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Abstract: This manuscript shows how computational models, mainly based on Computational 

Fluid Dynamics (CFD), can be used to simulate different parts of an industrial freeze-drying 

equipment and to properly design them; in particular, the freeze-dryer chamber and the duct 

connecting the chamber with the condenser, with the valves and vanes eventually present are 

analysed in this work. In Part 1, it will be shown how CFD can be employed to improve specific 

designs, to perform geometry optimization, to evaluate different design choices and how it is useful 

to evaluate the effect on product drying and batch variance. Such an approach allows an in-depth 

process understanding and assessment of the critical aspects of lyophilisation. This can be done by 

running either steady-state or transient simulations with imposed sublimation rates or with multi-

scale approaches. This methodology will be demonstrated on freeze-drying equipment of different 

sizes, investigating the influence of the equipment geometry and shelf inter-distance. The effect of 

valve type (butterfly and mushroom) and shape on duct conductance and critical flow conditions 

will be instead investigated in Part 2.  

 

Keywords: Computational Fluid Dynamics; Freeze-dryer; Lyophilisation; Equipment design; Multi-

scale modelling. 
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1. Introduction 

 

Freeze-drying is a fundamental process in pharmaceuticals manufacturing, as it is carried out at low 

temperature and thus allows preserving most of the critical quality attributes of the product during 

the removal of the water (or of the solvent used); this is necessary to guarantee the required shelf 

stability to many drugs and pharmaceutical products. The target of the process is to get the desired 

value of residual moisture in the final product, with the required appearance and cake structure, 

maximizing the sublimation rate; in fact, lyophilisation is an expensive process and the drying time 

must be minimised to maximize plant productivity and reduce the cost of the product.  

The design of the equipment can have a strong influence on the final product quality, as it will 

be shown in the following. In addition, the selection of the operating conditions required to obtain 

the desired product characteristics, may be significantly influenced by the equipment design 

(chamber, duct and valve, condenser) and affects the minimum drying time. In fact, robustness of 

the cycle and drying process time reduction are conflicting goals, as the drying rate increases if the 

operation is carried out at higher temperature and higher chamber pressure, increasing in turn the 

heat transfer rate from shelf to product in vials or trays (Pisano et al., 2011a). To operate at higher 

pressure and temperature increases the risk of trespassing the limit product temperature, and thus 

failure of the processed batch. 

Finally the reliability of the operation depends not only on the cycle robustness (Fissore et al., 

2012b; Pisano et al., 2013; Bosca et al., 2015) but on the quality of the monitoring and control 

system (Barresi et al., 2009; Fissore and Barresi, 2011a; Fissore et al., 2018; Bosca et. al., 2017) 

and on the proper design of the apparatus. It is important to have a deep knowledge and 

understanding of the process and of the influence of the different variables and operating conditions, 

to avoid choices and decisions that would compromise the final product quality: this is the 

application of the “Quality-by-Design” (QbD) concept, according to which quality should be built 

in the process, with a proper design of equipment, process control and set up and not only verified 

at the end (Barresi et al., 2008b) [an account for earlier references  can be found in Barresi et al. 

(2010b) and Fissore et al. (2015)].  

One factor that must be accounted for, is that local process variables, that significantly influence 

the drying of single vials, not only depend on the selected set points of the operating variables, but 

are strongly influenced by apparatus geometry and design, equipment size and loading: this explains 

why problems and failures, may be experienced with sensitive products when transferring the 

process from one equipment to another. Local pressure values are particularly important, because 

the system responds very quickly to an increase in pressure with an increase in the product 

temperature; as a matter of fact, the undesired pressure profile is the top event with the highest 

probability, if a risk analysis is carried out, and the one with the worst consequences (Bosca et al., 

2017). Difficulties and failure can occur also when the loading in the same equipment is changed, 

because it can change the cake resistance, the contribution of radiating heating, or the 

hydrodynamics in the apparatus (Fissore et al., 2009; Fissore et al., 2012a). 

Much more severe may be the problem in case of process scale-up from a laboratory or pilot 

equipment to the industrial one [see for example Jennings (2002), Barresi (2011), Fissore and 

Barresi (2011b) and previous references in the last paper]. It has been shown that modelling tools 

and an advanced control system may be extremely useful to manage the scale up process; but also 



in this case the appropriate location of the sensors, and the correct interpretation of their reading is 

essential and to this purpose the knowledge of the fluid dynamics of the apparatus is of fundamental 

importance (Barresi and Pisano, 2013; Barresi et al., 2018). 

When designing a freeze-dryer, two categories of critical issues must be properly addressed. 

The first category is related to the problem of batch heterogeneity; as it is well known, especially at 

the industrial scale, it is challenging to design an equipment capable of guaranteeing the very same 

operating conditions for the entire batch (Rasetto et al., 2008; Barresi et al., 2010a). Vials 

positioned in different points of the chamber experiences different temperature and pressure 

histories and this can lead to significant variations for the residual water content. The geometry of 

the chamber as well as temperature gradients of the heating fluid circulating through the shelves, are 

typical design and operating parameters affecting the batch heterogeneity. 

Other issues are the capability of the freeze-dryer to evacuate the water vapour flow rate, in 

order to operate under the desired conditions (i.e., specific sublimation rates and thus batch drying 

times, and chamber pressure). This is related to establishment of sonic flow condition in the duct 

(Oetjen, 1999; Searles, 2004; Nail and Searles, 2008; Patel et al., 2010), which will be dealt with in 

Part 2 of this work (Marchisio et al., this issue), and to the proper design and operation of the 

condenser. 

The investigation of these issues solely relying on experimental techniques is very costly and 

time consuming, therefore the use of computational models is an interesting alternative (Sharma et 

al., 2011) and a plethora of them are available. These are generally classified based on the Knudsen 

number, Kn, namely the ratio between the mean free path of the gas molecules (i.e. that between 

two subsequent molecular encounters or collisions) and the characteristics length of the equipment 

(Knudsen, 1909).  

When the Knudsen number is much smaller than one, the fluid can be considered as a 

continuum and the standard continuity (mass conservation), momentum and energy balance 

equations can be solved by using tools developed in the Computational Fluid Dynamics (CFD) 

community. These are based on the solution of the governing equations with finite-volume schemes 

with no-slip boundary conditions at the walls (Batchelor, 1965).  

This approach has been successfully employed to model the drying chamber, to investigate the 

internal fluid dynamics and gas composition, predict possible non-uniformity of the batch and 

critical aspects in scale-up and process monitoring (Barresi et al., 2008a; Rasetto et al., 2008; 

Rasetto, 2009; Rasetto et al., 2009; Barresi et al., 2010a; Barresi et al., 2010b); to predict the spatial 

variation of pressure over the shelf (Rasetto et al., 2010; Ganguly et al., 2017); to model flow in the 

cylindrical duct and to estimate conductance and calibrate the TDLAS measuring system 

(Alexeenko et al., 2009; Patel et al., 2010; Ganguly et al., 2012); to evaluate the effect of equipment 

modifications and valves and baffles positioning (Ganguly et al., 2013) and the fluid dynamics in 

different types of condensers (Petitti et al., 2013), in order to improve process and equipment 

performance. 

In the so-called transitional regime (for Knudsen numbers bounded between 0.01 and 0.1) CFD 

equations are solved with slip boundary conditions at the walls (i.e. partial-slip boundary condition) 

due to the small number of collisions with the walls (Maxwell, 1879).  

