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The purpose of this study was to develop a novel simulation program to accurately predict the maxi-

mum product temperature and the primary drying time in lyophilization using the predictive model for dry
layer resistance, which is the resistance of dried cake against water vapor flow. Ten percent sucrose aqueous
solution was selected as a model formulation. It was demonstrated that the deviations between the predicted
and measured maximum product temperature were attributed to the error of dry layer resistance at a given
drying condition, which was different from the measured dry layer resistance in a preliminary lyophilization
run for the simulation program. However, when the predictive model of dry layer resistance was used for the
simulation program, the model remarkably enhanced the accuracy of the simulation program to predict the
maximum product temperature and primary drying time under various operating conditions. Furthermore,
the primary drying condition required for minimized drying at a close collapse temperature was successfully
discovered through one preliminary run. Therefore, it is expected that the developed simulation program is

useful for designing the lyophilization cycle without a trial and error approach.
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Lyophilization is widely employed in pharmaceutical in-
dustries to enhance the stability of drug products for paren-
teral injection. The lyophilization cycle mainly consists of
three steps: freezing, primary drying, and secondary drying.
Generally, the primary drying process is carried out through
sublimation, and requires up to a few days. In order to maxi-
mize the sublimation rate in primary drying, it is important
that the vial heat transfer rate is as high as possible, resulting
in a minimized primary drying time and high product tem-
perature. However, the maximum product temperature has to
be kept below the collapse temperature, where a lyophilized
cake loses macroscopic structure and collapses, to ensure the
elegant appearance of the lyophilized cake and its stability.
Hence, enormous efforts have been spent to minimize the
primary drying time without the collapse of lyophilized cakes
by adjusting the shelf temperature and chamber pressure in
pharmaceutical development.

In order to minimize the trial and error experiments, the
mathematical model for the prediction of the optimized prod-
uct temperature is thought to be useful. The mathematical
model expressed by heat and mass transfer has been investi-
gated for the expression of the sublimation phenomenon by
many researchers.'”> In the heat and mass transfer model, two
parameters, heat transfer coefficient and dry layer resistance,
are important for estimating the product temperature during
primary drying. The heat transfer coefficient for the estima-
tion of the heat transfer rate depends on the lyophilizer and
the glass vial container and its stopper, and is experimentally
determined by a water sublimation test.®™ The heat trans-
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fer coefficient obtained from a water sublimation test could
be utilized to estimate the heat transfer rate for various ly-
ophilized products unless the lyophilizer and container are
changed. The dry layer resistance means the resistance of the
dried cake against the water vapor flow generated from the
interface of the sublimation of the frozen layer. One prelimi-
nary lyophilization run using a drug solution is carried out to
determine the dry layer resistance of each formulation, be-
cause the dry layer resistance is dependent on the component
and the concentration in the formulation.”!” The heat transfer
coefficient and dry layer resistance experimentally obtained
by two preliminary lyophilization runs using pure water and
a drug solution allows us to estimate the product temperature
during primary drying at a given shelf temperature and cham-
ber pressure.

In recent years, two simulation programs have been practi-
cally evaluated for their ability to predict the product tempera-
ture during primary drying. Passage/Freeze drying software
of Technalysis Inc.'’ and SCANPT program reported by Kuu
et al."? are based on the heat and mass transfer model, and are
thought to be useful tools for predicting the maximum product
temperature and primary drying time. Using the novel simula-
tion program (Kyowa FD program, Kyowa Vacuum Engineer-
ing Co.), an attempt was also made to predict the product tem-
perature in our previous study, while the large error, 2.7°C,
between the predicted and the measured maximum product
temperature was observed.'? This large error of the product
temperature is not thought to be negligible, even considering
the accuracy of temperature between T-type thermocouple
and the recorder (generally no less than 0.5°C), when the op-
timized shelf temperature and the chamber pressure are inves-
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tigated to control the product temperature below the collapse
temperature and to minimize the primary drying time. This
suggested that the variation of dry layer resistance depending
on the heat transfer rate made it difficult to predict the prod-
uct temperature during primary drying. Hence, the predictive
model for the dry layer resistance was developed, and the dry
layer resistance under various shelf temperatures and chamber
pressures was successfully predicted from the measured dry
layer resistance with a preliminary run. However, the impact
of the predictive model for dry layer resistance on the simula-
tion of the product temperature has not been investigated.

