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Abstract-The influence of freezing on mass transfer during subsequent sublimation was examined in 
macroscopic samples (cm scale). A matrix with regions of pure ice and regions of concentrated solution 
forms during freezing. In macroscopic samples, resulting from local differences in solidification conditions, 
this matrix is irregular, leading to local differences in mass transfer properties in the drying sample. A 
characteristic local distribution of diffusion coefficients in frozen, drying macroscopic samples could be 
analysed with differences amounting up to 425%. Sample segments at positions where solidification started 
yield small diffusion coefficients, the value increasing with the distance from this position, reaching a 
maximum in a layer right below the sample surface. A covering layer forms a limiting barrier against 
vapour transport. In macroscopic samples, a decrease of the applied cooling rate leads to a significant shift 
of the profile of space dependent diffusion coefficients to higher values and therefore to reduced drying 

, 

times. 

INTRODUCTION 

FREEZE-DRYING is a preservation method which elim- 
inates the water from an aqueous system at low tem- 
peratures. As the deteriorating effects of chemical and 
other reactions are slowed down or even stopped when 
water is removed, the product may be stored in the 
dry state for a long period at ambient temperature. 

In general, freeze-drying consists of the following 
steps: freezing, primary and secondary drying, and 
rehydration. During freezing, the ‘freezable’ water 
undergoes a phase transition to ice. As most solutes 
are excluded from the ice, they are increasingly con- 
centrated in the residual liquid. Resulting from the 
freezing procedure, there remains a matrix of ice and 
interstices, filled with concentrated solution, this solu- 
tion being in a eutectic or amorphous state. Under the 
freezing methods normally applied in the freeze-drying 
process, the geometrical appearance of the forming 
ice crystals for the main part of the sample typically 
is that of columns, dendrites or ‘ice fingers’ [ 1,2] (Fig. 
1). As soon as the surface of the sample is exposed to 
a vacuum in the primary drying procedure, an ice- 
vapour interface begins to move through the speci- 
men. The vapour sublimed at this interface is trans- 
ported through the already ice-free part of the sample 
to the vacuum chamber. Mass transfer then is mainly 
performed through the void channels previously filled 
with ice (refs. [l-6]). 

Hence the quality of all the succeeding steps of the 

t Presently at Pierburg GmbH, Alfred-Pierburg-StraOe 1, 
D-4040 Neuss 1, Germany. 

freeze-drying process depends on the freezing process 
and the resulting texture in the sample. 

In a companion paper [l], it was reported that there 
is a strong relationship between primary spacing I, 
(i.e. the distance between the axes of symmetry of the 
ice fingers, Fig. 1) and the freezing parameters, i.e. 
interface velocity ui, and temperature gradient G at the 
ice-liquid interface. In a macroscopic sample, these 
parameters generally vary significantly in the course 
of the solidification process. For this reason, among 
others, the texture of a macroscopic sample usually 
changes with location. As a result of the local differ- 
ences in texture, the mass transfer characteristics of 
a freeze-drying macroscopic sample also vary with 
position. 

For a given product, an optimum thermal and 
chemical history during the freezing process (e.g. ref. 
[7]) and an idea1 vapour pressure history leading to 
an optimum residual moisture content during drying 
(e.g. ref. [S]) can be observed, such that deteriorating 
effects are minimized. For designing an optimum 
freeze-drying cycle with respect to the requirements 
of the product, it is thus necessary to take into 
account the inhomogeneous freezing and drying con- 
ditions in a macroscopic sample. 

In other experimental investigations on mass trans- 
fer in freeze-drying samples, an overall mass transfer 
coefficient for the already dry part of the sample was 
evaluated by measuring the weight loss during freeze- 
drying [4, 5, 9, lo] or by evaluating the mass flow 

through a freeze-dried sample with a pressure differ- 
ence imposed on it [9, 11, 121. 

In this paper, the mass transfer properties will be 
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NOMENCLATURE 

cross sectional area of the sample 
perpendicular to the pressure gradient 
WI 
cooling rate measured at the bottom of 
the sample [K min ‘1 
diffusion coefficient for vapour transport 
in a direction parallel to the axis of 
symmetry of the void channels of a 
freeze-drying sample in steady state 
measurements (cf. refs. [I, 21) [m’s- ‘1 
effective diffusion coefficient for vapour 
transport through the void part of the 
sample (x,, < I < F) related to the cross 
section of the sample perpendicular to 
the pressure gradient [m’s ‘1 
as D,, the subscript ‘i’ indicating the 
number of the corresponding layer 
[m’s- ‘1 
as D,, the subscript ‘n’ indicating, that 
D,, corresponds to the layer right in 
front of the interface [m’s ‘1 
effective overall diffusion coefficient for 
vapour transport through the void 
part of the sample [m’s- ‘1 
theoretical diffusion coefficient at 
molecular flow conditions [m’s- ‘1 
thickness of the frozen sample (here 
F = 18.4 mm) [m] 
mean tempeature gradient at the ice- 
liquid interface [Km- ‘1 
thermal conductivity of ice [w m- ’ K- ‘1 
thermal conductivity of the frozen part 
of the sample (here the thermal 
conductivity of the solid was assumed to 
be an average value of the 
conductivities of the ice and the 
interstitial solution, weighted with 
their mass fractions in the solid, 
k, = 2.193 W m-’ K-‘) [Wm-‘K-‘1 
thermal conductivity of liquid water 
[wm-‘K-‘1 
mass of the sample [kg] 
initial mass of the sample (here 

