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Abstract 0 Flow of water vapor is impeded by three barriers or resistances: 
resistance of the dried-product layer. resistance of the semistoppered vial, and 
resistanceof the chamber. The relationship between heat flow and temperature 
difference may be described by a vial heat transfer coefficient which has 
contributions from three parallel mechanisms: ( a )  direct conduction from the 
shelf to the vial via points of direct contact between the vial and shelf, ( 6 )  
conduction through the vapor between the vial bottom and the shelf, and ( c )  
radiative heat transfer. This report describes experimental studies of the re- 
sistance of semistoppered vials, the resistance of the chamber, and vial heat 
transfer coefficients. Mass transfer through the semistoppered vial has sig- 
nificant contributions from both Knudsen- and viscous-flow mechanisms. 
Stopper and chamber resistances are of the same magnitude and are about 
a factor of 10 less than the dried product resistance. All three heat transfer 
mechanisms are significant, the relative contributions depending on both the 
chamber pressure and the type of vial. Vial heat transfer coefficients are 
sensitive to the geometry of the vial bottom, and even vials of nominally the 
same specifications may differ significantly in  heat transfer characteristics. 
Vials from the same lot are relatively uniform in their heat transfer charac- 
teristics, the relative standard deviation of the vial heat transfer coefficient 
being only -4%. The temperature distribution in  the frozen product is ade- 
quately described by a constant temperature gradient in the vertical direction 
and the thermal conductivity of ice. 

Keyphrases 0 Freeze-drying-vial heat transfer coefficients, measurement 
of resistance to mass transfer 0 Heat transfer coefficients-freeze-drying, 
experimental measurement, mechanisms 

Freeze-drying, or lyophilization, is the process by which the 
solvent, normally water, is removed from a frozen solution by 
sublimation. The freeze-drying process may be divided into 
three stages: freezing, primary drying, and secondary drying. 
For pharmaceutical products, the solution is normally filled 
into vials and then stoppers are partially inserted into the vial 
necks (semistoppered position), such that openings for vapor 
flow are present. Next, the vials are placed on temperature- 
controlled shelves in the freeze-drying chamber. After freezing, 
the chamber is evacuated to the desired pressure, normally in 
the range of 30-500 pm, and the shelf tempcrature is increased 
to provide energy for sublimation of ice during primary drying. 
Secondary drying, which is removal of water from the solute 
phase, begins in a local region of the sample when the ice has 
been removed from that region and normally continues for 
some time after all of the ice has been removed from the 
sample. 

Due to high equipmcnt costs, there is considerable economic 
motivation to minimize process times ( I )  while maintaining 
a low level of product loss arising from either eutectic melt or 
collapse (2). Optimization of the primary-drying stage q u i r e s  
a knowledge of the maximum allowable product temperature, 
which is either the eutectic temperature (for a crystalline so- 
lute) or the collapse temperature (for an amorphous solute), 
and also requires a determination of the optimum shelf tem- 
perature and chamber pressure-time profile required to 
maintain the product temperature slightly lower than the 
maximum allowable temperature during all of primary drying. 
In practice, the shelf temperature and chamber pressure-time 
relationship is often determined by trial and error. Since, in 
principle, optimization of this relationship is a problem in 

coupled mass and heat transfer, a better fundamental under- 
standing of mass and heat transfer in primary drying would 
allow greater efficiency in process development and minimize 
problems encountered on scaleup to production operations. 

Passing from the frozen product to the condenser, the flow 
,of water vapor is impeded by three barriers or resistances: ( a )  
resistance of the dried-product layer above the frozen product, 
which in addition to being product dependent is also dependent 
on the vial used (both the area of the ice-vapor interface and 
the thickness of the dried-product layer) (3) ,  ( b )  resistance of 
the semistoppered vial, and (c) resistance in transfer from the 
drying chamber to the condenser. Heat for sublimation must 
be transferred to the product on the vial bottom from the 
surface upon which the vial rests and through the frozen so- 
lution to the subliming ice. For purposes of this discussion, it 
will be assumed that the vials are placed directly on the dryer 
shelf. The relationship between heat flow and temperature 
difference may be characterized by a vial heat transfer coef- 
ficient which has contributions from three parallel mechanisms 
for heat flow: direct conduction from the surface to the vial via 
points of direct contact between the vial and the shelf, con- 
duction through the vapor between the vial bottom and the 
shelf, and by radiation heat transfer. 

The resistance of the dried product was the subject of an 
earlier experimental study from this laboratory (3), while 
several aspects of heat transfer have been addressed by Nail 
(4). He demonstrated that, for a system of vials in  a metal tray 
placed on a heated shelf, the sublimation rate increased as the 
chamber pressure was increased. Theoretical arguments were 
used to demonstrate that the temperature differences across 
the frozen product, across the glass at the vial bottom, and 
across the metal tray bottom are small and, therefore, the 
largest temperature differences, or thermal resistances, were 
across the vapor boundaries between surfaces. In this case, 
there were two vapor boundaries, one between the vial bottom 
and the tray surface upon which the vials rested, and the other 
between the tray bottom and the shelf. However, since Nail's 
methodology did not allow the thermal resistances for the two 
vapor boundaries to be evaluated separately, vial heat transfer 
coefficients could not be determined. 
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Figure I -Schematic ofthe laboratory freeze-dryer (see (ex( for key).  
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Table I-Geometric Parameters of Vials 

Neck Contact Print I,,,. 
Vial A,, cm2 A,, cm2 Finish, mm 0.d.. cm Thickness, cm cm 

W5800 
K5800 
W58I I 
W5816 
K5816 

4.71 
4.7 1 
4.7 I 
6.83 
6.83 

3.80 
3.80 
3.80 
5.7 I 
5.71 

20 
20 
20 
20 
20 

I .90 
I .75  
I .88  
2.24 
2.30” 

0.05 
0.12 
0.07 
0.07 

.a 

0.12 
0.07 
0.04 
0.1 I 
0.04 .. 

W, K5303 17.2 14.3 28 3.74 0.08 0.22 
K5304 8.3  6.72 13 2.60 0.03 0.17 

a These vials frequently show two concentric prints with the procedure used. The diameter given is the outer diameter of the largest print 

This research describes experimental studies which evaluate: 
(a )  mass transfer coefficients (resistances) for scveral stoppers 
in the semistoppered configurations, ( h )  resistance of the 
chamber-to-condenser pathway in a laboratory drycr, and ( c )  
vial heat transfer coefficients as a function of chamber pressure 
for seven types of vials, including examples of both tubing and 
molded vials. With the aid of a theoretical model for heat 
transfer, the relative contributions of the thrcc mechanisms 
of heat flow are examined. Further, since variability in heat 
transfer coefficients within a given lot of vials is an important 
consideration in process development, thc standard dcviation 
of heat transfer coefficients is determined at selected chamber 
pressures for six of the seven types of vials studied. 

THEORETICAL SECTION 

Definition of Mass Transfer Coefficients-Mass transfer is discussed in 
terms of resistance offered by a given barrier. Resistance, rather than per- 
meability, is used since the total resistance is the sum of component resistances 
in series. Assuming the usual proportion between flow rate through the barrier 
and driving force for the process, resistancc is defined as the ratio of driving 
force to flow rate. Since the driving for= for both sublimation at the ice-vapor 
interfaceand Knudsen flow (3-5)’ ofvapor through the small poresofa dried 
product is a difference in partial pressures of water (5). the differcncc between 
the equilibrium vapor pressure of subliming ice and the partial pressure of 
water above the dried product is taken as the driving force i n  the definition 
of the resistance of the dried product. For vapor flow through the semistop- 
Fred vial neck and through thechamber condenser pathway, thedriving force 
is more appropriately taken as a difference in  total pressure, to be consistent 
with the driving force for viscous flow of a fluid ( 5 ) ) .  

The resistance of the dried-product layer, R,, is defined by: 

R ,  = (Po - x;P,)/,h (Eq. 1 )  

where Po is the equilibrium vapor pressure (mm Hg) of the subliming ice, x; 
is the mole fraction of water vapor i n  the vial. P, is the total pressure in the 
vial (mm Hg), and m is the sublimation rdte!g/h/vial). As will be shown later, 
x;= I .  The normalized product resistance. R,. is an area-normalized quantity 
(independent of product area) given by: 

R ,  = A&, 

where A, is the geometric cross-sectional area of the product normal to the 
direction of water vapor flow (computed from the internal diameter of the 
vial). 

I When the mean free path is large compared with the dimensions of the prcs  or t u b a  
constituting the physical system responsible for resistance to flow, as is [he case with flow 
through a dried product (3).collisions of water molecules with the poreor tube wallsare 
responsible for resistance to flow, and the flow mechanism is said to be free molecular 
flow or Knudsen flow (5) .  Here. the driving force is thedifference in partial pressureof 
the flowing gas under discussion. When the mean free path is small compared with p r e  
or tube dimensions, collisions between gas molecules arc much more frequent than col- 
lisions of gas molecules with pore or tube walls, and the resistance is due to momentum 
transfer between gas moleculs, or viscous “force.” The flow mechanism is “viscous flow’’ 
(5 ) .  and the driving force is the difference in total prcssure. The distinction between partial 
pressure and total pressure is obviously not important when the gas phase i s  essentially 
pure water. As data to be presented later wi l l  show. thc mole fractions of water in the 
vial and in the chamber are close to unity. The mole fraction of water vapor in the con- 
denser, however, is significantly less than unity. Thus, i f  flow from the chamber to the 
condenser were predominantly Knudsen flow, the chamber resistance. defined using the 
total pressure differcnce between chamber and condenser as the driving force. might 
behave anomalously with variations in chamber pressure. However. as will be demon- 
strated later. the pressure dependence of the chamber rLTistance is of the expected form. 
and, therefore. the selection of the driving lorce seems appropriate. 

The resistance of the semistoppered vial, R,. is defined by: 

R, = (P” - P c ) / m  (Eq. 3 )  

where P, is the chamber pressure (mm Hg). The resistance of the chamber 
to condenser pathway, K,. is defined similarly: 

R, = (P, - Pcd)/tilN (Eq. 4) 

where N is the number of vials in the dryer and Pcd is the pressure in the 
condenser chamber. 

Assuming xi = I ,  the combination of Eqs. 1-4 yields: 

m = &‘(Po - P c d )  (Eq. 5 )  

where the total resistance to flow from a given vial to the condenser chamber, 
RT. is: 

RT = R ,  + R,  t NR, (Eq. 6 )  

Thus, the contributions to total resistance offered by the dried product, stopper, 
and chamber are, respectively: K,. H,, and NK, .  The quantity NR,, is a 
“scaled” chamber resistance and, in  effect, is the chamber resistance per 
vial. 

Since the mean free path of water vapor in  the dried product is large com- 
pared with pore dimensions in the dried product. flow in  this region is free 
molecular or Knudsen flow and the dried-product resistance (R,) is. therefore, 
independent of pressurc (3 , s ) .  However, the mean free path is smaller than 
the channels in  the stopper and the chamber through which vapor must flow 
and, hcnce, the flow mechanism is expected to be predominantly viscous flow 
with perhaps some contribution from Knudscn flow. Therefore. the stopper 
and chamber resistances should be pressure dependent and are expected (5) 
to be of the form: 

- 
R;’ = uo + Pi. i = S, c (Eq. 7 )  

where R, refers to either R, o r 3 ,  and P, is the mean pressure across the 
barrier. For example, for i = s. P, = (Pv + P,)/2. 

The form of Eq. 7 asumes that viscous flow may be described by Poiseuille’s 
law. For viscous flow in  short tubes, a correction to Poiseuille’s law (5) leads 
to an additional term in Eq. 7 which is proportional to the product of the su- 
blimation rate and the mcan pressure. However, the equations presented by 
Dushman (5)  indicate that the short tubecorrection is small for both closure 
resistance and resistance of the laboratorv dryer chamber. A preliminary study 
of closure resistance data ( 3 )  suggests that the sublimation rate dependence 
of the closure resistancc is negligiblc. Thus, although not rigorous, Eq. 7 should 
serve as a useful first approximation. 

Definition of Heat Transfer Coefficients-A heat transfer coefficient is 
defined as the ratio of the area-normalixd hcat flow to the temperature dif- 
ference between heat source and heat sink. For the casc of vials resting directly 
on the freeze-dryer shelf. the vial hcat transfer coefficient. K,, is defined 
by: 

0 = /l,K,( T ,  - Tb) (Eq. 8) 

where Q (cal/s) is the heat flow from the shelves to the product in  a given vial, 
A, is the cross-sectional area of thc vial calculatcd from the vial outer diameter, 
T, is the temperature of the shelf surface. and 7‘b is thc temperature of the 
product at the bottom center of the vial. I f  the vials are resting on a tray bot- 
tom, the temperature T, refers to the tray surface temperature. Equation 8 
assumes the surface above the vials is also at 7, and further assumes the 
normal situation of a small temperature diffcrential between subliming ice 
and ice at the vial bottom. 