In this study, one of the purposes was to demonstrate the
hypothesis that the mistaken dry layer resistance contributed
to the inaccurate prediction for the maximum product temper-
ature. For this purpose, a comparison study of the simulation
program without and with the predictive model for dry layer
resistance was conducted. In the comparison study, the predic-
tion accuracy of maximum product temperature and primary
drying time of 10w/v% sucrose aqueous solutions under vari-
ous conditions of shelf temperatures and chamber pressures
was evaluated. Furthermore, another purpose was to develop
the simulation program to optimize the shelf temperature and
chamber pressure for primary drying. In order to evaluate the
prediction accuracy of the simulation program, the optimized
primary drying condition, which was set to be the maximum
product temperature close to the collapse temperature and the
minimized primary drying time was investigated.

Materials and Methods

Mathematics of Simulation Program for Primary Dry-
ing The simulation program (Kyowa FD program, Kyowa
Vacuum Engineering Co., Ltd.) was developed to mathemati-
cally predict the product temperature at the bottom-center of
the glass vial during primary drying. The overall heat transfer
rate around the glass vial is comprised of three types of heat
transfer rates, these are 1) the shelf heat transfer rate from
the shelf to the bottom of the glass vial, Osh, 2) the conduc-
tive heat transfer rate from the tray flame to the side of the
glass vial, O, and 3) the radiative heat transfer rate from the
chamber wall to the top and side of the glass vial, Or. The
estimation of each heat transfer rates is shown in our previous
study.”” From three types of heat transfer rates, the sublima-
tion rate, dm/dz, can be calculated as a pseudo-steady state
which defines the state of overall heat quantity which is spent
for latent heat of sublimation.'¥

dm /dt = (Osh+ Ot + Or) / AHs O

Where, AHs is the latent heat of sublimation. Q¢ is used for
estimation of the heat transfer rate of an “edge vial,” which
is placed on the peripheral position on a shelf and has direct
contact with the stainless tray flame. Then, the pressure at the
interface of sublimation, Pi, is calculated from Eq. 2.

Pi= Pc+ Rpy -dm/ dt 2

Where, Pc is the chamber pressure. Rp,,, is the predicted dry
layer resistance profile, calculated by the empirical formula of
Egs. 3 and 4.
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Rp-max pre. = {Pimeas. — Pc+dm [ dtyre / dm | dtypeas ™}/ dm [ dit e,
©)

is the maximum value in the dry layer
resistance profile. Pi, ., and dm/dt, ., are determined in a
preliminary run. dm/dz, is estimated at a given condition of
shelf temperature and chamber pressure. These parameters are
determined at the period where the maximum values of the
predicted or the measured dry layer resistance was observed.
Slope a is obtained from linear regression consisting of two
values consisting of the pressure at the interface of sublima-
tion and the sublimation rate of each edge and center vial
calculated from the product temperature in a preliminary run.
The predicted dry layer resistance profile, Rp-profile ., is es-
timated by Eq. 4.

Where, Rp-max,,.

pre.>

Rp-profile,. = (Rp-maXy. / Rp-MaX meas ) - Rp-profile e, (4)

Where, Rp-max,,,, is the maximum value in the measured
dry layer resistance profile, Rp-profile ., at a preliminary
run. In Eq. 5, the temperature at the interface of sublimation,
Ti, is converted from Pi.

Ti=6144.96/ (28.911—In(Pi)) ©)

On the other hand, the frozen layer thickness, L, at any time
can be calculated in Eq. 6.

L=Lt-dm/dt-t/ Mt ©)

Where, Lt is the total frozen layer thickness, ¢ is the elapsed
time, and Mt is the total amount of sublimated water. The
product temperature at the bottom-center of the vial, 7}, can
be calculated by Eq. 7.

T, =Ti+(Osh+Qt+0r)-L/ (K, - Av) D

Where, K, is the thermal conductivity of the frozen layer.
Here, the thermal conductivity of ice was used for K. Av is
the area of sublimation per vial (calculated based on the inside
diameter). The predicted maximum product temperature can
be determined, when the maximum value in the predicted
product temperature of the edge vial is observed during early
and middle stages of primary drying. After sublimation, the
product temperature, 7, can be determined by Eq. 8.

