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It is relatively straightforward to determine the worst-case, self-heating ‘onset’ decomposition

temperatures for liquids of low viscosity when scaling up from laboratory to plant of known size

and natural cooling characteristics, as there are usually insignificant temperature gradients within

the bulk mass of the liquid. However, the same cannot be said for solids (powders) or highly

viscous liquids as these inherently have relatively poor thermal conductivity resulting in insulating

effects that vary greatly depending upon the size and shape of the bulked mass. Frank-Kamenetski

model has been used and reported extensively in the literature, considering the balance between the

heat of decomposition and the heat loss solely by thermal conduction and can be manipulated to

give a critical layer thickness or volume at any temperature of interest. The approach adopted

within AstraZeneca’s development plants for the specification of safe bulk drying of Active

Pharmaceutical Ingredients (API) and their intermediates is discussed with the main focus being

on pressure filter drying. The various lab techniques and the respective sensitivities are used

along with conservative estimations of various physico-chemical parameters to extrapolate,

quickly and safely to larger-scale operating conditions. These conservative predictions are com-

pared against larger scale test data as an initial step to ongoing corroboration of this simple prag-

matic approach.
INTRODUCTION
Self-heating of bulk powders typically arises through one of
two mechanisms or perhaps even a combination of both: i)
decomposition of the molecule itself/self-reaction or ii)
oxidation of the molecule from the surrounding air if
present/combustion. A wide variety of larger scale labora-
tory techniques are available for the assessment of the
thermal stability hazards associated with the drying of
bulk solids. These tests amongst others include diffusion
cell, aerated cell, air over test (Gibson, 1995) and Bowes-
Cameron cage tests (referred to as the basket test for the
remainder of this paper) (Bowes, 1981). In an ideal world
of unlimited budget, time and material availability these
tests would be performed prior to drying any material on a
significant scale to obtain a comprehensive knowledge of
the system stability. In reality where often the material
quantities needed for these larger scale laboratory tests are
simply not available and there is an emphasis of the business
to work smarter in a continuous improvement driven
environment to drive down costs and development time, it
is not feasible to sanction such testing on a routine basis.
An inherent problem also with these larger scale tests can
be the melting of the material before any self-heating detec-
tion is possible which is caused by the relatively poor sensi-
tivity of the test methods.

Usefully from a safety perspective, operations carried
out within AstraZeneca’s development plants are almost
always carried out under a nitrogen atmosphere with drying
operations performed in enclosed equipment, either at
reduced pressure (following a rigorous leakage testing pro-
ll registered and unregistered Intellectual Property Righ
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cedure, sometimes accompanied by the supply of a low flow
of nitrogen) or by blowing the filter cake dry using high
purity nitrogen at atmospheric or positive pressure. It is con-
sidered therefore, despite recently confirmed evidence of self-
ignition under reduced volume fractions of oxygen (Schmidt,
2003 & Lohrer 2004), that oxidative decomposition will not
lead to a significant extent of self heating and therefore gene-
rally need not be considered in the assessment of bulk stab-
ility. In any case, small scale tests (e.g. DSC, Carius tube)
have a quantity of oxygen available in the ullage space on
sealing the test sample capsule and it is considered reasonable
to assume that extrapolation of such data that may exhibit
some exothermic oxidative decomposition is a worst case.

