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The paper reports on the development of a numerical model for the simulation of a lyophilization process in a vial. Lac-
tose and mannitol-water mixtures are used as the working media. Experimental analysis of the lyophilization dynamics
inside a single vial in a laboratory scale lyophilizer is reported, with the main focus on the primary drying phase. In
order to assess the primary drying kinetics, the temperature distribution along the vertical axis of the samples is mea-
sured. In the numerical model, a one-dimensional (1D) vial approximation is used, and governing equations of the heat
and water vapor transport with moving front between the frozen and the porous part of the filling are solved by a finite
difference method in a time stepping nonlinear iteration procedure. A dedicated mapping of heat transfer boundary
conditions, derived for the axisymmetric vial case, is applied for the case of the 1D vial geometry approximation. The
main difference in the drying of lactose and mannitol solutions lies in the fact that the lactose shows undercooling
effects during the primary drying phase, which is not the case for the mannitol solution. This effect is a consequence of
shrinking behavior of the lactose porous cake, leading to a loss of contact with the vial side and hence to a decrease in
the overall heat input to the vial. In order to account for the shrinking process in the numerical model, a linear approx-
imation of the decrease of the heat transfer from the vial side wall during the simulation is introduced. The comparison
of the numerical and experimental results shows that the developed numerical model is able to accurately capture the
movement of the sublimation front, dividing the frozen from the porous part of the filling, at typical locations inside the
vial, accompanied also by an accurate capturing of the temperature levels inside the drying material, with the derived
numerical model also able to reproduce the temperature drop during the primary drying of the lactose solution.

KEY WORDS: lyophilization, freeze-drying, vial, heat and mass transfer, finite difference method, subli-
mation, mannitol, lactose

1. INTRODUCTION

Lyophilization is one of the most time and energy consumieggsation processes, used in the pharmaceutical in-
dustry. It is based on drying in form of a direct phase charfge foozen solvent into a gaseous state; therefore, it
is characterized by low temperature levels and extremelysigstem pressures in the order of 10 Pa. Because the
lyophilization is performed at relatively low temperatsiréhe base material is preserved with all its quality, whéch
the reason why the lyophilization is mostly used in the faddmical, pharmaceutical, and biotechnology industries
(Cornu et al., 2000; Gan et al., 2004; Sheehan and Liapis3)199the food industry, the product is usually placed
freely on the trays, whereas in the pharmaceutical induls&yroduct (solution) is predominantly filled in vials.
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system pressure [Pa]

equilibrium partial water vapor
pressure at sublimation front [Pa]
temperature [K]

shelf temperature [K]

glass temperature at the bottom

of the vial [K]

temperature at the top of the
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time [s]

model parameter for relative

Darcy flow permeability []

model parameter for relative
Knudsen flow permeability [m]

ratio of bulk diffusivity in the porous
medium to free gas bulk diffusivity [-]
diffusivity of a binary mixture of water
vapor and inert gas [ffs]

equivalent heat transfer

coefficient [W/m K]

equivalent heat transfer coefficient at
the top of domain [W/m K]
equivalent heat transfer coefficient at
the side of domain [W/m K]
equivalent heat transfer coefficient at
the bottom of domain [W/m K]
equivalent contact conduction heat
transfer coefficient [W/m K]

Knudsen diffusivity for water

vapor [n/s]

Knudsen diffusivity for inert

gas [nt/s]

Knudsen diffusivity for a mixture of
water vapor and inert gas fits]
viscosity of mixture of water vapor
and inert gas [kg/ms]

bulk diffusivity constant

self diffusivity constant
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accommodation coefficient []