Tb=Tb(n,l)+(Qsh+Qt+Qr)><t/C (8)

Where, T, is the product temperature at the previous point
of elapsed time. C is the heat capacity of 1 vial, including
glass vial, stopper, lyophilized cake, and unfrozen water in
the lyophilized cake. The predicted primary drying time can
be estimated, when the predicted product temperature of the
center vial is unchanged within 0.5°C/h in the late stage of
primary drying.

Measurement of Maximum Product Temperature
and Primary Drying Time of 10w/v% Sucrose Aqueous
Solution The Ilyophilization test was performed using a
laboratory scale lyophilizer (DFM-09A-S, ULVAC, Inc., shelf
area: 0.3m?). Five milliliter of the aqueous solution contain-
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ing 10w/v% sucrose (purchased from Merck) was filled into
each #20mL vial (Transparent Type 1 glass vial, Japan Glass
Industry Co., Ltd., 320 vials), and the filled vials were par-
tially stoppered with rubber stoppers (Two leg 20mm gray
butyl rubber stoppers, Daikyo Seiko, Ltd.). The lyophilization
was conducted as follows, 1) Freeze at —45°C, 2) annealing
at —10°C, 3) re-freezing at —45°C, 4) primary drying at the
target shelf temperature. The shelf temperature and chamber
pressure were set at a range of —20 to 0°C and 5 to 15Pa in
six experiments. The product temperature profiles of thermo-
couples were recorded at two positions, which are the edge
vial and the center vial located on the peripheral and center
positions on the shelf. The maximum product temperature of
the edge vial observed in the early and middle phase of pri-
mary drying were determined, and the primary drying time of
the center vial was determined by the same criteria in Section
2.1.

Measurement for Collapse Temperature The collapse
temperature of 10w/v% sucrose aqueous solution was deter-
mined by freeze-dry microscopy (Lyostat 2, Biopharma Tech-
nology Ltd.). Aliquot of 1-2uL of 10w/v% sucrose aqueous
solution was dropped at the stage of freeze-dry microscopy.
The temperature of the stage was controlled as follows: 1)
Freezing at —45°C, 2) Turn on the vacuum at 8Pa, 3) Heat-
ing from —45°C to —27°C (1°C/min). The appearance of the
dry layer and the setting temperature were monitored during
the heating process. When the white spot in the dry layer was
clearly observed, the setting temperature of 10w/v% sucrose
was determined as the collapse temperature.

Prediction of Maximum Product Temperature and Pri-
mary Drying Time of 10w/v% Sucrose The shelf heat
transfer coefficient, the dry layer resistance profile, and the
parameters related to the lyophilizer, the vial, and the formu-
lation were input to the simulation program. The prediction
was carried out for the product temperature of each edge and
center vial at various conditions of shelf temperatures (—20 to
0°C) and chamber pressures (5 to 15Pa), according Section 2.1
without and with the predictive model for dry layer resistance
of Egs. 3 and 4. The optimized shelf temperature at 10Pa of
chamber pressure, where the predicted maximum product tem-
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perature was identical to the collapse temperature of 10 w/v%
sucrose aqueous solution, was also predicted by the simulation
program with the predictive model for dry layer resistance.

Results and Discussion

Determination of Shelf Heat Transfer Coefficient and
Dry Layer Resistance The simulation program for predict-
ing product temperature requires various parameters related
to the lyophilizer, vial, and formulation. In particular, two pa-
rameters of shelf heat transfer coefficient and dry layer resis-
tance are essential to predict the product temperature during
primary drying.

The shelf heat transfer coefficient is necessary to estimate
the heat transfer rate from the shelf to the bottom of the vial,
and can be calculated with the mean separation distance
between the glass vial and shelf (0.59 mm), which was deter-
mined by performing a water sublimation test according to
the procedure in our previous study.'¥ For example, the shelf
heat transfer coefficient was estimated to be 10.3 kcal/h-m*°C
at 10Pa of the chamber pressure. When the chamber pressure
was changed, the shelf heat transfer coefficient was recalcu-
lated.

