wagner et 
al., 1994) 𝑅 Ideal gas constant 8.3144 -  J.K-1.mol-1 
Perry and 

Green, 2008) 

𝑅@ 
Area-normalized product 
resistance 

1.248×105 - Pa.s.m2.kg-1 
(Konstantinid

is et al., 
2011) 𝑇3:!>65 

Triple point temperature of 
water 

273.16 - K 
(Perry and 

Green, 2008) ∆𝐻,I2 
Mass latent heat of 
sublimation of ice 

2.763×106 - J.kg-1 
(Scutellà et 
al., 2017a) ∆𝐻,I2>  

Molar latent heat of 
sublimation of ice 

5.1059×104 - J.mol-1 
(Murphy and 
Koop, 2005) 𝜀,7568 Emissivity of the shelf 0.18 - Dimensionless Measured 

𝜆*+,$D"3 
Thermal conductivity of the 
water vapour at atmospheric 
pressure 

0.025 - W.m-1.K-1 
(Haynes, 

2014) 

𝜆!$5 
Thermal conductivity of the 
ice 

2.23 - W.m-1.K-1 
(Scutellà et 
al., 2017a) Λ. 

Free molecular flow heat 
conductivity 

1.99 - W.m-2.K-1.Pa-1 (Pikal, 2000) 

𝜎 Stefan-Boltzmann constant 5.67×108  W.m-2.K-4 
(Perry and 

Green, 2008) 
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THEORY AND DATA ANALYSIS 

 

Evaluation of the heat transfer coefficients based on experimental data  

By analogy with the work on serum vials (Pikal, 2000; Pikal et al., 1984; Pisano et al., 2011; Scutellà et al., 

2017a), an apparent heat transfer coefficient between the shelf and the high-throughput vial bottom (𝐾#, 

W.m-2.K-1) was calculated using the equation: 

 𝐾# =	 �̇�-#𝐴-# 	b𝑇,7568 − 𝑇2c = �̇�-#∆𝐻,I2𝐴-# 	b𝑇,7568 − 𝑇2c Equation 4.1-1 

where �̇�-# (W) is the heat flow received by the vial, 𝐴-# (m2) is the outer bottom area of the vial, 𝑇,7568 

(K) is the average temperature between the inlet and outlet shelf fluid temperatures, 𝐵𝑢, ∆𝐻,I2 (J.kg-1) is 

the latent heat of sublimation, and �̇�-# is the sublimation mass flow (kg.s-1). Since it was not possible to 

insert temperature probes in all vials to monitor the product temperature at the bottom of the vial, 𝑇2 was 

theoretically calculated for each vial as follows: 

 𝑇2 = 𝑇,+3 + �̇�-#𝑙8𝜆8𝐴!"  Equation 4.1-2 

where 𝜆8 (W.m-1.K-1) is the thermal conductivity of the ice, 𝑙8 (m) is the average between the initial and 

final ice thickness calculated based on the mass loss, 𝐴!" (m2) is the inner bottom area of the vial, and 𝑇,+3 
(K) is the ice-vapour equilibrium temperature. 𝑇,+3 was obtained using the Clausius Clapeyron relation 

(Perry and Green, 2008): 

 𝑇,+3 = 𝑇3:!>651 − 𝑅𝑇3:!>65∆𝐻,I2> 𝑙𝑛q 𝑃,+3𝑃3:!>65r 
Equation 4.1-3 

where 𝑇3:!>65 (273.16 K) is the triple point temperature of water, 𝑃3:!>65 (611.66 Pa) is the triple point 

pressure of water, 𝑅 (8.3144 J.K-1.mol-1) is the ideal gas constant, ∆𝐻,I2>  (5.1059×104 J.mol-1) is the molar 

latent heat of sublimation, and 𝑃,+3 (Pa) is the pressure at the ice sublimation front (ice-vapour interface). 𝑃,+3 was assumed to be equal to the chamber pressure (𝑃() during ice sublimation experiments, considering 

that: (i) the chamber was saturated with vapour; and (ii) the pressure loss between the ice sublimation front 

and the chamber was negligible since no stoppers were inserted into the vial necks. The calculated 𝑇2 were 

compared to the product temperature value registered by the Tempris probes in three 1000-µL vials, a good 

agreement (< 0.8 °C difference) was observed between experimental data and calculated values. 

Due to the presence of the well plate between the shelf and the high-throughput vial, this apparent 

heat transfer coefficient 𝐾# can be considered as a combination of two heat transfer coefficients: (i) a 

coefficient between the shelf and the well plate 𝐾S@; and (ii) a coefficient between the well plate and the 

bottom of the vial 𝐾-#. 𝐾S@ was obtained using the data from the experiments performed without vials inside the well 

plates:  
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 𝐾S@ =	 �̇�S@𝐴S@	b𝑇,7568 − 𝑇S@c = �̇�S@∆𝐻,I2𝐴S@	b𝑇,7568 − 𝑇S@c Equation 4.1-4 

where �̇�S@ (W) is the heat flow received by the well plate, 𝐴S@ (m2) is the bottom area of the well plate, 𝑇S@ (K) is the product temperature at the bottom of the wells, and �̇�S@ (kg.s-1) is the sublimation mass 

flow of each well plate. 𝑇S@ was considered to be homogeneous for each well plate due to the high thermal 

conductivity of the aluminium compared to that of the surrounding gas (more than 9000 times greater) 

(Perry and Green, 2008). Similarly to the estimation of the vial bottom temperature (𝑇2) during tests with 

vials, 𝑇S@ was theoretically calculated for each well plate during tests without vials as follows: 

 𝑇S@ = 𝑇,+3 + �̇�S@𝑙8𝜆8𝐴S@

 Equation 4.1-5 

The calculated 𝑇S@ were in agreement (< 0.9 °C difference) with the values recorded by the Tempris probes 

inside the well plates. 

The heat transfer coefficient between the well plate and the high-throughput vial bottom 𝐾-# can 

be expressed according to the following equation:  

 𝐾-# =	 �̇�-#𝐴-# 	(𝑇S@ − 𝑇2) = �̇�-#∆𝐻,I2𝐴-# 	(𝑇S@ − 𝑇2) Equation 4.1-6 

Since 𝑇S@ was not monitored during the experiments with vials, we applied the following approach to 

determine the heat transfer coefficient 𝐾-#: if we assume that the heat flows received individually by the 

96 high-throughput vials in the well plate came only from the well plate, the heat flow received by the well 

plate and the vials are directly related: 

 �̇�S@ =	|�̇�-#UV

!W%

 Equation 4.1-7 

The value of 𝑇S@ was estimated using Equation 4.1-4 and Equation 4.1-7 as: 

 𝑇S@ = 𝑇,7568 − ∑ �̇�-#UV
!W%𝐴S@𝐾S@

 Equation 4.1-8 

The 1000-µL vials protruded from the well plate and were more exposed to heat flow contributions from 

the freeze dryer. The assumption that the heat flows received by the vials came only from the well plate 

was presumably more realistic for the 500-µL vials than for the 1000-µL vials; therefore, 𝑇S@ values during 

tests with 1000-µL vials were considered to be the same as during the test with the 500-µL vials in the same 

well plate type. 𝐾#, 𝐾S@, and 𝐾-# can be related in a simple way under the hypothesis that all high-throughput 

vials and all the wells in a well plate had the same geometry and that all vials had the same heat transfer 

coefficients. In this way, heat flows can be expressed using the following equations: 

 96�̇�-# = �̇�S@ Equation 4.1-9 

 96�̇�-# = 96𝐴-#𝐾-#(𝑇S@ − 𝑇2) Equation 4.1-10 
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 �̇�S@ = 𝐴S@𝐾S@b𝑇,7568 − 𝑇S@c Equation 4.1-11 

 96�̇�-# = 96𝐴-#𝐾#b𝑇,7568 − 𝑇2c Equation 4.1-12 

From Equation 4.1-9 to Equation 4.1-11, we obtain: 

 �̇�-# q 1𝐴-#𝐾-# + 96𝐴S@𝐾S@

r = 𝑇,7568 − 𝑇2 Equation 4.1-13 

Equation 4.1-12 and Equation 4.1-13 give: 

 �̇�-# q 1𝐴-#𝐾#r = 𝑇,7568 − 𝑇2 Equation 4.1-14 

Finally, the apparent heat transfer coefficient between the shelf and the high-throughput vial bottom can be 

expressed as:  

 1𝐾# = 1𝐾-# + 96𝐴-#𝐴S@𝐾S@

 Equation 4.1-15 

 

 

Theoretical description of the heat transfer coefficients 𝑲𝑾𝑷 and 𝑲𝑯𝑽 

The heat transfer coefficients 𝐾S@	between the shelf and the well plate and 𝐾-# between the well plate and 

the high-throughput vial can be described as the sum of the contribution of three heat transfer mechanisms: 

 𝐾S@ = 𝐾S@
$$ + 𝐾S@

:+= + 𝐾S@
*$  Equation 4.1-16 

 𝐾-# = 𝐾-#$$ + 𝐾-#:+= + 𝐾-#*$  Equation 4.1-17 

where 𝐾S@
$$  and 𝐾-#$$  represent the thermal conctact conduction between the shelf and the well plate, and 

between the well plate and the vial, respectively; similarly, 𝐾S@
:+= and 𝐾-#:+= represent the thermal radiation; 

and 𝐾S@
*$  and 𝐾-#*$  account for the thermal conduction through the gas entrapped in the bottom curvature of 

the well plate and the vial, respectively. 

 

Heat transfer coefficient by thermal contact conduction 𝑲𝑾𝑷
𝒄𝒄  and 𝑲𝑯𝑽

𝒄𝒄  

Most authors (Pikal et al., 1984; Pisano et al., 2011; Scutellà et al., 2017a; von Graberg, 2011) considered 

contact conduction as a constant value independent of the operating conditions.  Therefore, 𝐾S@
$$  and 𝐾-#$$ , 

were considered as temperature- and pressure-independent. Scutellà et al. (2017a) assumed that the contact 

conduction between the shelf and serum vials was proportional to the vial-shelf contact area. Analogously, 

the contact conduction coefficient between the well plate and the high-throughput vials 𝐾-#$$  was considered 

to be proportional to the contact area between the vial bottom and the well plate (𝐴-#$$ ): 

 𝐾-#$$ = 𝑘-#$$ 𝐴-#$$  Equation 4.1-18 

where 𝑘-#$$  (W.m-4.K-1) is an empirical constant of proportionality. 
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Heat transfer coefficient by thermal radiation 𝑲𝑾𝑷
𝒓𝒂𝒅 and 𝑲𝑯𝑽

𝒓𝒂𝒅 𝐾S@
:+= and 𝐾-#:+= were calculated according to the Stefan-Boltzmann formula for grey diffuse surfaces: 

 𝐾S@
:+= = σ𝐹S@b𝑇,7568 + 𝑇S@cb𝑇,7568& + 𝑇S@

& c Equation 4.1-19 

 𝐾-#:+= = σ𝐹-#(𝑇S@ + 𝑇2)b𝑇S@
& + 𝑇2&c Equation 4.1-20 

where σ is the Stephan-Boltzmann constant (W.m-2.K-4), and the view factors 𝐹S@ and 𝐹-# were calculated 

as for two parallel surfaces (Perry and Green, 2008): 

 𝐹S@ = 11 − 𝜀,7568𝜀,7568	 + 1 −	𝜀S@𝜀S@	 + 1 
Equation 4.1-21 

 𝐹-# = 11 − 𝜀S@𝜀S@	 + 1 −	𝜀-#𝜀-# 	 + 1 Equation 4.1-22 

where 𝜀,7568, 𝜀S@, and 𝜀-# are the emissivity values of the shelf, the well plate and the high-throughput 

vial, respectively. 

 

Heat transfer coefficient by thermal conduction through the gas 𝑲𝑾𝑷
𝒈𝒄

 and 𝑲𝑯𝑽
𝒈𝒄

 

Three gas conduction regimes occur within the usual chamber pressure range during sublimation (< 15 Pa): 

free molecular, transition and continuous regimes. Pikal (2000) modelled the heat transfer coefficient for 

conduction through the gas trapped between two parallel surfaces assuming the transition regime as: 

 𝐾S@
*$ = 𝛼S@LD𝑃(1 + 𝑙S@𝜆*+,$D"3 𝛼S@LD𝑃(  

Equation 4.1-23 

 𝐾-#*$ = 𝛼-#LD𝑃(1 + 𝑙-#𝜆*+,$D"3 𝛼-#LD𝑃(  
Equation 4.1-24 

where 𝛼S@ and 𝛼-# are the thermal accommodation coefficients related to the quality of momentum 

exchange between the gas molecules and the solid surfaces (shelf and well plate, and well plate and vial, 

respectively), Λ. (W.m-2.K-1.Pa-1) is the heat transfer coefficient of the gas at 0 °C in a free molecular 

regime, 𝑃(  (Pa) is the chamber pressure, 𝑙S@ and 𝑙-# are the average distances between the solid surfaces, 

and 𝜆*+,$D"3 (W.m-1.K-1) is the thermal conductivity of the water vapour in a continuous regime. 𝑙-# was 

considered to be the average between the maximum and minimum vial bottom concavity. 
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Theoretical description of the heat transfer coefficient 𝑲𝑽 

The heat transfer coefficient between the shelf and the high-throughput vial bottom 𝐾# corresponds to an 

apparent heat transfer coefficient. Consequently, its representation as the sum of the three heat transfer 

contributions described above has no real physical meaning due to the presence of the well plate. However, 

for sake of comparison with the large existing body of literature, the following equation was used to 

represent the evolution of the coefficient 𝐾# 	with the chamber pressure by analogy with serum vials (Pikal, 

2000; Pikal et al., 1984; Pisano et al., 2011; Scutellà et al., 2017a; von Graberg, 2011): 

 𝐾# = 𝐾#$$ + 𝐾#:+= + 𝛼#LD𝑃$1 + 𝑙#𝜆*+,$D"3 𝛼#LD𝑃$ Equation 4.1-25 

where, 𝐾#$$ and 𝐾#:+= were considered to be constants.  

  

Calculation of 𝑲𝑽 distributions based on high-throughput vial geometry 

The impact of the vial bottom-well plate contact area 𝐴-#$$  on the global heat transfer coefficient 𝐾# was 

evaluated for both well plate types (A-type and B-type) and both vial sizes (500-µL and 1000-µL vials) at 

chamber pressures of 4, 6, 12, 25, and 65 Pa. A chi-square goodness-of-fit test was performed with the 𝐴-#$$  

values from the imprint tests, indicating that the data came from a normal distribution at a 0.05 significance 

level. 𝐾# distributions based on vial geometry were obtained using the mean value and standard deviation 

of 𝐴-#$$  and Equation 4.1-15 to Equation 4.1-17.  

  

Calculation of 𝑲𝑽 distributions in serum vials 𝐾# distributions in high-throughput vials were compared to 𝐾# 	distributions in serum vials calculated based 

on the work of Scutellà et al. (2017a) – considering serum vials placed in the centre of the shelf. 𝐾# 	distributions in serum vials were obtained using Equation 4.1-25 and injecting two normal distributions: 

(i) one normal distribution of the distance between the shelf and the serum vial (𝑙#,5:); and (ii) one normal 

distribution of the serum vial-shelf contact area (𝐴,5:$$ ) in: 

 𝐾#,,5:$$ = 𝐴,5:$$ 𝑘,5:$$  Equation 4.1-26 

where 𝑘,5:$$  is an empirical constant for contact conduction between the shelf and serum vials. Normal 

distributions were created based on the mean value and standard deviations of 𝑙#,5: and 𝐴,5:$$  in Table 4.1-1. 

 

Simulation of the product temperature distribution using 𝑲𝑽 distributions 

Product temperature distributions were calculated using the approach proposed by Scutellà et al. (2017a) 

based on 𝐾# distribution. For high-throughput vials, 𝐾# values were the experimental distribution of the 

96-Well Freeze-Drying Systems. For serum vials, 𝐾# values were the distribution obtained as described in 

Calculation of 𝐾# distributions in serum vials. Product temperatures were calculated for a 5% sucrose 

solution considering a shelf temperature of -15 °C and five chamber pressures (4, 6, 12, 25, and 65 Pa). The 
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mass flow (�̇�) during sublimation was related to the pressure difference between the chamber (𝑃() and the 

ice sublimation front (𝑃,+3) as (Pikal et al., 1984): 

 �̇� = 𝐴!"(𝑃,+3 − 𝑃()𝑅@  Equation 4.1-27 

where 𝑅@ (Pa.s.m2.kg-1) is the area-normalized product resistance, and 𝐴!" (m2) is the inner bottom area of 

the vial. The 𝑅@ value was taken from literature (Konstantinidis et al., 2011) for a dried layer of 5% sucrose 

with a thickness of 0.5 cm, as reported in Table 4.1-1. To simulate the product temperature distribution, the 

non-linear system composed of Equation 4.1-1 to Equation 4.1-3 and Equation 4.1-27 was solved for each 𝐾# value, considering the temperature at the bottom of the vial (𝑇2) as the product temperature (𝑇>). 
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RESULTS AND DISCUSSION 

 

Effect of the well plate type and vial size on the apparent heat transfer coefficient between the 

shelf and the high-throughput vial bottom 𝑲𝑽 

The values of the apparent heat transfer coefficient 𝐾# were calculated for 576 500-µL vials and 573 1000-

µL vials at a shelf temperature of -15 °C for five chamber pressures (from 4 to 65 Pa). High-throughput 

vials located at the edge of the well plates (white circles in Figure 4.1-2) presented greater 𝐾# values than 

those located in the centre (green circles in Figure 4.1-2); increasing up to 10% for 500-µL vials and 25% 

for 1000-µL vials at a chamber pressure of 4 Pa; consequently, they were not considered in this study. 

Figure 4.1-3a and Figure 4.1-3b display the evolution of the average 𝐾# value with the chamber 

pressure for the 500-µL and 1000-µL vials, respectively. The data concerning the two well plate types (A-

type presenting a brilliant surface finish, and B-type presenting a matte surface finish) are reported on each 

figure, as well as the 𝐾# evolution with the chamber pressure for serum vials in the centre of the shelf 

obtained by Scutellà et al. (2017a). The experimental data obtained using high-throughput vials and serum 

vials (Scutellà et al., 2017a) were acquired using the same freeze dryer (Epsilon 2-25D, Martin Christ). 

Regardless of the well plate type and vial sizes (500-µL and 1000-µL), 𝐾# of high-throughput vials were 

more than twice as great as 𝐾# of serum vials at chamber pressures lower than 25 Pa. Therefore, the heat 

transfer per vial cross-section was more efficient in high-throughput vials placed in well plates than in 

serum vials placed directly on the shelf. Von Graberg (2011) measured 𝐾# of 500-µL vials using the 96 

Well Freeze-Drying System manufactured by VirTis, and the values are included in Figure 4.1-3a. Results 

obtained by Von Graberg (2011) are within the range of our 𝐾# values considering both well plate types. 

Coefficients of Equation 4.1-25 were estimated using experimental data, and their values are presented in 

Table 4.1-2. 

The average 𝐾# values were greater for B-type well plates (orange symbol in Figure 4.1-3) than for 

A-type (blue symbol in Figure 4.1-3). At a chamber pressure of 4 Pa, the 𝐾# difference between well plate 

types appeared to be quite narrow (lower than 12%), and then increased with increasing chamber pressure 

to reach 34% for 500-µL vials and 24% for 1000-µL vials at 65 Pa.  

Furthermore, when considering chamber pressures lower than 25 Pa, 𝐾# values of 1000-µL vials 

were an average of 21% greater than 𝐾# values of 500-µL vials. Since the two vial sizes differed only by 

vial height, this reported 𝐾# difference could be ascribed to an extra heat contribution received by the top 

portion of 1000-µL vials protruding from the well plate. This possible extra heat contribution is reflected 

in the unphysical 𝛼# values for 1000-µL vials (Table 4.1-2); these estimated values were greater than the 

highest theoretical accommodation coefficient between two surfaces (≈ 1; Pikal, 2000), whereas 500-µL 

vials presented 𝛼# values below 0.9. 
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Figure 4.1-3 – Apparent heat transfer coefficients between the shelf and the vial bottom (𝐾#) vs. chamber 

pressure (𝑃() for: (a) 500-µL vials, and (b) 1000-µL vials. The curves correspond to the values calculated 

with Equation 4.1-25. Error bars represent standard deviations. 𝐾# for serum vials are based on Scutellà 

et al. (2017a) represented in grey. 𝐾# estimated by von Graberg (2011) are represented as a dotted black 

line; values were readjusted to have the same heat transfer area (𝐴-#) considered in our study. 

 

 

 

 

Table 4.1-2 – Heat transfer model coefficients evaluated by fitting Equation 4.1-25 to 𝐾# data obtained in 

500-µL and 1000-µL high-throughput vials in A-type and B-type well plates, as well as coefficients for 

serum vials taken from Scutellà et al. (2017a). 

 𝑲𝑽
𝒄𝒄+ 𝑲𝑽

𝒓𝒂𝒅 (W m-2 K-1) 𝜶𝑽 𝒍𝑽 (m) 

A-type – 500-µL 11.23 ± 0.40 0.884 ± 0.036 (3.460 ± 0.067) ×10-4 

A-type – 1000-µL 4.7 ± 1.2 2.15 ± 0.17 (3.375 ± 0.044) ×10-4 

B-type – 500-µL 14.34 ± 0.92 0.822 ± 0.062 (1.57 ± 0.14) ×10-4 

B-type – 1000-µL 10.77 ± 0.87 1.742 ± 0.092 (2.532 ± 0.040) ×10-4 

Serum vials 
(Scutellà et al., 2017a) 

4.22 ± 0.45 0.335 ± 0.013 (1.23 ± 0.34) ×10-4 

Mean values ± standard errors. 𝐾#$$ + 𝐾#:+= is the pressure-independent contribution to heat transfer by 

contact conduction and radiation, 𝛼# is the effective thermal accommodation coefficient, and 𝑙# is the 

effective distance between surfaces for the gas conduction contribution. 
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Since there was no direct contact between the shelf and high-throughput vials, the coefficients of Equation 

4.1-25 reported in Table 4.1-2 do not have a physical meaning. To better understand the role of the well 

plate and the vial on the heat transfer mechanisms, we broke down the apparent heat transfer coefficient 𝐾# 

in two heat transfer phenomena in series: (i) from the shelf to the well plate; and (ii) from the well plate to 

the vial. 

 

Effect of chamber pressure on the heat transfer coefficients between the shelf and the well plate 

(𝑲𝑾𝑷) and between the well plate and the vial (𝑲𝑯𝑽) 𝐾S@ values were calculated using the data of the sublimation experiments carried out without vials inside 

the well plates and Equation 4.1-3 to Equation 4.1-5, while 𝐾-# were calculated using the data of the 

sublimation experiments with vials and Equation 4.1-2, Equation 4.1-3, Equation 4.1-6, and Equation 4.1-8. 

Only the 𝐾-# of vials located in the centre of the well plates (represented as green circles in Figure 4.1-2) 

were considered. Figure 4.1-4a shows the evolution of 𝐾S@ values with the chamber pressure for both well 

plate types (A-type and B-type), and Figure 4.1-4b presents the evolution of 𝐾-# for both well plate types 

and vial sizes (500-µL and 1000-µL). 𝐾S@ values varied with chamber pressure, increasing five times from 

4 to 65 Pa, whereas 𝐾-# values appeared to be quite constant with the chamber pressure. Table 4.1-3 

presents the values of the coefficients presented in Equation 4.1-16, Equation 4.1-17, Equation 4.1-23, and 

Equation 4.1-24 fitted with the 𝐾S@	and 𝐾-# data. The absence of significant pressure dependence of 𝐾-# 

resulted in numerical difficulties to estimate the parameter 𝛼-#, therefore causing the significant variation 

of this parameter for each combination of well plate type and vial size. 
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Figure 4.1-4 – Heat transfer coefficients (a) between the shelf and well plate bottom (𝐾S@), and (b) between 

the well plate and vial bottom (𝐾-#), vs. chamber pressure (𝑃(). The curves correspond to the values 

calculated with Equation 4.1-16, Equation 4.1-17, and Equation 4.1-19 to Equation 4.1-24. Error bars 

represent standard deviations. 

 

 

 

Table 4.1-3 – Heat transfer model coefficients calculated or fitted using Equation 4.1-16, Equation 4.1-17, 

and Equation 4.1-19 to Equation 4.1-24 to 𝐾S@ and 𝐾-# data obtained in 500-µL and 1000-µL high-

throughput vials in A-type and B-type well plates. 

 𝑲𝒓𝒂𝒅 (W.m-2.K-1) 𝑲𝒄𝒄 (W.m-2.K-1) 𝜶  𝒍  (m) 𝐾S@ 

A-type 0.601 ± 0.038 2.91 ± 0.93 0.813 ± 0.074 (3.28 ± 0.16) ×10-4 

B-type 0.601 ± 0.038 3.58 ± 0.60 0.848 ± 0.043 (2.405 ± 0.087) ×10-4 𝐾-# 

A-type – 500-µL 2.20 ± 0.29 96.4 ± 1.0 0.32 ± 0.019 (6.7 ± 0.7) ×10-5 

A-type – 1000-µL 2.20 ± 0.29 200.0 ± 3.6 0.024 ± 0.058 (6.7 ± 0.7) ×10-5 

B-type – 500-µL 2.20 ± 0.29 172.4 ± 4.7 0.686 ± 0.094 (6.7 ± 0.7) ×10-5 

B-type – 1000-µL 2.20 ± 0.29 252.5 ± 8.4 1.23 ± 0.20 (6.7 ± 0.7) ×10-5 

Mean values ± standard errors. 𝐾S@ and 𝐾-#  are the heat transfer coefficients between the shelf and the 

well plate bottom, and the well plate bottom and the vial bottom, respectively. 𝐾:+= is the contribution to 𝐾S@ or 𝐾-# due to heat transfer by the calculated radiation, 𝐾$$ is the fitted contribution to 𝐾S@ or 𝐾-# 

due to heat transfer by contact conduction, 𝛼 is the fitted thermal accommodation coefficient for gas 

conduction in 𝐾S@ or 𝐾-#, and 𝑙 is the effective distance between the shelf and well plate surfaces or 

between the well plate and the vial. 
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The contributions of the heat transfer mechanisms to the heat transfer coefficients 𝐾S@ and 𝐾-# 

were calculated using Equation 4.1-16, Equation 4.1-17, and Equation 4.1-19 to Equation 4.1-24, and the 

fitted coefficients are reported in Table 4.1-3. Figure 4.1-5 shows the relative contribution of contact 

conduction (𝐾S@
$$  and 𝐾-#$$ ), conduction through the gas (𝐾S@

*$  and 𝐾-#*$), and radiation (𝐾S@
:+= and 𝐾-#:+=) to 𝐾S@ (Figure 4.1-5a) and 𝐾-# (Figure 4.1-5b). Gas conduction (𝐾S@

*$ ) was the greatest contributor to 𝐾S@, 

increasing from 62% at 4 Pa to 93% at 65 Pa (average between well plate types); contact conduction (𝐾-#$$ ) 

was the greatest contributor to 𝐾-#, representing 96% at 4 Pa and 73% at 65 Pa (average between well plate 

types and vial sizes).  

The contribution to heat transfer by radiation was very low (< 7%), regardless of the heat transfer 

coefficient (𝐾S@ and 𝐾-#) and the chamber pressure, whereas the radiation contribution represents around 

20 to 30% of 𝐾# for serum vials at chamber pressures below 10 Pa (Scutellà et al., 2017a).  

Several authors reported the importance of the vial bottom curvature on heat transfer between the 

shelf and the bottom of the serum vials (Brülls and Rasmuson, 2002; Pisano et al., 2011; Scutellà et al., 

2017a). When considering high throughput vials, the vial bottom curvature is small enough to consider the 

divisor in Equation 4.1-24 equal to 1 (𝑙-# ≪ _!"#
$%&'

`()L%@*
), so 𝑙-# did not have an impact on 𝐾-#. This explains 

the quasi linear pressure dependence of 𝐾-# (Figure 4.1-4b). The only gas layer thickness involved in the 

gas conduction that impacted 𝐾# was the apparent distance between the bottom shelf and the well plate 

bottom (𝑙S@) through its effect on 𝐾S@.  

 

 

 

Figure 4.1-5 – Relative contributions of the heat transfer coefficients by contact conduction (𝐾S@
$$ , 𝐾-#$$ ), 

conduction through the gas (𝐾S@
*$

, 𝐾-#*$), and radiation (𝐾S@
:+=, 𝐾-#:+=) as percentages of the total heat 

transfer coefficients: (a) between shelf and wall plate (𝐾S@), and (b) between wall plate and vial (𝐾-#). 𝐾-# values for 500-µL vials. 
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Regarding the effect of the well plate type on 𝐾S@, A-type well plates exhibited lower 𝐾S@ values than B-

type well plates, in particular for chamber pressure higher than 25 Pa. The effect of the well plate type on 𝐾S@ could be ascribed to the circular marks on the bottom surface of A-type well plates (Figure 4.1-1b); 

these marks could reduce the number of contact points with the shelf, which explains the lower 𝐾S@
$$  value 

observed in Table 4.1-3 compared to that of B-type well plates. Furthermore, these surface deformations 

(observed as marks) could leave more space for trapped gas between the shelf and the well plate, which is 

in agreement with the higher 𝑙S@ values for A-type well plates than for B-type well plates. 

In Figure 4.1-4b, we observe that 1000-µL vials exhibited higher 𝐾-# values than 500-µL (by 

approximately 50%), which was not initially expected since both vial sizes have similar bottom geometry 

and differ only in height. As was previously observed for 𝐾# data, 1000-µL vials may have received extra 

heat via the portion of vials that protruded from the well plate. Furthermore, 𝐾-# values of 500-µL vials in 

B-type well plates were more than 44% greater than those in A-type well plates, which could be ascribed 

to a higher contribution of heat transfer by contact conduction (𝐾-#$$ ) and, therefore, to a better contact 

between the bottom of the wells and the vials. The internal surface of the well bottoms in A-type well plates 

also presented noticeable manufacturing marks.  Therefore, the number of contact points between the wells 

and the vials might have varied among well plate types, impacting 𝐾-#$$ .  

Equation 4.1-15 made it possible to calculate the heat transfer resistance induced by the well plate 

{[𝐾S@𝐴S@	/	(𝑛𝐴-#)]9%} and by the vial [(𝐾-#)9%]. The dominant resistance to the heat transfer was 

between the shelf and the well plate, representing more than 70% of the total heat transfer resistance for 

chamber pressures lower than 12 Pa. This explains the clear pressure dependence of 𝐾# (Figure 4.1-3), 

following a trend similar to that of 𝐾S@ (Figure 4.1-4a).  

The values of the heat transfer resistances [𝐾S@𝐴S@	/	(𝑛𝐴-#)]9% and (𝐾-#)9% were considerably 

lower than (𝐾#)9% for serum vials determined by Scutellà et al. (2017a), 3 times and 20 times lower, 

respectively (at chamber pressures lower than 12 Pa). The low values of [𝐾S@𝐴S@	/	(𝑛𝐴-#)]9% were due 

to the high quality of momentum exchange between the gas molecules and the well plate surface; as 

previously mentioned, the thermal accommodation coefficients between the shelf and the well plate (> 0.8, 

Table 4.1-3) were greater than that between the shelf and serum vials (≈ 0.33; Scutellà et al., 2017a). 

Furthermore, the low values of (𝐾-#)9% were due to the flatness of the high-throughput vial bottoms, which 

increased the contact area (𝐴$$, Table 4.1-1) and the heat transfer by contact conduction; 𝐴-#$$  represents 

32% of the outer bottom area of high-throughput vials, while 𝐴,5:$$  is only 8% of the outer bottom area of 

serum vials. Finally, the low [𝐾S@𝐴S@	/	(𝑛𝐴-#)]9% and (𝐾-#)9% explain why the high-throughput system 

was more effective to transfer the heat from the shelf to the vials than placing serum vials on the shelf. 
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Impact of vial geometry on the 𝐾# distribution and predicted product temperature distribution 

Figure 4.1-6 shows the distributions of the experimental 𝐾# values of high-throughput vials in positions 

represented as green circles in Figure 4.1-2 (vials in the centre of the well plate), as well as the 𝐾# 

distributions of serum vials placed in the centre of the shelf calculated from the results obtained by Scutellà 

et al. (2017a). Regardless of the well plate type (A-type or B-type) and vial size (500-µL or 1000-µL), we 

observed a significant variability in the 𝐾# values, and the standard deviation (SD) increased with pressure 

from approximately 4 to 10 W.m-2.K-1. The 𝐾# distribution of high-throughput vials appeared considerably 

wider than that of serum vials, with a coefficient of variation for high-throughput vials of approximately 

14%, compared to 4-8% for serum vials (Scutellà et al., 2017a). The measurement uncertainty of 𝐾# was 

estimated to be approximately 1%, and could therefore not explain the 𝐾# variability observed. 

By following the approach proposed by Scutellà et al. (2017a), we investigated the impact of vial 

geometry, in particular the contact area between the vial and the well plate on 𝐾# variability. As mentioned 

before, 𝑙-# values were too low to have an impact on 𝐾-# (𝑙-# ≪ _!"#
$%&'

`()L%@*
), so its impact on 𝐾# was not 

considered in this study. 𝐾-#$$  can be expressed as a function of an empirical constant 𝑘-#$$  and the vial 

bottom-well plate contact area 𝐴-#$$  (Equation 4.1-18). A normal distribution of 𝐴-#$$  values was created 

based on the mean value and standard deviation estimated by the imprint test. The simulated 𝐾# 

distributions obtained using the 𝐴-#$$  normal distribution and Equation 4.1-15, Equation 4.1-17, and 

Equation 4.1-18 are plotted as red lines in Figure 4.1-6. These simulated distributions were similar to the 

experimental distributions. As a result, 𝐴-#$$  variability could potentially explain the heterogeneities of the 

heat flows received by vials in the centre of the same well plate. Similarly, Scutellà et al. (2017a) revealed 

the importance of the contact area on the variability of 𝐾# of serum vials at chamber pressures lower than 

15 Pa. 
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Figure 4.1-6 – Distributions of the heat transfer coefficient between the shelf and the vial (𝐾#) and their 

respective standard deviations (SD) for both well plate types and vial sizes. Distributions in grey are taken 

from Scutellà et al. (2017a) for serum vials. Red lines are the calculated 𝐾# based on vial geometry 

variation (contact area) distributions. Results using: (a) 500-µL vials inside A-type well plates, (b) 500-µL 

vials inside B-type well plates, (c) 1000-µL vials inside A-type well plates, and (d) 1000-µL vials inside B-

type well plates. 
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Product temperature (𝑇>) is a key process parameter governing product quality, in particular the 

visual aspect of the dried cake. Vial-to-vial variability of the heat and mass transfer during primary drying 

could result in 𝑇> heterogeneities within the vial batch and, thus, in potential product quality variations. 