On the contrary, when the Kn number is larger than unity the continuum hypothesis is not valid 

anymore. Under these conditions the flow has to be described by Molecular Dynamics (MD) 



simulations (Baback and Reese, 2014; Docherty et al., 2014) or by solving the Boltzmann Equation 

(BE). The BE is often solved with stochastic methods, as in the context of direct simulation Monte 

Carlo (DSMC) (Bird, 1994; White et al., 2017), or on a fixed lattice, as in the Lattice Boltzmann 

Method (LBM). These methods, although more expensive than standard CFD calculations, can be 

used to describe large-scale equipment, where the velocity distribution is out-of-equilibrium and not 

Maxwellian. DSMC, which is employable also in the transitional regime, has been used to model 

the chamber-to-condenser duct (Alexeenko et al., 2009) and the condenser, and was judged very 

efficient in describing also the icing phenomena that occur on the coils of the condenser (Ganguly et 

al., 2011; Ganguly et al., 2012; Ganguly and Alexeenko, 2012). 

Another important technique used to solve the BE is based on the method of moments 

(Struchtrup, 2005), where the governing equation (i.e. the BE) is solved in terms of the moments of 

the velocity distribution, by resorting to ad-hoc closures (Grad, 1949) or on functional assumptions 

on the mathematical form of the distribution, as in quadrature-based moments methods (QBMM) 

(Marchisio and Fox, 2013; Icardi et al., 2012). It is useful to mention, however, that whereas DSMC 

and LBM can virtually reproduce any type of velocity distributions, the Grad method can deal only 

with small deviations from the Maxwellian distributions, resulting otherwise in non-physical 

velocity distributions. It is useful at last to mention the Discrete Velocity Method (DVM) 

(Nurlybaev, 1993) where the distribution is discretised in a number of velocity classes and the 

collision integral is replaced with a discrete version of it. DVM are however difficult to apply to 

complex geometries with realistic flow conditions. 

Another very important point to be accounted for is the flow compressibility. Under moderate 

operating conditions the Mach number is smaller than unity and the flow is described with 

incompressible CFD solvers. Sonic flow conditions may typically occur in the duct, in 

correspondence of the reduced section of the valve, as mentioned before. In this case it is necessary 

to employ compressible CFD solvers, capable of dealing with sonic and super-sonic conditions and 

with shockwaves. Sonic flow may occur also in the chamber, in case of jet flow caused by leakage 

from small holes. 

At last it is important to mention that simulations of typical freeze-drying processes should 

account for the interplay between the flux of sublimated solvent (in most cases water) coming from 

the product (either in vials or in an open tray), the evolution of the product itself and the local and 

instantaneous operating conditions in the chamber. Under some operating conditions it can be 

assumed that the sublimation rate is dictated by some manipulated variables. This is often called 

one-way coupling. However, very frequently the state of the product and the sublimation rate are 

controlled also by the flow conditions in the chamber (i.e. two-way coupling) as the product affects 

the solvent flow, but the flow in turn affects the product, and this situation can be described via a 

multi-scale modelling approach.  

One strategy recently proposed is that of considering a pseudo steady-state, decoupling the 

dynamics of the product from that of the chamber. This is realized by running steady-state CFD 

simulations characterizing the flow field in the freeze-drying chamber at different phases of the 

freeze-drying cycle. Another possibility is to solve in advance the computational models related to 

the product under different operating conditions and pre-compile a look-up table. The effective 

coupling (in simulations) of the flow field and the product evolution is particularly important to 

estimate the evolution of product temperature and of residual ice content in the various vials 



(Rasetto et al., 2010). 

Other challenges are also offered in the simulation of freeze-drying operations. Two worth 

citing are: accounting for radiation and properly estimating thermodynamic and transport properties. 

The first one is usually tackled with simple (and empirical) approaches (see for example Pisano et 

al., 2008; Pisano et al., 2011b), whereas the latter is addressed by accounting for the translational, 

rotational and vibrational degrees of freedom of the solvent molecule (mostly water) and by 

resorting to the standard kinetic theory of gases (Sane et al.,2017). 

The aim of this work is to review the potentiality of CFD showing how the results can be used 

in a QbD perspective, to get a deeper process understanding, to improve equipment performance at 

the design stage and to avoid errors in operation. It will be shown how the knowledge of the fluid 

dynamics in the chamber may be useful for the correct positioning of the monitoring sensors. Two-

way coupling between fluid dynamics and process rate will be investigated by using a multi-scale 

model. 

Literature results have evidenced that CFD can be a reliable tool for better design of freeze 

dryers, and its use has also been recently experimentally validated by Sane et al. (2017), comparing 

measured and predicted pressure profiles over a shelf. Anyway, very little is currently available in 

literature that can be used in particular for improvement of the batch uniformity and prediction of 

the duct conductance and choked flow conditions; the present work aims to fill at least in part this 

gap. In this paper the modelling of the freeze-dryer chamber will be dealt with, while duct and valve 

will be considered in Part 2. The condenser will not be considered in detail, as this type of 

equipment has been already investigated in a series of previous works. It must be evidenced that 

CFD can be useful also in this case for design purposes (and some examples will be shown in 

Barresi and Marchisio, 2018), but for the lower pressure conditions other approaches suitable for 

the transitional and free-molecular regimes may be preferable; in any case in this equipment the 

icing phenomena represent the most difficult task.   

 

 

2. Governing equations  

 

The fluid dynamics of the vapour in the drying chamber is described by the well-known continuity 

and momentum balance equations that, written in their general form (by using the Einstein notation) 

read as follows: 

 

( ) 0i
i

u
t x




 
+ =

 
 (1) 

( ) ( ) ( )i i j ij i
j i j

P
u u u g

t x x x
   

   
+ = − + +

   
 (2) 

 

where ρ is the fluid density, related to temperature and pressure values through the ideal gas law, 

that is a valid equation of state for the operating conditions investigated in this work, ui is the ith 

component of the fluid velocity, P is the fluid pressure, gi represents field forces, such as gravity 

(negligible in this case), and ij is the viscous stress tensor, that for Newtonian fluids is usually 



expressed as a function of the fluid viscosity μ and of the velocity gradient tensor. As mentioned in 

the Introduction, viscosity and diffusion coefficients are usually calculated by resorting to the 

standard gas-kinetic theory and these equations are valid in the continuous regime when the  

Knudsen number:  

 

Kn
r


=  (3) 

ratio of the molecular free path, , to a certain representative macroscopic length-scale of the flow, 

r, is smaller than one (Knudsen, 1909).  

The Knudsen number depends on pressure; under very low pressures (i.e. smaller than 10 Pa for 

the case investigated) the flow may be in the transitional regime, depending on the shelf inter-

distance, whereas under higher pressures the continuum regime may be assumed. An evaluation of 

the Kn number for the case studies investigated, as a function of the operating pressure, can be 

found in Barresi and Marchisio (2018). 

 

2.1 Multi-scale modelling of freeze-drying processes 

Multi-scale models can be divided in two categories: (1) off-line and (2) on-the-fly approaches. 

In the first case the primary drying model and the apparatus CFD model are solved separately, 

whereas in the second case they are solved simultaneously.  

Various primary drying models can be used but, to reduce the overall computational cost, a 

spatially mono-dimensional model is used for the off-line approach, whereas a lumped zero-

dimensional model is used for the on-the-fly approach.  

Among off-line methods, one can choose between the Fully-Iterative Multi-scale Method 

(FIMM) and the Pre-Simulated Iterative Multi-scale Method (PSIMM), as briefly described before 

in Barresi et al. (2010b). In FIMM a sequence of CFD models and primary drying simulations are 

carried out separately. Each simulation (run with certain input variables) produces several outputs, 

that can be used as input for the next step. In particular, at a certain time instant, a specific 

sublimation rate is assumed and a CFD simulation is run. The CFD simulation provides the pressure 

values in the chamber, that are used as boundary conditions for the product model, providing 

updated sublimation rate values, that can be used to run a new CFD simulation. The FIMM is 

summarized in Figure 1. This approach has been used to evaluate the influence of the local 

operating conditions on single selected vials (i.e. typically where the pressure is the highest and the 

lowest) and on the variance of the whole batch.  