The vial heat transfer coefficient may be expressed as  the sum of three 
terms: 

K, = K, + K ,  + K ,  (Eq. 9 )  
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Figure 2-Reciprocal of closure resistance versus pressure. Key: (0) 20-mm 
closure, (0)  13-mm closure. 

where K, IS  the contribution resulting from direct conduction from shelf to 
glass at the points of contact, K, is the contribution from radiative heat 
transfer, and K, is the contribution from conduction through the gas between 
the shelf and the vial bottom. Both K, and K ,  are independent of pressure, but 
K, increases with increasing gas pressure. Using the Smoluchowski theory 
as outlined by Dushman (5). and assuming the gap between the vial bottom 
and the shelf may be characterized by a constant “effective” distance. I ,  the 
gas conduction term may be written: 

where A” is the free molecular heat conductivity of the gas a t  OOC, XO is the 
heat conductivity of the gas a t  ambient pressure, P is the gas pressure, and 
(Y is a function of the energy accommodation coefficient (a,) and the absolute 
temperature of the gas ( T ) :  

The radiation term is a sum of two contributions, radiative heat transfer 
between the shelf and the vial bottom and radiative heat transfer between the 
shelf above the vial and the top of the vial. Radiative heat flow Q,, depends 
on the difference in the fourth powers of the absolute temperatures of the two 
surfaces: 

(Eq. 12) 

where u is the Stefan-Boltzmann constant and 2 is the “effective” emissivity 
for the heat exchange. which depends on the relative areas of the two surfaces, 
their emissivities, and a geometrical view factor (4). For modest temperature 
differences between the two surfaces: 

(Eq. 13) 

where 7 is the mean temperature. For temperatures normally used in 
freeze-drying, the product, ~ 4 7 ’ .  is-I .O X For radiation from the shelf 
upon which the vials rest (bottom radiation), theview factor is approximately 
unity, and since the emissivity of glass is near unity (4), the effective emissivity 
for bottom radiation is essentially the emissivity of the shelf surface, e,, and 
T I  is essentially the temperature at the vial bottom, Tb. For radiation from 
the top, the shelf area view factor of the vial top is much greater than the vial 
area, and one therefore expects (4) the effective emissivity to be essentially 
independent of the emissivity of the shelf above the vials. An exact evaluation 
of V for top radiation is not possible, and we treat the effective emissivity for 
top radiation, denotcd evl as an experimental quantity to be evaluated by vial 
heat transfcr experiments. 

Since Q, for top radiation is the hcat transferred to the subliming ice, an 
empirically defined e, should be based on an identification of T I  as the tem- 
perature of subliming ice. I n  general, temperature differences within the 
product are small and, as a satisfactory approximation in most cases, TI may 
be taken as TI,. With the definitions of e, and e, given above, use of Eq. 13 and 
the approximation, 04T3 = 1 .O X IW4. the radiative heat transfer coefficient, 
K,, becomes: 

K ,  = I .o x 10-4(e, + e,)  (Eq. 14) 

I n  the case of vials resting on a tray battom, an equation similar to Eq. 8 

Qr  = A,SU(T: - ~3 

Q, 2 A ~ u ~ T ’ ( T ~  - T I )  

0 0  
0.00 0.10 0.20 0.30 0.40 

Mean Pressure 
Figure 3-Reciprocal of chamber resistance versus pressure. 

may be used to define a tray heat transfer coefficient, KTR. Here the area, A,, 
is replaced by the ratio of the tray area to the number of vials in the tray,, and 
Tb is replaced by the temperature of the tray bottom. The meaning of Q and 
T, is the same as in Eq. 8. The components of KTR are given by the right side 
of Eq. 9, with the form of K ,  identical to Eq. 10, although the value of the 
accommodation coefficient could differ from the value applicable to heat 
transfer between shelf and vial. 

Since most of the heat input flows from the bottom of the vial to the sub- 
liming ice, the temperature of the product decreases as the distance from the 
bottom of the vial, X, increases. The usual proportionality between heat flow 
and temperature gradient may be used to define the effective thermal con- 
ductivity of the product, K I :  

where QB is the heat flow (cal/s) through the bottom of the vial and T is the 
temperature of the fro7en product in the vial. Since the total area available 
for heat transfer, A,, is i n  part glass and in part fro7en solution, one would 
expect K I  to be an area-weighted sum of the thermal conductivities of glass, 
KG, and frozen product, K,,: 

where A, is the cross-sectional area of the frozen product calculated from the 
inner diameter of the vial. For dilute solutions, one would expect K,, to be close 
to the value for pure ice ( 6 ,  7). 

EXPERIMENTAL SECTION 

Materials-Chemicals used were either reagent or USP grade and were 
used without further purification, except for filtration of the solutions prepared 
through a 0.45-pm filter to remove particulate matter. Solutions were prepared 
by weighing the appropriate quantities of distilled water and solute. Studies 
involving pure water used distilled water*. 

The rubber closures3 have two openings for vapor passage in  the semi- 
stoppered position. The 20-mm finish closure has two openings of 4 . 4  cm 
in diameter, while the 13-mm finish closure has openings of 4 . 2  cm in di- 
ameter. 

The vials used were of commercial origin4 and, except for the limited studies 
with 5304 vials, wcre selected to yield a representative cross section of vials 
produced during a given production run. All of the vials were type I glass; the 
5303 and 5304 vials were molded and the others were tubing vials. The relevant 
vial geometric parameters are summarized in Table I .  The contact-print pa- 
rameters refer to the imprint created by first placing the vial bottom on an 
ink  pad and then placing the vial on a sheet of paper resting on cardboard. 
Moderate pressure is applied by placing a 500-g weight on top of the vial. 
While reproducible. the thickness of the contact print is obviously procedure 
sensitive and does not rcprcsent, except in a relative sense, the actual area of 
physical contact between the vial and a hard surface. The entry in the last 
column, I,,,. is the maximum scparation distance between the vial bottom 

* Water for Injection. Eli Lilly and Co. 
3 West co.  ‘ The vials wi th  dcsignation K were obtained from the Kimble Class Co. and those 

a i t h  designation W wcrc obtained from the Wheaton Glass Co. 
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Table 11-Comparison of Resistances a 

Sublimation Total 
Rate, Resistance, Relative Resistance, Percent of Total 

Product Closure g/hb h m m  Hg/g Product Closure Chamber 

KCI None 0.523 I .38 91.5 0 6.5 
20 mm 0.506 I .42 90.8 3.0 6.2 

KCI I3 mm 0.458 1.56 82.7 11.7 5.6 
KCI 

I C  None 0.321 2.18 96.3 0 3.7 
I 20 mm 0.315 2.22 94.6 2.0 3.4 
I I3 mm 0.294 2.37 88.6 8. I 3.3 

~~~~~ ~~ ~~ ~ 

0 Calculated for a vial of 3.8 cm* internal area, a dried product thickness of 0.S cm. a chamber pressure of 0.1 mm Hg, an ice temperature of -20°C. and the laboratory freem-dryer 
with a load of 60 vials of 4.7 cmz external area. 6 Sublimation rate per vial. System 1 is dobutamine hydrochloride (dobutrcx) and mannitol in a 1.12:l weight ratio with total soltds 
being 53 mg/mL. 

and a flat surface, obtained simply by direct measurement with a metric ruler. 
Thus, this parameter is subject to a measurement error of f -0.02 cm. 

Freeze-Dryers --The laboratory freemdryer was a highly modified com- 
mercial unitS (3) illustrated schematically in  Fig. I .  A stainless steel cylinder 
(A)  constituted the drying chamber wall, and the top of the unit (B) was a 
transparent plastic lid which formed a vacuum-tight seal with the chamber 
walls uia a rubber gasket. Temperature control of the shelf (C) was provided 
by rapid circulation of fluid (methanol) from a thermostat (not shown) into 
the shelf (D) and out of the shelf (E); the fluid flowed through channels in the 
shelf interior. The chamber walls and top were covered with 2 cm of rubber 
foam insulation. However, under the usual conditions of ice sublimation, the 
dryer walls and top run warmer than the shelf. With a 5°C shelf, the walls were 
-I 5°C while the top was -12°C. The shelf surface used in these experiments 
was a thin (I-mm) metal plate in good thermal contact with theoriginal shelf 
ilia a thin coat of high-vacuum silicone grease impregnated with copper dust. 
Unless specifically indicated otherwise, the shelf surface was a polished 316 
stainless steel plate with a measured emissivity, e,, of 0.2V. 

The temperature of the shelf surface was measured by thermocouple Sensors 
(30-gauge wire) designed for surface temperature measurements. A welded 
copper-constantan thermocouple junction was silver-soldered to a copper disk 
-I mm thick and I .5 cm in diameter. A 2-mm thick disk of foam insulation 
was glued to the copper disk, and an empty 10-mL glass vial was then glued 
to the insulation, thus insulating the thermocouple junction from the vial. Good 
thermal contact between the copper disk and the shelf surface was obtained 
by applying a thin coat of high-vacuum silicone stopcock grease to the bottom 
of the copper disk. The shelf surface temperature readings were accurate 
within f0.5"C. 

Without grease at the interface between the copper disk and shelf surface, 
the shelf sensors gave readings that were dependent on chamber pressure and 
were 2-3°C lower than the greased sensors. The shelf surface temperature 
was normally independent of position on the shelf, within f0.5"C.  The dif- 
ference between fluid temperature and shelf surface temperature increased 
as the total sublimation rate increased (i.e., increased heat flow), but was in 
the 1 -2°C range for most of the experiments. 

A butterfly valve (F) separated the drying chamber from a tube ( G )  (2.3 
cm diameter, 25 cm length) leading to the condenser chamber (H). A tube 
( I )  connected the interior of a modified vial with a pressure sensor external 
to the dryingchamber ( M I  or M2) by suitable manipulationofvalves (KI. 
K2. K3, K4. and KS). A pressure-tight seal between the vial and a glass tube 
(11) was made with silicone rubber glue. The glass tube was connected to a 
flexible stainless steel tube (13) with a high-vacuum union'. The flexible tube 
was then connected with tube 1 uia another high-vacuum union. Temperature 
measurements were made at four locations within the frozen product using 
copper-constantan thermocouples (30-gauge wire) (14). Ten additional 
thermocouple leads ( J )  were also available. Differential capacitance ma- 
nometers (MI,  M2)n were used for quantitative measurements of absolute 
pressure, although a thermocouple vacuum gauge (N)  was also included in 
the apparatus. Pressures and temperatures in the vial and chamber were 
continuously displayed as a function of time on a 24-channel recorder9. 

Studies requiring a larger shelf area than that available in the laboratory 
dryer were carried out using a pilot scale dryer10 with condensers in the drying 
chamber. The dryer contained three shelves of 2800 cm2 area separated from 
the condensers by radiation shields. Only the middle shelf was used in the 
experiments. The shelf surface was painted black and the surface temperature 

5 Virtis Unitrap. 
Determined by adjusting the emissivity control on a hand-held optical pyrometer 

until the temperature readout of the instrument agreed with the thermocouple-measured 
surface temperature of the shelf. ' Cajon Ultra Torr Union; Cajon Co., Solon. Ohio. * MKS Model 220 Baratron; MKS Instruments, Inc., Burlington. Mass. 

lo REPP; Virtis  Co. 
Esterline Angus Speed Servo II. 

was uniform within 3°C: several shelf temperature sensors were used and care 
was taken to locate the sensors at positions where the average recorded tem- 
perature represented the true average shelf temperature. The temperature 
of the surface above the vials was colder than the shelf surface upon which 
the vials rested. Temperature measurements taken near the center of the top 
shelf indicated a mean difference of 4.3"C for the experiments performed. 

Procedures-Calibrariom-The differential capacitance manometers were 
calibrated against a precision McCloud gauge". Deviations were less than 
the stated accuracy of the McCloud gauge ( f 3 % )  and no corrections were 
used. The thermocouple temperature sensors were calibrated at the icc point 
and at -25°C against a mercury-in-glass thermometer (fO.l "C). 

Vapor Composirion Measuremenr-Vapor composition was measured by 
comparing the pressure of a fixed quantity of vapor at room temperature with 
the corresponding pressure at  dry ice temperature (-78°C). where the pres- 
sure of water is negligible. For example, the vapor composition in the vial was 
measured by first determining the total pressure in the vial with pressure gauge 
MI (Fig. I ) .  Valves K I  and K2 wereopened,valve K3 wasclcsed,and thecold 
finger (0) was at  ambient temperature. Next, valve KI was closed to isolate 
the sample of vapor, representing the composition of vapor in  thevial. and a 
dry ice-acetone bath was placed around thecold finger. Within a few minutes 
essentially all water vapor was condensed, and the residual pressure was due 
only to airI2. This residual pressure was slightly lower than the air pressure 
in the original vapor since the air in the cold finger was at a lower temperature. 
The original air pressure wasobtained from the measured residual pressure, 
using an empirically determined correction factor (1.044). The correction 
factor was determined by mcssuring the pressure reduction after placing the 
dry-ice bath on the cold finger at high pressure in  a "dry" system. where es- 
sentially all the vapor was air. With the total pressure and the air pressure 
determined, the water vapor pressure in the sample was obtained by differencc. 
The mole fraction of water in  the vapor sample was calculated as the ratio of 
water partial pressure to the total pressure. When the pressure measurements 
were complete, the dry-ice bsth was removed, and, by appropriate manipu- 
lation of valves, the vapor sample was pumped directly into the condenser 
chamber. The valves were then returned to their normal operating position 
for pressure monitoring. This procedure was believed to result in more rapid 
equilibration of the system following a composition measurement. 

Moss Transfer Coefficienrs-Closure resistance at given mean pressure 
was determined by measuring the average pressure difference across the 
closure during sublimation oca known quantity of ice at constant chamber 
pressure. The mean pressure, P, is the mean of the vial pressure and chamber 
pressure ovcr the time interval of the experiment. Thc mean sublimation rate 
was calculated from the mass of ice sublimed and the time required for sub- 
limation. The closure resistance was then obtained from Eq. 3. Similarly, the 
chamber resistance was evaluated from the chamber pressure. Pc, pressure 
in the condenser chamber. fd, and the total sublimation rate (all vials), N&. 
using Eq. 4. Since both chamber and closure resistance measurements are 
sensitive to small pressure measurement errors (the pressure differences were 
small), care was taken to ensure that the pressure sensors (MI  and M2, Fig. 
I )  gave the same reading when connected to the same source, and a number 
of replicate experiments were made at each mean pressure to obtain the final 
data sets. 

Hear Transfer Experimenls ---Two types of vial heat transfer experiments 
were performed. Experiments where data were collected on a single vial over 
a wide range of shelf temperatures and chamber pressurcs in a single experi- 
ment were denoted "single vial experiments." Experiments designed to 
measure both the m a n  heat transfer coefficient for a set of nominally identical 
vials and their corresponding standard deviation in heat transfer coefficients 
were referred to as "multivial experiments." All experiments. except those 
multivial experiments that used larger vials. wcrecarried out using a full shelf 

'I Konres Glass Co.. Vineland. N.J. 
The vapor pressure of ice at -78OC is only 0.6 pm 
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Table Ill-Vapor Composition in Freeze-Drying a 

Rate Per Shelf Chamber Pres- Mole Fraction of HzOb 
Vial, g/h Temp., OC sure, mm Hg Vial Chamber 

0.94 0.78 f 0.08 
0.96 0.89 0.26 -16 0.490d 

0.52 +I2  0.093 0.96 0.78 f 0.04 
0.90 + I 2  0.493d 0.97 0.94 

0.23 -16 w 
Mannitol, 50 mg/mL 

0.16 -21 0.045 0.85 0.78 
0.22 -21 0. I 27d 0.92 0.90 
0.33 -21 0.228d 0.95 0.92 
0.42 - 6  0.232d 0.95 0.93 

Full load of 60 vials (2 .4  cm 0.d.)  in the laboratory freeze-dryer. Estimated un- 
certainty f 0.02 unless specifically indicated otherwise. Mean of four replicate ex- 
periments. 

of vials in the laboratory dryer. In both types of experiments. a small precision 
bore stainless steel tube (length 1.497 cm, 0.217 cm i.d.) was inserted in each 
stopper, and the stopper was inserted fully into the vial neck13. This procedure 
accomplished several purposes: 

I .  The pressure difference across the closure, which was needed to evaluate 
the sublimation rate in  a single vial experiment, was increased over that found 
with stoppers in the usual semistoppered position, thereby decreasing the 
relative error in the pressure difference measurement. 

2. The closure resistance was fixed by the geomctry of the tube and the 
chamber pressure and, therefore, was not subject to variation arising from 
slight variations in stopper placement or geometry. Uniformity in resistance 
to mass transfer in a set of vials is critical when the standard deviation in heat 
transfer coefficient is measured. 

The resistance of the metal tube used with the modified vial (Fig. I )  was 
determined as a function of mean pressure by a procedure identical to that 
used to determine closure resistance. The tube resistance, RTB, is given by: 

Controlled air leak into the drying chamber. 

RSA = 0.2478 t 1.944 P (Eq. 17) 

whcre is (Pv + P,)/2, and the numerical coefficients are  a result of re- 
gression analysis of four data points over a range of P from 0.2 to 0.5 mm Hg, 
yielding a correlation coefficient of 0.9965. The numerical coefficients were 
in  satisfactory agrccmcnt with the corresponding coefficients calculated 
strictly from theoryI4. 

A fill volume equivalent to a liquid depth of -2 cm was used for all heat 
transfer studies. With pure water, a redistribution of ice within the vial oc- 

-20 *C 

- 10 1 
0 I 10 

20 

30 

40 

Figure 4--- 7emperature profile in primary drying using dobutamine hy- 
drochloride-mannitol (1:1] (10 mL) in 5304 molded vials (8.3 cm2) in an 
aluminum tray: heat f l u x  = 42 cal/cm2-h. chamber pressure 0.10 mm H g .  

