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ABSTRACT: Monolithic stationary phases are becoming
increasingly important in the field of liquid chromatogra-
phy. Methacrylate-based monoliths are produced via free-
radical bulk polymerization. The preparation of large-vol-
ume monoliths is a major problem because the intensive
heat released during polymerization causes distortion of the
porous monolithic structure. This work presents experimen-
tal measurements of temperature distributions during poly-
merization in moulds of different sizes and at various ex-
perimental conditions. A mathematical model for the pre-
diction of temporal and spatial temperature distribution
during the polymerization of methacrylate-based monolithic
columns is introduced. The polymerization is described by

an unsteady-state heat conduction equation with the gener-
ation of heat related to the general kinetics of polymeriza-
tion. Predictions from the mathematical model are in good
agreement with the experimental measurements at different
experimental conditions. A method for construction of large-
volume monolithic columns is presented and an attempt is
made to adopt the developed mathematical model in annu-
lar geometry. © 2003 Wiley Periodicals, Inc. ] Appl Polym Sci 87:
2326-2334, 2003

Key words: polymerization; macroporous polymers; mod-
eling

INTRODUCTION

Methacrylate-based monoliths are a novel GMA-
EDMA (polyglycidyilmethacrylate-ethylendimethac-
rylate)-based material used as a stationary phase in
liquid chromatography. In contrast to conventional
packed beds, the main advantage of methacrylate-
based monolithic columns is their porous structure.
Pores in such monoliths are open on both sides and
highly interconnected, forming a flow-through net-
work. Consequently, the entire mobile phase is forced
to flow through the monolith, which results in a fast
convective mass transfer between the stationary and
mobile phase." This is not the case for conventional
porous particles where the mobile phase inside the
pores is stagnant. One of the key features of GMA-
EDMA monoliths is bimodal pore size distribution
that enables low back pressure at high throughput
together with a large surface area needed for high
binding capacity. Because of the above-mentioned ad-
vantages, methacrylate-based monolithic columns
have been applied in various areas. Especially small
analytical and semipreparative monolithic columns
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were found suitable for extremely fast separations of
large molecules.”'° However, the construction of
large-volume preparative monolithic columns still
represents a big challenge. Very few attempts have
been described so far,''? and only recently has an
approach demonstrating chromatographic character-
istics of large monolithic columns been introduced."

The preparation of large-volume homogeneous
monolithic columns is a very complex process because
exothermic polymerization causes pronounced tem-
perature nonhomogeneity that significantly affects the
structure.’” Thermally initiated radical bulk polymer-
ization of monomer and porogene mixture results in a
two-phase system: in a white-colored continuous solid
monolith and in inert liquid porogens inside the po-
rous structure of the monolith. To obtain monoliths
with a reproducible and uniform structure, besides the
initial composition, the temperature during polymer-
ization should also be carefully controlled, since it
significantly affects the porous structure.'” In order to
control the temperature, polymerization is performed
in a thermostated water bath. However, polymeriza-
tion is highly exothermic and therefore the occurrence
of substantial temperature gradients in large moulds
is inevitable. This fact represents the main reason for
nonhomogeneous structure of large monolithic col-
umns.'? The possibilities of controlling the tempera-
ture inside large moulds are very limited during po-
lymerization and therefore the temperature increase is
determined by experimental conditions. These condi-
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tions are the composition of the reactant mixture, the
temperature of the water bath, the shape and the
diameter of the mould, and heat transfer coefficients
on both sides of the mould. For a successful produc-
tion of large columns, experimental conditions have to
be methodically selected. In order to accomplish this,
detailed knowledge about the polymerization kinetics
and the heat transfer mechanism is essential. A com-
bination of this knowledge and an appropriate math-
ematical model should enable prediction of tempera-
ture profiles during polymerization. Such a mathemat-
ical model would enable better understanding of the
complex behavior, which would be of great impor-
tance in the development of preparative-volume
monolithic columns.

This work presents experimentally measured tem-
perature profiles and an attempt to describe the poly-
merization process with a simplified mathematical
model employing the already developed global kinetic
rate equation.’