Figure 4.1-7 shows the 𝑇> distributions based on the experimental 𝐾# distributions of high-throughput vials 

and artificial 𝐾# distributions of serum vials at different chamber pressures, considering a constant product 

resistance (1.248×105 Pa.s.m2.kg-1, Table 4.1-1) and a shelf temperature of -15 °C. Greater 𝐾# values are 

associated with higher 𝑇> values. As expected from 𝐾# results, 𝑇> increased with chamber pressure for all 

vial geometries, and 𝑇> were greater for high-throughput vials than for serum vials.  However, the 

temperature gap between both vial geometries decreased with chamber pressure from 6.5 °C at 4 Pa to 2.0 

°C at 65 Pa. The variability of 𝑇> using high-throughput vials was estimated to be approximately 2.6 °C at 

12 Pa and 3.3 °C at 4 Pa, considering +/- 3 times the standard deviation reported in Figure 4.1-7 that includes 

99.7% of the vials. Therefore, a temperature safety margin of 3 °C is recommended when designing freeze-

drying cycles using high-throughput vials placed in the centre of a well plate, regardless of the well plate 

type and vial size. This margin is in agreement with the recommendations of Nail and Searles (2008) when 

using a design space. However, it is greater than the 2 °C proposed by Scutellà et al. (2017a) for serum 

vials because of the greater 𝐾# standard deviations of high-throughput vials.  𝑇> values for each well plate type and vial size (500-µL and 1000-µL) differed due to the 

differences observed in 𝐾#. When considering chamber pressures below 12 Pa, 𝑇> values using 1000-µL 

vials were 1.6 °C higher than those using 500-µL (average increase considering both well plate types), and 𝑇> values using B-type well plates were 1.1 °C higher than values using A-type well plates (average increase 

considering both high-throughput vial sizes). Therefore, the vial size and well plate type should be taken 

into account during freeze-drying experiments using high-throughput vial systems. 
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Figure 4.1-7 – Product temperature (𝑇@) distributions and standard deviations (SD) at shelf temperature 

(15 °C) obtained from the heat transfer coefficient between the shelf and the vial (𝐾#) for both well plate 

types and vial sizes. Distributions in grey are based on 𝐾# taken from Scutellà et al. (2017a) for serum 

vials. Results using: (a) 500-µL vials inside A-type well plates, (b) 500-µL vials inside B-type well plates, 

(c) 1000-µL vials inside A-type well plates, and (d) 1000-µL vials inside B-type well plates. 
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Process scale-up from high-throughput to serum vials and vice versa 

High-throughput vial systems are increasingly used to accelerate the formulation development stage since 

they require less active ingredients, and more formulations could be tested per freeze-drying cycle. Once a 

pool of formulations is pre-selected based on their aptitude to preserve the active ingredient, the final 

formulation is usually selected based on the physical properties: the collapse temperature and the glass 

transition temperature of the maximally freeze-concentrated phase (Pikal and Shah, 1990a). After selecting 

a given formulation using high-throughput vials, it is necessary to define the operating conditions during 

freeze-drying in the container used at industrial scales – in serum vials, for example. Conversely, it could 

be necessary to “translate” operating conditions of cycles developed using serum vials to cycles using high-

throughput vials. The criterion for the “translation” between containers will be to maintain the same product 

thermal history during the process, in particular the same product temperature during sublimation. The 

strategies we propose to operate process scale-up from high-throughput to serum vials and scale-down from 

serum to high-throughput vials are analogous and consist of two steps: (i) creating a “design space” (Nail 

and Searles, 2008) to identify the optimal operating conditions using the departure vial geometry; and (ii) 

constructing a graphical solution to define the design space of the final vial geometry considering the 

operating condition selected for the departure vial geometry. 

Figure 4.1-8a shows the design space for freeze-drying a 5% sucrose solution using high-

throughput 500-µL vials in an A-type well plate; analogous figures are obtained applying the same approach 

to other high-throughput vial sizes and well plate types. Design spaces link the operating conditions during 

primary drying (i.e., shelf temperature and chamber pressure) with the predicted sublimation mass flows 

(�̇�) and the product temperature (𝑇>), serving as a graphical solution of Equation 4.1-1 to Equation 4.1-3, 

Equation 4.1-25, and Equation 4.1-27. The grey area in Figure 4.1-8a represents the operating conditions 

that involve a 𝑇> lower than the maximum allowed product temperature. In this case, it was considered the 

collapse temperature of a 5% sucrose solution (-32 °C; Greco et al., 2013) minus the temperature safety 

margin defined in the previous section of this study (3 °C) for high-throughput vials in the centre of the 

well plate. This grey area represents the “safe” combinations of operating conditions that ensure a high 

quality freeze-dried product. It is possible to optimize the freeze-drying process by selecting an operating 

condition leading to the highest sublimation rate. For example, in Figure 4.1-8a, we have chosen the black 

square frame as the combination of operating conditions (a shelf temperature of -25 °C and a chamber 

pressure of 5 Pa) that allow the maximisation of the sublimation rate in high-throughput vials (y-axis), at a 𝑇> of -36 °C. 

Figure 4.1-8b presents the graphical method we built to identify the operating conditions using 

serum vials at the same product temperature reached during previous tests using high-throughput vials 

(scale-up). The graph links the shelf temperature (𝑇,7568,5: ) and chamber pressure (𝑃(,5:) using serum vials to 

iso-𝑇> curves represented as linear colour maps obtained by solving Equation 4.1-1 to Equation 4.1-3, 

Equation 4.1-25, and Equation 4.1-27 applied to serum vials. This system of equations used to model the  
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Figure 4.1-8 – Primary drying design spaces of a 5% sucrose solution calculated for: (a) high-throughput 

vials and (c) serum vials; and graphic solution to operate process change from: (b) high-throughput to 

serum vials, and (d) from serum to high-throughput vials. 𝑃(-B, 𝑇,7568-B , and �̇�-# are the chamber pressure, 

shelf temperature and sublimation mass flow rate during primary drying performed with high-throughput 

vials, respectively. 𝑃(,5:, 𝑇,7568,5: , and �̇�,5: are the chamber pressure, shelf temperature and sublimation 

mass flow rate during primary drying performed with serum vials, respectively. 𝑇,+3 is the ice-vapour 

equilibrium temperature. 𝑇> is the product temperature, and the maximal 𝑇> considered was -35 °C. Blue 

lines in (a) a and (c) represent iso-𝑇> curves and red lines iso-𝑇,7568 curves. The grey area in the four 

graphs represents the safe zone of the process where 𝑇> is lower than -35 °C.  Linear colour maps in (b) 

and (d) represent iso-𝑇> curves. Calculations were performed considering the global heat transfer 

coefficient between the shelf and the vial bottom for 500-µL vials in A-type well plates. 
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heat and mass transfer for each vial geometry has two degrees of freedom; hence, we only need to fix two 

inputs to define the system. Interesting inputs to fix from a practical point of view could be: the chamber 

pressure, the shelf temperature, 𝑇>, or �̇�. Figure 4.1-8b was designed for the chamber pressure value 

previously selected by process optimisation in high-throughput vials using Figure 4.1-8a (𝑃(-B = 5 Pa); 

consequently, iso-𝑇> curves are associated with only one shelf temperature condition when considering 

high-throughput vials (𝑇,7568-B ). For our example, all the different combinations of 𝑇,7568,5:  and 𝑃(,5: 

represented in the iso-𝑇>= -36 °C (𝑇,7568-B  = -25 °C) correspond to the operating conditions using high-

throughput vials represented as a black square frame in Figure 4.1-8a. It is then possible to select the optimal 

combination of operating conditions to maximise the sublimation rate using serum vials (colour scale in 

Figure 4.1-8b) by moving towards lower 𝑃(,5: values in the iso-𝑇> curve (yellow part of the iso-𝑇>= -36 °C 

curve). Nevertheless, working at low chamber pressures could involve a greater edge effect between serum 

vials (Pisano et al., 2011; Scutellà et al., 2017b) and/or require a finer control of the chamber pressure to 

avoid process deviations. We selected a chamber pressure (𝑃(,5:) of 10 Pa (moderate value), corresponding 

to a shelf temperature (𝑇,7568,5: ) of -18 °C represented as the black square frame in Figure 4.1-8b, obtaining 

a mass flow rate in serum vials of 1.4×10-8 kg.s-1. The grey area in Figure 4.1-8b represents the operating 

conditions that are safe to apply using serum vials and “translatable” between geometries. The limits of the 

grey area are: the maximal 𝑇> accepted at the top edge, the minimal pressure using serum vials at the left 

edge, the zero mass flow conditions using serum vials at the right edge (𝑇,+3 at 𝑃(,5:), and the zero mass 

flow condition using high-throughput vials at the bottom edge (𝑇,+3 at 𝑃(-B). 

Figure 4.1-8c and Figure 4.1-8d illustrate the procedure applied when “translating” operating 

conditions from serum to high-throughput vials (scale-down). When using serum vials, the operating 

conditions represented by the black square frame in Figure 4.1-8c were selected: shelf temperature of -20 

°C and chamber pressure of 10 Pa. Analogously to Figure 4.1-8b, the grey area in Figure 4.1-8d represents 

the safe area of operating conditions that could be applied with high-throughput and serum vials. 
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CONCLUSIONS 

 

There is a growing demand from some pharmaceutical companies to consider the steps of formulation 

screening, process optimization, and scale-up in an integrated way. For this reason, the primary packaging 

of the final product is increasingly often defined in advance before starting the formulation development. 

The use of a high-throughput vial system to screen formulations during freeze-drying could accelerate the 

development of new pharmaceutical products. Additionally, identifying the operating conditions that entail 

the same product temperature when using the final production container (serum vials for instance) would 

lead researchers to develop representative processes at pilot or industrial scale. This identification will 

require forecasting heat transfer parameters and heterogeneities in both geometries.  We established that 

the surface finish of the well plate and the height of the vials influence the heat transfer. Variations between 

well plate types were due to the conduction within the gas trapped between the shelf and the well plate, as 

well as the contact conduction at pressures lower than 12 Pa. Variations in the heat flow received by high-

throughput vials in the centre of a well plate could be explained by the contact conduction between the well 

plate and the vial. The variability in the heat flow resulted in the identification of a product temperature 

safety margin of 3 °C for choosing the operating conditions to be applied during primary drying using a 

design space approach. 

The heat transfer coefficients between the shelf and the vial bottoms (𝐾#) were approximately three 

times greater in high-throughput vials than in serum vials at chamber pressures lower than 12 Pa; 

consequently, the predicted product temperatures were in average 8 °C higher using high-throughput vials 

than serum vials at a shelf temperature of -15 °C and chamber pressures lower than 12 Pa. A novel diagram 

representing the operating conditions at the same product temperature in high-throughput vials and serum 

vials is proposed. This diagram presents a range of operating conditions that are possible to scale-up or 

scale-down. 

Further research should be conducted on the impact of the vial position in the well plate on the heat 

flow received. 
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4.1.4. Take-Home Message 

For the pressure range used for vaccine production (lower than 12 Pa), the heat transfer 

coefficients between the shelf and the vial bottoms (KM) were approximately 3 times 

greater in high-throughput vials than in serum vials. Therefore, considering the same 

dried product resistance to mass transfer (RQ), the predicted product temperatures were 

approximately 8 °C higher using high-throughput vials than serum vials. An original 

diagram was proposed to “translate” the operating conditions (i.e. shelf temperature 

and chamber pressure) between high-throughput and serum vials to obtain the same 

product temperature. 

At chamber pressures lower than 12 Pa, the heat transfer variations between well 

plates were due to the heat transfer by conduction within the gas trapped between the 

surfaces and by contact conduction. The heat transfer variations between vials in the 

centre of the well plate were due to the heat transfer by contact conduction. 

 

This Section 4.1 considered the heat transfer from the shelves to high-throughput vials in the centre of the 

well plate, surrounded by other vials. Vials at the edge of the well plate, may receive higher total heat flows 

due to heat contributions from the chamber surfaces (e.g. chamber wall). In this regard, the following 

Section 4.2 studies the heat transfer variations among high-throughput vials due to their position inside the 

well plate.  
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4.2. How the High-Throughput Vial Position in 

the Well Plate Impacts the Heat Transfer 

4.2.1. Context 

The freeze dryer’s shelves are considered the main heat source in the drying chamber during the primary 

drying step of freeze-drying. However, the chamber surfaces (e.g. walls) are commonly warmer than the 

shelves and may contribute to the total heat flow received by the vials (Pikal et al., 2016a; Wegiel et al., 

2018). Those vials at the edge of the arrangement on the shelf (edge vials) are more directly exposed to the 

chamber surfaces, and therefore may receive a greater heat flow contribution from these surfaces than the 

vials in the centre of the arrangement (central vials). The increase in the total heat flow received from 

central vials compared to edge vials is commonly referred to as the “edge vial effect” (Rambhatla and Pikal, 

2003). Such an effect causes higher product temperatures in the edge vials than in the central vials. When 

the process is carried out so that the product temperature is close to the collapse temperature, the edge vial 

effect could entail heterogeneities in the final product quality within the batch.  

 Previous authors studied the edge vial effect using serum vials during the primary drying step of 

freeze-drying (e.g. Pisano et al., 2011; Scutellà et al., 2017b). However, to the best of this author’s 

knowledge, no work has been published on how the high-throughput vial position impacts the heat flow 

received. The edge vial effect is commonly studied based on the results obtained during sublimation in vials 

filled with water (only). In this way, vials do not contain a dried product layer, so the mass transfer from 

the sublimation front to the chamber is not considered, and the heat transfer is “decoupled” from the mass 

transfer. As useful as these results of “decoupled” heat transfer experiments may be for determining heat 

transfer coefficients, such results do not represent the actual (coupled) heat and mass transfer during 

primary drying, and need to be completed by the consideration of the mass transfer in the dry product layer. 

 

4.2.2. Objectives 

The present Section 4.2 studies how the high-throughput vial position in the well plate – with respect to a 

chamber wall – affects the heat transfer during primary drying. To do so, 3D steady-state mechanistic 

models are proposed to represent different stages of primary drying. Mathematical modelling would allow 

us to go beyond the results of sublimation tests in high-throughput vials filled with water (only), and predict 

how heat transfer variations may evolve during primary drying, as a dried product layer forms.  
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ABSTRACT 

Screening potential vaccine formulations during freeze-drying is a time-consuming task. High-throughput 

systems, consisting of small vials inside aluminium well plates, can accelerate formulation selection. 

However, heat transfer variations among vials due to the edge effect can entail deviations in the final 

product quality and bias results. This work investigates how the vial position in the well plate impacts the 

heat flow received during the primary drying step of freeze-drying. Two 3D steady-state models were 

proposed and compared to evaluate the effect of time passing. One model, called the distilled water model, 

represents vials containing only a frozen layer at the beginning of primary drying. A second model, called 

the product model, represents vials containing frozen and dried product layers after drying has progressed 

(up to half of the product dried). Heat transfer models were validated using heat flows determined by 

gravimetric analysis during sublimation tests (shelf temperatures -40 and -15 °C, chamber pressures from 

4 to 65 Pa). At the beginning of primary drying, the distilled water model indicated that vials facing a 

chamber wall received heat flows up to 25% greater than those in the centre of the well plate. As sublimation 

progressed (product model), the dried product layer resistance to mass transfer tended to counterbalance 

the impact of the chamber wall.  

 

KEYWORDS 

Lyophilisation; Vaccines; 3D modelling; Well plate; Edge effect; Vial heat transfer coefficient; Inter-vial 

heterogeneity; Product resistance. 
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INTRODUCTION 

 

Freeze-drying or lyophilisation is a drying process that consists of three stages: (i) freezing the product 

solution, (ii) removing the frozen solvent (usually water) by sublimation (primary drying), and (iii) 

removing the unfrozen solvent by desorption (secondary drying). The low temperatures reached by the 

product make freeze-drying suitable to preserve thermolabile products like vaccines and proteins, among 

others (Bourlés et al., 2019; Passot et al., 2012b; Pikal et al., 1992). 

The increasing demand for new vaccines pushes researchers to accelerate the development stage of 

formulations. The use of high- throughput vials systems consisting of aluminium 96-well plates and small 

tubular vials (maximal volume 1000 µL; Buceta et al., 2021; von Graberg, 2011) can improve the time 

efficiency during formulation screening for product development. High-throughput vial systems permit the 

placement of over twice the amount of containers on the shelf than serum vials (traditional container) 

(Buceta et al., 2021; Scutellà et al., 2017a) while also requiring fewer quantities of the active ingredient for 

the same number of tested formulations. Changing the container during the formulation development step 

implies modifications in the heat and mass transfer properties compared to the primary packaging used at 

the production scale (serum vials) (Pisano et al., 2011; Scutellà et al., 2017a). A graphical solution has been 

recently developed to manage the process scale-up and scale-down between both types of product 

containers (high-throughput vials used for formulation development and serum vials for production) 

(Buceta et al., 2021). This previous work showed that the heat transfer coefficients between the shelf and 

the vial bottoms (commonly denoted as 𝐾#) were almost three times greater in high throughput vials than 

in serum vials in the usual range of conditions used in pharmaceutical freeze-drying (Buceta et al., 2021).  

The product temperature is a critical quality parameter (Fissore et al., 2011; Patel et al., 2017; 

Vanbillemont et al., 2020) and should remain lower than a specific value during primary drying – known 

as collapse temperature – to preserve the product structure obtained by freezing and attain an acceptable 

final product appearance (Pikal and Shah, 1990a). Moreover, obtaining a freeze-dried product with a low 

moisture content (generally below 3%), a rapid reconstitution time, and no potency reduction, depends 

greatly on avoiding product collapse during primary drying. Several factors can affect the heat and mass 

transfer balance and the resulting product temperature; for example, the operating conditions (i.e. shelf 

temperature and chamber pressure) (Nail and Searles, 2008; Velardi and Barresi, 2008), the geometry of 

the containers (usually vials), (Brülls and Rasmuson, 2002; Scutellà et al., 2017a), and their location on the 

shelf (Rambhatla and Pikal, 2003; Sheehan and Liapis, 1998). 

Previous experimental data suggest that the heat flow contribution from the chamber walls may not 

be negligible for serum vials located at the edge of the vials’ arrangement on the shelf (e.g. Pikal et al., 

2016, 1984; Pisano et al., 2011; Rambhatla and Pikal, 2003; Schneid and Gieseler, 2008; Wegiel et al., 

2018). Many authors represented these “extra” heat flow contributions as a higher value of the heat transfer 

coefficient between the shelf and the vial (𝐾#) for vials at the edge compared to those in the centre (e.g. 
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Pikal et al., 2016, 1984; Pisano et al., 2011; Rambhatla and Pikal, 2003; Schneid and Gieseler, 2008; Wegiel 

et al., 2018), and estimated the product temperature using lumped-parameter models (0D models) for 

different vial positions (Giordano et al., 2011; Koganti et al., 2011), with the assumption that shelves are 

the only heat sources in the system (Pikal, 2000). However, the theoretical groud behind the modification 

of 𝐾# to account for the heat transfer from these extra sources (e.g. chamber walls and door) may be 

questioned since their temperatures are different from those of the shelves (𝐾# was defined for the 

temperature difference between the vials and the shelf). Recently, a 3D steady-state model of the heat 

transfer during the sublimation step highlighted conduction through low-pressure water vapour as the 

dominant heat transfer mechanism to serum vials, also explaining the extra heat transfer to serum vials at 

the edge compared to central ones (Scutellà et al., 2017b). 3D modelling serves thus to avoid the shortcut 

of using 𝐾#, detailing heat transfer mechanisms for each heat source (e.g. shelves, chamber walls) and their 

relative importance. However, the previous 3D model (Scutellà et al., 2017b) did not consider the resistance 

to mass transfer through the dried product layer when a pharmaceutical formulation was processed. 

Therefore, such a 3D model could not predict how the heat flow rate variation between vial positions would 

evolve throughout primary drying. 

A similar edge effect is expected between high-throughput vials in a well plate, where high-

throughput vials near a well plate edge may receive greater heat flows than those in the centre (surrounded 

by other vials). However, no research has been carried out on this matter to the best of our knowledge. 

The main novelty of this paper was the extension of the 3D model previously developed for serum 

vials (Scutellà et al., 2017b) to represent the heat transfer mechanisms between the well plate and the high-

throughput vials, as well as to include the mass transfer through the dried product layer and its coupling to 

the heat transfer. The present work thus aimed at better understanding the contribution of individual heat 

transfer mechanisms in high-throughput systems, the edge effect, and the impact of the product resistance 

associated with the progress of primary drying. We have considered primary drying as a succession of heat 

and mass transfer equilibria (Nail and Searles, 2008; Pikal et al., 1984), and studied the time effect using 

steady-state models representing different positions of the sublimation front. Based on the work of Scutellà 

et al. (2017b), two 3D steady-state models for heat and mass transfer during primary drying in high-

throughput vials were thus proposed to consider the progress of time: (i) the distilled water model, and (ii) 

the product model. The distilled water model represented the beginning of primary drying when there is no 

dried product in the vials (only ice). The product model represented two stages during primary drying with 

two different thicknesses of a dried product layer (0.1 and 5 mm). Finally, a sensitivity analysis was 

performed with the product model, which indicated the parameters that should be measured carefully for a 

better estimation of the heat flows received by the vials. 
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EXPERIMENTAL DATA 

 

Materials 

Ice sublimation experiments were performed using the 96-Well Freeze-Drying System manufactured by 

VirTis (SP Scientific, Stone Ridge, New York, USA), comprising aluminium well plates with a black matte 

finish and tubular glass vials (non-siliconised), as shown in Figure 4.2-1a. Two vial sizes were employed, 

both presenting the same diameter but differing in height, and consequently, in the maximal filled volume: 

(i) 500-µL (Figure 4.2-1a, left), and (ii) 1000-µL (Figure 4.2-1a, right). Figure 4.2-1b presents a picture of 

the vials and well plates inside a freeze dryer. Experiments were performed in an Epsilon 2-25D pilot scale 

freeze dryer (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). The freeze 

dryer had a drying chamber with a total volume of 0.38 m3, and a capacitive manometer monitored the 

chamber pressure. Inside the chamber, there were seven shelves of 0.27 m2 each; the distance between 

shelves was 57 mm. 

 

 

 

 

 

Figure 4.2-1 – Vials and well plate geometry. (a) Well plates filled with 500-µL vials (left) and 1000-µL 

vials (right). (b) Well plates and vials inside a freeze-dryer. (c) Well plate geometry with pillars coloured 

purple. (d) Geometry details with different view angles. Red surfaces are the pillar surfaces facing the vial. 

Blue surfaces are the well plate wall surfaces facing the vial.  
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Methods 

Experimental heat flow rates received by vials were measured through gravimetric analysis, as detailed in 

Buceta et al. (2021). 500-µL vials were filled with 400 µL of distilled water, and 1000-µL vials were filled 

with 600 µL of distilled water. No stoppers were placed on the vial necks. Tempris wireless temperature 

probes (iQ-mobil solution GmbH, Holzkirchen, Germany) were used to register the ice temperature in six 

1000-µL vials. Two well plates containing vials of the same size were loaded on the centre of the shelf pre-

cooled at -50 °C. The freezing step lasted for 2 hours, then the sublimation step started by decreasing the 

pressure inside the chamber and increasing the shelf temperature at 1 °C.min-1 up to the set point. The inlet 

temperature of the heat-transfer fluid circulating inside the shelves was set to either -40 or -15 °C during 

sublimation. Furthermore, the shelf temperature was considered equal to the average between the inlet and 

the outlet temperature of the heat-transfer fluid due to the great conductivity of the metallic shelves. At a 

shelf temperature of -40 °C, the chamber pressure was set to 4 Pa, and at -15 °C, the chamber pressures 

tested were 4, 6, 12, 25, and 65 Pa. The sublimation step lasted until approximately 20% of each vial's 

initial ice content was removed, then this step was ended by rapidly breaking the vacuum inside the drying 

chamber. Vials were weighed before and after ice sublimation experiments using a robotic tube handler 

model XL9 manufactured by BioMicroLab (Concord, California, USA) with an analytical scale (± 1×10-7 

kg). Time-averaged heat flows throughout the experiment (�̇�5F>) were calculated for each vial as (Pisano 

et al., 2011; Scutellà et al., 2017a): 

 �̇�5F> = 𝑚!"!3!+6 −𝑚8!"+6∆𝑡 ∆𝐻,I2 Equation 4.2-1 

The significance of all symbols is given in the Nomenclature. The sublimation was considered to start when 

the shelf temperature was higher than the ice-vapour equilibrium temperature at the chamber pressure, and 

finish when the vacuum was broken. 

The temperature of the chamber walls was measured using Tempris wireless temperature probes 

(iQ-mobil solution GmbH, Holzkirchen, Germany) fixed using heat conductive tape during ice sublimation 

experiments at a chamber pressure of 4 Pa and a shelf temperature of -40 and -15 °C. 
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HEAT AND MASS TRANSFER MODEL 

 

Well plate geometry 

High-throughput vials were positioned inside aluminium well plates to keep them in place during freeze-

drying, as shown in Figure 4.2-1a and Figure 4.2-1b. Figure 4.2-1c presents a 3D reconstruction of a well 

plate, indicating the main components: (i) the bottom block, (ii) the well plate wall, and (iii) the pillars. The 

geometry is not the same for all wells of the well plate; two types of well positions were distinguished: (i) 

well positions next to a well plate wall hereinafter referred to as edge wells (Figure 4.2-1d); (ii) well 

positions non-contiguous to a well plate wall hereinafter referred to as central wells (Figure 4.2-1d). Edge 

wells have four surfaces facing the vials: a bottom surface (Figure 4.2-1d), two lateral surfaces belonging 

to the two metallic pillars around (Figure 4.2-1d, red surfaces), and one lateral surface belonging to the well 

plate wall (Figure 4.2-1d, blue surface). Central wells have five surfaces facing the vials: a well bottom 

surface (Figure 4.2-1d), and four lateral surfaces belonging to the four metallic pillars around (Figure 

4.2-1d, red surfaces). 

Due to the dimensions and geometry of the system, it is not possible for the vials to touch either 

four pillars (in the case of central vials) or two pillars and the well plate wall (in the case of edge vials) 

simultaneously. Therefore, for all vials and well positions, physical contact was only considered between: 

(i) the vial side and only two pillars referred to as “physical contact” pillars, and (ii) the vial bottom and the 

well bottom. Note that the differences between edge and central wells did not imply that edge wells and 

vials had more physical contact than central wells and vials; thus, all well and vial positions were assumed 

to have the same physical contact. 

 

  



Results - How the High-Throughput Vial Position in the Well Plate Impacts the Heat Transfer 

 

139 
 
 

  



Results - How the High-Throughput Vial Position in the Well Plate Impacts the Heat Transfer 

 

140 
 
 

Model geometry 

3D models represented ice sublimation using 500-µL or 1000-µL vials inside the well plate filled with 

either distilled water or a “model” product (5% w/w sucrose aqueous solution). Figure 4.2-2a shows the 

geometry used for 500-µL vials as an example, the geometry for 1000µL vials is similar (with higher vial 

and content heights). Each geometry represented: (i) a portion of the drying chamber wall, (ii) a fragment 

of the top and bottom shelves; (iii) eight half-vials (two edge half-vials and six central half-vials), all filled 

with either an ice layer or presenting a dried product layer and a frozen product layer (Figure 4.2-2b); (iv) 

the section of the well plate where the vials were placed, including four physical contact pillars (red arrow 

in Figure 4.2-2a) and three non-physical contact pillars, so each half-vial “rested” on one physical contact 

pillar. 

Edge vials and edge wells in the geometry were further subdivided according to the well plate 

position on the shelf (Figure 4.2-2): (i) edge positions facing a chamber wall were referred to as outer edge 

positions, and (ii) edge positions facing another well plate were referred to as inner edge positions. 

Different 3D geometries were built depending on the vial size and content. The model considering 

all vials filled with an ice layer (only) is referred to as the distilled water model, and the model considering 

all vials presenting a dried product layer and a frozen product layer is referred to as the product model. In 

the distilled water model, the vial content was only an ice cylinder (Scutellà et al., 2017b) with a volume 

equal to 90% of the initial ice volume used in the sublimation experiments. This represents an “average” 

situation during the laboratory experiments between the beginning of the ice sublimation (0% of the ice 

mass was removed) and the end (approximately 20% of the ice mass removed). In the product model, the 

vial content was a cylinder of frozen product with a cylinder of dried product on top; the total volume of 

both cylinders was considered equal to the initial ice volume used in the sublimation experiments. All 

dimensions relevant to the 3D model geometry are reported in Table 4.2-1. 

When considering the dynamics of the primary drying step, the distilled water model can be 

associated with the beginning of this step, where the dried layer is not yet present. In contrast, the product 

model represents an intermediate moment during primary drying, after the appearance and progress of a 

sublimation front (ice-vapour interface) that moves from the top to the bottom of the vial content, leaving 

a dried product layer above the remaining frozen product layer (Figure 4.2-2b).  
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Figure 4.2-2 – Model geometry (not in scale) for 500-µL vials in well plates. (a) Overall view, with only 

the vials closer to the chamber wall represented for clarity. (b) Detail of the vial and its content for distilled 

water and product models. 𝑑0 is the vertical distance separating shelves, 𝑑(  is the distance between the 

shelf and the chamber wall, 𝑑) is the distance between the edge of the shelf and the well plate, and 𝑙= is 

the dried product layer thickness. 
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Table 4.2-1 – Relevant physical constants, geometric dimensions, and other model parameters from the 

literature. 

Parameter Value Units Source 

Physical constants 𝑑*+, 2.8×10-10 m (D’Arrigo, 1978) 𝑘 1.38×10-23 J.K-1 (Perry and Green, 2008) 𝑃3 612 Pa (Perry and Green, 2008) 𝑅 8.3144 J.K-1.mol-1 (Perry and Green, 2008) 𝑇3 273.16 K (Perry and Green, 2008) 𝛼 0.87 Dimensionless (Pikal, 2000) ∆𝐻,I2 2.763×106 J.kg-1 (Scutellà et al., 2017a) ∆𝐻,I2>  5.11×104 J.mol-1 (Murphy and Koop, 2005) 𝜀= 0.95 Dimensionless (Emteborg et al., 2014) 𝜀!$5 0.98 Dimensionless (Heldman and Moraru, 2010) 𝜀,7568 0.18 Dimensionless (Buceta et al., 2021) 𝜀<!+6 0.85 Dimensionless (Buceta et al., 2021) 𝜀4+66 0.13 Dimensionless (Buceta et al., 2021) 𝜀4> 0.87 Dimensionless (Buceta et al., 2021) Λ. 1.99 W.m-2.K-1.Pa-1 (Pikal, 2000) 𝜎 5.67×10-8 W.m-2.K-4 (Perry and Green, 2008) 𝜆*+,$D"3 0.025 W.m-1.K-1 (Haynes, 2014) 𝜆!$5 2.23 W.m-1.K-1 (M. S. van Dusen, 1929) 

𝜆= 0.043 W.m-1.K-1 

5% of the sucrose thermal 
conductivity 

(Renaud et al., 1992; Smith et 
al., 2013) 

Geometric dimensions 𝑑(  1.08×10-1 m Measured 𝑑) 1.40×10-1 m Measured 𝑑0 5.7×10-2 m Measured 𝑑#) 8.82×10-3 m (Buceta et al., 2021) 𝑑#1 7.20×10-3 m (Buceta et al., 2021) ℎ4566 1.525×10-2 m (Buceta et al., 2021) 𝑙= 
1×10-4 or 

5×10-3 
m Consideration for this work 𝑙-#K  6.7×10-5 m (Buceta et al., 2021) 𝑙-#0  2.3×10-4 m (Buceta et al., 2021) 

𝑉! 392 (for 500-µL vials) 
µL 90% of the initial ice volume 

589 (for 1000-µL vials) 
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Continuation of Table 4.2-1. 

Parameter Value Units Source 

Geometric dimensions 

𝑉> 
436 (for 500-µL vials) 

µL Initial frozen volume 
654 (for 1000-µL vials) 

Other model parameters 𝑙8> 1.0×10-3 m 
Calculated using 
 Equation 4.2-5 

𝑅@ 
0.119×105 

Pa.s.m2.kg-1 (Konstantinidis et al., 2011) 
1.248×105 

𝑇4+66 0.1 (for  𝑇,7568 = -15 °C) 
°C Measured 

5.1 (for  𝑇,7568 = -40 °C) 
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Distilled water model 

The distilled water model was developed and validated based on the laboratory ice sublimation experiments 

described in Section Methods (of this Paper II). The heat transfer mechanisms considered in this work are 

schematised in Figure 4.2-3. Figure 4.2-3a and Figure 4.2-3b refer to the heat transfers between surfaces 

and within bodies at a macroscopic scale, while Figure 4.2-3c represents the heat transfers between surfaces 

at a microscopic scale. The heat transfer mechanisms of the model were: 

(i) Conduction through solids, concerning the well plate, vials, and ice (yellow arrows in Figure 4.2-3a and 

Figure 4.2-3b). 

(ii) Contact conduction between solids, including the contact between the bottom shelf and the well plate 

bottom, the wells (bottom and physical contact pillars) and the vials (red triangles in Figure 4.2-3c), and 

the vials and the ice (red dashes in Figure 4.2-3c).  

(iii) Conduction through the gas (green arrows in Figure 4.2-3a and Figure 4.2-3c); the thermal conductivity 

of gases in vacuum conditions depends on the gas regime, according to the ratio between the average 

distance a gas molecule travels between collisions with other molecules (mean free path) and the separation 

between surfaces.  

(iv) Radiation emitted and received by the wall, both shelves, the well plate, the vials, and the ice (orange 

“lightning” arrows in Figure 4.2-3a and Figure 4.2-3c).  

Heat transfer by convection was considered negligible, as previously proved by other authors in 

similar operating conditions (Mascarenhas et al., 1997; Pikal et al., 2016a; Sheehan and Liapis, 1998). To 

support this assumption, the Rayleigh number (Ra) near the vials was estimated to be between 300 and 

1300 depending on the operating conditions, which is lower than the critical value required for a significant 

contribution of heat transfer by convection (Ra > 1700; Heitz and Westwater, 1971; Perry and Green, 2008). 

  



Results - How the High-Throughput Vial Position in the Well Plate Impacts the Heat Transfer 

 

145 
 
 

 

 

 

 

 

 

Figure 4.2-3 – Schematic representation (not in scale) of the main heat transfer mechanisms and fixed 

temperatures in the analysed system. (a) Overall view, only the vials closer to the chamber wall are 

represented for clarity. (b) Details of the mechanisms within the vial and its content for the distilled water 

and product models. (c) Heat transfer mechanisms at a microscopic scale. 𝐾S@ and 𝐾-# are detailed 

according to the individual heat transfer mechanism involved: 𝐾$$ by contact conduction, 𝐾*$
 by 

conduction through the gas trapped between the surfaces, 𝐾:+= by radiation. 
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Conduction through solids 

At a microscopic scale, thermal conduction within a body is the mechanism by which heat is transferred 

due to collisions between the body particles (Perry and Green, 2008). At a macroscopic scale, the 

conductive heat flux (𝑞$, W.m-2) within the solids (well plate, vials, and ice) were calculated using Fourier’s 

law:  

 𝑞$ = 𝜆∇𝑇 Equation 4.2-2 

Conductivity values are reported in Table 4.2-1. 

 

Contact conduction between solids 

Heat transfer by contact conduction occurs between solids directly touching each other and depends on the 

macroscopic (apparent) contact area and the microscopic state of the surface, such as roughness. The contact 

conduction heat flux between the bottom shelf and the well plate bottom (𝑞S@
$$ , W.m-2), symbolised by a 

red triangle in Figure 4.2-3c, was calculated as: 

 𝑞S@
$$ = 𝐾S@

$$ b𝑇,7568 − 𝑇S@c Equation 4.2-3 

Similarly, the contact conduction heat flux (𝑞-#$$ ) between the well bottoms and the vial bottoms, 

and between the physical contact pillars and the vial sides, symbolised by red triangles in Figure 4.2-3c, 

were calculated as: 

 𝑞-#$$ = 𝐾-#$$ (𝑇S@ − 𝑇<!+6) Equation 4.2-4 𝐾S@
$$  and 𝐾-#$$  were estimated based on experimental data as detailed in the Section Parameter estimation 

(of this Paper II), and values are reported in Table 4.2-2. The heat transfer mechanism between the vials 

and the ice, symbolised by a red dashed line in the orange dot 3 of Figure 4.2-3c, was considered perfect 

contact conduction (zero resistance to the heat transfer). Hence, the local temperature of the vial and the ice 

was the same at their contact surface. 
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Table 4.2-2 – Values of parameters estimated based on measured heat flow data for 500-µL vials at a shelf 

temperature of -15 °C and chamber pressures of 4, 12, and 65 Pa. 