view factor
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In order to better understand the scale-up process in llipatidbn, extensive research has been invested into the
derivation of advanced theoretical (Kasper et al., 201i&lrit al., 1984), and computational models (Mascarenhas et
al., 1997; Song and Nam, 2005), to name just a few. The addanoeels typically rely on using partial differential
equations (PDE) of heat and mass transfer (Sadikoglu amuid.,ia997), including the sorption and sublimation
models (Mascarenhas et al., 1997; Song and Nam, 2005). Indvkathas et al. (1997) the lyophilization model was
solved using the finite element method (FEM) with arbitraagtangian—Eulerian (ALE) scheme, and Song and Nam
(2005) developed the finite volume method based model tegbly mathematical model described by Sheehan and
Liapis (1998) to solve the problem of skim milk freeze-dryin a vial. Recently, the development of computational
models for the case of the vial was extended to the computdtibetermination of the design space (Giordano et
al., 2011) and to including the derived vial models into aegahcomputational fluid dynamics framework, with
vial models serving as the heat and mass transfer sinks amdeso(Zhu et al., 2018). In both latter cases, the core
of the predictive computational model is the lyophilizatimodel for a single vial, which first needs to account for
all the phenomena, that determine the lyophilization dyicamand second is computationally effective in order to
allow reasonably fast calculation of various lyophilipaticases. The latter is also the reason for the need for furthe
development of one-dimensional (1D) geometrical modelyaphilization, which should include all the relevant
physics that influence the validity of the models.

In the present work, a numerical model, based on the finiferdifice method, of the conjugate heat and mass
transfer problem in a 1D approximation of a vial filling thatable to reproduce the effect of the porous cake shrink-
ing on the lyophilization dynamics, is presented, togettitdr a comparison to experimental results. The influence of
different physical behavior of drying solutions, lactosel anannitol water solutions in our case, on drying character
istics is discussed, especially in connection with the misagsolution of the governing equations.

2. COMPUTATIONAL MODEL

Lyophilization is a heat and mass transfer problem with ainwinterface, separating the frozen part (denoted by 2)
from the porous part (denoted by 1) with no ice. In the porousain, we have a conjugate heat and mass transfer
problem, and in the frozen part, the process is driven by tieasfer only. In the frozen part of the solution, heat
transfer is governed by the conduction process only anddhsasvation of energy for the frozen part reads as

oT
— = AMVAT . 1
P2Cp,2 ot 2 1)
- dif fusion
accumulation
In the porous region, heat transfer is governed by conveetial conduction, and the desorption process gives rise to

the heat source:
oC

T = / =
prepayy + V(Mo + Ny T) = MVAT +AH,p1, 5 )
ot N ot
h’:’ » dif fusion P -
accumutation convection eSOTpthn

At the sublimation front, separating the frozen from thequarpart of the domain, the following compatibility con-
dition must be satisfied:

oT oT
}\26_ + vanCp,ZT = }\16_ + vnplcp,lT - AI{s]\fv,n
ni, N—— niq —— ——
inter face term inter face term  sublimation
= NuntpgT 3)
—_————

convection

with v,, being the normal velocity of the interface,

vp = ———n @)
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Mass conservation is computed only for the porous part, atter inert gas and water vapor are present. For water
vapor, the conservation of mass reads as

M, O /py - oC
Far(F)r TN = eug ©
convection —
accumulation desorption
and for the inert gas it is as follows:
M; 0 p; > o
—— = -N; =0. 6
Falr)t T8 ©)
accumulation convection
Mass fluxes of the water vapor and the inert gas are computedl@ss:
- M, = - -
Nv = —ﬁ[klvm + k2pv (vpv + vpi)]a (7)
- M; = - -
Ni = =5 kaVpi + kapi(Vpo + Vi), (8)
wherek;, ko, k3, andk, represent diffusivities:
L CZDSJKU ©)
e CZD?;,Z' + Kmm(pv +pi),
k C2D0 K (10)
8T CZD?;,Z' + Kmm(pv +pi),
K,K; Co1
ko = k4= + , 11
; ! CzDgz + Kmac (pv + pi) W ( )
RT
K, = C1, /E’ (12)
RT
K; = Ciy/—, 13
W (13)
Kmm = Do K’U + bi Kiv (14)
Do + Pi Dy + Di
DY ;= Dyi(py + pi). (15)

The desorption process takes place in the already driedrrelyiring the drying process on the surface of the porous
solid structure. For the mass conservation Eqg. (5) the fatesorption has to be determined. In our case, the hyphen-

ate kinetics model was used,
oC

ot
wherek, represents the mass transfer coefficient afids the equilibrium water concentration. The equilibrium
water concentration can be written in the following form yRik et al., 2018):

C* = 0.01exp{2.3[1.36 — 0.036(7 — Tp)]}, 17)

=ky (C* = 0O), (16)

whereTy is the initial temperature of the frozen material.