PSIMM is instead based on the simple idea of carrying out in advance some fluid dynamic 

simulations of the chamber at different sublimation rates; the collected data is then used to derive a 

specific correlation between sublimation rates and pressure. Product model simulations are 

eventually carried out by using the correlation stored in the database. The detailed one-dimensional 

model of Velardi and Barresi (2008), taking into account also the heat transfer in the vial wall, has 

been used to model the dynamics of the product. An example of application of this approach has 

been previously presented by Rasetto et al. (2010). 

On-the-fly approaches are instead based on the idea of solving a (necessarily) simple product 

model as the CFD simulation is running. This can be done by using simple (algebraic) models that 

relate the product temperature and the local fluid pressure with the sublimation rate (see for 



example Hill and Sunderland (1971)). The algebraic model is often a non-linear equation that can 

be solved in the CFD code (via user-defined functions in the case of commercial codes) via for 

example the Newton’s method. A zero-dimensional model derived from the so called URIF 

(Uniformly Retreating Ice Front) model (Toei et al., 1975; Kumagai et al., 1991), is used for the on-

the-fly approach. The details of the model used are given in the Appendix. 

 

 

3  Case studies and simulation details  

 

Two different equipment sizes (a small-scale apparatus and an industrial-scale apparatus, see 

Figures 1 and 2) have been investigated to assess the influence of the design parameters on the fluid 

dynamics and on the pressure distribution in the drying chamber. For the small-scale apparatus 

three different positions for the duct have been considered: in the centre of the rear wall, on one side 

of the rear wall and on the bottom of the chamber (see Barresi and Marchisio (2018) for complete 

geometrical details). The laboratory-scale freeze dryer is constituted by four shelves (450 x 455 

mm) for a total chamber volume of 0.2 m3. The large-scale freeze-dryer contained 14-17 shelves of 

1500×1800 mm for a total volume of 10.3 m3 (with a 200 mm lateral channel) and a 800 mm 

diameter horizontal duct (duct length/duct diameter = 2).  

Three different distances between the product and the upper shelf have been considered for the 

small-scale apparatus and four for the large-scale apparatus. In the small-scale chamber the number 

of usable shelves has been maintained constant, equal to 4, and the different distance between the 

shelves was determined varying the free space between the bottom of the chamber and the first shelf 

and that between the last shelf and the top of the chamber (see Figure 2). In the industrial chamber 

the number of usable shelves has been varied from 14 to 17, but the position of the first and of the 

last shelf was not varied. In Table 1 the values of the distance between the shelves, h, and of the 

clearance between the product and the upper shelf, r,  considered for the simulations for both the 

small- and large-scale apparatus have been reported.  

 

Table 1. Geometrical characteristics of the (L) industrial and 

(S) pilot scale drying chamber configurations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The largest clearance corresponds to normal and usual conditions in practical cases, while 

narrower clearances may represent cases where larger loading are obtained increasing the number 

Case 
Number of 

shelves 

Shelf-shelf 

distance, h 

(mm) 

Product-shelf 

distance, r 

(mm) 

L1 14 (+1) 110 67 

L2 15 (+1) 100 57 

L3 16 (+1) 93.5 50.5 

L4 17 (+1) 85 42 

S1 4 (+1) 100 57 

S2 4 (+1) 60 17 

S3 4 (+1) 50 7 



of shelves or taller containers are used (in the simulations a constant thickness of the “product 

layer” has been considered). One of the goals of the work is also to assess the relevance of the 

boundary conditions, and in particular the effect of the slip, and its dependence on the clearance. 

The three-dimensional simulations carried out in this work were based on structured 

computational grids of about 300,000 (for the small-scale apparatus) or 600,000 (for the large-scale 

apparatus) hexahedral cells, representing the geometry of the freeze-drying chamber by using 

standard numerical methods. The commercial CFD code Ansys Fluent was used.  

Inlet boundary conditions were set for the sublimation surfaces, corresponding to the vials 

placed on each shelf, while a standard pressure-outlet boundary condition was used for the final 

section of the duct connecting the chamber to the condenser. 

Most of the cases investigated included only water vapour as solvent, but in a few selected test 

cases injection of inert gases (i.e. nitrogen) at different flow rates, to control the chamber pressure, 

was also simulated.  

The chamber walls were considered at 283 K, with a shelf temperature of 258 K.  

Steady-state simulations of the primary-drying phase have been carried out considering the 

maximum available sublimation rate of 1 kg m-2 h-1 with an interface product temperature of 239 K; 

other simulations have been also carried out at different sublimation rates (from 0.50 kg m-2 h-1 to 

0.90 kg m-2 h-1). The temperature of the vapour was assumed equal to the temperature of the 

sublimating surface (Ti). 

Some scalar transient simulations have been also carried out to investigate the dynamic response 

of the small apparatus to variations of the sublimation rate on the different shelves; the details will 

be given in section 4.2. 

Further simulation details can be found in Barresi and Marchisio (2018). 

For the dual scale model, the freeze-drying of a 5% solution of bovine serum albumin, buffered 

with tris-HCl 01 M, in vials having a total volume of 4 ml, internal diameter of 12.24·mm, mean 

glass thickness of 1 mm and maximum air gap at the bottom of 0.7 mm, has been considered as test 

case. 

 

 

4. Results and discussion 

 

4.1. Steady state chamber modelling 

4.1.1. Effect of duct location and assessment of flow regime. 

CFD can be used to test different design solutions, for example the position of the duct 

connecting the chamber to the condenser, whose effect depends also on the distance between 

shelves. The influence of the duct position has been studied in a systematic way in the small 

apparatus: here three different locations are considered, at three different shelf clearances in order to 

obtain a general conclusion to be used as a guideline. 

In Figure 2 (upper graphs) an example of the contour plots of the velocity magnitude has been 

reported for two different positions of the duct; the complete velocity and pressure data set, for the 

three geometric configurations, is given in Figures 6 and 7 in Barresi and Marchisio (2018). For 

these contour plots it can be observed that the maximum of the velocity is reached near the duct; 

moreover, when the duct is positioned at the bottom of the chamber, stronger velocity gradients are 



observed. In all the investigated cases, the vapour moves from the front of the chamber to the back 

and when the duct is positioned in the centre of the rear wall the flow field becomes symmetric with 

respect to the plane x-z. The vapour flow field becomes less dependent on the apparatus geometry 

also when the clearance between the shelf is reduced. 

Figure 2 (bottom graphs) also shows the pressure distribution over the shelves for the same two 

geometries and different shelf clearances. As it is seen, when the clearance between the shelves is 

large, and the shelf has a small size, the pressure difference between the centre and the edges of the 

shelf is quite limited; in this case it is more influenced by the position of the duct as is the flow field. 

On the contrary, when the shelf-to-shelf distance is quite small, or the size of the shelf increases, as 

in the industrial apparatus, the pressure difference between different points of the chamber becomes 

significant, but it is weakly affected by the position of the duct (as proved by the fact that profiles 

are in this case only slightly asymmetric).  