Parameter 
Mean value in 

this work 

95 % Confidence interval 
Units 

This work (Buceta et al., 2021)* 

Heat transfer from the bottom shelf to the well plate bottom 𝐾S@
$$  5.1 1.6 – 8.6 2.4 – 4.8 W.m-2.K-1 𝛼S@ 0.95 0.60 – 1.00** 0.764  – 0.932 Dimensionless 

𝑙S@ 4.20×10-4 2.46 ×10-4  – 5.29×10-4 2.23×10-4 –  2.58×10-4 m 

Heat transfer from the wells to the vials 𝐾-#$$  20.1 12.1 – 28.1 59.7 – 66.5 W.m-2.K-1 𝛼-# 0.33 0.29 – 0.37 0.184 – 0.319 Dimensionless 

* Values reported for 500-µL vials in a “B-type well plate”, which refers to a well plate type described in 

Buceta et al. (2021). 

** Upper bound truncated to the maximum possible physical value. 
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Conduction through the gas 

The heat transfer by conduction through the gas phase in the system was divided as: (i) gas conduction 

within the chamber, concerning the largest gas volume in the chamber, symbolised by green arrows in 

Figure 4.2-3a; or (ii) conduction through the gas trapped between adjacent surfaces (i.e. between the bottom 

shelf and the well plate bottom, and between the wells and the vials), symbolised by green arrows in Figure 

4.2-3c. 

 

Gas conduction within the chamber 

All the gas in the freeze dryer chamber was assumed to be water vapour (Pikal, 2000). Heat transfer by 

conduction through the gas within the chamber (Figure 4.2-3a) was considered under a continuous regime 

with a boundary layer of free molecular regime next to all the solids in the chamber (i.e. wall, shelves, well 

plate, vials, and ice; Figure 4.2-3a). Scutellà et al. (2017b) fixed the boundary layer thickness as a value 

relatively small compared to the serum vial geometry. Similarly, in our work, the boundary layer thickness 

was selected as the mean free path (𝑙8>, 1 mm) calculated at 10 Pa (usual chamber pressure value used in 

pharmaceutical freeze-drying) and -15 °C (= 258.15 K, usual shelf temperature value) as (Hoffman et al., 

1997): 

 𝑙8> = 𝜅	 × 258.15	[𝐾]√2𝜋𝑑*+,& × 10	[𝑃𝑎] Equation 4.2-5 

Fourier’s law (Equation 4.2-2) was used to model the conductive heat flux within the gas, and the thermal 

conductivity depended on the gas regime. Outside of the boundary layer (gas portion farther than a mean 

free path from the solids), the gas was considered under a continuous regime and the thermal conductivity 

(𝜆*+,$D"3) was that of water vapour at atmospheric pressure (Scutellà et al., 2017b). Inside the boundary layer 

(gas portion closer than a mean free path from the solids), the gas was considered under a free molecular 

regime, and the thermal conductivity (𝜆*+,8J ) was calculated as (Scutellà et al., 2017b): 

 𝜆*+,8J = 𝛼Λ.𝑃(𝑙8> Equation 4.2-6 

Relevant constant values are reported in Table 4.2-1. 
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Conduction through the gas trapped between adjacent surfaces 

The heat flux by conduction through the trapped gas between the bottom shelf and the well plate bottom 

(𝑞S@
*$ , W.m-2), symbolised by a green arrow in the orange dot 1 of Figure 4.2-3c, was expressed as: 

 𝑞S@
*$ = 𝐾S@

*$ b𝑇,7568 − 𝑇S@c Equation 4.2-7 

Similarly, the heat flux by conduction through the trapped gas between the wells and the vials (𝑞-#*$ ), 

symbolised by a green arrow in Figure 4.2-3c, was: 

 𝑞-#*$ = 𝐾-#*$(𝑇S@ − 𝑇<!+6) Equation 4.2-8 

The heat transfer by conduction through gas trapped between adjacent surfaces is traditionally assumed 

under a transition regime between free molecular and continuous regimes (Pikal, 2000, 1985; Pisano et al., 

2011; Scutellà et al., 2017a). 𝐾S@
*$  was thus calculated as (Pikal, 2000): 

 𝐾S@
*$ = 𝛼S@LD𝑃(1 + 𝑙S@𝜆*+,$D"3 𝛼S@LD𝑃(  

Equation 4.2-9 

Likewise, 𝐾-#*$  was calculated as: 

 𝐾-#*$ = 𝛼-#LD𝑃(1 + 𝑙-#𝜆*+,$D"3 𝛼-#LD𝑃(  
Equation 4.2-10 

The average distance between the well and the vial bottom (𝑙-#K ) was considered as the average vial bottom 

concavity, and 𝑙-# between the well’s pillars and the vial sides (𝑙-#0 ) was considered as the difference 

between the well radius and the outer radius of the vial. Parameters 𝛼S@, 𝛼-#, and 𝑙S@ were estimated 

using experimental data, and values are reported in Table 4.2-2. The parameter values and physical 

constants taken from the literature are gathered in Table 4.2-1. 
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Radiation 

Heat transfer by radiation refers to the transmission of heat as waves through a transparent or translucent 

medium (in this case, the gas phase). Solid surfaces of the chamber wall, shelves, well plate, vials, and ice 

were considered diffuse grey-bodies with constant emissivity values (𝜀). The gas was modelled as 

transparent to radiation (𝜀 = 0).  

The heat transfer by radiation was divided as: (i) radiation between distant surfaces, concerning all 

surfaces of the geometry in contact with the gas within the chamber, symbolised by orange “lightning” 

arrows in Figure 4.2-3a; or (ii) radiation between adjacent surfaces (i.e. between the bottom shelf and the 

well plate bottom, and between the wells and the vials), symbolised by orange “lightning” arrows in Figure 

4.2-3c. 

 

Radiation between distant surfaces 

In the case of radiation between distant surfaces (Figure 4.2-3a), the heat flow transmitted by radiation from 

a surface 1 to a surface 2 (𝑄%→&:+= , W) was calculated as (van Eck et al., 2016):  

 𝑄%→&:+= = 𝐴%𝐹%→&(𝐽% − 𝐽&) Equation 4.2-11 

The radiative heat flux of each surface was calculated as: 

 𝐽 = 𝜔𝐺 + 𝜀𝜎𝑇L Equation 4.2-12 

In this way, the irradiation received by each surface (𝐺) depends on the radiative heat fluxes (𝐽) of the other 

surfaces and the system's geometry. 

 

Radiation between adjacent surfaces 

The heat flux by radiation between the bottom shelf and the well plate bottom (𝑞S@
:+=, W.m-2), symbolised 

by orange “lightning” arrows in Figure 4.2-3c, was calculated using the Stefan-Boltzmann’s law for two 

parallel diffuse grey-body surfaces of equal areas (Scutellà et al., 2017a): 

 𝑞S@
:+= = 𝐾S@

:+=b𝑇,7568 − 𝑇S@c Equation 4.2-13 

The heat transfer coefficient by radiation between the bottom shelf and the well plate bottom (𝐾S@
:+=) was 

calculated as (Perry and Green, 2008): 

 𝐾S@
:+= = σ 11 − 𝜀,7568𝜀,7568	 + 1 −	𝜀S@𝜀S@	 + 1 b𝑇,7568 + 𝑇S@cb𝑇,7568& + 𝑇S@

& c 
Equation 4.2-14 

Likewise, the radiation flux between the wells and the vials (𝑞-#:+=, W.m-2), symbolised by orange arrows 

in orange dots 2 and 2’ of Figure 4.2-3c, was calculated according to Stefan-Boltzmann’s law as: 

 𝑞-#:+= = 𝐾-#:+=(𝑇S@ − 𝑇<!+6) Equation 4.2-15 
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The heat transfer coefficient by radiation between the wells and the vials (𝐾-#:+=) was calculated as: 

 𝐾-#:+= = σ 11 − 𝜀S@𝜀S@	 + 1 −	𝜀<!+6𝜀<!+6 	 + 1 (𝑇S@ + 𝑇<!+6)b𝑇S@
& + 𝑇<!+6& c Equation 4.2-16 

Constant values are given in Table 4.2-1. 

. 

 Ice-vapour equilibrium 

The temperature at the sublimation front (𝑇,+3, K) was set as the ice-vapour equilibrium temperature 

calculated using the Clausius Clapeyron relation (Perry and Green, 2008): 

 𝑇,+3 = 𝑇31 − 𝑅𝑇3∆𝐻,I2> 𝑙𝑛�𝑃,+3𝑃3 � 
Equation 4.2-17 

For the distilled water model, 𝑃,+3 was assumed equal to 𝑃(  based on the hypothesis that the chamber is 

saturated with water vapour and neglecting the vapour pressure loss between the sublimation front and the 

chamber.  
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Product model 

When considering partially dried product inside the vials (as opposed to vials filled with only ice), a porous 

dried product layer builds up above the ice sublimation interface (Figure 4.2-2b and Figure 4.2-3). The heat 

and mass transfer model with a “model” product (5% sucrose aqueous solution), referred to as the product 

model, was developed by extending the distilled water model. 

 

Heat transfer 

The heat transfer equations of the product model were the same as for the distilled water model apart from 

the following modifications.  

(i) Conduction through solids: heat transfer inside the dried product layer was also considered and 

represented using Equation 4.2-2. 

(ii) Conduction between solids: the heat transfer mechanism between the frozen layer and the dried 

product layer (Figure 4.2-3c, orange dot 4) was considered to be perfect contact conduction (zero 

resistance to the heat transfer) since the product forms a continuous body, so the local temperature 

of the frozen and dried product layers was the same (equal to 𝑇,+3) at their junction.  

(iii) Conduction through the gas within the chamber and radiation between distant surfaces 

concerned the top dried product layer surface (instead of the top ice surface considered in the 

distilled water model). 

The physical properties of the frozen product were considered the same as ice (Scutellà et al., 2017a). The 

emissivity value of the dried product (𝜀=) was considered as 0.95 (Emteborg et al., 2014). Moreover, the 

thermal conductivity of the dried product (𝜆=, W.m-1.K-1)  used in Equation 4.2-2 was defined, according 

to Smith et al. (2013), as the thermal conductivity of sucrose (0.85 W.m-1.K-1 for a 50% aqueous sucrose 

gel (Renaud et al., 1992)) multiplied by the sucrose mass fraction of the initial solution (0.85 W.m-1.K-1 × 

5% = 0.043 W.m-1.K-1). 

 

Mass transfer 

Mass transfer is involved in the heat transfer calculation through the ice-vapour equilibrium temperature 

(𝑇,+3). 𝑇,+3 was calculated with Equation 4.2-17, but the pressure at the sublimation front (𝑃,+3, Pa) was 

modified considering the vapour pressure loss within the dried product layer. In the product model 𝑃,+3 
was no longer equal to 𝑃( , instead 𝑃,+3 was calculated assuming the mass flow through the porous layer 

was in Knudsen regime as (Fissore et al., 2011; Scutellà et al., 2018c): 

 𝑃,+3 = 𝑃( + �̇�	𝑅@𝜋4 𝑑#1& Equation 4.2-18 

where 
b

L
𝑑#1& is the inner cross-section area of the vial. The Knudsen regime in the dried product layer was 

confirmed by estimating the mean free path at the sublimation front 𝑙8> = 0.3 mm considering a product 

temperature equal to the maximal allowable value (𝑇,+3 = -32 °C, 𝑃,+3 = 31 Pa) and an upper bound for the 
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pore diameter taken from the literature (0.2 mm (Oddone et al., 2016)). Two 𝑅@ values were taken from the 

literature (Konstantinidis et al., 2011) for a dried product layer thickness (𝑙=) of 0.1 and 5 mm as reported 

in Table 4.2-1. For 𝑙= = 0.1 mm, the product model represents a stage of primary drying when 0.9 % of the 

product was dried in 500-µL vials or 0.6% of the product was dried in 1000-µL vials (% of dried product 

= [𝑙= × 
b

L
𝑑#1& / 𝑉>] × 100%; Table 4.2-1). Moreover, for 𝑙= = 5 mm, the product model represents a stage 

when 47% of the product was dried in 500-µL vials or 31% of the product was dried in 1000-µL vials (% 

of dried product = [𝑙= × 
b

L
𝑑#1& / 𝑉>] × 100%; Table 4.2-1). The mass flux was related to the total heat flux 

at the sublimation front (�̇�) (for the total vial, twice the value for the half-vial) via the following Equation: 

 �̇� = �̇�∆𝐻,I2 Equation 4.2-19 
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COMSOL IMPLEMENTATION 

 

COMSOL Multiphysics 5.3a (COMSOL, Inc, Burlington, USA) is a simulation software used to solve 

partial differential equations. Heat transfer was simulated using the “Heat Transfer with Surface-to-Surface 

Radiation” module, and equations were solved using the geometric multigrid solver. This section details 

how COMSOL was used to simulate the heat transfer during ice sublimation in high-throughput vials inside 

well plates. 

 

Imposed temperatures  

The sublimation front was considered a flat ice-vapour interface at the top of the frozen layer contained in 

each vial. Moreover, the freeze dryer chamber was supposed saturated with water vapour (Pikal, 2000, 

1985; Pisano et al., 2011; Scutellà et al., 2017b). Three surface temperatures were imposed in our system 

(Figure 4.2-3): (i) 𝑇,+3, calculated using Equation 4.2-17; (ii) 𝑇,7568, which was considered as the average 

between the inlet and the outlet temperature of the heat-transfer fluid circulating inside the shelves; (iii) the 

wall temperature (𝑇4+66), which was measured during the experiments (Section Methods of this Paper II). 

 

Definition of the heat transfer areas between adjacent surfaces 

Minimal gaps between adjacent solid bodies observed in real objects were simplified in our models’ 

geometry, so adjacent solids shared the same surface where heat transfer coefficients were applied. The 

well plate bottom in the geometry was flat and shared its surface with the bottom shelf below. Heat transfer 

from the bottom shelf to the well plate bottom (Figure 4.2-3c, orange dot 1) occurred through their shared 

area, where the 𝐾S@
$$ , 𝐾S@

*$ , and 𝐾S@
:+= were applied (in parallel, 𝐾S@

$$ + 𝐾S@
*$ + 𝐾S@

:+=). The well diameter 

was considered equal to the external vial diameter, so the well sides shared surfaces with the vial sides; 

moreover, the vial bottoms were deemed to be flat and sharing surface with the well bottoms. Heat transfer 

from the wells to the vials (Figure 4.2-3c, orange dots 2 and 2’) occurred through their shared areas, where 𝐾-#$$ , 𝐾-#*$ , and 𝐾-#:+= were applied as illustrated in Appendix 4.2-A (in parallel, 𝐾-#$$ + 𝐾-#*$ + 𝐾-#:+= or 𝐾-#*$ + 𝐾-#:+=). 
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Calculation of the heat flows 

Calculations were performed with the Heat Transfer Surface-to-Surface Radiation physics interface of 

COMSOL by the finite-element method using a relative tolerance of 10-5 as a convergence criterion. The 

Surface-to-Surface Radiation feature was used to calculate the view factors between surfaces by the hemi-

cube method, taking into account the shadowing effect as previously done by Scutellà et al. (2017b). For 

the product model, the consideration of a dried product layer implied an iterative calculation; for a given 𝑅@, 𝑇,+3 depends on 𝑃,+3 hence on �̇� (Equation 4.2-17 to Equation 4.2-19). This iteration was performed 

using the LiveLink interface connecting MATLAB R2017a (The MathWorks, Inc, Natick, Massachusetts, 

USA) and COMSOL. The following iteration path was followed to solve the heat and mass transfer 

equations: 

a) solving the 3D heat transfer model with an initial guess of 𝑇,+3 values in each vial (using 

COMSOL), obtaining first-iterated �̇� values at the sublimation front for each vial; 

b) calculating the new 𝑇,+3 values using Equation 4.2-17 to Equation 4.2-19 (using MATLAB), based 

on the first-iterated �̇� values; 

c) solving the 3D heat transfer model with the new 𝑇,+3 values (using COMSOL), obtaining the 

second-iterated �̇� values at the sublimation front for each vial; 

d) comparing first-iterated and second-iterated �̇� values (using MATLAB); 

e) repeating steps b) to d) until the difference between iterated �̇� values was smaller than 0.1%. 

 

Parameter estimation 

Five model parameters, relevant to heat transfer between adjacent solid surfaces, had to be estimated based 

on measured heat flows in selected conditions: 𝐾S@
$$ , 𝐾-#$$ , 𝛼S@, 𝛼-#, and 𝑙S@. Parameters were estimated 

using the experimental heat flows received by 500-µL vials at shelf temperature -15 °C and chamber 

pressures 4, 12, and 65 Pa. The estimation was performed by calculating the heat flows using the 3D model 

in COMSOL and tuning the parameters using a code containing the nlinfit function of the Statistics and 

Machine Learning Toolbox provided by MATLAB to match measured heat flows in a least-square sense. 

The LiveLink interface connected COMSOL and MATLAB. The final values of the parameters are 

presented in Table 4.2-2.  
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Sensitivity analysis 

Investigating how variations in the parameters impact the model results is critical to identify sensitive 

parameters that require special effort for determination or control, in contrast to those parameters for which 

rough estimations are sufficient for practical purposes. The Morris’ method (Morris, 1991) was used to 

classify the twenty model parameters listed in Table 4.2-3 according to their impact on �̇� received by the 

central vials calculated using the product model. The range of each parameter was discretised in six 

uniformly distributed levels. Ten combinations of the twenty parameters and two operating conditions – 

hereinafter referred to as “domain samples” – were considered in this work. Domain samples were selected 

using the Latin hyper-cube sampling method, ensuring each parameter's level is selected once. The relative 

impact of the 𝑗th parameter in the 𝑖th domain sample (dimensionless sensitivity, 𝐸H(!)) was calculated as: 

𝐸!
(#) =

�̇�%𝑥%(#), … , 𝑥!(#) + ∆&, … , 𝑥''(#)+ − �̇�%𝑥%(#), … , 𝑥''(#)+
∆!

×
𝛤!

�̇�(𝑥%(#), … , 𝑥''(#))
 Equation 4.2-20 

where 𝑥H(!) is the value of the 𝑗th parameter in the	𝑖th domain sample, 𝛤H is the range of the 𝑗th input, and ∆H is the increment of the 𝑗th input. Input ranges and increments are given in Table 4.2-3, and ∆H was 

considered as 10% of the range.  

The limits of the value ranges (Table 4.2-3) were established for each input according to different 

criteria: (i) for the emissivity values, limits were the extreme values taken from the literature or measured 

using an emissometer EM-2 by Themacs Ingénierie (Champs sur Marne, France); (ii) for the geometric 

dimensions of the vials, limits were taken from extreme values measured by Precis&Mans (Le Mans, Pays 

de la Loire, France) using 96 vials of each size (500-µL and 1000-µL) and one well plate for the work 

presented in Buceta et al. (2021); (iii) for the geometric dimensions of the shelves and chamber wall, and 

for the surface temperature of the chamber wall, limits were taken from extreme values measured in this 

work; (iv) for the estimated parameters, the range was the 95% confidence interval; and (v) for the dried 

product resistance to the mass transfer, limits were the extreme values taken from the literature for a dried 

product layer thickness of 5 mm. Values of the parameters that depend on the dried product layer (i.e. 𝜀=, 𝜆=) were not found in the literature on freeze-drying. Therefore, the range of 𝜀= went from 0 to 1 (minimal 

to maximal physically possible emissivity values). Moreover, the lower limit of the 𝜆= range was 0 W.m-

1.K-1, and the upper limit was considered as ten times the value initially considered.  

  



Results - How the High-Throughput Vial Position in the Well Plate Impacts the Heat Transfer 

 

157 
 
 

Table 4.2-3 – Ranges of the model inputs values considered for the sensitivity analysis. 

Input Range Units 

Physical constants 𝜀= 0 – 1 Dimensionless 𝜀,7568 0.17* – 0.42* Dimensionless 𝜀<!+6 0.78(Scutellà et al., 2017a) – 0.94(Perry and Green, 2008) Dimensionless 𝜀4+66 0.13* – 0.42* Dimensionless 𝜀4> 0.82(Perry and Green, 2008) – 1.00 Dimensionless 𝜆= 0 – 0.43 W.m-1.K-1 

Geometric dimensions 𝑑(  (9.6 – 12.0)×10-2 m 𝑑) (1.10  – 1.4)×10-1 m 𝑑0 (5.0 – 6.6)×10-2 m 𝑑#1 (7.14 – 7.25)×10-3 m 𝑙-#K  (4.4 – 9.0)×10-5 m 𝑙-#0  (4.2 – 4.8)×10-4 m 

𝑉! 349 – 436 
µL 

523 – 654 

𝑉> 
392 – 479 

µL 
587 – 717 

Estimated parameters 𝐾-#$$  12.1 – 28.1 W.m-2.K-1 𝐾S@
$$  1.6 – 8.6 W.m-2.K-1 𝑙S@ (2.46 – 5.94)×10-4 m 𝛼-# 0.287 – 0.373 Dimensionless 𝛼S@ 0.597 – 1.303 Dimensionless 

Other model parameters 𝑅@ 
(1(Fissore and Pisano, 2015) – 5(Scutellà et al., 

2018c))×105 
Pa.s.m2.kg-1 𝑇4+66 0 – 15 °C 

Operating Conditions 𝑃(  4 – 15 Pa 𝑇,7568 -40 – 0 °C 

* Measured using an emissometer EM-2 by Themacs Ingénierie (Champs sur Marne, France). 
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RESULTS AND DISCUSSION 

 

Mesh convergence 

The accuracy of the models' numerical solution depends on the resolution considered to discretise the 

system of equations within the geometry (meshing). Therefore, a convergence study was performed 

considering two meshes suggested by COMSOL (Table 4.2-4). The “coarse” meshes (for 500-µL and 1000-

µL vials), with approximately 47% fewer elements and degrees of freedom than “normal” meshes, 

calculated heat flows that differed from “normal” meshes in less than 0.2% and were obtained in 

approximately 72% less time (average calculation time for all operating conditions). Given the experimental 

variability of the data (the average coefficient of variation was 11%), “coarse” meshes were considered 

robust enough for the study of both vial sizes (500-µL and 1000-µL vials) and were used throughout this 

work. 

 

 

 

Table 4.2-4 – Convergence test. 

Mesh 

Number of 

degrees of 

freedom 

Number of 

elements  

Average calculation 

time for all operating 

conditions (min) 

Maximum absolute 

difference in heat 

flow, relative to the 

“Normal” mesh (%) 

500-µL vials 

Normal 212000 91000 29 not applicable 

Coarse 107000 43000 7 0.2 

1000-µL vials 

Normal 245000 106000 20 not applicable 

Coarse 137000 56000 6 0.2 
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Parameter estimation and model validation against experimental heat flows 

Heat flows received by 500-µL vials under three operating conditions (Figure 4.2-4b, the nine striped bars) 

were used for model parameter estimation. The rest of the experimental data (Figure 4.2-4b and Figure 

4.2-4c, the twenty-seven white bars) were used for model validation. 

Table 4.2-2 reports the values of the five parameters estimated (i.e. 𝐾S@
$$ , 𝐾-#$$ , 𝛼S@, 𝛼-#, 𝑙S@), 

which are related to the heat transfer between adjacent surfaces. Parameters’ values were compared to those 

of previous work (Buceta et al., 2021) where the same five parameters were estimated using a 0D model in 

steady-state considering the following simplifying hypothesis: (H1) all the heat flow received by the well 

plate came from the shelf below (bottom shelf, Figure 4.2-2), and (H2) all the heat flow received by central 

vials arrived from the well plate. To compare parameters’ values of different works, the heat transfer areas 

considered for the heat transfer between adjacent surfaces should be the same. Therefore, the 95% 

confidence intervals of 𝐾-#$$  and 𝛼-# of 500-µL vials in “B-type well plates” (as referred in Buceta et al., 

2021) were multiplied by the heat transfer area of that work (outer cross-section area of the vial) and divided 

by the heat transfer areas of our work; the final values are reported in Table 4.2-2. The 95% confidence 

intervals of 𝐾S@
$$ , 𝛼S@, and 𝑙S@ estimated in the previous and present work overlapped, suggesting that H1 

was accurate enough to determine the coefficients involved in the heat transfer between the bottom shelf 

and the well plate. However, the confidence intervals of 𝐾-#$$  did not overlap, suggesting that H2 was not 

valid and perhaps a considerable part of the heat received by the vials came from other hot surfaces in the 

chamber (e.g. top shelf). 

The validation of the 3D model consisted of comparing the calculated heat flows received by the 

vials to the heat flows obtained through gravimetric analysis during ice sublimation experiments. The 

values of the heat flows were grouped according to the vial position inside de well plate (Figure 4.2-4a): (i) 

central vials (CV), (ii) inner edge vials (IEV), and (iii) outer edge vials (OEV). Figure 4.2-4b and 4c show 

the calculated heat flow rates (blue, grey and red bars) plotted next to the experimental values (white bars). 

The values of the heat flow received by the six central vials in each model geometry were averaged since 

the coefficient of variation was less than 2% among central vials. Differences between calculated and 

experimental heat flow rates used for parameter estimation were on average 2.2% of the experimental 

values, and 3.6% in the case of validation conditions; in all cases, differences were smaller than the 

experimental coefficient of variation (approximately 11%). 
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Figure 4.2-4 – (a) Vial positions in the well plate on the shelf (not in scale): central vials (CV, average flow 

of the six central vials in the geometry) in blue, inner edge vials (IEV) in grey, and outer edge vials (OEV) 

in red. (b) Comparison of experimental and simulated heat flows received by 500-µL vials. (c) Comparison 

of experimental and simulated heat flows received by 1000-µL vials. Several combinations of shelf 

temperatures (-40 °C and -15 °C) and chamber pressures (4, 6, 12, 25, and 65 Pa) were tested. Error bars 

in experimental data represent standard deviations.  
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The agreement between the predicted and experimental heat flows was statistically tested by calculating 

the coefficient of determination (R2). Figure 4.2-5 shows the predicted versus observed heat flows for all 

vial positions inside de well plate (i.e. CV, IEV, OEV). Data was close to the 1:1 line, and R2 values were 

over 0.98, both results put forward the simulations' goodness. Thus, the model generalisation ability was 

considered adequate, and heat transfer simulations in new operating conditions (i.e. shelf temperature and 

chamber pressure) within the considered experimental range were thought reliable. 

Additionally, the calculated temperature at the vial bottom was compared with the temperature 

values measured using the Tempris thermal probes, obtaining a good agreement (< 0.8 °C difference). 
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Figure 4.2-5 – �̇�5F> vs �̇�JD=. The 1:1 dotted line represents perfect agreement between predicted and 

observed values. The values of the coefficient of determination (R2) are reported in each graph. 
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Heat flow variations between different vial positions in the distilled water model 

The impact of the vial position on the heat flow received by the vials during primary drying, commonly 

known as the “edge effect”, has been previously studied by several authors using serum vials filled with 

water (e.g. Pikal et al., 2016; Pisano et al., 2011; Rambhatla and Pikal, 2003; Scutellà et al., 2017b). Scutellà 

et al. (2017b) observed that heat flows received by serum vials (filled with water) located at the periphery 

of the shelf increased by 47% compared to the heat flows received by serum vials in the centre of the 

arrangement (at shelf temperature 0 °C and chamber pressure 4 Pa); furthermore, Rambhatla and Pikal 

(2003; Figure 3 therein) reported an increase of 40% (at shelf temperature -25 °C and chamber pressure 13 

Pa). In the case of high-throughput vials, a similar effect of the vial position in the well plate may be initially 

speculated; however, there is no published research or work to this date investigating this hypothesis. 

Figure 4.2-6 shows the relative increase in the heat flow reaching high-throughput vials in the edge 

of the well plate (�̇�)) compared to those in the centre (�̇�(), expressed as the ratio of the heat flow rates 

(�̇�)/�̇�(). Two edge vials configurations were investigated: (i) edge vials facing the chamber wall (Outer 

Edge Vials, results in red in Figure 4.2-6), and (ii) edge vials facing another well plate (Inner Edge Vials, 

results in grey in Figure 4.2-6). Moreover, two vial sizes were considered: (i) 500-µL vials (striped bars) 

and (ii) 1000-µL vials (filled bars). Simulations were run at a chamber pressure of 4, 6 and 12 Pa and shelf 

temperatures of -40 °C and -15 °C. Considering outer edge vials, 500-µL vials exhibited a heat flow rate 

approximately 11% (= [�̇�) / �̇�(  – 1] × 100%) greater than central vials, while reaching up to 25% (= [�̇�) / �̇�(  – 1] × 100%) for 1000-µL vials (worst case 4 Pa and -40 °C). However, when considering inner edge 

vials, the heat flow increase compared to central vials was lower than 11% (= [�̇�) / �̇�(  – 1] × 100%), 

regardless of the vial’s size. 

Placing a 1000-µL vial in an outer edge position instead of a central position had the most critical 

impact on the heat flow received (19% to 25%; = [�̇�) / �̇�(  – 1] × 100%). This impact seemed to increase 

with lower shelf temperatures and lower chamber pressures, as previously noted between serum vial 

positions on the shelf (Rambhatla and Pikal, 2003; Scutellà et al., 2017b). However, for 500-µL vials and 

1000-µL inner edge vials, the impact of the high-throughput vial position in the well plate could be 

considered negligible compared to that of serum vials (over four times lower; Rambhatla and Pikal, 2003; 

Scutellà et al., 2017b). 

The use of 500-µL vials would be recommended to avoid heat transfer variations between vial 

positions in the well plate. However, screening tests may frequently require sampled volumes over 500 µL; 

hence, 1000-µL vials may be the only alternative. The results for 1000-µL vials should be considered as a 

worst-case situation. 
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Figure 4.2-6 – Ratio (%) of �̇�) to �̇�(  (= [�̇�) / �̇�(] × 100%). Results were obtained using the distilled water 

model at different shelf temperatures (-40 and -15 °C) and chamber pressures (4, 6 and 12 Pa). Vial 

positions refer to those shown in Figure 4.2-2.  
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Temperature profile and heat flux distribution in the distilled water model 

The temperature profiles and the heat fluxes in the drying chamber were simulated using 3D modelling. As 

an example, Figure 4.2-7 shows the results obtained at shelf temperature -15 °C and chamber pressure 4 Pa 

using the distilled water model. The temperature profiles are represented as colour maps, and heat fluxes 

are represented as arrows whose lengths indicate their module on a logarithmic scale to accentuate the 

visualisation of the smaller fluxes. Two vial sizes were considered: 500-µL vials (Figure 4.2-7a) and 1000-

µL vials (Figure 4.2-7b). For each vial size, the geometry presented an outer edge vial, an inner edge vial, 

and six central vials. Comparing 500-µL and 1000-µL vials, 1000-µL edge vials received extra heat fluxes 

through the vial area protruding from the well plate, which explains why placing a vial in an edge position 

was more critical for the heat flow received in the case of 1000-µL vials than 500-µL vials. These extra 

heat fluxes came mostly from the top shelf and chamber wall in the case of 1000-µL outer edge vials, and 

from the top shelf in the case of 1000-µL inner edge vials.  

The difference between the maximal and minimal temperature in the well plate was less than 0.16 

°C. Hence, the well plate temperature could be considered homogenous compared to the rest of the system's 

temperature variations, e.g. 4.4 °C between the vials and the well plate and 24.7 °C between the well plate 

and the shelf at chamber pressure 4 Pa and shelf temperature -15 °C. Such low variation within the well 

plate temperature was due to the aluminium's high conductivity (Buceta et al., 2021; Perry and Green, 

2008). The temperature difference within the ice/frozen layer was less than 2.0 °C due to the relatively high 

thermal conductivity of the ice compared to the vapour in the vial headspace and the chamber (> 80 times 

greater). The highest temperature in the ice/frozen layer occurred at the bottom of the content and the lowest 

temperature (𝑇,+3) was observed at the ice sublimation front, as noted in previous modelling studies 

(Scutellà et al., 2017b; Sheehan and Liapis, 1998). Remarkably, the heat flux in the ice/frozen layer was 

essentially one-directional, coming from the bottom to the top (following the temperature gradient 

direction) despite lateral heat transfer to the vial sides from the metallic pillars and well plate walls. 
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Figure 4.2-7 – Temperature profiles and heat fluxes obtained with the distilled water model for (a) 500-µL 

vials and (b) 1000-µL vials. Temperatures are represented as colour maps. Heat fluxes through the loose 

gas, vials and frozen product layers are represented as arrows whose lengths indicate their module on a 

logarithmic scale. Calculations were performed at a shelf temperature of -15 °C and a chamber pressure 

of 4 Pa. 
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Relative importance of individual heat transfer mechanisms in the distilled water model 

According to the distilled water model, 1000-µL vials in outer edge positions received higher heat flows 

than in central positions (Figure 4.2-6), while this tendency was less pronounced when using 500-µL vials. 

To identify which heat transfer mechanisms were responsible for these observations, Figure 4.2-8a presents 

the heat flow contributions of each mechanism received by 500-µL and 1000-µL vials (respectively) 

calculated using the distilled water model at chamber pressure 4 Pa and shelf temperature -15 °C. Most of 

the heat flow received by the vials came from the well (over 50% of the total heat flow; e.g. 0.028 W out 

of the total 0.048 W received by the outer edge 1000-µL vial in Figure 4.2-8a), primarily by contact 

conduction (over 39% of the total heat flow; e.g. 0.019 W out of the total 0.048 W received by the outer 

edge 1000-µL vial in Figure 4.2-8a). 

Regarding vial sizes, the heat contribution of radiation from distant surfaces in central vials 

increased from 500-µL vials to 1000-µL vials (e.g. from 0.0022 W for 500-µL vials to 0.0064 W for 1000-

µL vials in Figure 4.2-8a), and so did the conduction through the gas within the chamber (e.g. from 0.0044 

W for 500-µL vials to 0.0065 W for 1000-µL vials in Figure 4.2-8a). Comparing 1000-µL edge vials to 

central vials (Figure 4.2-8a), the greater heat flow received by the inner edge vial (up to 11%, = [�̇�)/�̇�(] × 

100%) was due to conduction through the gas within the chamber, and the even greater heat flow received 

by the outer edge vial (up to 25%, = [�̇�)/�̇�(  – 1] × 100%) also had a contribution of radiation from distant 

surfaces. These results put forward that the impact of the vial position was due to the heat flow contributions 

received through the vial surface protruding from the well plate. 500-µL vials protrude less than 0.1 cm 

from the well-plate, while 1000-µL vials protrude around 1 cm (half of the total vial height). Thus, the 

greater height of 1000-µL vials, compared to 500µ-L vials, exposed them more to radiation and gas 

conduction from the chamber. At the same time, the well plate considerably protected the 500-µL vials 

from such heat flow contributions, consequently limiting the edge effect. 

In the case of serum vials, most authors attribute the edge effect to the heat transfer by radiation 

from the chamber surfaces (Pikal et al., 1984; Pikal, 2000; Pikal et al., 2016a; Pisano et al., 2011; Rambhatla 

and Pikal, 2003; Schneid and Gieseler, 2008; Wegiel et al., 2018), while Scutellà et al. (2017b) concluded 

through 3D mathematical modelling that the main “extra” heat contribution from the chamber wall was 

transferred by gas conduction to the serum vials. In the case of high-throughput vials, radiation and gas 

conduction from distant surfaces had similar contributions in the distilled water model. 
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Figure 4.2-8 – Heat flow rates and their relative contributions to the total heat flow received by the vials 

using (a) the distilled water model for 500-µL vials and 1000-µL vials; and using the product model for 

1000-µL vials considering a dried layer thickness (𝑙=) of (b) 0.1 mm and (c) 5 mm. Blue squares report the 

ratio (%) of �̇�) to �̇�(  (= [�̇�) / �̇�(] × 100%). Relative contribution (%) of each mechanism with respect to �̇�(  (= [heat flow contribution / �̇�(] × 100%) are reported next to the corresponding bar. Calculations 

were performed at a shelf temperature of -15 °C and a chamber pressure of 4 Pa. Central, Inner Edge, and 

Outer Edge refer to vial positions detailed in Figure 4.2-2. 
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The distilled water model could be considered as a representation of the beginning of primary drying when 

there is no dried product layer (hence no dried product resistance, 𝑅@ = 0). As drying continues, a dried 

product layer forms and progresses from the top of the frozen layer and increases 𝑃,+3 and 𝑇,+3 at the 

sublimation front, therefore affecting the heat received by the product. The following Section (Heat flow 

variations between different vial positions in the product model) will study how a dried product layer's 

presence could affect the heat transfer by using the product model. Moreover, we could interpret the 

variation in the heat flow received by different vial positions “in time” during primary drying by comparing 

the distilled water model results (representing the beginning of primary drying) and the product model 

results (representing an advanced moment during primary drying). 
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Heat flow variations between different vial positions in the product model 

By considering the resistance to the mass transfer imposed by a dried product layer, the product model 

gives an insight into how the heat flow variations among vial positions observed in the distilled water model 

will evolve as ice sublimation progresses during primary drying. Figure 4.2-8b and Figure 4.2-8c present 

the heat flows received by 1000-µL vials calculated using the product model at chamber pressure 4 Pa and 

shelf temperature -15 °C. Two 𝑅@ values corresponding to different 𝑙= were considered in this work, one 

representing an early stage of primary drying (Figure 4.2-8b, 𝑙= = 0.1 mm, 𝑅@ = 0.119×105 Pa.s.m2.kg-1), 

and another representing a more advanced stage (Figure 4.2-8c, 𝑙= = 5 mm, 𝑅@ = 1.248×105 Pa.s.m2.kg-1).  