EXPERIMENTAL

The reactant mixture consists of two monomers, 24%
glycidyl-methacrylate and 16% ethylene-dimethacry-
late, both from Aldrich (Steinheim, Germany); inert
porogens, 12% dodecanol and 48% cyclohexanol; and
an initiator, benzoyl peroxide-BPO, all from Fluka
(Buchs, Switzerland).'>'®> This mixture forms a clear
liquid that copolymerizes via a free-radical mecha-
nism. The polymerization results in a two-phase sys-
tem: a white-colored continuous solid monolith and
an inert liquid porogens inside the porous structure of
the monolith. The Trommsdorff effect is absent in this
case, because the solution contains almost 60% inerts.
Polymerizations were carried out in vertical stainless
steel cylindrical moulds with diameters of 16, 35, 50,
and 80 mm, respectively, and at water bath tempera-
tures of 58, 63, 66, 68, and 70°C. All moulds had 1 mm
thick walls and were 130 mm high. Sealed moulds
were placed vertically in a thermostated water bath.
The temperature inside the moulds was measured by
standard Ni-CrNi thermocouples at different radial
positions. The exact radial position of the thermocou-
ples was measured with the precision of +0.5 mm
after the polymerization was completed. The acquisi-
tion of data from thermocouples was performed by a
PC. The accuracy of the temperature measurements
was experimentally estimated to =1°C. Prior to the
experiments, the reactant mixture was purged with a
nitrogen for 15 min in order to strip out the dissolved
oxygen that could influence the radical polymeriza-
tion.

Specific heat capacity of the monolithic polymer
was determined using differential scanning calorime-
try (DSC) on the Mettler Toledo 821c differential scan-
ning calorimeter. The experiments were conducted at

2327
140
130
15 mm
120 +
o | i = 12 mm
10 - § ~~~~~~~~ 8 mm
100 & e 3 mm
w0t §
— 80 a
o
= 70 |
60 -
50 - Polymerization zone
40+
30+
20
i il 1 1 1 1 1 1 1 1
0 20 40 60 8 100 120 140 160 180 200

t [min]

Figure 1 Temperature distributions at different radial po-
sitions during polymerization of methacrylate-based mono-
lithic material in a 35 mm diameter cylindrical mould. Water
bath temperature is 63°C. Radial positions of thermocouples
are indicated.

atmospheric pressure in nitrogen atmosphere. Dy-
namic scans were taken at a heating rate of 10°C/min
in the temperature range of 30-110°C. For the DSC
sample preparation, approximately 10 mg of material
was filled into an aluminum crucible of 40 L with a
perforated lid.

The mathematical model for the prediction of tem-
poral and spatial temperature distributions during po-
lymerization was written in Matlab (The Math Works
Inc., Natick, MA). Numerical calculations and simula-
tions were performed on a PC. Fitting of effective
thermal diffusivity was performed by Mathematica
(Wolfram Research Inc., Champaign, IL).

RESULTS AND DISCUSSION
Measurements of temperature distributions

A typical temperature distribution during polymeriza-
tion inside the cylindrical mould of a 35 mm diameter
at different radial positions is presented in Figure 1.
The reactant mixture is prepared at room temperature
and placed into a thermostated water bath at 63°C.
Then the heating starts and the temperature of the
reactant mixture gradually approaches the water bath
temperature. This process is presented as the heating
zone in Figure 1. At this point, the initiator becomes
thermally unstable and starts to decompose to radicals
that trigger radical polymerization. The highly exo-
thermic polymerization causes rapid increase of tem-
perature, which additionally accelerates the kinetics
and consequently intensifies the heat release. This au-
toaccelerated process slows down when the kinetics
becomes limited by the monomer concentration and
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Figure 2 Comparison of experimentally measured temper-
ature distributions at radial position of 9 mm during poly-
merization of methacrylate-based monolithic material in 35
mm diameter cylindrical moulds at different water bath
temperatures.

eventually the polymerization ends. This process is
presented as the polymerization zone in Figure 1.
Here, in contrast to the heating zone, intensive tem-
perature gradients in radial direction can be observed.

The polymerization can be carried out in moulds of
different shapes and sizes and at different water bath
temperatures. Figure 2 represents the comparison be-
tween temperature distributions at a fixed radial po-
sition for polymerization at different water bath tem-
peratures. A pronounced influence of the water bath
temperature on the polymerization kinetics and con-
sequently on the maximal temperature is evident.
Higher water bath temperature, according to the Ar-
rhenius law, causes faster polymerization and a higher
maximal temperature, altogether resulting in a less
uniform porous structure of the monolithic column.?
For this reason, a lower water bath temperature is
preferred. However, the thermal stability of the initi-
ator limits the use of low temperatures.

