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Abstract

A model is presented which describes the heat transfer between the subsystems of a DSC plate transducer. For the modeling,
the DSC plate transducer is divided into seven subsystems with locally uniform temperature. The simulation program for the
solution of the model equations is based on the Runge—Kutta—Fehlberg method. Appropriate planning of the experiments can
be derived as a result. Thus, the expense of the preliminary experiments can be reduced. In addition, the model allows the
measured results to be interpreted more easily. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

DSC measurements for the determination of the
specific heat capacity require a high measuring accu-
racy and good reproducibility. In [1] the possibilities
for the improvement of the signal to noise ratio were
discussed. In particular, a sensitive influence of the
DSC signal occurs by the measuring conditions within
the high temperature range. Appropriate planing of the
measurements, e.g. for the selection of the crucibles
and the reference material, the definition of the dimen-
sions of sample and reference specimen, selection of
the temperature program and the selection of the
sweep gas mostly require many preliminary experi-
ments with variation of the parameters. This approach
is expensive and time consuming. In addition, it is
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often difficult to interpret realistically the measured
results in connection with the influences of the mea-
suring conditions. For these reasons modeling of the
heat transfer with consideration of thermal conduc-
tion, convection and radiation is presented. The aims
are simplified modeling on the basis of a system of
ordinary differential equations, the simulation of the
DSC signal in dependency on the essential measuring
conditions and the evaluation of the different factors of
influence on the measuring signal and the selection of
appropriate experimental conditions. Similar models
for the temperature-modulated differential scanning
calorimetry (TMDSC) were already presented in [2,3],
and [4,5] gives some indication of the interpretation of
DSC signals.

2. Model

The DSC plate transducer DSC92 (SETARAM)
with reference and sample crucible (platinum) is
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Fig. 1. DSC plate transducer DSC92 (SETARAM) with reference and sample crucibles (platinum).

shown in Fig. 1. The temperature difference between
sample side and reference side, which corresponds to
the DSC signal, is directly measured by thermocou-
ples on the DSC plate. For the modeling, the DSC
plate transducer is divided into seven subsystems with
locally uniform temperature Ty(¢), Fig. 2. The assump-
tion of a homogeneous temperature of the subsystems
at each point in time is equivalent to the assumption of
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Fig. 2. Sketch of the subsystems involved in the heat transfer.
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can be neglected without a loss of accuracy for
Bi < 0.1. This assumption can be verified by solution
of the Fourier differential equation.

In addition, the following assumptions are made:

formulation of the heat flows between the
subsystems on the basis of thermal resistances R/
and simplifying assumptions,

symmetric conditions for the sample and reference
side (= horizontal base line),

heat transfer between the subsystems by thermal
conduction, convection and radiation.

During heating and cooling, the temperatures 7; of
the subsystems differ and heat flows

0y = Ai(Ti—T;)/R] 2)

appear. Thermal resistances R{ are modeled for the
simulation of the heat transfer between the subsystems
i and j with consideration of thermal conduction,
convection and radiation.

In particular, within the high temperature range
(>1000°C) the heat transfer by radiation gains in
importance e.g., the radiation plays a crucial role
between the furnace wall and the respective crucible
coat, the inside surface of the crucible and the sample,
the outside surfaces of both crucibles as well as
between the plate of the DSC and the colder zones
of the furnace. The latter can be also a cause for the
intensified drift of the base line in the high temperature
range as a result of asymmetry if no sufficient radia-
tion protection is installed in the measuring field.

The thermal resistance between furnace wall (o)
and crucible coat (tm) can be formulated for example
as follows:

T4-T* -
R = <€tm~o's.Tz —T:: + awm) . 3)

The radiation is considered according to the law of
Stefan and Boltzmann. The heat transfer coefficient
Qeony 18 Used for the consideration of convective heat
transfer. For the estimation of gy, the heat transfer
coefficient for the laminar heat transfer in a gap with
the effective gap width s.¢ is used [6]:

Nu>Nuy, (full development flow)
Q- 2Scf
NTo)

—4.96 = (4)

4.86

=—"A as(7o)-
T eas (7o) (5)

Qconv,min (To)
Due to the thermal and hydrodynamic development
of the flow, the real heat transfer coefficient is higher

Qlcony (Tov Vgas ) Zaconv,min . (6)

This depends in particular on the furnace tempera-
ture and the adjusted flow rate of the sweep gas
Vgas-

The general formulation of the resistance consider-
ing heat conduction and the contact resistance
between two bounding subsystems, reads as:

Si Sj Srough,eq (7)

Rlz:‘HC(T) = 2>\i(To) + 2)\j(T0) )\gas(TO) ?

where \; represents the thermal conductivity. s; is the
dimension of the subsystem which is characteristic for
the heat conduction. The term s$yougheq/Agas(To)
describe the thermal resistance at the interface of
the two subsystems (e.g. sample—crucible ground,
crucible ground-DSC plate). This depends on the
thermal conductivity A of the sweep gas (e.g.
AHe = 9A4,) and on the surface quality of the sample
and the crucible. The latter is considered by an
equivalent gas layer thickness S;ougheq, Which has
the same resistance against heat conduction as the
contact zone formed by the roughness and the gas
gaps. So a good description of the temperature depen-
dence of the contact resistance can be also achieved.
By varying the equivalent roughness $yougneq in the
calculations, conclusions can be derived about the
influence of the surface quality of the sample or the
reference material. The influence of the sweep gas on
the contact resistance can be simulated based on the
variation of the thermal conductivity Agqs.

The model is based on a system of ordinary
differential equations with one differential equation
per subsystem. Depending on the temperature pro-
gram or the heating rate 3(¢), the rate of change of the
furnace temperature can be expressed as follows

dT7,
= B(1). 8
o= B() ®
The application of the first law of thermodynamics
for rigid systems with exclusive heat transfer

dU = dQ = Odt 9)
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to the respective subsystems leads to the following
differential equations: reference side of DSC plate
transducer

thmr _ Atm
(Me)

dt RO
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+ A (T e Time)
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The numerical solution of the system of differential
equations was carried out by means of the Runge—
Kutta—Fehlberg method with an estimation of the local
error as well as an automatic control of the step size
[7]. A test of the program and a prediction of the
maximum step size Atz,,x was done on the basis of
analytical solutions. This results in a stable and robust
solution algorithm, which allows simulation calcula-
tions.

3. Results

A temperature program within the range of 700—
1400°C was used to demonstrate the efficiency of the
model. The comparison of the measured DSC signal
with the simulation was carried out on this basis. The
heating rate between the plateaus with a temperature
difference of 100 K was 5 K/min. Helium was used as
the sweep gas. In order to allow comparisons between
different materials, platinum and Al,O;5 crucibles as
well as a platinum sample cylinder were used.

3.1. Behavior of the subsystems in dependency on the
time

Assuming ideal conditions, a temperature compen-
sation between the subsystems of the DSC plate
transducer continues until steady-state takes place if
the furnace temperature is kept constant (plateau).
This thermal equilibrium is disturbed by the beginning
of the heating. A quasi-steady-state will be reached
again if the rate of heating is constant. The tempera-
ture of the subsystem considered follows the given
furnace temperature in dependency on the thermal
resistances and the heat capacity, as shown in Fig. 3.
The simulated temperature distribution of the subsys-
tems for the transition from a plateau to a constant
heating rate are presented as an example for selected
experimental conditions. It is evident that the tem-
peratures of the subsystems on the reference side
correspond better to the furnace temperature than
temperatures of the appropriate subsystems on the
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Fig. 3. Presentation of the simulated temperature distribution of the subsystems for the transition from a plateau (7,=1000°C) to a constant

heating rate (8 =5 K/min).

sample side. In comparison to the reference side, the
subsystems of the sample side additionally transfer
heat to the sample which leads to a temperature
decrease. For example, the crucible coat temperatures
correspond better to the furnace temperature than the
temperatures of the crucible ground or the sample.
This is caused by the direct heat exchange between the
outside surfaces of the crucibles and the furnace. The
temperature of the DSC plate equals approximately
the temperature of the corresponding crucible ground.
The reason for that is a slight heat conduction resis-
tance between plate and crucible ground. This resis-
tance depends on the surface quality of the crucibles
and of the plate and the thermal conductivity of the
sweep gas. Similar connections result for the tempera-
ture of the sample.

The comparison with the experiment shows that no
thermal equilibrium can be achieved under real con-
ditions, even with constant furnace temperature (pla-
teau). The temperatures of the subsystems differ also
in the steady-state from the furnace temperature,
because a heat transfer from the DSC plate transducer
to the colder area of the equipment occurs.