The presented Egs. (1)—(6) were discretized by applyindinite difference method and solved for a simplified,
1D geometrical representation of the vial filling (Ravnikaét 2018). The central differencing scheme was used for
the spatial derivatives and the backward Euler scheme webfos the temporal derivatives. The 1D approximation
was chosen in order to keep the computing time as short adbfmsss the final goal of developing the lyophilization
model is its incorporation into a full three-dimensionaD§3nodel of production lyophilizers having thousands of
vials (Zhu et al., 2018), with the 1D model applied sepaydiail each of the vials.
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3. BOUNDARY CONDITIONS AND MODEL PARAMETERS

To obtain the solution, appropriate boundary conditiongeha be specified. The computational domain represents
both the porous and the frozen part of the filling with the suhtion front in between. On the top of the computational
domain, the water vapor pressure was set equal to the pamial pressure in the drying chambero. At the
sublimation front, the water vapor pressure is equal to dibaration pressure at the temperature of the interface:

219AH, ) | 18)

ps = 13332Pa exp (23.9936
When the primary drying stage is terminated, only the poreg#on exists, and at the vial bottom the water vapor
flux through the vial bottom has to be zero, i@&p, /0y = 0. Similarly, the boundary conditions for the inert gas are
zero flux at the sublimation frontlp; /0n = 0, and on the top of the computational domain the inert gasspre was
set equal to the inert gas partial pressure in the drying tleap; o.

Because the central position of the vial on the shelf wasidensd the vial sidewall boundary conditions could
be set as adiabatic. The 1D numerical model therefore iesltido vial surfaces, where heat is supplied to the vial:
the bottom and the top surface. At the top surface, the hamitian from the upper shelf, which is partially obstructed
due to the presence of the stopper, as well as from the chamallsy governs the supplied heat flux. At the bottom,
a combination of heat radiation in the gap between the vitbboand the shelf as well as heat conduction through
the gas and at the contact area with the shelf transfer héla¢ taial. In order to promote sublimation of the frozen
solvent, which acts as an intensive heat sink at the subbmaiterface, enough heat has to be supplied to the vial
filling in order to keep a nearly constant temperature in thedn part, enabling a good control over the lyophilization
process.

The overall heat flux), transferred from the interior of the drying chamber walisl @helves to a vial, can
in general be expressed as proportional to the heat traosédficient K, cross-sectional area of the vidl,, and
temperature difference between the extefigrand the interior of the vidl’,, as follows:

dq

E = KvoAv(TSh - Tv) (19)

It has to be noted that th&,,, is an equivalent heat transfer coefficient, which in geniediides contributions from
all heat transfer mechanisms: conduction, radiation, amection. The contribution of convection to the overall
heat transfer is negligible, because of the low pressurdasmg and the resulting rarefied environment; therefore,
the heat convection is not included in the specification afriatary conditions.

In order to develop a numerical model, suitable for the usscale-up procedures and in the design space con-
struction, models for the locd{’, values have to be specified (see Fig. 1). Because differantiamsfer mechanisms

top

Py Pi
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S sublimation
front

FIG. 1: Simplified vial geometry with heat transfer inputs
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depend on different system parameters, each transfer mieoh&as to be specified separately. In the case of heat
radiation, the change in temperature of the plates diréufliyences the heat flux, and in the case of heat conduction
through the gas phase, an increase in the system presstsddesn increase in conduction heat transfer through the
gas. Solely the contact heat conduction at the direct cob&tween the vial bottom and the plate remains the same
for all system conditions. In the following, the models foetlocal K, values, valid for the applied vial geometry, are
presented.

