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Abstract

Monitoring partial vapor pressure in the freeze-drying chamber is a cheap,
global and non-intrusive way to assess the end of the primary drying stage.
Most existing dynamic freeze-drying models which predict this partial
pressure describe mass transfer between the product and the condenser via
a mass transfer resistance or a mass transfer coefficient. Experimental

evidence suggests that such models can be significantly in error for some
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values of the sublimation flux, leading to physically inconsistent
predictions and possibly incorrect assessment of primary drying
termination, with potential risk of product damage if moving to secondary
drying and increasing shelf temperature while some ice is still present.
Assuming a binary gas transport model for vapor and inert gas leads to
improved and consistent predictions and explains the apparent variation of
the mass transfer resistance with total pressure, shelf temperature and

product sublimation area.

Keywords: lyophilization, dynamic model, mass transfer, convection,

diffusion

INTRODUCTION

Freeze-drying (lyophilization) is widely used for long term preservation of thermosensitive
biological material and pharmaceuticals, such as proteins, vaccines, bacteria, mammalian cells
and high quality food.!" ' It removes water or an organic solvent in a way that minimizes the
modification of the molecular structure of the active ingredient and creates a porous matrix
with high rehydration properties. Freeze-drying remains a costly process, however, and lot of

research was devoted to its optimization, often based on mathematical modeling.l > * * > ¢ 7%

9,10, 11, 12]

The process consists of three main steps: freezing, ice removal by sublimation (primary
drying) and unfrozen water removal by desorption from the solid matrix (secondary drying).
The primary drying stage is usually the most time and energy consuming part of a freeze-
drying cycle. A lot of research has been devoted to the development of methods to precisely
and consistently identify the end of the primary drying. Most of these methods rely on the
monitoring of the vapor partial pressure in the freeze-drying chamber, either directly
(moisture sensors such as aluminum oxide probes) and/or indirectly (Pirani gauge, mass
spectrometer, Tunable Diode Laser Absorption Spectroscopy (TDLAS)).["* ' Moreover,

abundant literature is available concerning modeling of primary freeze-drying for optimizing



58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

73
74
75
76
77
78
79

80
81
82
83
84
85
86

this step of the process off line and also more recently in real time.'" '* '*) Models often
predict the product temperature and the sublimation flux. The rate of solvent vapor removal
from the product is usually described as being governed by three barriers or resistances:
resistance of the dried-product layer, resistance of the containers (vials and stoppers), and
resistance of the chamber to condenser pathway. Since the gas phase is mainly vapor during
the primary drying and gradients of concentrations are small, true diffusion, or flow under the
influence of a concentration gradient, is often considered of minor importance and models

6] The resistance of the dried product layer and of the

focus on bulk flow mechanisms.
containers has been studied both theoretically and experimentally by many groups. These
studies present two limitations, however. Firstly, the chamber resistance is usually neglected
because of measurement difficulties, or it is estimated by rather complex approaches
involving Computational Fluid Dynamics (CFD) simulations.!'”- '® - 2! Secondly, the partial
vapor pressure is usually not predicted but taken as fixed and equal to the total chamber

pressure, despite its importance for real time optimization and freeze-drying control.> '* 2! 2%

23, 24]

Our group previously developed a one-dimensional heat and mass transfer model, which can
accurately represent both the primary and secondary drying stages and the gradual transition
between them.”) When adapting it to other freeze-dryers and to bacterial suspensions,
however, it turned out that the determined chamber resistance strongly varied with total
pressure and shelf temperature. Moreover, for a sufficiently high sublimation flux, e.g.
generated by a high shelf temperature at the beginning of the primary drying, the model can

predict a partial vapor pressure higher than the total one, which is obviously incorrect.

In the present study the chamber resistance was experimentally determined and a model of
mass transfer between the freeze-drying chamber and the condenser is proposed for the
solvent vapor and inert gas pair. The model is based on the mass transfer theory in binary gas
mixtures and includes bulk flow and mutual diffusion terms. This model improved the
prediction of the chamber vapor pressure and of the primary drying termination. It also
accounted for apparent variations of the effective mass transfer resistance with total pressure,

shelf temperature and product sublimation area.
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MATERIALS AND METHODS

Determination of the mass transfer resistance (vapor flow) of the chamber to condenser

pathway

Experiments were carried out on a LyoBeta special freeze-dryer (Telstar, Terrassa, Spain)
equipped with 5 thermocouples, a capacitive manometer and a Pirani gauge. Purified water

and bacterial cell suspensions were successively considered.