It has been shown that, at least in the first part of the transition regime, the one close to the 

continuum one and characterised by Kn of the order of 0.1, which is called the "slip regime", the 

gas velocity at the solid surface is different from that of the wall (which is zero). Thus it is possible 

to describe the fluid dynamics using the same equations for mass, momentum, and energy balance, 

but slip boundary conditions. If the Maxwell's model is used, the following equation is used for the 

tangential component slip (the normal component is still equal to the wall normal velocity) 

(Maxwell, 1879): 

2
,v
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Of course in a discretised system the value of the gas velocity in the centre of the computational cell 

is calculated, and the gradient can be given referring to this value and to the distance of the centre 

cell from the wall; v is the momentum accommodation coefficient of the gas (a mass fraction 

weighted average is used in case of gas mixtures). 

It must be remembered that in the slip regime not only a velocity, but also a temperature jump 

will occur at the wall: 
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The simulations, with and without the low pressure boundary slip option activated have been  

compared to evaluate the relevance of the required correction in very limit conditions (in industrial 

applications it is hard to realize clearances narrower than those considered here). It must be taken 

into account that pressure drops increase with shelf size, but the correction will be proportional. In 

any case the slip at the wall reduces the friction, and thus the values estimated with the continuum 

hypothesis (and no slip boundary conditions) for the pressure drop will be in excess (and thus on the 

safe side for design applications). 

The results shown in Figure 3 refer, between the cases considered, to the narrowest shelf 

clearance (7 mm). This is a very small value, and this is the cause of pressure drops significantly 

higher than those generally observed. 

The situation is similar in all the clearances. In Figure 3 (top graph) the profile across the whole 

chamber, including the free lateral zone between shelves and wall, is shown in one case. As 



expected, the pressure is slightly higher when calculated with the no-slip condition, but the profiles 

are very similar, with maximum values reached in the same position in the two cases.  

It is interesting to notice that in the pressure and temperature ranges considered for water vapour, 

in the clearances between the shelves the Knudsen number is always larger than 0.01: the 

transitional regime is present and thus it is reasonable to use the low pressure boundary slip option 

in the viscous model. 

Similar behaviour, but with progressively reduced differences, are observed with larger 

clearances. In particular, for the larger clearance considered in this work, no significant differences 

can be noted adopting the slip or the no-slip conditions. 

As concerns the velocity patterns, the highest values occur in the free spaces between shelves 

and chamber walls. No significant differences can be appreciated in the velocity patterns when the 

low pressure boundary slip condition is adopted in the laminar model.  

An increase in the values of the ux and uy velocity components can be observed (Figure 3, 

middle graphs) as a consequence of the slip in the upper part of the clearance (please note that a 

different condition was adopted for the lower plane, that is a source of water vapour). It can be also 

noted that the slip velocity at the wall is very significant in these conditions. It must be remembered 

that the relative velocity of the gas at the wall, in the slip regime, corresponds to a temperature 

jumps, as shown in the bottom graph of Figure 3.  

The estimation of the average chamber temperature is relevant for example for the application 

of the pressure rise methods used to monitor product temperature (Milton et al., 1997; Velardi et al., 

2008; Fissore et al., 2011); as this value is not generally available, it is assumed to be equal to that 

of the product, or an average between the shelf and product temperature. The CFD simulations can 

be used to estimate the influence of the assumptions done on the estimated product temperature. 

An example is shown in Barresi and Marchisio (2018) (see Figure 8 ). It can be seen that the 

temperature of the wall (and the boundary conditions) directly affects the gas temperature in the 

clearance between shelves and wall, but not the temperature profile in the zone above the shelf. This 

latter one is determined by the sublimation process. 

 

4.1.2. Fluid dynamics in the large-scale apparatus and effect on batch variance 

Data on the flow field in the apparatus and on the distribution of the vapour flow over the 

shelves can be found in Barresi and Marchisio (2018) [see Figures 9-10]. The flow field and the 

pressure distribution in the lateral clearance and in the duct will be analysed in more detail in the 

Part 2 article. 

The value of the pressure in the drying chamber is one of the most important parameters for the 

lyophilisation process and its effects on the mass and heat transfer involved in the process are quite 

complex. Decreasing the pressure chamber, the sublimation rate should be favoured (because 

increases the water partial pressure difference between the product interface and the chamber, and 

thus the driving force) but the efficiency of the heat transfer by conduction in the gas meatus 

between the vial bottom and the heating shelf decreases. The objectives for an optimal process 

design is to carry out the primary drying step with operating parameters (pressure and shelf 

temperature) that minimise the primary drying time maintaining the quality target of the product.  

In the large-scale apparatus the number of shelves placed inside the drying chamber is much 

larger than in the small-scale chamber and two zones can be distinguished with this duct 



configuration, respectively far and close to the duct. The pressure profile over the shelves at the 

bottom of the chamber, far from the duct inlet, is the most uniform one observed; moving up, the 

pressure distribution over the plate becomes less uniform. In particular on the plate near to the duct 

inlet the pressure reaches the minimum value observed in the system. 

In the inset of Figure 1 a 3D draw of the chamber for the configuration L1 (h = 110 mm) is 

shown; in particular the pressure contour plot for all the plates has been computed. From this global 

view of the chamber the two different zones of the chamber (far and close to the duct) can be easily 

identified: in the first zone the plates from the 1st to the 9th are involved and the maximum pressure 

value is reached (red zone in the colour map); the zone close to the duct involves from the 10th to 

the last plate, and here the minimum pressure value (13.7 Pa) is reached (blue zone in the colour 

map).  

An example of the pressure profile over the shelf in the two zones is given in Figure 4 (upper 

and middle graph), showing also the influence of the sublimation rate. 

All the simulations have been carried out imposing the outlet pressure at the end of the duct, and 

thus are representative of the conditions that would establish in the chamber without a control 

action. 

The pressure variation, at a given sublimation flow rate, is also strongly influenced by the 

average pressure in the chamber, as shown in Figure 4 (bottom graph) for two different shelves, 

because this affects gas density, viscosity and velocity. Actually the pressure drop is inversely 

proportional to the absolute pressure (Rasetto et al., 2010). Thus it is very easy, once the pressure 

profile is known, to calculate the one expected, in the same geometry, and at the same sublimation 

flux, at a different chamber pressure.  

Results also highlight the presence of pressure gradients in the chamber. This aspect is 

important because the reading of the pressure sensors must be considered only as a reference 

pressure and pressure over the shelves may be higher; the relationship is not simple anyway and 

depends on chamber geometry and sensor location.  

If the duct connecting to the condenser is located on the bottom of the chamber, a configuration 

generally adopted when a TDLAS sensor is installed, smaller variations along the shelf are 

expected, similarly to what shown for the smaller chamber (see Figure 2). On the other hand, the 

large and growing flow that passes in the lateral clearance will cause stronger vertical gradients in 

the average pressure over the shelves. 

The whole set of pressure contour plots obtained for the different configurations has been 

analysed, in order to obtain the position of the maximum in the pressure profile (that depends on the 

shelf considered and on the relative position of the duct) and the maximum pressure drop observed 

(at the flow rate considered). 

In Figure 5 (a) ymax, the y-coordinate of the maximum pressure value for each shelf is reported 

for all the configurations as a function of the vertical position of the shelf (z), whereas the maximum 

pressure difference over the shelf is shown in Figure 5 (b).  

It is useful to remind that the four investigated configurations correspond to 14 (L1), 15 (L2), 16 

(L3) and 17 (L4) usable shelves. As it was seen, for the shelves closer to the condenser duct, the 

position of the maximum pressure value is shifted to the rear corner of the shelf; however, when the 

number of the shelves increases, this shift is less marked.  



Although the number of shelves below the duct is higher than the number above it, it is clear 

that the profiles are symmetric with respect to the horizontal plane passing for the duct. This is 

evident also in Figure 5 (b); the maximum pressure drop is observed near the condenser duct and 

decreases moving away from it.  