In order to obtain the heat transfer coefficient by the cdrtanduction applicable to the contact area only, the

K, is considered equal to

Ay
Ky = ve,exp T, (20)

contact
where the coefficienk(,. exp Was set as 3.67 W/mK (Scutella et al., 2017a). The valueshiocontact area were
determined experimentally by setting the inked vial, hdlédi with water, on the sheet of paper, followed by a
computer analysis of the obtained image. In our caseAtlgactwas 15.7% of the vial bottom area. In this way the
K, value obtained was 23.38 W/mK.
In the gap between the plate and the vial bottom heat coratuittrough the gas as well as heat radiation between
the two surfaces are present, i.e.,

Kvb = K’UbT + K’ch- (21)
The contribution from the heat radiation according to thefof Eq. (19) is set as
Koypr = 0 Fua, (Tshett + Toot) (Tenert + Tooy)- (22)
The view factor was set as 1
(23)

Fiop = (14 (1/eglass— 1) + (1/esherr — 1)]

and by setting:giass= 0.78 andesheir = 0.18 (Scutella et al., 2017a), we obtain
Fipp = 0.17. (24)
The contribution from heat conduction from the gas is (Stautt al., 2017a)

1 1 Iy

_ + 25
Kvbc CZ Pec }\amb ( )
or o

Kope = 2 De , 26
" 14 (I /Aam) Cope (26)

with p. = p,.0 + pi,0 the system pressure and the integral conduction lengttsset a

1

b = oot (27)

with hpot being the maximum distance between the bottom and the phladey caseh,ot = 0.5 mm. The parameter
C, takes into account the free molecular flow heat transferficosrt A,

« 27315]%°
—A c 28
“2 0(2—0%) |: Tyas :| (28)

with water vapor free molecular heat conductivity = 1, 99 [W/n?Pa] and
Aamp = 0.025 [W/m K]. (29)

The mean value of the. is dependent on the technical system, used for lyophitimaiin our case it was set as
. = 0.49.
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At the side wall of the vial the heat conduction through the gmwell as heat radiation between the surfaces are
present, i.e.,
K’US = Kvsr + Kvsc- (30)

The heat conduction includes thermal heat conduction dsas¢he Knudsen layer conductivity (Pikal et al., 1984),
in the gas phase, but since the glass wall of the vial is ndtded in the geometrical model, also the simplified form
(parallel plates) of the contribution from the heat conducthrough the side wall of the vial is accounted for, i.e.,

1 1 lss 6glass

_ + 31
Kvsc Cch }\amb )\glass ( )

with the integral conduction length set as

1
lss = éhfill (32)
and

5glass: 0.7 [mm], (33)
Aglass= 1.1 [W/m K]. (34)

The contribution from the heat radiation, i.e., tRe,, for the central position of the vial, is estimated to be cltse
0, as the direct vicinity of the vial is occupied by the sumding vials at roughly the same temperature T, therefore,
the radiation temperature difference is close to zero,hggith the value of<,,, = 0.

At the top of the vial, the heat is transferred through theatéah and through conduction mechanisms:

Kvt = Kvtr + Kvtc- (35)

The radiation contribution is
K’Utr =0 F12,t (Tshelf + Ttop) (Tszhelf + Tt%p)- (36)

Due to the presence of the rubber stopper, obstructing tieetdieat radiation from the top shelf, the value of the
view factor was set as (Scutella et al., 2017b)
Fip; =012 (37)

The contribution of heat conductivity through the gas is

Cch
Kyie = 38
! 1 + (lt/)\amb)CZ Dec ( )

with
It = hdist — hvial1- (39)

For the case of the applied vial the values wiegig = 73 mm andh,ign = 26 mm, resulting in
ly = 47 mm (40)

Based on these models the heat transfer coefficient for theudace was calculated &5,, = 0.91 W/n?K at the
central position of the shelf. At the vial bottom, the heansfer conditions were calculated &s;, = 9.52 W/n?K.

The value of the side wall heat transfer wias, = 4.55 W/n?K for the frozen part and(,, = 0.91 W/n?K for the
porous (dry) part of the filling. Since the final part of thenpary drying, when all the ice is removed, is included in
the computation, the heat transfer conditions at the botibthe vial must change, as the ice/glass contact is now
replaced by porous cake/glass contact; therefore, a signifdrop in heat transfer occurs. In the model, the value of
K., = 1 W/n?K was set, although a more detailed study on the value of #rarpeter should be made in the case of
including also the secondary drying phase into the comjmnstFinally, the obtained overall heat transfer coeffitie
value K, (Eq. 19) was 18 W/nrK.
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The initial conditions for the temperature were taken t@pe- 228 K. The system pressure in the lyophilization
chamber, applied at the experimental tests, was set at 12ZHeacorresponding boundary conditions for species
transport equations were calculated based on the findingikaf et al. (1984), where a water vapor mass fraction of
0.85 was found to be established during the primary dryieggclk, the partial pressure of the water vapor was set as
pvo = 10.2 Paand of inert ggs o = 1.8 Pa. The initial total pressure in the dried region is thes: p; o+py.0 = 12
Pa, which is equal to the system pressure.

