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Abstract 

During the primary drying step of the freeze-drying process, mass transfer resistance strongly 

affects the product temperature, and consequently the final product quality. The main 

objective of this study was to evaluate the variability of the mass transfer resistance resulting 

from the dried product layer (𝑅𝑝) in a manufacturing batch of vials, and its potential effect on 

the product temperature, from data obtained in a pilot scale freeze-dryer. Sublimation 

experiments were run at -25 °C and 10 Pa using two different freezing protocols: with 

spontaneous or controlled ice nucleation. Five repetitions of each condition were performed. 

Pressure rise test (PRT) and gravimetric methods were applied as complementary approaches 

to estimate 𝑅𝑝. The PRT allowed to assess variability of the evolution of 𝑅𝑝 with the dried 

layer thickness between different experiments whereas the gravimetric method informed 

about 𝑅𝑝 variability at a fixed time within the vial batch. A product temperature variability of 

approximately ± 4.4 °C was defined for a product dried layer thickness of 5 mm. The present 

approach can be used to estimate the risk of failure of the process due to mass transfer 

variability when designing freeze-drying cycle. 

Keywords: lyophilisation, drying, mass transfer, product resistance, sublimation rate, 

controlled nucleation, heterogeneity, distribution, pressure rise test 
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1. Introduction 

Freeze-drying is a gentle-drying process which consists of the dehydration of the frozen 

product under-vacuum by sublimation followed by desorption. This process is currently the 

method of choice in the pharmaceutical industry for the preservation of heat sensitive 

products (such as vaccines, proteins or micro-organisms) [1-3]. Several quality attributes of 

these products, e.g. the visual aspect of the dried cake, the reconstitution time and the 

moisture content, are governed by the product temperature profile during the sublimation step 

[4-6]. If the temperature of the sublimation interface exceeds a critical value, i.e. collapse 

temperature, the product may experience abrupt loss of quality resulting from the collapse of 

its dried porous structure [4-6]. 

The thermal history of the product cannot be directly controlled but it is determined by the 

heat and mass transfer occurring during the process. Mathematical models derived from 

theoretical considerations of these phenomena are extensively used to predict the product 

temperature, for process design and scale-up [7-13]. Freeze-drying models involve the 

determination of heat and mass transfer parameters, such as the vial heat transfer coefficient 

𝐾𝑉 and the mass transfer resistance due to the dried layer of the product 𝑅𝑝 [7, 10, 12, 13]. 

The accurate evaluation of these model parameters and their variability is of paramount 

importance for a reliable prediction of the product temperature within the vials batch and 

between different freeze-dryers. 

The vial heat transfer coefficient 𝐾𝑉 is specific for the container, and depends on the chamber 

pressure and on the dimensions of the vial bottom geometry. It is usually determined by the 

gravimetric method [12, 14-16], which allows to have a detailed picture of the variability of 

this parameter among the vials on the shelf. In contrast, the product resistance 𝑅𝑝  highly 

depends on the formulation and on the freezing protocol. Its value continuously increases 

with the increase of the dried layer thickness.  

In literature, several methods were proposed to measure the evolution of the product 

resistance along with the changes in the dried layer thickness by estimating the mass flow 

rate value, such as the microbalance [17, 18], the Pressure Rise Test (PRT) [19-21], the 

Tunable Diode Laser Absorption Spectroscopy (TDLAS) [22]. Product resistance can also be 

estimated from the product temperature profile recorded by thermal sensors during the 

process by using mathematical models and soft sensors (or software sensors) [23, 24]. Some 

of these techniques, such as the PRT and the TDLAS, provide a global value of the product 

resistance in the vial batch, from the measurement of the global mass flow rate. Other 
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methods allow to determine product resistance evolution in one vial (such as the 

microbalance) or in a limited number of vials (for example the use of thermocouples). Thus, 

the determination of the variability of the product resistance within a manufacturing batch of 

vials remains particularly challenging.  

The product resistance value and variability are directly influenced by the freezing step. 

Some authors have shown a direct correlation between nucleation temperature, ice crystal 

size, and mass transfer during sublimation [20, 25, 26]. It was reported that high values of 

nucleation temperature generate few and large ice crystals, which upon sublimation leave 

larger pores and smaller specific surface area than low values of nucleation temperature. The 

dimension of the pores dramatically influences the resistance of the product due to the dried 

layer, and thus the sublimation rate [25, 27]. Furthermore, the stochastic nature of nucleation 

temperature leads to different kinetics of sublimation within a same vial batch [20, 28, 29], 

resulting in potentially high vial to vial variability that would make it difficult to achieve 

homogeneous product quality.  

In the present work, the product resistance 𝑅𝑝  in a manufacturing batch of vials was 

estimated from data obtained at pilot scale. Sublimation experiments were performed using a 

5 % sucrose solution at 10 Pa and -25 °C in a pilot scale freeze-dryer. Two different freezing 

protocols were used, i.e. the nucleation of ice crystals was either spontaneous or controlled 

using a nucleating agent. Five repetitions of each condition were carried out, in order to 

evaluate the product resistance variability between different pilot scale batches. Two 

additional cycles with partially stoppered vials were carried out, to study the effect of the 

presence of the stopper on the mass transfer resistance. Two experimental methods were used 

for the determination of the product resistance: (1) a global/batch one, namely the pressure 

rise test (PRT), to evaluate the average evolution of the product resistance with the dried 

layer thickness in single batches, and (2) a local/single vial one, namely the gravimetric 

method, to evaluate the variability of the mass loss between single vials at a given dried layer 

thickness. The use of the global/batch method can provide an estimation of the product 

resistance variability in a large batch of vials (manufacturing scale), from repetitions of 

cycles performed at pilot scale, whereas the use of the local/single vial method can provide a 

estimation of the product resistance variability within a small batch (pilot scale). Finally, the 

effect of 𝑅𝑝 variability on the product quality was quantified by calculating the product 

temperature distribution and by assessing the risk of failure (potential percentage of collapsed 

vials) during the sublimation step. 
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2. Materials and Methods 

2.1. Materials 

Siliconized 3 mL tubing vials (Müller + Müller, Holzminden, Germany) filled with a 5 % 

w/w aqueous sucrose solution were used throughout this study.  