It is also interesting to highlight that, as evidenced in Figures 5 (a) and (b), the shape of the 

curves is the same for all the configurations, independently of the number of shelves and the curves 

are parallel. In particular, increasing the number of shelves the pressure gradients over the shelves 

increase (because the clearance decreases) and the location of the pressure maximum get closer to 

the geometrical centre of the shelf. 

Very important is also the effect of the sublimation rate, as already shown in Figure 4. The 

effect of the mass flow rate on ymax and ΔPmax is shown in detail in Marchisio and Barresi (2018) 

[see Figure 11]. The major effect of the mass flow rate is to increase ΔPmax, but this increase is 

larger for the shelves close to the duct. 

It has been shown that the pressure variation is a function of the sublimation flow rate, and is 

influenced by the average pressure in the chamber, but in order to get a more general information, it 

is possible to consider the local pressure increase, that is the difference between the total local 

pressure and the value at the shelf border (P). Thus it is possible to obtain, for selected positions 

on the shelf of interest (and of course for a specific geometrical configuration and for a selected 

shelf) correlations for pressure drop at a reference pressure. This method is the one successfully 

adopted in the FIMM multi-scale approach in the work by Rasetto et al. (2010). 

From a theoric approach it is possible to explicitate the relationship between P, the pressure 

variation along the shelf, and the relevant variables: the sublimation flux on the shelf, Jw, the 

distance along the shelf, L, the reference pressure in the chamber, Pref, and the actual clearance 

between the shelves, r: 
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As pressure reference, the pressure in the zone far from the duct is considered, and should 

correspond to the pressure "measured" in the chamber. The “distance along the shelf”, L, is the 

distance from the location of the maximum to the shelf border; it can be half of the shelf size if the 

duct is not influencing the profile, and becomes closer to the shelf size for the part of the shelf close 

to the duct. For shelves sufficiently large to reduce the relevance of the border effect, and not 

strongly influenced by the duct, the CFD simulations have confirmed the validity of the correlation 

given below; these are all the shelves in case of duct on the bottom of the chamber, like in the case 

investigated by Ganguly et al. (2017), or the shelves closer to the bottom for configurations similar 

to that investigated in this work.  

If the pressure profile is not disturbed by the duct location, it is symmetric; in this case the 

maximum overpressure over the shelf and the maximum pressure difference along the shelf 

coincide, and can be easily calculated by correlation (6). If this is not true, the pressure distribution 

changes over the different shelves, as shown in Figure 5; the correlation still holds, but the location 

of the maximum is not known, and CFD simulations must be carried out on the geometry 

considered. 



These results are in agreement with previous theoric and computational findings by Zang and 

Liu (2012) and Ganguly et al. (2017). Pressure differences smaller than 1 Pa were experimentally 

measured in small scale equipment by Sane et al. (2017); similar values were measured also by our 

research group (unpublished data). On the other hand, simulations and calculations evidence that in 

a large apparatus, with high sublimation rates and very narrow clearances, differences of several Pa 

can occur between different points of the shelves. 

The approach described will allow for example to quantify the degree of uniformity that can be 

obtained in different conditions, and to compare in this respect different pieces of equipment. 

Calculating the variance of the curves (an example will be shown in the next section) it is also 

possible to lump in a single number to use as an index these characteristics, even if this has to be 

done with great care, because the complexity of the system can hardly be condensed in a single 

parameter.  

It must be said that generally the effect of pressure gradients along the shelf on product 

temperature and drying rate is small, and overall much smaller than that caused by temperature 

gradients on the shelf; radiation from walls or windows (and especially with Plexiglas port) may be 

responsible for stronger non-uniformity (Pisano et al., 2008). It is surely negligible in lab scale 

apparatus, for the small size of the shelf, the small vapour flow even at high sublimation rate, and 

generally the large clearance. Sane et al. (2017) evidenced that the pressure gradient may also be 

beneficial, increasing the uniformity of the batch on scale up: in fact, higher pressure in the centre 

of the shelf causes higher temperature, and this can counterbalance the effect of wall radiation on 

edge vials. But they also highlighted that the final results depends on drying conditions and product 

resistance, and scale up effect might compromise the product quality in some cases. 

In any case the results of this work have evidenced that the configuration with side duct can lead 

to larger intra-shelf gradients, but reduces inter-shelf pressure variations (compare Figure 2). 

As concerns the evaluation of the shelf-to-wall distance effect, it must be taken into account that 

when the clearance between the shelves and the wall of the chamber decreases, the contribution of 

the radiation heat should not change. In fact, from the point of view of the vials, the walls of the 

chamber are always infinite walls and thus the view factor does not change. 

The effect on the gas flow of the radiation from the wall has also been considered, comparing 

the results obtained with two different simulations (considering or not the contribution of the 

radiation with the P1 model) for the large-scale apparatus with 14 usable shelves (data not shown). 

The flow field of the vapour inside the chamber in the two cases is practically the same and so we 

can conclude that the effect of the radiation on the vapour can be neglected. 

Much more important is the effect of the clearance between the walls and the plates on the fluid 

dynamics of the vapour. Figure 6 (upper graph) shows the evolution of pressure along a line 

crossing the shelf, the clearance wall and running along the centreline of the duct. It is confirmed 

that for the conditions and the geometry considered, also for the industrial scale apparatus, the 

pressure drop in the chamber may be negligible, and the largest part of the pressure drop occurs in 

the entrance zone of the duct, where the flow is strongly accelerated.  

Considering the shelf aligned with the duct axis, the maximum in the pressure profile is hardly 

detectable, as the effect of pressure decrease due to the duct is much more relevant: as a result the 

maximum pressure difference over the shelf, in the range tested, can be higher than 2 Pa, and values 

of this order can affect batch uniformity, as already discussed. The maximum pressure variation in 



the chamber is even higher, because a further decrease in the zone between shelves-pack and wall 

occurs. 

The lower graph in Figure 6 evidences the contribution of the chamber to the total flow 

resistance; for comparison purposes the contribution of the duct is also shown. Anyway it is 

possible that for very narrow lateral clearances, they become the bottleneck of the system. A 

detailed simulation should be carried out for the geometries considered, evaluating also the 

influence of the product loads in the freeze-dryer and varying the distance between shelves.  

 

4.1.3. Distribution of inert gases and solvent vapours in the drying chamber 

Another important factor to consider when designing freeze-drying equipment is the presence of 

composition gradients in the vapour inside the chamber, due to spatially heterogeneous partial 

pressure of solvent (water or organic), as already discussed by Mayeresse et al. (2007). The 

introduction of an inert gas in the drying chamber is typically used to control and maintain the 

pressure at the value set for the cycle. As preliminary results (Barresi et al., 2008a, 2011a) suggest 

that the chamber cannot be considered as an homogeneous system, several simulations have been 

carried out in order to evaluate the inert gas distribution.  

The results presented in Figure 7 have been obtained for a pilot scale drying chamber where the 

inert gas inlet has been supposed positioned in the top corner of one of the lateral walls of the 

chamber. The system seems to be segregated; that is, the composition of the atmosphere in the 

chamber in not everywhere the same. High inert gas concentration values (red zones in the figures) 

are reached close to the inert gas injection, but the zone is always quite limited and confined. 