The general model parameters are summarized in Table 1.

The Table 2 lists the formulation specific material proexrtin our previous research (Ravnik et al., 2018), the
dependence of the drying kinetics on the Knudsen diffuspdtrametet’; was reported. Because there is a difference
in the crystal size for the mannitol and the lactose cake thighlatter forming larger crystals, hence promoting the
vapor diffusivity in the dried porous part of the filling, thshould be reflected in the value of ifig (Table 2), which
depends on the average pore size (Ravnik et al., 2018). Aseca@en from the Table 2, a 20% lower valu€gfvas
assigned in the case of the mannitol than in the case of theskacAn in-depth study based on an extensive analysis
of SEM data of the final cake porous structure would furthdp keeimprove the value of this parameter.

The heat conduction of the porous cake was computed basée gotosity value as

A= €7\gas+ (10 — €))\so|id (41)
with
Agas= 68012.98- 10~%(p; + p,) + 39.806- 107°). (42)

4. EXPERIMENTAL STUDY

All the experimental runs were made in a laboratory size yiorer, Christ-Epsilon 2-6, with three shelves. The
freeze-drying chamber was loaded with 115 vials on each efthihee shelves. The Nuova Ompi DIN ISO 10R
borosilicate glass vial, with 22 mm of the outer diameter amdm of glass thickness, was used in the experiments.

TABLE 1: Value of different variables in the lyophilization model

Variable Value or model
Co1 [m?] Song and Nam (2005) 7.219-1071°
C> Mascarenhas et al. (1997) 0.4428
C* Mascarenhas et al. (1997) 0.01exp 2.3[1.36 — 0.036(T — Tp)]
¢p.g [IkgK] 16747
DY ; [kg/ms’] Song and Nam (2005) 0.0001493173%(1/M,, + 1/M;)]%°
€ 0.95
hin 1.5 mm
AH, [kJ/kg] Sheehan and Liapis (1998) 28402
AH, [kJ/kg] Sheehan and Liapis (1998) 26874
k, [s~!] Mascarenhas et al. (1997) 11.08-10°°
ko, ka4 0
ky [m? kg s2 K~1] 1.38064852 1022
M; [kg/kmol] 29
M, [kg/kmol] 18
ILn2 [kg/ms] Song and Nam (2005) 18.4859T°/(T + 650)]
p; [Pa] Mascarenhas et al. (1997) 13332 exp(23.9936— 2.19AH,/T)
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TABLE 2: Material properties of lactose and mannitol

Par ameter L actose Mannitol
Cy [m] 9.10°6 7-10°°
¢p1 [JIKgK] 1650 1715
¢p2 [JIKgK] 1893 2054
Asolid [W/m K] 0.118 0.101
A1 [W/m K] Eq. (41) Eq. (41)
A2 [W/m K] 2.806 2.661
Psolid [kg/m?] 15896 1500
p1,p [kg/m?] 79.48 75.0
p2 [kg/m?] 9573 9528
p1 [kg/m?] 263 260

409

The vials were filled with 4 mL of the 5 wt% aqueous mannitolusioh for the first set and 4 mL of the 6 wt%
aqueous lactose solution for the second set of experiméhésselected vial positions were the center vials placed
on the middle shelf of the lyophilizer. The temperatureshefproduct and the walls were measured with an external
measuring system comprised of thermocouples type T, a dataisition unit (Agilent 34970A and 34901A) and

a personal computer (Sitar et al., 2018). The absolute éxpemcertainty of the temperature measurements was
+ 2°C at the 95% confidence level, employing the coverage fadt@rin the temperature range from45°C to
+50°C. The temperatures of the product inside the vials were unedst three locations along the axis of the vial:
15, 5, and 8 mm from the vial's bottom. In order to ensure a precise gvattheight of the sensor position, a
dedicated thermocouple holder was inserted into the viahtble a more precise and repeatable positioning of alll
thermocouples.

