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INTERNATIONAL
Standard Practice for
Product Temperature and Equipment Pressure

. . . . 1

Instrumentation in Pharmaceutical Freeze Drying
This standard is issued under the fixed designation E3250; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (¢) indicates an editorial change since the last revision or reapproval.

1. Scope 2. Referenced Documents

1.1 Recommended best practices in monitoring of product
status during pharmaceutical freeze drying are presented fo-
cusing on methods that apply to both laboratory and production
scale.

1.2 With respect to product temperature measurement,
sources of uncertainty associated with any type of measure-
ment probe are discussed, as well as important differences
between the two most common types of temperature-
measuring instruments — thermocouples and resistance tem-
perature detectors (RTD). Two types of pressure transducers
are discussed — thermal conductivity type gauges and capaci-
tance manometers, with the Pirani gauge being the thermal
conductivity type gauge of choice. It is recommended that both
types of pressure gauge be used on both the product chamber
and the condenser for freeze dryers with an external condenser,
and the reasoning for this recommendation is discussed.

1.3 Aseptic filling and sterilization practices are outside the
scope of this practice. These are recommendations to assist
users in selecting best practices and they are not intended to
supersede or replace regulatory requirements.

1.4 Units—The values stated in SI units are to be regarded
as the standard. No other units of measurement are included in
this standard with the exception of mTorr for pressure mea-
surement

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

! This practice is under the jurisdiction of ASTM Committee E55 on Manufac-
ture of Pharmaceutical and Biopharmaceutical Products and is the direct responsi-
bility of Subcommittee E55.05 on Lyophilization.

Current edition approved May 1, 2021. Published June 2021. DOI: 10.1520/
E3250-21.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. United States

2.1 ASTM Standards:*

E230 Specification for Temperature-Electromotive Force
(emf) Tables for Standardized Thermocouples

2.2 ICH Standard:*

ICH Q8(R2) Pharmaceutical Development

3. Significance and Use

3.1 This practice deals with recommended best practices for
freeze dryer instrumentation, particularly which is used for
monitoring the status of the product during freeze drying and
perhaps for equipment capability testing. Temperature and
pressure are both critical variables affecting heat transfer, mass
transfer, process efficiency, and product quality. For this
reason, particular emphasis is placed on product temperature
and pressure measurement within the freeze dryer. The meth-
ods discussed in this guide are limited to techniques that are
equally applicable at both laboratory and production scale.

3.2 Finally, it is recognized that “best practice” changes
over time as new technology matures and process understand-
ing deepens.

4. Product Temperature Measurement

4.1 When developing a freeze-dry cycle for any product, it
is essential to collect reliable data on product temperature
throughout the freeze-dry process. It shall be ascertained that
the product is frozen to a suitably low temperature and held at
that temperature for a sufficient time to ensure complete
product freezing and equilibration with the frozen temperature.
Identifying appropriate conditions for primary drying, which is
usually the longest part of a freeze-dry cycle, requires knowl-
edge of the equipment limit and the upper product temperature
limit for primary drying be established based on materials
characterization backed by stability studies, and that the
product temperature during primary drying remain a safe

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service @astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website.

3 Available from International Council for Harmonisation of Technical Require-
ments for Pharmaceuticals for Human Use (ICH), ICH Secretariat, Route de
Pré-Bois, 20, P.O Box 1894, 1215 Geneva, Switzerland, https://www.ich.org.
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FIG. 1 Best Practice for Measuring Product Temperature in Indi-
vidual Vials includes Using Fine-Gauge Thermocouple Wire
along with a Device for Maintaining the Location of the Tip of the
Thermocouple in the Center of the Vial Touching the Bottom
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FIG. 2 Comparison of Ice Nucleation Temperatures for Vials Con-
taining a Temperature Probe Versus Vials in which the Tempera-
ture Probe is Attached to the Outside surface of the Vial

margin below this upper limit without being unnecessarily low
resulting in an unnecessarily prolonged freeze-dry cycle.

4.2 The recommended best practice for measuring product
temperature in individual vials is illustrated in Fig. 1. Several
features should be evident. First, the thermocouple wire is thin
(30 gauge, in this case). The fine wire facilitates handling the
lead wire in such a way that it does not disrupt vials in its path
and helps in locating the junction at a precise location. Note
also that there is a device in the neck of the vial incorporating
a guide tube through which the thermocouple wire is threaded.
This enables locating the thermocouple tip in the center of the
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vial and touching the bottom. (Additional details of the device
are in X1.1 and illustrated in Fig. 1).

4.3 While there is no question of the importance of product
temperature monitoring during laboratory scale cycle
development, practices across the industry differ widely over
the use of product temperature beyond the laboratory scale.
There is widespread recognition of the usefulness of monitor-
ing product temperature during scale-up to assure that the time
course of product temperature at larger scale is reasonably
consistent with laboratory scale data. The same consideration
applies to cycle validation, stability batches at larger scale,
transfer of cycles between manufacturing sites, manufacture of
clinical supplies, and so forth.