~~~ ~ 

I 3  Experiments with the 5304 vials represented our first attempt at heat transfer 
coefficient measurement and used 13-mm freeze-drying stoppers in the semistoppered 
position. 

l 4  Using the theoretical relationships for gas flow in tubes ( 5 ) .  the resistance of the 
tube. in mm Hg.h/g. is given in terms of the tube cross-sectional area, A ,  tube radiu2, 
0 .  and tube length. 1. by Rye = [ 1 5 0 . A  ( 0 ( 1 ) ] / [ l  + 8 /3  ( a / / ) ]  + 7965A @*/1)P .  
Substitution of the measured valucs of 0 and 1 (in cm) gives Rd = 0.338 + 2.329 P. While 
the agreement between theory and experiment is not quantitative. uncertainty in the 
measured value of a and uncertainty in the cxperimcntal coefficients could account for 
the difference. 

Table IV-Evaluation of Heat Transfer by Top Radiation: Effective 
Emissivity, e, 

Product N A" e, f om 

H20 
H7O 
H;O 
KCi (1 = 0) 
KCI ( I  = 0.3) 
KCI ( I  = 0) 
KCI ( I  = 0.2) 

Mean 

7 
3 

4.7 1 0.83 f 0.04 
6.83 0.94 f 0.02 

17.2 0.79 f 0.03 
4.7 I 0.88 
4.7 I 0.97 

20.8 0.58 
20.8 0.80 

0.84 

curred such that ice near the vial wall and ice near the thermocouple wire was 
preferentially removed. As a result of this phenomenon, measurements of 
temperature distribution in the ice had to be completed early in the experiment, 
before the assumption of a planar ice-vapor interface was seriously violated. 
Accurate temperature distribution data was obtained until -I 5% of the ice 
had been removed. The vial heat transfer coefficient is defined assuming the 
ice at the vial bottom is in good thermal contact with the glass. Normally, with 
vials filled with pure water, partial loss of thermal contact occurs after sub- 
limation of 35-50% of the ice. Thus, duration of a heat transfer experiment 
is limited to a time corresponding to sublimation of -25% of the ice. Loss of 
thermal contact is rarely a problem when a frozen solution is dried. 

For single vial heat transfer studies, a representative vial from a given lot 
of vials was modified as shown in Fig. 1. After filling, normally with pure 
water, the modified vial and other vials of the same lot, all equipped with 
"identical" metal tubes, were loaded into the laboratory dryer, the liquid was 
frozen, and the chamber was evacuated. The procedure then involved a series 
of heat transfer measurements under steady-state conditions at  selected shelf 
temperatures and chamber pressures. An operational definition of steady state 
is taken as  constant temperatures (f0.2'C) and pressures ( f 2  pm) for a 
period of 10- 15 min. The sublimation rate, m, is calculated from the observed 
steady-state pressure readings using Eq. 3 with the closure, resistance given 
by the tube resistance, Eq. 17. The heat transfer rate, Q, is then calcu- 
lated: 

Q (cal/s) = 0.1833m (g/h) (Es. 18) 

where 660 cal/g is used for the heat of sublimation (8). 
The first shelf temperature setting was adjusted to be equal to the ice 

temperature at the vial bottom. Heat transfer from the shelf to the vial was 
zero, and any residual heat transfer was due to radiative heat transfer from 
the dryer lid and/or possible contributions from conduction through the 
thermocouple wires and the pressure measurement tube (I, Fig. I ) .  Normally, 
shelf temperature settingsof -lO°C, S'C, and 25'C were used in the balance 
of the experiment with four chamber pressures studied at each shelf temper- 
ature. The first pressure setting was the minimum pressure attainable with 
the leak valve closed (0.05-0.10 mm Hg). Higher pressures (0.2,0.4, and 0.6 
mm Hg) were obtained by manual adjustment of the controlled-leak valve 
(P, Fig. 1). 

The advantages of the single vial experiment were that, during one 4 - h  
experiment, heat transfer could be studied over a wide range of shelf tem- 
peratures and chamber pressures, and the effect of radiation from thedryer 
lid could be. directly measured. Since this procedure characterized the heat 
transfer for only one vial in a given experiment, the procedure was not designed 
to examine the variation in the heat transfer coefficient in a set of nominally 
equivalent vials. Moreover, it is difficult to select a "typical" vial and, even 
if this selection is successful, the presence of the pressure measurement tube 
makes it difficult to place the vial absolutely flat on the shelf with no downward 
force on the vial. Even a slight tilt of the vial would have decreased the area 
of actual contact between the glass and the shelf and would, therefore, decrease 
the contact conduction term, K ,  (Eq. 9). The value of the separation distance, 
I (Eq. lo), may also be increased. Conversely, good contact with an excessive 
downward force on the vial may actually increase the value of K ,  over that 
characteristic of a free-standing vial (9). Thus, particularly for the smaller 
vials where the contact problems were most severe, the single vial procedure 
was not the method of choice for determining the heat-transfer coefficient 
of an average vial in normal contact with the shelf. 

Single vial data are, however, an accurate representation of the heat transfer 
for the vial used and the degree of vial-shelf contact experienced in the ex- 
periment performed. Thus, single vial data were used to efficiently and ac- 
curately investigate various assumptions in the defining equation for vial heat 
transfer coefficients (Eq. 8), to verify the theoretical form of the pressure 
dependence of K ,  (Eqs. 9, 10). to characterize radiative heat transfer from 
the dryer lid, and to determine the effective thermal conductivity of the product 
(Eq. 15) .  

The equation defining the vial heat transfer coefficient, Eq. 8, assumes the 
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Figure 5- Vialplacement on the shelfand mean percent deciations in sub- 
limation rates for components oj the cariance study. (See Appendix I for 
discussion.) 

temperature of the surface above the vials is the same as the temperature of 
thesurface upon which thevials rest. While this assumption isvalid for most 
freeze-dryers, the surface above the vials in the laboratory dryer (Fig. I )  was 
the chamber lid, which was not temperature controlled. Thus, the calculation 
of K ,  from heat transfer data accumulated on the laboratory dryer involves 
a correction for the atypical radiative heat transfer from thedryer lid to the 
top of the vials. The h a t  transfer rate, Q. for vials in the laboratory dryer may 
be written: 

Q = A , ( K ,  + 1.10-4e, + K g ) ( T s  - Tb) + A V e v u ( G ,  - T4) 
(Eq. 19) 

where TI. is the lid temperature and T is the temperature of the subliming ice. 
The effective emissivity for top radiation (e,) is assumed to be a property of 
the vial only. Thus. to convert hcat transfer data from the laboratory dryer 
to K ,  data defincd by Eqs. 8 and 14, e, must be evaluated. 

Data for ev were generated by using the single vial procedure and adjusting 
the shelf temperature so that T ,  = Tb. Under these conditions, the heat 
transfer was due !o the top radiation term only, and e, data may be evaluated 
by determining Q, TI. ,  and T. The value of TI .  is obtained by direct mea- 
surement, Q is determined from P,  and P, as  outlined earlier, and T is cal- 
culated using one of the following procedures. When pure ice is in the vial, 
the resistance to mass transfer between the sublimation interface and the 
chamber is almost entirely due to the metal tube in the closure. The pressure 
in the vial, P,,  is essentially equal to the equilibrium vapor pressure of the 
subliming ice, and the temperature of the subliming ice. T. may be evaluated 
from the measured P,  data15. However, when a solution is freeze-dried, the 
vial pressure is much less than the equilibrium vapor pressure of ice, and the 
value of T is calculated using the measured product temperature near the 
sublimat ion interfaceI6. 

Multivial heat transfer studies were used to determine the mean vial heat 
transfer coefficient as a function of pressure as well as to obtain the standard 
deviation in heat transfer coefficients for a set of nominally equivalent vials. 
All vials investigated were filled with pure water to a depth of -2 cm, and each 
vial was weighed ( f 0 . 2  mg). After loading and frcczing. the shelf temperature 

I s  The vapor pressure of ice. in mm Hg, as a function of absolute temperature ( 8 ) .  may 
be expressed as In P = -6144.96/T + 24.011149. 

l6 Although we cannot directly measure temperature a t  the sublimation interface. 
the temperature variation within the product is negligible between locations where 
temperature is measured (Fig. 1) ;  thus. bath methods of determining 'I'should yield the 
same result when the product is pure water. However, we find tha t  the value of 7 detcr- 
mined from P, is systematically -I . 8 O C  lower than the wrrespnding measured product 
temperature. Evidently. a temperature gradient exists very near the sublimation surface. 
at least when the sample is pure water. fhwever, a temperature error of I .X°C produces 
an error in evof only 0.03, M even if the same error is present wi th  a solution. the error 
introduced into thee, data is slight. 

lo 1 

6 5 10 15 20 w 30 

30 1 

0 10 20 30 40 50 

Ts - T b  

Figure 6-Prc~porlionality between heat transfer rate and temperature di j -  
ference. Key: 5303 uials. (0)  0. I mm Hg and (B) 0.2 m m  I l g ;  W5800 uials, 
(0) 0.2 m m  Hg (A) 0.4 mm Hg. and ( 0 )  0.6 mm H g .  