to1 = 22.3 g) ki 
Molecular weight [kg kmol- ‘1 
mass flux of vapour through the void 
fraction of the sample, related to the 
total cross sectional area of the sample 
km -2s-‘l 
vapour pressure at the ice-vapour 
interface IPa] 
vapour pressure [Pa] 
as pv, the subscript ‘i’ indicating the 
number of the corrresponding layer 
PI 

r, 
rs 

Rlll 
R” 
R 0, 

t 

tT 

T 

Th 

T 

TIV 

T, 

Tu 

Tit 

vil 

X 

xh 

xiv 

.hl 

pressure in the drying chamber [Pa] 
heat flow through the ice-containing part 
of the sample [w m- ‘1 
effective radius of the void capillaries [m] 
heat of sublimation [J kg- ‘1 (here 
r, (-26°C) = 2.892 x IO3 kJ kg- ’ [30]. 
With a maximum error of 0.8%, this 
value may be assumed as constant for 
the temperature range - 36 to - 15°C 
which covers the experimental 
conditions (sublimation interface 
temperatures occurring in the 
experiments) [J kg- ‘1 
universal gas constant [J kmol- ’ K- ‘1 
gas constant of vapour [J kg- ’ K- ‘1 
resistance to vapour flow by a layer ‘i’ of 
the void part of the sample [s m- ‘1 
time [s] 
drying time, i.e. time for the sublimation 
of 16 g of the ice, initially present in 
the sample [s] 
absolute temperature [K] 
temperature measured in the sample at 
the highest position [“Cl 
initial temperature of the sample at the 
beginning of the freezing process [“Cl 
absolute temperature at the ice-vapour 
interface (it is assumed, that the dried 
part of the sample attains the 
temperature of the sublimation 
interface) [“Cl 
temperature measured in the sample at 
the intermediate position [“Cl 
temperature measured in the sample at 
the lowest position [“Cl 
temperature at the bottom of the sample 
[“Cl 
velocity of the ice-liquid interface [m s- ‘1 
space coordinate, with origin at bottom 
of sample (Fig. 6) [m] 
position of the higher thermocouple [m] 
position of the ice-vapour interface [m] 
position of the intermediate 
thermocouple [m] 
position of the lower thermocouple [m] 
mass fraction of the sample not 
undergoing the transformation to ice 
(solutes and ‘bound water’) (here 
X un = 0.142, cf. ref. [41]) [-I. 

Greek symbols 
1’ primary spacing, i.e. mean distance 

between neighbouring dendrites or 
cells (‘ice fingers’) [m] 

P” mass density of water vapour [kg m- ‘I. 
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surface layer 

columnar zone 

equiaxed zone 

- ice 

- intersti!ial solution 

- bottom of sample 
container 

FIG. I. Sketch of the inner texture of a frozen sample (oartiallv redrawn from light-microscopic obser- 
vations, cf. refs il. 2;20. 22:42]). 

analysed separately for different layers of a macro- 
scopic sample perpendicular to the heat and mass 
flow direction, and their dependence on the preceding 
freezing process will be investigated experimentally. 

THEORETICAL CONSIDERATIONS 

Cooling and freezing of a macroscopic sample 
In the following it will be attempted to explain 

the dynamic freezing process in a macroscopic sample 
qualitatively (Fig. 1). As an example for the situation 
in a macroscopic sample, characteristic for many of 
the freeze-drying processes in use. the conditions in a 
freeze-drying tray filled with an aqueous solution are 
regarded. When a portion of the sample at sufficient 
distance from the side walls of the tray is considered, 
one-dimensional heat and mass transfer conditions 
may be assumed. The tray is usually placed on a shelf 
which is cooled to initiate solidification. A charac- 
teristic temperature profile forms inside the still liquid 
sample, with the coldest part being at the heat ex- 
changing bottom of the sample. In this region the 
probability for the nucleation of ice is favoured com- 
pared to the rest of the sample: the temperature is 
lowest and thus the supercooling at this position 
reaches the highest values. For a given cooling rate, a 
higher supercooling causes a greater probability of the 
formation of homogeneous ice nuclei (e.g. ref. [13]). 
The probability of heterogeneous ice nucleation is 
highest at the bottom surface of the tray, where the 
wall material itself and possibly impurities sedimented 
onto it are present. After nucleation occurs at the 
bottom of the sample, a layer of equiaxed ice crystals 
grows very rapidly into the supercooled solution. The 