Mathematical model

The prediction of temporal and spatial temperature
distributions during polymerization in closed moulds
is a very difficult task. The main problem is the natural
convective flow inside the mould caused by radial
temperature gradients during polymerization. These
convective flows enhance heat transfer that substan-
tially influences the radial temperature distribution
and the rate of polymerization. It is well known that
these convective flows are very difficult to predict also
in simple systems where the changes of physical and
rheological properties are negligible.'® Prediction of
natural convection in complex systems, such as the
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polymerization presented, is at this moment still im-
possible to our knowledge but could be anticipated in
the future with further development of computational
fluid dynamics. However, convective contribution to
heat transfer must therefore be simplified and in-
cluded in the model. In this work, combined heat
transfer is described as conduction only, where the
effective conductivity incorporates the convective con-
tribution through the relation'”:

AefszuL')\ (1)

where Nu; (conduction) = 1.

Since the Nu; number is a function of the Rayleigh
number and the aspect ratio (H/D), the effective con-
ductivity is also a function of the aspect ratio. The
lower the aspect ratio is, the higher the Nusselt num-
ber, which means that the convection intensity in-
creases with diameter at the given mould height.

Considering the above-mentioned simplifications,
the temperature distributions during polymerization
in the mould can be mathematically described as un-
steady-state heat conduction with generation of heat
with the differential heat balance equation in cylindri-
cal geometry:

IT a0 ( aT) S
= \r—=t+—= (2)
Jt r ar ar pCc,

For the solution of eq. (2), one initial and two bound-
ary conditions are required. The initial condition is a
uniform initial temperature distribution T, Justifica-
tion of such initial condition has been experimentally
confirmed and is presented in Figure 1, where the
temperature at different radial positions, at the begin-
ning of polymerization, is the same: T = Ty; 0 = r = R;
t=0.

The first boundary condition assumes a symmetri-
cal temperature profile around the center of the cylin-
der, while the second condition states that the temper-
ature on the inner surface of the mould is equal to the
temperature in the water bath:

a1 =0 =0 t=0
Er:(]— T =
T=T, r=R, t=0

The second boundary condition has been experimen-
tally verified by measuring the temperatures of the
water bath and the temperatures on the outer and
inner cylinder surface during the polymerization.
The term of heat flow in eq. (2) dictates the increase
of the temperature during exothermal polymerization.
The rate of heat generation depends on the kinetics
and the heat of polymerization and can be written as



TEMPERATURE DISTRIBUTION EFFECTS

Q:E:ﬁ (3)

where the released heat Q is a linear function of the
extent of reaction and equals the heat of polymeriza-
tion at complete conversion:

Q = x(t, T)AH, (4)

Since only thermal effects during the reaction are con-
sidered in the model, the global kinetic equation in
terms of the extent of reaction and the value for the
heat of polymerization are sufficient for the descrip-
tion of the process. Global kinetic parameters have
been determined by DSC.'* It has been shown that the
global polymerization kinetics is of first order with A
= 1.681 X 10” s™" and E, ,,, = 81.5 k] /mol, where the
heat of polymerization is approximately 190 J/g.
Therefore, the kinetic equation in terms of the extent of
reaction can be written as

dx
—=(1—x)A exp[—E

= /RT] (5)

a,app

By integrating eq. (5), we obtain an expression for the
calculation of the extent of reaction, which is a func-
tion of time and temperature:

x(t, T)=1—exp

—AJ exp[—EWp/RT]dt] (6)
0

With a combination of egs. (3), (4), and (6), and by
inserting the solution for the heat flow into eq. (2), we
obtain a mathematical expression describing the tem-
perature profile during the polymerization in cylindri-
cal geometry:

a9t r or | or c,(x) ot

X |AH,[1 — exp

t
—-A j exp[—E, ,,/ RT]dt
0

£

In eq. (7), the specific heat capacity and the effective
thermal diffusivity cannot be regarded as constants.
The differences in physical properties of the liquid
reagent mixture and the final two-phase product are
very large. Therefore, the specific heat capacity in the
mathematical model is considered as a linear function
of the extent of reaction. The influence of specific heat
capacity on the effective thermal diffusivity is much
less pronounced than the influence of the effective
conductivity, which depends on the radial tempera-
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ture gradients. The exact correlation between the ef-
fective thermal diffusivity and the natural convective
flows is not known, therefore an approximation has to
be applied. A correlation between the effective ther-
mal diffusivity and the extent of reaction is employed,
because the radial temperature gradients are the larg-
est in the first part of polymerization and the viscosity
of the solution increases with the extent of reaction.
For the sake of simplicity of the model, the effective
thermal diffusivity is considered as a linear function of
the extent of reaction:

a(x) = ag(l — x) + xoy (8)
&) = epoll — ) + 3¢, ©)

where subscripts 0 and f denote initial and final values
of thermal diffusivity and specific heat capacity. The
specific heat capacity of porogens and of the reactant
mixture was estimated to 2.1 J/gK, using literature
data from SRC PhysProp Database (esc.syrres.com).
The experimental estimation of specific heat capacity
of the final two-phase system is rather difficult be-
cause of the pronounced endothermic effect caused by
the evaporation of porogens at higher temperatures.
Therefore, the specific heat capacity of monolithic ma-
terial without vaporizable porogens inside the porous
structure was measured using DSC analysis.'® A sam-
ple of monolithic polymer was heated with a constant
rate while heat flow (dH/dt) was recorded. Employing
the experimental results in eq. (10), specific heat ca-
pacities at different temperatures were calculated:

e (10)

Figure 3 presents the results from DSC experiments
for the determination of specific heat capacity of the
monolithic polymer. The resulting specific heat capac-
ity is slightly temperature-dependent, but for model-
ing purposes it can be regarded as a constant: ¢, = 1.2
J/gK. Using the known mass proportions between
monomers and porogens (40:60), the calculation of
specific heat capacity of the two-phase system is
straightforward and amounts to 1.74 J/gK.

The thermal diffusivity at the end of polymerization
() was determined experimentally. Experiments
were carried out by heating the cylindrical mould,
containing the final two-phase mixture, in the thermo-
stated water bath (Fig. 4). Temperatures at different
radial positions were continuously recorded by the
computer. Such experimental results can be mathe-
matically described by eq. (1) without the heat flow
term. The solution of such a simplified equation with
a convection second boundary condition is analytical

and is given as a Fourier series'”:
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Figure 3 Dependence of the specific heat capacity of mono-
lithic material on temperature. The dashed line presents the
average value of the specific heat capacity used in the model.

r-T. . 2 2
ﬁ = 2 Ciexp[_ﬁiat/RoyO(Bir/RO) (11)

i=1
where

2 By

Ci = 8. 72B) + 2B

(12)

and constants B; are the roots of the algebraic equation

BJl(Bl) — B = hwRO (13)
Jo(B:) A

The functions ], and J; are the Bessel functions of the
first kind. In the present case, the solution is simplified
because the value of the Bi number is large enough, so
that the solution does not depend on the Bi number.
Using measured temperature distributions at different
radial positions in the cylindrical mould and fitting
them with eq. (11), we obtain the values of thermal
diffusivity for the two-phase system, which is (0.7
*+0.2) X 107 m?/s. This value is a constant, regard-
less of experimental conditions and the mould aspect
ratio, because the heat transfer mechanism in the two-
phase system is mainly conduction. Here, the solid
porous monolithic structure blocks the formation of
noticeable convective flows that could substantially
enhance the heat transfer. Figure 4 presents the com-
parison of the measured temperature profiles with
numerical fits at several radial positions. Fitting was
performed using the Levenberg-Marquardt method.
A satisfactory convergence of the solution was
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achieved by applying the first eight terms of the Fou-
rier series.

Determination of the initial thermal diffusivity is a
much more difficult problem since the initial material
in the mould is a liquid solution of monomers and
porogens where the heat transfer is not only a conduc-
tive process, because it also includes free convection
caused by spatial temperature gradients. Neverthe-
less, the empirical assessment of the value of initial
thermal diffusivity is very difficult because it should
incorporate the influence of the geometry of the
mould. The only way to obtain this value for a given
mould aspect ratio was to fit the experimental results
of temperature distributions with eq. (7), where the
only fitted parameter was «,. The initial thermal dif-
fusivity, once set for a given mould diameter, was
then considered constant for that geometry. It has
been determined that the value of initial thermal dif-
fusivity increases with the mould diameter, which has
been expected and is in accordance with literature
data.’”

The solution of the mathematical model was ob-
tained using the finite difference method.'” The con-
vergence of the numerical solutions was tested. The
increments At and Ar were adjusted according to the
model stability and reasonable convergence demands
considering the time needed for the computation. The
numerical error of the computed results was estimated
to be less then 1 K.