(and product temperature) were adjusted to the expected stcady-state sub- 
limation temperature for that experiment, and the chamber was quickly 
evacuated to the desired chamber pressure by manual adjustment of the leak 
valve. Once the pressure decreased below -I mm Hg and sublimation began, 
the shelf temperature was quickly increased to +S0C. The entire experiment 
was conducted under conditions of constant shelf temperature ( S T )  and 
constant chamber pressure. After -2 g of ice was sublimed, the dryer was 
vented, and each vial was weighed to obtain the mass loss for each vial. The 
average sublimation rate for each vial is calculated as  the mass loss divided 
by the time period of sublimation. Calculations of the heat transfer coefficients 
and the corresponding standard deviation from the raw sublimation rate and 
temperature data are  described in Appendix I. 

RESULTS AND DISCUSSION 

Closure Resistance-Two types of closures of similar design were studied. 
The smaller closure was designed for use with vials that had 13-mm 0.d. necks, 
while the larger closure was used with vials that had 20-mm 0.d. necks. Both 
closures had two openings in the semistoppered position with effective di- 
ameters of 0.2 cm for the 13-mm size and 0.4 cm for the 20-mm size. The 
experimental data (Fig. 2) demonstrate that the reciprocal ofclosurc resistance 
is a linear function of mean pressure, as expected (Eq. 7). The mean pressure 
is the mean of the vial and chamber pressures. Each point is the mean of a t  
least two replicate experiments, while the solid lines represent smoothed data 
from Eq. 7 with the coefficients determined by regression analysis: 

K;' = 2.3 + 22.47 ( I  3 mm) (Eq. 20) 

(Eq. 21) K;' = 4.8 + 1697 (20 mm) 

The resistance of the 13-mm closure was roughly a factor of 5 higher than 
the 20-mm closure at corresponding pressures over the pressure range normally 
encountered in practice, a ratio close to that predicted the~re t ica l ly '~ .  The 

I' I f  each closure opening is approximated as a tube of radius D and length 1. the same 
equation used to calculate rcsistance of the mctal tubesi4 may be used to estimate the 
coefficients in Eq. 7. The estimated values of u and 1 are a = 0.2 cm. 1 = 0.4 cm (20 mm] 
and (1 = 0.1 cm. 1 = O.)cm (I 3 mm). Thus, the theoretkal equivalents of Eqs. 20 and 
21 are R;' = 1.7 + 17P (13 mrn) and R;' = 8.1 + 200P (20 mm). 
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Table V-Vial Heat Transfer Coefficients for 10-mL Vials (A, = 4.71 cm2) in Laboratory Dryer 

Chamber Pressure, Mean m. I 0 4 ~ " .  d K d ,  
Experiment Vial m m  Hg g/h q m ) ,  % cal/s.cm*.'C % 

W5800 
W5800 
K5800 
W5800 
K5800 
W5800 
K5800 
W5800 
W5811 
W5800 
W5811 
W5800 
W5811 

Polished Stainless Steel Shelf Surface 
0.2 0.3782 
0.1 
0. I 
0.2 
0.2 
0.4 
0.4 
0. I 
0.1 
0.2 
0.2 
0.4 
0.4 

0.3472 
0.3727 
0.4061 
0.4339 
0.4509 
0.4824 
0.3440 
0.3632 
0.405 I 
0.4335 
0.4508 
0.4849 

4.5 
3.7 
4.8 
3.3 
4.2 
3.9 
4.5 
4.0 
3.9 
3.9 
4. I 
3.2 
3.0 

6.19 
4.89 
5.45 
6.10 
6.78 
7.89 
8.83 
4.79 
5.21 
6.17 
6.86 
7.69 
8.65 

5.1 
2.0 
5.2 
2.1 
4.7 
4.6 
6. I 
2.8 
2.9 
3.8 
4.4 
2.8 
2.4 

Painted Black Shelf Surface 
7c W5811 0.2 0.445 1 4.7 1.43 6.1 

a Mean data from six replicate experiments; N = 36, A = 5; SD in calculated lo4 X K, is f0.14; N is the total number of vials in  the sample and A is the number of vials located 
adjacent to a shelf temperature sensor (see Appendix I and Fig. 5). N = IS. A = 6. N = 35. A = 12. 

intercept (Fig. 2) at  P = 0 represents the contribution of Knudsen flow, and 
the ratio R,' (P = 0) to R;' at any given pressure represents the relative 
contribution of Knudsen flow to the total vapor flow at that pressure. Thus, 
at >0.03 mm Hg for the 20-mm closure and >0.1 mm Hg for the 13-mm 
closure, Knudscn flow was <SO% of the total flow, and the flow mechanism 
became predominantly viscous flow or bulk-fluid flow. 

Chamber Resistance-The reciprocal of the chamber resistance of the 
laboratory dryer is a linear function of the mean pressure (the mean of the 
chamber and condenser pressures) within the precision of the data (Fig. 3). 
Each data point is the mean of at  least two, and usually more than four, rep- 
licate experiments. The solid line gives the best fit of the data to Eq. 7 with 
00 = 320 f 230 and al = 4960 f 650, where the uncertainty represents the 
standard error in the coefficient. As with closure resistance, the intercept (Fig. 
3) at P = 0 represents the contribution of Knudsen flow while the ratioR;' 
( P  = O)/R; '  gives the relative contribution of Knudsen flow to total vapor 
flow. Due to the considerable uncertainty in the experimental value of UO, it 
is not possible to make a definitive comment on the relative contribution of 
Knudsen flow. 

Assuming that the chamber resistance is due entirely to the tube separating 
the chamber from the condenser. theoretical values of a0 and a1 may be eal- 
culated14: a0 = I24 and al = 28,639. While the experimental and theoretical 
values of a0 agrce within the uncertainty in the data, the experimental value 
of a1 is a factor of -6 less than the theoretical estimate. Thus, the pressure- 
dependent term in R;', which is due to the viscous flow mechanism, was much 
smaller than expected, and the resistance to viscous flow in the laboratory dryer 
appeared to be anomalously high. 

Since the chamber resistance depends on the dryer dimensions, the chamber 
resistance of a production scale dryer obviously will be much less than the 
chamber resistance of the laboratory dryer. However, the total resistance to 
flow from a given vial (Eq. 6) dependson the scaled chamber resistance, NR,, 
where N is the number of vials in the dryer. The pressure drop between 
chamber and condenser for a given sublimation rate per vial depends on the 
scaled chamber resistance (Eq.  4). If the laboratory dryer is a satisfactory 
model for a production scale dryer, the scaled resistances should be comparable 
for the two dryers. Although sparse, the production data available suggest 
that at a mean rressure of 0.1 mm Hg, the scaled chamber resistance (N = 
30,000) is -0.05 mm Hgh/g,  while the corresponding scaled resistance for 
the laboratory dryer ( N  = 70) is 0.086 mm Hg.h/g. 

Comparison of Resistances- Using the data presented in Figs. 2 and 3 and 
dried product resistances generated from vial data in a previousstudy (3). the 
resistance to passage of water vapor from the sublimation surface in a given 
vial to the condenser chamber may be calculated for each barrier: dried 
product, closure, and chamber-condenser pathway. The mean pressures 
needed to evaluate closure and chamber resistances are evaluated by solving 
Eqs. I ,  3, and 7 or Eqs. I .  4, and 7, with 0.1 m m  Hg as the chamber pres- 
sure. 

The dried-product resistance was the dominant resistance, accounting for 
nearly 80% of the mass transfer resistance even when the small ( I  3-mm) 
closures were used (Table 11). Closure and chamber resistances were of the 
same order of magnitude, the chamber resistance was less than the resistance 
of a 13-mm closure, but greater than the resistance of a 20-mm closure. 

Vapor Composition--The gas present in the vial and the chamber was 
mostly water vapor under all conditions studied (Table 111). Even when the 
chamber pressure was increased by a controlled air leak, the vapor in the 
chamber was predominantly water. These observations, which are in  quali- 
tative agreement with litcrature data (10). are a direct result of the low 
pumping speed of the system for air relative to the pumping speed for a con- 
siderable vapor (H20). An air leak increases the total pressure in thecondenser 
chamber (mostly air) and, because the chamber pressure is related to the 
condenser pressure by Eq. 4. the chamber pressure also increases. However, 
even with an air leak sufficient to increase the condenser pressure significantly, 
the molar flow rate of air is still much smaller than the molar flow rate of water 
vapor, and the chamber gas is, therefore, predominantly water. Thus, as a first 
approximation, the heat conductivity parameters A0 and AO (Eq. 10) refer 
to water vapor. 

Temperature Profile in Primary Drying-A temperature profile measured 
during primary drying in the pilot dryer is illustrated by Fig. 4. In this ex- 
periment, the vials were placed in an aluminum tray with a flat 5-mm thick 
bottom and a tray lid containing open channels for vapor passage. Only the 
middle shelf was used. The temperature data (Fig. 4)  refer to mean temper- 
atures recorded at 50% completion of primary drying, and the heat transfer 
rate is the average heat transfer rate calculated from the total amount of ice 
sublimed and the primary-drying time. 

Heat transfer may be described in  terms of four barriers or resistances to 
heat flow: ( a )  the shelf itself, with a temperature difference of B°C between 
the shelf interior and the shelf surface; (h)  the pan or tray, with a temperature 

Table VI-Vial Heat Transfer Coefficients for 20-mL Vials ( A ,  = 6.83 cm2) in Laboratory Dryer 

Experiment 
Chamber 

Vial Pressure, mm Hg 

4 
4 
5 

W5816 
K58 I6 
W5816 
K5816 
W5816 
K58 I6 
W5816 
K5816 
K58 I6 

0.068 
0.068 
0.100 
0. I00 
0.200 
0.200 
0.400 
0.400 
0.400 

0.3664 

0.4209 
0.4503 
0.4879 
0.5285 
0.5520 
0.61 13 
0.61 59 

0.3875 
3.4 
3.5 
3.2 
4.0 
3.0 
4.0 
2.3 
3.2 
4.7 

3.47 4.0 
3.79 4.2 
4.22 3.8 
4.69 5. I 
5.40 3.6 
6.14 5.5 
6.89 2.4 
8.18 4.4 
8.13 6.9 

~ ~~ ~~ ~ ~~ 

a Polished stainless steel shelf. A = 0: iV = 14 (K58 16). N = I 3  (W5816); see Table V footnote (I for dehtions of A and N. 
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Table VII-Vial Heat Transfer Coefficients for 100-mL 5303 Vials(A, = 17.2) in Pilot Dryer' 

Chamber WI). I 0 4 ~ " .  d K " ) ,  
Experiment Pressure, mm Itg i n ,  g/h % cal/s.cm2-"C 90 