As expected, heat flows received by the vials decreased when 𝑅@ increased. For example, the heat 

flow received by central vials decreased by 50% (= [�̇�(  in the product model / �̇�(  in the distilled water 

model] × 100%) compared to the product model at 𝑙= = 5 mm (Figure 4.2-8a vs Figure 4.2-8c). This 

occurred because 𝑅@ increased 𝑃,+3 and hence 𝑇,+3, which reduced the temperature difference between the 

sublimation front of all the vials and the hot surfaces (i.e. shelves and chamber wall), and ultimately the 

total heat flow to the vials.  

Variations in the heat flows received by vials in different positions were smaller in the product 

model than in the distilled water model and decreased when 𝑅@ increased. As it was previously mentioned 

in Section Heat flow variations between different vial positions in the distilled water model (of this Paper 

II), outer edge vials presented heat flows up to 25% (= [�̇�) / �̇�(  – 1] × 100%) greater than central vials in 

the distilled water model (Figure 4.2-6, 1000-µL vials). In the product model, however, such increase in 

the heat flow from central to outer edge vials was 11% (= [�̇�) / �̇�(  – 1] × 100%)  at 𝑙= = 0.1 mm (blue 

square in Figure 4.2-8b) and only 4% (= [�̇�) / �̇�(  – 1] × 100%) at 𝑙= = 5 mm (blue square in Figure 4.2-8c). 

Thus, the edge effect is expected to diminish throughout primary drying as 𝑅@ increases, which is a 

beneficial practical outcome.  

The heat flow from the top shelf and the chamber door (red, yellow, and green plain bars in Figure 

4.2-8) increased from central to edge vials in the distilled water and product models, being the main cause 

of the heat flow variations between vial positions. In the distilled water model, 𝑇,+3 only depends on the 

chamber pressure so all vials were essentially at the same temperature. In the product model, however, 𝑇,+3 
increased with the total heat flow received (as described above and in Section Calculation of the heat flows 

of this Paper II), so the edge vials were slightly warmer (< 1 °C) than the central vials, as further discussed 

in the following Section Temperature profile in the product model. 
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Temperature profile in the product model 

Figure 4.2-9 shows the temperature profiles of an outer edge vial and a central vial considering different 

dry layer thicknesses (𝑙= values). Product temperature profiles in the outer edge and central vials are similar 

at the beginning of primary drying (Figure 4.2-9a, 𝑙= = 0 mm) when the temperature at the sublimation 

front (-51.5°C) is determined by the chamber pressure alone. In contrast, the introduction of a dried product 

layer entailed a higher product temperature in outer edge vials (-44.3°C at the sublimation front) compared 

to central vials (-45.0°C) (Figure 4.2-9b, 𝑙= = 0.1 mm) due to the coupling between heat and mass transfer: 

a higher heat flow near the edge induced a higher mass flow through the porous layer (Equation 4.2-19), 

which resulted in a higher pressure at the sublimation front (Equation 4.2-18) and hence in a higher 

temperature at this surface (Equation 4.2-17). As primary drying continued (Figure 4.2-9c, 𝑙= = 5 mm) and 𝑅@ increased, the overall vial temperature increased, e.g. by about 10 °C from figure Figure 4.2-9b to Figure 

4.2-9c. Thus, heat flows to the vials decreased (Figure 4.2-8b vs Figure 4.2-8c) because they depend on the 

temperature difference between the hot surfaces (mainly shelves) and the vials. This difference between 

shelf and vial temperatures was larger for the “colder” central vials than for the “warmer” edge vials. As a 

result, in the product model, the larger heat flow received from the shelves by the “colder” central vials 

partly compensated the extra heat flow received from the walls by the edge vials, explaining the reduction 

of the edge effect as 𝑙= increased. Ultimately, the temperature difference between edge and central vials 

diminished (0.4 °C in Figure 4.2-9b vs 0.2 °C in Figure 4.2-9c), which is a favourable consequence for 

product homogeneity. 

Figure 4.2-9 also indicates that the temperature differences within the dried product layer were 

always less than 1.1 °C. Most lumped-variable (0D) models do not consider heat conduction through the 

dry layer and calculate the product temperature at the sublimation front (lowest temperature in the dried 

product layer). Consequently, an additional safety margin should be considered for process design based 

on 𝑇,+3 to avoid collapse in any part of the dried product layer. 
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Figure 4.2-9 – Temperature profiles for 1000-µL outer edge and central vials for a filling height of 16 mm, 

obtained with (a) the distilled water model (𝑙== 0 mm), (b) the product model considering 𝑙== 0.1 mm, and 

(c) the product model considering 𝑙== 5 mm. Temperatures are represented as colour maps; note the same 

temperature span (2.5°C) in each case. Calculations were performed at a shelf temperature of -15 °C and 

a chamber pressure of 4 Pa. 
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Sensitivity analysis 

A sensitivity analysis was performed to identify the model parameters (inputs) that should be more precisely 

determined when calculating heat flows received by the vials (�̇�) using the product model. The relative 

impacts of the variation of each parameter on the calculated heat flow received by all vial positions (i.e. 

central, inner edge, outer edge) and vial sizes (i.e. 500-µL and 1000-µL) were similar. Figure 4.2-10 

presents the average values and standard deviations of 𝐸H for central 1000-µL vials. Positive 𝐸H values refer 

to an increase in the heat flow when increasing the parameter value, while negative values denote a 

decrease. The most sensitive parameters were: (i) 𝛼S@, (ii) 𝐾S@
$$ , and (iii) 𝑅@. 𝛼S@ and 𝐾S@

$$  are related to 

the well plate bottom surface, their high sensitivity indicates the key role of the heat transfer between the 

bottom shelf and the well plate bottom (limiting resistance) on the total heat transfer to the sublimation 

front (Buceta et al., 2021). The importance of 𝐾S@
$$  is in agreement with previous research using serum 

vials, which highlighted the impact of the contact conduction between the shelf and the serum vial bottom 

(Brülls and Rasmuson, 2002; Kuu and Nail, 2009; Pisano et al., 2011; Scutellà et al., 2017a). However, 

while 𝛼S@ was found as a sensitive parameter, to the best of our knowledge, well plate-to-well plate 

variation has not been studied in the literature. Manufacturing glass serum vials appears to entail lower vial-

to-vial variations in the surface finish compared to the well-plate-to-well-plate variations caused by the 

aluminium turning technique observed in this study. The high impact of 𝑅@ highlighted the importance of 

the mass transfer during primary drying. The negative value of the 𝑅@ sensitivity (Figure 4.2-10) indicates 

that an increase of 𝑅@ tends to reduce the heat transfer to the vial. Similar results were obtained when 

performing the sensitivity analysis with 𝑙= values in a lower range (0 to 0.1 mm; data not shown). 

On another note, many heat and mass transfer models for the primary drying do not take into 

account heat transfer parameters depending on the dried product layer (i.e. 𝜀=, 𝜆=) (e.g. Mortier et al., 2016; 

Pikal, 1985; Scutellà et al., 2017a). The sensitivity of 𝜀= and 𝜆= were over 20 times lower than that of the 

most sensitive parameter (𝛼S@), confirming that much experimental effort does not need to be put in their 

determination and rough estimations are sufficient.  
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Figure 4.2-10 – 𝐸H values of the parameters reported in Table 4.2-3, calculated using Equation 4.2-20. 

Grey bars represent the average values for the domain samples, and error bars represent the standard 

deviations within the “domain samples”. 
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CONCLUSIONS 

 

This work studied heat transfer mechanisms and the edge effect in a high-throughput and well plate system 

(i.e. heat flow increase in vials facing the chamber wall) using 3D modelling. Two 3D steady-state models 

were developed and compared: one representing the beginning of primary drying with only frozen water, 

and another one representing intermediate stages of primary drying (for a sucrose aqueous solution) by 

including the formation and progress of a dried product layer.  

The edge effect was only significant in vials protruding from the well plate (1000-µL vials) and at 

the very beginning of primary drying. The edge effect is thus expected to diminish throughout primary 

drying as the dried product layer thickness increases. Our work suggested that heat transfer variations due 

to the vial position in the well plate are caused by the heat flow contributions from the chamber wall and 

top shelf by radiation and conduction through the gas within the chamber. Interestingly, compared to freeze-

drying in serum vials, the presence of a metallic well plate significantly reduce the impact of the vial 

position (over 50%, = 100% × [�̇�) / �̇�(] in high-throughput vials / [�̇�) / �̇�(] in serum vials) in all studied 

situations by improving the heat transfer from the bottom shelf and redistributing a portion of the extra heat 

flow from the chamber wall to the high-throughput vials (i.e. central and edge).  

Based on the models presented in this work, further model development could help to understand 

the impact of the well plate position on the shelf. 
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APPENDIX 4.2-A 

 

The geometry between the adjacent surfaces of the wells and the vials was modified to simplify the 

COMSOL model. Figure 4.2-11a is a 3D reconstruction of a real well plate with pillars between the wells. 

Furthermore, Figure 4.2-11b presents the 3D geometry of a simplified well plate without pillars, assuming 

that wells are not connected and have a diameter equal to the external vial diameter. 

 

 

 

 

 

 

Figure 4.2-11 – 3D reconstruction of a well plate. (a) Geometry of a “real” well plate with pillars. (b) 

Geometry of a simplified well plate without pillars, assuming the well diameter equal to the external vial 

diameter.  
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Figure 4.2-12a shows the cut of the well plate initially aimed at being represented in the model geometry. 

Figure 4.2-12b presents the modified well plate geometry obtained by considering the well diameter equal 

to the external vial diameter, so the well sides share surfaces with the vial sides. Figure 4.2-12c details the 

physical meaning of each portion of the surface shared between the wells and the vials. The shared surface 

include: (i) a bottom portion where the well bottom faces the vial bottom; (ii) a lateral portion where the 

physical contact pillar faces the vial, (iii) a lateral portion where the other pillar (in the case of a central 

well) or the well plate wall (in the case of an edge well) faces the vial side, and (iv) a lateral portion where 

the vial faces an adjacent vial. The lateral surfaces shared between the wells and the vials were divided into 

eight equal parts where different coefficients were applied according to Figure 4.2-12c. 𝐾-#*$  and 𝐾-#:+= were 

applied in surface portions corresponding to wells facing vials (continuous orange surfaces and orange 

striped surfaces in Figure 4.2-12c). 𝐾-#$$  was applied in surface portions corresponding to a well bottom and 

a physical contact pillar facing a vial (continuous orange surfaces in Figure 4.2-12c). The heat transfer 

through the lateral surfaces between vials (green surfaces in Figure 4.2-12c) was considered negligible 

compared to the transfer from the well plate, which corresponds to assuming a symmetry condition between 

vials.  
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Figure 4.2-12 – Schematic representation (not in scale) of the heat transfer area and coefficients between 

the wells and the vials (not in scale). (a) View from top of the well plate cut considered in the geometry 

(vials are not shown). (b) View from top of the well plate cut considered in the geometry when assuming 

the wells and the vials share the same surface equal to the external vial diameter (vials are not shown). (c) 

Surface shared by the wells and the vials where heat transfer coefficients were applied. Geometric 

dimensions refer to Table 4.2-1. 𝐾-# are detailed according to the heat transfer mechanism involved: 𝐾$$ 
by contact conduction, 𝐾*$

is by conduction through the gas trapped between the surfaces, 𝐾:+= by 

radiation.  
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4.2.4. Take-Home Message 

A comprehensive 3D physical model for heat transfer was build and validated for high-

throughput systems for the first time. Thanks to the model, heat transfer mechanisms 

were investigated in the considered system in great detail. As a practical outcome of the 

study, the edge vial effect within a well plate caused by a chamber wall should only be 

considered at the beginning of primary drying when using vials protruding from the 

well plate (1000-µL vials). In this condition, heat flows received by vials at the edge of 

the well plate were over 19% greater than the rest. As primary drying continues, the 

dried product resistance to mass transfer increases the product temperature while 

reducing the edge vial effect. Consequently, the heat transfer variations due to the vial 

position can be neglected during the most critical part of primary drying, when the 

product temperature is the highest.  

 

To complement the study on the impact of the vial position in the well plate developed in this 

Section 4.2, the following Section 4.3 addresses how the well plate position in the shelf impacts 

the heat flow received by the vials.  
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4.3. How the Well Plate Position on the Shelf 

Impacts the Heat Transfer 

4.3.1. Context 

Numerous investigations have been carried out on how the serum vial position on the shelf affects the heat 

transfer during primary drying (e.g. Pisano et al., 2011; Rambhatla and Pikal, 2003; Scutellà et al., 2017a). 

The previous Section 4.3 studied how the high-throughput vial position in the well plates could affect the 

heat transfer. However, the well plates in Section 4.2 were placed in the centre of the shelf, so the impact 

of the well plate position was not considered. 

 

4.3.2. Objectives 

Section 4.3 investigates how placing a well plate near a chamber wall or door could increase the heat 

transfer to the vials. The 3D steady-state mechanistic models proposed in Section 4.3 are modified to 

represent different well plate positions in the shelf. In this way, the variations on the heat flow received by 

vials in different well plate positions are evaluated in time by comparing models for different stages of 

primary drying.  
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4.3.3. Paper III  

This draft has not been submitted to a scientific journal. 

 

PROVISIONAL TITLE 

“3D mathematical modelling to understand the impact of the well plate position on the shelf during freeze-

drying using high-throughput vials” 
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ABSTRACT 

High-throughput systems consisting of small (500 or 1000 µL) vials inside 96-well plates were recently 

considered to accelerate the screening of potential vaccine formulations during freeze-drying. However, 

heat transfer variations between vials due to their position on the freeze dryer’s shelf could cause deviations 

in the final product quality and bias the screening results. This work used 3D modelling to understand how 

the well plate position on the shelf impacts the heat transfer during ice sublimation in vials filled with 

distilled water or a “model” product (5% sucrose solution). For vials filled with distilled water, placing a 

well plate near the chamber door increased the heat flow received up to 33% compared to a well plate in 

the middle of the shelf. In the presence of a dried product layer formed during primary drying, placing a 

well plate near the door could increase the heat flow by up to 42% and raise the product temperature by 2 

°C. Therefore, variations between well plates may evolve during primary drying, as the dried product layer 

thickness and associated resistance to mass transfer increase. Comparing 3D and 0D modelling results, a 

safety margin on the product temperature near the chamber door of 2 °C is suggested for 0D models due to 

their simplifying assumptions. 

 

KEYWORDS 

Freeze-drying; Lyophilization; Mathematical model(s); 3D modelling; Vaccine(s). 
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INTRODUCTION 

 

Freeze-drying is widely used in the pharmaceutical industry to stabilise vaccines and facilitate their storage 

and transportation (Adams, 2007; Izutsu, 2018; Wiggan et al., 2011). The freeze-drying process consists of 

three steps: (i) freezing, (ii) primary drying, and (iii) secondary drying. During the freezing step, 

approximately 80% of the initial water content is turned into ice crystals (Pikal, 2000), which are then 

removed by sublimation during primary drying in vacuum conditions (less than 15 Pa). Most of the bound 

water in the cryoconcentrated phase remaining after primary drying is finally removed by desorption during 

secondary drying. The product’s structure during primary drying is still fragile due to the remaining 

adsorbed (or absorbed) water, and could collapse if heated above a specific critical temperature known as 

collapse temperature (Pikal and Shah, 1990a). Product collapse could cause a loss of potency, an 

unacceptably high final moisture content, and an excessively long reconstitution time. Thus, the product 

appearance is an important criterion to accept or refuse candidate formulations during the development of 

new vaccines (World Health Organization, 2011). Screening formulations to evaluate which one is less 

prone to collapse or degradation during primary drying is very time-consuming, and recently, high-

throughput systems were proposed to accelerate this labour (Buceta et al., 2021; von Graberg, 2011). Each 

high-throughput system consists of an aluminium 96-well plate containing (96) small tubular vials – known 

as high-throughput vials – with a maximal filling volume of 500 or 1000 µL. The smaller size of the high-

throughput vials compared to the “traditional” serum vials (over 3000 µL; Brülls and Rasmuson, 2002; 

Pikal et al., 2016; Scutellà et al., 2017a)  allows to fit more containers on the freeze dryer and hence to test 

more formulations per freeze-drying cycle. Moreover, the high-throughput vial disposition in the well plate 

is compatible with many robots used to prepare and fill formulations, and simplifies the transport and 

storage of the vials. 

The product temperature is a critical process parameter for the dried product appearance (Patel et 

al., 2017; Pikal and Shah, 1990a). During freeze-drying, vials are placed on the shelves inside the drying 

chamber of the freeze dryer. Two main operating conditions can be set to control the product temperature: 

the temperature of the shelves and the pressure inside the drying chamber. However, many other factors 

can impact the product temperature, remarkably, the vial position on the shelf (Pikal et al., 1984; Rambhatla 

and Pikal, 2003; Schneid and Gieseler, 2008; Scutellà et al., 2017b; Wegiel et al., 2018). Vial positions 

near the chamber wall or door usually receive greater heat flows than those in the centre of the shelf, causing 

variations in the product quality within the freeze-dried batch. In the case of high-throughput vials, which 

are used for screening formulations, these variations could lead to biased results and the selection of sub-

optimal formulations.  

Previous work carried out by our team focused on how the vial position in the well plate could 

affect the heat flow received during ice sublimation (Section 4.2). That work developed a 3D mechanistic 

model for heat transfer during ice sublimation using high-throughput vials (distilled water model), which 
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was then extended to a heat and mass transfer model for ice sublimation coupled to mass transfer through 

a dried product layer (product model). The distilled water model represented a situation similar to the 

beginning of primary drying (no dried product resistance to mass transfer; Konstantinidis et al., 2011), 

while the product model represented a typical moment during primary drying (5 mm of a dried product 

layer). Following the approach of Section 4.2.3, the present work will focus on how the well plate position 

on the shelf impacts the heat flow received by the vials. The geometry of the distilled water and product 

models described in Section 4.2.3 was modified to represent a well plate near the chamber wall or door. 

The new distilled water model was validated using experimental data obtained by gravimetric analysis 

during ice sublimation experiments. Finally, comparing the heat flows calculated using all the distilled 

water and product models introduced the notion of drying progress, so we could simulate how the impact 

of the well plate position would evolve (in time) during primary drying.   
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MATERIALS AND METHODS 

 

Containers 

The 96-Well Freeze-Drying System manufactured by VirTis (SP Scientific, Stone Ridge, NY, USA) 

consisting of aluminium well plates and tubular glass vials – hereinafter referred to as high-throughput vials 

– was used in our research. Two well plate types were used (Buceta et al., 2021):  

(i) A-type exhibiting a brilliant black surface finish and circular marks due to the way they were 

manufactured, and  

(ii) B-type exhibiting a matte black surface finish and no visible marks. 

Furthermore, two high-throughput vial sizes were used, which only differed in height, presenting a maximal 

filling volume of 500 µL or 1000 µL (Section 4.2.3). 

 

Ice sublimation experiments 

Several ice sublimation experiments were performed as described in Buceta et al. (2021), using a pilot scale 

freeze dryer Epsilon 2-25D (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). 

Each experiment required 768 vials in 8 well plates. During experiments with 500-µL vials, these were 

filled with 400 µL of distilled water; while during experiments with 1000-µL vials, these were filled with 

600 µL of distilled water. Well plates were placed on the freeze dryer’s shelf (pre-cooled at -50 °C) 

according to Figure 4.3-1. Relative air humidity was limited during loading by a dry air laminar flow in 

front of the freeze dryer door, reducing condensation on the shelves. Once well plates were loaded, a 

freezing step of 2 hours at -50 °C was performed to ensure all the water solidified. After the freezing step, 

the pressure inside the drying chamber was decreased until the set value for primary drying, and the shelf 

temperature was increased to the setpoint (at 1 °C.min-1). The sublimation step thus started when the shelf 

temperature exceeded the ice-vapour equilibrium temperature at the chamber pressure. The inlet 

temperature of the heat-transfer fluid circulating inside the shelves (referred to as shelf temperature for 

short) was set during sublimation to either -40 or -15 °C. At shelf temperature -40 °C, the chamber pressure 

was set to 4 Pa; and at -15 °C, the chamber pressure was set to either 4, 12, 25, and 65 Pa. Ice sublimation 

experiments ended after sublimation of approximately 20% of the ice by quickly breaking the vacuum 

inside the chamber. 
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Figure 4.3-1 – Arrangement of the well plates on the freeze dryer shelf for tests (not in scale, view from the 

top). Dotted rectangles (cuts α, β, and γ) denote sections of the system represented in the 3D models. 
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Sublimation mass flow rates were gravimetrically measured. All vials in the well plate were 

weighed before (𝑚!"!3!+6, kg) and after (𝑚8!"+6, kg) the ice sublimation experiments using a robotic tube 

handler model XL9 manufactured by BioMicroLab (Concord, California, USA) with an analytical scale (± 

0.0001 g). Time-averaged heat flows (�̇�5F>, W) were calculated for each vial as (Scutellà et al., 2017a): 

 �̇�5F> = 𝑚!"!3!+6 −𝑚8!"+6∆𝑡 ∆𝐻,I2 Equation 4.3-1 

where ∆𝑡 (s) is the duration of the ice sublimation experiment and ∆𝐻,I2 (2.763×106 J.kg-1) is the latent 

heat of sublimation of water. 

 

Determination of the surface emissivity and temperature of the chamber door 

The surface emissivity of the door was measured by Themacs Ingénierie (Champs-sur-Marne, France) using 

the emissometer EM-2 (Monchau et al., 2013). Moreover, the surface temperature of the door was measured 

during ice sublimation experiments at chamber pressure 4 Pa and shelf temperature -40 and -15 °C using 

Tempris wireless temperature probes (iQ-mobil solution GmbH, Holwkirchen, Germany) secured with heat 

conductive tape. 
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MATHEMATICAL MODELLING 

 

There are several possible loading configurations on the shelf of the freeze dryer when using high-

throughput vials inside well plates. Figure 4.3-1 presents the three well plate positions that have been 

considered in this work:  

(i) in the centre of the shelf (Figure 4.3-1, green well plates); 

(ii) near the chamber wall (Figure 4.3-1, purple well plate); and  

(iii) near the chamber door (Figure 4.3-1, orange well plate).  

Moreover, high-throughput vials can be grouped depending on their position inside the well plate and with 

respect to the chamber: 

(i) vial positions next to a well plate edge and facing the closest chamber surface (wall or door) 

hereinafter referred to as “outer edge vials” (Figure 4.3-1, red circles with black crosses);  

(ii) vial positions next to a well plate edge facing another well plate or a distant chamber surface 

(wall or door) hereinafter referred to as “inner edge vials” (Figure 4.3-1, grey circles with a black 

diagonal line); and  

(iii) vial positions surrounded by other vials, hereinafter referred to as “central vials” (Figure 4.3-1, 

blue circles with a black dot inside). 

  

3D model for a well plate situated in the centre of the shelf 

The 3D mathematical models for ice sublimation with vials filled with distilled water (distilled water model) 

and vials filled with a sucrose solution (product model) fully described in Section 4.2.3 were used to 

calculate the heat flow rates received by high-throughput vials inside a well plate in the centre of the shelf. 

In the distilled water model, vials were considered filled with frozen distilled water; and in the product 

model, vials were considered filled with a frozen 5% w/w sucrose solution (product) (same volume as 

during ice sublimation tests).  

The geometries of the 3D models represented a portion of the drying chamber indicated as a “cut 

α” in  Figure 4.3-1, and were created using the software COMSOL Multiphysics 5.3a (COMSOL, Inc, 

Burlington, USA). As an example, Figure 4.3-2a shows the 3D geometry for the 500-µL vials, consisting 

of a portion of the chamber wall, the shelves, the well plate, and eight vials with their content. Moreover, 

Figure 4.3-2c details the two contents considered (i.e. only ice, or frozen product with a dried product layer 

of 5 mm). The geometry for the 1000-µL vials was similar to that of 500-µL vials, only varying the vial 

height and filled depth. Relevant dimensions of the geometry are reported in Table 4.3-1. 
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Figure 4.3-2 – Model geometry (not in scale) for 500-µL vials in well plates (a) in the centre of the shelf 

(cut α in Figure 4.3-1), and (b) near the chamber door or wall (cut β or γ in Figure 4.3-1). Overall view, 

with only the vials closer to the edge represented for clarity. (c) Detail of the vial and its content for the 

distilled water model and product model. 
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Table 4.3-1 – Relevant 3D model dimensions, fixed temperatures, surface emissivity values, and physical 

characteristics of the dried product. 

Parameter Description Value Units Source 

𝑑K 
Distance between the well plate and the 
vertical symmetry plane 

90 mm 
Parametric 

analysis in this 
work  

𝑑(  

Distance between the shelf and the 
chamber wall 

108 mm Section 4.2.3 

Distance between the shelf and the 
chamber door 

128 mm Measured 

𝑑) 

Distance between the edge of the shelf 
and the well plate in the centre of the 
shelf 

140 mm Section 4.2.3 

Distance between the edge of the shelf 
and the well plate near the chamber 
wall or door 

10 mm Measured 

𝑑0 Vertical separation between shelves  57 mm 
(Buceta et al., 

2021) 𝑑#) Outer diameter of the vial 8.82 mm 
(Buceta et al., 

2021) 𝑑#1 Inner diameter of the vial 7.20 mm 
(Buceta et al., 

2021) ℎ-#,T.. 500-µL vial height 15.7 mm 
(Buceta et al., 

2021) ℎ-#,%... 1000-µL vial height 29.1 mm 
(Buceta et al., 

2021) ℎ4566 Depth of the wells 15.2 mm 
(Buceta et al., 

2021) 𝑙= Dried product layer thickness 5 mm 
Consideration 
for this work 𝑅@ Area normalised product resistance 1.248×105 Pa.s.m2.kg-1 

(Konstantinidis 
et al., 2011) 

𝑇4+66 
Surface temperature of the chamber 
wall  when shelf temperature is set to  
-40 °C 

0.1 

°C Section 4.2.3 
Surface temperature of the chamber 
wall  when shelf temperature is set to 
-15 °C 

5.1 

𝑇=DD: 

Surface temperature of the chamber 
door  when shelf temperature is set to  
-40 °C 

0.2 

°C Measured 
Surface temperature of the chamber 
door  when shelf temperature is set to 
-15 °C 

11.0 

𝜀= Emissivity of the dried product layer 0.95 Dimensionless 
(Emteborg et al., 

2014) 𝜀=DD: Emissivity of the chamber door 0.88 Dimensionless Measured 
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Continuation of Table 4.3-1. 

Parameter Description Value Units Source 

𝜀!$5 Emissivity of the ice 0.98 Dimensionless 
(Heldman and 
Moraru, 2010) 𝜀,7568 Emissivity of the shelf 0.18 Dimensionless Section 4.2.3 𝜀<!+6 Emissivity of the vial 0.85 Dimensionless Section 4.2.3 𝜀4+66 Emissivity of the chamber wall 0.13 Dimensionless Section 4.2.3 

𝜀4> Emissivity of the well plate 0.87 Dimensionless Section 4.2.3 

𝜆= 
Thermal conductivity of the dried 
product layer 

0.043 W.m-1.K-1 

5 % of the 
sucrose thermal 

conductivity 
(Krokida et al., 

2001) 
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The heat transfer mechanisms considered in the models were previously described in Section 4.2.3 

and are briefly recalled hereafter: 

(i) Contact conduction. Two contact conduction coefficients were defined: one between the bottom 

shelf and the well plate bottom (𝐾S@
$$ , W.m-2.K-1), and one between the wells and the vials (𝐾-#$$ , 

W.m-2.K-1). A perfect thermal contact was considered between the vials and the content (neglecting 

thermal resistance). 

(ii) Conduction through the solids. The conduction within the well plate, vials, and content was 

modelled using the Fourier equation, which relates the heat fluxes and the local temperature 

gradients considering the geometric dimensions of the objects and their thermal conductivity (λ, 

W.m-1.K-1). 

(iii) Conduction through the gas. The conduction through the water vapour in the chamber was 

modelled using the Fourier equation considering a boundary layer (Knudsen layer) next to all solids 

(i.e. the chamber wall, shelves, well plate, vials and content). Moreover, two thermal 

accommodation coefficients related to the quality of momentum exchange between the gas 

molecules and adjacent surfaces were defined: one between the bottom shelf and the well plate 

bottom (𝛼S@, dimensionless), and one between the wells and the vials (𝛼-#, dimensionless). 

(iv) Radiation. The radiation fluxes in the chamber were modelled by the radiosity method, and 

depended on the geometric dimensions of the surfaces, their disposition in the geometry, and their 

surface emissivity value (ε, dimensionless). 

Heat transfer equations of the mentioned mechanisms were solved using COMSOL. Relevant model 

parameters are reported in Table 4.3-1, and calibrated parameters are reported separately in Table 4.3-2. 

The distilled water model and product model neglected the mass transfer within the chamber, 

assuming the chamber filled with water vapour and the chamber pressure uniform and equal to the specified 

setpoint. The product model considered the mass transfer within the dried product layer, however, which 

was modelled considering the area-normalised dried product resistance (𝑅@, Pa.s.m2.kg-1, Table 4.3-1). The 

mass transfer equation was solved in MATLAB R2017a (The MathWorks, Inc, Natick, Massachusetts, 

USA), and results obtained with COMSOL and MATLAB were connected through the LiveLink interface. 
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Table 4.3-2 – Mean values and standard errors (SE) of the parameters calibrated based on measured heat 

flow data for 500-µL vials in A-type well plates in the centre of the shelf at a shelf temperature of -15 °C 

and chamber pressures of 4, 12, and 65 Pa. Values for B-type well plates were previously determined in 

Section 4.2.3 and are recalled for comparison. 

Parameter Description 

Value for  

A-type well plate 

(mean ± SE) 

Value for  

B-type well plate 

(mean ± SE)* 

Units 

𝐾-#$$  
Contact conduction heat transfer 
coefficient between the wells and the 
vials. 

16.5 ± 2.5 20.1 ± 4.1 W.m-2.K-1 

𝐾S@
$$  

Contact conduction heat transfer 
coefficient between the bottom shelf 
and the well plate bottom. 

4.2 ± 1.4 5.1 ± 1.8 W.m-2.K-1 

𝑙S@ 
Average gas layer thickness between 
the shelf and the well plate bottom. 

523 ± 24 420 ± 89 µm 

𝛼-# 
Accommodation coefficients for 
conduction through the trapped gas 
between the wells and the vials. 

0.241 ± 0.018 0.330 ± 0.022 Dimensionless 

𝛼S@ 

Accommodation coefficients for 
conduction through the trapped gas 
between the bottom shelf and the well 
plate bottom. 

0.84 ± 0.16 0.95 ± 0.18 Dimensionless 

*Taken from Section 4.2.3.  
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3D model for a well plate situated near the chamber wall or door 

The models for central well plates were modified as follows to represent heat and mass transfer near the 

chamber walls and door (Figure 4.3-2b): 

(i) The number of vials in the row was changed from 8 to 12. As shown in Figure 4.3-1, a row of 8 

vials was considered for the model of well plates in the centre of the shelf (cut α); however, a row 

of 12 vials was considered to face the chamber door and back wall (cuts β and γ). 

(ii) The distance between the chamber door and the shelf (𝑑( , Figure 4.3-2), and the shelf and the 

well plate (𝑑), Figure 4.3-2) were changed accordingly. 

(iii) The distance between the well plate and the zero flow condition plane (𝑑K, Figure 4.3-2) was 

set to 90 mm, which was found long enough to fully develop the gas’s temperature profile near the 

inner edge vials. The heat flow received by the inner edge vials varied by less than 0.1% when 

increasing 𝑑K to 180 mm (double the length). 

(iv) In the particular case of a well plate near the chamber door, the chamber wall’s surface 

emissivity and temperature were changed to those of the chamber door. 

The values of the changed model parameters are also reported in Table 4.3-1. 

 

Use of the experimental heat flows for parameter calibration and model validation 

For each well plate type (i.e. A-type and B-type), five model parameters related to microscopic contact 

between solids and to the gas entrapped therein had to be calibrated: 

(i) the contact conduction contributions between adjacent solids (𝐾S@
$$ , 𝐾-#$$ ),  

(ii) the accommodation coefficients for conduction through the trapped gas (𝛼S@, 𝛼-#), and  

(iii) the average gas layer thickness between the shelf and the well plate bottom (𝑙S@). 

Parameters for B-type well plates were taken from Section 4.2.3. Parameters for A-type well-plates were 

calibrated following the same approach described in Section 4.2.3, considering the 3D model for a well 

plate situated in the centre of the shelf, and using �̇�5F> values of 500-µL vials inside well plates in the 

centre of the shelf under nine conditions (3 operating conditions: shelf temperature -40 °C and chamber 

pressures 4, 12, and 65 Pa; and 3 vial positions: central, inner edge and outer edge). The validation of the 

3D heat transfer models consisted in comparing the heat flows calculated using the distilled water model 

with �̇�5F> for the remaining twenty-one conditions (Section 4.2.3, Appendix 4.2-A). 
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RESULTS AND DISCUSSION 

 

Parameter calibration and validation of the 3D models 

Model parameters related to microscopic contact between solids and conduction through the gas entrapped 

therein were calibrated for A-type well plates. Table 4.3-2 presents the values of said parameters as well as 

the parameter values for B-type well plates previously determined in Section 4.2.3. The contact conduction 

contributions between the bottom shelf and the well plate bottom (𝐾S@
$$ ) and between wells and vials (𝐾-#$$ ) 

were lower for A-type than B-type well plates. The surfaces of A-type well plates presented circular 

manufacturing marks that made them have fewer contact points, reducing the heat transfer by contact 

conduction (i.e. 𝐾S@
$$  and 𝐾-#$$ ). Furthermore, the accommodation coefficients for conduction through the 

trapped gas (𝛼S@, 𝛼-#) were also lower for A-type well plates; which was expected since polished surfaces 

as those of A-type well plates typically present lower accommodation coefficients than matte (unpolished) 

surfaces like those of B-type well plates (Pikal, 2000). Finally, the average gas layer thickness between the 

shelf and the well plate bottom (𝑙S@) was greater for A-type well plates than B-type; this could be related 

to the circular manufacturing marks of the well plate bottom and the overall wavier visual aspect of the 

surface of B-type well plates. 

Calculated and experimental heat flows received by the vials during ice sublimation were compared 

to validate the 3D heat transfer models (distilled water models); results are presented in Appendix 4.3-A 

and Appendix 4.3-B. The agreement between measurements and model predictions was found satisfactory. 

Deviations between measured and predicted heat flows in cases not used for calibration were on average 

5% (Appendix 4.3-A), and the coefficients of determination (R2) were higher than 0.96 (Appendix 4.3-B). 