The experiments were carried out using a pilot scale freeze-dryer (REVO model, Millrock 

Technology, Kingston, NY, United States). This device included three temperature controlled 

shelves and a condenser connected to the drying chamber by a butterfly valve. The drying 

chamber had a volume of 0.12 m3. Two pressure gauges, a capacitance manometer (MKS) 

and a thermal conductivity gauge (Pirani) were used to monitor the pressure in the chamber. 

In order to monitor the product temperature during the cycles, 7 type-T thermocouples were 

placed in the bottom center of selected vials (Fig. 1).  

 

2.2. Freeze-drying cycles 

A total of 204 vials were arranged in hexagonal clusters (Fig. 1) on a bottomless tray and 

filled with 1.8 mL of the sucrose solution (i.e., ~ 10 mm of filling height and ~ 10.9 mm after 

freezing). In order to minimize the additional heat transfer at the border of the shelf, the vial 

batch was fully shielded by a polystyrene rail covered by aluminum tape. The use of this rail 

allowed to decrease the heat transfer ratio between edge and central vials to 150% from an 

initial value of 200 % determined in case of vials completely exposed to the walls of the 

drying chamber. Three experimental conditions were investigated, as presented in Table 1: 

vials filled with 5 % sucrose solution and processed without stoppers and with spontaneous 

nucleation (S5); vials filled with sucrose solution and processed with partially inserted 

stoppers and with spontaneous nucleation (S5s); vials filled with sucrose and nucleating agent 

Snomax solution and processed without stopper and with controlled nucleation (S5cn). The 

sucrose solution was not filtered before use, and no specific vial washing procedure was 

applied. The filling operation and the freeze-dryer loading were not carried out in a clean 

environment.  

Sublimation experiments with spontaneous nucleation (referred as S5) were performed as 

follow: (1) a freezing step, performed firstly by cooling the shelf at 3 °C min-1 from ambient 

temperature to -50 °C and then by holding the vials for 2 h at -50 °C, and (2) a sublimation 

step, carried out at a shelf temperature of -25 °C (heating rate of approximately 2.5 °C min-1) 

and a chamber pressure of 10 Pa. When controlled nucleation was applied, 0.1 % (w/w) of 

the nucleation agent Snomax (Snomax LLC, Englewood, CO, US), an active protein derived 
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from Pseudomonas syringae, was added to the sucrose solution and the following freezing 

protocol was applied. The shelf temperature was at first decreased from ambient temperature 

to -4 °C at approximately 3 °C min-1, then maintained at -4 °C for 1 hour to initiate ice 

nucleation and finally decreased to -50 °C at 3 °C min-1. The occurrence of ice nucleation 

was verified by visual inspection through the plexiglass door and by thermocouple data 

monitoring. A summary of all the performed experiments is presented in Table 1.  

The pressure rise tests (PRT) were performed to determine the mass flow rate for all the 

experimental conditions (S5, S5s and S5cn). The PRT consisted in closing the valve between 

the drying chamber and the condenser at specified moments for a short time period of 30s. 

The manometric pressure was recorded during the PRT every 0.1 s by an in-house software. 

Some cycles (two of each condition without stopper) were stopped at approximately 30 % of 

the total sublimation time (approximately 16 h) and the sublimed ice mass in 50 central vials 

(marked with the letter M in Fig. 1) was determined by the gravimetric method, as proposed 

by Scutella et al. [16]. The selected vials were weighed before and after the cycle, and the 

water loss was calculated as difference between initial and final vial mass. For each freezing 

condition, a total of 100 vials were studied. The standard deviation of the sublimed ice 

mass ∆𝑚(𝑡𝑠𝑢𝑏)��  of the considered vial batch was then calculated from the water loss data. 

 

3. Theory and data analysis  

3.1. Theoretical description of the product resistance 

3.1.1. Evaluation of the product resistance from the mass flow rate 

As widely reported in literature [12, 24, 30-33], the product resistance 𝑅𝑝 can be calculated 

as:  

 

𝑅𝑝 = 𝐴𝑖(𝑃𝑖−𝑃𝑣𝐶)
𝑚̇

     (1) 

 

where 𝑚̇ is the mass flow rate, 𝐴𝑖  is the inner bottom area of the vials, 𝑃𝑣𝐶  is the partial 

pressure of the vapour in the drying chamber, usually assumed to be equal to the total 

chamber pressure during the sublimation step, and 𝑃𝑖  is the vapour pressure at the 

sublimation interface, calculated using the Clausius-Clapeyron relation [16]: 

 

𝑃𝑖 = e
−6139.6

𝑇𝑖
+28.8912

     (2) 



7 
 

 

In Eq. (2), 𝑇𝑖 is the product temperature at the sublimation interface theoretically determined 

from the heat balance at the vial scale. The heat flow through the frozen product layer was 

expressed as: 

 

 𝑄̇ = 𝐴𝑖
𝜆𝑓
𝑙𝑓

(𝑇𝑖 − 𝑇𝐵𝑉)     (3) 

 

where 𝑇𝐵𝑉 is the product temperature at the vial bottom, 𝜆𝑓 is the conductivity of the frozen 

layer, 𝐴𝑖 is the sublimation interface area, considered equal to the internal cross sectional area 

of the vial, 𝑙𝑓 is the frozen layer thickness, evaluated as the difference between the initial 

product thickness and the dried layer thickness at a specific time and 𝑄̇ is the heat flow rate, 

which is equal to the latent heat of sublimation ∆𝐻 times the mass flow rate 𝑚̇ under steady 

state conditions: 

 

𝑄̇ = ∆𝐻𝑚̇     (4) 

 

The product temperature 𝑇𝐵𝑉 is calculated based on the heat flow rate between the shelf and 

the vial bottom  [12, 16]: 

 

𝑄̇ = 𝐴𝐵𝑉  𝐾𝑉(𝑇𝐵𝑉 − 𝑇𝑆)     (5) 

 

where 𝐴𝐵𝑉 is the outer vial bottom area, considered equal to external cross sectional area of 

the vial, 𝑇𝑆 is the temperature of the shelf, evaluated as the average between the inlet and 

outlet shelf fluid temperatures, and 𝐾𝑉  is the vial heat transfer coefficient evaluated as 

proposed by Scutellà et al. [16]. 