latent heat of crysallization is dissipated into the 
supercooled melt and into the container wall. There- 
fore, the temperature of the previously supercooled 
part of the sample and of the container wall is raised 
to the equilibrium freezing temperature of the sample 
solution [ 141 and the supercooling vanishes. The per- 
centage of the sample undergoing this kind of equi- 
axed growth strongly depends on the degree of super- 
cooling (the definition of ‘equiaxed’ chosen in this 
context is that the direction of crystal growth is the 
same as the heat flow direction, cf. ref. [15]). After 
this first stage of the solidification process, the ice 
crystals grow steadily towards the surface of the 
sample. The heat of crystallization is transported 
through the already frozen part of the specimen to 
the cooled bottom. Cellular or dendritic solidification 
occurs and a columnar, dendritic or ‘finger-like’ mor- 
phology of the interface results (cf. refs. [l, 2, IS]). 
The functional dependence of the primary spacing 1, 
from the parameters interface velocity Uil and tem- 
perature gradient G at the interface, 1, - v- ‘I4 * G- “’ 
(cf. ref. [16, 17]), was confirmed experimentally for 
the dendritic solidification of an aqueous starch solu- 
tion (10% wt hydroxyethyl starch in water) in Kochs 
er al. [l] for a steady state directional solidification 
process. The same type of starch solution is used in 
the bulk experiments described below. But, as steady 
state conditions usually do not occur in macroscopic 
samples, it has to be examined whether the results 
of steady state investigations are applicable for the 
prediction of the inner texture of parts of a macro- 
scopic sample without correction. Studies on the 
dynamic development of the primary spacing 1, 
showed that especially in anisotropic systems (like 
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ice), the primary spacing only changes very slowly 
towards the steady state value when the solidification 
parameters (e.g. interface velocity oil) are changed 
[18-211. 

It may be concluded from the above, that there are 
two superimposed mechanisms influencing the mor- 
phology of the solidification interface and the texture 
after complete freezing in a macroscopic sample : the 
dynamic changing of the interface morphology 
(increase in L,) after the initial formation of the ice 
fingers out of equiaxed crystals and the dynamic 
change of the morphology due to the variation of the 
parameters ui, and G at the interface. A quantitative 
prediction of this texture is hardly possible to achieve. 
It is certain, however that the system always tends 
towards the steady state value of 1, so that an increase 
of the average values of uil and G most probably will 
lead to a finer texture of the completely frozen sample. 

The formation of a layer of highly concentrated 
solution on the surface of the sample is often observed 
in the macroscopic freezing of aqueous solutions [3, 
9, 10, 221. The development of this layer will be 
described in the following. 

While the tips of the ice fingers grow towards the 
upper surface of the sample, the thickness of the ice 
fingers increases with the distance backwards from 
the tips. Due to the volume expansion during the 
transformation of water to ice, the material in the 
interstices between the ice fingers is expelled, effecting 
a convective flow of the highly concentrated solutes 
in these interstices towards the ice finger tips. Together 
with a diffusive mass transfer [23] from the regions of 
higher concentration into the still unsolidified part 
of the sample, the convective flow of concentrated 
solution towards the surface of the sample produces 
a macroscopic redistribution of the initially homo- 
geneously distributed solutes. The effect of this redis- 
tribution in the main growth direction becomes most 
distinct when the ice finger tips approach the surface 
of the sample and the tip growth comes to an end. 
Then the flow of highly concentrated solutes out of 
the interstices produces a layer of concentrated solutes 
on the surface of the sample. The so-called macro- 
segregation in contrast to the mostly lateral micro- 
segregation within the interdendritic channels (cf. 
refs. [15, 241) was modelled and experimentally con- 
firmed for the solidification of an aqueous NaCl solu- 
tion in Jochem [25]. 

According to the considerations above, there are 
three regions in a completely frozen sample with dis- 
tinct differences in morphology (cf. Fig. 1) : a bottom 
layer with equiaxed crystals, a region with finger- 
shaped crystals (which covers the main part of the 
sample) and a surface layer of highly concentrated 
solution. 

Mass transfer during sublimation 
For sublimation, the free surface of the frozen sam- 

ple is exposed to a vacuum. An ice-vapour interface 
begins to move from the surface towards the bottom 

of the sample. The vapour subliming at this interface 
has to be transported through the already ice-free part 
of the sample and the surface layer, which both form 
a resistance to vapour flow. The different resistances 
occurring during drying may be derived as a function 
of the above explained texture of a frozen sample (cf. 
Figs. 1 and 2). 