Figure 5 presents the comparison between experi-
mentally measured temperature distributions and the
mathematical model predictions for the polymeriza-
tion in a 50 mm diameter cylindrical mould at water
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Figure 4 Comparison between measured temperature dis-
tributions and numerical fits at different radial positions.
Experimental conditions: diameter of the mould, 80 mm;
initial temperature, 28°C; temperature of the water bath,
64°C. Model parameters: R, = 40 mm; Bi = 100.
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Figure 5 Comparison between experimentally measured
temperature profiles and the mathematical model. Experi-
mental conditions: cylindrical mould diameter, 50 mm; wa-
ter bath temperature 58°C. Model parameters: c,, = 2.1
]/§ 174]/Ka0—25><10 m?>/s; af—07><107

/s, AH =190]/g; T, = 58°C; T.. = 58°C; Ar = 0.5 mm;
At = 0.5 s. Radial positions of thermocouples are indicated.

bath temperature of 58°C. In Figure 6, a similar com-
parison for the polymerization in a 35 mm diameter
cylindrical mould at the same water bath temperature
of 58°C is presented. Both Figures 5 and 6 contain the
calculated temperature profiles at different radial po-
sitions presented at regular intervals for better spatial
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90 - .
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OU - - - 4mnm
- WY N\ 9 mmn
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T TS
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Figure 6 Comparison between experimentally measured
temperature profiles and the predictions from the mathe-
matical model. Experimental conditions: cylindrical mould
diameter, 35 mm; water bath temperature, 58°C. Model pa-
rameters: c,o = 2.1J/gK; ¢, = 174 ]/8K; ap = 1.3 X 10 7
m?/s; a; = 0.7 X 1077 m?/s; AH, = 190 J/g; T, = 58°C; T..
= 58°C; Ar = 0.7 mm; At = 0.5 s. Radial positions of ther-
mocouples are indicated.
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Figure 7 (a) Calculated rate of heat generation at different
radial positions. The interval between the lines is equal to
Ar, e.g., 0.5 mm. Model parameters are the same as in
Figure 5.

representation. Good agreement of the mathematical
model with the experimental data is evident from both
these figures. The main difference between the two is
in the maximal temperature achieved. In the case of
the 50 mm diameter mould, the maximal temperature
is 127°C, while in the case of the 35 mm diameter
mould, it is only 111°C. This example clearly demon-
strates the influence of the mould diameter on the
maximal temperature during the polymerization.
The presented results show that the mathematical
model for the prediction of temperature distributions
during the polymerization of monolithic columns de-
scribes the process in a satisfactory manner. Therefore,
it can be used for the prediction of the temperature
and the conversion distributions for different experi-
mental conditions and geometries of the moulds. In
Figure 7, the calculated rates of generated heat and
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TABLE 1
Dependence of Effective Thermal Diffusivity
on Cylindrical Mould Diameter

Mould Diameter (mm) 16 35 50 80
Effective thermal diffusivity X 107 (m?/s) 0.7 13 25 8

conversion profiles are presented. Since the presented
profiles in Figure 7 were calculated using the same
parameters as in Figure 5, the two figures can be
compared.

It is evident from Figure 7 that very large differ-
ences in radial direction occur for the two profiles. By
the time the polymerization in the center of the mould
has been completed, the conversion near the wall
reaches only 20%. This large radial dependence is
reflected in the much longer time needed for the com-
pletion of polymerization than one would expect from
the measured temperature profiles in Figure 5. Such
observations show an evident advantage of the model.

With the presented mathematical model, it is also
possible to predict the maximal temperature increase
as a function of the mould diameter and water bath
temperature. This information is very important for
the production of homogeneous large-volume mono-
lithic columns, where the maximal temperature in-
crease is a critical parameter.'” In order to predict the
maximal temperature increase of an arbitrary mould
diameter, the initial thermal diffusivity as a function
of the mould diameter must be known. The depen-
dence of the initial thermal diffusivity on the mould
diameter was obtained by fitting the known values of
the initial thermal diffusivity at experimental mould
diameters (Table I) using a polynomial of the third
order. The results presented in Figure 8 show the
dependence of the theoretical maximal temperature
increase at the center of the cylindrical mould on the
diameter at different temperatures of the water bath.
The dashed line indicates the maximal temperature
increase at adiabatic conditions. This value was deter-
mined using the heat of reaction'* (AHr = 190 ]/g) and
the average specific thermal coefficient (¢, = 1.9 ]/gK)
of the mixture throughout the polymerization. It
should be noted that the results in Figure 8 represent
a rough approximation of the real behavior.