~ 

I 
2 
3 
4 

0.100 
0.200 
0.200 
0.400 

0.5842 4.1 
0.7470 4.0 
0.7968 3.0 
0.7696 4.2 

3.1 
4.2 
4.6 
5.0 

3.0 
3 . 3  
I .7 
3.8 

~~~~~~~ ~~ ~ ~ 

a Both W5303 and K5303 vials gave the same mcan K,  (wi th in  0.2%). and B ( r i t )  is essentially the same for the pM)lcd data set as for each data tel considered individually. 

difference of 20°C between the shelf surface and the top surface of the tray 
bottom; (c) the vial, with a temperature difference of 3OoC between the pan 
surface and the product in the bottom of the vial: and (d)  the frozen product, 
with a temperature difference of -2°C between the ice a t  the vial bottom and 
the ice a t  the sublimation interface. The thermal resistance of a barrier may 
be defined as the ratio of temperature difference across the barrier and the 
area-normalized heat flow (4) .  Thus, the largest thermal resistance (50%) 
is the vial-tray interface, but both the tray-shelf interface and the shelf itself 
contribute significantly to the total resistance, 33.3 and 13.3%, respec- 
tively. 

As defined here, the thermal resistance of the vial includes the thermal 
resistance of the glass in the vial bottom. Likewise, the tray resistance includes 
the thermal resistance of the aluminum in the tray bottom. However, as shown 
by Nail (4), the thermal resistance of the metal in  an aluminum tray bottom 
is essentially iero. Therefore, the tray resistance is due to the tray-shelf in- 
terface resistance. The thermal resistance of the glass, even for molded vials 
where the glass is several millimeters thick, is generally less than the thermal 
resistance of the frozen product (4). and the vial thermal resistance is nearly 
all due to the tray-vial interface resistance. In Fig. 4. the thermal resistance 
of the glass (3.5 mm thick) is -5% of the defined vial resistance and <3% of 
the total thermal resistance. For tubing vials, the glass thickness is usually 
-I mm, and the corresponding contribution of the glass to thermal resistance 
is even less. Consequently, the thickness of the glass is not a significant factor 
in vial heat transfer and the usual variations in  glass thickness may be ig- 
nored. 

Heat transfer coefficients for the tray, K.rR. and the shelf itself, Ks.  may 
be defined by equations analogous to the defining equation for vial heat 
transfer coefficients (Eq. 8). Theoretically, the tray heat transfer coefficient 
may be described as a sum of contact. radiation, and gas conduction terms 
(Eq. 9). where the gas conduction term depends on pressure in the same 
manner as the corresponding term i n  the vial heat transfer coefficient (Eq. 
10). For the aluminum tray studied, the tray temperature is uniform 
throughout the tray bottom, and the calculated value of KTR = 5.8 X 
cal/s2cm2."C at 0.1 mm Hg. Similar measuremcnts with a stainless steel tray 
of the same geometry, but with a warped bottom (with -4 mm maximum 
distance betwcen the shelf and the tray bottom) showed significant tray 
temperature differences (z5OC) betwecn zones over a maximum warp and 
zones near a shelf-tray contact point. The mean tray heat transfer coefficient 
at 0.1 mm Hg is 3.3 X cal/san2.0C, but in a zone of maximum warp, 
the coefficient decreased lo  2.4 X 

The shelf heat transfer coefficient. K s ,  calculated from the temperature 
difference between shelf interior and shelf surface (Fig. 4)  is 1.5 X 
cal/s.cm2.T The reciprocal of K s  is the thermal resistance for flow of heat 
from the shelf interior to the surface and probably represents a combination 
of limited fluid flow through the shelf interior and a finite thermal conductivity 
of the shelf material itself. Thus, the shelf heat transfer coefficient is expected 
to be indepcndent of chamber pressure and is probably quite sensitive to dryer 
design. 

Vial Heat Transfer: Radiation Effects/Driving Force for Ileat Flow-- 
Cbnrribu~ion of Radiation- The parameter. ev, represents the cffect of ra- 
diation heat transfer from the surface above the vials. The e ,  data obtained 
(Table IV) show no systematic trend as the vial size (value of A,) increasedtK. 
The experiments with potassium chloride were carried out to determine 
whether the development of a dricd-product layer above the sublimation in- 
terface would act as a thermal barrier and reduce the hcat transfer oia top 
radiation. Thus, measurements of e, were made at  the beginning of sub- 
limation where the dried-product thickness, /, is essentially zcro, and later 
in the same experiment after a dried product layer developed ( I  > 0). The dam 
clearly do not show a decrease in e, as / increases; indeed. there appears to be 

cal/s-cm2."C. 

a small increase in e, as I increases, a result for which wc cannot offer a rea- 
sonable interpretation. I n  summary, the data appear to be adequately inter- 
preted in  terms of a value of e, equal to 0.84, independent of vial sizc and 
thickness of the dried-product layer. 

The definition of the vial heat transfer coefficient assumes the vial is com- 
pletely surrounded by other vials. Clearly. this assumption is not valid for those 
vials forming the perimeter of a group of vials. Such "edge" vials may show 
a significantly higher sublimation rate than "interior" vials due to radiative 
heat transfcr from the surface facing the vial perimcter. The additional heat 
transfer rate for edge vials, AQ,:, may be written: 

(Eq.  22) 

where A, is the vial area exposed to the extra radiation effects, taken as one- 
half thecylindrical area of thevial, 7', is the absolute temperature of the heat 
source ( i . e . ,  the chamber wall), and 7'5 is thc absolute temperature of the 
product. The parameter, PE. denotes the effcctive emissivity for radiative heat 
transfer between the edge vial and the heat source. Numerical analysisIg of 
the experimental data (Appendix I; f ig ,  5 )  yields, eb = 0.21. Since edge vials 
are atypical. edge vial data are excluded from heat transfer data analysis. 

Proportionaliry Berweun Heat 7iansfer Hare and Temperature DiJfer- 
enre-The definition of the vial heat transfer coefficient assumes that the heat 
transfer rate is proportional to thc temperature difference bctwecn the shelf 
surface and the temperature in  the product a t  the bottom of thevial (Eq. 8) .  
Thus, the driving force for heat flow is taken as the tcmpcrature difference, 
T,  - 7 b .  The corrcsponding assumption for heat transfcr in  the laboratory 
dryer is a direct proportion between heal transfcr rate from the shelf. denoted 
QB, and the same temperature diffcrencc. The value of QB is obtained from 
the total heat transfer rate by subtraction of the top radiation contribution. 
The top radiation contribution is calculated using the tcrni in Eq. 19 involving 
e, with cy  = 0.84. Data are obtained at constant pressure as a function of 7, 
- 7'b by varying the shelf tcmpcraturc i n  single vial studies. Rcprescntative 
results for two !qpes of vials arc shown in Fig. 6 at selected chamber pressures. 
As expected, QB is directly proportional to T ,  - 7'b within the uncertainty 
in  the data. Further, thc slopes of thc plots were observed to increase as  the 
chamber pressure increased, which  is consistent with the expected increase 
in conduction through the vapor phahe as pressure increases. 

PItenomeno/ogird Hesulrs-The results. 
of the multivial studies (Tables V - V I I )  arc identified by experiment number 
(first column), vial type (second column). and chamber pressure (third col- 
umn). In general, two vial type5 wcrc studied in  the Same experiment, thereby 
providing greater accuracy for the comparison of K ,  between the two vial 
samples under identical conditions. Thus. while the precision in K ,  for a given 
set of vials is f -290. as measured by thc standard dcviation in a series of 
replicate experiments (laboratory dryer), the ratio of K ,  data for the two sets 
of vials is precisc within f -0.S70. 

The vial number (e.g.. 5800) defines the vial specifications while the letter 
( i . e , ,  W or K )  dcfincs the supplicr. Thus. although WS800 and KS800 vials 
are  nominally identical. vial heat transfer coefficients for K5800 vials are 
significantly higher than K ,  for W5800 vials at corresponding pressures (Table 
V ) .  For thc 5800vials studied, the K ,  ratio is 1 . I  IS ,  independent of pressure 
within fO .S%.  The analogous K ,  ratios for 5816 vials (Table V I )  increases 
smoothly from 1.092 at 0.068 mm I Ig to I. I X7 at 0.4 mm Hg. Again. although 
both WS816 and KS816 vials are nominally identical, the K vials have sig- 
nificantly higher vial hcat transfer coefficients than the W vials. Contrary 
to the K i;ersuz W bias found for tubing vials (S800 and 5816). the largc 
molded 5303 vials studicd show n o  supplicr bias i n  K ,  (footnote a i n  Table 
V I I ) .  The mcan A', valucs are identical. within fO.27~.  for K5303 and W5303 
vials a t  corresponding pressurcs. 

The mean K ,  data reported arc  evaluated using a finite number of vials 

Vial Heat Transfer Coefficients 

~ ~~ 

i f  a significant amount of heal were conducted down the thermocouple wires or 
through the pressure measurement tube. a term in Eq. 19, independent of vial area. would 
be needed. The ex rimental value of ev would include a term inversely proportioned 
to A,. which woulghen result in the measured e, data decreasing as A,  increases. Ke- 
gression analysis of all the pure water data ( I  3 experiments) gives: ev = 0.82 + 0. I4/A,. 
with a correlation coefficient of 0.10. Thus, heat conduction through the thermocouple 
wires (30-gauge) and/or the pressure measurement tube  is small and may be ignored. 

l 9  Under the conditions of t h c  experiment ( A p  m d i x  I ) ,  the 15.0% sublimation rate 
bias between edge vials and interior vials yields ~ Q F  = 0.0106 cal/s. The W58OO vial 
is a cylinder of height -4 cni and radius I .22 cin. The observed value of Tb is 254.7 K .  
Since the shelf is actually a shiillow box  with  il height of I cm. the heat source is the shelf. 
275.5 K, for the first I cm of vial height and is the chamber wall 288 K, for the remaining 
3cmofvial height.Thus,AQF- = a(l.2?)rr..n[l.(275.S4- / f )+  3 . ( 2 8 g 4 -  c)] .and 
the calculated value  ofe t .  is 0.21 
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Table VIII-Vial Heat Transfer Parameters ' with Accommodation 
Coefficient, an of 0.67 and Effective Top Emissivity, e, of 0.84 

Table IX-Vial Heat Transfer: Comparison of Heat Transfer Mechanisms 
for Vials on a Polished Stainless Steel Shelf 

Contact Parameter Separation Distance 
Vial 1 0 4 ~ ~  ( I ) ,  cm 

W5800b 1.24 f .OXc 
K580Ob 1.70 f 0.1 I 
W5811 1 .S8 f 0.1 1 
WS8l6; 0.63 f 0.08 
K5816 0.87 f 0.08 
5303c 0.4 f 0.4 
5304d 0.1 f 0.2 

0.0471 f 0.0018' 
0.0396 f 0.0021 
0.0395 f 0.0021 
0.05 13 f 0.0024 
0.0372 f 0.0013 
0.090 f 0.028 
0.067 f 0.008 

Parameters evaluated using heat conductivity values for pure water taken from the 
literature ( 5 .  I I ) :  A0 = 6.34-10-' cal/scm2.0Cmm Hg; X, = 4.29 X cal/y°Ccm. 

Datum is mean of the multivial study 
( IWK,  = 0 f 0.6, I = 0.103 f 0.040) and the single vial study ( I W K ,  = 0.8 f 0.1. I = 
0.078 f 0.009). Datum from the single vial studies with twovials. Uncertainty given 
is the standard error of the parameter as given by the MLAB program output and docs 
not reflect absolute error. The value of K,  is sensitive to the choice of a, and also depends 
on the mathematical form chosen for K,. 

(normally -1 5 )  randomly selected from one lot of vials. Thus, the reported 
K ,  value is an accurate representation of the mean of the lot within a standard 
error, u ( K y ) / f i .  where N is the number of vials studied. Using the u(K,)  
data reported, the corresponding standard error in the K, ratio between K vials 
and W vials averages -1.5%. Therefore, the K, ratios calculated from the 
reported data are an accurate representation of the lots studied, within -I .5%, 
and probably reflect differences in  geometry of the vial bottoms (Table I) .  
Vial heat transfer data for different lots from the same supplier are needed 
to verify that the lots investigated in  this study are typical of the total output 
from a given supplier. At present. such data are not available, but the differ- 
ences in vial bottoms noted in Table I appear to be consistent, suggesting that 
the K, ratios determined in this study do indeed indicate a supplier difference 
rather than a lot-to-lot variation within a given product. 

The differences in K, between K and W vials are of no practical significance 
in freeze-drying, as long as vials from only one supplier are used for a given 
product. A slightly lower K ,  simply requires a slightly higher shelf temperature 
in the freeze-drying process. The supplier bias is particularly important if  
circumstances can arise where both K and W vials are used for the same 
pharmaceutical product lot. Since the Kuersus W bias in K ,  is significantly 
greater than nonuniformity in K ,  for a given vial type, measured by o(K,), 
a significant increase in nonuniformity of heat input would result whenever 
both K and W vials are used in the same freeze-drying run. The consequence 
could well be a large product loss arising from collapse or eurectic melt, al- 
thiugh the severity of the problem encountered would depend on both the 
natire of the product and the process design. 

The relative standard deviation in K,, o(K,), is a measure of the uniformity 
of heat transfer coefficients within a given lot of vials. Since the u(K, )  data 
are bascd on data from a relatively small number of vials (-I 5 ) .  one expects 
a si7able uncertainty in  a given value of u(K,)20. Based on thedifferences in 
u(K,) between replicate experiments (Tables V-VII). the uncertainty (SD) 
in a reported value of o(K,) is - I  .2%. 

While the o(K,)  data are only semiquantitative. several generalizations 
appear valid. First, all vial types have a surprisingly uniform heat transfer 
coefficient; the average value of u(K,)  is only 4%. Second, the uniformity in 
K, is systematically slightly better for W tubing vials than for the corre- 
sponding K vials (Tables V and VI). The data for 5800 and 58 16 vials show 
a mean o(K, )  of 3.4 f 0.3% for W vials, while thecorresponding value for K 