In the past the safe drying of bulk solids within
pressure filters was often based on the decomposition temp-
erature observed in the small scale screening tests. In prac-
tice this approach requires a large difference between the
temperature at which self-heating is initially detected
(onset temperature) in the screening test and the proposed
drying temperature. Judgement is also required in interpret-
ing the thermal profile of the substance. Often caveats were
written into a Basis of Safety for drying, introducing the
concept that only ‘thin layers’ could be dried safely,
which is rather qualitative and interpretation of the dimen-
sion of a thin layer could vary considerably. It has therefore
been necessary to develop a fast and pragmatic quantitative
approach in which extrapolation of the data obtained from
the various small-scale testing equipment available within
AstraZeneca is used to derive conservative drying con-
ditions for bulk manufacture without compromising safety.
ts.
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AVAILABLE EQUIPMENT
The nature by which AstraZeneca was formed back in 1999
from the merger of the Swedish Astra and UK Zeneca
groups has meant that a variety of lab equipment is available
with varying sensitivities. Generally, as the sensitivity of the
equipment increases, the time taken to complete a typical
test also increases. The starting point for any investigation
is to therefore perform an initial evaluation with one of
the rapid, lower sensitivity tests (e.g. DSC, Carius tube)
and then where appropriate carry out further testing with
more sensitive equipment (ARC, C80, TAM). An overview
of the equipment and how it is operated within AstraZeneca
is given below:
DIFFERENTIAL SCANNING CALORIMETER

(DSC) – HEAT FLUX TYPE
The sample (typically 5 mg) is sealed in a high pressure
gold plated crucible and ramped at a pre-set temperature
rate of 5 K/min. Calibration of the temperature difference
between the sample and a reference cell allows the heat
flow to be measured as a function of time and temperature.
CARIUS TUBE
The sample (typically 10 g) is charged to a glass Carius tube
(ca. 35 ml volume), connected via a link to a pressure trans-
ducer and ramped at a pre-set temperature rate of 2 K/min.
The temperature is monitored with respect to the furnace
temperature allowing the detection of self-heating and
pressure build-up as a function of time and temperature.
ACCELERATING RATE CALORIMETER (ARC)
In this pseudo-adiabatic test the sample (typically 4–7 ml)
is sealed in a hastelloy or titanium bomb, connected via a
link to a pressure transducer. The bomb is placed in a
temperature-controlled oven that tracks the sample temp-
erature to minimise heat losses. Measured data are self-
heating and pressure build-up versus time or temperature.
Table 1. Practical equipment sensitivity as operated and eval-

uated within AstraZeneca

Practical
SETARAM C80
The Calvet micro calorimeter uses a typical sample size of
0.5 g. The sample is placed in a glass vial, which itself is
placed in a high-pressure hastelloy vessel fitted with a
pressure transducer. The sample is usually heated to
2508C using a pre-set temperature rate of 0.5 K/min or
0.05 K/min in order to achieve a higher sensitivity.
Measured data are heat flow and pressure versus time or
temperature.
Equipment sensitivity/W/kg

DSC 20

Carius tube 5

ARC 1

C80 0.5–1

TAM 0.001–0.005
THERMAL ACTIVITY MONITOR (TAM)
Samples are typically encased in 4 ml glass vials with a
typical sample size of around 1.0 g. Multiple isothermal
measurements of power output as a functional of tempera-
ture are usually carried out over a least 24 hours with
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Thermometric 3206 mini-calorimeters with temperature
control provided by an oil-filled TAM III 3101 Thermostat.
EXTRAPOLATION OF SCREENING TESTS

SENSITIVITIES
If the sensitivity of the equipment is known, and the assump-
tion is made that the decomposition proceeds via standard
nth order kinetics with a conservative activation energy, a
conservative (i.e. high) power output at the temperature of
interest can be calculated according to:

q(T) ¼ qs(Tonset) � exp
E

R

1

Tonset

�
1

T

� �� �
(1)

where qs is the specific practical sensitivity of the calori-
meter at the onset temperature Tonset, E is the activation
energy, R is the universal gas constant, q is the specific
heat generation rate at the temperature T, of interest.

The activation energy is an important factor in reac-
tion kinetics and is essential for the extrapolation of
kinetic data to different temperatures. Synthesis reactions
show typically activation energies between 50 and
100 kJ/mol. Decomposition reactions tend to be more
temperature dependent than synthesis reactions, i.e. have
higher activation energies reaching up to 160 kJ/mol
(Stoessel, 2008). Many nitro based explosives reach even
higher activation energies, such as the military explo-
sive RDX with 200 kJ/mol (Cooper, 1996). Activation
energies below 50 kJ/mol may indicate mass transport
phenomena.