For reference, deviations for conditions used for parameter calibration were on average 4%. Deviations 

were similar or lower than the experimental coefficients of variation (approximately 11%); therefore, the 

models’ simulations in new conditions within the considered experimental range were deemed trustworthy. 
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Heat and mass transfer variations between well plate positions 

The impact of the container position on the shelf was previously studied by several authors for serum vials 

during ice sublimation (e.g. Pikal et al., 2016; Pisano et al., 2011; Rambhatla and Pikal, 2003). While 

Section 4.2.3 studied the impact of the high-throughput vial position in the well plate, to the best of the 

authors’ knowledge, there is no published research so far addressing the impact of the well plate position 

on the shelf. 

Figure 4.3-3 presents the ratios of the average heat flows received by vials in well plates near the 

chamber wall or door to vials inside well plates in the centre of the shelf (�̇�SE/�̇�(), obtained using the 

distilled water model and the product model at chamber pressure 4 Pa and shelf temperatures -40 and -15 

°C. Similar results were obtained at all chamber pressures lower than 12 Pa, of pharmaceutical interest. The 

value of 𝑅@ increases during primary drying (Pikal, 2000); hence the results obtained with the distilled 

water model are a representation of the very beginning of primary drying (no dry layer, 𝑅@=0 Pa.s.m2.kg-1, 

Konstantinidis et al., 2011), and results obtained with the product model represent an intermediate point of 

primary drying. 

According to the distilled water model (Figure 4.3-3, stripped purple bars), the impact of placing a 

well plate near the chamber wall was not noticeable at -15°C but only at -40 °C, when �̇�SE/�̇�(  reached 

between 115 and 120%. Scutellà et al. (2017b) reported that the ratio of the heat flow received by serum 

vials filled with distilled water near the chamber wall to serum vials in the centre of the arrangement could 

go from 147% to 190%. Thus the impact of the well plate position on the shelf seemed considerably lower 

than that of serum vials. The impact of the chamber door, however, was significant for all conditions 

according to the distilled water model, when �̇�SE/�̇�(  reached between 120 and 133% (Figure 4.3-3, 

stripped orange bars). 

Compared to the distilled water model, the dried product layer considered in the product model 

altered the impact of the well plate position on the heat flow received by the vials (Figure 4.3-3, plain bars). 

This occurred because, in the distilled water model, the temperature at the sublimation front only depended 

on the chamber pressure and was the same for all well plate positions; however, in the product model, the 

temperature at the sublimation front depended on the total heat flow reaching the vial (Section 4.2.3). 

Interestingly, in the product model, the dependence of the vial temperature on the heat flow increased or 

decreased �̇�SE/�̇�(  with respect to the distilled water model, depending on the operating conditions (shelf 

temperature and chamber pressure) and vial size (500-µL or 1000-µL). From a practical point of view, the 

worst cases are when �̇�SE/�̇�(  increases from the distilled water model to the product model, because this 

implies that variations among well plate positions would increase during the process. These worst cases 

were observed for well plates near the chamber door at shelf temperature -40 °C for 500-µL and 1000-µL 

vials, and at -15 °C for 1000-µL vials.  
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Figure 4.3-3 – Ratio of the average heat flows received by vials in well plates near the chamber wall or 

door (�̇�SE) to those in centre of the shelf (�̇�() at a chamber pressure of 4 Pa. (a) Results for 500-µL vials 

at shelf temperature -15 °C. (b) Results for 500-µL vials at shelf temperature -40 °C. (c) Results for 1000-

µL vials at shelf temperature -15 °C. (d) Results for 1000-µL vials at shelf temperature -40 °C. The red 

arrows pointing upwards represent an increase in the variation in the product model compared to the 

distilled water model. The blue arrows pointing downwards represent a reduction. The approximate symbol 

(≈) represents a similar variation in the distilled water and product models. 
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The following is a detailed analysis of how the dried product layer could increase or decrease the 

variation on the heat flow received by different well plate positions, as described in Figure 4.3-4. The dried 

product layer had different impacts on �̇�SE/�̇�(  because the dried product resistance to mass transfer (𝑅@) 

had two opposite outcomes in parallel: 

(i) On one hand, 𝑅@ increased 𝑇,+3 (for all well plate positions) compared to the distilled water 

model, which raised the vial and well plate temperatures and reduced the heat flow from the bottom 

shelf. Thus, the heat from the chamber wall or door had a relatively greater contribution to the total 

heat flow received by the vials in the product model. This outcome was predominant in cases 

presenting a red arrow pointing upwards in Figure 4.3-3, intensifying the impact of the well plate 

position compared to the distilled water model. For these cases, we expect an increase (positive 

feedback, Figure 4.3-4) in the variation of the heat flows received by vials in different well plate 

positions during primary drying. 

(ii) On the other hand, 𝑅@ implied that 𝑇,+3 was greater in well plates that received greater heat 

flows. Therefore, in the product model, the temperature difference between the well plate and the 

bottom shelf was lower for well plates near the chamber wall or door compared to well plates in 

the centre of the shelf, penalising the heat transfer to well plates near the chamber wall or door. 

This outcome was predominant in the case presenting a blue arrow pointing downwards in Figure 

4.3-3. For this case, we expect a reduction (negative feedback, Figure 4.3-4) in the variation of the 

heat flow received by vials in different well plate positions during primary drying. 

Both of these phenomena exist simultaneously, and either may become dominant depending on the studied 

situation: shelf temperature, chamber pressure, proximity to the chamber wall or door, vial size, among 

others. 
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Figure 4.3-4 – Causes of negative and positive feedback on the variation between heat flows received by 

the vials due to their position. 
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Heat transfer to the metallic well plates 

3D mathematical modelling is a powerful tool to identify the mechanisms behind the total heat flow 

received by the objects (e.g. vials, well plates) in the drying chamber. Figure 4.3-5a and Figure 4.3-5b 

present the total heat flows received by the well plate (not the vials) calculated using the distilled water 

model for 1000-µL vials (similar results were obtained for 500-µL vials). The heat flow contributions 

arriving at the well plate bottom from the bottom shelf by radiation, gas conduction, and contact conduction 

represented together over 86% of the total heat flow reaching the well plate (= heat flow arriving at the well 

plate bottom / total heat flow arriving at the well plate × 100%). Previous work by Buceta et al. (2021) 

showed that the global heat transfer coefficient between the shelf and the well plate is more than two times 

greater than between the shelf and serum vials, enlightening the high efficiency of the heat transfer between 

the shelf and the metallic well plate bottom. This efficiency made the extra heat flow contribution forn the 

chamber wall or door less important in comparison, helping to reduce the impact of the well plate position 

compared to the case of serum vials. 

Figure 4.3-5c and Figure 4.3-5d show the same results calculated using the product model. The 

total heat flows were over 2 to 4 times lower in the product model than the distilled water model (Figure 

4.3-5a and Figure 4.3-5b). This occurred because the product resistance to mass transfer (𝑅@) increased the 

pressure and temperature at the sublimation front, and therefore the temperature of the high-throughput 

system. Consequently, the temperature difference between the well plate and the hot surfaces in the drying 

chamber (i.e. shelves, chamber wall and door) diminished in the product model, and so did the heat flow 

received by the well plate. According to the product model, at shelf temperature -15 °C, the heat flow 

reaching a well plate by radiation between distant surfaces and conduction through the gas within the 

chamber remained low (less than 8% of the total heat flow arriving at the well plate; Figure 4.3-5c). 

However, the relative radiation contribution from the chamber (wall or door) drastically increased at shelf 

temperature -40 °C near the chamber wall and door (up to 65% of the total heat flow arriving at the well 

plate, Figure 4.3-5d), when the heat flow contribution from the bottom shelf was particularly low (less than 

30% of the total heat flow arriving at the well plate, Figure 4.3-5d). At shelf temperature -40 °C and near a 

chamber wall or door, the heat flow arriving at the high-throughput system by radiation from the chamber 

(mainly) raised the well plate temperature very close to the shelf temperature (up to -40.9 °C), so the shelf 

was almost too cold to heat the well plate. These results highlight the importance of 3D modelling to predict 

heat transfer variations near the chamber wall or door at low shelf temperatures, when the shelf is not the 

main heat source, and simpler models may fail to account for the observed phenomena. Moreover, results 

obtained with the product model illustrated the additional complexity introduced by coupled heat and mass 

transfer compared to the distilled water model, for which the temperature of the vials depends primarily on 

the chamber pressure. 
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Figure 4.3-5 – Calculated heat flow rates received by the well plates (not the vials) containing 1000-µL 

vials at chamber pressure 4 Pa using: (a) the distilled water model at shelf temperature -15 °C, (b) the 

distilled water model at shelf temperature -40 °C, (c) the product model at shelf temperature -15 °C, (d) 

the product model at shelf temperature -40 °C. Well plates positions in the “centre of the shelf”, “near the 

(chamber) wall”, or “near the (chamber) door” are shown in Figure 4.3-1. 
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Heat transfer to the vials 

Figure 4.3-6a shows the contributions of each heat transfer mechanism to the total heat flow received by 

the vials calculated using the distilled water model at chamber pressure 4 Pa and shelf temperature -15 °C. 

Heat flows arriving from the wells (sum of radiation, gas conduction, and contact conduction) were the 

main contributors to the heat flows reaching central vials, representing over 56% of the total. Radiation 

between distant surfaces (mostly from the chamber door) explained the increase in the heat flow received 

by vials in the well plates near the chamber door. To study what happens when sublimating at lower shelf 

temperatures, Figure 4.3-6b displays the contributions of each heat transfer mechanism calculated using the 

distilled water model at -40 °C. In this case, the impact of placing the well plate near the chamber wall was 

noticeable since the heat flow contribution from the wells was lower in comparison with the extra heat 

transfer from the wall by radiation and conduction through the gas within the chamber. 

Similarly, placing the well plate near the chamber door had an even greater relative impact than at 

-15 °C. The chamber door’s surface emissivity was almost seven times greater than that of the chamber 

wall (Table 4.3-1), which explains the greater impact of radiation on the well plate near the chamber door 

compared to near the chamber wall. Similar conclusions were obtained for 500-µL vials (data not shown). 

Results for the product model are given in Figure 4.3-6c and Figure 4.3-6d. As previously observed 

in Section 4.2.3, the presence of the dried product layer tended to reduce the heat flows due to the increase 

of the pressure and temperature at the sublimation front. Regarding the impact of the vial position in the 

well plate, the presence of the dry layer reduced the variation of the heat flow received by vials in different 

positions in the well plate (heat flow received by 1000-µL outer edge vials / heat flow received by 1000-

µL central vials × 100% ≈ 104% in the product model, and ≈ 129% in the distilled water model), as 

previously noted in Section 4.2.3. Concerning the impact of the well plate position on the shelf, the heat 

flow arriving at the vials by radiation between distant surfaces near the chamber wall and door was 

relatively greater in the product model than in the distilled water model. Hence, according to the product 

model, radiation is expected to play a greater role in the impact of the well plate position as primary drying 

progresses. 
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Figure 4.3-6 – Calculated heat flow rates received by 1000-µL vials at chamber pressure 4 Pa using: (a) 

the distilled water model at shelf temperature -15 °C, (b) the distilled water model at shelf temperature -40 

°C, (c) the product model at shelf temperature -15 °C, (d) the product model at shelf temperature -40 °C. 

Well plates positions in the “centre of the shelf”, “near the (chamber) wall”, or “near the (chamber) door” 

are referred to  Figure 4.3-1. “C” are values for central vials, “IE” are values for inner edge vials, and 

“OE” are values for outer edge vials, also referred to Figure 4.3-1.  
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Heat fluxes in the drying chamber 

To understand the impact of the distance from the well plate to the edge of the shelf (𝑑), Figure 4.3-2) on 

the heat transfer, we compared the heat fluxes by radiation and conduction (�̇�, W.m-2) for different well 

plate positions. Figure 4.3-7 shows the �̇� lines of flux (coloured lines) and their module (colour logarithmic 

scale) calculated using the distilled water model for 1000-µL vials; similar results were obtained for 500-

µL vials. For the well plate in the centre of the shelf, 𝑑) was long enough to “cushion” the impact of the 

heat fluxes from the chamber wall; this could be observed in Figure 4.3-7 (cut α) as most of the �̇� lines of 

flux from the chamber wall go to the shelves and not the well plate and vials. For the well plate near the 

chamber wall, most of the �̇� lines of flux from the chamber wall in Figure 4.3-7 (cut β) went to the high-

throughput system (well plate and vials). 

These observations on the �̇� lines of flux can also be mechanistically explained. A longer 𝑑) 

reduces the view factor from the chamber wall or door to the vials and well plate, diminishing the heat 

transfer by radiation. Moreover, a longer 𝑑) also lets space for the gas to cool from the edge of the shelf to 

the centre, reducing the heat transfer by gas conduction.  
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Figure 4.3-7 – Total heat fluxes by radiation and conduction (�̇�, W.m-2) calculated using the distilled water 

model for 1000-µL vials at chamber pressure 4 Pa and shelf temperature -40 °C. �̇� lines of flux are 

represented as coloured lines where the colours represent the modules of �̇� expressed in a logarithmic 

scale. �̇� within well plates are not shown. Cuts α and β refer to Figure 4.3-1.  
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Product temperatures 

The temperature of the product during primary drying could affect the appearance and the dried product’s 

structure. Therefore, variations in product temperature among vials must be foreseen during process design 

to ensure the final product quality. Product temperature of central, inner edge, and outer edge vials varied 

by less than 0.6 °C within the same well plate, at shelf temperatures -40 and -15 °C and chamber pressures 

lower than 12 Pa, for both 500-µL and 1000-µL vials. Figure 4.3-8 presents the product temperature 

increase due to the well plate type and position on the shelf. The well plate type induced a variation in the 

product temperature between 0.3 and 0.7 °C. Placing a well plate near the chamber wall increased the 

product temperature close to 1 °C at shelf temperature -40 °C, and had a negligible effect at shelf 

temperature -15 °C. Furthermore, placing a well plate near the chamber door increased the product 

temperature between 1 and 2 °C compared to the centre of the shelf. 

Comparing our 3D product models with other models from the literature, it appears that at 4 Pa and 

-40 °C, less accurate results could be obtained using the classic simplified 0D model based on a global heat 

transfer coefficient between the shelf and the vials (commonly known as 𝐾#; Buceta et al., 2021; Pikal, 

2000; Pisano et al., 2011; Scutellà et al., 2017a; Velardi and Barresi, 2008; von Graberg, 2011). This is 

mainly because the 0D model assumes that all the heat flow comes from the bottom shelf. For the sake of 

example, consider the 0D model as described in Buceta et al. (2021) with a global heat transfer coefficient 

determined based on the heat flows calculated with the distilled water model. In this case, the calculated 

product temperature for central vials in a well plate near the chamber door could be up to 2.2 °C lower than 

calculated by 3D modelling. Additional safety margins of 2 °C on the product temperature are thus advised 

when using simplified 0D models.  
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Figure 4.3-8 – Product temperature increase due to: (i) a B-type well plate instead of an A-type well plate 

(both in the centre of the shelf), (ii) placing the A-type well plate near the chamber wall instead of the centre 

of the shelf, (iii) placing the B-type well plate near the chamber door instead of the centre of the shelf. 

Results at chamber pressure 4 Pa.  
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CONCLUSIONS 

 

Throughout this work, 3D models previously developed during this thesis for primary drying using a high-

throughput system were expanded to represent a broader range of situations. 3D models accounted for the 

relative contributions of various heat transfer mechanisms and shed light on the causes of heat transfer 

variations among different well plate positions on the freeze dryer’s shelf relative to the walls and door. 

Heat flows received by high-throughput vials were calculated when placing well plates in different 

positions on the shelf (centre of the shelf, near the chamber wall or door). Results obtained using models 

for vials filled with distilled water (distilled water model) represented the beginning of primary drying. In 

contrast, results obtained with the model considering the mass transfer through a dried product layer 

(product model) represented a later stage of primary drying. The increase in the heat flow received by vials 

in a well plate near a chamber wall was significant at shelf temperature -40 °C (�̇�SE/�̇�(  × 100% > 115%) 

but not at -15°C. Moreover, the increase in the heat flow received by vials in a well plate near a chamber 

door was significant at both shelf temperatures -40 °C and -15°C (�̇�SE/�̇�(  × 100% > 114%). The impact 

of the well plate position may increase (�̇�SE/�̇�(  × 100% up to 142%) as the dried product resistance to 

mass transfer increases during primary drying from 0 to 1.248×105 Pa.s.m2.kg-1 (comparing distilled water 

model and product model).  

While radiation and gas conduction from the chamber wall or door were the main mechanisms 

causing variations among well plate positions at the beginning of primary drying (distilled water model), 

radiation from the chamber wall or door played the most important role as primary drying evolved (product 

model). This variation of the relative contributions of the heat transfer mechanisms was not traditionally 

considered by 0D models based on heat transfer coefficients between the shelf and the vial. Therefore, a 

safety margin for the product temperature of about +2 °C is recommended when using simplified 0D models 

for well plates near the chamber door. 
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APPENDIX 4.3-A 

Validation of the 3D models. 

 

 

 

 

Figure 4.3-9 – Comparison of experimental and simulated heat flows received by (a) 500-µL vials and (b) 

1000-µL vials in an A-type well plate in the centre of the shelf. Several combinations of shelf temperatures 

(-40 °C and -15 °C) and chamber pressures (4, 12, 25, and 65 Pa) were tested. Error bars in experimental 

data represent standard deviations. “C” are values for central vials (positions in blue in Figure 4.3-1), 

“IE” are values for inner edge vials (positions in grey in Figure 4.3-1), and “OE” are values for outer 

edge vials (positions in red in Figure 4.3-1).  
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Figure 4.3-10 – Comparison of experimental and simulated heat flows received by (a) 500-µL vials and (b) 

1000-µL vials in a B-type well plate in the centre of the shelf. Several combinations of shelf temperatures 

(-40 °C and -15 °C) and chamber pressures (4, 12, 25, and 65 Pa) were tested. Error bars in experimental 

data represent standard deviations. “C” are values for central vials (positions in blue in Figure 4.3-1), 

“IE” are values for inner edge vials (positions in grey in Figure 4.3-1), and “OE” are values for outer 

edge vials (positions in red in Figure 4.3-1).  
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Figure 4.3-11 – Comparison of experimental and simulated heat flows received by (a) 500-µL vials and (b) 

1000-µL vials in an A-type well plate near the chamber wall. Several combinations of shelf temperatures 

(-40 °C and -15 °C) and chamber pressures (4, 12, 25, and 65 Pa) were tested. Error bars in experimental 

data represent standard deviations. “C” are values for central vials (positions in blue in Figure 4.3-1), 

“IE” are values for inner edge vials (positions in grey in Figure 4.3-1), and “OE” are values for outer 

edge vials (positions in red in Figure 4.3-1). 
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Figure 4.3-12 – Comparison of experimental and simulated heat flows received by (a) 500-µL vials and (b) 

1000-µL vials in a B-type well plate near the chamber door. Several combinations of shelf temperatures 

(-40 °C and -15 °C) and chamber pressures (4, 12, 25, and 65 Pa) were tested. Error bars in experimental 

data represent standard deviations. “C” are values for central vials (positions in blue in Figure 4.3-1), 

“IE” are values for inner edge vials (positions in grey in Figure 4.3-1), and “OE” are values for outer 

edge vials (positions in red in Figure 4.3-1). 
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APPENDIX 4.3-B 

Comparison of mean heat flows of the 3D models. 

 

 

 

 

Figure 4.3-13 – Comparison of mean experimental (�̇�6+2) and simulated (�̇�JD=) heat flows received by 

500-µL vials and 1000-µL vials in an A-type well plate in the centre of the shelf. Several combinations of 

shelf temperatures (-40 °C and -15 °C) and chamber pressures (4, 12, 25, and 65 Pa) were tested. Central 

vials, inner edge vials, and outer edge vials refer to positions in Figure 4.3-1. The values of the coefficient 

of determination (R2) are reported in the figure.  
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Figure 4.3-14 – Comparison of mean experimental (�̇�6+2) and simulated (�̇�JD=) heat flows received by 

500-µL vials and 1000-µL vials in a B-type well plate in the centre of the shelf. Several combinations of 

shelf temperatures (-40 °C and -15 °C) and chamber pressures (4, 12, 25, and 65 Pa) were tested. Central 

vials, inner edge vials, and outer edge vials refer to positions in Figure 4.3-1. The values of the coefficient 

of determination (R2) are reported in the figure.  
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Figure 4.3-15 – Comparison of mean experimental (�̇�6+2) and simulated (�̇�JD=) heat flows received by 

500-µL vials and 1000-µL vials in an A-type well plate near the chamber wall. Several combinations of 

shelf temperatures (-40 °C and -15 °C) and chamber pressures (4, 12, 25, and 65 Pa) were tested. Central 

vials, inner edge vials, and outer edge vials refer to positions in Figure 4.3-1. The values of the coefficient 

of determination (R2) are reported in the figure.  
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Figure 4.3-16 – Comparison of mean experimental (�̇�6+2) and simulated (�̇�JD=) heat flows received by 

500-µL vials and 1000-µL vials in a B-type well plate near the chamber door. Several combinations of 

shelf temperatures (-40 °C and -15 °C) and chamber pressures (4, 12, 25, and 65 Pa) were tested. Central 

vials, inner edge vials, and outer edge vials refer to positions in Figure 4.3-1. The values of the coefficient 

of determination (R2) are reported in the figure.  
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4.3.4. Take-Home Message 

The previously developed 3D heat and mass transfer model for high-throughput systems 

(Section 4.2, Paper II) was used to investigate the impact of the well plate type and 

position on the shelf on the heat flows and product temperature in primary drying. 

Placing a well plate near the chamber door increased the heat flow received by the vials 

compared to a well plate in the centre of the shelf (over 14%) at the beginning of primary 

drying. As the process continues, 3D modelling suggested the impact of placing a well 

plate near the chamber door becomes greater (up to 42%) at low shelf temperatures 

(e.g. -40 °C) or when using tall vials (1000-µL vials). A similar tendency was observed 

when placing a well plate with 500-µL vials near a chamber wall at low shelf 

temperature (e.g. -40 °C). Therefore, for the mentioned conditions, the “traditional” 

approach to study heat transfer variations during ice sublimation tests using vials filled 

with water (only) may lead to underestimating the impact of the well plate position 

during primary drying with a product.  

  

The previous Sections 4.1, 4.2, and 4.3 investigated the heat transfer to high-throughput vials during the 

primary drying step of freeze-drying. In particular, the heat transfer to high-throughput vials was compared 

to that to serum vials (Section 4.1), and several factors involved in the heat transfer were addressed, such 

as the vial geometry (Section 4.1) and the position with respect to the chamber surfaces (Sections 4.2 and 

4.3). Analogously, the following Section 4.2.3 focuses on the mass transfer when using high-throughput 

vials, comparing it to the mass transfer using serum vials, and studying a relevant factor involved in the 

mass transfer (the nucleation temperature).  
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4.4. Mass Transfer during Primary Drying in 

High-Throughput Vial Systems 

4.4.1. Context 

During the primary drying step of freeze-drying, the product temperature depends on the heat transfer to 

the vial and the mass transfer from the sublimation front to the condenser. As primary drying occurs, a dried 

product layer is formed in the vials, affecting the mass transfer. The mass transfer through the dried product 

layer has been previously modelled for serum vials and trays (e.g. Konstantinidis et al., 2011; Liapis and 

Bruttini, 1994). However, to the best of this author’s knowledge, no published research addressed the mass 

transfer in high-throughput vials.  

The geometry of the pores in the dried product layer affects the mass transfer (Pikal, 2000). 

Furthermore, pores are reminiscent of the ice crystals obtained during the freezing step. The ice crystal size 

distribution is related to the temperature at which the first ice nuclei form in the container (nucleation 

temperature) (Geidobler and Winter, 2013; Nakagawa et al., 2006). Therefore, the nucleation temperature 

is ultimately related to the pore size distribution and the area-normalised dried product resistance to mass 

transfer (𝑅@) (Searles et al., 2001a). 

Previous research using 2D transient-state models showed that the shape of the sublimation front 

varies depending on the container type (Nam and Song, 2005; Sheehan and Liapis, 1998). In particular, 

sublimation fronts are utterly curved when lateral heat flows reaching the container are important and rather 

flat when lateral heat flows are negligible. Therefore, it is suspected that even if the pore size is the same 

in different containers, the shape of the sublimation front may impact the area-normalised dried product 

resistance to mass transfer (normalised by the inner section of the container). 

 

4.4.2. Objectives 

The mass transfer during primary drying is addressed in this Section 4.4. The impact of the container type 

(i.e. high-throughput or serum vials) and the nucleation temperature on the area-normalised dried product 

resistance is interpreted based on the pores in the dried product structure and the shape of the sublimation 

front.  



Results - Mass Transfer during Primary Drying in High-Throughput Vial Systems 

 

224 
 
 

  



Results - Mass Transfer during Primary Drying in High-Throughput Vial Systems 

 

225 
 
 

4.4.3. Paper IV 

This draft has not been submitted to a scientific journal. 

 

PROVISIONAL TITLE 

“Comparing freeze-drying in high-throughput and serum vials: mass transfer, dried product resistance, 

nucleation temperature, pore diameter, and sublimation front shape” 

 

ACKNOWLEDGMENTS 

We would like to thank Hayat Benkhelifa (AgroParisTech) for her help in data acquisition for the 3D X-

ray micro-computed tomography. 

 

  



Results - Mass Transfer during Primary Drying in High-Throughput Vial Systems 

 

226 
 
 

CONTENTS OF PAPER IV 

 page 

Abstract 227 

Keywords 227 

Introduction 228 

Materials and methods 230 

Vials 230 

Solutions 230 

Freeze-drying cycles 230 

Determination of the nucleation temperature 234 

X-ray micro-computed tomography of the freeze-dried product 236 

Visual inspection of the sublimation front 238 

Pressure Rise Tests 238 

Theoretical framework 240 

Heat and mass transfer equations 240 

Determination of the sublimation mass flow rate based on the pressure rise tests 242 

Comparison between calculated product temperature values and experimental values 243 

Results and discussion 244 

Nucleation temperature 244 

Pore structure observed through X-ray micro-computed tomography 248 

Shape of the sublimation front 252 

Dried product resistance to mass transfer  254 

Impact of the vial type and nucleation temperature on the product temperature during 

primary drying 

262 

Conclusions 264 

Appendix 4.4-A: Image treatment 265 

Appendix 4.4-B: Calibration of the surface temperature values 268 

Appendix 4.4-C: Fitting of the pressure evolution during pressure rise tests 270 



Results - Mass Transfer during Primary Drying in High-Throughput Vial Systems 

 

227 
 
 

ABSTRACT 

High-throughput vials permit fitting more formulations inside a freeze dryer than traditional serum vials, 

accelerating formulation screening for vaccine development. Translating freeze-drying cycles developed 

using high-throughput vials (research scale) into cycles for serum vials (pilot or production scale) requires 

heat and mass transfer models to ensure that the product reaches the same temperature during primary 

drying in both vial types. This work innovatively investigated how the vial type affects the dried product 

resistance to mass transfer (𝑅@), which is one of the most importat parameters affecting process duration 

and product quality. 𝑅@ of a 5% sucrose solution was determined in high-throughput and serum vials by a 

pressure rise test method. Results were interpreted considering the nucleation temperature (𝑇"; affected by 

the addition of a nucleating agent) measured with a thermal camera, the pore diameter of the dried product 

determined through 3D X-ray micro-computed tomography, and the shape of the sublimation front upon 

visual inspection. 𝑅@ values were roughly 60% lower in high-throughput vials than in serum vials when 𝑇" 

was low (-7 °C, results without a nucleating agent) and 30% lower when 𝑇" was high (-1.5 °C, results with 

a nucleating agent). 𝑅@ values could not be directly explained by the pore diameter as commonly seen in 

the literature but only considering also the shape of the sublimation front. 

 

KEYWORDS 

Freeze-drying/Lyophilisation; Vaccines; Up-scale; High-throughput vial; Serum vial; Freezing; Nucleation 

temperature; pressure rise test; X-ray micro-computed tomography. 
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INTRODUCTION 

 

Vaccines are produced to protect a subject against viral or bacterial infections by triggering immune 

responses through particular ingredients known as “antigens” (Siegrist, 2008). Certain antigens can be 

damaged if the vaccines are not kept at low temperatures during their storage and transportation, e.g. -20 

°C for the smallpox vaccine (Pipkin and Minor, 1998). These low temperatures are difficult to ensure all 

along the chain and could require expensive freezing equipment and high energy consumption. Therefore, 

vaccines are commonly dried after production to stabilize the antigen, to allow storage and transportation 

at temperatures over 2 °C (World Health Organisation, 2000). Freeze-drying is the most common technique 

to dry vaccines in the pharmaceutical industry, and consists of three consecutive steps: (i) a freezing step, 

(ii) a sublimation step (primary drying), and (iii) a desorption step (secondary drying). During the freezing 

step, approximately 80% of the water molecules form ice crystals, and the rest of the molecules remain 

sorbed to the product (Patel et al., 2010b). Then, ice crystals are removed by sublimation during primary 

drying, leaving a porous matrix consisted of the partially dried product and sorbed water (dried product 

layer). Finally, sorbed water is removed during secondary drying by desorption, resulting in a product with 

a final moisture content of less than 3% (May, 2010). 

The three freeze-drying steps are commonly performed in a piece of equipment known as a “freeze 

dryer”, presenting a drying chamber with shelves. Vials are filled with the vaccine and placed on the shelves 

of the freeze dryer. The quality attributes of a freeze-dried vaccine (e.g. appearance, reconstitution time, 

moisture content; Awotwe-Otoo and Khan, 2015; Patel et al., 2017; World Health Organization, 2011) 

depend on the product temperature during primary drying. Indeed, the dried product layer collapses when 

heated above a critical temperature known as collapse temperature (Fonseca et al., 2004; Pikal and Shah, 

1990b). The freeze dryer cannot directly fix the product temperature; instead, the shelf temperature and the 

drying chamber pressure are the two operating conditions that can be set. Mathematical models are 

commonly used to relate the operating conditions with the product temperature, so the process could be 

designed to prevent product collapse and excessive drying durations (Koganti et al., 2011; Nail and Searles, 

2008; Pikal, 2000; Scutellà et al., 2017a). Such mathematical models involve the heat transfer coefficient 

between the shelves and the vial (𝐾#), and the dried product resistance to the mass transfer from the 

sublimation from to the drying chamber (𝑅@). Previous works concluded that 𝐾# values can vary among 

vials (Brülls and Rasmuson, 2002; Pisano et al., 2011; Scutellà et al., 2017a), and 𝑅@ values depend on the 

vaccine formulation and the freezing protocol (Hottot et al., 2005; Konstantinidis et al., 2011; Patel et al., 

2009; Searles et al., 2001). 

The most common containers used to freeze-dry vaccines are tubular glass vials with a total volume 

of over 3 mL (Brülls and Rasmuson, 2002; Pikal et al., 2016b; Pisano et al., 2011; Scutellà et al., 2017b), 

known as serum vials. Recently, smaller tubular glass vials with a total volume of 1 mL (or less), known as 

high-throughput vials, have been proposed to accelerate the development of new freeze-dried vaccines  
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(Buceta et al., 2021; von Graberg, 2011). The smaller high-throughput vials allow users to test more 

formulations per freeze-drying cycle since more vials could be fit inside the freeze dryer. Moreover, high-

throughput vials are placed in aluminium well plates before being charged inside the freeze dryer. These 

well plates are compatible with most robots used to prepare formulations, simplifying the researcher’s 

manual labour (Peterman et al., 2014; Stangegaard et al., 2011; Taylor et al., 2002). Buceta et al. (2021) 

highlighted that 𝐾# is different for high-throughput and serum vials, suggesting the product temperature 

may differ when performing tests in high-throughput vials at a laboratory scale or serum vials at a pilot 

scale. Therefore, for a certain operating condition in the freeze dryer (i.e. shelf temperature and chamber 

pressure), the conclusions on the product quality obtained using high-throughput vials may not be valid 

when using serum vials.  

 Buceta et al. (2021) proposed a graphic tool to “translate” the operating conditions between high-

throughput and serum vials to obtain the same product temperature, considering – for the sake of an example 

– the same 𝑅@ value in both vial types. However, there is no evidence confirming or denying this assumption 

for the 𝑅@ value. 𝑅@ depends on the pore diameter of the dried product layer and on the mass transfer area 

(Konstantinidis et al., 2011; Pikal, 2000). Pores in the dried product layer correspond to the ice crystals 

obtained during freezing; thus, for a given formulation, the pore diameter may vary depending on the 

container's geometry (Rosa et al., 2016) and the nucleation temperature (associated to the freezing protocol) 

(Oddone et al., 2016). The mass transfer area considered to determine 𝑅@ is the inner cross-section area of 

the container. Previous authors noted that the sublimation front tends to curve when the radial heat flow 

reaching the vial is not negligible (Nam and Song, 2005; Sheehan and Liapis, 1998), which is expected to 

be the case for high-throughput vials seated in aluminium wells. In this case, the mass transfer area may 

differ considerably from the inner cross-section area.  

This work aimed at determining 𝑅@ in high-throughput and serum vials, and interpreting the results 

considering the pore diameter of the dried product layer and the shape of the sublimation front (as an 

indicator of the mass transfer area). In this way, the present work serves as a step forward to translate the 

operating conditions between vial types by focusing on mass transfer, in addition to previous studies mainly 

dealing with heat transfer (Buceta et al., 2021; Section 4.4.2).  
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MATERIALS AND METHODS 

 

Vials 

Two types of containers were used in this study: (i) the 96-Well Freeze-Drying System manufactured by 

VirTis (SP Scientific, Stone Ridge, NY, USA) consisting of aluminium well plates and glass high-

throughput vials with a maximal filling volume of 1 mL; and (ii) glass serum vials with a maximal filling 

volume of 3 mL provided by Müller + Müller (Holzminden, Germany). High-throughput vials were cleaned 

before each experiment by rinsing six times with deionised water and drying at 300 °C for 9 hours. Serum 

vials were pre-treated according to two procedures: (i) cleaned in the same way as high-throughput vials, 

or (ii) siliconized.  

  

Solutions 

A 5% (w/w) sucrose aqueous solution was employed in this work as a “model” product. The solution was 

prepared with ultra-pure water (Milli-Q, Millipore Corporation, Burlington, MA, USA) and crystalline 

sucrose (Fluka Analytical, Sigma-Aldrich, Germany), then filtered using a membrane with a pore size of 

0.22 µm. In some cases, a nucleating agent commercially known as snomax ® (Snomax LLC, Englewood, 

CO, USA) was added after filtration, so the concentration of the nucleating agent was 0.1% (w/w). 

The filling volume (𝑉8!66) used with high-throughput vials was 0.6 mL (filling depth = 16 mm), and 

with serum vials was 1.8 mL (filling depth = 11 mm). Vials were filled in a laminar flow cabinet and 

covered with a plastic film during storage and transportation.  

 

Freeze-drying cycles 

The freeze-drying process was performed in a REVO laboratory-scale freeze dryer (Millrock Technology, 

Kingston, NY, USA). The freeze dryer presented a drying chamber of 0.12 m3 containing three temperature-

controlled shelves. Moreover, two pressure gauges monitored the pressure inside the drying chamber: (i) a 

capacitance manometer, and (ii) a thermal conductivity gauge (Pirani). The chamber was connected to a 

condenser by a butterfly valve. 

Five experimental conditions summarised in Table 4.4-1 were tested. Experimental conditions 

varied depending on: (i) the vial type (i.e. high-throughput or serum vial), (ii) the use of a nucleating agent 

or not, and (iii) the pre-treatment of the surface (i.e. non-siliconized or siliconized). Before freeze-drying, 

768 high-throughput vials or 385 serum vials were placed on the shelf according to the arrangement shown 

in Figure 4.4-1. The temperature of eight selected vials (red dots in Figure 4.4-1) was registered by eight 

thermocouples with a diameter of less than 1 mm.   
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Figure 4.4-1 – View from the top of the disposition during pressure rise tests. 