4.4 Before going further, it is important to discuss some of
the problems and sources of uncertainty associated with
product temperature measurement. First, the presence of any
temperature probe introduces a bias in monitored vials relative
to non-monitored vials. The temperature-measuring device,
regardless of whether it is a thermocouple, a resistance
temperature detector (RTD), or any other type of device, can
act as a nucleation site for ice. This is illustrated in Fig. 2 in
which nucleation temperatures for vials with a temperature
probe in the vial are compared with nucleation temperatures
with the temperature probe fastened to the outside surface of
the vial where it cannot influence nucleation. (The details are in
X1.2). As a result, monitored vials tend to sublime more
rapidly than the rest of the batch. Ten percent faster is a
reasonable estimate (1).* Note, this estimate to quantify the
bias should not be assumed for all product/vial/thermocouple
combinations, and is provided merely as an estimate. This bias
shall be taken into account in establishing the end of primary
drying in cases in which product temperature is the only cycle
end-point indicator. This issue is most important for stochastic
ice nucleation; that is, nucleation of ice proceeds randomly
when an array of vials is placed on a cooled shelf. As the
technology matures for controlled nucleation in freeze drying,
using either rapid depressurization (2) or introduction of an ice
fog (3), we can expect that there would be less bias between
monitored vials and the rest of the batch.

4.5 In addition to the bias introduced by temperature-
measuring devices, there are other sources of uncertainty in the
integrity of product temperature data that are particularly
prevalent in a production environment. Fig. 3 is a photograph
of product thermocouples that are commonly used in a pro-
duction setting. There are at least two things “wrong with this
picture.” First, there is no provision for securing the tip of the
thermocouple in a fixed position in contact with the product.
Second, the heavy gauge of the thermocouple wire and the
consequent stiffness and weight of the wire adds to the
uncertainty as to exactly what temperature is being measured.
(The details are in X1.3).

4.6 A significant logistical problem with temperature moni-
toring in a production environment is the use of automated
loading/unloading systems. Such systems give limited, if any,
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FIG. 3 Thermocouples are Representative of Thermocouples Commonly Used in a Production Environment for Product Temperature
Measurement

access to vials for insertion of temperature probes. Some
manufacturing systems use sub-doors on the front of the freeze
dryer (“pizza” doors), in which, after a shelf is loaded, the shelf
stack indexes upward, and that shelf is no longer accessible for
manually placing probes in vials. This is the primary reason
why product temperature is not monitored during routine
production but merely used during engineering runs as a part of
process validation and Technology transfer. Note that the above
section does not imply that monitoring product temperature is
not important. However, given the bias introduced by moni-
toring with thermocouples in the vial, logistical challenges
associated with such measurement in the aseptic environment,
and that the temperature can be monitored as a part of the
engineering run, the data can be used to augment the need for
monitoring during routine production.

4.7 Another disadvantage of product temperature probes in
a production setting is that insertion of any type of probe into
an open container of product is usually a manual operation.
Regardless of the care taken to maintain asepsis, this type of
operation cannot help but compromise sterility assurance to
some extent. For this reason, in many production operations,
temperature probes are placed only in vials on the front row of
the freeze dryer, since this can be done without reaching over
the tops of partially open vials of product. While this is good
practice from the standpoint of sterility assurance, the front
row is a non-representative location because of the “edge-

effect,” in which vials on the edge of an array of vials,
particularly the edge near the door, receive additional heat via
thermal radiation (4).

4.8 Thermocouples Versus RTDs:

4.8.1 A thermocouple consists of two wires made from
different metals joined together at one end to form a measuring
junction. The opposite ends, connected to a thermocouple
meter, are referred to as the reference junctions. When the two
ends are placed at different temperatures, a voltage difference
develops along each of the thermocouple wires. The difference
between the voltage generated by the two wires is the voltage
measured between the two reference junctions. This is known
as the Seebeck effect. While any two metal combinations
behave in this way, only a few combinations are important
industrially (refer to Specification E230). Some examples are
shown in Table 1.

4.8.2 The Type T thermocouple seems to be the most
commonly used thermocouple in freeze drying. (The details are
in X1.4.) Regular replacement of thermocouples should be
considered, and of course, any thermocouple registering an
open circuit should be discarded.

4.8.3 Given that thermocouples generate only tens of mi-
crovolts per degree temperature difference between the mea-
surement junction and the reference junction, it is important to
avoid introduction of any metal other than the appropriate
thermocouple materials anywhere in the circuit, particularly in

TABLE 1 Examples of Thermocouple Composition

Type Materials ( AvifangS:IZI\%K) Comments
S Platinum/platinum + 10 % rhodium 10 Loses sensitivity at low temperature.
T Copper/constantan 43 The most commonly used thermocouple in freeze drying.
K Chromel/alumel 41 Most common general-purpose thermocouple.
E Chromel/constantan 68 Highest e.m.f. output of any thermocouple. Good for low temperatures.
J Iron/constantan 50 Wires become brittle at low temperatures.
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areas in which there are large temperature gradients. Connec-
tors and feedthroughs should be constructed only of thermo-
couple materials. It is also important to route thermocouple
wires such that they are not near wires carrying a large current
because the large current can induce a current in the thermo-
couple circuit causing systematic errors.