In order to extrapolate power output conservatively, a
low value for the activation energy (50 kJ/mol) is used
when calculating heat output at temperatures below the
measured test temperature. In contrast, a large value
(200 kJ/mol) is used when extrapolating to higher temp-
eratures to ensure a conservative result (as illustrated in
Figure 1). Where concern remains regarding the validity
of such extrapolations from the higher temperatures of the
screening tests to the lower bulk scale operating tempera-
tures of interest, or the obtained results are too conservative
to be applied, then more realistic data can be obtained by the
running isothermal tests in a sensitive experimental
heat conduction calorimetry test (e.g. TAM) at or just
above the proposed operating temperature. This approach
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Figure 1. Extrapolation of heat generation rate using activation energy
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is well known (Bunyan, 2003) and whilst the test may be
relatively time consuming (typically in the order of 1–5
days), the material requirements are typically no more
than 1–5 g.
USE OF “SCALE FACTORS” SUBTRACTED FROM

INSTRUMENT ONSET TEMPERATURES
In determining a generally worst-case self-heating “onset”
temperature for large volumes of non-viscous liquids, by
using a conservative extrapolation combined with heat
loss data from typical process vessels, standard “scale
factors” or “safety factors” are often subtracted from the
“onset” of thermal activity as detected in a screening instru-
ment. This area has been extensively reviewed previously
with the “DSC 100 K rule” being especially widely referred
to. Rowe (2002), has suggested specific and generally con-
servative factors for some other commercially available
thermal screening tests, specifically presented are factors
of 50–75 K for the Carius tube test and 30 K for the ARC
test. Whilst the occasional pitfalls of this simplistic
approach are well known, (Hofelich, 2002), and it is
appreciated that in most cases the resulting maximum oper-
ating temperatures will be somewhat over-conservative, it is
usually an effective approach for the screening of a large
number of processes and as such is widely applied within
the R&D chemical and pharmaceutical industries.
However as will be shown, use of simple “scale factors”
designed for R&D plant-scale quantities of liquids equate
only to relatively small volumes of bulk solids.
FRANK-KAMENETKSII MODEL
The stability of a mass of material depends on the balance
between the kinetics of the heat generating process and
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the heat transfer properties of the system. The system may
pose a hazard if the heat generating process (decomposition)
exceeds the heat transfer to the environment so that self-
heating would occur which in turn accelerates the heat
generation exponentially. Depending on the exothermicity
of the decomposition, this self-heating could lead into
thermal explosion.

For solids and highly viscous liquids, heat transfer to
the environment via natural convection is at best very
limited so that the main heat transfer mechanism to the
environment is via heat conduction.

To assess the hazard of the drying process, this heat
balance needs to be solved in order to define an envelope
of safe operation. This problem, i.e. a reactive solid as
heat source and heat transfer solely via conduction, was
addressed and solved by Frank-Kamenetskii in the 1930s.
It is not intended to treat the Frank-Kamenetksii model in
detail here as there is extensive literature available on this
subject (e.g. Bowes, 1984).

The Frank-Kamenetskii model is based on the follow-
ing assumptions:

. Heat generation occurs within the bulk mass with a
temperature dependence of the heat generation rate
according to the Arrhenius law.

. The heat transfer occurs solely via conduction following
the second Fourier law.

. The surface temperature of the bulk mass is identical
with the ambient temperature.

. Reagent/solid consumption is neglected.

The neglecting of reagent consumption simplified the
kinetic description of the heat generation term by making it
pseudo zero order.