The dry layer resistance, defined as the resistance of the
dried cake against the water vapor flow generated from the in-
terface of sublimation, affects the product temperature during
primary drying. The dry layer resistance of 10w/v% sucrose
solution of each edge and center vial as a function of dry layer
thickness was mathematically determined from each product
temperature profile measured at —20°C of shelf temperature
and 10Pa of chamber pressure in Fig. 1. The mathematical
procedure to calculate dry layer resistance was referred to
our previous study.'”” As presented in Table 1, the dry layer
resistance of the center vial increases as the dry layer thick-
ness increases. On the other hand, the dry layer resistance
of the edge vial shows the maximum values at 2.0mm of the
dry layer distance, and then the dry layer resistance did not
increase and roughly remained constant from 2.0 to 5.0 mm of
the dry layer thickness. Similar dry layer resistance profiles of
sucrose formulation have been observed in other reports.”!>!®
Milton et al. initially reported about the mechanism where the
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Fig. L.

The Product Temperature Profiles of 10w/v% Sucrose of the Edge and Center Vials

The product temperature profiles were recorded during primary drying in a preliminary run (shelf temperature, —20°C; chamber pressure, 10 Pa).
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small hole in the micro-structure of 5% lactose lyophilized
cake was formed without shrinkage and the macro-collapse
of the lyophilized cake, providing a non-linear dry layer re-
sistance.”” The phenomenon was called “micro-collapse” as
a small scale collapse of the lyophilized cake. On the other
hand, the edge vial is positioned closer to the chamber wall
and the tray flame than the center vial, and is exposed to ad-
ditional heating from the chamber wall and the tray flame,'>:'”
resulting in the higher product temperature. We believe that
the higher heat transfer rate allows the edge vial to form the
dry layer of rough porous structure due to the micro-collapse,
resulting in lower resistance of edge vial, compared to the
center vial. Therefore, it is important to determine two types
of dry layer resistance regarding the edge and center vials for
the simulation of the product temperature for the highest prod-
uct temperature of edge vial and the lowest product tempera-
ture of center vials on the shelf in the primary drying process.
Simulation Program without Predictive Model of Dry
Layer Resistance The prediction of maximum product
temperature of the edge vial and the primary drying time of
the center vial are useful information for optimizing the shelf
temperature and chamber pressure in primary drying, to pro-
vide a minimized primary drying time without the collapse
of the lyophilized cake. An attempt was made to predict the
maximum product temperature of the edge vial and the prima-
ry drying time of the center vial under various shelf tempera-
tures (—20 to 0°C) and chamber pressures (5 to 15Pa) using
the simulation program without the predictive model for dry
layer resistance. For the simulation, the dry layer resistance
of each edge and center vial was used at —20°C of shelf tem-
perature and 10Pa of chamber pressure in a preliminary run.
The results show that the predicted primary drying time
is similar to those measured under these experiments (Table

Table 1. Dry Layer Resistance of Each Edge and Center Vial with the
Dry Layer Thickness

Dry layer thickness Dry layer resistance (kPa-m?-s/kg)”

-3
(X107" m) Edge vial (S.D.) Center vial (S.D.)
0.5 76+13 46+4
1.0 107+7 68+8
2.0 1215 10010
3.0 117+7 125+11
4.0 105+6 13610
5.0 98+4 144=12

S.D: Standard deviation. @) The dry layer resistance of each edge and center vial
was converted from the product temperature profiles during primary drying (shelf
temperature, —20°C; chamber pressure, 10Pa).
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2). Overcashier et al. observed a similar phenomenon that
the sublimation rate was less affected by the variation of dry
layer resistance.” With our calculations, the sublimation rate
is governed by three kinds of heat transfer rates, which are
mathematically calculated by the difference between the prod-
uct temperature and the temperature of three kinds of materi-
als (shelf, chamber wall, and tray flame) in the lyophilizer. In
addition, the product temperature is often much lower than the
temperature of the shelf, chamber wall, and tray flame due to
the latent of sublimation. This large difference of temperature
indicates that a little variation of product temperature does not
impact remarkably on the heat transfer rate, and the prediction
of sublimation rate is not really affected by the slight error in
the product temperature.