vials is 5.3 f 0.3%. The uncertainties given are standard deviations of the 
means. Third, while a small but significant pressuredcpendence in o(K,) could 
bc obscured by the scatter of the data, thc data are not consistent with a 
pressure dependence of more than a factor of -2 over the pressure range 
studied. The pressure dcpendcnce in  o(K,)  will be addressed later from a 
theorctjcal point of view. 

While histograms constructed from thc sublimation rate data do appear 
consistent with a normal distribution of K ,  data in a set of vials, the data 
available are not sufficicnt for a critical test. Experiments involving a very 
large number of vials in a freeze-dryer with no significant position effects 
would be needed for a definitive study of the distribution function. Thus, one 
should exercise caution in  assuming a normal distribution for the vial heat 
transfer coefficients. 

Mechanisms of Meat Transfer-In principle, the contribution of each of 
the parallel mechanisms of heat transfer from shelf to vial may be evaluated 

*O The variance in a standard deviation estimate based on N measurements is ap- 
proximately 02/tN (14) where o2 is the variance in  the measured quantity. Thus, the 
SD in b(m)  is = u(m)/&. Assuming that in the evaluation of o(K,)  from i r ( r i t ) .  the 
only uncertainty of consequence originates in the uncertainty in 6(ti1); numerical cal- 
culations give 1.6% for the average uncertainty (SD) in o(K, ) .  

Data from multivial studies (Tables V and VI) .  

Contribution to Hcat Flow,% of Total 
P = 0.1 mm Hg P = 0.4 mm Hg 

Vial Radiation Contact Gas Radiation Contact Gas 
~ 

K5800 2 1  32 47 13  19 68 
W5816 27 16 57 16 9 75 
5303 32 I I  57 22 8 70 

by regression analysis of K, data as a function of pressure using the mathe- 
matical model defined by Eqs. 9-1 I and 14. The zero pressure intercept of 
K, "ersus pressure defines the sum of the radiative and the contact conduction 
contributions. The radiative contribution (Eq. 14) is evaluated independently 
by evaluation of the cffective emissivity for top radiation, e ,  = 0.84 (Table 
IV), and by measurement of the emissirity of the shelf surface (0.28 for pol- 
ished stainless steel. 0.95 for painted black shelf). The contact contribution, 
K,, is calculated from the zero pressure intercept of K,, and the calculated value 
of the radiative contribution, K,. Both heat conductivity parameters, A0 and 
&,areavailablefrom theliterature(5, ll).Thegasconduction term, K,(F.q. 
lo), is therefore determined by the accommodation coefficient, a, (Eq. I I )  
and the effective mean separation distance between the bottom of the vial and 
the shelf, 1. Thus, three parameters, K,, a,, and I, are determined by regression 
analysis of the data. However, the multivial K ,  data set for any type of vial 
consists of K, values a t  only three or four different pressures. which is insuf- 
ficicnt data to evaluate the three parameters with acceptable accuracy. I n  
theory ( I  2), the accommodation coefficient is a function of the natures of the 
gas, the shelf surface, and the vial surface. The gas is independent of the vial 
studied, the vial surface is always glass, and. with the exception of one study 
with the pilot dryer, the shelf surface is polishcd stainless steel. Therefore, the 
accommodation coefficient is assumed to be a constant and is evaluated by 
simultaneous regression analysis of all data sets, where K, and l are vial spe- 
cific, but the accommodation coefficient is independent of the type of vial. 
Both single vial-generated data, fit to Eq. 19, and multivial data, fit to Eqs. 
9- I 1  and 14, were used to determine the accommodation coefficient. Although 
singlc vial data may yield inaccurate values of K ,  and I (see Experimental 
Secrion), these data are suitable for evaluation of the accommodation coef- 
ficient. 

Single vial heat transfer data for the 5303. W5816. W5800, K5800. and 
W581 I vials are well represented by the theoretical model (Eq. 19) with a 
single accommodation coefficient of 0.72 f 0.07. The uncertainty given is the 
standard error providcd by the MLABZi fit program. The data are the result 
of replicated experiments consisting of 132 data points at chamber pressures 
from 0.06 mm Hg to 0.6 mm Hg and at shelf temperatures from - 15°C to 
25OC. The computer fit provided 1 I, parameters, including the accommodation 
coefficient. with a relative S D  in Q of 7.7%. which is within the anticipated 

'1 

1------1 2 - - ,  
0 . s  010 0.U 0.20 0.23 0.30 

PRESSURE, rnrn Hg 

c 
0.w 0.M 

Figure 7 -Pressure dependiwre of uial hear transfer coefficienls for  selected 
uials. Key: (0) W5816. (0) K5816, and (A/ 5303. 

21 M L A B  is a general purpose model fitting a computer program package available 
from the Division of Computer Research and Technology. National Institutes of Health, 
Bethesda, Md. 
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F i p e  8-Calculated pressure dependence of the relative standard deviation 
in vial heat transfer coefjicients. Key: (-) mean of W tubing vials, and (- - -) 
mean of K tubing vials. 
experimental error. The multivial data set, consisting of 22 (KY,  P) data pairs, 
is also well represented by the theoretical model. Eleven parameters, including 
a single accommodation coefficient, a, = 0.62 f 0.05, are obtained. T h e S D  
of the fit for lo4& is f O . l O ,  which is within the precision of the data. The 
agreement between the single vial results and the multivial results for a, is 
satisfactory, and the mean value, 0.67, is taken as the effective accommodation 
coefficient for vial heat transfer. When a, is fixed at  0.67, and the regression 
analysis of single vial and multivial data are repeated, the quality of the fit 
obtained is essentially identical to that found when a, is an adjustable pa- 
rameter. The resulting K, and l parameters are listed in Table VIII. 

Since multivial data are generally a more accurate representation of the 
heat transfer characteristics of the mean of a set of vials, only multivial-derived 
parameters are listed for the tubing vials (5800,5816,581 I) .  The parameters 
for the 5304 vials are derived from single vial studies with two “typical” vials 
since multivial results are not available. In general, K,  data from single vial 
studies are in satisfactory agreement with the correspondingly more accurate 
multivial data; the mean relative deviation in K ,  is <6%. For the 5303 vials, 
the agreement between multivial and single vial data is less satisfactory, and 
this lack of agreement in K ,  data is reflected in  a comparison of the heat 
transfer parameters (K, and I )  obtained from the twodata sets (Table VIII, 
footnote c ) .  Moreover, the standard error in I derived from the multivial data 
is unusually large. Lacking a satisfactory explanation for these observations, 
the K, and I parameters reported (Table VIII) for the 5303 vials represent 
means of the results of single vial- and multivial-derived parameters. 

The values of I (Table V111) correlate reasonably well with the I, , ,  data 
from Table I, where I,,, is the approximate maximum separation distance 
between the vial surface and a flat surface. Linear regression gives: 

I = 0.023 + 0.273 I, , ,  0 3 . 2 3 )  

with a correlation coefficient of 0.958. The values of K, might be expected 
to correlate with the ratio of the contact area to the total vial area, denoted 
f,, where the contact area is calculated from the diameter and thickness of 
the mntacl print. As a rough approximation, 104K, = 12f,, but thecorrelation 
coefficient is only 0.76. 

The uncertainties given (Table V I I I )  are standard errors provided by the 
computer output and are a useful indication of uncertainty only when data 
in Table Vlll are compared. The value of K ,  is particularly sensitive to changes 
in a, and may also depend on the mathematical form chosen for K,. An in- 
crease of 0.05 in a, results in  a decrease in lo4& of 0.20. With the mathe- 
matical form of K, fixed by Eq. 10. the standard error in a,  is f 4 . 0 5 ,  cor- 
responding to an absolute uncertainty in 104K,of f0 .2 .  Note, however, that 
if the value of (I, is really 0.72 instead of 0.67, all values of I@K, in Table Vll l  
decrease by 0.2. The mathematical form of K, (Eq. 10) is derived for two 
surfaces separated by a constant distance, 1. The separation distance between 
the vial and the shelf is not a constant, but generally decreases as  the radial 
distance from the center of the vial increases, until the contact print region 
is reached. As the radial distance increases further, the separation distance 

Table X-Variation in Vial Heat Transfer Coefficients: Components of 
u( K,)  Defined by Q. 25 

RSD 
Vial Constant Term, u ( K K )  Separation Distance, o(1) 

“5800 5.0 8.9 
K5800 8.8 14.4 
W581 I 6.7 5.5 
W5816 7.9 3.6 
K5816 8.9 13.8 
5303 4.6 7.0 

increases sharply up to a maximum value characteristic of the vial. An al- 
ternate mathematical model for K ,  (denoted model I I ) ,  based on the vial 
bottom geometry discussed above, produces an extremely complex mathe- 
matical form for K,22. Regression analysis of single vial and multivial data 
using K ,  from model 11 yields an accommodation coefficient of 0.84 f 0.04 
and gives contact parameters, lo4&, which are  in good agreement with the 
corresponding parameters given in Table VIII. The quality of the fit is the 
same as that found using Eq. 10 for K,. The absolute value of the difference 
between the corresponding values of 104K, averages0.14, as the parameters 
from model I 1  are systematically lower. Thus, it appears that as long as the 
form of K ,  provides a good fit to the data, the values of the contact parameter 
obtained are  not extremely sensitive to the precise form of K, used. We con- 
clude that the systematic error in lo4& introduced by the combination of 
uncertainty in a, and uncertainty in  the form of K ,  is > f -0 .3.  

The energy accommodation coefficient, a,, measures the efficiency of en- 
ergy transfer in a collision between a gas molecule and a surface. For an elastic 
collision no energy is transferred and a, = 0, while for a perfect inelastic col- 
lision, the gas molecule “equilibrates” with the temperature of the surface 
and a ,  = 1. Since both the vial and shelf surfaces are involved in energy 
transfer, the accommodation coefficient for vial heat transfer reflects an av- 
erage accommodation coefficient for gas molecule collisions with the two 
surfaces. For freeze-drying, the gas is nearly pure water vapor (Table I l l ) ,  
and the error in a, introduced by assuming the vapor is 100% H2O is negli- 
gible*). Thus, although the value of a,  determined from the data may depend 
slightly on the model chosen for K,, 0.67 f 0.05 for Eq. 10 versus 0.84 f 0.04 
for Model 11, both models suggest incomplete energy transfer (a, < 1) for the 
collision of a water molecule with one (or both) of the surfaces involved. Due 
to the difficulties in evaluating an accommodation coefficient from vial heat 
transfer data, the conclusion, a, < I ,  must be regarded as tentative. Unfor- 
tunately, the accommodation coefficient data in  the literature (12), do not 
include data for water vapor or glass surfaces. 

Theoretically, the accommodation coefficient could depend on the nature 
of the shelf surface; however, at least for the two surfaces investigated, polished 
stainless steel and black paint, the K, data (Table V) suggest such a depen- 
dence is minimal. The increase in  K, obtained with a black painted shelf 
(experiment 7 versus experiment 5 ,  Table V), A104K, = 0.57 f 0.14, is fully 
consistent with the observed increase in shelf emissivity, Aes = 0.67 f 
0.10. 

The relative importance of the three heat transfer mechanisms (radiation, 
contact conduction, and gas conduction) are compared in Table 1X. Although 
the contact contributions are somewhat uncertain due to the possible sys- 
tematic errors in K ,  discussed earlier, it does appear that all three heat transfer 
mechanisms can make significant contributions to the total heat flow in 
freeze-drying. The dominant mechanism depends on both the chamber 
pressure and the type of vial considered. At chamber pressures >O. I mm Hg, 
the dominant mechanism is gas conduction, but even at  0.4 mm Hg. both ra- 
diation and contact conduction can be important for some vials. 

22 Model I 1  assumes that the vial bottom curvature near the shoulder is described by 
a semicircle of radius k ,  while the curvature in the middle of the vial may be approximated 
by the arc of a circle. The arc and semicircle meet at r = u (near the contact print region). 
Thus, K is obtained b integration of Eq. 10 over the radial distance 0 5 r 5 rv,  where 
I ,  is theevial radius, v‘%,/7rs and the separation distance, 1. is a function of r .  For 0 5 
r 5 a, the equation for an arc is used to obtain / ( r ) .  while for u 5 r 5 rv,  the equation 
of a semicircle is used to evaluate / ( r ) .  The value of (I is calculated from r. = u + k,. where 
k ,  i s  measured from the vial geometry and found to be 0.25 cm ( 10-mL vials), 0.32 cm 
(20-mL vials), and 0.44 cm (5303 vials). The resulting ex ression for K, may be written 
in the form: K = [ ( X o / h )  ( 1  + ~ J o ) ~ ]  -In [ I  + (Ao/!o)&P] + [Z(ks/o)A,,aP/(I + k ~ / a ) ~ ]  Jb  [I + (k.v/u)x{dx/[ I + (ksAoaP/X0)( I - fl- xz)] 
where h is the distance between the shelf and the vial bottom at the vial center (r = O), 
and x is a dummy variable. The remaining symbols are as previously defined. The definite 
integral is a function of pressure, P .  which must beevaluated by numerical procedures. 
Regression analysis of the data using the model I1 function for K ,  giv,es an excellent fit 
to the data. but the values of h determined from the regression analysis areconsistently 
a factor of -2 larger than the measured separation distances (Table I ) .  

2)  The average mole fraction of air (Table Ill) is 4 . 1 5 .  Assuming that the value of 
A0 is a weighted averagc of the A0 data for water vapor and air, with the mole fraction 
of each component as the corresponding weight, the value of A0 is calculated as 5.98 X 
lo-) ( P  in mm Hg). compared with 6.34 X lo-) for pure HzO. Using 5.98 X 10-3for 
A0 increases the value of uc determined from the data by only 0.03. 