Table 2. Critical dimensionless parameter dc

Geometry dc r

Infinite slab 0.88 Half of layer thickness

Infinite cylinder 2.00 Cylinder radius

Sphere 3.32 Sphere radius

IChemE SYMPOSIUM SERIES NO. 155 Hazards XXI # 2009 AstraZeneca
Frank-Kamenetskii identified a critical dimensionless
parameter dc

dc ¼
E

RT2
0

q(T0) � r2

a � cP

(2)

where r is a characteristic length of the geometry, a is the
thermal diffusivity (¼thermal conductivity/density/
specific heat capacity), cp is the specific heat capacity, E
is the activation energy, R is the universal gas constant, q
is the specific heat generation rate and T0 is the ambient
temperature. dc is dependent on the geometric shape of the
bulk mass. Examples are shown in Table 2.

At dc the heat generation equals the heat transfer to
ambient. For values larger than dc, the heat generation rate
exceeds the heat transfer rate to ambient resulting in uncon-
trolled self-heating.

Providing the geometry, kinetic parameters, physical
properties of the bulk mass are known or conservatively
estimated one can determine the highest ambient tempera-
ture at which no hazardous self-heating could occur. Alter-
natively, the largest critical length r for a given maximum
ambient temperature T0 can be determined.

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dc �

RT2
0

E
� cP � a

qs(Tonset) � exp
E

R

1

Tonset

�
1

T0

� �� �
vuuuuut (3)

In equation 3, r is a characteristic length of the geo-
metry, a is the thermal diffusivity, cP is the specific heat
capacity, E is the activation energy, R the universal gas con-
stant, q is the specific heat generation rate and T0 is the
ambient temperature, Tonset is the temperature at which
self-heating is initially detected in the screening instrument,
dc the geometric factor.

During development the kinetic data and the physical
data of the bulk mass are typically not available but need to
be conservatively estimated. Conservative extrapolation of
the heat generation rate to the temperature T0 using acti-
vation energy has already been described above. The cP of
organic solids was reviewed in literature and it was con-
cluded that for material with an unknown cP, a value of
1300 J/kg/K is regarded as a reasonable estimate. Values
for the thermal diffusivity were also reviewed in literature.
Grewer (1994) stated that powders typically have a
thermal diffusivity of around 2 . 1027 m2/s and Kotoyori
(2005) reports measured values in the order of
1 . 1027 m2/s for “organic powdery materials”. Due to
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this uncertainty and the desire to use a conservative value
for the thermal diffusivity it was intended to use a different
approach to define a conservative thermal diffusivity.

The thermal diffusivity is the thermal conductivity
divided by the density and specific heat capacity. In the
absence of a thermal conductivity value of the bulk mass,
the relatively low value for nitrogen (0.026 W/mK) is
deemed suitably conservative for the application of pressure
filter drying particularly under the conditions of hot nitrogen
blowing. With an average bulk density of 500 kg/m3 and a
specific heat capacity of 1300 J/kg/K this gives a
thermal diffusivity of 4 . 1028 m2/s. To the authors’ knowl-
edge, no thermal diffusivity of a lower value has been
reported for an organic material, and is hence regarded as
conservative.
POTENTIAL PITFALL 1 – EXTRAPOLATION
When calculating the critical length according to equation 3
based on estimated data for the kinetics and physical proper-
ties, data needs to be chosen so that the critical length for a
given geometry will be conservative, i.e. small. To achieve
this it is important to consider that the activation energy para-
meter is included in both the numerator and denominator of
equation 3. In cases where no extrapolation of temperature
is needed, e.g. where TAM data is used, or the extrapolation
is towards higher temperatures then a high activation energy
will give the conservative value for r. In cases where an
extrapolation to lower temperature is necessary and the extra-
polation is significant, i.e. more than 25 K for drying temp-
eratures below 1008C, then the exponential function for the
extrapolated heat generation rate is dominating yielding a
conservative r, i.e. a small activation energy is used. For an
extrapolation to lower temperatures over a range of up to
25 K then values for the activation energy between 50
and 200 kJ/mol may give a more conservative value for the
critical length; (this is illustrated in Figure 4).
POTENTIAL PITFALL 2 – KINETICS
The Frank-Kamenetksii model neglects any reagent con-
sumption, which makes the kinetic term only dependent
on temperature. For “normal reactions” with nth order
kinetics, i.e. an isothermal reaction rate that is highest at
the beginning and will decay with progressing reagent con-
sumption, this assumption is conservative. However, for
decomposition reactions, it is not uncommon that the
isothermal reaction rate goes through a maximum, which
indicates a pseudo autocatalytic decomposition process.