For the pilot-scale apparatus, typical inert gas mass flow values during primary drying 

experimentally measured are about 17 sccm correspondent to 3.2·10-7 kg s−1, but values in the range 

2·10-8 to 10-6 have been frequently observed; in the secondary drying much higher values can be 

measured, as the desorption flux of the solvent has significantly lower values. For that reason 

simulations have been carried out in the range 1.20·10−8−1.20·10−5 kg s−1 (see Figure 7); conditions 

for which a jet reaches the opposite wall have been also investigated [see Barresi and Marchisio 

(2018), Figure 13]. Cases shown in the first two images are more typical of actual conditions in 

primary drying (the case with lower flow rate is not shown, but is similar with even more localised 

gradients). The two bottom graphs of Figure 7 show the case of higher flow rate, when a jet forms 

crossing almost all the chamber (the maximum velocity in this case reach 380 m s-1. Even in this 

case the higher concentration of inert gas is localised in the region in the proximity of the jet. 

Moreover, increasing the inert gas flow rate the segregation of the system does not decrease 

significantly. It is important to observe that at typically operating values the effect of the inert gas is 

very local; the atmosphere changes composition close to the injection zone (the maximum inert gas 

fraction varies from 0.7 to 0.8 and then to 0.59 in the cases shown), but all the inert gas is 

concentrated in the clearance between the gas inlet and the outlet of the chamber (duct). Even with 

much higher inert gas flow rates, the value of inert gas concentration in the space between the 

shelves remains limited (see Figure 13 in Barresi and Marchisio (2018)). In Figure 7 (bottom right) 

the region where the inert gas mass fraction is higher than the volume-averaged value is evidenced, 

for the third case shown; four surfaces corresponding to a fixed inert gas concentration (the first and 

the last differ by 100 times) are evidenced, highlighting once again the very strong and localised 

gradients. 



The pressure remains quite uniform, even if it increases with the inert gas flow rate; further data 

for the high inert gas flow rate regime can be found Barresi and Marchisio (2018). 

As the introduction of nitrogen in the drying chamber can affect both the heat transfer from the 

heating surface to the product, and the mass transfer from the interface of sublimation to the 

chamber (Mayeresse et al., 2007), product dynamics, i.e. the evolution of temperature and residual 

ice content, may be affected by the way used to control the pressure.  

The prevailing effect when introducing nitrogen in the drying chamber is the decrease of the 

heat transfer coefficient, that reduces the amount of heat that is transferred from the heating surface 

to the product, and, thus, the sublimation flow. Product temperature is decreased, due to the lower 

partial pressure of water in the drying chamber. The consequence of the decrease of product 

temperature and of the heat flux is the increase of the time required to complete the primary drying.  

Of course an opposite result would be obtained using an inert gas with a thermal conductivity 

higher than that of the water vapour; it can be mentioned that in the past the use of such gases has 

been proposed to speed up the process (Mellor, 1978; Elia and Barresi, 1998), but this practice does 

not seem to have got widespread use.  

Obviously the real impact of the inert gas fraction depends on the actual distribution over the 

shelves, as discussed before, and CFD is essential for this evaluation. 

Vapour and inert gas distribution, and vapour pathways, can strongly influence efficiency and 

performance of the condenser too; the inert gas mass fraction increases in the condenser 

approaching the outlet. Of course, optimal design of the condenser should guarantee the best 

performances in terms of both heat and mass transfer. This has been discussed in previous works 

(Petitti et al., 2013; Ganguly et al., 2013), but is out of the scope of this paper. 

 

 

4.2. Transient chamber modelling and sensor response 

The control of the process is very important, but in order to be effective the response of the 

sensors must be reliable. It has been shown that it may be important to take into account the 

dynamic response of the sensor, in case of pressure rise test (Pisano et al. 2017). But in order to 

implement the PAT suggested by the QbD (Quality by Design) philosophy, it is important to take 

into account the fact that the drying chamber has non-uniform conditions, and the influence that this 

and the internal fluid dynamics have on the measures of the sensors and on the response of model-

based monitoring tools (Genin et al., 1996; Mayeresse et al., 2007; Rasetto et al., 2008). 

In the previous section it has been shown that a strong variation of the inert gas fraction may be 

localised, but often the location of the Pirani sensor is close to the inlet of bleeding gas. The inert 

gas distribution can affect the Pirani reading and the estimation of the end point of the primary 

drying. Whereas Pirani is generally used only in low cost equipments (e.g. pilot scale apparatus), is 

quite widespread in conjunction with Baratron and their readings are used for estimating the end of 

the primary drying. Similarly, the line 2-3 in the inset of Figure 8b is the possible trajectory of a 

laser beam used for gas composition monitoring, but again in this plane the strongest gradients of 

inert gas concentration may occur, as previously shown in Figure 7.  

The relevance of the location of other types of sensors, like the moisture sensor (Genin et al., 

1996) or the cold plasma ionisation detector (Mayeresse et al., 2007), and its effect on the sensor 

reading, have been also evidenced in previous works or are currently under investigation, as for the 



quadrupole mass spectrometer, whose application in freeze drying is expanding (Ganguly and 

Rhoden, 2017).  

Thus it is important to characterize the drying chamber in order to evaluate the observability of 

the quantity of interest for both pressure and moisture sensors. To this purpose the determination of 

a process transfer function for the drying chamber could be interesting for all the devices (like those 

mentioned above) which provide a local measure of the property of interest. 

The dynamic response of the open system when perturbing the system with a material disturb 

has been studied by mean of scalar transient simulations. These simulations are carried out for the 

fully loaded pilot scale apparatus (configuration S1) starting from the converged steady-state 

simulations previously presented and adding an inert scalar at the sublimation interface (sources ssi). 

Four possible detection points in the chamber have been investigated (see Figure 8b). The effect of 

the diffusivity has been evaluated because it is important for the interpretation of measurements of 

solvent concentration in the chamber; in this case the scalar diffusivity has been assumed equal to 

the kinematic viscosity, as the Schmidt number can be considered equal to one. Details of the 

simulation plan are given in Table 3 in Barresi and Marchisio (2018). 

The case with only one shelf loaded with product has been also investigated considering that, 

especially in pilot scale apparatus, reduced batches are used to develop optimal freeze-drying cycles. 

Moreover also the sublimation flux is varied because, as it has been highlighted in the previous 

sections, it can affect the fluid dynamics of the vapour in the chamber. Several different sources of 

disturb have been considered: on all the sublimation surfaces or on a specific shelf.  

In Figure 8 (upper left) the simulations for an equal disturbance on all the shelves (considering 

or not the mass diffusivity, case D1 and D2) are compared. It can be observed that at high 

sublimation rates the diffusivity has no effect on the dynamic response of the system: in fact, the 

two curves are overlapped. In this case all the sensor points are suitable to detect the response, with 

very short delay. On the contrary, if the step disturbance is only on the third sublimating surface 

(D4), not all the points detect the disturbance, but only the one close to the duct. In this case the 

absolute value of the step disturb does not reach the unit value because it is diluted by the other 

vapour sources (Figure 8, upper right). This aspect is important in order to assess the proper 

position of the process monitoring sensors. To this purpose, another important aspect is the different 

dynamic response obtained at the different detection points. In fact, different response delays 

characterize the dynamic curves of the points; the differences are small at high sublimation rate, but 

very large differences are observed for different loads (compare simulation D4 and D11, in the 

upper right graph, with sublimation rate respectively 1 and 0.1 kg h-1 m-2, and disturbance only on 

ss3). It must be remembered that a typical pressure rise test lasts 5-20 seconds.  

In Figure 8 (bottom left) the effect of the position of the source of the disturbance is shown. In 

these three cases the flow field in the chamber is that corresponding to full load at high sublimation 

rate but the disturbance was applied only to one of the shelves. As it can be expected, depending on 

the shelf selected for perturbation, the delay of the response detected in point 1 is different. The 

second information that can be taken from this graph is that the system can not be considered 

perfectly mixed; in fact the asymptote value of the response is different for the three cases and 

different from the expected value 0.25. Similar results were obtained for partially loaded systems. 