 

 

 

 

Table 4.4-1 – Experimental conditions studied. 

  nucleating agent 

  No Yes 

vial 

type 

High-
throughput 

vial 
Hv-Nn Hv-Yn 

Serum vial 
(non-

siliconized) 
Sv-Nn Sv-Yn 

Serum vial 
 (Siliconized) 

Sv-Nn-S 
Not studied in 

this work 
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Once the vials were placed on the shelf, the freeze dryer was closed, and the freeze-drying cycle 

was launched. Two types of freeze-drying cycles were performed: (i) short cycles consisting of freezing 

and primary drying steps, and (ii) complete cycles consisting of freezing, primary drying, and secondary 

drying steps. The operating conditions set during each step are represented in Figure 4.4-2a (shelf 

temperature) and Figure 4.4-2b (chamber pressure). 

The freezing step consisted of a temperature ramp at -1 °C.min-1 from ambient temperature 

(approximately 20 °C) to -50 °C. After the freezing step, the shelf temperature was maintained at -50 °C 

for 1 hour to ensure all the samples were completely frozen. 

The primary drying step started by reducing the chamber pressure to 10 Pa and increasing the shelf 

temperature from -50 °C to -25 °C at 1 °C.min-1. Short freeze-drying cycles were abruptly stopped after 9, 

19 or over 43 hours of primary drying by breaking the vacuum inside the drying chamber. Then, the shelf 

temperature was rapidly lowered from -25 to -50 °C at -5 °C.min-1. In contrast, during complete freeze-

drying cycles, primary drying lasted for 48 hours of sublimation. 

A secondary drying step was performed after primary drying during complete freeze-drying cycles.  

The secondary drying step began by quickly decreasing the chamber pressure from 10 to 4 Pa and increasing 

the shelf temperature from -25 °C to +25 °C at 0.25 °C.min-1. Finally, the cycle was stopped after 12 hours 

by breaking the vacuum inside the drying chamber. Vials were quickly stoppered (manually) and preserved 

in vacuum-sealed bags at -45 °C. 
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Figure 4.4-2 – Schemes of the operating conditions set during the freezing, the primary drying, and the 

secondary drying steps of freeze-drying. (a) Shelf temperature. (b) Chamber pressure. Time is not in scale.  
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Determination of the nucleation temperature 

The nucleation temperature (𝑇") was determined during freezing in the REVO laboratory-scale freeze dryer. 

Figure 4.4-3 shows the experimental device used. During experiments with high-throughput vials, one well 

plate containing 96 vials was placed on the bottom shelf, while during experiments with serum vials, 44 

vials were placed on the bottom shelf. The middle and upper shelves were moved to the top of the drying 

chamber, so a thermal camera Testo 885-2 (Distrame S.A., Paris, France) could be placed over the bottom 

shelf and pointing downwards towards the vials. The camera was sustained by a tripod that kept it in the 

same place throughout the tests. 

The five experimental conditions reported in Table 4.4-1 were tested. Experimental conditions 

using high-throughput vials (Hv-Yn and Hv-Nn) were repeated three times (288 vials tested per 

experimental condition), and experiments using serum vials (Sv-Yn, Sv-Nn, and Sv-Nn-S) were repeated 

six times (264 vials tested per experimental condition). The freezing protocol consisted in a continuous 

temperature ramp from ambient temperature to -50 °C at -1 °C.min-1. 

The image acquisition of the thermal camera was set to take pictures every 5 seconds. Thermal 

images obtained with the camera were expressed as matrices of 320×240 pixels, where each pixel contained 

a temperature value. These thermal images were treated using an in-house code developed in MATLAB 

R2017a (The MathWorks, Inc, Natick, MA, USA) to obtain the product surface temperature values as a 

function of time. A detailed description of the image treatment is presented in Appendix 4.4-A. 

Furthermore, the calibration of the surface temperature values to reduce the camera's noise due to the auto-

calibration, and the constant biases due to the camera’s angle with the surfaces is described in Appendix 

4.4-B. Finally, for each vial, 𝑇" was considered to be the value before the surface temperature of the content 

registered a sharp increase until the freezing-point depression temperature for a 5% (w/w) sucrose solution 

(-0.28 °C; Kiyosawa, 1988). 
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Figure 4.4-3 – Scheme of the experimental device during nucleation temperature (𝑇") measurements using 

the thermal camera.  



Results - Mass Transfer during Primary Drying in High-Throughput Vial Systems 

 

236 
 
 

X-ray micro-computed tomography of the freeze-dried product 

Completely freeze-dried samples (after freezing, primary drying, and secondary drying) were analysed by 

X-ray micro-computed tomography using a DeskTom 130 scanner (RXSolution, Chavanod, France). Five 

samples (vials) were analysed per experimental condition (Table 4.4-1). Samples were selected during 

freezing by measuring the nucleation temperature (𝑇") with a thermal camera as described in Section 

Determination of the nucleation temperature, so their 𝑇" differed by less than 0.5 °C from the average 𝑇" 

value of the experimental condition.  

Figure 4.4-4 shows a diagram of the image acquisition by tomography and image processing 

through different software. Inside the tomograph, there was a chamber presenting an X-ray source, detector, 

and a rotating cylinder in between. Sampled vials were taped on the rotating cylinder. The X-ray source 

was set to a current intensity of 160 μA and a voltage of 50 kV. For each sample, all the product was 

analysed with a voxel size of 8.98 µm. Samples were rotated 360°, capturing 1440 projection images (2D 

longitudinal). 

The projection images were treated by the XAct 2 software (RX Solution, Chavanod, France) using 

a filtered back-projection algorithm to obtain a 3D volume (Hussani and Hayani, 2014; Mulot et al., 2019). 

This 3D volume was filtered using XAct 2 to correct possible ring artefacts due to the non-linear response 

of the tomograph’s detector (Hsieh, 2003; Masselot et al., 2021). Over 1100 2D horizontal cuts of each 3D 

volume were exported using XAct 2 with an 8-bits resolution (pixel values between 0 and 255). 

The 3D volume was re-reconstructed in Avizo 9.2.0 software (FEI VSG, Bordeaux, France) from 

the 2D horizontal cuts. In Avizo, a threshold filter was applied to the 3D re-reconstructed volume, 

distinguishing between the dried product phase and the pores. The threshold filter took the voxels initially 

in a grayscale (values between 0 and 255) and segmented them into a binary scale where the possible values 

were: product or gas. Pores (filled with gas) in the binary structure were identified using the H-maxima 

module (Avizo), and the equivalent pore diameter of each pore was measured using the Label Analysis 

module (Avizo).  
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Figure 4.4-4 – Data processing scheme of the X-ray micro-computed tomography (μCT). 
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Visual inspection of the sublimation front 

Short cycles, consisting of a freezing and primary drying step (see Section Freeze-drying cycles of this 

Paper IV), were performed for each experimental condition described in Table 4.4-1. Samples obtained 

after 9 and 19 hours of primary drying were quickly removed from the freeze dryer, placed inside a 

polystyrene box containing liquid nitrogen, and transported to a controlled temperature room at -20 °C. It 

is to note that the dried product layer spontaneously shrunk and separated from the frozen product layer 

when vials were removed from the freeze dryer. The top surface of the frozen layer (surface exposed to the 

air once the dried product separated) was considered to be the sublimation front. The shape of the 

sublimation front was visually inspected for all vials inside the controlled temperature room at -20 °C to 

ensure the frozen layer did not melt.  

 

Pressure Rise Tests 

One of the most common methods to determine the vial-averaged mass flow rate during primary drying is 

the pressure rise tests (e.g. Liapis and Sadikoglu, 1998; Milton et al., 1997; Pikal et al., 2005; Tang et al., 

2005). In this work, pressure rise tests were performed every hour during the primary drying step of short 

freeze-drying cycles (see Section Freeze-drying cycles). Each pressure rise test consisted in closing the 

butterfly valve connecting the chamber and the condenser for 30 seconds, and registering the capacitance 

manometer’s pressure every 0.1 seconds (Scutellà et al., 2018a). The capacitance manometer’s pressure 

values were treated to obtain the vial-averaged sublimation mass flow rate as described in Section 

Determination of the sublimation mass flow rate based on the pressure rise tests. 

The five experimental conditions reported in Table 4.4-1 were tested. Pressure rise tests during 

experimental conditions regarding high-throughput vials (Hv-Yn and Hv-Nn) were repeated three times. 

In contrast, pressure rise tests during experimental conditions concerning serum vials (Sv-Yn, Sv-Nn, and 

Sv-Nn-S) were performed once and results were compared with previous tests carried out by Scutellà et al. 

(2018). 
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THEORETICAL FRAMEWORK 

 

A lumped-variable steady-state model was considered in this study for the heat and mass transfer during 

primary drying. This model considered a one-directional heat flow from the bottom shelf to the sublimation 

front and a one-directional mass flow from the sublimation front to the freeze-drying chamber. 

 

Heat and mass transfer equations 

 

Heat transfer 

The heat flow received by the vials (�̇�, W) was calculated based on the effective heat transfer coefficient 

between the shelves and the vial bottom (𝐾#, W.m-2.K-1): 

 �̇� = 𝐴#𝐾#b𝑇,7568 − 𝑇2c Equation 4.4-1 

where 𝐴# (m2) is the vial bottom area, 𝑇,7568 (K) is the shelf surface temperature, and 𝑇2 (K) is the 

temperature at the bottom of the vial. 𝐾# was determined by gravimetric analysis using an analytical scale 

(± 0.0001 g) during sublimation tests using vials (Figure 4.4-1) filled with ultra-pure water at chamber 

pressure 10 Pa and shelf temperature -25 °C, as described by Scutellà et al. (2017).  

Assuming pseudo-steady state and heat transfer essentially from the vial bottom towards the 

sublimation front, �̇� was also considered equal to the heat flow going through the frozen layer and 

calculated as:  

 �̇� = 𝐴#𝜆8𝑙8 (𝑇2 − 𝑇,+3) Equation 4.4-2 

where 𝜆8 (W.m-1.K-1) is the thermal conductivity of the frozen layer, 𝑙8 (m) is the thickness of the frozen 

layer, and 𝑇,+3 (K) is the temperature at the sublimation front. The numerical values of vial dimensions and 

coefficients are reported in Table 4.4-2. 

 

Mass transfer 

The area-normalised product resistance to mass transfer (𝑅@, Pa.s.m2.kg-1) was used to calculate the 

sublimation mass flow rate (�̇�, kg.s-1). 𝑅@ relates the �̇� and the pressure drop within the product as: 

 �̇� = 𝐴!"𝑅@ (𝑃,+3 − 𝑃() Equation 4.4-3 

where 𝐴!" (m2) is the inner vial cross-section area, 𝑃(  (Pa) is the chamber pressure, and 𝑃,+3 (Pa) is the 

pressure at the sublimation front. Equation 4.4-3 considers no pressure drop within the chamber and no 

partially inserted vial stopper (Scutellà et al., 2018c).  
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Table 4.4-2 – Vial dimensions, physical properties and parameters used in this study. 

Parameter Significance Value Units Reference 𝐴!"  
(high-throughput 

vials) 
Inner vial cross-section area 4.08×10-5 m2 

(Buceta et 
al., 2021) 𝐴!"  

(serum vials) 
Inner vial cross-section area 1.78×10-4 m2 

(Scutellà et 
al., 2017a) 𝐴#  

(high-throughput 
vials) 

Outer bottom area of the vial 6.10×10-5 m2 
(Buceta et 
al., 2021) 𝐴#  

(serum vials) 
Outer bottom area of the vial 2.07×10-4 m2 

(Scutellà et 
al., 2017a) 𝐾#  

(high-throughput 
vials) 

Effective vial heat transfer 
coefficient 

24.6 
W.m-2.K-

1 
This work 

𝐾#  
(serum vials) 

Effective vial heat transfer 
coefficient 

16.0 
W.m-2.K-

1 
This work 

∆𝐻,I2 Latent heat of sublimation 2.763×106 J.kg-1 
(Scutellà et 
al., 2017a) 𝜆8 

Thermal conductivity of the 
frozen layer 

2.23 
W.m-1.K-

1 
(Scutellà et 
al., 2017a) 𝜌8 Frozen product density 921* kg.m-3 
(Harvey, 

2018) 𝜌4 Liquid product density 997* kg.m-3 
(Fierro and 
Nyer, 2007) 

*Values for pure water   
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𝑅@ was related to the dry layer thickness (𝑙=) through a generic formula (Kuu et al., 2006): 

 𝑅@ = 𝑅@,. + 𝑅@,% × 𝑙=1 + 𝑅@,& × 𝑙= Equation 4.4-4 

where 𝑅@,. (Pa.s.m2.kg-1), 𝑅@,% (Pa.s.m.kg-1) and 𝑅@,& (m-1) are coefficients dependent on the structure of 

the dried product layer. 

  

Coupling heat and mass transfer 

The temperature (𝑇,+3) and the pressure (𝑃,+3) at the sublimation front were related through the Clausius-

Clapeyron relation (Perry and Green, 2008): 

 𝑇,+3 = 𝑇31 − 𝑅𝑇3∆𝐻,I2> 𝑙𝑛�𝑃,+3𝑃3 � 
Equation 4.4-5 

where 𝑇3 (273.16 K) and 𝑃3 (611.66 Pa) are the triple point temperature and pressure of the water 

respectively, 𝑅 (8.3144 J.K-1.mol-1) is the ideal gas constant, and ∆𝐻,I2>  (51.1 kJ.mol-1) is the molar enthalpy 

of sublimation. The heat and mass transfer are coupled by the following equation when considering that �̇� 

is responsible for the ice sublimation: 

 �̇� = �̇�	∆𝐻,I2 Equation 4.4-6 

were ∆𝐻,I2 (J.kg-1) is the latent heat of sublimation reported in Table 4.4-2. 

 

Estimation of the dried product layer thickness and frozen product layer thickness 

The dried product layer thickness (𝑙=, m) and the frozen product layer thickness (𝑙8) are related by the 

following equation: 

 𝑉8!66𝐴!" = 𝜌8𝜌4 × �𝑙8(𝑡) + 𝑙=(𝑡)� Equation 4.4-7 

where 𝑉8!66 (m3) is the filling volume, 𝜌8 (kg.m-3) is the frozen product density, and 𝜌4 (kg.m-3) is the liquid 

product density – numerical values are reported in Table 4.4-2. Note that 𝑙= and 𝑙8 vary in time, and 𝑙= can 

be estimated for a certain time (𝑡, s) as: 

 𝑙=(𝑡) = 1𝐴!"𝜌8 � �̇�3

3+&+'+",

	𝑑𝑡 Equation 4.4-8 

where 𝑡!"!3!+6 (s) is the time when the sublimation begins. 

 

Determination of the sublimation mass flow rate based on the pressure rise tests 

Pressure rise tests were used to determine a vial-averaged sublimation mass flow rate (�̇�@AB, kg.s-1). The 

pressure evolution in the drying chamber during each pressure rise test (registered with the capacitance 

manometer) was fitted to a 6-degree polynomial, so the first-order coefficient (�̇�., Pa.s-1) is the first derivate 
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of the pressure evaluated at the beginning of the test. Examples of the pressure evolution during pressure 

rise tests are presented in Appendix 4.4-C. �̇�@AB was obtained based on the ideal gas law: 

 �̇�@AB = �̇�. 𝑀S𝑉(𝑅𝑇,7568𝑛# Equation 4.4-9 

where 𝑀S (18 kg.kmol-1) is the molar weight of the water vapour, 𝑉(  (0.12 m3) is the volume of the drying 

chamber, and 𝑛# is the total number of vials in the drying chamber (Pisano et al., 2011; Scutellà et al., 

2018c). The total water mass removed during the freeze-drying cycle (Δ𝑚3D3+6, kg) was measured by 

gravimetric analysis (Pisano et al., 2011; Scutellà et al., 2017a), and compared to the integral of the mass 

flow rate (�̇�@AB) during primary drying. The mass loss factor (𝑀?) was defined as: 

 𝑀? = Δ𝑚3D3+6 − 𝑛# ∫ �̇�@AB𝑑𝑡Δ𝑚3D3+6

× 100% Equation 4.4-10 

Δ𝑚3D3+6 (kg) was calculated as the sum of the variation of all the vial’s weights, and ∫ �̇�@AB𝑑𝑡 (kg) was 

calculated using the experimental �̇�@AB and the trapezoidal integration formula (Perry and Green, 2008). 

 

Comparison between calculated product temperature values and experimental values 

The product temperature at the vial bottom (𝑇2) was calculated as a function of the dried product layer 

thickness (𝑙=) using Equation 4.4-1 to Equation 4.4-8. Furthermore, each vial thermal history registered by 

a thermocouple was expressed as a function of 𝑙= to be compared with the calculated 𝑇2. To do so, for each 

vial equipped with a thermocouple, we determined a particular starting time of primary drying and a 

particular finishing time of primary drying (𝑡8!"+6, s). 𝑡!"!3!+6 was considered as the time when the measured 

temperature was greater than the calculated initial 𝑇2 (for 𝑙= = 0),  and 𝑡8!"+6  was considered as the time 

when a temperature jump (+1 °C in less than 0.5 min) was registered – marking the beginning of secondary 

drying. Based on 𝑡!"!3!+6 and 𝑡8!"+6, and assuming a constant mass flow during primary drying, a time-

dependent dry layer thickness (𝑙=� , m) was specifically calculated for each vial with an inserted 

thermocouple: 

 𝑙=� (𝑡) = 𝑉8!66𝐴!" × 𝜌4𝜌8 × 𝑡 − 𝑡!"!3!+6𝑡8!"+6 − 𝑡!"!3!+6 Equation 4.4-11 
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RESULTS AND DISCUSSIONS 

 

Nucleation temperature 

The nucleation temperature (𝑇") has been traditionally associated with the ice crystal size obtained during 

freezing (Fennema, 1973; Geidobler and Winter, 2013; Nakagawa et al., 2006; Searles et al., 2001). 

Nucleation is a stochastic process, hence 𝑇" aleatory varies among vials causing differences in the ice 

crystal size. In the absence of product collapse, the ice crystal size is the same as the pore size obtained 

during primary drying, which affects the mass transfer through the dried product layer. Therefore, 𝑇" 

variations among vials could cause differences in the coupled heat and mass transfer, as well as variations 

in the product temperature. In this vein, this work determined 𝑇" as a first step to understanding how 𝑇" 

impacts the mass transfer. 

Five experimental conditions listed in Table 4.4-1 were considered; differing in the vial type (i.e. 

high-throughput vial or serum vial), the addition of a nucleating agent, and siliconizing the vial internal 

surfaces. For each experimental condition (Table 4.4-1), Figure 4.4-5 shows the vial content’s surface 

temperature during freezing for the first vial (grey line) and the last vial to nucleate (green line), as well as 

a vial that nucleated at an intermediate time (blue line). Furthermore, Figure 4.4-5 presents the surface 

temperatures of the shelf and well plate (in the case of high-throughput vials). In the case of high throughput 

vials (Hv-Yn and Hv-Nn in Figure 4.4-5), the well plate temperature did not follow a linear ramp like the 

shelf temperature after nucleation occurred in some vials. The heat released by the high-throughput vials in 

which nucleation occurred heated the well plate, ultimately affecting the rest of the high-throughput vials’ 

temperature profile. This is opposed to the case of serum vials positioned directly on the freeze dryer’s 

shelf, where the thermal interaction between vials was limited. 
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Figure 4.4-5 – Surface temperature profiles. Hv-Nn, Hv-Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the 

experimental conditions described in Table 4.4-1. 
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𝑇" was determined for each vial based on the surface temperature profiles, as described in Appendix 4.4-A 

and Appendix 4.4-B. The 𝑇" histograms of each experimental condition (Table 4.4-1) are presented in 

Figure 4.4-6. The impact of the vial type on 𝑇" was negligible, since 𝑇" results of experimental conditions 

using high-throughput and serum vials were not significantly different according to the ANOVA1 test (p > 

0.05) (Hv-Nn vs Sv-Nn, and Hv-Yn vs Sv-Yn in Figure 4.4-6). In contrast, the nucleating agent impacted 𝑇" by increasing the average value (approximately from -7 °C to -1.5 °C in Figure 4.4-6) and decreasing 

the standard deviation (approximately from 1 °C to 0.5 °C in Figure 4.4-6, confirming visual observations 

in Figure 4.4-5). The impact of siliconizing the vial surface was unimportant, 𝑇" results using siliconized 

(Sv-Nn-S in Figure 4.4-6) or non-siliconized (Sv-Nn in Figure 4.4-6) serum vials were not significantly 

different (ANOVA1 test, p > 0.05).  𝑇" was also determined considering the product temperatures measured using the eight 

thermocouples inserted in the eight vials indicated in Figure 4.4-1. Values are expressed as black crosses 

in Figure 4.4-6. The range of the 𝑇" values measured using thermocouples and the thermal camera 

overlapped, reassuring the accuracy of both methods. 
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Figure 4.4-6 – Distribution of the nucleation temperature (𝑇") determined using a thermal camera. Hv-Nn, 

Hv-Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the experimental conditions described in Table 4.4-1. The mean 

value ± standard deviation of 𝑇" is reported next to the histogram for each experimental condition – values 

based on 288 vials in Hv-Nn and Hv-Yn, and 264 vials in Sv-Nn, Sv-Yn, and Sv-Nn-S. 𝑇" values determined 

using thermocouples are marked as black crosses on top of the histograms. 
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Pore structure observed through X-ray micro-computed tomography 

The sublimation mass flow going through the dried product layer depends on the characteristics of the dried 

product structure, e.g. the pore diameter, the tortuosity, the porosity, and the connectivity, among others 

(Konstantinidis et al., 2011; Pikal, 2000; Pisano et al., 2017). The structure of the freeze-dried product was 

studied through X-ray micro-computed tomography to observe the variations due to the vial type (i.e. high-

throughput or serum), the addition of a nucleating agent, and siliconizing the vials. Figure 4.4-7 shows the 

vertical cuts of the entire product structure (in white) and pores (in black) for all experimental conditions 

(Table 4.4-1), which were obtained after treating X-ray micro-computed tomography images. The impact 

of the vial type without a nucleating agent was not visually remarkable, and pores did not have a particular 

orientation in high-throughput or serum vials (Hv-Nn vs Sv-Nn in Figure 4.4-7); also, siliconizing the vials 

had no impact (Sv-Nn vs Sv-Nn-S in Figure 4.4-7). However, the impact of the vial type with a nucleating 

agent was very clear. In high-throughput vials (Hv-Yn in Figure 4.4-7), pores were larger than without a 

nucleating agent, while pores were larger and elongated in serum vials (Sv-Yn in Figure 4.4-7). Similar 

results to those shown in Figure 4.4-7 were obtained consistently in other cuts and repetitions of the same 

experimental conditions. 
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Figure 4.4-7 – Tomography images of the entire freeze-dried product. Vertical cuts. In white are the product 

structures, and in black are the pores. Hv-Nn, Hv-Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the experimental 

conditions described in Table 4.4-1.  
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The values of the pore diameters were calculated using the Avizo software. Figure 4.4-8 shows the 

pore diameter determined for each repetition, plotted as a function of the nucleation temperature (𝑇") of the 

sample. Each repetition provided an average of 50,000 pore diameter values. Due to the large size of the 

data packages, traditional statistic tests such as ANOVA and Kruskal-Wallis could detect significant 

differences between the pore diameter values of each repetition. However, differences between repetitions 

were deemed insignificant for our purposes since the mean values of all repetitions differed by less than the 

standard deviation; this could be observed in Figure 4.4-8 since all the error bars overlapped for each 

experimental condition. Table 4.4-3 reports the average pore diameters (results considering five repetitions) 

and their standard deviation. The impact of the vial type when not adding a nucleating agent was negligible, 

as pore diameters differed by less than the standard deviation (Hv-Nn vs Sv-Nn in Figure 4.4-8, Table 

4.4-3). However, when adding a nucleating agent, pores were larger in high-throughput vials than in serum 

vials (Hv-Nn vs Sv-Nn in Figure 4.4-8, Table 4.4-3); the average pore diameter increased from 195 µm in 

high-throughput vials to 300 µm in serum vials (Table 4.4-3). 

Overall, the mean pore diameter increased with 𝑇", as previously noticed by other authors 

(Geidobler and Winter, 2013; Konstantinidis et al., 2011; Nakagawa et al., 2006). For high-throughput 

vials, adding a nucleating agent increased the average pore diameter from 88 to 195 µm (Table 4.4-3). 

Interestingly, the impact of the nucleating temperature on the dried product structure was more dramatic in 

serum vials than in high-throughput vials. For serum vials, adding a nucleating agent increased the average 

pore diameter from 96 to 300 µm (Sv-Nn vs Sv-Yn in Figure 4.4-8, Table 4.4-3) and radically changed the 

appearance of the pores by causing elongated and sharp shapes (Sv-Nn vs Sv-Yn in Figure 4.4-7). 

Therefore, it is expected that mass transfer differences among vials will be less remarkable in high-

throughput than serum vials. Furthermore, siliconizing the vial surface did not affect the pore size (Sv-Nn 

vs Sv-Nn-S in Figure 4.4-7, Figure 4.4-8, and Table 4.4-3).  



Results - Mass Transfer during Primary Drying in High-Throughput Vial Systems 

 

251 
 
 

 

Figure 4.4-8 – Pore diameters as a function of the nucleation temperature (𝑇"). Each mark represents the 

mean pore diameter value and 𝑇" for a sample (repetition). Error bars represent the standard deviations. 

 

 

 

 

 

Table 4.4-3 – Pore diameter (mean values ± standard deviations). Results considering five repetitions per 

experimental condition. 

  nucleating agent 

  No Yes 

vial 

type 

High-
throughput 

vial 
88 µm ± 31 µm 195 µm ± 59 µm 

Serum vial 
(non-

siliconized) 
96 µm ± 36 µm 300 µm ± 174 µm 

Serum vial 
 (Siliconized) 

91 µm ± 32 µm 
Not studied in this 

work 
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Shape of the sublimation front 

The classic lumped-variable steady-state model of heat and mass transfer during primary drying (Pikal, 

2000; Scutellà et al., 2017a; Velardi and Barresi, 2008), described in Section Heat and mass transfer 

equations, considers the mass transfer area equal to the inner vial cross-section area (𝐴!"). However, 

previous work using 2D transient-state modelling indicated that this is not necessarily the correct mass 

transfer area when using some vials (Nam and Song, 2005; Sheehan and Liapis, 1998). In this work, the 

shape of the sublimation front was visually observed to study the validity of assuming the mass transfer 

area equal to 𝐴!".  

Figure 4.4-9 shows pictures of samples after 9 and 19 hours of primary drying. The dried product 

layers contracted when vials were removed from the freeze dryer, thus being separated from the frozen 

layer. The frozen layers are the structures marked with a blue snowflake symbol in Figure 4.4-9, and the 

dried layers are marked with a red circle. Some dried layers were removed using small tweezers so the 

frozen layers could be better observed. 

Regarding the impact of the vial type in experimental conditions without a nucleating agent (Hv-

Nn and Sv-Nn in Figure 4.4-9), sublimation fronts were curved in high-throughput vials (Hv-Nn) and rather 

flat in serum vials (Sv-Nn). Previous work using 2D transient heat and mass transfer models (Nam and 

Song, 2005; Sheehan and Liapis, 1998) proved that radial heat flows received by the vial tend to curve the 

shape of the sublimation front. Therefore, the curved sublimation fronts in high-throughput vials indicate a 

considerable contribution of radial heat flows from the well plate pillars and wall (Section 4.2.3), and the 

flatter sublimation fronts in serum vials suggest a lateral symmetry condition between vials (negligible 

radial heat flow) (Scutellà et al., 2017b). 

Comparing results using different vial types with a nucleating agent (Hv-Yn and Sv-Yn in Figure 

4.4-9), sublimation fronts in high-throughput vials (Hv-Yn) were rather flat, while sublimation fronts in 

serum vials (Sv-Yn) presented sharp peaks – particularly after 19 hours. These sharp peaks in serum vials 

with a nucleating agent are reminiscent of the elongated pores observed by X-ray micro-computed 

tomography (Sv-Yn in Figure 4.4-7), suggesting that the product matrix coated the sharp ice crystals. For 

a given dried product layer thickness, the pores containing the sharp ice peaks were less connected to the 

sublimation front than the rest, so they dried more slowly. Under this assumption, sharp peaks imply large 

and not well-connected pores, so the “effective” sublimation front’s area (where sublimation occurs, not 

the area of the frozen peaks) was smaller than 𝐴!". 

When using high-throughput vials (Hv-Nn and Hv-Yn in Figure 4.4-9), adding a nucleating agent 

(Hv-Yn) decreased the curvature of the sublimation front compared to the experimental condition without 

a nucleating agent (Hv-Nn). Results in high-throughput vials put forward that the pore shape and size might 

alter the shape of the sublimation front, emphasizing the coupling between heat and mass transfer. 
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Figure 4.4-9 – Pictures of vials at intermediate points of primary drying taken after 9 or 19 hours of freeze-

drying. Hv-Nn, Hv-Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the experimental conditions described in Table 4.4-1. 
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The impact of siliconizing the vials appeared negligible (Sv-Nn vs Sv-Nn-S in Figure 4.4-9). Sublimation 

fronts observed in siliconized serum vials (Sv-Nn-S) presented a central cone with a height of 

approximately 4 mm, which was not observed in non-siliconized serum vials (Sv-Nn). However, a cone of 

4 mm would only increase the sublimation front’s area in serum vials by 13% compared to a flat surface. 

Therefore, such central curvature is not expected to impact the mass transfer significantly. 

Overall, assuming 𝐴!" as the sublimation area was probably rather valid when using high-

throughput vials with a nucleating agent (Hv-Yn) or serum vials without a nucleating agent (Sv-Nn and 

Sv-Nn-S). For high-throughput vials without a nucleating agent (Hv-Nn), the sublimation area was greater 

than 𝐴!" due to the curved sublimation front. For serum vials with a nucleating agent (Sv-Yn), the effective 

sublimation area may have been different to 𝐴!" due to the sharp ice peaks in the sublimation front. 

 

Dried product resistance to mass transfer  

The mass transfer through the dried product layer during primary drying is introduced in most lumped-

variable steady-state models using the area-normalised product resistances to the mass transfer (𝑅@) (e.g. 

Koganti et al., 2011; Konstantinidis et al., 2011; Pikal, 1985; Pisano et al., 2013). In this vein, this work 

calculated 𝑅@ based on experimental mass flow rates (�̇�@AB) determined during each pressure rise test for 

the five experimental conditions reported in Table 4.4-1. Figure 4.4-10 presents the �̇�@AB values expressed 

as a function of the dried product layer thickness (𝑙=). For all experimental conditions and repetitions, the 

mass loss factors (𝑀?) were less than 6%, suggesting that the calculations of �̇�@AB were in agreement with 

the overall mass loss measured gravimetrically.  
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Figure 4.4-10 – Evolution of the vial-averaged mass flow rates (�̇�@AB) with the dried product layer 

thickness (𝑙=). Vial-averaged �̇�@AB values were determined by the pressure rise test method using Equation 

4.4-9. Hv-Nn, Hv-Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the experimental conditions described in Table 4.4-1. 

  



Results - Mass Transfer during Primary Drying in High-Throughput Vial Systems 

 

256 
 
 

Symbols in Figure 4.4-11 show the 𝑅@ values obtained using Equation 4.4-1 to Equation 4.4-3 and Equation 

4.4-5 to Equation 4.4-8, while the curves are 𝑅@ vs 𝑙= fitted according to Equation 4.4-4. The coefficients 

in Equation 4.4-4 (i.e. 𝑅@,., 𝑅@,% and 𝑅@,&) were fitted using 𝑅@ values calculated when all thermocouples 

indicated vials were going through ice sublimation (see Section Comparison between calculated product 

temperature values and experimental values, which corresponded to 𝑙= values lower than 11 mm in high-

throughput vials and lower than 9 mm in serum vials. It is to note that when some vials were no longer 

going through ice sublimation, the number of vials assumed to calculate 𝑅@ (𝑛# in Equation 4.4-9) was 

incorrect, leading to the reduction of the total flow and an overestimation of the 𝑅@ values. The values of 

the coefficients in Equation 4.4-4 are reported in Table 4.4-4. Note that the 𝑅@ curves for experimental 

conditions concerning serum vials (Sv-Nn, Sv-Yn, and Sv-Nn-S in Figure 4.4-11) were close to the range 

of the results published by Scutellà et al. (2018), represented as purple streaked areas in Figure 4.4-11. 

 

 

 

 

Table 4.4-4 – Calibrated coefficients 𝑅@,. (kPa.s.m2.kg-1), 𝑅@,% (MPa.s.m.kg-1), and 𝑅@,& (m-1) from 

Equation 4.4-4.  

 

  nucleating agent 

  No Yes 

vial 

type 

High-
throughput 

vial 

𝑅@,. = 10.0 ± 3.1 𝑅@,% = 17.9 ± 3.0 𝑅@,& = 147 ± 41 

𝑅@,. = 11.3 ± 3.3 𝑅@,% = 10.5 ± 2.0 𝑅@,& = 52 ± 25 

Serum vial 
(non-

siliconized) 

𝑅@,. = 45.2 ± 14.4 𝑅@,% = 75 ± 26 𝑅@,& = 409 ± 144 

𝑅@,. = 2.2 ± 6.6 𝑅@,% = 104 ± 26 𝑅@,& = 813 ± 216 

Serum vial 
 (Siliconized) 

𝑅@,. = 33.5 ± 21.2 𝑅@,% = 103 ± 49 𝑅@,& = 575 ± 255 

Not studied in this 
work 
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Figure 4.4-11 – Evolution of the area-normalised product resistance to mass transfer (𝑅@) with the dried 

product layer thickness (𝑙=). Solid lines are the curves obtained fitting 𝑅@ with Equation 4.4-4. Purple 

dashed areas represent the ranges of 𝑅@ values obtained by Scutellà et al. (2018) using serum vials filled 

with a 5% sucrose solution, without (Nn) and with (Yn) 0.1% snomax as a nucleating agent. Hv-Nn, Hv-

Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the experimental conditions described in Table 4.4-1. 
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For the sake of an example to compare the effect of the vial type on 𝑅@, Figure 4.4-12a presents the ratio 

of 𝑅@ values at 𝑙= of 5 mm using high-throughput vials to 𝑅@ values using serum vials. The ratio of 𝑅@ 

values using high-throughput vials to serum vials without a nucleating agent (𝑅@(Hv-Nn) / 𝑅@(Sv-Nn) bar 

in Figure 4.4-12a) was approximately 0.4 – similar results were obtained at different 𝑙= values. Thus, 𝑅@ 

for high-throughput vials was lower (roughly 60%) than for serum vials. 𝑅@ is defined as the resistance per 

vial cross-section area (𝐴!") (Equation 4.4-3), under the assumption that this is the mass transfer area. Given 

that the dried product structure was similar in both containers (Hv-Nn vs Sv-Nn in Figure 4.4-7), the 

variations on 𝑅@ values between high-throughput and serum vials could be explained by an effective mass 

transfer area in high-throughput vials greater than 𝐴!", as suggested by the shape of the sublimation front 

(Hv-Nn in Figure 4.4-9). 

Similarly, the ratio of 𝑅@ values at 𝑙= of 5 mm using high-throughput vials to serum vials with a 

nucleating agent (𝑅@(Hv-Yn) / 𝑅@(Sv-Yn) bar in Figure 4.4-12a) was approximately 0.7 – similar results 

were obtained at different 𝑙= values. Hence, 𝑅@ values were lower (roughly 30% lower) in high-throughput 

than serum vial. When adding a nucleating agent, pores in the dried product structure were smaller in high-

throughput vials than in serum vials (Hv-Yn vs Sv-Yn in Figure 4.4-7), so a higher 𝑅@ value would be 

expected for high-throughput vials than for serum vials (Pikal, 2000), contrary to what was observed. The 

lower 𝑅@ values in high-throughput vials compared to serum vials may be explained by a better connectivity 

between pores in high-throughput vials.  