The main problem with “autocatalytic” decompo-
sitions is that the onset temperature of the decomposition
in thermal screening experiments depends on the thermal
history of the sample. This means that the decomposition
onset temperature of freshly produced sample in a thermal
screening experiment could be significantly above an
older/aged sample. It is therefore very important to ensure
that the tested samples are representative and due judgement
used when applying the obtained data.



Table 3. Drying temperature 258C

Instrument (Onset)

Critical thickness

(thermal diffusivity 4 � 1028 m2/s)

Critical thickness (thermal

diffusivity 1 � 1027 m2/s)

DSC (1258C) 14.6 cm 23.2 cm

Carius (858C) 12.6 cm 19.9 cm

ARC (558C) 11.3 cm 17.9 cm

Table 4. Drying temperature 508C

Instrument (Onset)

Critical thickness (thermal

diffusivity 4 � 1028 m2/s)

Critical thickness (thermal

diffusivity 1 � 1027 m2/s)

DSC (1508C) 11.4 cm 18.0 cm

Carius (1108C) 10.8 cm 17.1 cm

ARC (758C) 11.0 cm 17.4 cm
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APPLICABILITY OF SCALE FACTORS BASED ON

LIQUID SYSTEMS?
In the tables below are presented the calculated maximum
cake thickness across the range of drying temperatures as
are typically used for pharmaceutical intermediates, based
only on simple subtraction of the typical AstraZeneca
scale factors as are used for liquids (100 K for DSC, 60 K
for the Carius tube and 25 K for the ARC). As can be
seen the results are in the order of just 10–20 cm, depending
mostly upon the drying temperature and value for thermal
diffusivity that is assumed. It is notable that at higher
drying temperatures the cake thickness obtained on
subtracting a standard factor decreases, albeit this does not
overly impact upon the drying of pharmaceutical products,
which tends to be operated between ambient and 808C.

Tables 3–5: Critical cake thickness calculated by sub-
tracting typical scale factors as used for liquids from
detected onsets from DSC, Carius and ARC tests.

Calculations are based on an activation energy of
50 kJ/mol21, heat capacity of 1300 J/kg/K and relative
sensitivities for the DSC, Carius tube and ARC respectively
of 20 W/kg, 5 W/kg and 1 W/kg, using the “infinite slab”
model.

On considering the maximum cake depths calculated
using conservative estimates for the required parameters, it
is clear that operations carried out at the smaller pilot plant
scale and dried in typical tray driers in layers of �10 cm
deep are still covered by the standard scale factors used
for liquids.
Table 5. Drying tem

Instrument (Onset)

Critical thickness (th

diffusivity 4 � 1028

DSC (1808C) 9.0 cm

Carius (1408C) 9.5 cm

ARC (1058C) 10.8 cm
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However for larger scale operations typical of
many later phase campaigns, it is not uncommon within
AstraZeneca to process significantly deeper layers of
material up to 50 cm or above. For larger quantities, it is
apparent that a standard subtraction factor is inappropriate.
As an illustration of this, for a material in which differential
scanning calorimetry detects exothermic decomposition
from 2008C, subtraction of a “scale factor” as large
as 1608C may be required for a filter cake of a depth of
50 cm (assuming a typical thermal diffusivity of
1 � 1027 m2/s). The effect of larger scales of operation is
quite pronounced as shown in Figure 2. (In general within
AstraZeneca, DSC would not be used in isolation to
support manufacture at such bulk scale quantities.)