A stainless steel tray was filled with purified water to a thickness of 3 cm. The evaporative
flow was determined using the gravimetric method. After freezing the water at -50°C (cooling
rate of 0.6 °C/min), and sublimation time between 4 and 8 hours depending on the
experimental conditions, the process was stopped and the tray was weighted to determine the
amount of water removed and thus the evaporative flux (Fy, in kg s). The mass transfer
coefficient (k,,, kg s Pa™), or, equivalently, resistance of the chamber to condenser pathway
(rm, Pas kg'l) was determined from Eq. 1:

_bB-B,
r

m

Eq' 1 FV:km(PVl_PVZ)

with Py, the water vapor partial pressure just above the product (Pa), estimated from the ice
temperature and Py, the water vapor partial pressure at the condenser (Pa), estimated from

the condenser temperature.

The effect of three process variables on the effective mass resistance (7,) value was
investigated: sublimation area (0.033, 0.074 and 0.15 m?), chamber pressure (10, 20, 40 and
60 Pa) and shelf temperature (-15, 0 and 15°C).

Freeze-drying experiments with bacterial suspensions

Lactic acid bacteria were produced by fermentation in controlled conditions of pH and
temperature.””) After concentration, the bacterial cells were re-suspended in a 1:2
cells/protective medium ratio. The protective medium was composed of 200 g/L of sucrose
and 0.15 M of NaCl. A stainless steel tray was filled with 450g of bacterial suspension and
the following freeze-drying protocol was applied: freezing at -50°C (cooling rate of
0.6°C/min); primary drying at -20, 0 or 25°C; secondary drying at 25°C for 8 hours. The total
chamber pressure was controlled at either 20 or 60Pa. Thermocouples were placed at the

bottom of the product in the centre of the tray.
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Estimation of partial vapor pressure from the Pirani gauge

The reading of a Pirani gauge in a pure gas is proportional to the pressure of the gas and to the
molecular heat conductivity of the gas.*® The main gases present in the freeze-drying

chamber are solvent vapor (usually water) and an inert gas such as nitrogen or air. Let

Eq.2 gl
A’N

be the ratio of the molecular heat conductivities. This ratio is equal to 1.6 for the water vapor
and nitrogen pair. If the Pirani gauge is calibrated with inert gas, nitrogen in the present case,

then the reading in pure solvent vapor will be:

Eq.3 P’ =aP,

In a gas mixture, the Pirani gauge will measure the sum of heat fluxes due to conduction in

each gas. The reading will be:

Eq. 4 P’ =aPb, +P,

In contrast, the capacitive sensor will give the true total pressure:

Eq5 F=F +P

From these two readings, one can determine the partial pressures of vapor and inert gas:

P
Eq. 6 pV:P -5
a-1

P

Eq.7 PN:aB—P
a-—1

Numeric calculations
Calculations were performed with Matlab™ § software (The MathWorks Inc., Natick, MA)
equipped with the Statistics Toolbox and the Global Optimization Toolbox.
MASS TRANSFER MODELS BETWEEN CHAMBER AND CONDENSER
Mass transfer resistance model

In most previously developed freeze-drying models, the mass flux between the freeze-drying

chamber containing the product (location 1) and the condenser (location2) was either

5
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ignored, considering the vapor pressure in the freeze-drying chamber as given, or

expressed via a mass transfer coefficient (k,) or, equivalently, via a mass transfer resistance

(r),0 12272829 a5 oiven by Eq. 1.

Note that in Eq. 1 the mass flux is proportional to the partial vapor pressure difference
between the two locations. Vapor pressure Py, is usually fixed by the condenser temperature,
while the mass flux Fy is mostly determined by the heat transfer flux from the temperature-
controlled shelf to the product, i.e. by the shelf temperature and the product sublimation area.
If the mass transfer resistance was constant, as it is usually assumed, then the partial vapor
pressure in the chamber Py, would result from Eq. 1. If the mass flux was high enough, due
for example to high shelf temperature, a model based on Eq. 1 could even give a vapor
pressure higher that the total chamber pressure, which is obviously impossible. A more

consistent mass transfer model is developed in the next section.
Binary gas transport model

Consider a mixture of two gases at low pressure; in the case of freeze-drying these gases
would be solvent vapor, usually water, released from the product and captured by the
condenser and the inert gas, usually nitrogen, used to control the total chamber pressure. To
determine the relevant mass transport theory, the Knudsen number, defined as the ratio of the
free mean path of the molecules and the characteristic dimension of the system, was
estimated. In the considered conditions, the free mean path is of order of 0.5mm at 20Pa,
while the typical diameter of the chamber to condenser duct is 100mm. Knudsen diffusion can
thus be safely neglected for the chamber to condenser pathway considered here, since
K, ~5x107. Note that this is usually not the case in the porous product layer where the pore
size can be much less than 0.5mm, but mass transport in the porous layer is out of the scope

of the present study.