4.8.4 An RTD is based on the idea that the resistance of a
metal varies in a precise and reproducible way with tempera-
ture. A common type of RTD is a 100 ohm platinum wire
wound around a core material and covered with some type of
sheath (Fig. 4). Other types of RTDs in common use consist of
a film of platinum on a solid substrate. This wire is placed on
one side of a Wheatstone bridge circuit with the other side
incorporating a reference resistor carrying the same current.
RTDs are better than thermocouples in terms of accuracy,
precision, linearity, and stability. For this reason, temperature
measurement at fixed points in a freeze dryer, such as in the
heat transfer fluid at the inlet manifold to the shelves, on the
condenser, and in the drain lines, are usually RTDs. An
attribute of thermocouples that makes them particularly useful
for product temperature measurement, however, is that the
thermocouple measures temperature at the point at which the
two wires are joined, that is, it is a “point” measurement. An
RTD measures the average temperature over the area of the
sensing element. As discussed previously, it is important to
monitor the product at the warmest point, which is at the
bottom of the frozen material. As seen in Fig. 4, the tempera-
ture measured is the average temperature of the exposed area of
the element. For this type of sensor, the measuring element is
partially immersed in the frozen matrix and partially embedded
in the partially dried solid for most of primary drying, so the
average temperature would be misleading.

4.8.5 Some newer RTD systems incorporate much smaller
sensing elements than older RTD systems, which tend to be
relatively bulky. The larger the sensing element, the larger the
discrepancy between the RTD and a thermocouple. An ex-
ample of more recent RTD-based technology is the data logger
(Ellab, Hilleroed, Denmark) shown in Fig. 5. Note the small

FIG. 4 100 Q Platinum RTD Sensor
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sensing element. Of course, as the size of the sensor decreases,
the more closely the measurement approaches a “point”
measurement. Provided that the sensor is located in the bottom
of the vial, the smaller sensor minimizes the problem of the
sensor being partially embedded in frozen material and par-
tially embedded in the dried layer. In fact, there is probably an
optimum sensor size that combines the advantages of “point”
sensing of a thermocouple with the relative insensitivity of the
measuring element to small changes in the position of the
sensor (see Note 1). With the data logger shown in Fig. 5, there
is still a lead wire from the sensing element to the logger, so the
same consideration would apply to incorporating a device to
secure the sensing element in the middle of the vial touching
the bottom. The logger shall also be positioned in such a way
that it does not interfere with freeze-drying operations, such as
stoppering.

Note 1—It is typical for freeze dryers to use thermocouples for product
temperature monitoring and RTDs for process control. There is no
industry standard with respect to calibration frequency or the number of
reference temperatures to be used for calibration. RTDs, having a much
more linear response than thermocouples, require fewer temperature
points for calibration. A typical procedure is to place temperature probes
in a stirred liquid reference bath (liquid is preferred over “dry” baths
because of better temperature uniformity in liquid baths as well as better
thermal contact with the sensor). Calibration points in the range of —-50°C
to —20°C, -20°C to 0°C, and 110°C to 130°C are representative. The
temperature indicated on all system devices, such as recorder, controller,
and control system displays, should be within 0.5°C of each reference
temperature. If not, the system needs to be adjusted accordingly. If an
adjustment is needed at any reference temperature, then accuracy at each
of the other temperatures needs to be rechecked. We recommend a
risk-based approach to the calibration frequency. For example, a typical
calibration frequency is every 30 freeze dry cycles or every 3 months,
whichever comes first.

4.9 Recommended Best Practice for Product Temperature
Measurement:

4.9.1 Best practice with respect to product temperature
measurement can be summarized as follows:

4.9.1.1 Despite the fact that RTDs are, in many ways,
superior to thermocouples, thermocouples are preferred for
product temperature measurement because of the ability to
measure temperature at a precise point. The most appropriate
point to measure product temperature is in the center of the vial
with the tip of the thermocouple touching the bottom of the
vial.

4.9.1.2 Fine-gauge thermocouple wire is preferred because
of the flexibility of the wire and the ability to locate the tip of
the thermocouple in a precise location, for example, for small
fill volumes in small vials, a 36-gauge (0.13 mm) thermocouple
is a good choice. For larger fill volumes in larger vials, a
somewhat larger gauge, such as 30 (0.25 mm), would be
appropriate.

4.9.1.3 Use some type of device to hold the thermocouple in
place within a monitored vial. The open area of this device
should be very close to that of a partially stoppered vial.

4.9.1.4 Be aware of the sources of uncertainty associated
with product temperature measurement in a manufacturing
setting and do not overinterpret such data.

4.9.1.5 Be aware of the bias in freezing and freeze-drying
behavior caused by any temperature-measuring device. Recog-
nize that monitored vials may freeze j r
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