In certain pilot-scale drying operations, depending
upon the filter-dryers used, the geometry may sometimes
deviate significantly from the infinite slab model with a see-
mingly significant proportion of the surface area of the batch
being at the sides of the filter. The use of “cylinder” models
has also been widely published, (Fisher, 1993 and references
within), with use of a varying geometry factor dependent
upon the relative height and radius. However as shown
in Table 6 below, unless the geometry tends strongly
towards the equi-cylinder case where the thickness of the
filter cake approaches that of the diameter, the infinite slab
models provides a convenient but not over-conservative
limit for general application which can be generally stated
into safety reports without the need for prior identification
of specific processing equipment.
perature 808C

ermal

m2/s)

Critical thickness (thermal

diffusivity 1 � 1027 m2/s)

14.3 cm

15.0 cm

17.1 cm
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CORROBORATION WITH LARGE SCALE DATA
In order to corroborate the extrapolation of the data
acquired from the screening test equipment to bulk plant
operation, it was thought prudent to compare the modelled
predictions against actual large-scale data. A wealth of
larger-scale test data was accessible, however, for the
majority there was no accompanying screening test data
and unfortunately representative material was not available
for retrospective testing. An extensive search of the
resources available identified two compounds (A & B)
with both larger scale and screening data available and
although non-pharmaceutical related compounds, were of
similar physical form to the materials processed within
AstraZeneca and therefore considered a suitable substitute.
With the main focus of the work on the self-decomposition
of the molecule rather than the combustion, the availability
of air in some of these larger scale tests (e.g. basket)
although not ideal did provide a worse case for
comparison.
COMPOUND A
Compound A is a powdered formulation that gave identical
onset temperatures when tested in an aerated cell both in air
Table 6. Variation in critical cake thickness depending

are based on a decomposition with a DSC-detected therm

other assumptions as per Tables 3–5

Model

Critical thick

diffusivity 4 �

Inf. slab model (dc ¼ 0.88) 11.4

Diameter: 4 � depth (dc ¼ 1.00) 12.1

Diameter: 3 � depth (dc ¼ 1.09) 12.7

Diameter: 2 � depth (dc ¼ 1.36) 14.1

Diameter ¼ depth (dc ¼ 2.78) 20.2
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and in nitrogen indicating that the decomposition and
associated self-heating is not changed significantly by the
presence of air, presumably associated with the formulation
containing a chemical oxidant. The self-heating character-
istics of the system being independent of air availability,
make it an ideal test system allowing a consistent compari-
son of the self-heating data across all tests, i.e. the screening
tests and the sealed large-scale oven test (450 litres of
material contained within a cubic flexible intermediate
bulk container, FIBC with polythene liner) where air avail-
ability is limited and also the basket test data (2.5, 5, 10 and
20 cm) where no restriction on the air availability is
imposed.

The large-scale oven test consists of an 8 m3 bespoke
design oven of an air recirculation design with temperature
control and air extraction. The sample is contained within
the oven, which is heated to a preset temperature. Self-
heating of the sample is monitored using five thermocouples
typically placed on the central vertical axis from the centre
to the top surface.

In a basket test the critical self-heating temperature of
the powder is defined for a range of different volumes of
cubic baskets of increasing unit dimension. A plot of log
(Volume/Surface Area) versus reciprocal absolute tempera-
ture should yield a straight line allowing extrapolation to
bulk quantities. Figures 3 and 4 indicate a reasonably good
fit for the basket tests which when extrapolated to the
large-scale oven test is coincident with the measured data
point suggesting an excellent correlation. Figure 3 also and
most importantly indicates that the modelled data (thermal
diffusivity 4 � 1028 m2/s) is always conservative (i.e. pre-
dicting lower critical volume-surface area ratios) when
extrapolated to both temperatures above and below the
onset temperature measured in the screening instruments.