All relevant physical product properties and parameters used are reported in Table 2.  

 

3.1.2. Dependence of the product resistance on the dried layer thickness 𝒍𝒅 

The product resistance 𝑅𝑝 can be described as a linear function of the dried layer 𝑙𝑑 [6, 12]: 

 

𝑅𝑝 = 𝑅𝑝0 + 𝑅𝑝1𝑙𝑑      (6) 
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where 𝑅𝑝0  and 𝑅𝑝1are coefficients determined by data regression. The evolution of dried 

layer thickness in time (𝑑𝑙𝑑
𝑑𝑡

) can be calculated as: 

 
𝑑𝑙𝑑
𝑑𝑡

= 1
𝜌 𝐴𝑖

𝑚̇       (7) 

 

where 𝜌 is the density of the ice.  

 

3.2. Experimental evaluation of 𝑹𝒑 and calculation of 𝑹𝒑 distribution 

The value of product resistance 𝑅𝑝 continuously evolves during sublimation with the increase 

of the dried layer thickness (Eq. 6). However, the evolution of 𝑅𝑝 with  𝑙𝑑 may vary from one 

vial to the other within the same batch.  

Fig. 2 schematically represents the strategies used to evaluate the variability of the product 

resistance values at given 𝑙𝑑 for specific experimental conditions, between batches and within 

the same batch. Two experimental methods were used: a batch/global method (pressure rise 

test) and a single vial/local method (gravimetric method). The combination of data from 

several pilot scale vial batches was assumed to make it possible to simulate a large vial batch 

similar to those observed at manufacturing scale. To our knowledge, no methods were 

published before to estimate the variability of 𝑅𝑝 in a large batch of vials. 

 

3.2.1. Evaluation of 𝑹𝒑 using the batch method (pressure rise test)  

Pressure rise tests (PRT) were used to determine the average mass flow rate among 204 vials 

during the sublimation step for all performed experiments. Fig. 3 shows an example of the 

evolution of the chamber pressure during a PRT. As soon as the valve between the chamber 

and the condenser was closed, the pressure inside the chamber increased, due to the 

accumulation of the sublimed ice mass. The pressure initially increased very rapidly and it 

raised slower when the chamber pressure approached the equilibrium value with the ice 

surface  [19]. 

The initial slope of the pressure rise curve 𝑑𝑃𝐶
𝑑𝑡

 was calculated by fitting the data with a 6th 

degree polynomial equation and by performing the analytical first derivative at the initial 

pressure rise time. Then, 𝑑𝑃𝐶
𝑑𝑡

 was considered directly proportional to the sublimation mass 

flow rate 𝑚̇ through the ideal gas law: 
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𝑑𝑃𝐶
𝑑𝑡

= 𝑚̇ 𝑅𝑔 𝑇𝐶 𝑁𝑉
𝑉𝐶𝑀𝑊

      (8) 

 

where 𝑅𝑔  is the ideal gas constant, 𝑉𝐶  is the volume of the drying chamber, 𝑇𝐶  is the 

temperature of the chamber, estimated as an average between the shelf temperature and 

product temperature at the interface [15], 𝑀𝑊 is the molecular weight of the water vapour and 

𝑁𝑉 is the number of vials. The values of the relevant physical properties used in Eq. (8) are 

reported in Table 2.  

The mass flow rate values obtained from the PRT were then used to calculate the product 

resistance evolution along with the dried layer thickness increase by using Eqs. (1)-(5), as 

reported in §3.1.1. For each tested freezing condition (i.e. S5 and S5cn), five curves were 

obtained. The curves were considered as a single set of data to fit Eq. (6) and to calculate the 

values and the standard errors (𝑆𝐸) of the parameters 𝑅𝑝0  and 𝑅𝑝1 . Finally, the standard 

deviations (𝑆𝐷) of the product resistance parameters 𝑅𝑝0 and 𝑅𝑝1 (named 𝑅𝑝0
� and 𝑅𝑝1� ), were 

calculated from the 𝑆𝐸 by considering: 

 

𝑆𝐷 = 𝑆𝐸√𝑑𝑓       (9) 

 

where 𝑑𝑓 is the number of the degrees of freedom (equal to approximately 100 in the present 

study), equal to the difference between the number of experimental points collected (i.e. the 

total number of PRTs performed during the five experiments for each condition) and the 

number of parameters ( 𝑅𝑝0  and 𝑅𝑝1  for Eq. (6)). Calculations were performed with 

MATLAB R2014b software (The MathWorks, Inc., Natick, MA). 

 

3.2.2. Evaluation of 𝑹𝒑 using a single vial method (gravimetric method) 

The variability of the product resistance was evaluated in terms of the standard deviation 𝑅𝑝1
��  

which was estimated for a small pilot batch of 100 vials by performing a variance-based 

sensitivity analysis [34] (Fig. 2, right hand side). The gravimetric method was used to 

determine the standard deviation of the sublimated ice mass at a given time ∆𝑚(𝑡𝑠𝑢𝑏)��  among 

vials  in freeze-drying cycles carried out with spontaneous (S5-4 and S5-5, Table 1) and 

controlled (S5cn-4 and S5cn-5, Table 1) nucleation. Differences in the sublimed ice mass 

between vials can be due to the variability of the heat transfer to the vial and of the mass 

transfer in the dried layer. Thus, the total variance of the sublimed mass ∆𝑚(𝑡𝑠𝑢𝑏)�� 2 can be 
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expressed as the sum of the fractions of variances stemming from the heat and mass transfer 

parameters 𝐾𝑉, 𝑅𝑝0 and 𝑅𝑝1, assuming that their effects are independent: 