The classical theory of binary diffusion in gases states that the molar flux density of solvent

vapor, in stationary coordinates, is given by:"*"

Eq'8 Ny :xV(NV+NN)_(cV+CN)DVNV‘xV

where Ny and Ny are molar flux densities, ¢y and ¢y molar concentrations of vapor and
nitrogen respectively, xp is the molar fraction of vapor and Dyy is the mutual diffusion
coefficient. The first term on the right-hand side of Eq. 8 results from the bulk motion of the

fluid while the second one expresses the diffusion of vapor due to its molar fraction gradient.

6
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Assuming pseudo-stationary conditions, compared to the duration of a freeze-drying cycle
which is of one or several days, and assuming insignificant leaks in the freeze-drying

chamber, the net inert gas flux is negligible compared to the vapor flux:

Eq.9 N, =0

Usual variables in freeze-drying are mass fluxes instead of molar fluxes and partial pressures

instead of molar fractions and concentrations. Using the ideal gas law one gets:

Egq. 10 b B
" P +P, P
Eq.ll CV+CN=PV+PN=P‘
RT  RT
Eq 12 fV:MVNV

With these substitutions, and assuming that the variation of total pressure between freeze-
drying chamber and condenser is small compared to the variation in vapour partial pressure,

Eq. 8 becomes:

. M
Eq. 13 fl/(Pt_PV)z_RZVw ED,VF,

To solve Eq. 13, it is assumed that the vapour flux between the product and the condenser is
essentially one-dimensional. This assumption is relatively sound for freeze-driers equipped
with a condenser separated from the main freeze-drying chamber by a pipe, as is the case in
the present study, but it is questionable when the product and the condenser are situated in the
same cavity. With this assumption, Eq. 13 can be integrated between the freeze-drying

chamber (location 1) and the condenser (location 2) giving:

AM -
Eq. 14 F, = Af, =—XPD,, n =
l,RT P -P,

t

where Fy is the vapor mass flux, while 4 and [ are the diffusion cross-section area and
effective duct length respectively. The effective length accounts for the presence of inlet and

outlet sections, bends, valve and other elements that can introduce additional resistances.
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The mutual gas diffusion coefficient Dyy is inversely proportional to the total pressure, thus
the product P.Dyy is constant.”” For a given freeze-dryer geometry (ley, A) a constant S can

be introduced:

= lyR
Eq. 15 AMy F, Dy
so that
P-P
F, :Llnfi”
Eq. 16 BT P -F,

The dependence of the mass flux on the partial vapor pressures given by Eq. 16 appears quite
different from Eq. 1. It can be shown, however, using a first order Taylor series expansion of
the logarithm function, that Eq. 1 is an approximation of Eq. 16 in the case when the vapor

pressures are much less than the total pressure:

Eq. 17 In

No i Ne]

P, if P,<<P
B, P and P, << P,

It should be noted, however, than in freeze-drying the condition p, <<p is usually not

satisfied as the gas in the freeze-drying chamber during primary drying is mostly solvent
vapor. The approximation given by Eq. 17 is thus not expected to be valid. This can explain
the mentioned inconsistency with Eq. 1 and the apparent variation of the effective mass
transfer resistance with total pressure and mass flux, as further discussed below. For now,
note that Eq. 16 can accommodate arbitrarily large vapor fluxes without Py, exceeding P,

provided that the difference p - p,, becomes small enough, while remaining positive.

RESULTS AND DISCUSSION
Experimental determination of chamber to condenser mass transfer resistance

Table 1 summarizes the experimental values of the mass transfer resistance of chamber to

condenser pathway measured for various process conditions.