The surface layer, consisting of highly concentrated 
solution, forms a significant barrier to the vapour flow 
[3, 9, 10, 121. As long as no cracks [9, 261 are present 
in the sample, the vapour is transported in this layer 
with solid state diffusion. In the region where the ice 
crystals have the form of ice fingers, and where the 
vapour transfer is performed through the channels 
previously filled with ice, vapour transfer may be 
regarded as mass transfer through fine pores (the aver- 
age diameter of the pores is assumed to be of the same 
order as the dendrite spacing, i.e. 1, z 2 - rJ. For this 
case, the kinetic theory of gases provides equations 
for the diffusion coefficient [27] which are applicable 
(with small modifications) for the case of freeze- 
drying. This was confirmed for the case of Knudsen 
diffusion for the freeze-drying of an aqueous starch 
solution (cf. refs. [ 1, 21). 

As mentioned above, the primary spacing 1, varies 
with the position in a macroscopic sample due to the 
non-homogeneous freezing conditions. Thus the pore 
radius r, also changes with the position in the sample 
(cf. Figs. 1, 2 and refs. [l, 21). This results in a spatial 
variation of the diffusion coefficient DK in the region 
with columnar solidification. 

EXPERIMENTAL PROCEDURE 

The experimental set-up was designed to examine 
the local distribution of the diffusion coefficient in a 
freeze-drying macroscopic sample and the dependence 
of the mass transfer properties on the solidification 
conditions. The solution used in the experiments con- 
sists of lO%wt hydroxyethyl starch (HES) in water 
(for specification of the dry HES powder, cf. refs. [l, 
281). Besides other reasons (cf. ref. [l]), this solution 
was chosen in order to have the opportunity to com- 
pare the results found here with those found in pre- 
vious experiments with microscopic samples under 
steady state conditions [l, 21. 

Description of the experimental set-up and performance 
of the experiments 

The experimental set-up consists of two main parts : 

l the freezing device and 
l the freeze-drying set-up. 

In the first step of the experiment, the sample is frozen 
on the freezing device and then, while preventing 
undesired warming, it is transferred to the freeze- 
drying device. In both set-ups the same sample con- 
tainer is used. 
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FIG. 2. Sketch explaining the resistances to vapour flow during sublimation. 

Sample container 
The sample container (Fig. 3) consists of a cyl- 

indrical plastic cup with an inner diameter of 40 mm 
which has a bottom made out of aluminum to ensure 
a good thermal conductivity and hence a homoge- 
neous temperature of the bottom. The sample cup 
is equipped with four copper-constantan thermo- 
couples. One is located in the bottom of the sample 
( TR), and the others about 1.5 (T,), 4 (T,,,) and 9 mm 
(r,,) above the bottom, inside the sample. 

Freezing device 
For the realization of a wide range of freezing con- 

ditions in the sample, a simple freezing device was 
constructed (Fig. 3). A cylindrical cavity in a plastic 

block forms the cooling chamber. The sample con- 
tainer is mounted with its heat exchanging bottom on 
the opening of the cooling chamber. Cooled nitrogen 
gas is circulated through this chamber. Different freez- 
ing conditions could be realized by altering the flow 
rate of the coolant and by this changing the convective 
heat transfer to the bottom of the sample. 

Freeze-drying device 
The freeze-drying device (Fig. 4) is based on a com- 

mercially available laboratory scale freeze-dryer. It 
is equipped with an acrylic bell jar and a valve to 
disconnect the drying and the condenser chamber. 
The absolute pressure inside the drying chamber is 
measured using a capacitance manometer with a res- 

-sample cup 

m + coolant inlet 

cooling chamber 

coolant outlet 

FIG. 3. Sketch of sample container and freezing device (not true to scale). For explanations see text. 
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FIG. 4. Sketch of the freeze-drying device (not true to scale). For explanations see text 

olution of 10-l Pa. The mass of the sample is con- 
tinuously monitored by an electronic balance with a 
resolution of 1 mg. The balance was modified to fit 
into the drying chamber and to allow measurements 
under vacuum conditions. To control the temperature 
of the sample during sublimation, a spherical alumi- 
num plate with an integrated electrical resistance 
heater is installed on the scale-pan. The heating power 
for the electrical sample heater is controlled by 
means of a two-position controller, built into one of 
the thermocouple readout instruments. The thermo- 
couple located at the lowest position inside the 
sample (T,, Fig. 3) was chosen to measure the actual 
temperature for the controller. The temperature T, 
was kept constant at -20°C (a slight rise of this 
temperature ( Tucmar, = - 17°C) at the later stages of 
a few of the drying experiments, when the conductive 
heat flow to the scale-pan exceeded the amount of 
the heat of sublimation, could not be avoided). This 
temperature was chosen because it is well below the 
collapse temperature of - 15°C and thus the break- 
down of the dry product structure at the ice-vapour 
interface is avoided (cf. ref. [29]). In most experiments, 
the absolute pressure in the drying chamber was 
allowed to attain nearly the value of the vapour pres- 
sure in the condenser (Z 5 Pa at a condenser tem- 
perature of z -50°C). To examine the influence of 
the vapour pressure at the sample surface on the mass 
transfer properties during drying, in some of the 
experiments the vapour pressure in the drying 
chamber was set to a higher value (20 and 40 Pa). For 
this purpose, a plastic cup with an integrated electrical 
resistance heater was located in the drying chamber. 