Figure 4, uses a more typical value for thermal diffu-
sivity (1 � 1027 m2/s) and indicates that the use of an
activation energy of 50 kJ/mol for extrapolations limited
to approximately 25 K below the onset temperature
obtained from the screening tests does not yield the most
conservative results. However as described earlier, the use
of activation energies between 50–200 kJ/mol results in
more conservative data, which importantly when applied
illustrates conservatism throughout the range compared to
the measured large-scale data.
upon the geometry factor used; calculated values

al onset of 1508C, drying temperature of 508C and

ness (thermal

1028 m2/s)

Critical thickness (thermal

diffusivity 1 � 1027 m2/s)

cm 18.0 cm

cm 19.2 cm

cm 20.0 cm

cm 22.3 cm

cm 31.9 cm



Compound A - log (Volume/Surface Area) vs Reciprocal Absolute Temperature 
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COMPOUND B
Compound B is a non-pharmaceutical powdered formu-
lation and unfortunately no testing had been performed
to evaluate the effect of air availability. It was there-
fore assumed that the unlimited air availability
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(thermal diffusivity

0.0001

0.001

0.01

0.1

1

2.72.82.93

lo
g

 V
/(

S
A

.m
)

Onset temperature in Carius t

Conservative prediction using Ea =50kJ/mol
i.e. extrapolation of test to low er temperature

Conservative prediction using Ea 50-200kJ/mol
i.e. extrapolation of test to temperatures ca. 25K be

Non-conservative prediction using Ea =50kJ
ca. 25K below  equipment onset

Figure 4. Compound A – Comparison of predicted and m

176
present in the existing basket test data would at best
give comparative data if self-reaction precedes combu-
stion but would offer a worst case scenario should
the alternative combustion pathway have a significant
influence.
 vs Reciprocal Absolute Temperature 
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Thermal Screening Test

Cake Depth > 10 cm
(e.g. Tray dryer)?

Generally set Tmax as:

Tonset - Tscale factor

Is Tonset - standard
 scale factor > Top ?

Calculate critical cake
depth at proposed drying

temperatures

Is calculated depth >
proposed batch cake

depth

Set:
       Tmax versus batch size
                             or
          Max batch size versus T

Further experimental investigation of physico-chemical
properties of decomposition required:

e.g. Carry out more sensitive tests, further testing to
establish decomposition kinetics, measurement of
thermal diffusivity.

Possible use of altenative basis of safety (e.g. TMR
asessment, emergency pressure relief etc.)

Yes

Yes

No

No

Yes

No

Figure 6. Scheme showing approach taken with the

assessment of drying operations within AstraZeneca

development plants. (Top: drying operation temperature,

Tonset: self-heating onset temperature detected in screening

test, Tmax: maximum safe operating temperature)
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Figure 5 shows the plot of log (Volume/Surface
Area) versus reciprocal absolute temperature and yields a
reasonable straight-line correlation of the basket test data
allowing extrapolation to bulk quantities. The graph again
illustrates that the modelled data even with use of the less
conservative thermal diffusivity value (1 � 1027 m2/s) is
always conservative (i.e. predicting lower critical volume-
surface area ratios) when extrapolated to both temperatures
above and below the onset temperature measured in the
screening instrumentation.
CONCLUSIONS
It is apparent that the commonly used practice of subtracting
simple “scale factors” from thermal screening tests derived
for assessment of non viscous liquid systems can be unsui-
table for setting maximum operating temperatures for bulk
quantities of solids. However with the use of conservative
estimates for kinetic and physical properties for the
decomposition reaction it can be shown that no additional
consideration need be given to layers of less than 10 cm in
depth provided that the operation is conducted under an
inert atmosphere (i.e. a “thin layer” can be regarded as
being up to 10 cm deep).

For thicker layers more typical of later phase R&D
operations, assessment on an individual case basis is con-
sidered necessary, the general approach of which is shown
schematically in Figure 6. Due judgement and consideration
of properties such as autocatalysis is clearly needed however
and it is not intended that this approach be used without due
care and thought. However in most instances it has proven
readily possible to further extrapolate, quickly and safely
the results from small scale screening tests to larger-scale
inert atmosphere operating conditions using the infinite
slab geometry in the Frank Kamenetskii model.