To observe the effect of adding a nucleating agent on 𝑅@, Figure 4.4-12b shows the ratio of 𝑅@ 

values at 𝑙= of 5 mm with a nucleating agent to 𝑅@ values without a nucleating agent. The overall impact 

of adding a nucleating agent on 𝑅@ was small for high-throughput vials (𝑅@(Hv-Yn) / 𝑅@(Hv-Nn) bar in 

Figure 4.4-12b was over 0.8, and similar results were obtained at different 𝑙= values). Adding a nucleating 

agent increased the pore diameter of the dried product structure (which tends to decrease 𝑅@) (Figure 4.4-7, 

Table 4.4-3) and reduced the curvature of the sublimation front (which tends to increase 𝑅@) (Figure 4.4-9) 

in high-throughput vials. Thus, the impact of the pore diameter on 𝑅@ was counterbalanced by the shape of 

the sublimation front. 

Concerning serum vials, adding a nucleating agent increased the pore diameter (which tends to 

decrease 𝑅@) (Figure 4.4-7, Table 4.4-3) and reduced the sublimation front’s area (which tends also to 

decrease 𝑅@) (Figure 4.4-9). Thus, the ratio of 𝑅@ for serum vials with a nucleating agent to serum vials 

without a nucleating agent (𝑅@(Sv-Yn) / 𝑅@(Sv-Nn) bar in Figure 4.4-12b) was approximately 0.4. 

Finally, the impact of siliconizing the vials on 𝑅@ was negligible (e.g. for 𝑙= = 5 mm, 𝑅@ decreased 

less than 10% from Sv-Nn to Sv-Nn-S in Figure 4.4-11), as expected given the similar dried product 

structure (Sv-Nn vs Sv-Nn-S in Figure 4.4-7) and shape of the sublimation front (Sv-Nn vs Sv-Nn-S in 

Figure 4.4-9). 
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Figure 4.4-12 – Ratio of the area-normalised product resistance to mass transfer (𝑅@) for dried product 

layer thickness (𝑙=) of 5 mm between experimental conditions (a) using different vial types and (b) with and 

without a nucleating agent. Hv-Nn, Hv-Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the experimental conditions 

described in Table 4.4-1. 
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The nucleating temperature (𝑇") is commonly used to explain (or at least indicate) variations in the size 

distribution of the ice crystals obtained during freezing, hence the pore size distribution and 𝑅@ (e.g. 

Fennema, 1973; Geidobler and Winter, 2013; Konstantinidis et al., 2011; Nakagawa et al., 2006; Searles et 

al., 2001). To this end, Figure 4.4-13 shows the value of 𝑅@ at a dried product layer thickness of 5 mm 

against 𝑇" (Figure 4.4-6) for each experimental condition (Table 4.4-1). For high-throughput vials, 

experimental conditions with different 𝑇" values presented similar 𝑅@ values (e.g. 𝑅@ decreased by 20% 

from Hv-Nn to Hv-Yn in Figure 4.4-13). Due to the contrary effects of the pore size and shape of the 

sublimation front, varying 𝑇" by 5 °C in high-throughput vials did not considerably affect 𝑅@. In contrast, 

increasing 𝑇" by 5 °C in serum vials reduced the 𝑅@ value in half (Figure 4.4-12b and Figure 4.4-13). 

 Pikal (2000) stated that the pore size is inversely proportional to 𝑅@. Adding a nucleating agent 

increased the pore size two times in high-throughput vials (Table 4.4-3), and should have reduced 𝑅@ by 

two times. However, the observed reduction of 𝑅@ when adding the nucleating agent in high-throughput 

vials was smaller than predicted by Pikal (2000) (𝑅@(Hv-Yn) / 𝑅@(Hv-Nn) bar in Figure 4.4-12b was higher 

than 0.5); probably due to mass transfer area variations, as suggested by the curved sublimation fronts in 

vials without the nucleating agent (Hv-Yn in Figure 4.4-9). Similarly, for serum vials, adding a nucleating 

agent increased the pore size three times (Table 4.4-3), and should have reduced 𝑅@ by three. Nevertheless, 

the experimental 𝑅@ reduction was not as remarkable (𝑅@(Sv-Yn) / 𝑅@(Sv-Nn) bar in Figure 4.4-12b was 

greater than 0.33); possibly because of a low connectivity between pores when adding the nucleating agent.  
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Figure 4.4-13 – 𝑅@ values at 𝑙= = 5 mm expressed as a function of the nucleation temperature (𝑇") 

determined using a thermal camera (Figure 4.4-6). Error bars in the 𝑅@-axis are the 𝑅@ standard deviations 

of the three repetitions when using high-throughput vials (Figure 4.4-11). Error bars in the 𝑇"-axis are the 

standard deviations (Figure 4.4-6). Hv-Nn, Hv-Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the experimental 

conditions described in Table 4.4-1. 
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Impact of the vial type and nucleation temperature on the product temperature during primary 

drying 

The evolution of the measured product temperature and the calculated value (𝑇2) for each experimental 

condition (Table 4.4-1) are presented in Figure 4.4-14. Experimental product temperatures (grey areas in 

Figure 4.4-14) increased at the beginning of primary drying and reached a pseudo-stationary value when 

the dried product layer thickness (𝑙=) was (approximately) greater than 4 mm. 𝑇2 values calculated with 

Equation 4.4-1 to Equation 4.4-8 remained mostly within the measured standard deviation. Hence, the heat 

and mass transfer model used in this work appears valid to calculate 𝑇2. 

Considering experimental conditions without a nucleating agent, the calculated 𝑇2 values for high-

throughput vials (Hv-Nn in Figure 4.4-14) and serum vials (Sv-Nn in Figure 4.4-14) differed by less than 

0.3 °C for  𝑙= greater than 2 mm. To understand this observation, we must recall how small pores obtained 

without a nucleating agent (diameter approximately 90 µm, Table 4.4-3) entailed curved sublimation fronts 

in high-throughput vials (Hv-Nn in Figure 4.4-9) that reduced the apparent dried product resistance to mass 

transfer per inner vial cross-section (𝑅@) compared to serum vials (𝑅@(Hv-Nn) / 𝑅@(Sv-Nn) bar in Figure 

4.4-12a). Ultimately, 𝑇2 was similar for high-throughput and serum vials since the increase in the ability to 

transfer mass through the dried product layer (𝑅@9%) in high-throughput vials compared to serum vials was 

compensated by the increase in the ability to transfer heat from the freeze-dryer (𝐾#; Table 4.4-2). 

When adding a nucleating agent, the calculated 𝑇2 values for high-throughput vials (Hv-Yn in 

Figure 4.4-14) were 2.3 °C higher than 𝑇2 values for serum vials (Sv-Yn in Figure 4.4-14) by the end of 

primary drying. This could be physically explained by the similar ability to transfer mass through the dried 

product layer (𝑅@9%) in both vial types (𝑅@(Hv-Yn) / 𝑅@(Sv-Yn) bar in Figure 4.4-12a), and the higher 

ability to transfer heat from the freeze dryer for high-throughput vials (𝐾#; Table 4.4-2). 

Comparing high-throughput vials, adding a nucleating agent had no impact on 𝑇2 because 𝑅@ was 

similar with and without the nucleating agent (𝑅@(Hv-Yn) / 𝑅@(Hv-Nn) bar in Figure 4.4-12b was close to 

1). This similar 𝑅@ values are explained by an increase in the pore diameter when adding a nucleating agent 

(Table 4.4-3) that was compensated by the decrease in the mass transfer area (Figure 4.4-9). On the contrary, 

for serum vials, adding a nucleating agent decreased 𝑇2 by 2.4 °C by the end of primary drying. Hence, 

differences on the dried product structure could entail variations in the final product appearance. As a 

practical outcome, the nucleation process should be more carefully controlled in serum vials than in high-

throughput vials to obtain a homogeneous batch. 

The impact of siliconizing vials on 𝑇2 was negligible. Calculated 𝑇2 of for non-siliconized and 

siliconized serum vials differed on average less than 1 °C, as it was expected due to the similar 𝑅@ values 

(Sv-Nn vs Sv-Nn-S in Figure 4.4-11). Besides, the experimental range of 𝑇2 values of non-siliconized and 

siliconized serum vials overlapped (grey areas of Sv-Nn and Sv-Nn-S in Figure 4.4-14). 
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Figure 4.4-14 – Evolution of the product temperature with the dried product layer thickness (𝑙=). Grey 

areas are the represent the mean values ± standard deviations of the temperatures measured using the eight 

thermocouples, and coloured lines are the calculated temperatures using the area-normalised product 

resistance (𝑅@) and Equation 4.4-1 to Equation 4.4-8. Hv-Nn, Hv-Yn, Sv-Nn, Sv-Yn, and Sv-Nn-S are the 

experimental conditions described in Table 4.4-1. 
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CONCLUSIONS 

 

This work delved into how the vial type (i.e. high-throughput or serum vials) could affect the mass transfer 

during primary drying by focusing on the product resistance to mass transfer (𝑅@) normalized by the vial 

cross-section area (𝐴!"). The impact of the vial type on 𝑅@ was interpreted based on: (i) the pore diameter, 

and (ii) the shape of the sublimation front and the connectivity of the pores, even if they were not measured 

quantitatively. Furthermore, a lumped-variable steady-state model for heat and mass transfer during 

primary drying was used to evaluate the consequences of 𝑅@ variations between vial types on the product 

temperature (a critical process parameter). 

A “model” product (5% w/w sucrose aqueous solution) was considered in this work, and the impact 

of the nucleation temperature (𝑇") was evaluated by, in some cases, adding a nucleating agent in a small 

concentration (0.1% w/w). Regardless of the vial type, adding the nucleating agent increased 𝑇" from 

approximately -7 °C to -1.5 °C. When 𝑇" was close to -7 °C, the pore diameter was similar in both vial 

types (close to 92 µm), and the sublimation front was curved in high-throughput vials and flat in serum 

vials. Therefore, effective 𝑅@ was smaller in high-throughput vials than in serum vials since, in high-

throughput vials, the effective mass transfer area was greater than 𝐴!" (area considered to normalize 𝑅@). 

When 𝑇" was close to -1.5 °C, the pore diameter was smaller in high-throughput vials (195 µm) than in 

serum vials (300 µm), yet the 𝑅@ values were similar in high-throughput and serum vials. Additionally, 

siliconizing of serum vials had no significant effect on any of the assessed variables. 

As a practical outcome, when 𝑇" was close to -7 °C, the product temperatures at the end of primary 

drying differed by less than 0.5 °C in both vial types. This mild difference in product temperature occurred 

because the differences in 𝑅@ between vial types were compensated by the differences in the heat transfer 

coefficient from the shelves to the vials (𝐾#). However, when 𝑇" was close to -1.5 °C, product temperatures 

were over 2 °C greater in high-throughput vials than in serum vials due to differences on 𝐾#. In this case, 

freeze-drying cycles should be re-designed when using different vial types to avoid product collapse while 

operating close to the maximum admissible product temperature (process optimization). 



Results - Mass Transfer during Primary Drying in High-Throughput Vial Systems 

 

265 
 
 

APPENDIX 4.4-A 

 

To determine the nucleation temperature (𝑇") of the vials, the thermal camera was set to take pictures of 

the vials every 5 seconds during freezing tests, as described in Section Determination of the nucleation 

temperature of this Paper IV. Thermal images were loaded into a computer, and then each image was 

exported as a matrix of 320×240 pixels (.xlsx file; Microsoft Excel, Microsoft Corporation, WA, USA) 

using the IRSoft software provided by Testo (Testo SE & co, Lenzkirch, Germany). Each pixel of each 

matrix contained a surface temperature value. For each experimental run, matrices were loaded in 

MATLAB R2017a (The MathWorks, Inc, Natick, MA, USA) and plotted as colour maps. Figure 4.4-15a 

shows a colour map based on a thermal image obtained during tests with high-throughput vials, and Figure 

4.4-15b with serum vials. These colour maps served to visually identify the pixels corresponding to the 

surfaces of the vial content, the shelf, and the well plate (in the case of tests with high-throughput vials). 

Figure 4.4-15c and Figure 4.4-15d schematise Figure 4.4-15a and Figure 4.4-15b, respectively, to better 

understand the surfaces observed in the thermal images.  

 

 

Figure 4.4-15 – Image treatment. (a) Thermal image (colour map) during freezing with high-throughput 

vials. (b) Thermal image (colour map) during freezing with serum vials. (c) Scheme of the surfaces observed 

in (a).  (d) Scheme of the surfaces observed in (b). 𝑥 and 𝑦 are the directions of the axis in the colour maps 

used to identify the pixels. Red ‘X’ represent the positions of pixels used for data treatment of the surface 

temperature. 
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A MATLAB code was developed to treat the thermal images and obtain the surface temperature 

values of the vial contents, the shelf, and the well plate Table 4.4-5 presents a scheme of logic behind the 

MATLAB code. The inputs of the code were: (i) the thermal images expressed as matrices (𝐼𝑚𝑎𝑔𝑒%, 𝐼𝑚𝑎𝑔𝑒&	, …, 𝐼𝑚𝑎𝑔𝑒" in Table 4.4-5), and (ii) the coordinates of the pixels corresponding to the surfaces 

of interest (𝛱#J for the 𝑚th vial content, 𝛱0 for the shelf, and 𝛱S@ for the well plate in Table 4.4-5). For 

each thermal image, 1 pixel in the centre of the vial content surface, 6 pixels of the shelf (ramdomly 

selected), and 4 pixels of the well plate (randomly selected) were considered (red ‘X’ in Figure 4.4-15c and 

Figure 4.4-15d). The coordinates of the pixels were expressed as a matrix (𝛱#J, 𝛱0, or 𝛱S@), in which the 

rows corresponded the each pixel’s coordinates (using directions 𝑥 and 𝑦 in Figure 4.4-15c and Figure 

4.4-15d). Note that the same pixel positions were used for all pictures within the same experimental run 

(the camera’s position was fixed using a tripod). The output of the code are vectors listing the surface 

temperature values corresponding to successive times (every 5 seconds) for each vial content (𝑇#J), the 

shelf (𝑇0), and the well plate (𝑇S@, only in the case of tests with high-throughput vials). The vectors (𝑇#J, 𝑇0, and 𝑇S@) were built by identifying the temperature of the pixels corresponding to the surfaces of interest 

(listed in 𝛱#J, 𝛱0, and 𝛱S@) in each thermal image (𝐼𝑚𝑎𝑔𝑒%, 𝐼𝑚𝑎𝑔𝑒&	, …, 𝐼𝑚𝑎𝑔𝑒"). In the case of the 

well plate and shelve surfaces, temperature values in each thermal image were averaged among the pixels. 
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Table 4.4-5 – Logic behind the MATLAB code to identify the surface temperatures. 

 Meaning Code Interpretation 

In
pu

ts
 

Thermal images expressed as 
temperature matrices 
(𝐼𝑚𝑎𝑔𝑒) 

𝐼𝑚𝑎𝑔𝑒%, 𝐼𝑚𝑎𝑔𝑒&, …, 𝐼𝑚𝑎𝑔𝑒" 

Matrix of pixel coordinates 
corresponding to  
the vial contents (𝛱#J),  
the shelf (𝛱0), and  
the well plate (𝛱S@). 

𝛱#J = �𝑦#_%			𝑥#_%�; 			𝛱0 = �𝑦0_%𝑦0_& 𝑥0_%𝑥0_&⋮ ⋮𝑦0_f 𝑥0_f� ; 			𝛱S@

= �𝑦S@_%𝑦S@_&

𝑥S@_%𝑥S@_&⋮ ⋮𝑦S@_f 𝑥S@_f

� 
𝑚 is the vial number, going from 1 to 96 in tests with high-
throughput vials and 1 to 44 in tests with serum vials. 𝑦 and 𝑥 are the column and row numbers. 𝑉_𝑖 refers to the of the 𝑖th pixel of the vial content’s surface. 𝑆_𝑖 refers to the of the 𝑖th pixel of the vial content’s surface. 𝑉_𝑖 refers to the of the 𝑖th pixel of the vial content’s surface. 

O
ut

pu
ts

 

Matrix of surface 
temperatures in time of 
the vial contents (𝑇#J), and  
vectors of surface 
temperatures in time of 
the shelf (𝑇0) and 
 the well plate (𝑇S@). 

𝑇#J = � 𝑇#J	𝑎𝑡	𝑡 = 0𝑇#J𝑎𝑡	𝑡 = 5⋮𝑇#J𝑎𝑡	𝑡 = 5(𝑛 − 1)� ; 			𝑇0 = � 𝑇0	𝑎𝑡	𝑡 = 0𝑇0	𝑎𝑡	𝑡 = 5⋮𝑇0	𝑎𝑡	𝑡 = 5(𝑛 − 1)� ; 
			𝑇S@ = � 𝑇S@	𝑎𝑡	𝑡 = 0𝑇S@	𝑎𝑡	𝑡 = 5⋮𝑇S@	𝑎𝑡	𝑡 = 5(𝑛 − 1)� 𝑚 is the vial number, going from 1 to 96 in tests with high-

throughput vials and 1 to 44 in tests with serum vials. 𝑡 is the time (in seconds, 𝑠) since the first thermal image was 
registered. 

B
od

y 

For each thermal image taken 
every 5 seconds (𝐼𝑚𝑎𝑔𝑒H) ... For 𝑗 = 1 to 𝑛 (at 𝑡 = 5(𝑛 − 1))  

 

… the surface temperature of 
the vial contents (𝑇#J(𝑗)), the 
shelf (𝑇0 (𝑗)), and 
the well plate (𝑇S@(𝑗))  
is the average temperature of 
the pixels involved. 

𝑇#J(𝑗) = 𝐼𝑚𝑎𝑔𝑒H(𝑦0_! , 𝑥0_!)	; 
𝑇0(𝑗) = 16|𝐼𝑚𝑎𝑔𝑒H(𝑦0_! , 𝑥0_!)	V

!W%

; 
𝑇S@(𝑗) = 14|𝐼𝑚𝑎𝑔𝑒Hb𝑦S@+

, 𝑥S@+
cL

!W%
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APPENDIX 4.4-B 

 

Two calibration steps were performed to remove (i) the noise and (ii) constant biases of the surface 

temperature values.  

Surface temperature signals presented noise due to the ambient radiation and the auto-calibration 

of the camera. The first calibration step was aimed at removing the noise. To do so, the surface temperature 

of the shelf was fitted to straight lines (different lines for the ramps and plateaus). For example, Figure 

4.4-16a presents a shelf’s surface temperature with noise (non-calibrated). At the same time, Figure 4.4-16b 

shows a straight line obtained by fitting the experimental data of Figure 4.4-16a to a one-degree polynomial. 

The difference between the fitted shelf’s surface temperature (e.g. Figure 4.4-16b) and the measured shelf’s 

surface temperature (e.g. Figure 4.4-16a) was attributed to noise and was subtracted from the surface 

temperature of the well plate and vial contents. For example, Figure 4.4-16c presents a vial content’s surface 

temperature with noise (non-calibrated), and Figure 4.4-16d shows the same signal after removing the 

noise. 

A second calibration step removed the constant biases of the surface temperatures of the vial 

contents by following the method described in Harrison et al. (2018). This method required identifying, for 

each vial, when the content’s surface temperature registered a sharp increase until close to 0 °C. For 

example, a temperature value after this sharp increase is represented as a grey dotted line in Figure 4.4-16e. 

The difference between this value after the sharp increase and the freezing-point depression temperature (-

0.28 °C for a 5% sucrose solution; Kiyosawa, 1988; black dashed line in Figure 4.4-16e) was considered 

as a constant bias and removed from the vial content’s surface temperature. Finally, a calibrated vial 

content’s surface temperature was obtained, as shown in Figure 4.4-16f. The nucleation temperature (𝑇") 

in each vial was considered as the signal value before the temperature increment until the freezing-point, 

represented in Figure 4.4-16f by a green dashed line.  
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Figure 4.4-16 – Calibration of a surface temperature. (a) Non-calibrated shelf surface temperature. (b)  

Line obtained by fitting the data of (a) to a one-degree polynomial. (c) Non-calibrated vial content’s surface 

temperature. (d) Data obtained after removing the noise from Figure (c). (e) Identification of the difference 

between the temperature after the sharp increase (grey dashed line) and the freezing-point depression 

temperature (black dashed line). (f) Data obtained after calibration and determined nucleation temperature 

(green dashed line). 
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APPENDIX 4.4-C 

 

Figure 4.4-17 presents examples of the chamber pressure registered during the pressure rise tests (red dots 

in Figure 4.4-17) and the fitted curves obtained considering a 6-degree polynomial (black curves in Figure 

4.4-17). 

 

 

 

Figure 4.4-17 – Examples of the pressure evolution registered with the capacitance manometer during 

pressure rise tests performed at 5, 25, and 43 hours of primary drying. Fitted curves in black are the 6-

degree polynomial obtained by adjusting the experimental data in red. 
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4.4.4. Take-Home Message 

This section addressed the area-normalized product resistance to mass transfer (RQ), 

which is one of the most important parameters in vial freeze-drying. The dry product 

pore size and shape, as determined by X-ray micro-computed tomography, interacted 

in a complex way with the shape of the sublimation front to produce an effective RQ, 

suitable for calculation of the mass flow rate and product temperature. 

When the nucleation temperature (Tg) was lower (e.g. -7 °C, without use of a 

nucleating agent), the pore diameter was similar in high-throughput and serum vials 

(close to 92 mm), but the sublimation front was curved in high-throughput vials and flat 

in serum vials. Thus, RQ was lower in high-throughput vials than in serum vials, since 

a greater mass transfer area per inner vial cross-sectional area reduces RQ. Regarding 

the coupled heat and mass transfer, the product temperature differed by less than 0.5 

°C in both container types at the end of primary drying because the RQ tendencies were 

counterbalanced by the heat transfer (KM) differences. 

When Tg was higher (e.g. -1.5 °C, in presence of a nucleating agent), RQ was 

similar in high-throughput and serum vials since the pore connectivity compensated the 

variations in pore size. Given the heat transfer (KM) differences, product temperatures 

were over 2 °C higher in high-throughput vials than in serum vials, which may represent 

a significant product quality risk when the process is run close to the maximum 

admissible product temperature. 
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5. General Discussion 
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Vaccination is one of the pillars that sustains healthcare systems, prevents several transmissible diseases, 

and controls epidemics. The active principle of a vaccine should be stabilized during transportation and 

storage, so the vaccine will cause the desired effect when administered to the subject. Freeze-drying is 

widely used in the pharmaceutical industry to stabilize active principles (Hansen et al., 2015; Izutsu, 2018). 

Most active principles are heat-sensitive, so the low product temperatures encountered during freeze-drying 

make it the drying method of choice (World Health Organization, 2006).  

Freeze-dried vaccines must comply with different standards to preserve the active principle's 

quality. During vaccine development, candidate formulations are selected based on their potency and 

appearance after freeze-drying. Identifying the best formulation is a time-consuming work. Traditionally, 

candidate formulations are screened using tubular vials with a volume of 3 mL or more, commonly known 

as serum vials, which are the same used at the production scale (Pikal, 2000; Pisano et al., 2011; Scutellà 

et al., 2017a). Smaller vials with a volume of 1 mL or less, known as high-throughput vials, could accelerate 

the formulation screening since more vials could be fit in the freeze dryer (than when using serum vials), 

and more formulations could be tested per freeze-drying cycle. Furthermore, high-throughput vials simplify 

the laboratory labour since they are carried in 96-well plates compatible with most robots used for preparing 

and filling formulations (Peterman et al., 2014; Stangegaard et al., 2011; Taylor et al., 2002). 

The vaccine’s quality parameters, particularly the appearance of the dried cake, are related to the 

temperature of the formulation during drying. Heat and mass transfer during drying vary between high-

throughput and serum vials due to the geometry differences (see Sections 2.2.2.1 and 2.3.2.5) and the 

presence of a well plate (see Section 2.2.2.3). Therefore, the product temperature may vary between high-

throughput vials at the laboratory scale and serum vials at the production scale, impacting on the appearance 

of the dried cake. In this vein, this thesis focused on “translating” the results obtained with high-throughput 

vials at a serum vial scale, using mathematical modelling of the heat and mass transfer during sublimation 

(primary drying). Two interrelated scientific questions were addressed:  

• Question 1: How could we identify the operating conditions that entail the same product 

temperature during primary drying in high-throughput systems and serum vials? 

• Question 2: What are the main factors responsible for product quality variations during 

primary drying in high-throughput systems? 

The following Sections 5.1 and 5.2 detail the general conclusions on Questions 1 and 2, respectively. 

Moreover, Section 5.3 presents perspectives for future research after this thesis. 
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5.1. Question 1: Translation of the Operating 

Conditions 

The product temperature during primary drying is a critical process parameter (Fonseca et al., 2004; 

Overcashier et al., 1999; Pikal and Shah, 1990a) which depends on the heat and mass transfer while ice 

crystals are removed by sublimation (Pikal, 2000). Variations in the heat and mass transfer between vial 

types (e.g. high-throughput and serum vials) could entail different product temperatures, possibly resulting 

in different product qualities. In this vein, Table 5.1-1 lists the main results of this thesis concerning the 

variations in the heat and mass transfer during primary drying when using either high-throughput or serum 

vials. 

The following Section 5.1.1 presents the conclusions when comparing the heat transfer in high-

throughput or serum vials, and similarly, Section 5.1.2 introduces the conclusions when comparing the 

mass transfer. Finally, Section 5.1.3 presents the conclusions on the impact of the coupled heat and mass 

transfer.  

 

 

 

 

Table 5.1-1 – Main results of this thesis concerning the variations in the heat and mass transfer during 

primary drying when using high-throughput or serum vials. 

Question 1: “How could we identify the operating conditions that entail the same product 

temperature during primary drying in high-throughput systems and serum vials?” 

Heat 
transfer 

At chamber pressures lower than 12 Pa, the effective heat transfer coefficient between the 
shelves and the vial (𝐾#) was almost three times greater for high-throughput vials than for 
serum vials. The high 𝐾# value in high-throughput vials was due to the efficient heat transfer 
between the shelf and the well plate bottom by contact conduction and gas conduction, and 
between the wells and the vials by contact conduction. (Section 4.1) 

Mass 
transfer 

The mass transfer was studied using a 5% sucrose aqueous solution. At low nucleation 
temperature (approx. -7 °C, obtained without a nucleating agent), the effective dried product 
resistance to the mass transfer (𝑅@) was close to two times smaller in high-throughput vials 
than in serum vials because, in high-throughput vials, the effective mass transfer area was 
greater than the geometric cross-section area. At high nucleation temperature (approx. -1.5 °C, 
obtained with a nucleating agent), 𝑅@ was similar in high-throughput and serum vials, because 
the opposite effects of the pore diameter and pore connectivity were counterbalanced. (Section 
4.4) 
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5.1.1. Heat Transfer 

During primary drying, the freeze dryer’s shelves are considered the main heat source for the containers 

placed in the centre of each shelf surrounded by other vials (Sheehan and Liapis, 1998; Velardi and Barresi, 

2008). Under this hypothesis, the effective heat transfer coefficient between the shelves and the vial (𝐾#) 

is commonly used to model the heat transfer. In this thesis, only high-throughput vials in the centre of a 

well plate (surrounded by other vials) in the centre of the shelf (at more than 10 cm of the shelf’s edge) and 

serum vials in the centre of the shelf were initially considered to comply with this hypothesis, and therefore, 

were considered to answer Question 1.  

For both container types (i.e. high-throughput and serum vials), 𝐾# values mainly depended on the 

chamber pressure (studied range from 4 to 65 Pa), as many other authors previously observed (e.g. Pikal et 

al., 1984; von Graberg, 2011). The pressure dependence of 𝐾# (during freeze-drying) is commonly 

attributed to the heat transfer through the gas trapped between adjacent surfaces (e.g. Pikal, 2000; Pisano 

et al., 2011; Velardi and Barresi, 2008). In the case of serum vials, the pressure dependence of 𝐾# was due 

to the variation in the heat transfer by conduction through the gas trapped between the shelf and the serum 

vial. High-throughput vials are not placed directly on the shelf, instead go inside well plates; consequently, 𝐾# was modelled considering two heat transfer coefficients in series: (i) one from the shelves to the well 

plates (𝐾S@), and (ii) another from the well plates to the vials (𝐾-#). 𝐾S@ was pressure dependent; however, 𝐾-# was not. This suggested that the pressure dependency of 𝐾# in high-throughput vials was due to the 

gas trapped between the shelf and the well plate, which is included in 𝐾S@. The pressure dependence of 𝐾-#, even if theoretically expected, was not put in evidence in our study. A possible reason is that 𝐾-# was 

not limiting for heat transfer due to the good thermal contact between the vial and the surrounding well. 

Comparing container types, 𝐾# values were close to 3 times higher in high-throughput than in 

serum vials at chamber pressures lower than 12 Pa (range used in the pharmaceutical industry). Therefore, 

the heat transfer from the shelves to the well plate and then to the high-throughput vials was more effective 

than from the shelves to serum vials. Indeed, 𝐾S@ and 𝐾-# (expressed relatively to the high-throughput 

vial bottom area) were over 2 and 9 times higher than 𝐾# for serum vials (Scutellà et al., 2017a), 

respectively. The main mechanisms in the heat transfer to the high-throughput vials were the conduction 

through the gas trapped between the shelf and the well plate bottom (over 60% of 𝐾S@) and the contact 

conduction between the wells and the vials (over 70% of 𝐾-#). 

From the heat transfer’s perspective, high-throughput vials are expected to present higher product 

temperatures than serum vials due to their higher 𝐾# values (all other conditions being equal). However, 

the impact of the container type on the product temperature also depends on the mass transfer, which will 

be discussed in the following Section 5.1.2.  
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5.1.2. Mass Transfer 

The heat received by the vials provides the energy to sublimate the ice crystals during primary drying. As 

primary drying occurs, the sublimation front moves through the vial content leaving a dried product layer 

(containing the product and sorbed water) behind. The sublimated vapour flow goes through the dried 

product layer before escaping from the vial to the drying chamber. Several authors pointed out that the main 

mass transfer resistance is that of the dried product layer (Rambhatla et al., 2004; Scutellà et al., 2018a; 

Tang et al., 2006), and it is commonly modelled as an area-normalized resistance (𝑅@) considering the vial 

inner cross-sectional area as the mass transfer area (𝐴!"). 𝑅@ depends on the geometry of the pores in the 

dried product layer (e.g. pore size, connectivity) (Konstantinidis et al., 2011; Pikal, 2000), which could vary 

due to the container geometry (Nam and Song, 2005; Rosa et al., 2016).  

For both container types, 𝑅@ values increased as sublimation advanced and the dried product layer 

thickness increased, as expected. The nucleation temperature (𝑇") – modified in this study by the 

introduction of a nucleating agent – played a key role when comparing 𝑅@ values in different container 

types. At low 𝑇" (close to -7 °C, without a nucleating agent), both container types presented similar pore 

diameters (close to 92 µm), yet the sublimation front was curved in high-throughput vials and flat in serum 

vials. The curved sublimation front in high-throughput vials overall improved the mass transfer, so the 

effective 𝑅@ appeared smaller than in serum vials. When 𝑇" was high (close to -1.5 °C, with a nucleating 

agent), the pore diameter was smaller in high-throughput vials (195 µm) than in serum vials (310 µm). 

However, the 𝑅@ values were similar in both container types, presumably since the pore connectivity was 

worse in serum vials.  

The product temperature depends on the coupled heat and mass transfer. The translation of the 

operating conditions will be discussed in Section 5.1.3, considering the variations of 𝑅@ and 𝐾# between 

container types. 
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5.1.3. Coupling Heat and Mass Transfer 

A graphic tool was presented in Section 4.1.3, embodying the solution of the heat and mass transfer 

equations during sublimation in high-throughput and serum vials. This graphic tool allows us to identify 

the operating conditions that entail the same temperature in both container types, also referred to as 

“translating” the operating conditions. It is to note that heat and mass transfer equations are solved 

considering steady-state. However, in reality, the product temperature increased during primary drying. 

Therefore, the product temperature should be considered by the end of primary drying to translate the 

operating conditions, assuming this is the worst case for product collapse in both vial types. 

This thesis considered two sizes of high-throughput vials differing in the maximal volume (500-

µL or 1000-µL), and two types of well plates varying in their surface finish (A-type well plate with brilliant 

black surfaces, and B-type well plate with matte black surfaces). For the sake of an example, 𝐾# values of 

1000-µL high-throughput vials in a B-type well plate (determined in Section 4.1.3) and 3-mL serum vials 

(determined by Scutellà et al. 2017a) were studied. Furthermore, 𝑅@ values of a “model” product (5% w/w 

sucrose aqueous solution, determined in Section 4.4.3) were evaluated at the end of primary drying for each 

container, for a dried layer thickness (𝑙=) of: (i) 16 mm in 1000-µL high-throughput vials, and (ii) 11 mm 

in serum vials. 𝑅@ values depended on 𝑇", and so did the graphic tools obtained; Figure 5.1-1a presents the 

graphic tool to translate the operating conditions considering a 𝑇" close to -1.5 °C in both vial types, and 

Figure 5.1-1b considering a 𝑇" close to -7 °C. 

• For a 𝑇" close to -1.5 °C, the product temperature in high-throughput vials was higher than in serum 

vials. In general, one should increase the shelf temperature and decrease the chamber pressure when 

using serum vials (compared to high-throughput vials) to achieve the same product temperature 

while increasing the sublimation mass flow (optimizing the process design). For example, in Figure 

5.1-1a, the product temperature is the same (-36 °C) when using high-throughput vials at a chamber 

pressure of 10 Pa and shelf temperature of -30 °C or serum vials at a shelf temperature of +20 °C 

and a chamber pressure of 5 Pa (black square in  Figure 5.1-1a). 

• For a 𝑇" close to -7 °C, variations between container types in the mass transfer resistance (𝑅@) and 

the heat transfer coefficients (𝐾#) counterbalanced, and product temperatures were similar. 

Regardless, Figure 5.1-1b suggests that increasing the shelf temperature and decreasing the 

chamber pressure when using serum vials is convenient to increase the sublimation mass flow to 

optimize the process. As an example, in Figure 5.1-1b, the product temperature is the same (-36 

°C) when using high-throughput vials at a chamber pressure of 10 Pa and shelf temperature of -30 

°C or serum vials at a shelf temperature of -10 °C and a chamber pressure of 5 Pa (black square in  

Figure 5.1-1b). 
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Figure 5.1-1 – Primary drying design spaces of a 5% sucrose solution calculated for high-throughput to 

serum vials, with a nucleation temperature of approximately (a) -1.5 °C, and (b) -7 °C. 𝑃(-Band  𝑇,7568-B are 

the chamber pressure and shelf temperature during primary drying performed with high-throughput vials, 

respectively. 𝑃(,5:, 𝑇,7568,5: , and �̇�,5: are the chamber pressure, shelf temperature and sublimation mass 

flow rate during primary drying performed with serum vials, respectively. 𝑇,+3 is the ice-vapour equilibrium 

temperature. 𝑇> is the product temperature, and the maximal 𝑇> allowed for this product was -35 °C. The 

grey areas represent the safe zone of the process where 𝑇> is lower than -35 °C. Linear colour maps 

represent iso-𝑇> curves. Calculations were performed considering the global heat transfer coefficient 

between the shelf and the vial bottom for 1000-µL vials in B-type well plates.  
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Regardless of 𝑇", formulations that did not collapse in high-throughput vials should not collapse 

when using serum vials under the same operating conditions, but the primary drying times may be 

unnecessarily long. Results and conclusions considering A-type well plates or 500-µL high-throughput 

vials (maximal 𝑙= of 11 mm) were similar to those of 1000-µL in a B-types well plate (data not shown). It 

is to note that conclusions may change in the case of using different filling depths in one of the vial types, 

since 𝑅@ could drastically vary. However, the approach presented in this work remains valid and useful to 

translate the operating conditions.  