This cup was filled with distilled water which was 
frozen and cooled down to about -20°C in a com- 
mercial freezer before starting the experiments. The 
heating power for the heating of this ice block was 
regulated by means of a two-position controller built 
into the absolute pressure readout instrument. This 
kind of vapour pressure control turned out to be very 
accurate and reliable. For subsequent evaluation, all 
measured parameters were recorded by means of a 
microcomputer during the experiments. 

EVALUATION OF THE EXPERIMENTS AND 
RESULTS 

Freezing experiments 
Two temperatures, the temperature at the bottom 

of the sample container T, and in the middle of the 
sample T,,, were recorded during the freezing pro- 
cedures (Fig. 5). As mentioned above, the parameters 
which characterize the freezing process best with 
respect to the resulting ice front morphology are the 
ice-liquid interface velocity ui, and the temperature 
gradient G at the interface (cf. refs. [l, 2, 15, 16, 181). 
These parameters could not be derived directly from 
the temperatures measured. For this reason, the 
cooling rate B, was used as a substitute, in order to 
plot the results of the drying experiments in depen- 
dence of the freezing conditions. B, is defined here as 
the slope of a best fit line to the values TR vs t. The 
upper margin of the domain where the value of BR is 
evaluated was the onset of the freezing process, when 
TR reaches a local maximum after the first ice had 
nucleated in the supercooled solution. The lower mar- 
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1500 3000 4500 6000 

FIG. 5. Recorded temperatures TR and T, (cf. Fig. 3), vs time 
in a freezing experiment, evaluation of the cooling rate &. 

gin is given by the drop in the temperature-time curve 
after the first nearly linear temperature decrease (at 
about - 15 to -30°C). The drop is caused by an 
imposed enhancement of the heat removal at the bot- 
tom to reduce the duration of the freezing and cooling 
process after the ice-liquid interface has reached the 
surface of the sample. 

Sublimation-drying experiments 
For a suitable analysis of the drying experiments, 

the following assumptions were made : 

l All heat of sublimation is exchanged through the 
bottom of the sample container and all heat flow is 
perpendicular to this bottom. This assumption seems 
to be justified for the following reasons : for the thin 
walls of the sample cup (thickness 3.5 mm), a plastic 
material was chosen which has a very low thermal 
conductivity (0.14 W m- ’ K- ‘) compared to that of 
the frozen sample (k, = 2.19 W m- ’ K- ‘) and that of 
the aluminum bottom (204 W m- ’ K- ‘). The thermal 
conductivity of the surrounding medium (a vacuum 
of less than 40 Pa) is negligible. A cover made of 
aluminum foil (with large openings for unrestricted 
vapour flow) protects the sample from radiation heat 
transfer. 

l Quasi-steady state conditions were assumed (cf. 
refs. [l-3]) for the following reasons : the maximum 
change in sensible heat during the sublimation exper- 
iments (cpi. (T,- T,) = 41 kJ kg-’ with the specific 
heat of ice cpi (-20°C) = 1.96 kJ kg-’ K- ’ and 
T, = - 15°C highest and T, = -36°C lowest tem- 
perature measured in the sublimation experiments) is 
two orders of magnitude smaller than the heat of 
sublimation (rs (-26°C) = 2.892 x IO3 kJ kg- ‘, [30]). 
Additionally, the movement of the ice-vapour inter- 
face is very slow (maximum evaluated velocity 1.02 
pm s- I). This assumption implies a linear temperature 
profile in the still frozen part of the sample. 

l In spite of the fact that there certainly are small 
differences in the mass transfer properties of micro- 

scopic regions perpendicular to the heat flow direction 
and thus small lateral perturbations (Figs. 2 and 6), 
the ice-vapour interface is supposed to propagate as 
a plane. 

The parameters mass of the sample m, pressure in 
the dryingchamberp, and temperatures in the sample 
at the low, the intermediate and the high position T,, 
T,,,, T,, are measured as a function of time in the 
sublimation experiments and used for the analysis. 