The effective mass transfer resistance appeared to increase when increasing chamber pressure,
decreasing shelf temperature and decreasing sublimation area. The mass transfer resistance
was thus inversely correlated with the sublimation flux. Increasing the sublimation rate

8
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resulted in an apparent decrease of the effective mass transfer resistance of the chamber to
condenser pathway. These observed variations support the idea that the mass transfer
resistance is only an effective model parameter and a different perspective is needed to get a
more physically meaningful description of the transfer phenomena. This is further discussed

in the next sections.

Prediction of partial vapor pressure in the chamber by the two modeling approaches:

resistance vs. binary gas transport

The predictions of the previously developed freeze-drying model,!” adapted for bacterial
suspension conditioned in trays, were compared to experimental measurements acquired in
freeze-drying experiments performed as described in the “Materials and methods” section.
Two versions of the model were tested, one based on a mass transfer resistance between the
chamber and the condenser (Eq. 1) and the other based on the binary gas transport assumption
(Eq. 16). Details of the existing model” adaptation to the new freeze-dryer, container and
product, as well as implementation details of the new chamber-to-condenser mass transport
model based on Eq. 16 are given in the Appendix. The model parameters (notably %, and /)
were determined by fitting the models to some of the experimental data obtained in bacterial

suspension experiments (Appendix and Table 2)

An example of the predictions of the two versions of the model are shown in Figure 1, for two
experiments performed at 0°C shelf temperature/60Pa chamber pressure and 25°C/20Pa,
respectively. These are validation experiments not used for model parameter identification.
Dotted lines represent calculations based on the mass transfer resistance model and solid lines

correspond to the binary gas transport model.

The experiment at 0°C/60Pa (Figure 1, left panels) illustrates a situation where the prediction
of the primary drying termination differs by about 2 hours between the considered models.
The end of the primary drying was arbitrarily defined here as the moment when the
sublimation flux (Figure 1C) decreased below 5% of its maximum value. The resistance
model predicts the end of the primary drying at about 11h, in agreement with measured
product temperature approaching the shelf temperature (Figure 1A), while the binary gas
model predicts the end at bout 13h, in agreement with the decrease of vapor pressure in the
chamber (Figure 1B). Note that product temperature measurement is a local one, potentially
disturbed by the presence of the probe, while partial vapor pressure measurement is a global
one, representative of the whole product in the freeze-dryer. Vapor pressure should thus be

9
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preferred to assess the end of the primary drying."* It is also non intrusive and usually more
conservative, minimizing the risk of premature temperature increase and product damage, if

some ice was still present when starting the secondary drying step.

The experiment at 25°C/20Pa (Figure 1, right panels) illustrates a situation where both models
predict the same end point of the primary drying (11h), but the vapor pressure predicted by
the resistance model is completely in error. Compared to the previously described experiment
(0°C/60Pa), in this case the heat transfer resistance from the shelf to the product is higher due
to lower chamber pressure (lower contribution of the gas conduction), but this is nearly
compensated by a higher shelf temperature, leading to a similar heat flux. The net result is a
similar primary drying time and sublimation flux (Figure 1C) for both experimental
conditions. As expected from Eq. 1, a similar sublimation flux implies a similar vapor
pressure calculated with the resistance model, around 50Pa in this case (Figure 1B), but this
value is 2.5 times higher than the total pressure, which is obviously incorrect. In contrast, the
binary gas model based on Eq. 16 consistently predicts a vapor pressure close to, but slightly

less than the total one, as physically expected.

Both these examples suggest that the binary gas transport model should be preferred to the
resistance model. Similar trends were observed in all performed experiments with bacterial
suspensions (data not shown). The properties of the proposed binary gas transport model are

further examined in the following sections.

Effective mass transfer resistance of the chamber to condenser pathway

Since Eq. 1 and Eq. 14 are two different ways of expressing the same vapor flux based on
different physical assumptions, these equations can be used to define an effective mass

transfer resistance of chamber to condenser pathway as:

qug r :L: leffRT(PVl_PVZ :ﬂT Pyl_Pyz
" P -P P-P

ko AM ,P.D,, In———"= In—+——"%

Pr_PVl Pt_PVl

It readily appears from Eq. 18 that this resistance is not constant but is an effective model

coefficient that depends on the actual values of the total and vapor pressure.

The effective mass transfer resistance given by Eq. 18 is plotted in Figure 2 (solid line) as a

function of the vapor pressure near the product (Py,), for two different total pressures (P, = 20

10
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and 60Pa) used in our experiments. The vapor pressure near the condenser was fixed to a low
value Py, = 0.055 Pa, corresponding to a typical condenser temperature of —80°C. For
comparison, the value of r,, determined for the mass transfer resistance model in the same

conditions is also given in Figure 2 (dotted line).

