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Introduction
This technical brief provides an overview of Tunable Diode Laser Absorption Spectroscopy
(TDLAS) and its application for monitoring freeze drying processes. Through the combination of TDLAS
measurements and a well-established heat and mass transfer model describing freeze drying, users can
obtain information about Key Process Parameters (KPPs) affecting end product quality. The Physical
Sciences Inc. (PSI) TDLAS based sensor, LyoFlux, measures water vapor concentration and gas flow
velocity in the spool connecting a freeze-dryer chamber and condenser. The near-IR spectrometer
provides real-time measurements of water concentration and gas flow velocity that are used to determine
the water mass flux (grams/second/cm2) in the spool. The flux measurements are combined with
knowledge of the spool cross sectional area to provide a determination of the water vapor flow
(grams/second) exiting the product drying chamber.1 The flow measurements are integrated during the
product drying cycle to provide a determination of the total water removed (grams). The sensor control
electronics and near-IR light source are designed to be remotely located from the sensor head.
Communication between the sensor control unit (SCU) and the optical measurement interface is achieved
using fiber optic and electronic signal cabling. The sensor hardware and software are designed for
automatic sensor operation on power-up, providing continuous measurements with limited user interaction.
The monitor is designed for 24/7 operation using robust telecommunications-grade optics and periodic
system health monitoring to ensure accurate flow rate measurements.
Measurement Physics
TDLAS sensors rely on well-known spectroscopic principles and sensitive detection techniques to
continuously measure trace concentrations of selected gases. The TDLAS sensor is based upon the
attenuation of the laser beam as it propagates through an absorbing medium.
The absorption feature of the gaseous constituent of interest is described by Beer's Law Eq. (1):
I   I o , exp ST g    o NL 

(1)

where Io,υ is the initial laser intensity, Iυ is the intensity recorded after traversing a path length, L across the
measurement volume, S (T) is the temperature dependent absorption line strength,
g (υ-υo) is the
spectral line shape function (which integrates to a value of 1), and N is the number density of the target
absorber. The temperature dependence of the line strength, S, arises from the Boltzmann thermal
population statistics of the quantum state of the absorber being probed. The quantity in the brackets is
known as the optical absorbance and is a measure of the pure signal strength in terms of fractional change
in the transmitted intensity. The product of the line strength and line shape function is the optical absorption
cross-section. Equation (1) can be rearranged and integrated to provide a solution for determining the
solvent number density, N, in molecules cm-3 or grams cm-3, which is used to determine the mass flow rate
of the gas.
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Determination of mass flow requires the measurement of the gas flow velocity in the measurement
volume. The velocity measurement concept is based upon Doppler shifted absorption measurements as
schematically shown in Figure 1. The velocity is determined from the Doppler-shifted absorption spectrum
of water vapor resulting from the laser propagation vector, k, directed at a known angle, , to the gas flow
velocity vector, u. The absorption spectrum is shifted in wavelength or frequency with respect to the
absorption wavelength of a static gas sample by an amount related to the velocity of the gas, u, and the
angle between u and the probe laser beam propagation vector, k. Using two line-of-sight measurements
across the spool the frequency shift is measured with one measurement path compared to the second path
within the spool and described by (Eq. (2)):
u

c  
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(2)

where u is the velocity (cm/sec), c is the speed of light (3  1010 cm/second), Δυ is the peak absorption shift
from its zero velocity frequency (or wavelength) in cm-1, υ0 is the absorption peak frequency, cm-1, (or
wavelength) at zero flow velocity and θ is the angle formed between the laser propagation across the flow
and the gas flow vector. The instantaneous mass flow (dm/dt, grams/second) is determined using Eq. (3)
where dm/dt is calculated from the product of the measured number density (N, grams cm-3), the gas flow
velocity (u, cm/second), the cross-sectional area of the flow duct (A, cm2) and a number of unit conversion
factors:
Mass Flow (grams/second) = N  u  A

(3)

The total amount of water removed (grams) is determined by integrating the instantaneous
measurements over the time of the sublimation run.
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Figure 1.

Illustration of the concept of velocity measurement in the freeze dryer spool (left) and resulting Doppler shifted
absorption spectrum (right).

Figure 2 shows a photograph of the TDLAS optical spool mounted in an SP Scientific Lyostar 3
freeze dryer. The dual line of sight measurement configuration provides velocity measurement sensitivity
of better than 1 m/s and mass flow determination sensitivity of better than 1x10-4 grams/s.
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Figure 2. Schematic diagram of the dual line of sight measurement configuration and a photogram of the optical spool installed
in an SP Scientific Lyostar 3 freeze dryer.

Measurement Applications
Primary and Secondary Drying Endpoints
Figure 3 shows representative TDLAS water concentration measurements and mass flow
determinations during the drying of a 5% lactose formulation in vials in a Lyostar 2 freeze dryer. The spikes
in the data traces are due to pressure rise measurements that were undertaken throughout the drying
cycle. The product shelf temperature was adjusted through four different set points throughout primary
drying resulting in the step changes observed in the red mass flow data trace. The drop in the mass flow
rate prior to the end of primary drying was due to the buildup of dry layer resistance with increasing dry
cake thickness. Both the water concentration and mass flow rate data traces clearly indicate the primary
and secondary drying endpoints.