 

∆𝑚(𝑡𝑠𝑢𝑏)�� 2 = �𝜕∆𝑚(𝑡𝑠𝑢𝑏)
𝜕𝐾𝑉

�
2
𝐾𝑉��

2
+ �𝜕∆𝑚(𝑡𝑠𝑢𝑏)

𝜕𝑅𝑝0
�
2
𝑅𝑝0
� 2

+ �𝜕∆𝑚(𝑡𝑠𝑢𝑏)
𝜕𝑅𝑝1

�
2
𝑅𝑝1
�� 2

   (10) 

 

where 𝜕∆𝑚(𝑡𝑠𝑢𝑏)
𝜕𝐾𝑉

 , 𝜕∆𝑚(𝑡𝑠𝑢𝑏)
𝜕𝑅𝑝0

  and 𝜕∆𝑚(𝑡𝑠𝑢𝑏)
𝜕𝑅𝑝1

 represent the sensitivities of ∆𝑚(𝑡𝑠𝑢𝑏)  to the 

parameters 𝐾𝑉 , 𝑅𝑝0  and 𝑅𝑝1  respectively. These sensitivities were estimated using a finite 

difference method [35]: 

 
𝜕∆𝑚(𝑡𝑠𝑢𝑏)

𝜕𝜑𝑖
= ∆𝑚(𝑡𝑠𝑢𝑏)(𝜑𝑖+𝛿)−∆𝑚(𝑡𝑠𝑢𝑏)(𝜑𝑖)

𝛿
    (11) 

 

where 𝜑𝑖 represents each considered parameter (𝐾𝑉, 𝑅𝑝0 or 𝑅𝑝1) and 𝛿 an increment equal to 

5 % of 𝜑𝑖. Eq. (11) was solved as follow. Firstly, Eq. (1)-(6) were used to calculate the mass 

flow rate 𝑚̇  by considering the mean value of  𝑅𝑝0 and  𝑅𝑝1 previously determined with the 

PRT method, and the 𝐾𝑉 value measured as proposed by Scutellà et al. [16]. Then, the term 

∆𝑚(𝑡𝑠𝑢𝑏) was calculated by integrating the mass flow rate over time 𝑡𝑠𝑢𝑏 (sublimation time). 

The sublimation time was measured from the moment when shelf temperature exceeded 

product temperature, meaning that there was a net heat flux from the shelf towards the vials. 

The calculation was repeated considering the i-parameter incremented by 𝛿. 

The sensitivity terms obtained for each of the considered parameters were used in Eq. (10) to 

calculate the standard deviation of 𝑅𝑝1  based on the gravimetric method (namely 𝑅𝑝1�� ). As 

only central vials were analyzed, the standard deviation of 𝐾𝑉 (𝐾𝑉��)  was considered as mainly 

due to the vial bottom geometry and determined as proposed by Scutellà et al. [16] (Table 2). 

The standard deviation of  𝑅𝑝0  was taken to be approximately equal to 𝑅𝑝0� , previously 

determined using the PRT method.  

Finally, the normally distributed random values of 𝑅𝑝0  and 𝑅𝑝1  were used in Eq. (6) to 

calculate the product resistance distribution for a specific 𝑙𝑑. The software MATLAB R2014b 

equipped with the Statistics Toolbox (The MathWorks, Inc., Natick, MA) was used to 

perform the calculations. 
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3.3. Evaluation of the product temperature 𝑻𝑩𝑽 distributions 

In order to assess the impact of the product resistance variability on the final product quality, 

distributions of the product temperature 𝑇𝐵𝑉  were calculated at a specific 𝑙𝑑  from the 

previously determined 𝑅𝑝  distributions using Eq. (1)-(5). For this calculation, 𝐾𝑉  was set 

equal to its mean value. Chi-square goodness-of-fit tests were performed on the product 

temperature distributions, to verify that the simulated data were compatible with a normal 

distribution at a 0.05 significance level.  

 

4. Results and Discussion 

4.1. Effect of the stopper and of the freezing protocol on the mass flow rate 

Fig. 4 shows the mass flow rates evolution with dried layer thickness 𝑙𝑑 determined by PRT 

for batches of vials processed with and without stoppers and frozen by following two 

different protocols: spontaneous and controlled nucleation. The mass flow rate decreased as 

the dried layer thickness increased regardless of the experimental condition. However, at a 

dried layer thickness of approximately 7 mm, the mass flow rate started to decrease 

significantly. This type of behaviour of PRT data was previously reported in literature and 

was ascribed to batch heterogeneity [19]. A constant number of sublimating vials was 

continuously considered in the data analysis (𝑁𝑉 in Eq. (8)), whereas the vials in the batch 

completed sublimation at different times. Furthermore, it was assumed that the ice-vapour 

interface area (𝐴𝑖, Eqs. (1), (3) and (7)) was flat and it remained constant during sublimation. 

However, previous works [36, 37] showed that the shape of 𝐴𝑖  may change during 

sublimation and can vary for vials located at different positions on the shelf. The uncertainty 

of the PRT at the end of sublimation impacts on the determination of the mass flow rate and 

thus on the determination of the dried layer thickness (which can be observed to vary in Fig. 

4 between 10 mm and 11.2 mm, compared to an initial frozen layer of 10.9 mm). 

The absolute value of the slope of the Pirani gauge signal observed at the end of sublimation 

can be used as an indication of the heterogeneity of the sublimation rates in the batch, as 

previously proposed in literature by Passot et al. [28]. Fig. 5 presents the absolute values of 

the Pirani slope for cycles performed with and without stoppers and with and without 

controlled nucleation. The results shows that the presence of the stoppers on the vials (S5s) 

had no significant impact on the value of the Pirani slope and thus on the heterogeneity of the 

sublimation rates (at a 0.05 significance level). However, the addition of the nucleation agent 
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Snomax (Pseudomonas syringae) which allows to control ice nucleation (S5cn), significantly 

increases the value of the Pirani slope and thus the homogeneity in the vial batch. 