Firstly, Figure 2 indicates that the effective mass transfer resistance strongly increases with
the total pressure. This was expected from the experimental data in Table 1 and confirms the

usual practice of performing freeze-drying at low pressure to improve mass transfer.

Secondly, the effective mass transfer resistance predicted by the binary gas model approaches
zero when the vapor pressure in the chamber approaches the total pressure. This was expected
from the mathematical analysis of Eq. 18 and is consistent with the fact that partial vapor
pressure in the chamber cannot exceed the total one, whatever the sublimation flux. Note that
this is not the case with a constant mass transfer resistance, when the vapor pressure in the

chamber can formally exceed the total pressure for a sufficiently high sublimation flux in Eq.

1.

Finally, Figure 2 shows that the value of the mass transfer resistance determined using the
resistance model based on Eq. 1 is situated between the bounds given by Eq. 18, as expected.
The effective resistance given by the binary gas transport model is close to this value for
vapor pressures very close to the total pressure. This means that the vapor pressure calculated
by the binary gas model for the primary drying is most of the time very close to the total
pressure, as observed in Figure 1 and well known from freeze-drying practice. This is further

illustrated in the following section.
Sublimation flux and predicted vapor pressure in the chamber

In usual freeze-drying conditions the sublimation mass flux is the result of several process
parameters (Table 1), such as total chamber pressure (that changes both heat and mass
transfer), shelf temperature and sublimation interface area, etc. For the mass transfer
resistance model given by Eq. 1, the predicted vapor pressure in the freeze-drying chamber
varies linearly with the mass flux (dotted line in Figure 3) and can, as already mentioned,
exceed the total pressure, for example in the case of a sufficiently high shelf temperature
(Figure 1, right panels). In contrast, the vapor pressure predicted by the gas diffusion model
given by Eq. 16 asymptotically tends towards the total pressure for high sublimation mass

fluxes, which is physically consistent (solid lines in Figure 3). This also corroborates the well

11
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known fact that gas composition in the freeze-drying chamber is dominated by vapor during
most of the primary drying stage, when sublimation fluxes are high (approaching 2x10°kg s™

in the considered experimental setting).

Sublimation flux and effective mass transfer resistance of the chamber to condenser pathway

Considering the effect of the sublimation mass flux in the binary gas transport model gives a
common framework to understand the apparent variations of the effective mass transfer
resistances observed in Table 1 for different shelf temperatures and sublimation interface
areas. Increasing both these variables increases the sublimation flux and this, in turn, causes
an apparent reduction of the effective mass transfer resistance (Figure 4). For sublimation
fluxes approaching 2x10°kg s, representative of the primary drying in the considered
experiments (Figure 1), the mass transfer resistance determined for the resistance model is
intermediate between those calculated with the binary gas model for 20 and 60Pa total
pressure. This reflects the compromise that the model fitting procedure finds to accommodate
experiments performed at both these pressures, but the achieved compromise underestimates

the vapor pressure at 60Pa and overestimates it at 20Pa, as already shown in Figure 1.

The binary gas transport model needs a unique constant parameter

As an additional difference between the two models, note that in the mass transfer resistance
model the value of the resistance between the chamber and the condenser pathway is only an
effective model parameter that appears to be a function of several process variables (Table 1):
total pressure, shelf temperature and product sublimation area. Accounting for this would
require varying the resistance in a tricky and ad-hoc manner. Considering a constant value of
the mass transfer resistance (r,, = 2.78x10°Pa s kg™' in our case) leads to poor predictions and
inconsistencies, such as calculated partial vapor pressure in the chamber exceeding the total
one (Figure 1 and Figure 3). On the contrary, binary gas diffusion theory states that the
product P.Dyy is constant and therefore in the binary gas transport model the analogous
parameter S, given by Eq. 15, is constant. All solid plots in Figures 1-4 were obtained with
the same value of = 2.66x10%s kg™ K.