 

 

 

5.1.4. Take-Home Message  

The use of high-throughput vials to accelerate the development of freeze-dried vaccines 

requires heat and mass transfer models to translate the results from high-throughput to 

serum vials. Moreover, in some cases, the opposite translation from serum to high-

throughput vials might also be useful. For this thesis, translating the results implied 

identifying the operating conditions that entail the same product temperature in both 

container types. A lumped-variable (0D) steady-state model was used for such 

translation, and the model’s results were presented as a graphic tool. The main 

parameters to build the design space were the heat transfer coefficient between the 

shelves and the vials (KM) and the dried product resistance to mass transfer (RQ). The 

nucleation temperature (Tg) was an important factor when translating the operating 

conditions via its influence on RR. Results suggest that formulations that did not 

collapse in high-throughput vials should not collapse in serum vials under the same 

operating conditions. However, the process operation might be suboptimal, leading to 

excessively long primary drying times. 
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5.2. Question 2: Factors Responsible for Product 

Quality Variations 

Different factors could affect the heat and mass transfer during primary drying, altering the product 

temperature, and ultimately, the product quality. After reviewing the literature (Sections 2.2.2 and 2.3.2), 

five factors were considered in this work: (i) the variability of the well plate bottom and well surfaces; (ii) 

the variability of the high-throughput vial bottom geometry; (iii) the position of the vials in the well plate; 

(iv) the position of the well plate on the shelf; and (v) the variability of the nucleation temperature. The 

impact of these factors on the heat and mass transfer was evaluated using lumped-variable (0D) and 3D 

steady-state models. As a reminder, Table 5.2-1 briefly lists the main results of this thesis concerning the 

variation in the heat and mass transfer during primary drying within high-throughput vials. 

 

 

Table 5.2-1 – Main results of this thesis concerning the variation in the heat and mass transfer during 

primary drying within high-throughput vials. 

Question 2: What are the main factors responsible for product quality variations  

during primary drying in high-throughput systems? 

Heat 
transfer 

Variations in the well plate bottom finish and the well surface caused variations in 𝐾# among 
well plates. (Section 4.1) 

Variations in the high-throughput vial bottom explained variations in 𝐾# among vials in the 
centre of a well plate. (Section 4.1) 

High-throughput vials at the edge of the well plate (next to a well plate edge) may receive a 
heat flow up to 25% greater than those in the centre of the well plate (surrounded by other 
vials). The impact of the vial position in the well plate diminishes as primary drying proceeds 
and a dried product layer forms. (Section 4.2) 

At the beginning of primary drying, high-throughput vials in a well plate near a chamber wall 
or door received a heat flow up to 31% greater than those in a well plate in the centre of the 
shelf. The impact of the well plate position on the shelf may increase up to 42% as primary 
drying advances and a dried product layer forms. (Section 4.3) 

Mass 
transfer 

Variations in the nucleation temperature (from -7 to -1.5 °C, caused by the presence of a 
nucleating agent) did not affect 𝑅@ in high-throughput vials because the differences in the pore 
diameter and the shape of the sublimation front were counterbalanced. (Section 4.4) 
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5.2.1. Factors Related to the Heat Transfer 

During primary drying, the sublimation front moves through the vial content, increasing the dry product 

layer thickness and decreasing the frozen product layer thickness. From a modelling perspective, primary 

drying is a transient phenomenon when the sublimation front moves “slowly” (hours or days) and could be 

studied as a succession of heat and mass transfer equilibria. Therefore, heat and mass transfer equations 

were solved in steady-state at different positions of the sublimation front to introduce the notion of time 

passing. The beginning of primary drying was modelled as vials containing a frozen layer only. In contrast, 

an advanced point of primary drying was modelled considering a frozen and a dried product layer of a 

“model” product (5% w/w sucrose aqueous solution). 

Two types of well plates were used in this thesis, differing in their surface finish: brilliant black 

(A-type well plate) and matte black (B-type well plate). At the beginning of primary drying, high-

throughput vials in A-type well plates received heat flows close to 13% higher than those in B-type well 

plates (chamber pressures lower than 12 Pa). 0D modelling suggested that this heat flow variation was due 

to the conduction through the gas trapped between the shelf and the well plate bottom, the contact 

conduction between the shelf and the well plate bottom, and the contact conduction between the wells and 

the vials. A-type well plates presented circular marks on the bottom surface and the internal surface of the 

well bottoms, while B-type well plate bottoms and well bottoms were mostly flat. The surface reliefs in A-

type well plates decreased the heat transfer to the vials compared to B-type well plates. 3D models indicated 

that as sublimation advances, the heat flow variation between well plate types decreases until close to 7% 

(chamber pressures lower than 12 Pa, 𝑅@ = 1.248×105 Pa.s.m2.kg-1). Regarding the product temperature 

during primary drying (critical quality parameter), the well plate type could cause a variation in the product 

temperature between 0.3 and 0.7 °C. 

Concerning the high-throughput vials in the centre of a well plate (surrounded by other vials), 3D 

modelling proved that the heat flow from the wells to the vials occurred mostly by contact conduction. 

Furthermore, 0D modelling suggested that variations in the contact area of the vial bottoms (affecting 

contact conduction) were the main factor responsible for heat transfer variations at chamber pressures lower 

than 12 Pa. As a practical outcome of the variation between central vials, a safety margin of 3 °C is 

recommended when selecting the operating conditions during primary drying based on the vial-averaged 

product temperature (considering 𝑅@ = 1.248×105 Pa.s.m2.kg-1). 

The high-throughput vial position in the well plate affects the heat flow from the chamber wall or 

door. At the beginning of primary drying, heat flows received by high-throughput vials next to a well plate 

edge were up to 25% greater than that of vials in the centre of the well plate (surrounded by other vials). 

As sublimation occurs and a dried product layer forms in the vials (considering 𝑅@ = 1.248×105 Pa.s.m2.kg-

1), the variation on the heat flow received by different vial positions in a well plate drops to 4%. 

Furthermore, the product temperature differed by less than 1 °C between vial positions in the well plate. 
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When selecting the operating conditions during primary drying, the safety margin of 3 °C previously 

recommended (due to the variations in the vial bottom geometry) seemed to cover any heat transfer 

variation due to the vial position in the well plate. 

Regarding the impact of the well plate position on the shelf at the beginning of primary drying, 

placing a well plate near the chamber door increased the heat flow received by the vials compared to a well 

plate in the centre of the shelf, on average by 23% at chamber pressures lower than 12 Pa and shelf 

temperatures -40 and -15 °C. Meanwhile, placing a well plate near the chamber wall increased the heat flow 

received by the vials (on average by 19%) at only low shelf temperatures (-40 °C). The higher surface 

emissivity of the door (0.88) compared to the chamber wall (0.13) increased the heat transfer to the vials 

and the well plate by radiation, explaining the greater impact of placing a well plate near the chamber door 

than a wall. When primary drying advances and the dried product layer imposes a mass transfer resistance 

(considering 𝑅@ = 1.248×105 Pa.s.m2.kg-1), the vials in well plates near the chamber door could receive a 

heat flow up to 42% greater than those in a well plate in the centre of the shelf. Therefore, the impact of the 

heat flow from the chamber door could increase throughout primary drying. 3D mathematical modelling 

indicated that the heat flow from the chamber door becomes relatively more important as the dried product 

layer resistance increases, explaining the greater variation between well plate positions compared to the 

beginning of primary drying. This variation of the relative importance of the heat flows from the chamber 

could not be predicted by traditional 0D models (e.g. Pikal, 2000; Scutellà et al., 2017a; Velardi and Barresi, 

2008), and a safety margin for the product temperature of 2 °C is recommended when using such simplified 

models. Overall, placing a well plate near the chamber door increased the product temperature by 1 to 2 °C 

compared to a well plate in the centre of the shelf. The impact of the chamber wall remained lower than 

that of the chamber door as sublimation advanced; the increase in the product temperature was close to 1 

°C.  
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5.2.2. Factors Related to the Mass Transfer 

The mass transfer from the sublimation front to the condenser is mainly determined by the transfer through 

the dried product layer in the vials. Furthermore, variations in the dried product layer could entail mass 

transfer variations that ultimately affect the product temperature among the vials. According to the 

literature, the nucleation temperature (𝑇") is commonly highlighted as a key indicator of the mass transfer 

variations between vials (Section 2.3.2.2), affecting the ice crystal size, the pore size, and eventually the 

dried product resistance to mass transfer (𝑅@). Nucleation is a stochastic process; therefore the 𝑇" value 

varies from vial to vial. A “model” product (5% w/w sucrose aqueous solution) was considered in this work, 

and the average 𝑇" was artifitially modifided in some cases by adding a nucleating agent in a small 

concentration (0.1% w/w). Adding the nucleating agent increased 𝑇" from close to -7 °C to -1.5 °C, and the 

pore diameter increased on average from 88 to 195 µm. Commonly, an increase of the pore diameter should 

be associated with a lower 𝑅@ value, but this was not the case in high-throughput vials, as 𝑅@ values were 

similar regardless of the pore diameter. 𝑅@ is an area-normalized resistance defined for the vial inner cross-

sectional area (𝐴!"), assuming this is the mass transfer area. This assumption was utterly false when pores 

were smaller (𝑇" close to -7 °C), as suggested by curved sublimation fronts observed at intermediate points 

of primary drying. Instead, when pores were greater (𝑇" close to -1.5 °C), sublimation fronts were flat. The 

curved sublimation fronts when pores were smaller tended to increase the mass transfer area, improved the 

mass transfer and counterbalanced the effect of smaller pore size on 𝑅@. Therefore, in the case of our 

“model” product, the impact of 𝑇" variations between vials could be neglected due to two opposite 

phenomena (i.e. the pore size’s effect vs the mass transfer area’s effect). 
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5.2.3. Take-Home Message  

Variations in the heat transfer between high-throughput vials could affect the product 

temperature and quality. Safety margins for the product temperature are useful to 

design primary drying based on the average values temperature values. In this vein, a 

safety margin of 3 °C is suggested to account for the heat transfer variations between 

high-throughput vials in a well plate. Comparing well plates, a safety margin of  0.7 °C 

is recommended when using different well plate types, of 2 °C when placing a well plate 

near the chamber door, and of 1 °C when placing well plate near the chamber wall at 

low shelf temperatures (-40 °C). Variations in the nucleation temperature did not affect 

the mass transfer in high-throughput vials filled with a 5% w/w sucrose solution due to 

mutually compensating effects.  
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5.3. Perspectives 

5.3.1. Short Term 

5.3.1.1. Heat and Mass Transfer Modelling of the Primary Drying in High-

Throughput Vials Containing Different Formulations in the Same Well Plate  

A 0D transient-state model was developed to predict the product temperature of different high-throughput 

vials containing different products and situated on the same well plate. Overall, this model is a variation of 

the 0D steady-state model of Section 4.1.3, additionally including thermal energy accumulation in the vials 

and well plate. In the 0D transient-state model, each vial has assigned a specific relationship between the 

dried product layer thickness (𝑙=) and the dried product resistance to mass transfer (𝑅@). Even if this model 

has been developed, it requires obtaining further experimental data to: (i) adjust the function relating 𝑙= 

with 𝑅@ for other formulations (besides a 5% sucrose solution, as presented in Section 4.4.3), and (ii) 

compare the predicted product temperatures with experimental data (analogous to Section 4.4.3). 

 

5.3.1.2. Use of Cryo-Microscopy to Determine the Water Vapour Diffusion 

Coefficient Through the Dried Product Layer 

When developing a freeze-dried vaccine, certain 𝑅@ values could be preferred to avoid high product 

temperatures during primary drying. However, determining 𝑅@ could take days. Theoretically, 𝑅@ could be 

mathematically related to the water vapour diffusion coefficient (𝐷&-&./" ) through the dried product layer 

(Section 2.3.1.1), which could be determined within hours. An internship project was carried out during the 

PhD programme aiming at evaluating the relation between 𝐷&-&./"  and 𝑅@, in view of using 𝐷&-&./"  as a 

selection criterion for candidate vaccine formulations. 𝐷&-&./" was determined by freeze-drying microscopy 

for five model products (i.e. sucrose and mannitol aqueous solutions with different concentrations), and 

compared to 𝑅@ values taken from the literature. 𝑅@ and 1/𝐷&-&./"  values were directly proportional for small 𝑙= values (less than 0.5 mm). For greater 𝑙= values, other factors (provably canalisations among pores, pore 

shape, connectivity) affected the direct proportionality of 𝑅@ and  𝐷&-&./" . Thus, while 𝐷&-&./"  could be an 

indicator of 𝑅@, it does not replace the need of determining 𝑅@ to build mathematical models capable of 

predicting the product temperature by the end of primary drying (𝑙= greater than 0.5 mm). To confirm these 

observations, more 𝐷&-&./"  and 𝑅@ data should be collected. 
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5.3.1.3. Develop of a User-Friendly Software Interface to Build the Graphic Tool 

for Translating the Operating Conditions between Container Types 

Building the graphic tool for translating the operating conditions between container types requires coding 

skills to solve the heat and mass transfer equations and plot the figure (e.g. Figure 5.1-1). A user-friendly 

software interface shall be developed to simplify the task for future researchers. 
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5.3.2. Long Term 

5.3.2.1. Compare the Mass Transfer in High-Throughput and Serum Vials Using 

Other Model Products 

The results obtained in this thesis refer to a particular "model" product (5% w/w sucrose aqueous solution). 

However, other model products should be studied to confirm the results and conclusions of this thesis. For 

example, using other sucrose concentrations, sugars that present different 𝑅@ values (e.g. maltodextrin), or 

sugars that create crystalline product matrixes (e.g. mannitol). 

 

5.3.2.2. Develop a 2D Transient Model of the Heat and Mass Transfer in High-

Throughput Vials 

The shape of the sublimation front proved to be extremely important to model the mass transfer in high-

throughput vials, considerably affecting 𝑅@. Therefore, developing a 2D (or 3D) transient model of the heat 

and mass transfer in high-throughput vials could help understand why the sublimation front could be curved 

or flat depending on the dried product structure, ultimately contributing to a better translation of the 

operating conditions between vial types. Such model could integrate the actual pore size, shape and 

connectivity. Other modelling techniques based on particle motion rather than continuous equations could 

be investigated for this purpose. 

 

5.3.2.3. Study the Secondary Drying in High-Throughput Vials 

This thesis focused on the primary drying step of freeze-drying (ice sublimation). Similarly, it would be 

useful to translate the operating conditions between high-throughput and serum vials during secondary 

drying (water desorption). 
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This thesis contributes to a faster vaccine development using high-throughput systems. However, this 

research is only a modest step towards using high-throughput vials, compared to the huge body of literature 

devoted to serum vials. 

Scientific progress requires a constant revaluation of the established technology. This thesis is an open 

invitation to question the established freeze-drying techniques and consider new containers. 

Ultimately, by accelerating the development of freeze-dried pharmaceuticals, this work aims at 

improving our current health care systems and everyone's wellbeing. 

 



General Discussion - Perspectives 

 

294 
 
 

 



Résumé en Français 

 

295 
 
 

6. Résumé en Français  
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Contexte 

Les maladies infectieuses sont causées par des organismes appelés « agents pathogènes » (par exemple, 

certains virus ou bactéries). Lorsqu'un agent pathogène rentre dans l'organisme d'un sujet, son système 

immunitaire produit des molécules appelées « anticorps » qui reconnaissent l'agent pathogène et tentent de 

le neutraliser. Les vaccins vivants-atténués contiennent des agents pathogènes affaiblis ou inactivés 

capables de déclencher la production d'anticorps sans provoquer de maladie. De cette manière, ces vaccins 

préparent le système immunitaire d'un sujet vacciné contre une future exposition à l'agent pathogène. La 

partie de l'agent pathogène inactivé qui provoque la formation d'anticorps est « l’antigène ». Pour que la 

vaccination soit efficace, la capacité thérapeutique de l'antigène doit être préservée pendant le stockage et 

le transport du vaccin ; à cette fin, de nombreux vaccins vivants-atténués sur le marché nécessitent une 

étape de séchage pour préserver l'antigène. 

La lyophilisation est le procédé de séchage le plus couramment utilisé pour les vaccins. Pendant la 

lyophilisation, les températures des vaccins sont particulièrement basses (inférieures à 0°C), ce qui est 

essentiel pour ne pas dégrader l'antigène. Le processus de lyophilisation se compose de trois étapes, qui 

sont : (i) la congélation, au cours de laquelle plus de 80 % de l'eau est transformée en cristaux de glace et 

le reste de l'eau reste chimiquement lié au produit ; (ii) le séchage primaire, au cours duquel les cristaux de 

glace sont éliminés par sublimation ; et (iii) le séchage secondaire, au cours duquel la majeure partie de 

l'eau chimiquement liée au produit est éliminée par désorption. En raison des étapes de congélation et de 

séchage, l'antigène peut être endommagé de manière irréversible lors de la lyophilisation, c'est pourquoi les 

vaccins contiennent d'autres ingrédients pour protéger l'antigène. 

Pour caractériser la qualité d'un vaccin lyophilisé, trois attributs sont généralement pris en compte : 

(i) l'activité biologique, (ii) la teneur en eau finale, et (iii) l'apparence. L'activité biologique du produit fait 

référence à la conservation de l'intégrité de la composition du produit, de sorte que le vaccin continue à 

remplir son rôle biologique après la lyophilisation. La teneur en eau finale du produit doit être suffisament 

réduite pour stabiliser l'antigène pendant le stockage et le transport. L'apparence du produit sec final fait 

référence à l'état de surface général et à la forme du produit lors d'une inspection visuelle, et c'est peut-être 

l'attribut de qualité qui implique les normes les plus subjectives. Le produit final sec doit avoir un aspect 

extérieur « lisse » et présenter des pores intérieurs; le contraire d'un produit « effondré ». Lorsque le produit 

s'effondre, il peut y avoir des parties qui n'ont pas séché correctement, ce qui peut entraîner une détérioration 

de l'antigène pendant le stockage et le transport. De plus, un produit effondré est plus difficile à dissoudre 

avant l'injection, ce qui peut affecter le dosage du patient. En pratique, l'apparence est donc un critère de 

routine essentiel pour l'évaluation de la qualité des vaccins lyophilisés. 

La température du produit doit rester inférieure à la température d'effondrement pendant le séchage 

primaire pour obtenir un produit sec conforme. Cependant, un lyophilisateur ne peut pas régler directement 

la température du produit. Les lyophilisateurs disposent d'une chambre de séchage avec des étagères où 

sont placés les récipients contenant le produit pendant tout le processus de lyophilisation. Un lyophilisateur 
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peut contrôler deux conditions opératoires: (i) la température des étagères, et (ii) la pression à l'intérieur de 

la chambre de séchage. La température du produit dépend des phénomènes de transfert de chaleur et de 

matière qui se produisent simultanément. Pendant le séchage primaire, la majeure partie du flux de chaleur 

va des étagères aux flacons, et le transfert de matière le plus critique est celui de la vapeur d'eau s’échappant 

du front de sublimation vers l'intérieur de la chambre de séchage à travers la couche de produit sec. La 

compréhension des phénomènes de transfert de chaleur et de matière est la clé pour contrôler la température 

du produit à travers des conditions opératoires afin d'obtenir un produit sec élégant. 

 

Une proposition d'amélioration pour le développement de vaccins 

La température à laquelle le produit s'effondre (température d'effondrement) varie selon les formulations. 

Par conséquent, lors de la mise au point d'un vaccin lyophilisé, il est primordial de choisir une formulation 

qui a le plus de chances de produire un produit sec élégant (non effondré). La sélection d'une telle 

formulation nécessite l'analyse de plusieurs formulations potentielles de vaccins pendant la lyophilisation. 

Les récipients les plus courants pour l'analyse sont des flacons tubulaires d'un volume généralement 

supérieur à 3 mL, appelés « flacons à sérum ». Ces flacons sont les mêmes conteneurs que ceux utilisés 

pour la production de vaccins, et constituent le conteneur final pour le stockage et le transport. La sélection 

d'une formulation de vaccin qui protège l'antigène et ne s'effondre pas au cours du séchage implique de 

nombreux tests de lyophilisation et constitue une tâche laborieuse et longue. Afin de tester les formulations 

plus rapidement, l'utilisation de plaques d'aluminium à 96 puits contenant de petits flacons tubulaires (moins 

de 1 mL), appelés flacons « à haut débit », a récemment été proposée.  

D’une part, les petits flacons à haut débit permettent de placer plus de récipients à l'intérieur du 

lyophilisateur (l'équipement utilisé pour la lyophilisation), par rapport aux grands flacons à sérum. Par 

conséquent, les flacons à haut débit réduisent le nombre de cycles de lyophilisation nécessaires pour 

analyser les formulations candidates. De plus, la disposition en 96 puits est compatible avec la plupart des 

robots utilisés pour préparer et doser les solutions à cribler, ce qui simplifie la préparation des échantillons 

et réduit les erreurs de manipulation. 

D'autre part, l'utilisation de flacons à haut débit entraîne des difficultés pour interpréter les résultats 

et les transposer à l'échelle des flacons à sérum. Les flux de chaleur et de matière dépendent (entre autres 

facteurs) de la géométrie des récipients. Par conséquent, le transfert de chaleur et de matière ne sera pas le 

même si l'on utilise des flacons à haut débit ou des flacons à sérum, de sorte que la température du produit 

peut également varier. En pratique, cela signifie que, pour une condition opératoire donnée, l'aspect du 

produit obtenu avec les flacons à haut débit peut être différent de l'aspect du produit obtenu avec les flacons 

à sérum. Pour obtenir les mêmes températures de produit lors du séchage primaire dans les flacons à haut 

débit et les flacons à sérum, il faudrait modifier les conditions opératoires, ce que l'on appellera la 

« traduction » des conditions opératoires. 
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En raison de l'utilisation limitée des flacons à haut débit dans le passé, il n'y a pas de recherche 

précédente publiée avec ces flacons sur les facteurs possibles affectant le transfert de chaleur et de matière 

pendant le séchage primaire, causant des hétérogénéités entre les flacons. Ces facteurs doivent être pris en 

compte lors de l'acceptation ou du rejet d'une formulation, afin de ne pas biaiser la prise de décision. 

 

Objectifs de la thèse 

L'objectif de ce travail était de mettre en valeur les résultats obtenus avec des flacons à haut débit. 

Tout d'abord, la traduction des conditions opératoires a été étudiée pour pouvoir obtenir les mêmes 

résultats avec des flacons à haut débit et des flacons à sérum. La première question scientifique était donc: 

« comment identifier les conditions opératoires impliquant la même température du produit lors du séchage 

primaire dans les flacons à haut débit et dans les flacons à sérum ? ».  

Ensuite, l'accent a été mis sur les variations du transfert de chaleur et de matière entre les flacons à 

haut débit, car ces variations peuvent biaiser la sélection des formulations. C'est pourquoi la deuxième 

question scientifique était: « quels sont les principaux facteurs responsables des variations de la qualité du 

produit lors du séchage primaire en flacons à haut débit ? ». 

 

Principaux résultats 

 

Comment identifier les conditions opératoires impliquant la même température du produit lors du séchage 

primaire dans les flacons à haut débit et dans les flacons à sérum ? 

Pendant le séchage primaire, le coefficient de transfert de chaleur effectif entre les étagères et le 

flacon (𝐾#) est généralement utilisé pour modéliser le transfert de chaleur, et le transfert de matière est 

modélisé en fonction de la résistance imposée par la couche de produit sec (𝑅@). 

En ce qui concerne le transfert de chaleur, pour les deux types de récipients (c'est-à-dire les flacons 

à haut débit et les flacons à sérum), les valeurs de 𝐾# dépendaient de la pression de la chambre (étudiée ici 

entre 4 et 65 Pa). Dans le cas des flacons à sérum, la dépendance de 𝐾# par rapport à la pression était due 

à la variation du transfert de chaleur par conduction à travers le gaz piégé entre l’étagère et le flacon. Dans 

le cas des flacons à haut débit, la dépendance de 𝐾# avec la pression était due au gaz piégé entre l’étagère 

et la plaque. En comparant les types de récipients, les valeurs de 𝐾# étaient presque 3 fois plus élevées dans 

les flacons à haut débit que dans les flacons à sérum à des pressions de chambre inférieures à 12 Pa (plage 

de pression utilisée dans l'industrie pharmaceutique). La chaleur des étagères a été transférée plus 

efficacement aux flacons à haut débit qu’aux flacons à sérum car le coefficient de transfert de chaleur de 

l’étagère aux plaques (𝐾S@) et des plaques aux flacons à haut débit (𝐾-#) était très élevé (plus de 2 et 9 

fois supérieur au 𝐾# pour les flacons à sérum, respectivement). Les principaux mécanismes de transfert de 

chaleur étaient la conduction par le gaz piégé entre l’étagère et le fond de la plaque (plus de 60% de 𝐾S@) 

et la conduction par contact entre les puits et les flacons (plus de 70% de 𝐾-#). Du point de vue du transfert 
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de chaleur, on s'attend à ce que les flacons à haut débit aient des températures de produit plus élevées que 

les flacons à sérum en raison de leurs valeurs 𝐾# plus élevées (toutes conditions égales par ailleurs). 

En ce qui concerne le transfert de matière, il faut noter que 𝑅@ est défini en fonction de la surface 

de la section transversale du flacon (𝐴!"), en supposant qu'il s'agit de l’aire de transfert de matière. 

Cependant, cette hypothèse concernant l’aire de transfert de matière peut ne pas être vraie pour tous les 

types de récipients. De plus, 𝑅@ augmente lorsque les pores sont plus petits ou moins connectés. Par 

conséquent, 𝑅@ dépend de la valeur réelle de l’aire de transfert de matière et de la géométrie des pores dans 

la couche de produit sec (par exemple, la taille et la forme des pores, leur connectivité). Pour les deux types 

de récipients, les valeurs 𝑅@ ont augmenté au fur et à mesure que la sublimation progressait et que 

l'épaisseur de la couche de produit sec augmentait. La température de nucléation (𝑇") a joué un rôle clé 

dans la comparaison des valeurs 𝑅@ pour les différents types de contenants. À faible 𝑇" (environ -7 °C, 

obtenue sans ajout d’agent nucléant), les deux types de récipients avaient des diamètres de pores similaires 

(environ 92 mm), mais le front de sublimation était incurvé dans les flacons à haut débit et plat dans les 

flacons à sérum. Le front de sublimation incurvé dans les flacons à haut débit a généralement amélioré le 

transfert de matière, de sorte que 𝑅@ apparent était plus faible que dans les flacons à sérum. Lorsque 𝑇" 

était proche de -1.5 °C (avec ajout d’agent nucléant), le diamètre des pores était plus petit dans les flacons 

à haut débit (195 mm) que dans les flacons à sérum (310 mm). Cependant, les valeurs de 𝑅@ étaient 

similaires dans les deux types de récipients, car la connectivité des pores était moins bonne dans les flacons 

à sérum, comme l'indiquent les pics aigus observés au niveau du front de sublimation.  

En ce qui concerne le transfert couplé de chaleur et de matière, cette thèse présente un outil 

graphique qui intègre la solution des équations de transfert pendant le séchage primaire dans des flacons à 

haut débit et des flacons à sérum, permettant la traduction des conditions opératoires. En considérant une 

solution aqueuse de saccharose à 5% comme le produit « modèle », les résultats de la traduction des 

conditions opératoires dépendent de 𝑇". Lorsque 𝑇" est proche de -1.5 °C, la température du produit dans 

les flacons à haut débit était plus élevée que dans les flacons à sérum. Dans ce cas, nous devrions augmenter 

la température de l’étagère et diminuer la pression de la chambre lorsque nous utilisons des flacons à sérum 

(par rapport aux flacons à haut débit) pour obtenir la même température de produit et augmenter le flux 

massique de sublimation (optimisation du procédé). Lorsque 𝑇" est proche de -7 °C, les variations de 𝑅@ et 

de 𝐾# entre les deux dypes de flacons se sont compensées mutuellement, et les températures des produits 

étaient similaires. Indépendamment de 𝑇", les formulations qui ne se sont pas effondrées dans les flacons à 

haut débit ne devraient pas s'effondrer lorsqu'on utilise des flacons à sérum dans les mêmes conditions 

opératoires mais le procédé pourrait être fortement sous-optimal, avec des temps de dessication primaire 

inutilement longs. 
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Quels sont les principaux facteurs responsables des variations de la qualité des produits lors du séchage 

primaire des flacons à haut débit ? 

Sur la base des facteurs étudiés dans les flacons à sérum, cette thèse s’est focalisée sur l'impact sur 

le transfert de chaleur et de matière : (i) des variations des surfaces des plaques, (ii) des variations des 

surfaces des flacons, (iii) de la position des flacons sur la plaque, (iv) de la position de la plaque sur 

l’étagère, et (v) de la variation de la température de nucléation. Au fur et à mesure que le séchage primaire 

avance, le front de sublimation se déplace à travers le contenu du flacon, augmentant l'épaisseur de la 

couche de produit sec et diminuant l'épaisseur de la couche de produit congelé. Le début du séchage 

primaire a été modélisé comme des flacons contenant une couche gelée (uniquement). En revanche, un 

point avancé de séchage primaire a été modélisé en considérant une couche congelée et une couche sèche 

d'un produit « modèle » (solution aqueuse de saccharose à 5%) dans les flacons. 

Deux types de plaques ont été utilisés pour maintenir les flacons à haut débit, différant par leur 

finition de surface : noir brillant (plaque type A) ou noir mat (plaque type B). Au début du séchage primaire, 

les flacons à haut débit sur les plaques de type A ont reçu des flux de chaleur environ 13 % plus élevés que 

ceux sur les plaques de type B (à des pressions de chambre inférieures à 12 Pa). Les plaques de type A 

présentaient des marques circulaires sur la surface du fond et sur la surface intérieure des fonds de puits, 

alors que dans les plaques de type B, les fonds de plaques et les fonds de puits étaient pratiquement plats. 

Les reliefs de surface des plaques de type A ont diminué le transfert de chaleur vers les flacons par rapport 

aux plaques de type B. La modélisation à variables concentrées (0D) a suggéré que cette variation était due 

à la conduction par le gaz piégé entre l’étagère et le fond de la plaque, à la conduction par contact entre 

l’étagère et le fond de la plaque, et à la conduction par contact entre les puits et les flacons. Les modèles 

3D ont indiqué que, au fur et à mesure que la sublimation progresse, la variation du flux thermique entre 

les types de plaques diminue pour atteindre près de 7 % (pressions de la chambre inférieures à 12 Pa, en 

considérant une épaisseur de couche de produit sec de 5 mm). En ce qui concerne la température du produit 

pendant le séchage primaire (paramètre de qualité critique), le type de plaque peut entraîner une variation 

de la température du produit entre 0,3 et 0,7 °C. 

 Pour les flacons à haut débit situés au centre d'une plaque (entourés d'autres flacons), la 

modélisation 3D a montré que le flux de chaleur des puits vers les flacons se faisait principalement à travers 

de la conduction par contact. De plus, la modélisation 0D a suggéré que les variations de la surface de 

contact des fonds de flacons (affectant la conduction de contact) était le principal facteur responsable de la 

variation du transfert de chaleur entre flacons à des pressions de chambre inférieures à 12 Pa. En raison de 

la variation constatée entre les flacons centraux, une marge de sécurité de 3 °C est recommandée lors de la 

sélection des conditions opératoires pendant le séchage primaire sur la base de la température moyenne du 

produit entre tous les flacons. 

La position des flacons à haut débit sur la plaque affecte le flux de chaleur provenant de la paroi ou 

de la porte de la chambre. Au début du séchage primaire, les flux de chaleur reçus par les flacons à haut 
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débit situés près d'un bord de la plaque étaient jusqu'à 25 % plus élevés que ceux des flacons situés au 

centre de la plaque (entourés d'autres flacons). Au fur et à mesure que la sublimation se produit et qu'une 

couche de produit sec se forme sur les flacons, la différence de flux thermique reçu par les différentes 

positions des flacons sur une plaque diminue jusqu’à 4%, et la température du produit diffère de moins de 

1 °C. Lors du choix des conditions opératoires pendant le séchage primaire, la marge de sécurité de 3 °C 

recommandée ci-dessus (en raison des variations de la géométrie du fond du flacon) semble couvrir toute 

variation du transfert de chaleur due à la position du flacon sur la plaque. 

En ce qui concerne l'impact de la position de la plaque sur l’étagère au début du séchage primaire, 

le fait de placer une plaque près de la porte de la chambre a augmenté le flux de chaleur reçu par les flacons 

par rapport à une plaque au centre de l’étagère (en moyenne) de 23 % pour des pressions de chambre 

inférieures à 12 Pa et des températures d'étagère de -40 et -15 °C. En revanche, le fait de placer une plaque 

près de la paroi de la chambre a augmenté le flux de chaleur reçu par les flacons (en moyenne de 19 %) 

uniquement aux basses températures d’étagère (-40 °C). L'émissivité plus élevée de la surface de la porte 

(0,88) par rapport à la paroi de la chambre (0,13) a augmenté le transfert de chaleur vers les flacons et la 

plaque par rayonnement, ce qui explique l'impact plus important du placement d'une plaque près de la porte 

de la chambre que près de la paroi. Lorsque le séchage primaire progresse et que la couche de produit sec 

impose une résistance au transfert de matière, les flacons placés dans des plaques près de la porte de la 

chambre pourraient recevoir jusqu'à 42 % de flux thermique en plus par rapport à ceux placés sur une plaque 

au centre de l’étagère. Par conséquent, l'impact du flux thermique provenant de la porte de la chambre 

pourrait augmenter tout au long du séchage primaire. Dans l'ensemble, le fait de placer une plaque près de 

la porte de la chambre a augmenté la température du produit de 1 à 2 °C par rapport à une plaque placée au 

centre de l’étagère. L'impact de la paroi de la chambre a augmenté la température du produit d'environ 1 

°C.  

En considérant un produit modèle (solution aqueuse de saccharose à 5%), l'ajout de l'agent de 

nucléation a augmenté la 𝑇" d'environ -7 °C à -1.5 °C, et le diamètre des pores a augmenté en moyenne de 

88 à 195 µm. En général, une augmentation du diamètre des pores devrait être associée à une valeur 𝑅@ 

plus faible, mais ce n'était pas le cas dans les flacons à haut débit, car les valeurs 𝑅@ étaient similaires quel 

que soit le diamètre des pores. 𝑅@ est une résistance normalisée en fonction de la surface de la section 

transversale interne du flacon (𝐴!"), en supposant qu'il s'agit de l’aire de transfert de matière. Cette 

hypothèse était fausse lorsque les pores étaient plus petits (𝑇" proche de -7 °C), comme le suggèrent les 

fronts de sublimation incurvés observés aux points intermédiaires du séchage primaire. En revanche, 

lorsque les pores étaient plus grands (𝑇" proche de -1.5 °C), les fronts de sublimation étaient plats. Les 

fronts de sublimation incurvés lorsque les pores sont plus petits ont eu tendance à augmenter l’aire de 

transfert de matière, améliorant le transfert de matière et contrebalançant l'effet de la plus petite taille des 

pores sur 𝑅@. Par conséquent, dans le cas de notre produit « modèle », l'impact des variations de 𝑇" entre 

les flacons est apparu négligeable en raison de la compensation entre deux phénomènes opposés. 
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Perspectives 

À court terme, il serait intéressant d'étudier l'effet de placer des flacons avec des formulations différentes 

sur la même plaque. De plus, il serait utile de développer de nouvelles techniques pour prédire plus 

rapidement la valeur de 𝑅@, par exemple par cryomicroscopie. En même temps, le développement d'une 

interface interactive permettant d'obtenir facilement les outils graphiques pour traduire les conditions 

opératoires serait un moyen d'intégrer cette approche dans la pratique quotidienne des chercheurs. 

À long terme, le transfert de chaleur et de matière dans les flacons à haut débit devrait être étudié 

avec autres « produits modèles » (par exemple, mannitol, tréhalose). Pour mieux comprendre l'effet de l’aire 

de transfert de matière, il faudrait réaliser un modèle 2D (ou 3D) qui tienne compte du déplacement du 

front de sublimation et de l’évolution de sa forme en fonction du transfert de chaleur latéral. Etudier 

l’écoulement du gaz en régime moléculaire dans des pores de forme irrégulière permettrait de mieux 

comprendre l’effet de leur taille, forme et connectivité. Finalement, il serait important d'étudier le séchage 

secondaire (désorption) dans des flacons à haut débit pour comprendre l'ensemble du processus de 

lyophilisation. 
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