However, the errors of the maximum product temperature
were observed under some conditions of shelf temperature
and chamber pressure in Table 2. In particular, a 2.7°C dif-
ference between the prediction and the measurement was
observed under the primary drying condition of —20°C and
5Pa. This error of product temperature is not acceptable for
optimizing the shelf temperature and chamber pressure, even
when considering an error of the thermocouple. As found in
Fig. 2, the cause of the error was revealed by the relation-
ship between the maximum product temperature and the dry
layer resistance under five conditions of shelf temperature and

5.0
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T{‘; 25 Rp.20°c, 15 Pa

3

£
E Rp oec, 5pa
R T S =
K
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Q
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£ 25 |
=

Rp.20°c, 5 pa
R?=0.9868
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RP-20°, 10 pa—RPmeas. (kPam?s/kg)
Fig. 2. The Relationship  between  T,-max,-T,-max,., and

Rp 0. 10pa RPmeas —Ty-MaX,,. and Ty-max,,.,, Are the Predicted and the
Measured Maximum Product Temperatures of the Edge Vial at Five Con-
ditions of Shelf Temperature and Chamber Pressure

Rp,eas. 18 the measured maximum dry layer resistance at the same five condi-
tions. Rp_,pec. 19p, 1S the measured maximum dry layer resistance in a preliminary
run.

Table 2. Comparison of the Predicted and the Measured Maximum Product Temperature and Primary Drying Time Using the Simulation Program with/

without the Predictive Model for Dry Layer Resistance (Rp-model)

Maximum product temperature

Primary drying time

Shelf Chamber of the edge vial (°C) of the center vial (h)
temperature  pressure
(°C) (Pa) Predicted Predicted Measured Predicted Predicted Measured

without Rp-model with Rp-model (S.D.) without Rp-model with Rp-model (S.D.)
-20 5 —36.8 —34.2 —34.1+0.3 40.0 39.4 38.5+0.8
-20 10 —33.0 —334 —33.3+0.2 315 30.6 29.9=1.1
-20 15 =31.0 —32.9 —32.5+0.3 30.4 26.4 273*2.4
-10 5 —34.6 —33.1 —33.4+0.2 30.4 31.4 30.6%0.2
0 5 —32.6 —323 —32.4%+0.3 26.9 26.2 26.0%0.3
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chamber pressure. It is obvious that the difference between the
predicted and measured maximum product temperature of the
edge vial (7j-max, —7T;-max,,,.) is proportional to the dif-
ference of the measured maximum dry layer resistance at be-
tween —20°C and 10Pa of the preliminary run and the given
conditions (Rp_ypec. 10paRPmess)- 10 particular, the difference
between the predicted and the measured maximum product
temperature dried at —20°C and 5Pa, where Rp_,poc sp, Was
most different from Rp_,s.c 19p, Of the edge vial, was largest
among the temperature differences of the five conditions.

Therefore, it was concluded that the error of dry layer re-
sistance caused the obstacle to predict the maximum product
temperature in primary drying. In other words, the prediction
of dry layer resistance has a possibility to accurately predict
the maximum product temperature in the simulation program.
In the next section, the predictive model of dry layer resis-
tance was applied for the simulation program.

Simulation Program with Predictive Model of Dry Layer
Resistance In our previous study, we discovered the specific
dry layer resistance, which is the modified dry layer resistance
under the assumption that the chamber pressure is zero."” The
characteristic of specific dry layer resistance is to correlate
well with the corresponding sublimation rate. Thus, the pre-
dictive model including the empirical formula of the sublima-
tion rate and the specific dry layer resistance was developed
to predict the dry layer resistance under various conditions
of shelf temperature and chamber pressure from the dry layer
resistance of both edge and center vials in a preliminary run.
It is expected that the product temperature would be more ac-
curately predicted by the modified simulation program with
this predictive model for dry layer resistance.

In order to demonstrate our hypothesis, the product tem-
perature profile of edge vials at the primary drying condi-
tion of —20°C and 5Pa, where the largest error of predicted
maximum product temperature of the edge vial was observed
among the five conditions in the previous section, were pre-
dicted by the modified simulation program as a first simula-
tion case. Simultaneously, the dry layer resistance under the
same conditions was predicted by this predictive model in
the simulation program. As shown in Fig. 3, the predicted
product temperature profile of the edge vial was comparable
to the measured temperature profiles. Moreover, it is apparent
that the predicted product temperature profile of the edge vial
are different from the predicted profile using the unmodified
simulation program, which predicts the product temperature
without the modification of the measured dry layer resistance
under the primary drying condition of —20°C and 10Pa in a
preliminary run.