In the analysis of the sublimation experiments the 
following values are derived from these parameters as 
a first step : 

the specific mass flux NV [kg mm2 s- ‘1 of vapour 
through the void fraction of the sample related to the 
entire cross section A (here 1.26 x IO-’ m2) of the 
sample : 

dm 1 
NV=dt-A 

The position of the ice-vapour interface xiv [m] : 

m  - m,,, - nun 
Xiv = 

m,o,.(l-.xU.)‘F. (2) 

The specific heat flow q through the ice-containing 
part of the sample [w m-‘1 : 

q = Nv*rs. (3) 

The temperature at the ice-vapour interface TV 
[“Cl : 

T+ = T+x,-xiv). (4) 
E 

The water vapour pressure piv at the interface can 
be calculated from the temperature T,, by using an 
approximate relationship piv [pa] = f(r, [K]), [3 I] : 

pi”= 133.10: ( 
+k,.logr,,+k,.r,,,+k,.T,~+k, > (5) 

with 

k, = -2445.5656, k2 = 8.2312, 

k, = - 1677.006 x lo- ‘, 

k, = 120514.0 x IO- lo, kJ = -6.757169. 

For every registered data record (time step = 60 s), 
the values of NV, xi,, TV and pi. were calculated using 
equation (1) (with the differential substituted by a 
quotient of differences for each pair of successively 
recorded data of mass and time), and equations 
(2-5). 

Figures 7 and 8 show the time development of the 
calculated sublimation interface position and the 
measured and calculated temperatures, respectively. 
The time-dependent temperatures in Fig. 8 may be 
explained as follows: at the beginning of the subli- 
mation experiments the frozen sample has a nearly 
homogeneous temperature of -20°C. During the 
sublimation experiment the temperature T, is con- 
trolled at that value. First the heat of sublimation 
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sample surface 
ice - free part of sample 
ice - vapor interface - 

ice - containing part 
of sample 

bottom of sample - 

FIG. 6. Photograph of a freeze-drying sample (F = 18.4 mm). The sample container is exchanged by a 
transparent acrylic sample cup and the radiation shelter is removed. The apparent diRerence in the diameter 
of the frozen and ice-free part of the sample is an optical artifact caused by the diRerent optical properties 
at the inner wall of the sample cup with ice or vapour present. No shrinkage of parts of the sample was 

detectable during the primary drying stage. 

is consumed at the surface and there is a heat transfer 
from the bottom to the surface of the sample. In an 
initial stage all temperatures except T, decrease. A 
quasi-steady state develops with the lowest tem- 
perature at the interface and the highest at the bottom. 
The succeeding increase in the temperatures T,,,, T,, 
and r,, results from a decrease in the rate of sub- 
limation (cf. slope of curve in Fig. 7) and from a 
decrease in the heat transfer resistance between the 
bottom and the sublimation interface with the reced- 
ing interface position. 

The consistency of the evaluated values of s,, and 
T,, with the data directly recorded from the exper- 
iments may be checked by comparing the values of T,, 
with the two temperatures T, and T,,, recorded in the 
upper part of the sample at the instances when s,, 
reaches the two upper thermocouples. Both pressures, 
pZ and piV, decrease during the initial stage, when the 
vacuum chamber is evacuated and quasi-steady state 

FIG. 7. Calculated sublimation interface position xiv vs time 
1. B = 0.147 K min-‘, T, = l8S”C. pm 5 5 Pa (other par- 
ameters constant for all experiments (see text)). The change 
in interface position xiv is assumed to be proportional to the 

change in mass m (cf. equation (2)). 

conditions are reached. A subsequent increase of piy 
results directly from an increase in T,, (cf. Fig. 8 and 
equation (5)). 

Determination of’space-dependent d~‘jkitsion coejicients 

The mass flux through the ice-free part of the 
sample is given by equation (6) for the general case. 
Applying the ideal gas law, the vapour density can 
be substituted by the vapour pressure : 

N =-D/?&-D I dp, * __ * - ” L dx 
= R;Ti, dx’ 

(6) 

The further analysis of the sublimation experiments 
takes into account that there is a change in texture in 
the sample and thus a change in resistance to vapour 
flow as a function of the distance from the heat 
exchanging bottom. Therefore, effective diffusion 
coefficients Dci can be calculated, specifically for each 
layer perpendicular to the mass flow direction (Fig. 
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FIG. 8. Temperatures r,, T,,,, r,, recorded in a drying 
experiment and calculated sublimation interface tempera- 
ture TV vs time. B = 0.147 K min- ‘, T, = 18.5”C,p, z 5 Pa. 
The values of f(x,,), I(x,) and f(x,) were taken from Fig. 7. 



sample surface 

“‘-“‘-“““~.~i-r”‘r 

ice-free 
Ax D 
_ -_‘1 -Y- _ 

-v-L-- -  

- - - - v - -  

ice-vapor ,2LLA. A D 

interface 

ice-containing 
part of sample 

-------------- 
bottom of 

R D3 
For each experiment, equation (9) could be solved 
successively for the different layers of the sample (Fig. 
9). Equation (9) was calculated m times (beginning 
with layer I) for the m layers of a sample. For clarity 
the following example is given. 

b” 
The position of the interface attains the value of 

the lower boundary of the layer under consideration 
(xi, = -vi”,,). Then, the diffusion coefficient D,,, specific 
for the layer n could be calculated with the values of 
Nv,piv,p, and Ti,, at the time [(xi, = x,,,) and with the 
sum of the previously calculated resistances AsJD,, of 
the layers above of the layer n (corrected for the actual 
value of Tin). 

sample container 

FIG. 9. The ‘series of diffusion resistors’ model. See text for 
explanation. 