In-process mass flux estimation and detection of the primary drying termination

Eq. 16 could be used in principle for obtaining vapor flow rate estimations based on total and

partial pressure measurements, and thus act as an in-process mass flow meter. In practice,

12
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however, estimations of ‘“high” vapor flow rates (i.e. when the partial vapor pressure
approaches the total one) are expected to be inaccurate due to the vapor saturation of the
chamber illustrated in Figure 3: a wide range of sublimation fluxes corresponds to almost
identical partial vapor pressures, very close to the total chamber pressure. For example, with
the considered values of the parameters (Appendix) at a total pressure of 60Pa, a vapor
pressure of 59.99Pa corresponds to a sublimation flux of 1.14x10°kg s, while a vapor
pressure of 58.99Pa corresponds to a sublimation flux of 0.53x10”kg s'. In other words, an
uncertainty of only 1Pa in the measurement of the vapor pressure would induce a factor 2

error on the flux value, which is clearly inappropriate for practical use.

On the contrary, Figure 3 suggests that the estimation of “low” vapor fluxes (i.e. when the
partial vapor pressure is well below the total one) based on pressure measurements could be
quite accurate. For example, vapor pressures of 30 and 29Pa correspond to vapor fluxes of
0.091x10°kg s™' and 0.086x10kg s respectively; a measurement uncertainty of 1Pa would

induce only about 5% error on the vapor flux.

Above considerations suggest that the proposed model is appropriate for a safe detection of
the primary drying termination because a decrease of the vapor pressure well below the total
one indicates a strong decrease of the sublimation flux. Continuing the above numerical
examples, a vapor pressure in the chamber decreasing to the half of the total pressure
corresponds to a factor 10 reduction of the sublimation flux. Of course, exact significance of
“high” and “low” mass fluxes and the relevant decrease of vapor pressure depend on

numerical values grouped in the parameter £ defined by Eq. 15, and also involved in Eq. 16.

Finally, note that the proposed in-process flow estimation method based on total and partial
pressure measurements in the chamber is complementary to the method described by Patel et
al.’"l, based on differential pressure measurement between the chamber and the condenser.
Indeed, the former works well for low sublimation fluxes while the latter is expected to be
more accurate when the sublimation flux, and hence the measured pressure difference, are

large.

CONCLUSIONS

Results presented in this paper suggest that using one-dimensional mass transfer theory in
binary gas mixtures to describe vapor transfer between the freeze-drying chamber and the

condenser should be preferred to the mass transfer resistance approach. Advantages of the

13
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binary gas transport model include: (i) prediction of the vapor pressure in the freeze-drying
chamber closer to the experimental one, leading to more reliable prediction of the end of the
primary drying; (i1) calculated values of the vapor pressure physically consistent with the total
pressure, whatever the sublimation vapor flux; (iii) need to determine a single model
parameter for a given freeze-dryer geometry, independent on the operating conditions (total

pressure, shelf temperature, ice sublimation area).

The main drawback of the mass diffusion model is the non-linear dependence between the
vapor flux and vapor pressure, which can somewhat complicate model simulations. Solution
of non-linear differential and algebraic equation sets is already part of most freeze-drying
models, however, and the additional difficulty introduced by the diffusion model is expected

to be minor, as confirmed by the authors’ experience.

The assumption of one-dimensional mass transfer between the freeze-drying chamber and the
condenser could be questioned in the future, especially for freeze-dryers with the condenser
situated in the freeze-drying chamber. The challenge would be to end up with a reasonably
simple closed-form relationship between mass flux and pressure, in order to maintain the

overall model minimalism and short simulation time.

NOMENCLATURE
c molar concentration kmol m™
f mass flux density kgs'm™
mass transfer coefficient kgs' Pa’
/ diffusion length m
r mass transfer resistance Pas kg’
X molar fraction kmol kmol™
A diffusion cross-section area m’
D  mutual diffusion coefficient m’s”
F mass flux kgs™
K, Knudsen number -
M molar mass kg kmol™

14



401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423
424
425

426

N molar flux density kmol s'm™
P pressure Pa

R ideal gas constant J kmol™ X!
T  absolute temperature K

Greek letters

a  heat conductivity ratio —

S mass transfer parameter skg' K
A heat conductivity Wm' K
Subscripts

1 freeze-drying chamber, near product

2 condenser

3 ice sublimation front
4 product top

eff effective

m  mass

t total

N inert gas, nitrogen

V' solvent vapor, water
Superscript

P measured by Pirani gauge

ACKNOWLEDGEMENT

The research leading to these results has received funding from the European Community's
Seventh Framework Programme (FP7/2007-2013) under grant agreement CAFE n° KBBE-
212754.