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Table XI-Variation in Sublimation Rate Attributable to Tube Variation 18 1 

Percent Deviation from Run Mean Row 
Tube/Vial M 46 60 47 41 Mean 

I -0.17 -3.40 -5.42 -4.26 -5.06 -3.66 
2 2.66 -4.97 -5 "3  -4.63 -4.42 -3.44 
3 2.14 -3.94 -5 t0 -5.11 -3.92 -3.35 
4 0.79 -3.93 -6.40 -5.64 -4.88 -4.01 
5 -2.60 -3.42 -5.98 -4.84 -6.38 -4.64 

Column Mean 0.56 -3.93 -5.91 -4.90 -4.93 -3.82 

Analysis of Variance 
Component Variance, %2 

Total, a2(f i )  6.42 
Column Average (vial), 6~~ 6.49 
Row Average (tube).  ir?i2 0.27 
Measurement Error. a2 1.18" 
Column Effect (at), af 6.25 
Row effect (tube). a: 0.03" 

a Excluding M vial: u2 = 0.44, u i  = 0.05. 

The pressure dependence of K, is illustrated in Fig. 7 for several vials. The 
data shown arc evaluated from the parameters in Table VIII. The curvature 
is a reflection of the importance of the separation distance, I ,  which is highly 
vial specific. Thus, particularly at high pressure, the vial heat transfer coef- 
ficient is quite sensitive to the geometry of the vial bottom. 

Intercia1 Variability in K,.: Pressure Dependence- While there is no ob- 
vious pressure dependence in the a( K , )  data, theoretical considerations suggest 
a small but significant pressure dependence may be obscured by the lack of 
precision in the data. Assuming the variation in K, arises from both variation 
in the pressure-independent term, K ,  + K,, and from variation in the sepa- 
ration distance, 1, the variance in K ,  is written: 

dln K ,  2 

dln K K  
dln K ,  2 

0 2 ( K , )  = I-) . u 2 ( K ~ )  + (-1 dln 1 . a2(1) (Eq. 24) 

where K K  denotes the pressure independent part of K,, K K  = K ,  + K,, and 
the sigmas represent RSD values. Equation 24 also assumes that the deviations 
in K K  and 1 are not correlated. Evaluation of the derivatives in Eq. 24 then 
gives: 

fJ2(Kv) = ( r 2 ( K K ) G I ( f )  + U2(/ )G2( f )  (Eq. 25) 

where GI and G 2  are functions of pressure: 

c l ( f )= ( \  + k ~ - f ) ~ / [ I  + ( k ~ + k , / k ~ ) P ] ~  (Eq.26)  

where k~ = (Ao/Xo)tu.  1, k ,  = Aotu, and theother symbols have their usual 
meanings. The functions, GI and 6'2, depend on vial type as well as pressure, 
but at low pressure GI >> G2. and at 0.4 mm Hg, G 2  is slightly larger than 
G I .  

-21 h 
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Figure 9 - Producr temperarure as a functiori of di.~/ance from the i ia/  bottom. 
Key: (@) heatjlirx = 5.4 tncal /cm2~.~.  (H) hearjluw = 10.6 mcal/cnr2.s. 

16- 

14- 

12. / 
/ 

Figure IOrHeatf7ux as a function of temperarure gradieni in the frozen 
product; Qe = ArKI /-dT/dx/; 1O3Kl = 5.9 f 0.4.  Kqv: (0) W5800, (@) 
W5800 (5% KC/). (0) K5800, (A) W5811. ( 0 )  W5816. 

Formally, Eq. 25 gives a2(K,)  as  a function of two variables, GI  and G2, 
with u ( K K )  and 4 1 )  as  parameters. Regression analysis of the o ( K , )  data, 
according to Eq. 25, produces "experimental" values for ~ ( K K )  and a ( / )  
(Table X) .  Presumably, variation in the contact term is the major contributor 
to ~ ( K K ) .  The data are well represented by Eq. 25, but neither the precision 
nor the extent of the data is sufficient to establish the validity of Eqs. 25-27. 
Rather, provided one assumes the theoretical analysis in  Eqs. 25-27 is valid, 
the data are sufficient to establish both u(KK)  and a(/) for each vial type with 
slightly better accuracy than the accuracy in the input a(K, )  data. The means 
of u ( K K )  and a(/) for all W tubing vials are 6.5 and 6.0, respectively; the 
corresponding means for K tubing vials are 8.8 and 14. I ,  respectively. Thus, 
the K vials display somewhat greater relative variability, particularly in the 
separation distance. Calculated values of o ( K , ) ,  Eq. 25, for the average W 
and average K vials do show a pressure dependence (Fig. 8), the variability 
in K, passing through a minimum at 4 . 1  5 mm Hg. Particularly with K tubing 
vials where the minimum is relatively pronounced, primary drying will be more 
uniform if the chamber pressure is maintained between 0.1 and 0.2 mm 
Hg. 

lntravial Temperature Distribution-The temperature of the frozen mass 
in  the vial is routinely measured at four locations (Fig. 1) during all single vial 
experiments. No significant temperature difference is observed between the 
bottom center and bottom edge of the vial, suggesting that radial heat flow 
is minimal. As expected, however, the temperature decreases linearity with 
distance, X, from the vial bottom (Fig. 9). the slope increasing in magnitude 
as the heat flow through the bottom of the via! increases. Theoretically, the 
heat flow rate through the bottom of the vial, QB, should be direct1.y propor- 
tional to the temperature gradient, dT/dX (Eq. 15). Evaluating QB as  pre- 
viously described yie!ds the data shown in Fig. 10. Within the precision in the 
data, the heat flux, Q B / A " ,  is directly proportional to the measured temper- 
ature gradient. The scatter in the data is largely a consequence of the uncer- 
tainty in  temperature measurement. The slope appears to be independent of 
vial type; moreover, the data for KCI solutions do not deviate significantly from 
the data obtained using pure water. It appears that, independent of the vial 
type or product, the temperature distribution in  a vial may becharacterized 
by Eq. I 5  with a constant value for the effective product thermal conductivity, 
K I .  Regression analysis yields I03K1 = 5.9 f 0.4. Theoretically, K I  contains 
contributions from both the frozen mass and the glass, Eq. 16. From the vial 
dimensions (Table I )  and the thermal conductivity of glass ( I  3) ,  the thermal 
conductivity of the frozen product, K ~ ,  is calculated: 1 0 3 ~ ,  = 6.6 f 0.5 cal/ 
s.cm."C, in  excellent agreement with literature data for ice (6, 7) at  corre- 
sponding temperatures (-25'C). 

CONCLUSIONS 

The vial is an extremely important variable in the primary-drying stage of 
the freeze-drying process. Although the direct effect of the vial on mass 
transfer (cia closure resistance) is slight. the nature of the vial does signifi- 
cantly affect the rate of heat transfer to the product and is a major factor in  
determining the product temperature and drying time for a given set of 
chamber pressure-shelf temperature settings. Vial heat transfer coefficients 
increase with increasing chamber pressure, but the pressure dependence is 
nonlinear. At high pressures, the coefficients are less sensitive to changes in 
pressure. The magnitude of the vial heat transfer coefficient is sensitive to the 
geometry of the vial bottom. While the thickness of the glass in the vial bottom 
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Table XII-Variation in Sublimation Rate Attributable to Vial Position 

Position/ Percent Deviation from Run Mean Row 
Vialo 24 16 48 59 7 Mean 

I -4.12 -5.87 -2.41 -3.13 -2.74 -3.65 
2 -5.64 -5.46 -0.56 -4.86 -4.69 -4.24 
3 -2.22 -4.49 3.77 -4.58 -3.73 -2.25 
4 4.56 -1.48 3.30 -0.72 2.25 1.58 
5 -3.18 -3.66 -1.62 -6.08 -5.06 -3.92 

Column Mean -2.12 -4.19 0.50 -3.87 -2.79 -2.50 
Analysis of Variance 

Variance 
Including Excluding 

Component Position 4 Position 4 
Total, e2(m) 9.52 5.14 
Column Mean, 2~~ 3.49 3.62 
Row Mean, k2 5.17 0.77 
Measurement Error. u2 2.70 1.48 
Column Effect (ut) ,  u: 2.95 3.25 
Row Effect (Position). uk 5.23 0.47 

0 Position 4 is class A (adjacent to shelf temperature sensor); all others are class t i .  

is not important, both the average separation distance between the vial bottom 
and the shelf and the degree of physical contact bctwcen the vial and thc shelf 
are critical factors. The RSD in vial heat transfer coefficients, reflecting 
variability within a given lot of vials, is rather small (24%). However. large 
differences in vial heat-transfer coefficients exists between different types of 
vials. Even vials of nominally the same specifications. manufactured by dif- 
ferent suppliers, differ significantly in  their heat transfer characteristics. A 
freeze-drying cycle, optimized using one type of vial, cannot be expected to 
perform satisfactorily with a different vial. Indeed, circumstances may arise 
where a product is routinely freeze-dried with excellent yield, but a change 
of supplier for vial stock results in significant product loss arising from eutectic 
melt. Clearly, heat transfer characteristics must be given serious consideration 
when vial specifications are determined. 

APPENDIX I: Data Analysis for K ,  and a ( K , )  Evaluation 

Evaluation of Intervial Variability o(K,)--The multivial experiment directly 
yields the estimated variance in the sublimation rate for a given set of vials, 
&*(m). The desired parameter is the RSD in the vial heat transfer coefficients, 
o(K,), and considerable data reduction is needed to extract u(K,) from the 
raw data. First, components of variance in  m ,  due to causes unrelated to the 
vial heat transfer coefficient, must be subtracted from the estimated variance 
in rit,  C 2 ( m ) .  to obtain the variance in m due to variation in the vials, 0;. 
Second, the calculated value of uv must be converted into the corresponding 
value of o(K,). 

I n  addition to variation in  vial heat transfer coefficients, three sources of 
variation in sublimation rate are possible: ( a )  variation in the mass transfer 
coefficients of the metal tubes, ( h )  variations due to location of the vial on the 
shelf originating from variations in  shelf surface temperature and variations 
in radiation effects, and (c), measurement error or intrinsic variation in  the 
procedure itself, probably resulting mostly from variability in the surface area 
and contour of the ice- vapor interface24. 

A series of six multivial experiments a t  a chamber pressure of 0.2 mm Hg 
were designed to evaluate the various components of variance in sublimation 
rate. The entire series of experiments were carried out with the same set of 
W5800 vials in the laboratory dryer. For most of the vials, the vial number, 
the metal tube used, and the shelf position were held constant throughout the 
series to allow evaluation of the intrinsic variation or “error” component of 
the variance, u2. For the first five experiments, a subgroup of five vials and 
corresponding positions were fixed. and the five metal tubes were rotated 
among the subgroup to determine the effect of variation in metal tube on the 
sublimation rate. A second subgroup of five vials, with corresponding metal 
tubes. were rotated among five selected shelf positions to determine the effect 
of shelf positions on the sublimation rate. The vial placement used in  these 
studies is shown in  Fig. 5 ,  where each vial is shown as  a circle. The term 
“pressure tube channel” denotes the space occupied by the tube connecting 

24 Particularly with pure ice, the ice-vapor interface does not remain perfectly planar 
during the entire experiment. While the mass transfer resistance of the solid to vapor 

hasc transition is small, i t  is not zero ( 3 ) ,  and variation i n  surface area will therefore l ave a small effect on the overall mass transfer resistance. Moreover, the effective 
thickness of the ice plug for heat transmission from the vial bottom may vary sli htly 
betwen vials or between replicate experiments with the same vial. Thus. even for fixed 
K ,  and fixcd 7.,. the sublimation rate will vary slightly within a given set of vials. 

Table XIII-Sublimation Rate Variation in Pilot Dryer: Percent Deviation 
from Mean Sublimation Rate Related to Vial Position. 

Row 
Row/ 

Column 
Percent Deviation from Run Mean Mean, 

I 2 3 4 5 Ri 

1 -4.17 -4.64 -4.47 
-3.47 -7.14 -1.85 2 

3 -2.21 -3.52 -4.79 
4 -1.59 0.14 -7.20 
5 -6.61 1.85 1.26 
6 -0.28 3.48 5.48 
7 5.66 1.29 4.71 
8 -1.22 1.74 3.15 
9 1.16 1.31 2.55 

10 -4.28 -3.91 0.00 
I I  -0.14 -5.12 -2.26 

Analysis of Variance 
Column Average, cj - I  .56 - I .32 -0.3 I 

Comwnent 

-3.60 1.79 -3.02 
-3.75 0.41 -3.16 
-4.78 0.15 -3.03 

1.08 1.20 -1.27 
-0.79 2.46 -0.37 

5.51 -1.74 2.49 
3.75 3.34 3.75 
5.22 13.58 4.49 
2.13 6.55 2.74 

-0.50 3.04 -0.93 
-3.96 3.23 -1.65 

0.03 3.18 0.00 

Variance 

Total, k 2 ( m )  16.28 
Column Average, 2z2 3.60 
Row Average, h2 x.16 
Measurement Error, u2 I .99 
Column Effects. ut 3.41 
Row Effects, at 1.76 
Vial, 0,‘ 5.83 

5303 vials. 0.2 mm lig. 

the interior of the modified vial to the pressure sensor. Vials on the edge of 
the shelf, which arc exposed to the chamber walls, are marked with an E. All 
other (interior) vials are divided into two classes: class A, which represents 
those vials adjacent to a shelf temperature sensor, and class H. where the vial 
is in a hexagonal close-packed configuration with other vials. as would be found 
in normal loading of a freeze-dryer. Vials adjacent to the pressure tube channel 
are not rigorously in  a hexagonal configuration, but the results of this series 
of experiments and subsequent multivial experiments indicate that vials ad- 
jacent to the pressure tube channel show no measureable position bias when 
compared with hexagonally packed vials. The vial idcntification number is 
given in the lower part of the circle, and the class A vials have a bar underlining 
the vial number. [The modified vial (Fig. I )  is denoted M.] The symbols PI ,  
P2, P3, Pq, and Ps, refer to the positions used in the position rotation study while 
the symbols T I ,  T2, . . . . refer to vials -positions used in the tube rotation study. 
Thermocouple-containing vials have the designation TC, followed by the 
thermocouple identification numbers, or numbers in the case of multiple- 
thermocouple vials. The number in the top part of the circle, containing a 
decimal point, is the percent deviation of the mean sublimation rate for that 
vial-position combination from the corresponding mean for the total interior 
set of vials. The deviations recorded for the P vials correspond to the mean 
deviation for that position as found in the position rotation study. 

The edge vial deviations represent the results of a single experiment but 
clearly show a higher sublimation rate than the interior vials. The mean de- 
viation in sublimation rate for the edge vials IS 15.0 f 1.5%. where the un- 
certainty is the SD of the mean. The higher sublimation rate for edge vials 