The lyophilization protocol was as follows: decrease ofghelf temperature (% to —45°C, 1 h 40 min at 1
bar), freezing step (4 h at 1 bar ard5°C), pressure decrease (1 bar to 0.120 mbar, 10 mi#8tC), increase of the
shelf temperature{45°C to —18°C, 54 min), primary drying (52 h), pressure decrease (0.188rro 0.050 mbar,

10 min at—18°C), increase of the shelf temperaturel@C to 40°C, 1 h 56 min), and secondary drying (16 h).

The experimental results for the temporal change of thersalibn height position are presented in Fig. 5 for
the lactose solution and in Fig. 6 for the case of mannitaltsmh. The essential difference between the kinetics of
drying for lactose and mannitol can be explained from theserpental results of temperature histories at different
positions in the frozen material for the primary drying &aln the case of the lactose solution, we have a significant
decrease in the temperature of the frozen material alongstlthe entire duration of the primary phase, with respect
to the lyophilization of the mannitol solution. This is esjadly significant in the final phase of the primary drying
when the sublimation of the remaining ice at the bottom ofvilaéis taking place. There is no such decrease in the
case of drying of the mannitol solution, where the tempeeadidithe frozen filling gradually increases throughout the
duration of the primary stage. The reason for this behadarae found after close inspection of the final, dried cake.
In the case of the mannitol, the cake occupies the entiialimtlume of vial filling, without any visible gaps between
the porous cake structure and the vial side glass. In theafdke lactose, the porous cake exhibits strong shrinkage
effect, as depicted in Fig. 2. A loss of direct contact of thién§j cake with the sidewall occurs, which reduces
the heat input to the frozen material, but on the other hamdeases the effective outlet area for the sublimation
vapors. Because the sublimation process is driven by trespre difference between the saturation pressure at the
sublimation front, which depends primarily on the tempematievel, and the vapor partial pressure in the drying
chamber, the additional increase in the outer cake areasexpto the interior of the vial, facilitates the higher
sublimation rates for the case of lactose, as can be defdiirdFig. 7 showing the interface position movement
for both cases. The sublimation energy, supplied from tledf &y all considered heat transfer mechanisms, for the
case of lactose, can not cover the entire consumed subdimatiergy, resulting in a lower primary phase temperature
levels compared to the mannitol case.
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FIG. 2: Lactose cake with visible shrinkage effect

5. COMPUTATIONAL SETUP

The computational model, derived in Section 2, was impldegkfor the numerical simulation of lyophilization of
lactose and mannitol solutions. Because the lyophiliraaa time and space dependent problem, first, grid density
and time step sensitivity studies for the case of mannitolt®m were performed. Several grid densities were applied
from 50 to 150 equidistantly placed grid points, with a loweit of 10 points per porous or frozen region. Similarly,
the time step value was varied between 1 s and 10 s. Aftealiniths, a strong sensitivity of the computational results
to the time step value for the first 1000 s of drying was esthblil, where a value @ttt = 1.0 s had to be used to
obtain numerically stable solutions. For the remaining pathe primary stage a much larger time step value could
be used At = 1000.0 s was finally selected), also with the moderately elenesmputational grid (50 grid points).
This computational strategy greatly reduced the needealftimobtaining the numerical results.

The boundary conditions set up, presented in Section 3, icactlg be applied only for a 3D or axisymmetric
vial geometry. In the case of 1D vial approximation, as usethis report, the application of the side wall heat
transfer input cannot be done directly. Therefore, the agribheat transfer coefficients were first transferred tio the
equivalent values, defined on the basis of the outer crasisal area of the vial as the reference heat transfer area.
Furthermore, due to the moving of the sublimation front i plorous part of the filling, the high heat conductivity of
the ice is replaced by the gas conductivity, thus lowerirgetffective heat conduction of the porous part in relation to
the frozen part of the filling. This effect was taken into amttbwhen considering the redistribution of the sidewallthea
transfer to the top and the bottom heat transfer coefficientgpecifying the distribution coefficient, i.e., effealy
increasing the top and bottof, values. Since the majority of the sidewall heat transfeginéates from the warm
shelf, the following approximation of the side wall heatnséer coefficient was made: 90% was added to the heat
transfer coefficient value at the bottom and 10% to the heaisfer coefficient value at the top, which could be
justified by considering the predominant conduction heatdfer mechanism near the shelf. A detailed study of this
redistribution coefficient could be made based on an additiexperimental study of the temperature distribution
in the radial direction. Another modification of boundarynddions was required in the case of the lactose, which
exhibits the shrinkage effect. In order to account for thes lof contact and hence a decrease in the heat input, a linear
decrease in the side wall heat input was applied, with théirsgavalue of K, ; computed for the full cake-glass wall
contact case (i.e., 4.55 W) and the final side wall heat input, calculated for the taias of cake contact with the
glass side wall, equal to 1.3 WHi.