15



427
428

429
430
431
432
433

434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449

450
451
452
453
454
455
456

457
458

APPENDIX: EMBEDDING THE BINARY GAS TRANSPORT EQUATION IN A
COMPLETE FREEZE-DRYING MODEL

The binary gas transport equation proposed in this paper (Eq. 16) describes the mass flux
between the freeze-drying chamber and the condenser, in replacement of the more classical
equation involving a mass transfer resistance or a mass transfer coefficient (Eq. 1). Both
equations were tested in conjunction with an existing freeze-drying model, described in full

detail previously.”!

In a first step, the parameters of the existing model™ based on Eq. 1 were re-estimated to
account for a different freeze-dryer (LyoBeta special freeze-dryer from Telstar, Terrassa,
Spain, instead of SMH15 freeze dryer from Usifroid, Maurepas, France), a different container
(metallic tray instead of glass vial) and a different product (lactic acid bacterial suspensions in
sucrose medium instead of polyvinylpyrrolidone). Parameters related to the sorption isotherm
and to the glass transition of the product were determined with the methodology described
previously.[zs] Parameters related to the heat and mass transfer in the freeze-dryer and in the
product were estimated by fitting the product temperature and vapor pressure predicted by the
model to experimental measurements. Four experiments were used simultaneously for model
parameter estimation, performed in the following combinations of shelf temperature and total
chamber pressure: -20°C/20Pa, -20°C/60Pa, 25°C/20Pa and 25°C/60Pa. A genetic
optimization algorithm (Global Optimization Toolbox for Matlab, Natick, MA) was used for
parameter identification. Since the considered optimization algorithm is stochastic, the
parameter set with the best fit from 8 independent optimization runs was selected. Most
optimization runs consistently converged to similar sets of parameters, usually within +10%.

Model parameters used in the present study are listed in Table 2.

In a second step, the original mass transfer equation between the chamber and the condenser
(Eq. 1) was replaced by the newly proposed one (Eq. 16) and the parameter estimation
procedure was repeated using the same data and the same algorithm. The estimated parameter
values are also given in Table 2. As expected, the estimated values of the parameters are
similar between the two models, with the exception of the parameter describing mass transfer
between the freeze-drying chamber and the condenser (k,, for the resistance model and S for

the binary gas transport model), which have different physical meanings.

Since the newly introduced equation is nonlinear and the vapor pressure in the chamber is
unknown a priori, the sublimation flux cannot be determined explicitly as in the resistance
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version of the model.”’? The vapor pressure in the chamber (Py) was considered as an
additional state variable and the corresponding mass balance equation in the freeze-drying

chamber was added to the existing set of differential equations:

MV, dP
Eq. 19 # sz] =F, -F,

Here V) is the freeze-drying chamber volume, F) is the chamber to condenser vapor flux

given by Eq. 16 and Fys; is the sublimation vapor flux between the ice sublimation front

(location 3) and the freeze-drying chamber (location 1), given by:

Eq. 20 !

d Fyy = 1 1 (
+
km34 km4l

P

V3

P)

where k,34 and k,,4; are the mass transfer coefficients between the sublimation front and the
product top (location 4), and between the product top and the chamber, respectively. Thus,
both mass fluxes involved in Eq. 19 can be written explicitly in terms of known (fixed or

state) variables (Py1, Py», and Py3).

Note that in the original freeze-drying model vapor accumulation in the freeze-drying
chamber was neglected, based on a time scale analysis.” This is formally equivalent to
setting the chamber volume V; = 0 in Eq. 19, which would thus become an algebraic instead
of a differential equation. This version of the model was also tested but not retained, due to
occasional failures in solving the equation set during parameter identification. Observed
difficulties are likely to be related to the specific differential-algebraic equations (DAE)
solver available in Matlab (odel5s) which had numerical problems with some sets of

parameters tested by the optimisation algorithm.
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Figure captions

Figure 1. Comparison between experimental measurements and simulations with the binary
gas transport and resistance models, for two experiments with lactic acid bacteria
suspensions (left panel 0°C/60Pa, right panel 25°C/20Pa). (A): Shelf and product
temperatures, (B): Total and vapour pressures, (C): Sublimation fluxes. Bold: shelf
temperature and total pressure, symbols: measurements, solid: binary gas model, dotted:

resistance model, vertical line: end of primary drying.

Figure 2. Variation of the effective mass transfer resistance with the vapor and total pressure.
Numeric values are for lactic acid bacteria suspension. Solid: binary gas model, bold: total

pressure 60Pa, thin: total pressure 20Pa, dotted: resistance model.