Fig. 6 shows the average values of the sublimation mass flow rate (between dried layer 

thickness of 0.5 mm and 7 mm; total dried layer is of 10.9 mm) for each freeze-dying cycle 

performed with and without partially inserted stoppers and with and without controlled 

nucleation during the freezing step. ANOVA test at 0.05 significance level revealed that the 

presence of the stoppers on the vials did not add a significant resistance to the mass transfer 

from the ice-vapour interface to the chamber. This finding is in agreement with an earlier 

work of Pikal et al. [12], who quantified the relative importance of the stopper resistance to 

be approximately 3-10 % of the total mass transfer resistance, which is negligible compared 

to the product resistance (80-90 %). Conversely, the use of controlled nucleation by adding 

the nucleation agent Snomax to the solution (S5cn) significantly increased the mass flow rate 

as compared to spontaneous nucleation (S5) of 11 %, as already reported in literature [25, 

28]. However, in the present work the increase of mass flow rate resulting from the use of 

controlled nucleation is relatively low compared to the results reported by Searles et al. [25], 

who reported an increase of the mass flow rate of 60 % between vials processed with and 

without Pseudomonas syringae. This result could be ascribed to two experimental 

observations: (i) the high value of cooling rate applied (3 °C/min) could have limited the ice 

crystal growth after nucleation [38] and (ii) the high value of nucleation temperature 

observed when spontaneous nucleation was applied (-4.39 ± 2.02 °C). Searles et al. [25] 

reported a value of -11.4 °C for spontaneous nucleation. This higher value could be explained 

by a higher level of particles in the sucrose solution due to the non application of specific 

procedures for washing, filling the vials and loading the freeze-drying (i.e., non filtration of 

the solution and non control of the level of particles in the environment). 

 

4.2. Determination of the product resistance variability 

The evaluation of the mass transfer variability within a manufacturing batch (often 

constituted by more than 100,000 vials) represents a real challenge. In the present work, the 

inter-vial mass transfer variability within a manufacturing batch was estimated by combining 

product resistance data from replicates of small batches processed in a pilot scale freeze-dryer 

with and without controlled nucleation (5 batches for each freezing condition). The evolution 

of the product resistance 𝑅𝑝 with the dried layer thickness was calculated from the mass flow 

rate values obtained using the PRT in cycles performed with and without controlled 
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nucleation (S5 and S5cn). Fig. 7 shows that the product resistance increased linearly with the 

dried layer thickness, regardless of the applied freezing protocol. Eq. (6) was then used to fit 

the product resistance data obtained from cycles S5 and S5cn performed with spontaneous 

nucleation (Fig. 7A) and controlled nucleation (Fig. 7B), respectively. The obtained values 

and standard deviations of the two sets of parameters 𝑅𝑝0 and 𝑅𝑝1 are reported in Table 3. 

Both the parameters 𝑅𝑝0and 𝑅𝑝1 exhibited greater values and also greater standard deviations 

for cycles performed with spontaneous nucleation (data set S5) than for cycles performed 

with controlled nucleation (data set S5cn). The value of 𝑅𝑝0 (59 and 47 𝑘𝑃𝑎 𝑚² 𝑠/𝑘𝑔 for S5 

and S5cn data sets, respectively) appeared to be of the same order of magnitude as previously 

reported values for sucrose-based model formulation (e.g. 51.2 𝑘𝑃𝑎 𝑚² 𝑠/𝑘𝑔  [39] and 

10 𝑘𝑃𝑎 𝑚² 𝑠/𝑘𝑔 [13]), whereas 𝑅𝑝1 appeared to be lower (<1.8 104 𝑘𝑃𝑎 𝑚² 𝑠/𝑘𝑔 ) than the 

value determined by Pisano et al. [13] (1.65 105 𝑘𝑃𝑎 𝑚² 𝑠/𝑘𝑔). The determined coefficients 

𝑅𝑝0 and 𝑅𝑝1 were used in Eq. (6) to calculate the value of the product resistance at a dried 

layer thickness of 5 mm, which was compared in Table 4 with relevant data reported in 

literature [24, 26, 32, 40]. Regardless of the freezing protocol, the values of 𝑅𝑝 determined in 

this study appeared to be in good agreement with the previously published values, and in 

particular with the 𝑅𝑝 value evaluated by Bosca et al. [24] under spontaneous nucleation and 

by Konstantinidis et al. [26] under controlled nucleation.  

The gravimetric method was then used to evaluate the inter-vial product resistance variability 

of pilot scale batches at a given dried layer thickness. The distribution and standard deviation 

of the sublimed ice mass at a specific time (∆𝑚��(𝑡𝑠𝑢𝑏))  were determined in a batch of 100 

vials processed with and without controlled nucleation and are reported in Fig. 8. The value 

of  ∆𝑚��(𝑡𝑠𝑢𝑏) appeared to be lower for product processed with controlled nucleation than with 

spontaneous nucleation. The standard deviation values ∆𝑚��(𝑡𝑠𝑢𝑏) were used in Eq. (10) to 

calculate the value of standard deviation of 𝑅𝑝1 based on the gravimetric method (namely 

𝑅��𝑝1) for cycles S5 and S5cn, which is reported in Table 3. The standard deviation 𝑅𝑝1�
�  based 

on the gravimetric method represents approximately 15-20 % of the corresponding mean 

value of 𝑅𝑝1 , which is comparable to the 10-25 % reported in the literature [13, 39]. 

However, this standard deviation 𝑅𝑝1�
� , which is representative for the variability of a pilot 

scale batch, was found to be about 5 to 6 times lower than the standard deviation 𝑅𝑝1�  

obtained from the PRT, which is assumed to be representative for manufacturing batches and 

especially of the stochastic nature of spontaneous nucleation. For the following analysis of 
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product temperature distribution, this greater variability based on 𝑅𝑝0�  and 𝑅𝑝1�   was used since 

it could better reflect the product heterogeneity at manufacturing scale. 