Preparation of large-volume monolithic columns

A detailed analysis of polymerization kinetics and
heat transfer during the polymerization showed an
inevitable temperature increase, which can cause seri-
ous damage to the porous monolithic structure.'? The
scale-up is therefore limited by this factor, but there
are several possibilities for the construction of large-
volume monolithic columns. One method is further
increasing of the diameter of short disk-shaped col-
umns. Unfortunately, the mechanical instability and
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difficulties with uniform sample distribution over a
large area limit the use of such units. Another possi-
bility is the construction of long columns with small
diameter. However, the very high pressure drop®
becomes the main obstacle in a successful application
of such units. An alternative approach that avoids
these problems is a tube-shaped monolithic column."®
Using this approach, the construction of an arbitrary-
volume monolithic column is possible by inserting one
tube of small thickness into another. However, joining
of annuluses together represents another problem,
and it is therefore essential to find the optimal annulus
thickness. As a solution to this problem, the presented
mathematical model has been adapted in order to
describe the temperature distribution in an annular-
shaped mould. This can be obtained by introducing
new boundary conditions: T = T,,r = R, t = 0; T
=T, r=R,t=0.

The solution of eq. (2) considering new boundary
conditions presents the temperature distribution dur-
ing the polymerization in an annular mould. The so-
lution depends on annulus thickness and diameter
and it approaches the solution for plate geometry for
annuluses with large diameters where the curvature is
small. Figure 9 presents the time sequence of one
solution for an annular-shaped mould. It is evident
here that the maximal temperature increase is not
located in the center of the mould, as in the case of
cylindrical moulds, but closer to the inner surface.
Such behavior is expected and results from having
different areas of the inner and outer surface available
for heat transfer. Additionally, the sequences of con-
version and generated heat flow profiles are presented
in Figure 9.
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Figure 8 Dependence of the maximal temperature increase
at the center of the cylindrical mould on cylinder diameter
and on different water bath temperatures.
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Figure 9 Time sequences of temperature, conversion, and generated heat flow distributions in an annular-shaped mould.
Dimensions of the mould: R, = 5 mm; R, = 40 mm. Model parameters: Cpo = 2.1 J/gK; Cp =174 J/8K; ay =25 X 1077 m?/s;
a,= 0.7 X 1077 m?/s; AH, = 190 J/g T, = 60°C; T, = 60°C; Ar = 0.5 mm; At = 0.5 s. Time scale is as shown. The solid line
shows temperature distribution, the dashed line the conversion profile, and the dotted line the generated heat flow.

Although the results of the mathematical model for
annular moulds are approximations, they provide im-
portant information about the process and could be
useful in the development and preparation of homo-
geneous large-volume monolithic columns.

CONCLUSIONS

A mathematical model for the prediction of temperature
distributions during the polymerization of methacrylate-
based monolithic columns is presented. Using this
model, good agreement with experimental results in
cylindrical moulds has been achieved. Further develop-
ment of large-volume monolithic columns focuses on the

construction of monolithic units made of thin monolithic
annuluses that can be joined together. This approach
makes the construction of monolithic units of arbitrary
volume theoretically possible. However, finding optimal
conditions for polymerization in annular geometry is a
complex problem, where the presented mathematical
model, possibly with additional improvements, could be
of great importance for further development of large-
volume monolithic columns in the future.

NOMENCLATURE
A preexponential factor (s™')
Bi Biot number (/)
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constants in eq. (12)

specific heat capacity (J/gK)

inner cylinder diameter (m)

heat flow (W)

apparent activation energy (J/mol)
external heat transfer coefficient (W/m?K)
cylinder height (m)

heat of reaction (J/g)

mass (g)

Nusselt number (/)

released heat per unit mass (J/g)
released heat flow per unit mass (W/g)
cylindrical coordinate (m)

internal cylinder radius (m)

inner annulus radius (m)

outer annulus radius (m)

gas constant (J/molK)

released heat flow per unit volume (W/cm?)
temperature (°C)

initial temperature (°C)

water bath temperature (°C)

time (s)

extent of reaction (/)

effective thermal diffusivity (m?/s)
constants in eq. (12)

effective thermal conductivity (W/mK)
thermal conductivity (W/mK)

heating rate (°C/s)

density (g/cm®)

MIHELIC, KOLOINI, AND PODGORNIK
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