Figure 3. Predicted vapor pressure as a function of the sublimation mass flux. Numeric values
are for lactic acid bacteria suspension. Solid: binary gas transport model, bold: total

pressure 60Pa, thin: total pressure 20Pa, dotted: resistance model.

Figure 4. Apparent variation of the effective mass transfer resistance of the chamber to
condenser pathway as a function of the sublimation mass flux. Numeric values are for
lactic acid bacteria suspension. Solid: binary gas transport model, bold: total pressure

60Pa, thin: total pressure 20Pa, dotted: resistance model.
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594
595

596  Table 1. Chamber to condenser mass transfer resistance measured with pure ice.

597
Total * 1 qper Sublimation | HamPer to
chamber . condenser
temperature | interface .
pressure °C) area (m?) resistance
(Pa) (10°Pa s/kg)
10 0.65
20 1.29
40 0 0.074 2.64
60 3.72
-15 431
40 0 0.074 2.64
15 1.61
0.033 2.34
20 0 0.074 1.29
0.15 0.67
598
599
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600

601

Table 2. Values of the freeze-drying model parameters

Parameters defined by the experimental setup

Number of trays (—) 1
Sublimation area (m”) 0.0745
Mass of dry product (kg) 0.0736
Mass of ice (kg) 0.3763
Product height in the tray (m) 0.0067
Volume of the freeze-drying chamber (m’) 0.202

Parameters specific for the product formulation,

determined in separate experiments

[25]

Sorption isotherm, wet basis (kg kg™)

0.3190a,

(1-0.9827a,, )1+ 6.3668a, )

Characteristic desorption time (s) 10100
Glass transition temperature of the frozen | -36
product (°C)

Glass transition temperature of the perfectly | 75.6
dry product (°C)

Gordon-Taylor coefficient for glass transition | 8.2

temperature (—)

Heat and mass transfer parameters determined by model fitting

Mass transfer
resistance model

Binary gas
transport model

Heat transfer coefficient by contact and
radiation, between shelf and product bottom
(Wm?K™"

6.74

7.29

Heat transfer coefficient by gas conduction,

between shelf and product bottom (W m™ K 0400 0.366
Pal)

Heat conductivity between sublimation front

and product top (W m™ K™) 0.0957 0.0996
Heat transfer coefficient between product top 379 3.03

and chamber walls (W m™? K™) ' '

Vapor conductivity l?letw_?en _slubhmatlon front 2.07x10% 1.98x10°
and product top (kgs” m™ Pa™)

Vapor transfer coefficient between product top -5 -4
and chamber (kg s' m? Pa™) 8.12x10 3.68x10
Vapor transfer coefficient between chamber -7 .
and condenser &, (kg s pa) 3.60x10 Not applicable
Vapor transfer parameter between chamber and . 3
condenser 8 (s kg™ K™) Not applicable 2.66x10
Res@gal frozen layer 'thlckness for gradual 0.00173 0.00170
transition between primary and secondary

drying (m)

Effective chamber wall temperature (°C) 15.3 13.9

24

Complete model equations and exact definitions of the model parameters are given in ref.””!
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606  Figure 1. Comparison between experimental measurements and simulations with the binary
607  gas transport and resistance models, for two experiments with lactic acid bacteria suspensions
608  (left panel 0°C/60Pa, right panel 25°C/20Pa). (A): Shelf and product temperatures, (B): Total
609  and vapour pressures, (C): Sublimation fluxes. Bold: shelf temperature and total pressure,
610  symbols: measurements, solid: binary gas model, dotted: resistance model, vertical line: end

611  of primary drying.
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617  Figure 2. Variation of the effective mass transfer resistance with the vapor and total pressure.
618  Numeric values are for lactic acid bacteria suspension. Solid: binary gas model, bold: total

619  pressure 60Pa, thin: total pressure 20Pa, dotted: resistance model.
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625  Figure 3. Predicted vapor pressure as a function of the sublimation mass flux. Numeric values
626 are for lactic acid bacteria suspension. Solid: binary gas transport model, bold: total pressure

627  60Pa, thin: total pressure 20Pa, dotted: resistance model.
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634  Figure 4. Apparent variation of the effective mass transfer resistance of the chamber to
635  condenser pathway as a function of the sublimation mass flux. Numeric values are for lactic
636  acid bacteria suspension. Solid: binary gas transport model, bold: total pressure 60Pa, thin:

637  total pressure 20Pa, dotted: resistance model.
638
639

640

28




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