The developed computational model allows the conjugatepctation of the desorption process within the
porous region during the primary drying phase. In order td €int, whether the conjugate procedure is necessary, the
computation of the lactose lyophilization under ideal (hdrikage effect) conditions was performed. In Fig. 3 the
temporal evolution of the area specific mass transfer esisiR?,, is presented, defined as the average value for the
cross-section of the vial fillingl,, by using the computed overall mass transfer rate obtained by integrating the
vapor mass flux raté&/, ,, over theA,:

R, = 0o —Po) (43)

My
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FIG. 3: Dry product resistanc&,, versus time for desorption included (full model) and exeld¢/C/dt = Q) from the primary
drying phase computation

In Figs. 3 and 4 two cases are depicted: the €agkemodel stands for the computational results obtained by solving
the complete lyophilization model. The ca$€/dt = 0 stands for the case, where the desorption process was not
activated when the ice was removed from the structure. Ieigrit is evident that the overall mass transfer resigtanc
of the process increases with progressing of the lyophidinaAt the beginning the rate of increasing is the highest
and no visible differences between the active or inactisodaion are visible.

The differences become obvious towards the final stage qfrthrary drying phase, which can be depicted from
the temporal development of the position of the sublimaititerface, presented in Fig. 4, where an increase of approx.
5% in the primary drying time can be observed. This is a reglte conjugate computation of the desorption process
in the porous region within the primary drying phase whictréases the mass transfer resistance (see Fig. 3). The
desorbed water increases the vapor pressure level inggmtbus region and thus effectively decreases the pressure
difference in the vicinity of the sublimation interfaceuthhindering the diffusion process of the sublimated vapor.
Following these findings, the desorption process was irdtd the computation of the primary drying phase.

12

Full model
dC/dt=0

10 |\

y [mm]
o

(3]

0 35 40

FIG. 4: Sublimation front dynamics for desorption included (fulbdel) and excludedd(C'/dt = 0) from the primary drying
phase computation
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6. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

The experimental setup allowed for a continuous monitooiie temperature at three locations inside the vial. At
these three positions, an abrupt change in the tempera&ading, occurring when the sublimation front has moved
across a chosen sensor, served as the determination obilimaation front position at three time instants. The fourth

position, used for comparison of the experimental resuits somputational results, was defined as the end of the

Ramsak et al.

primary drying phase. As thg position for this case is 0 mm, the time instant, at which thimary phase ended,

was defined as the time when all three experimental temperegadings were within 0.5 K temperature difference.
Different approaches to the definition of the end of the printlying phase to the one used in the present work were
reported in Patel et al. (2010); therefore, the values fiwarcurrent study should be corrected if another approach to
the determination of the endpoint of the primary drying ghasuld be used. In order to highlight this fact, only an
approximate comparison of the computed endpoint and theadnifrom the experiment are depicted in Figs. 5 and

6 for a qualitative comparison.
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FIG. 5: Comparison of temperatures at various positions betwesmtperimental results (thin lines) and computationalltesu
(thick lines), for the primary drying stage of lactose st The circles (Num. data) denote the time instants whestiblimation

front passes the sensor locations with the last circle degtite end of the primary drying.
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FIG. 6: Comparison of temperatures at various positions betwesmtperimental results (thin lines) and computationalltesu
(thick lines), for the primary drying stage of mannitol stidun. The circles (Num. data) denote the time instants wherstibli-
mation front passes the sensor locations with the lastcitehoting the end of the primary drying.
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In Fig. 5, a comparison of drying kinetics of the lactose 8oluwith computational results for the primary
drying stage is shown. The temperature levels, obtainetidopamerical simulation, are in the range of 2—4 K lower
than the experimental values. The marked circular poirdg/shihen the sublimation front passed a sensor location.
The transition points in time at various positions in thd filing show excellent agreement for the upper and middle
thermocouple positions, whereas in the case of the thirddim) thermocouple position still a very good agreement
can be observed, all in the range of the estimated 2% errotgaramental data. Also, in the numerical model, the
passing of the sensor locations is reached earlier thamiexperiment. The exception is the position of the endpoint
of the primary drying, where the numerical result trails éxgerimental value.