Figure 8 (bottom right) shows the effect of the sublimation flow rate on the dynamic response of 

the system (for the full load system, simulations D1, D8 and D9). Decreasing the sublimation rate 



both the response delay and the rise time increase.  

Further results are shown in Barresi and Marchisio (2018) [Figures 16-19]. 

 

4.3. Multiscale simulations 

Let us now discuss the results of the off-line multi-scale model reported in Figure 9. As 

previously mentioned, the off-line multi-scale model couples a CFD-based description of the entire 

freeze-drying chamber with a mono-dimensional model for the drying product (vial model). Only 

primary drying is considered here. The vial model tracks the evolution of the well-defined ice 

surface, which separates the dried product (or cake) from the product with ice crystals, still to be 

sublimated. The model also tracks the evolution of numerous properties (including the interface 

temperature) and is capable to predict, among other features, the remaining moisture content.  

As mentioned, the off-line model takes the pressure values obtained from the CFD simulation 

and uses them as boundary conditions in the vial model, that is then run for each of the identified 

conditions. The multi-scale model is therefore capable of evaluating what each individual vial in the 

freeze-drying chamber does. These results are summarized in Fig. 9 in terms of the time evolution 

of the mean interface temperature among all the vials (top plots) and the standard deviation σ of the 

interface temperature (bottom plots) for two shelves, the bottom one (left side plots) and the twelfth 

one, close to the duct (right side plots).  

For completeness, in the top plots the continuous line, representing the mean temperature, is 

plotted together with the dashed lines, representing instead the interface temperature evolutions for 

the coldest and hottest vials on the shelf. As expected, the interface temperature increases as the 

product in the vials dries, but due to the different flow fields of the evaporated solvent (water in this 

case) on the two shelves, the variance of the twelfth shelf is much larger than on the first shelf. This 

is due to the fact that the duct transporting the water vapour into the condenser is positioned right 

next to the 12th shelf, generating strong pressure gradients along the shelf. This is not true for the 

first shelf, that being far away from the duct, evacuates the water vapour more uniformly. 

This difference is more evident in Figure 10 reporting results obtained with the on-the-fly multi-

scale model. As previously mentioned, in this case a simple zero-dimensional vial model is 

implemented in the CFD simulation, evaluating (with a certain approximation) the local 

instantaneous sublimation flux based on the local instantaneous vapour pressure and temperature 

values, closing the two-way coupling between vials and freeze-drying chamber. 

Figure 10 shows the contour plot on the top of the shelves (top plots) from two different view 

points (front versus back) in Pa and the sublimation fluxes (middle plots) in kg h-1 m-2. It can be 

seen that the presence of the duct transporting the water vapour to the condenser creates a large 

gradient in the shelf pressure, resulting in a large gradient in the sublimation flux. As a consequence 

the vials close to the duct will dry faster, resulting in a heterogeneous distribution of the product 

properties in the different vials (among others the residual moisture content). 

In the bottom plots of Figure 10 the sublimation rates over the twelfth shelf are shown in two 

cases, to compare quantitatively the effect of the pressure gradients over the shelf and of the fluid 

temperature variation inside the shelf. In the left plot a constant shelf temperature is considered, 

while in the right plot the temperature decreases by 2°C along the shelf. This evidences the 

relevance of temperature differences in the fluid along the shelf, highlighting the importance of a 



good design that takes into account the maximum load in the apparatus (qualification tests are 

generally carried out at no load). The results also suggest that eventually pressure gradients might 

be counterbalanced designing a heat fluid path that creates a desired shelf-temperature gradient. 

 

 

5. Conclusions 

The effect of the geometrical parameters of the freeze-dryer chamber, i.e. the clearance between the 

loading shelves, the position of the duct, the clearance between the shelves and the walls of the 

chamber, the volume of the chamber, on the fluid-dynamics of the sublimated vapour in the drying 

chamber has been investigated. Interesting results have been obtained by mean of the computational 

fluid-dynamics for both the small scale and the industrial scale apparatus. 

Typically, studying the freeze-drying process, uniformity problems for the batch are mainly 

related to the radiation effect, but also the fluid dynamics of the vapour in the chamber can affect 

the uniformity. The position of the duct that connects the drying chamber to the condenser 

determines the global flow field inside the chamber. The absolute pressure value, estimated over the 

vials, is affected by both the clearance between the shelves and the position of the duct. In particular 

the pressure increases if the clearance between shelves is reduced and the highest pressure value is 

reached by the vials far from the duct. This is important because different pressure values imply 

different product temperature and then different primary drying time so that some vials finish the 

sublimation phase earlier than others; in some cases this effect may be relevant. 

Although the highest pressure values are reached when the duct is positioned at the bottom of 

the chamber, this one seems to be the best configuration from the point of view of the uniformity of 

the pressure over the plates. In fact, if the duct is positioned on the rear wall the non-evenness of the 

pressure over the plates close to the duct is higher than on the plates far from it.  

It has been also observed, in the small scale apparatus, that the pressure profile over the plates 

does not change with the position of the duct if the clearance between the shelves is considerably 

reduced below the values that typically are used in industrial processes, but the absolute pressure 

increases. It can be also evidenced that in case of very small clearance, the flow can be in 

transitional regime, and when this happens a slip occur for the velocity at the wall, that reduces the 

pressure drop observed along the shelves. 

Under similar operating conditions, the pressure values and the pressure differences (in different 

points of the same shelf or in different shelves) may significantly differ in two apparatuses of 

different size; higher values have been obtained by the simulations of the industrial scale apparatus, 

for the larger size of the shelves. Again, this will have as a consequence a different interface 

equilibrium temperature of the drying product and thus a different sublimation rate and final drying 

history of each vial. 

These effects can be estimated by resorting to a two-scale approach, where the evolution of the 

product in each vial is linked to the mathematical description of the entire chamber. It has been 

shown how the influence of the local operating conditions on single selected vials and on the 

variance of the whole batch can be evaluated.  

A model for the vapour source (the ice sublimation) can be directly implemented in the CFD 

code, if the focus is on the equipment design; an off-line approach, more suitable for process 



transfer and scale up, based on the development of specific correlations from the results of 

preliminary CFD simulations, and on their coupling with a detailed model of the vial, has been also 

discussed. 

The results obtained can be generalised, either to obtain a "fingerprint" of the piece of 

equipment considered, that can be compared to different ones, or to obtain correlations for the 

quantities of interest, that can be used for equipment or process design. 

In a freeze-drying process of products in vial not only the flow field inside the chamber affects 

the operating conditions but also the stopper partially inserted in the vial may induce an important 

pressure drop depending on the sublimating rate and the shape of the stopper vent. Also differences 

in the positioning of the stopper may be relevant, as may be important differences in the shape of 

the vial bottom, which affects the heat transfer coefficient. This should be taken into account in the 

evaluation of the batch variance, as the contribution of the above mentioned factors may be 

comparable to that of the fluid dynamics investigated in this work. 

Both the results obtained from the chamber and the vial simulations underline that  the operating 

pressure specified by the cycle parameters and set during the primary-drying cannot be considered 

the true pressure of the system. In fact, the pressure is typically detected by means of sensors placed 

at the top of the chamber walls where the pressure can be higher or lower than the interface product 

pressure, depending on the vials position. 

Concluding, these results can be useful not only for the apparatus design optimisation or for 

process transfer, but also to develop advanced model-based monitoring and controlling tools that 

typically do not take into account the property heterogeneity of the batch. 
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Appendix.  

 

A. Lumped zero-dimensional model used for the on-the-fly multi-scale approach 

 

The simplified model used in the on-the-fly multi-scale approach is derived from the URIF model 

(Toei et al., 1975; Kumagai et al., 1991) and is constituted by simple ordinary differential equations. 