Figure 3. Example TDLAS water vapor concentration measurements and mass flow determination temporal traces during the
drying of 5% lactose formulation in vials in a Lyostar 2 freeze dryer.
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Product Temperature Determinations
During lyophilization product temperature history is the most important characteristic of the
pharmaceutical product, but its measurement has been problematic. The standard laboratory methodology
has involved placing temperature sensors, usually thermocouples, directly in a few selected vials of
product. Placing the thermocouple in the product causes bias in freezing behavior which translates into
differences in product temperature and drying time. Product temperature during drying directly affects
product quality, thus, the development of a widely applicable, robust measurement solution is an important
industry goal, and temperature measurements during a process abnormality may prevent the loss of
product.
The Manometric Temperature Measurement (MTM) pressure rise technique has been used to provide
batch average product temperature during the first two-thirds of primary drying, when essentially all vials in
the batch are in primary drying as demanded by the theory for pressure rise. Due to the requirement of a
quick-closing isolation valve, this technique is generally only applied to laboratory scale lyophilizers and
does not provide a solution for production scale temperature monitoring. In contrast, the TDLAS based
measurement technique may provide the needed measurement capability for all dryers. It has been
demonstrated that TDLAS based mass flow rate measurements (dm/dt) may be combined with a steady
state heat and mass transfer model2,3 to provide continuous, real-time determinations of batch average
product temperature in a laboratory scale dryer4.
Heat transfer during vial based lyophilization can be described in terms of thermal barriers and
temperature gradients. Heat is supplied to the frozen product from the drying chamber shelves through the
bottom of the glass vials to compensate for the heat removed by sublimation. Heat flow from the shelves to
the product is described by Eq. 4.
dQ / dt  A v  K v  TS  Tb 
(4)
where dQ/dt is the heat flow (cal/s or J/s) from the shelves to the product; Av is the cross sectional area of
the vial calculated from the vial outer diameter; Kv is the vial heat transfer coefficient (for a specific vial type
at a specific pressure); Ts is the temperature of the shelf surface and Tb is the temperature of the frozen
product at the bottom center of the vial.
In steady state, the heat flow (dQ/dt) can be related to mass flow (dm/dt) by using the heat of ice
sublimation, ΔHs (Eq. 5):
dQ / dt  H S  dm / dt
(5)
where ΔHS is (650 cal/g). Equations 4 and 5 can be combined to and rearranged to provide the product
temperature in the bottom of the vial shown in Eq. 6:

 H S  dm / dt  
Tb  TS  
(6)

Av  Kv


In the laboratory, the vial heat transfer coefficient, Kv, can be separately determined using Eq. 7 and by
performing sublimation tests with pure water filled into vials instead of product.
dm / dt  H 3
Kv 
(7)
A v  Ts  Tp 
Here, the average temperature difference, (Ts - Tb), can be determined using thermocouples in selected
vials (bottom center) as well as adhesive thermocouples on the shelf surface during the experiments. Note
that in the laboratory, temperature bias between vials containing thermocouples and vials not containing
thermocouples are observed to be small, likely due to particulate contamination in the product fluid used to
fill the vials and is also not important for the determination of Kv. Av is easily determined by measurement.
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Mass flow can be determined either gravimetrically from the known initial mass of water and the remaining
mass of water after a predefined time interval in primary drying4 or by the TDLAS sensor for a batch
average measurement4,5. Increasing chamber pressure results in larger Kv values as the contribution from
gas conduction to the vial heat transfer coefficient dominates over the shelf conduction and radiative heat
transfer contributions.
Following the determination of the batch average vial heat transfer coefficient dm/dt measurements were
combined with thermocouple based shelf temperature measurements, the vial cross sectional area and the
water heat of sublimation to determine the batch average product temperature using Eq. 6.4 The TDLAS
determined bottom center temperature was compared to thermocouple based product temperature
measurements to assess the accuracy of the measurement technique. Results of the 10% glycine drying
primary drying experiment shown in Figure 5.
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Figure 5. Preliminary feasibility demonstration of TDLAS-based batch average product temperature determinations.

The plot shows a clear difference between the center vial and edge vial thermocouple based
temperature measurements, with the edge vial product temperatures higher than the center vials due to
radiative heat loading from the warm dryer walls and door. The TDLAS determined batch average product
temperature is initially biased to the center vial thermocouple based measurements during early primary
drying, as expected since initially there are many more “center vials” than “edge vials” in primary drying, and
then providing an average determination between edge and center vials in the later stages of primary drying.
In addition to the TDLAS and thermocouple temperature measurements, the batch average product
temperature was also determined using the MTM technique. The MTM and TDLAS techniques agree during
the first half of primary drying before the MTM measurement techniques fails due to many vials having
completed primary drying. Additional analysis enables the determination of the product temperature at the
sublimation interface, Tp6.
In addition to the determination of process endpoints and product temperatures, additional
applications of the LyoFlux TDLAS sensor include assessing the freeze dryer equipment capability limits,
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monitoring process and product parameters and for developing drying cycles based upon Quality by Design
procedures. A summary of demonstrated applications to freeze drying include:











Measurement of water vapor concentration and gas flow velocity to enable continuous
determination of water vapor mass flow rate1
Determination of primary and secondary drying endpoints1
Determination of equipment capability: choked flow determinations7
QbD based freeze drying cycle development7,8
Determination of vial heat transfer coefficients4,5
Continuous determination of batch average product temperature during primary drying4
Continuous determination of product dry layer thickness
Continuous determination of product resistance to drying 9,10
Assessment of drying heterogeneity: prediction of the number of vials completing primary drying9
Real-time tracking of product residual moisture content during secondary drying11

In summary, the LyoFlux TDLAS based sensor provides a unique measurement capability that
provides autonomous and continuous water vapor mass flow determinations throughout the freeze drying
process. Water vapor mass flow rate determinations can be combined with heat and mass transfer models
of freeze drying to provide additional insight into the drying process and determinations of critical
parameters, such as product temperature, that affect final dried product quality. LyoFlux is applicable to
laboratory, pilot and production scale freeze dryers, enabling use of this PAT tool for process scale-up and
process control.
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