Although limited, the large-scale data available
indicated that the use of the model with the proposed
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assumptions surrounding test equipment sensitivity and test
material physico-chemical properties yields conservative
critical drying conditions. The use of a more typical
thermal diffusivity value of 1 � 1027 m2/s still resulted in
conservative data for the compounds tested, however in
the absence of further larger-scale experimental data the
more conservative value of 4 � 1028 m2/s will continue
to be adopted within AstraZeneca. As more data becomes
available it is planned to further test the procedure with
the expectancy to reduce conservatism in some of the
assumptions.
ACKNOWLEDGEMENTS
We thank C. Williams and M. Bailey, Syngenta Technology
& Projects for the provision of the basket and large scale
oven data.
REFERENCES
Bowes, P.C., Self-Heating: Evaluation and Controlling the

Hazards, 1984, HMSO.

Bowes, P.C., Cameron, A., Self Heating and Ignition of

Chemically Activated Carbon, J. Appl. Chem. Biotechnol.

21. September (1971).

Bunyan, P.B., 2003, Application of heat conduction

calorimetry to high explosives, Thermochimica Acta, 401,

9–16.

Cooper, P.W., Explosive Engineering, 1996, Wiley-VCH Inc.

Fisher, H.G. and Goetz, D.D., 1993, Determination of self-

accelerating decomposition temperatures for self-reactive
178
substances, Journal of Loss Prevention in the Process Indus-

tries, 6, 183–194.

Gibson, N., Harper, D.J., Rogers, R.L., Evaluation of the fire

and explosion risk in powder dryers with particular emphasis

on new techniques for monitoring exothermic decomposition

in bulk powder, fluidised or powder layers, Plant/Operations

Progress (Vol. 4, No.3 July 1995).

Grewer, T., Thermal Hazards of Chemical Reactions, 1994,

Elvevier Science B.V.

Hofelich, T.C. and La Barge, M.S., 2002, On the use and

misuse of detected onset temperature of calorimetric exper-

iments for reactive chemicals, Journal of Loss Prevention in

the Process Industries, 15, 163–168.

Kotoyori, T., 1995, Critical Temperatures for the Thermal

Explosion of Liquid Organic Peroxides, Process Safety Pro-

gress, Vol.14, no.1, 37–44.

Kotoyori, T., 2005, Critical Temperatures for the Thermal

Explosion of Chemicals, Industrial Safety Series, 7, Elsevier

ISBN 978-0-444-52199-4.

Lohrer, C., Krause, U., Steinbach, J., 2004, Self-Ignition of

Combustible Bulk Materials Under Various Ambient Con-

ditions, IChemE Symposium Series No.150.

Rowe, S.M., 2002, Thermal stability: a review of methods and

interpretation of data, Organic Process Research & Devel-

opment, 6, 877–883.

Schmidt, M., Lohrer, C., Krause, U., 2003, Self-Ignition of

Dust at Reduced Volume Fractions of Ambient Oxygen,

Journal of Loss Prevention in the Process Industries, 16,

141–147.

Stoessel, F., Thermal Process Safety of Chemical Processes,

2008, Wiley-VCH Verlag.


	INTRODUCTION

	AVAILABLE EQUIPMENT

	DIFFERENTIAL SCANNING CALORIMETER (DSC) - HEAT FLUX TYPE

	CARIUS TUBE

	ACCELERATING RATE CALORIMETER (ARC)

	SETARAM C80

	THERMAL ACTIVITY MONITOR (TAM)

	FRANK-KAMENETKSII MODEL

	POTENTIAL PITFALL 1 - EXTRAPOLATION

	POTENTIAL PITFALL 2 - KINETICS

	CORROBORATION WITH LARGE SCALE DATA

	COMPOUND A

	COMPOUND B

	CONCLUSIONS

	ACKNOWLEDGEMENTS

	REFERENCES
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