In the case of the mannitol solution, a comparison of therdykinetics for the primary drying stage is shown in
Fig. 6. Again, the temperature levels, obtained by the nigaksimulation, are approximately 1-2 K lower than the
experimental values, which is a better agreement then igdke of the lactose. This was expected, as the mannitol
does not exhibit cake shrinkage and the boundary condjtigsedl in the computational model, remain valid along
the entire duration of the primary drying phase. On the dtiaed, the transition between the primary and secondary
drying stage occurs earlier than in the experiment; howeveery good agreement in the predicted time could be
observed.

The comparison of the sublimation front position inside via filling is depicted in Fig. 7. The agreement of
the results is very good considering that the estimated 266 iertemperature values could lead to a 2 h difference in
the experimental determination of the sublimation frondgipon. In Table 3 a quantitative comparison of results for
the sublimation front position is also presented, with fposiy = 0.0 mm denoting the end of the primary drying. As
already stated, the agreement between numerical and eyl results is very good for all the sensor positions. In
the table also a quantitative comparison of primary dryimggmints is included, as the determination of the endpoint
of the primary drying is one of the most discussed topics peexnental analysis of lyophilization, Patel et al. (2010)
and can lead to large differences in reported results. Oottier hand, the numerical endpoint can be exactly defined
as the time instant when all the ice is removed. In Table 3¢ctmeparison of these two values, which shows a good
agreement, can therefore only serve as a qualitative assatsf the accuracy of the numerical model in the primary
drying endpoint determination.

7. CONCLUSION

In the present work, a comparison of experimental and coatipmial results for the case of lyophilization of two
different pharmaceutical solutions, the lactose and ntahwater solutions, was presented. The numerical model for
the solution of the coupled heat and mass transfer problaheifrozen and partially dried porous part was coupled
to submodels of the boundary conditions, governed by thié temeperature and system pressure as the main process

Num. Mannitol
Exp. Mannitol —g—
10 b Num. Lactose
Exp. Lactose

y [mm)]
(=2}

0 10 20 30 40 50
t [h]

FIG. 7: Numerical results for the interface position movement imithe primary drying stage
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TABLE 3: Comparison of the results for sublimation front dynamicsifon at
characteristic points

Mannitol

Height Time[h] Temperature [°C]

y [mm] Exp. Num. Exp. Num.
8.5 9.3+1.2 9.01 —28.7+£1.0 —29.54
5.0 19.9+1.2 20.82 —26.8+1.0 —27.66
15 29.94+1.2 33.33 —25.6+1.0 —26.72
0.0 appr. 42 38.09 — —24.70

Lactose

Height Time[h] Temperature [°C]

y [mm] Exp. Num. Exp. Num.
8.5 6.6+ 1.2 6.15 —-30.0£1.0 —33.52
5.0 18.4+1.2 15.67 —-30.0£1.0 —31.69
15 30.5+1.2 28.23 —31.0+ 1.0 —32.98
0.0 appr. 32 33.83 — -32.77

parameters. The derived boundary conditions, valid fonasyenmetrical vial geometry, were transferred into their
equivalent values, defined on the basis of the vial outersesestional area, and then redistributed to the top and
the bottom of the computational domain of the 1D vial appmadion. In performed experiments, for the case of the
lactose solution shrinkage of the cake during the primayndrwas observed, leading to the occurrence of a gap
between the vial wall and the cake. This effect was introdun& the model by a linear decrease of the side wall
heat transfer value during the primary drying phase. Thented computational results show that the derived 1D
numerical model is capable of accurately capturing thelylgation dynamics inside a vial, and is hence suitable for
the use as a vial submodel in the context of a 3D-CFD modelefythphilization process in the lyophilizer drying
chamber.
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