9). A local discretization is performed and thus the 
differential in equation (6) may be substituted by a 
quotient of differences : 

The temperature correction was performed under 
the assumption that mass transfer is mainly effected 
by Knudsen flow (cf. refs. [I, 2, S]), and with the 
functional dependence D, - ,/T (cf. refs. [I, 271). The 
diffusion coefficients D, to be given below are cor- 
rected for a reference temperature of -20°C. 

,/(253.15K) 

1 
NV = -DC;--- A~vi 

R;T,,‘G’ 

De = DdT,.) * JcTiv) . (10) 

(7) Results of the experiments 
Figure 10 shows a typical spatial distribution of 

vapour diffusion coefficients D, (i.e. the temperature 
(- 20°C) corrected values of D,, plotted at the pos- 
itions of the respective layers) in a freeze-drying 
sample. The evaluation of the experiments according 
to the above described procedure and the rep- 
resentation of the results as diffusion coefficients for 
each distinct layer of the sample is a superior basis to 
discuss the influence of the freezing process on the 

A conceptional viewpoint may be introduced here, 
which is often used in conductive heat transfer prob- 
lems (cf. ref. [32]) and which uses an analogy to Ohm’s 
law of electrical resistance. The sample is divided into 
a number of thin layers perpendicular to the direc- 
tion of mass transfer (Fig. 9). Each layer causes a 
specific resistance to vapour flow. The resistance R,, 
corresponds to the thickness of the layer divided by 
its specific diffusion coefficient (AxJD,J. As the vap- 
our flow has to pass through all layers in front of 
the interface, an arrangement of diffusion resistors in 
series is assumed. The calculated resistance to vapour 
flow of each layer, corrected for the actual tem- 
perature (see below), is assumed to stay constant dur- 
ing the entire sublimation experiment. 

In analogy to Ohm’s law the overall resistance of 
the ice-free part of the sample is simply the sum of the 
resistances of the layers : 

R ~1~1 = &I + RD2 + . . + RD,,. 

Applying equation (7) for the n layers in the ice- 
free part of the sample results in n equations. Equation 
(8) follows from the simultaneous solution of these 
equations, assuming continuity of mass flow (as a 
result of quasi-steady state) : 

NV = Piv --Pm 

R, . T. i 2 

04 : : : : : : : : I 
0 2 4 6 6 10 12 14 16 18.4 

x[mml- 

(8) FIG. 10. Typical local distribution of the effective diffusion 
coefficient D, in a freeze-drying sample (line fitted by eye). 

,=I -c, 

This equation, rearranged for the diffusion coefficient 
D,,, of the layer right in front of the interface yields : 
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sublimation step as compared to the evaluation of an 
overall mass transfer coefficient for the dry layer of a 
freeze-drying sample (cf. refs. [S, 91). The layers of the 
sample close to the heat exchanging bottom (solidi- 
fication had started in this part of the sample during 
the freezing step) yield small values of the diffusion 
coefficient D,. The value of D, increases with the dis- 
tance from the bottom, reaching a maximum value in 
the layers of the sample close to the surface. The 
surface layer forms a decisive barrier against vapour 
transport, and thus exhibits a very small value of D,. 

This characteristic profile of diffusion coefficients is 
shifted to higher values if the cooling rate B, is 
decreased (cf. Fig. 11). The diffusion coefficient D, of 
the surface layer seems to show an exception to this 
rule. In this surface layer no significant change of 
the diffusion coefficient D, is detectable at different 
freezing conditions. 

The process of desorption, i.e. the removal of 
unfrozen water ‘bound’ to the solutes, may already 
start in the upper parts of the sample where the vapour 
pressure is very low, when ice is still present in the 
lower parts of the sample. In order to estimate whether 
the process of desorption has an influence on the mass 
transfer coefficient D, in the sample, some experiments 
were performed with similar cooling rates, but with 
different vapour pressures pm in the vacuum chamber 
during sublimation. With increasing p,, the diffusion 
coefficients seem to be shifted to slightly lower values, 
but this trend is not very pronounced and significant. 