Finally, the value and standard deviation of the model parameters 𝑅𝑝0 and 𝑅𝑝1determined by 

PRT for cycles carried out with and without controlled nucleation was used to evaluate the 

distribution of the product resistance. The obtained cumulative probability curves of 𝑅𝑝 are 

shown in Fig. 9 for a chamber pressure of 10 Pa and a shelf temperature of -25 °C. Products 

processed with spontaneous (Fig. 9A) and controlled nucleation (Fig. 9B) during the freezing 

step were considered. The simulation was carried out for two values of dried layer thickness, 

1 mm and 5 mm (total product thickness equal to 10 mm).  

The results show that the standard deviation of the product resistance significantly increased 

with 𝑙𝑑. In particular, product resistance values can be defined in a range of approximately ± 

160 kPa s m² kg-1 at 1 mm and of approximately ± 280 kPa s m² kg-1 at 5mm for product 

processed with spontaneous nucleation (Fig. 9A), and from ± 130 kPa s m² kg-1 at 1 mm to 

approximately ± 160 kPa s m² kg-1 at 5mm for product processed with controlled nucleation 

(Fig. 9B; calculated considering ± 3 times the SD limited to positive values, that includes 

approximately 99 % of the vials).  

 

 

4.3. Impact of the product resistance variability on the product temperature 

distribution 

In order to optimize the primary drying step while maintaining an acceptable product quality, 

the product temperature has to be maintained close to a critical value but always to remain 

below it (e.g. glass transition temperature for amorphous product). The mass transfer 

heterogeneity resulting from differences in the product resistance among vials causes 

variability in the product temperature within the same batch or in different batches. 

Considering a constant value of the vial heat transfer coefficient (reported in Table 2), the 

distributions of the product temperature caused by the product resistance variability in a large 

batch of vials were calculated as reported in §3.3. Product resistance distributions previously 

determined for a 5 % w/w sucrose solution processed were considered with and without 

controlled nucleation and at -25 °C and 10 Pa during sublimation, as shown in Fig. 9. Product 

temperature distributions were determined for two different dried layer thicknesses, i.e. 1 mm 

and 5 mm and are reported in Fig. 10. As expected, the value of product temperature 

increased at higher dried layer thickness, because of the higher product resistance value. 
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Variability of the product temperature resulting from the product resistance distribution alone 

was estimated as ± 3 times the SD and was found to be approximately ± 4.1 °C at 1 mm and 

± 4.7 °C at 5 mm for spontaneous nucleation (Fig. 10A). If the controlled nucleation is used, 

the variability is ± 4.1 °C at 1 mm and ± 4.2 °C at 5 mm (Fig. 10B). This variability of the 

product temperature is significantly greater than the one estimated by Scutellà et al. [16] due 

to the inter-vial 𝐾𝑉 variability in central vials, which was reported to be approximately ± 1 

°C. Only few other studies estimated the product temperature variability from the mass 

transfer difference in the vial batch [13, 41]. Pisano et al. [13] and Bosca et al. [41] reported 

product temperature variability resulting from the combined effect of the heat and mass 

transfer variability close to ± 3 °C for product processed with spontaneous nucleation in a 

pilot scale freeze-dryer. This value is lower than the product temperature variability estimated 

in this study by using the batch/global method for manufacturing scale, i.e. approximately ± 

4.4 °C, but it is similar to the value estimated by using the local/single vial method 

(gravimetric method) for pilot scale, i.e. approximately ± 3.5 °C. The variability of the 

product temperature at pilot scale can be significantly lower than the variability at 

manufacturing scale. An environment with high level of particles, as the non-GMP 

laboratory, can lead to a lower value and smaller distribution of the nucleation temperature 

and thus in a lower mass transfer variability achieved in the product respect environment with 

low level of particles [25].  

Based on this analysis, the risk of failure of the process can be estimated. As example, 

considering the glass transition temperature of the sucrose (-32 °C) and a cycle performed at -

25 °C and 10 Pa, approximately 1 % of the vials processed with spontaneous nucleation will 

present a greater temperature than the critical value at a dried layer thickness of 5 mm (Fig. 

10A). In order to guarantee that all the vials will present a temperature lower than the critical 

one, the shelf temperature should be reduced to approximately -28 °C (for a constant pressure 

of 10 Pa). Conversely, no vials processed with controlled nucleation will present a 

temperature greater than the critical value.  

 

5. Conclusions 

The product resistance to mass transfer highly affects the value of the product temperature 

during the freeze-drying cycles. Thus, the value and variability of this parameter needs to be 

precisely evaluated for a reliable prediction of the product temperature. In this work, an 

approach was proposed to estimate the variability of the product resistance in batch of vials at 
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manufacturing and pilot scale by using two experimental strategies, a global/batch method 

(the pressure rise test) and a local/single vial one (the gravimetric method). The impact of the 

presence of stoppers in the vial necks and of the freezing protocol on the mass transfer were 

also considered. The presence of stoppers on the vials was not found to significantly modify 

the mass flow rate during sublimation. In contrast, the use of controlled nucleation during the 

freezing step of the freeze-drying cycle increased the mass flow rate with respect to cycles 

carried out with spontaneous nucleation and it decreased the mass flow rate variability. 

The product resistance variability in a manufacturing vial batch, expressed in terms of 

standard deviation of the parameters 𝑅𝑝0 and 𝑅𝑝1, was estimated based on pressure rise test 

data from 5 pilot vial batches. The standard deviations of 𝑅𝑝0 and 𝑅𝑝1  with controlled 

nucleation were observed to be lower than the variability of the resistance in batch processed 

with spontaneous nucleation. Furthermore, the variability of the product resistance between 

vials within a pilot batch was estimated with data from the gravimetric method and was found 

to be lower than the one obtained from the PRT, representative of a manufacturing batch of 

vials. The product resistance distributions determined from the PRT was used to calculate the 

product temperature distributions, which resulted in a variability of approximately  ± 4.4 °C. 