3.2. Influence of the crucible material

With rising temperature the influence of the radia-
tion between the subsystems increases. Especially in
the high temperature range it is essential which type of
crucible material is used. Fig. 4 shows the crucibles
available for DSC measurements. The reasons for the
use of platinum crucibles instead of A1,05 crucibles
are the smaller radiation coefficient, the better thermal
conductivity of platinum and the smaller contact
resistance. However, platinum crucibles cannot be
used for DSC measurements on certain materials,
e.g. for steels in the high temperature range. The steel
loses alloying components with increasing tempera-
ture which leads to a surface corrosion of the platinum
crucible or can form easily fusible alloys which
destroys the crucible. In [1] measures were discussed
how to use the advantages of both crucible materials
(A1,03 and Pt) in order to obtain good experimental
results. A high emissivity improves the heat transfer
between the sample crucible and the reference cruci-
bles among other things. This results in a decrease in
the DSC signal. Therefore, the use of a radiation
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Fig. 4. Crucibles with cover used for DSC measurements; left: platinum, right: Al,Os.
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Fig. 5. Comparison of the DSC signals for different crucible materials and comparison with the simulation (Pt-sample cylinder, helium

atmosphere, heating rate 5 K/min).

protection in the high temperature range is appropriate model. Also, the influence of the advantageous use

when Al,O; crucibles are used.

of A1,0; crucibles inside platinum crucibles can be

The influences of a change in emissivity or thermal shown by use of the model. In Fig. 5, the comparison
conductivity can be simulated with the proposed of the experimentally determined DSC signals with
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the simulated ones is presented as an example. A
platinum cylinder was used as the sample. When using
platinum crucibles, the signal changes are larger than
those achieved with Al,O3 crucibles. The presented
measured DSC signal (difference of the plate tem-
peratures) with the transition from the plateau to the
constant heating rate and vice versa can be reproduced
by the model (Fig. 5, right). In Fig. 5 (left) it can be
seen that the drift of the base line is also dependent on
the crucible material. For simulation full symmetry of
the sample and reference side is assumed. Therefore,
the DSC signal was held at a value of 0 in the plateau
phases for both crucible materials (Fig. 5, right).
However, consideration of the base line drift is pos-
sible without much efforts.

For the investigation of the response of the tempera-
ture level to the signal change, experiments with a
cascade-type heating were carried out in a wide tem-
perature range. In the lower part of Fig. 6, the tempera-
ture program used of 700-1400°C with 100 K steps is
shown. The simulated and experimental determined
DSC signals are presented in the upper part of Fig. 6.
It can be seen that the signal changes decrease with
increasing temperature, although the specific heat capa-

city of platinum increases by more than 10% in this
temperature range. The reasons for this are the changing
conditions for the heat transfer. This effect can be
reproduced by the simulation with a high accuracy.

It can be concluded that the simulated temperatures
T{(t) reflect changes of the heat flow between the
subsystems well. Thus, the influence of the particular
thermal resistances and the selected heating rates can
be predicted. In addition, the estimation of the neces-
sary length of the plateau phases is simplified. The
signal behavior can be simulated in dependence on:

the crucible selection (A1,03, Pt),

the inert gas (He, Ar),

the thermalphysical properties of the sample (A, ¢,
ps €),

the geometry of the sample (dimensions, surface
quality),

the selected temperature program.

4. Conclusion

After adapting the model parameters to the appro-
priate DSC plate transducer, an efficient model is
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Fig. 6. Comparison of the DSC signals in the range of 700-1400°C (Pt—crucible, Pt—sample cylinder, helium atmosphere, heating rate 5 K/

min).
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available for the numerical analysis of DSC measure-
ments. The influences of the particular thermal resis-
tances on the signal measured can be interpreted well.
Thus, conclusions can be derived for an optimum
planing of experiments as well as for the interpretation
of experimental results. The method is also suitable for
the description of special procedures, like the tem-
perature-modulated DSC. In addition, asymmetries
can be simulated which lead to a drift of the base
line. Further simulation results and proposals for an
improved experiment planing, especially for the con-
sideration of the influence of the inert gas as well as
the properties and geometry of the sample, will be
presented in a paper which is in preparation.

5. Nomenclature

A heat transfer surface

Bi Biot number: Bi = oIy, /A, Ipar Character-
istic length

specific heat capacity

mass

Nusselt number

heat

heat flow

thermal resistance

distance

temperature

time

internal energy

flow rate

heat transfer coefficient
heating rate

emissivity

thermal conductivity
Stefan—-Boltzmann constant

(9}

>0 X R <'QN"]“=UQ-!QES

S

Indices
eff effective
conv convective
gas gas
i index for subsystem
J index for subsystem
o furnace
P sample side
pl plate
pr sample
cross section
q
r reference side
rough  roughness
tb crucible ground
tm crucible coat
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