is undoubtedly due to radiation effects from the Luge of thc shelf and chamber 
wall. Since edge vials are atypical, edge vial data arc excluded from the data 
analysis. It should also be noted that vial 22 (Fig. 5, upper lcft corner) behaves 
anomalously. The edge vials surrounding vial 22 displayed a tendency to move 
away from it during the course of the experiment, presumably due to vibra- 
tions, giving vial 22 some characteristics of an edge vial. Thus, vial 22 is also 
excluded from data analysis. 

The raw data and corresponding analysis of variance for the metal tube 
rotation portion of the experiment (Table XI)  show essentially zero variance 
in sublimation rate caused by variation in the mass transfer coefficient of the 
metal tubes. All standard deviations (u) are relative standard deviations. The 
estimated or directly measured SD in the first three rows of the analysis of 
variance section are evaluated with N - 1 weighting from the raw data. The 
value of 4 is computed from the column means while the value of & is 
computed from the row means. The last three rows in the analysis of variance 
section are calculated variances for an infinite set of vials evaluated from the 
variances in the first three rows using the appropriate corrections for degrees 
of freedom (14). The measurement error component, u2, represents the in- 
trinsic variability in the experiment while the column effect, uz. gives the 
variance originating from vial -position variability. The variance component 
giving the row effect. uk. represents the contributions to the variance in sub- 
limation rate originating from variation in metal tubes. Clearly, variation in 
the mass-transfer coefficient of the metal tubes is negligible. 
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The results of the position rotation experiment (Table XII )  indicate a sig- 
nificant position effect, but nearly all of this effect is due to a difference be- 
tween class A and class H interior shelf positions. Indeed, when position 4 
(class A) is excluded from the analysis, the remaining four positions yield a 
position variance of only 0.47. Thus, the shelf temperature uniformity appears 
to be excellent. 

The mean bias between position 4 and the other positions is 5.1 f 1.090, 
where the uncertainty is the standard error in the bias estimate. Additional 
multivial experiments comparing class A positions with class H positions yield 
a bias of 3 .6  4~ I .O%, in reasonable agreement with the value obtained from 
the data in Table XII. The higher sublimation rate for vials adjacent to a shelf 
sensor is probably a result of radiative heat transfer from the shelf sensor, a t  
roughly the shelf temperature, to the vial. We write2? 

A& z AVS, X (Ts - Tb) (Eq. 28) 

where AQA is the extra heat flow coming from the shelf sensor. The parameter, 
S,, evaluated from the data is 0 .3  I .  

The measurement error variance, u2, is estimated from the replication data 
for those vials where the vial position is held fixed for the series of six cxperi- 
ments. Using N - 1 weighting, the estimated variance is calculated for each 
vial, and the mean variance of each vial class is taken as the measurement error 
variance for that class. For class A vials u2 = 4.3,  while for class H vials, D* 
= 2.6. 

For a set of N vials of which A vials are adjacent to a shelf temperature 
sensor, the total estimated variance in k,32(m). where 3(m) is the estimated 
RSD i n  k, with N - I weighting, may bc approximated by: 

b 2 ( k )  = u: t a&. t (A/N)utA + ( I  - A / N ) u & ,  + ( A / N ) ( I  - A / N ) r 2  

(Eq. 29) 

here, u: is the variance component from variation in the vial heat transfer 
coefficient, u& is the variance component from shelf position variation for 
class H vials [0.47 (Table XII)], and a& are the measurement error 
components for class A (4.3) and class H (2.6) vials, respectively. The term 
in r gives the variance component originating in the class bias between class 
A and class H vials where: 

The term, A m A ,  is the difference in sublimation rate (g/h) bctween a class 
A vial and the mean sublimation rate for the entire set, ( m ) .  From the vari- 
ance data obtained in the series of preliminary experiments described in Tables 
XI,  XI1 and Fig. 5 ,  and the experimental value of 3*(m) obtained for a given 
experiment, the corresponding variance due to variation in the vial transfer 
coefficient, a:, may be calculated. When A / N  is -0.5, the position bias term 
in Eq. 29 is large and may be the largest component of variance, thus limiting 
the accuracy with which ut may be determined. 

Equation 29 is an approximation where the most serious problcm arises from 
the assumption that the measurement error variances and class bias do not 
vary between experiments. Clearly, the accuracy in ut would be greatly im- 
proved with an experimental design where A / N  is zero without decreasing 
N significantly. Originally, we were concerned with potential shelf temper- 
ature variation with position and chose to employ two shelf sensors a t  central 
locations on the shelf ( A / N  is -0 .4) .  However, experience has shown that 
shelf temperature variation is not a problem with the laboratory dryer. and 
our current experiment design uses only one shelf sensor a t  an edge vial lo- 
cation and does not use the modified (M) vial. Thus, the pressure tube channel 
is filled with vials. The net result is that only one vial from a set of -1 5 is ad- 
jacent to the shelf sensor, and this vial is excluded from the data analysis. Only 
vials in a truly hexagonal packing arrangement are used in  the data anal- 
ysis. 

The RSD in  sublimation rate is slightly smaller than the corresponding RSD 
in the vial heat transfer coefficient. The sublimation rate is proportional to 
the product of K ,  and the temperature difference, T ,  - Tb.  A given positive 
deviation in K ,  produces a corresponding increase in T b .  thereby decreasing 
slightly the temperature difference, T,  - T b ,  resulting in a net relative increase 
in k smaller than the relative increase in K,. The RSD in K,, n(K,) ,  may be 
related to the RSD in h, uv by: 

d In K ,  
d In m 

u(K,) = U" *- 

where: 
d In K ,  
d In m 
- P  1 . 2 t 4 0 0 K V  

Since K, is of the magnitude 5 X the value of u(K,)  is -50% greater 
than uv. The derivation of Eq. 32 is given in  Appendix I/. 

Due to significant shelf position effects, evidently originating, a t  least in  
part, from nonuniformity of shelf temperature, the statistical analysis for data 
generated with the pilot dryer differs slightly from the analysis (Eq. 29) given 
data from the laboratory dryer. The procedure used with data from the pilot 
dryer is outlined in Table XIII. Here, the rows and columns represent vial 
locations on the dryer shelf. The numbcrs within the row -column matrix are 
percent deviations of the sublimation rate for a given vial-position from the 
mean sublimation rate of all interior vials. The KSD (b(m). &, and &) are 
evaluated directly from the raw data as described previously in the discussion 
of Table XI. The last four rows in the analysis of variance section of Table Xl l I  
are calculated data ( 14)26 using u2 = 1.99. This value of u2 is determind from 
a series of replication experiments with 5303 vials in the pilot dryer. Note that 
the column position effect, a:, and row position effect, uk, are major con- 
tributors to the total variance. The term of interest, the variance in m due to 
vial heat transfer variations, ut, is <SO% of the total variance. 

Evaluation of Vial Heat Transfer Coefficients From Multivial Data-The 
vial heat transfer coefficient is formally defined by Eq. 8 when the surface 
above. the vials is at the temperature of the shelf. For both the laboratory and 
pilot dryers, the temperature of the surface above the vials differs somewhat 
from the shelf temperature. Moreover, although the average sublimation rate 
is measured. from which the mean heat transfer rate may be calculated, the 
temperature difference Ts - Tb is measured for a limited number of vials, 
normally four. Therefore, the average temperature difference corresponding 
to the average heat-transfer rate is not directly measurable. and an indirect 
calculation procedure is used to evaluate the average heat transfer coeffi- 
cient. 

First, the mean heat transfer rate corresponding to heat flow through the 
vial bottom, (QB), is evaluated from the mean heat transfer rate, ( Q ) ,  by 
subtraction of the top radiation contribution: 

(QB) = (Q) - A,e,u (c. - T4) (Eq. 33) 

where u is the Stefan-Boltzmann constant, TI.  is the temperature of the 
surface above the vials, and e, is taken as 0.84 (Table IV). The value of ( Q )  
in cal/s is calculated from the mean sublimation rate in g/h by ( Q )  = 
O.I833(ril). The temperature, TL. is directly measured, and the temperature 
of subliming ice, T ,  is evaluated indirectly from the mean sublimation rate 
and the chamber pressure. Since the gas in the vial is essentially pure water 
vapor at the equilibrium vapor pressure of the subliming ice, the mean sub- 
limation rate, mean vapor pressure, and chamber pressure are related (Ap- 
pendix II, Eq. 41). Thus, the mean vapor pressure is determined from the mean 
sublimation rate, and the Corresponding mean ice temperature, ( T ) ,  is eval- 
uated from the mean vapor pressure". Equation 33 is used to evaluate the 
mean heat transfer ratcs for both the set of thermocouple-containing vials and 
the complete vial set. 

That portion of the vial heat transfer coefficient representing heat transfer 
from the shelf to the vial bottom, denoted K,B, is evaluated for the set of 
thermocouple-containing vials: 

(K,B)Tc = ( Q ) T C / A v ( T s  - Tb) (Eq. 34) 

where the subscript TC denotes the mean of the thermocouple vial set. The 
mean of K,B for all vials, denoted ( K V ~ ) ,  is obtained indirectly. In  general, 
the value of ( Q B ) T ~  is slightly different from the corresponding,mcan of all 
the vials, (QB). Treating this small difference as a differential, ~ ( Q B )  P (QB) 
- (QB)Tc, the corresponding differential in  ( K , B ) ,  ~ ( K , I I )  = ( K , B )  - 
( K"B)Tc. may be evaluated from the value of the derivative, d In K,B/d In QB 
(Appendix II .  Eq. 45). Thus, the value of ( K V ~ )  is given by: 

(K,B)  = ( K ~ B ) T c  [ I  + (1 .2  t 400 ( K V ~ ) ~ ~ ) ' ( ( ~ ~ ) / ( Q ~ ) ~ c -  111 
(Eq. 35) 

The value of (K ,B)  calculated from Eq. 35 refers to the mean of all vials and, 
therefore, includes the effects of atypical radiation heat transfer from the shelf 
sensor for the class A vials. The result of Eq. 35 is corrected to represent only 
class ti (normal position) vials by subtracting the term, S ,  X ( A / N ) .  
(see Eq. 28) from ( K , B ) .  Finally, the total vial heat transfcr coefficicnt, as 
defined by Eq. 8, is obtained by adding ev X to the corrected result from 

26 For a matrix of deviations containing p rows and q columns, where the rows and 
columns represent position effects. the random component of variance is the sum, U: + 
u2, which may be cvaluated from (14): ut + u2 = [@q - 1 ) /@ - 1 ) (q  - 1 ) ] a 2 ( M )  - 

2J Heat flow from theshelfsensor to the vial is probably proportional to the"cy1inder" 
area of the vial, A,. However, for the vials studied, A, is approximately proportional 10 
the cross-sectional vial area. A,. P/@ - - [ q / ( q  - I ) ]  a+. 
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Eq. 35 to provide for the correct top radiation term under the conditions of 
Eq. 8. Thus, the mean value of K ,  for the vial set is: 

K ,  = ( K , B )  - s, x 10-4 ( A I N )  t e ,  x 10-4 (Eq. 36) 

where ( K v ~ )  is given by Eq. 35, S, is taken as 0.31, and ev is 0.84 (Table 
IV). 

APPENDIX [I: Relationship of Relative Standard Deviation in K, with 
Relative Standard Deviation in 1 

The relationship of u ( K , )  tob(m) depends on the derivative, dln K,/dln m 
according to Eq. 3 I. This derivative may be evaluated with sufficient accuracy 
assuming the temperature of the source of top radiation is equal to the shelf 
temperature, T,. With this assumption, the sublimation rate, m (g/h) may 
be written: 

(Eq. 37) 

where AH, is the heat of sublimation and the factor. 3600. convcrts sub- 
limation rate from g/s to g/h. Similarly, the sublimation rate may be related 
to the temperature difference between the bottom of the vial and the tem- 
perature of subliming ice using the approximation: 

(Eq. 38) 

where li is the thickness of the ice plug and T is the temperature of the sub- 
liming ice. The relationship given by Eq. 38 is rigorous only when all heat flow 
comes through the vial bottom. However, the error introduced by using Eq. 
38 does not seriously affect the results of this section. Differentiation of Eq. 
37 yields: 

A , K ,  dm d T  - 1  I t 3600- -.- (Eq. 39) 0 d In K, -= 
d In m AHs d T  dTh 

while differentiation of Eq. 38 gives: 

The sublimation rate may also be related to the pressure in thevial using Eqs. 
3,7. and 17. Since in  multivial experiments with pure water, the pressure in 
the vial is approximately equal to the equilibrium vapor pressure of ice (Po), 
one may write: 

(Eq. 41) 

w i t h  a0 = 0.2478 and a1 = 1.944. Thus, since dm/dT = (dm/dPo)(dPo/ 
d T ) :  

drii - dPo -- (0.2478 t 1.944 Po) - 
d 7  dT 

Combining Eqs. 39-42 and using d P d d T  = 0.1 PA5: 

dln K ,  li 3.6 X 104A,K, 
0%. 43) - = l t - K K , +  - 

dln m KI AHs (0.2478 t 1.944Po)Po 
Numerical evaluation of the term involving Po demonstrates that this term 
is nearly constant a t  0.2 for all multivial experiments conducted. Thus, with 
li = 2.3 cm and K I  = 5.9 X (Fig. 9), Eq. 43 simplifies to: 

dln K ,  
dln m 
-- - 1.2 t 400 K ,  

A derivation nearly identical to that given above may be given to evaluate 
the derivative d In K,B/d In QB,  where K,B is that portion of the heat transfer 
coefficient describing heat transfer from the shelf to the vial bottom, and QB 
is the heat flow from the shelf to the vial bottom. The result is also nearly 
identical to Eq. 44 and may be written: 

dln K,B -- - 1.2 t 400 K , B  
dln C?B 

Equation 45 is used in the evaluation of vial heat transfer coefficients from 
the raw data. 
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