Finally, as an example of practical application, the presented approach was used for 

evaluating the risk of failure of the process resulting from the mass transfer variability only, 

expressed as a potential percentage of vials showing a product temperature higher than the 

critical value. The proposed approach will be used in the future to investigate the variability 

of the product resistance among vials presenting low filling volume (e.g. 0.4-0.5 ml) and 

processed with spontaneous nucleation in environmental conditions similar to those of Good 

Manufacturing Practice (GMP) in a production scale (i.e. less presence of particle in the air). 
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Nomenclature 

𝐴 Cross sectional area (𝑚²) 

𝑑𝑓 Degrees of freedom 

𝛥𝐻 Latent heat of sublimation (𝐽 𝑘𝑔−1) 

𝐾𝑉 Vial heat transfer coefficient (𝑊 𝑚−2𝐾−1) 

𝑙 Layer thickness (𝑚) 

∆𝑚(𝑡𝑠𝑢𝑏) Sublimed mass at time 𝑡𝑠𝑢𝑏 (𝑘𝑔) 

𝑚̇ Mass flow rate (𝑘𝑔
𝑠

) 

𝑀𝑊  Molecular weight of water (𝑘𝑔 𝑘𝑚𝑜𝑙−1) 

𝑁𝑉 Number of vials 

𝑃 Pressure (𝑃𝑎) 

𝑄̇ Heat flow rate (𝑊) 

𝑅𝑔 Ideal gas constant (𝐽 𝐾−1𝑘𝑚𝑜𝑙−1) 

𝑅𝑝 Product resistance (𝑃𝑎 𝑚² 𝑠 𝑘𝑔−1) 

𝑆𝐷 Standard deviation 

𝑆𝐸 Standard error (𝑆𝐸 = 𝑆𝐷
�𝑑𝑓

, 𝑠𝑒𝑒 (9)) 

𝑡𝑠𝑢𝑏 Sublimation time (𝑠) 

𝑇 Temperature (𝐾) 

𝑉 Volume (𝑚3) 

Greek 

𝜆 Thermal conductivity (𝑊 𝑚−1 𝐾−1) 

𝜌 Density of ice (𝑘𝑔 𝑚−3) 

Subscripts 

           0,1  Index of parameters in Eq. (6) 

𝐵 Bottom 

𝐶 Chamber 

𝑑 Dried 

𝑓 Frozen 

𝑖 Interface 

𝑆 Shelf 

𝑣 Vapour 
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𝑉 Vial 
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Tables 
 

 

Table 1: Description of the sublimation experiments performed in this study.  

 

Description 
PRT 

method 

Gravimetric+PRT 

method 

Vials filled with sucrose solution and processed 

without stoppers (S5) 

S5-1 

S5-2 

S5-3 

S5-4 

S5-5 

Vials filled with sucrose solution and processed 

with partially inserted stoppers (S5s) 

S5s-1 

S5s-2 

 

Vials filled with sucrose solution + 0.1% of 

Snomax to control the nucleation and processed 

without stoppers  (S5cn) 

S5cn-1 

S5cn-2 

S5cn-3 

S5cn-4 

S5cn-5 
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Table 2: Vial and freeze-dryer dimensions, physical properties and parameters used in 

this study 

 

Symbol Significance Value ± SD Units 

𝐴𝐵𝑉 Outer bottom area of the vial 2.07 10-4  𝑚2 

𝐴𝑖 Inner bottom area of the vial 1.78 10-4  𝑚2 

∆𝐻 Latent heat of sublimation of ice 2.8 106 𝐽 𝑘𝑔−1 

𝐾𝑉 Vial heat transfer coefficient a 
 

13.30 ± 0.885 𝑊 𝑚−2 𝐾−1 

𝜆𝑓 Ice thermal conductivity 2.23 𝑊 𝑚−1 𝐾−1 

𝜌 Density of ice 917 𝑘𝑔 𝑚−3 

𝑅𝑔 Ideal gas constant  8.314 103 𝐽 𝐾−1𝑘𝑚𝑜𝑙−1 

𝑇𝐶  Temperature of the drying chamber 242 𝐾 

𝑀𝑊 Water molecular weight 18 𝑘𝑔 𝑘𝑚𝑜𝑙−1 

𝑉𝐶 Volume of the drying chamber 0.12 𝑚3 

SD, standard deviation. 

a Evaluated from Scutellà et al. [16] 
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Table 3: Mean ± standard deviation (SD) for the sets of coefficients 𝑅𝑝0  and 𝑅𝑝1 (Eq. (6)) 
from data of experiments S5 and S5cn. 

 Pressure rise test  Gravimetric method 

Set of 

parameters 

𝑅𝑝0 

[𝑘𝑃𝑎 𝑠 𝑚2𝑘𝑔−1] 

 𝑅𝑝1 

[𝑘𝑃𝑎 𝑠 𝑚 𝑘𝑔−1] 

 𝑅𝑝1 

[𝑘𝑃𝑎 𝑠 𝑚 𝑘𝑔−1] 

Mean 
SD 

𝑅𝑝0�  

 

Mean 
SD 

𝑅𝑝1�  

 
Mean 

SD 

𝑅𝑝1��  

S5 59 75  1.8 104 2.0 104  1.8 104 0.3 104 

S5cn 47 48  0.9 104 1.2 104  0.9 104 0.2 104 

see Table 1 for the experimental conditions of experiments S5 and S5cn. 
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Table 4: Comparison of the product resistance value 𝑅𝑝 obtained in this study with other 
values reported in literature for a 5 % sucrose solution and a dried layer thickness 𝑙𝑑 of 5 mm. 

Reference 
Primary drying 

conditions 

Nucleation during 

freezing step 

𝑅𝑝 at  𝑙𝑑 = 5 mm 

[𝑘𝑃𝑎 𝑚² 𝑠 𝑘𝑔−1] 

This work 
Performed at a shelf 

temperature of -25 °C and a 

chamber pressure of 10 Pa 

Spontaneous 149 

Controlleda at -4 °C 92 

Konstantinidis et al. 