Besides the cooling rate BR applied to the bottom 
of the sample, the initial temperature T, of the sample 
at the beginning of the freezing process could be varied 
to alter the solidification conditions. To determine the 
influence of this parameter, experiments were per- 
formed with the temperature Ti changed from room 
temperature (z = 20+2”(J) to Ti = 1 f 1°C. With 
different initial temperatures Ti and similar cooling 
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FIG. 1 I. Local distribution of the effective diffusion co- 
efficient D, in freeze-drying samples for different cooling 
rates B, during solidification (curves fitted by eye). 

Ti z 20+2”C,p, = 5 Pa. 
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FIG. 12. Local distribution of the effective diffusion co- 
efficient for similar cooling rates BR but different initial 
temperatures T, at the beginning of the freezing procedure 

(curves fitted by eye). pL = 5 Pa. 

rates BR, no distinct change in mass transfer prop- 
erties could be detected in our experiments (Fig. 12). 

DISCUSSION AND CONCLUSIONS 

It could be seen that the value of the diffusion 
coefficient for vapour transport out of the freeze- 
drying sample strongly depends on the position in 
the macroscopic specimen (Fig. 10). Furthermore, the 
diffusion coefficient is significantly influenced by the 
cooling conditions imposed onto the sample (Fig. 11). 
This behaviour of the diffusion coefficient may be 
largely attributed to differences in the freezing con- 
ditions, determining the morphology of the solid- 
liquid interface and the inner texture of the sample 
after complete freezing (cf. refs. [l, 2, 331). When 
trying to compare the results found here with those 
of previously reported measurements under steady 
state conditions [l], it has to be taken into account 
that in a macroscopic sample dynamic freezing occurs. 
Thus, the solidification conditions at the interface 
(ice-liquid interface velocity uil and temperature gradi- 
ent G) vary with time and may not instantaneously 
result in a primary spacing 1, according to the steady 
state value. But it is generally accepted that there is a 
temporal development of the value of 1, towards the 
stationary situation (cf. refs. [18-201). It remains 
unclear, however, which of the following superposed 
mechanisms during the dynamic freezing process in a 
macroscopic sample controls the solidification tex- 
ture : the dynamic development of a columnar inter- 
face from the initially formed equiaxed crystals, the 
dynamic change of the columnar morphology towards 
the steady state value of 1,, or the adjustment of 1, 
due to the continuous change of the values of the 
parameters uil and G at the ice-liquid interface. For a 
given initial temperature r a decrease in the cooling 
rate BR always corresponds to a decrease in the par- 
ameters Uii and/or G. A significant shift of the diffusion 
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coefficient in the different layers of the sample to 
higher values for a decrease of B, could be observed 
in the reported experiments (Fig. I I). Consequently 
this may be attributed to a higher average value of A, 
(caused by lower values of ui, and G). A higher value 
of i,, implies a larger value of the average radius r, of 
the void channels used as passageways for vapour 
transport during the drying process (cf. equation (3)). 
As an exception to this cooling rate dependence, the 
resistance to vapour flow by the surface layer is nearly 
independent of the bottom cooling rate B, (Fig. I I). 

The diffusion coefficients measured here (10 ,< LI, < 
300 cm2 s- ‘) are comparable to the values measured 
in corresponding steady state experiments (IO < 
D < 100 cm* s- ‘) (cf. refs. [I, 21). For a more de- 
tailed comparison of both investigations, the spatial 
variation of the parameters tii, and G has to be evalu- 
ated separately for the freezing conditions imposed 
to macroscopic samples. This may be performed by 
numerical modelling of the freezing processes applied 
in this investigation (cf. refs. [l4, 23, 34, 351). 

Other investigations on the freeze-drying process 
often report a nearly constant mass-flow out of the 
sample during primary drying [9, IO, 36, 371. This 
could be observed in our experiments as well (Fig. 7). 
As proposed by Quast and Karel [9], this is partially 
a result of the decisive influence of the mass transfer 
resistance of the surface layer of the sample (Figs. IO 
and II). 

Studies of the mathematical modelling of the freeze- 
drying process, in most cases assume a constant 
diffusion coefficient throughout the whole sample (e.g. 
refs. [I I, 38-401). This practice should certainly be 
avoided, as the results presented in this publication 
show differences in the diffusion coefficient of up to 
about 425% in the different layers of the sample. 

14000 Y 
0 1 2 3 4 

BR [tUrnin]- 

FIG. 13. Drying time !r for obtaining a residual ice content 
of 3.13 g in the above described drying experiments vs the 
cooling rate B,, i.e. the duration to sublime 16 g of the ice 
initially present in the sample. Up to a residual ice content of 
3.13 g, a temperature T,of -2Of0.3”Cand thuscomparable 
conditions could be controlled in the experiments evaluated 

for the I~ values. T, = 20+2”C, p7. = 5 Pa. 

The practical relevance of the shown investigations 
may be demonstrated by differences in drying time fr. 
Figure 13 shows drying times at different cooling rates 
BR. It may be seen, that depending on the chosen 
cooling rate B,, the drying time may be reduced to a 
half. 
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