The comparison study between the predicted and the
measured values for the maximum product temperature of
the edge vial and the primary drying time of the center vial
under various conditions of shelf temperatures (—20 to 0°C)
and chamber pressures (5 to 15Pa) were evaluated as well.
As shown in Table 2, it was found that the maximum product
temperature of the edge vial and the primary drying time of
the center vial were almost the same as the measured values.
In particular, the prediction accuracy of maximum product
temperature of the edge vial was improved within the maxi-
mum error of temperature from 2.7 to 0.4°C. The deviations
of maximum product temperature are close to the measure-
ment accuracy of temperature between T-type thermocouple
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Fig. 3. The Product Temperature Profiles of the Edge Vial at —20°C of
Shelf Temperature and 5Pa of Chamber Pressure in Primary Drying

These product temperature profiles are (a) the predicted profile from the simula-
tion program with the predictive model for dry layer resistance, (b) the measured
profile, and (c) the predicted profile from the simulation program without the pre-
dictive model for dry layer resistance.

and the recorder (no less than 0.5°C). Hence, it is obvious
that the predictive model for dry layer resistance in the modi-
fied simulation program contributes to the enhancement of
accurate prediction for the maximum product temperature. It
indicates that the prediction of maximum product temperature
allows us to safely carry out the primary drying below the
collapse temperature during this process.

Prediction of Optimized Primary Drying Condition A
higher heat transfer rate to the glass vial is important to maxi-
mize the sublimation rate, resulting in the minimized primary
drying time. The maximum product temperature, however,
should be controlled at no more than the collapse temperature,
to avoid the collapse of the lyophilized cake by the excess heat
transfer rate. The freeze dry microscopy study indicated that
the onset of collapse of 10w/v% sucrose aqueous solution was
microscopically observed at —31.5°C of temperature, which
is defined as the collapse temperature in this work. Thus, the
results show that the maximum product temperature of the
edge vial needs to be controlled below —31.5°C of the collapse
temperature during primary drying.

The maximum product temperature and the primary drying
time at various shelf temperatures (—20 to 0°C) and chamber
pressures (5 to 15Pa) were predicted by the modified simula-
tion program. From these predicted data, the contour plots of
the predicted maximum product temperature and the primary
drying time on the shelf temperature and chamber pressure
were drawn using JMP® software. As can be seen from Fig. 4,
the optimized shelf temperature and chamber pressure in the
contour plots can be easily discovered to control the maximum
product temperature below the collapse temperature, —31.5°C,
and to minimize the primary drying time. For example, the
optimized shelf temperature at 10Pa of the chamber pressure
was predicted to be approximately —8°C at which the maxi-
mum product temperature is close to the collapse temperature,
—31.5°C. The predicted maximum product temperature of the
edge vial and the primary drying time of the center vial cal-
culated by the modified simulation program were —31.6°C and
20.3h, respectively. These predicted values were almost iden-
tical to —31.5£0.4°C and 19.3%=0.3h experimentally measured
at the same shelf temperature and chamber pressure.
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The contour plots were drwan by JMP® 8 software (SAS Institute Inc.). The open circles are the measured maximum product temperature and primary drying time.

Conventionally, many lyophilization experiments have
been required to optimize the shelf temperature and chamber
pressure in pharmaceutical development. In this study, it was
demonstrated that the modified simulation program could pre-
dict the optimized operating parameters of shelf temperature
and chamber pressure using the predictive model for dry layer
resistance. It is noteworthy that repeated lyophilization runs
are not necessary for the modified simulation program, except
two preliminary runs for the heat transfer coefficient and the
dry layer resistance of both edge and center vials. Thus, this
modified simulation program has great potential to design the
lyophilization cycle without the trial and error approach.

Conclusion

In this study, it was demonstrated that the deviation of
dry layer resistance caused the inaccuracy of the prediction
for the maximum product temperature of the edge vial for
10w/v% sucrose aqueous solution under various conditions
of the shelf temperature and chamber pressure. These accu-
rate predictions were achieved by the developed simulation
program including the predictive model for the variable dry
layer resistance, which is mathematically predicted using the

measured dry layer resistance of both edge and center vials in
one preliminary run. Furthermore, the developed simulation
program successfully predicted the optimized conditions of
the shelf temperature and chamber pressure for the primary
drying stage, so that the product temperature was close but
below the collapse temperature. Therefore, it is expected that
the novel simulation program for optimization of the primary
drying condition could save on cost and time for pharmaceuti-
cal development.
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