[26] 

Shelf temperature ramping 

from −35 °C to −10 °C at 

0.02 °C min-1, and chamber 

pressure of 13 Pa 

Spontaneous 125 

Controlled b at -3 °C 91 

Bosca et al. 

 [24] 

Performed at a shelf 

temperature of -20 °C and a 

chamber pressure of 10 Pa 

Spontaneous ~ 145d 

Rambhatla et al. 

[40] 

Performed at a shelf 

temperature of -25 °C and a 

chamber pressure of 13 Pa 

Controlledc at -1 °C 

Controlledc at -6 °C 

Controlledc at -11 °C 

67d 

77d 

96d 

Fissore et al. 

 [32] 

Performed at a shelf 

temperature of -30 °C and a 

chamber pressure of 5 Pa 

Spontaneous ~ 100d 

a Nucleation agent Snomax (§2.2) 
b Nucleation induced by creating the vacuum in the drying chamber during the freezing step 
c Improved ice fog technique 
d Graphically interpolated from the 𝑅𝑝 vs 𝑙𝑑 data reported in the cited works 
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Fig. 1: Arrangement of the vials on the shelf. Symbols: black circle, vials in which the 

thermocouples are located; Letter ‘M’, gravimetrically-analyzed vials. All vials were filled 

with 1.8 mL of the selected product.  
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Product resistance variability

Experimental method
Pressure-rise test  (PRT) to determine the mass flow rate 

(5 replicates per experimental condition)

Experimental method
Gravimetric method to determine the SD of  

sublimed ice mass at a given time     
(100 vials per experimental condition)                                    

Data analysis

Estimation of the mean and SE of the 
model parameters  (       and       )

SD of the model parameters calculated from Eq. (9)

SD of the model parameters  based on 
the PRT method       and     

The SD of the vial heat transfer coefficient                     
was determined as proposed 
by Scutellà et al. (2017)

The SD of determined by using the 
PRT was considered 

First order sensitivity analysis (Eq. (10))

SD of the model parameter         based 
on the gravimetric method

Product temperature variability
at manufacturing scale

Product resistance determination from mass 
flow rate (Eq. (1)-(5))

Fitting of product resistance data
using Eq. (6)

0pR
1pR

dfSESD =

0

~
pR

VK
~~

0pR

2
1

2

1

2
0

2

0

222
~~))((~))((

~~))(()(~~
p

p

sub
p

p

sub
V

V

sub
sub R

R
tmR

R
tmK

K
tmtm

∂
∆∂

+
∂
∆∂

+
∂
∆∂

=∆

1

~~
pR

)(~~
subtm∆

1pR

Product temperature variability
at pilot scale

1

~
pR

 

Fig. 2: Flow chart used to determine the product resistance variability using the pressure rise 

test (PRT) and the gravimetric methods. SD: standard deviation; SE: standard error. 
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Fig. 3: Example of the increase of the chamber pressure in time during a pressure rise test 

(PRT) performed during the freeze-drying cycles S5-1 (spontaneous nucleation). 
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Fig. 4: Mass flow rates evolution as a function of the dried thickness in freeze-drying tests of 

5 % sucrose solution processed in vials without stoppers and spontaneous nucleation (S5, 

triangles), with partially inserted stoppers and spontaneous nucleation (S5s, circles) and 

without stoppers and controlled nucleation (S5cn, squares). The mass flow rates were 

determined by the PRT method from Eq. (8). Vertical solid lines represent the mass flow 

rates data range considered in the analysis.  
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Fig. 5: Absolute value of Pirani slope at the end of sublimation obtained from freeze-drying 

cycles performed with product processed in vials without stoppers and spontaneous 

nucleation (S5), with partially inserted stoppers and spontaneous nucleation (S5s) and 

without stoppers and with controlled nucleation (S5cn). Experiments marked with the letter A 

in the legend show a significant difference at 0.05 level than experiments marked with the 

letter B (ANOVA test). 
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Fig. 6: Average values of the mass flow rates within a range of dried layer thickness between 

0.5 mm and 7 mm in case of product processed in vials without stoppers and spontaneous 

nucleation (S5), with partially inserted stoppers and spontaneous nucleation (S5s) and 

without stoppers and with controlled nucleation (S5cn). Experiments marked with the letter A 

in the legend show a significant difference at 0.05 level than experiments marked with the 

letter B (ANOVA test). 
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Fig. 7: Evolution of the product resistance with the dried layer thickness calculated from PRT 

data obtained in tests performed without stoppers and spontaneous nucleation (S5) (Fig. 6A) 

and PRT data obtained in tests performed without stoppers and with controlled nucleation 

(S5cn) (Fig. 6B). Symbols: experimental data; Solid line: fitting of the experimental data with 

Eq. (6).  
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Fig. 8: Cumulative probability of the water mass loss determined from data obtained by using 

the gravimetric method in cycles performed with spontaneous nucleation (S5, dotted line) and 

controlled nucleation (S5cn, dashed line). The standard deviation of the mass loss for the two 

sets of data is reported on the figure.  
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Fig. 9: Cumulative probability distributions of the product resistance obtained from the set of 

parameters obtained with spontaneous nucleation (S5) (Fig. 8A) and with controlled 

nucleation (S5cn) (Fig. 8B). Solid and dotted bold lines represent respectively the product 

resistance distribution at 1 mm and 5 mm. Vertical lines include approximately 99 % of 

values of the product resistance. 
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Fig. 10: Cumulative probability distributions of the product temperature obtained for freeze-

drying cycles carried out with spontaneous nucleation (S5) (Fig. 9A) and without controlled 

nucleation (S5cn) (Fig. 9B). Solid and dotted lines represent the product resistance 

distribution at 1 mm and 5 mm respectively. Vertical lines represent the critical product 

temperature (-32°C for sucrose). 
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