The heat balance equation derived under steady-state (A1) is adopted; equations (A1) and (A3) 

assume that all the heat, Q, supplied by the heating fluid is used for the sublimation, where the 

sublimation mass flow can be expressed with Eq. (A2). From Eq. (A4), obtained substituting into 

Equation (A1), the product temperature at the bottom can be obtained if the global heat transfer 

coefficient Kv and mass transfer coefficient Rp are known. 
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pi, the vapour pressure at the sublimation interface at the temperature Ti, is expressed by the 

equilibrium law (A5). Substituting equation (A5) in equation (A4), equation (A6) is obtained,  
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where Pc is the pressure in chamber and is directly computed by the CFD simulation, while TB is the 

bottom temperature of the product and can be estimated by equation (A7); Avial and Ap are the vial 

bottom and product section. 



 

 

 

 

 
 

Figure 1. Scheme of the multi-scale off-line approach (FIMM). In the left inset the 3D contour plot 

of the pressure (in Pa) over the shelves of the industrial apparatus (L1; the data shown refer to 1 kg 

h-1 m-2 sublimation rate for an outlet pressure of 10 Pa). In the right inset an example of the 

evolution of the position of the interface (z), of the vial sublimation flux and of the product 

temperature at the ice-dried layer interface (Ti). 
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Figure 2. Upper graphs: 3D representation of the small freeze-dryer chamber with the duct in 

different positions: bottom (a), and in the centre of the rear wall (b). The slab that represents the 

volume occupied by trays or vials is shown, and the size of the free clearance r, is evidenced. 

Velocity magnitude (m/s) plotted on y-z plane (middle graphs) for the S1 case (r = 57 mm) for the 

two configurations.  

On the two bottom rows, the contour plots of the absolute pressure (in Pa) over the vapour sources 

for two shelf clearances are shown (cases S1, and S3). A mass flow rate equal to 4.5·10−5 kg s−1, 

and outlet pressure 10 Pa, corresponding to typical values experimentally measured in lab operation 

has been considered in this case. 
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Figure 3. Effect of slip and no-slip boundary conditions. From top to bottom, comparison: of the 

pressure profiles along the y direction, across the whole chamber; of the ux-velocity component; of 

the uy-velocity component; of the temperature. In the clearance of the second shelf (from bottom), 

along a median line; configuration with rear duct, r = 7 mm.  

 



shelf 12

10

12

14

16

18

0 0.5 1 1.5 2

y, m

a
b

s
o

lu
te

 p
re

s
s

u
re

, 
P

a

0.5 kg/h m^2 0.6 kg/h m^2

0.7 kg/h m^2 0.8 kg/h m^2

0.9 kg/h m^2 1 kg/h m^2

 

  

shelf 1 

10

12

14

16

18

0 0.5 1 1.5 2

y, m

a
b

s
o

lu
te

 p
re

s
s

u
re

, 
P

a

0.5 kg/h m^2 0.6 kg/h m^2

0.7 kg/h m^2 0.8 kg/h m^2

0.9 kg/h m^2 1 kg/h m^2

 

L3

shelf 1           

shelf 12

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

0 0.5 1 1.5 2

y, m


P

, 
P

a

10 Pa

15 Pa

25 Pa

10 Pa

15 Pa

25 Pa

 
 

Figure 4. Pressure distribution across the chamber as a function of the sublimation rate for an upper 

(top graph) and the bottom shelf (middle graph), in the configuration with 15 shelves (L2) (outlet 

pressure = 10 Pa). The dashed line evidences the limit between the border of the shelf and the 

lateral clearance zone. 

In the bottom graph the dependence on total pressure (fixed at the outlet) is shown, for two different 

shelves: shelf 1 (dashed lines); shelf 12 (continuous line). L3 configuration, with 16 active shelves, 

sublimation rate = 0.7 kg h-1 m-2. 



 

 

 

 

 

 

 

 

 
 

 
 

 

 

Figure 5. Variation in the location of the maximum of the pressure value along the shelf in the y 

direction, ymax (a), and maximum pressure variation ΔPmax (b), as a function of the z-coordinate for 

the four configurations of the large scale freeze-dryer, with 1 kg h-1m-2 sublimation flux: , L1; , 

L2; , L3; , L4. 
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Figure 6. Upper graph: pressure gradients in the drying chamber and in the duct for three shelves 

(the shelf at the bottom of the chamber, close to the duct and at the top of the chamber); the grey 

zone corresponds to the clearance between wall and shelves. L1 configuration, Jw = 1 kg h-1 m-2. 

Lower graph: contribution to total pressure drop of shelves, chamber, duct inlet for fifferent 

sublimation rates; L3 configration. 
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Figure 7. Inert gas mass fraction distribution in the small scale drying chamber for different inert 

gas inlet flow rates: 1.20·10−7 kgs−1 (upper left, -); 1.20·10−6 kgs−1  (upper right, -); 1.20·10−5 kgs−1 

(bottom left, -). Red colour corresponds to maximum value for each case, yellow to 75%, green to 

50% , light blue to 25% and dark blue to 0, but the scale is different in the various figures. Outlet 

pressure = 10 Pa; water sublimation rate 1 kg h-1 m-2. 

In the bottom right image, the zone where the inert gas concentration is higher than the chamber 

average value is evidenced (total inert gas flow equal to 12% of the water sublimation flow). 
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Figure 8. Dynamic response of the small pilot freeze-dryer to disturbances in the sublimation rate of 

different shelves; the location of the virtual measuring devices is shown in in the inset of graph b). 

a) Response in the four detection points; fully loaded system, Jw = 1 kg h-1 m-2, with disturbance 

over all the shelves. Response without species diffusivity (simulation D1, line) and with species 

diffusivity (D2, symbols) are compared (overlapped curves). 

b) Response in the four detection points (but only point 1 is effective); fully loaded system, with 

disturbance applied only at ss3. Response at high (Jw = 1 kg h-1 m-2, D4, continuous line) and low 

(Jw = 0.1 kg h-1 m-2, D11, dashed line) sublimation rate are compared. 

c) Response in detection point 1; fully loaded system, Jw = 1 kg h-1 m-2, with disturbance applied 

only to one of the shelves: ss1 (D3), ss3 (D4), ss4 (D6). 

d) Response in detection point 1; fully loaded system, with disturbance over all the shelves. 

Different sublimation rates are compared: −−, Jw = 1 kg h-1 m-2 (D1); - - -, Jw = 0.5 kg h-1 m-2, (D8); 

−·−, Jw = 0.1 kg h-1 m-2,  (D9). 

 



 

 

 

 

 
 

 

Figure 9. Time evolution of the mean value of interface temperature, Ti (upper graphs, solid line) 

and of the standard deviation, σ (lower graphs) for the vials on the 1st (left side) and on the 12th 

(right side) shelf (configuration L3). Dashed lines identify the upper and lower bound of the 

interface temperatures in the vials. Solution of bovine serum albumin; frozen product thickness = 

7.2 mm, shelf temperature = 258 K, reference chamber pressure =10 Pa.  

 

 

 



 

 

 

 
 

 

Figure 10. Contour plots of absolute pressure (Pa, top graphs) and mass sublimation flux (kg s-1 m-2, 

middle graphs) for the configuration L1, with constant shelf temperature (258 K); front and back 

side views are shown. In the bottom graphs the detail of the mass sublimation flux over the 12th 

shelf is shown for the configuration L1 with (left) constant heating fluid temperature and (right) a 

2°C linear variation of the heating fluid temperature. 

 

 


