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IV. Applicability of the coupled cells model to periodic
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Abstract

The application of non-linear heating programs to a heat-flux DSC apparatus has attracted
much attention. On the basis of thermodynamics, the change in enthalpy of a sample during a
temperature change AT is due, on the one hand to the true heat capacity of the sample AT Cpe
and on the other, 1o the enthalpy of some transformation occurring in the sample A H AE. These
contributions can be separated on the basis of the kinetics of the transformation. The coupled
cells model of a disc type, heat flux DSC apparatus has been tested, using true heat capacities
and a sine modulation of the temperature of the furnace around a constant temperature. In the
range from 2 to 60 mHz, the amplitude and phase shift of the calorimetric signal were mea-
sured at several frequencics. Theorctical cquations, based on the model, and using the thermal
Ohm’s law explains the results with a reasonable accuracy. A non-linear DSC experiment af-
fords two ways of determination of the heat capacity of a sample making possible a distinction
between the enthalpic effect and heat capacity.

Keywords: DSC(temperature modulated DSC), frequency response, modelling of DSC, phase
shift response, thermodynamic discussion of DSC

Introduction

Since the original Boersma [1] DSC, the development of electronic devices
has made possible a considerable improvement of their performance and a better
interpretation of the rcsults. For DSC users, the base line problem is the most dif-
ficult one, since it is the basis of the determination of any enthalpy change during
the transformation of a sample.
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For heat flow DSC instruments the calorimetric signal A is proportional to the
difference between the temperature of the product 7}, and reference T, often
measured with thermocouples.

A=S(Tpr*Tref) (1

where g the sensitivity of the thermocouples (in pV K™.
The calorimetric signal is proportional to the difference in the power ab-
sorbed by the product Wy, and the reference side Wiy, respectively.

A = k(Wyr— Wret) (2)

where k sensitivity of the DSC apparatus (WV mW™),

During a temperature scan, at a constant heating rate 3, assuming that the
thermal power is absorbed by the heat capacities C and C’ on the sample and ref-
erence side respectively, A can be written as:

A=kB(C-C" (3)
The heat capacity C on the sample side is the sum of several heat capacities:

C = Cexp+ Ce+ nproa Cprod 4)

Cexp heat capacity of the DSC instrument itself on the product side (J K*I),
C. heat capacity of the crucible containing the product (J K™'),

Cproa molar heat capacity of the product (J K 'mol™),

Nproa  NUMber of moles of the product.

The total heat capacity of the crucible plus the sample is defined as:
Cs = Cc+ nprod Cprod
Comparison of (2) and (3) gives the heat capacity C.
(Wpr = Wiep) = B(C - C) (5)

Equation (5) was written by assuming no thermal power developed by any
transformation in the sample. This hypothesis has to be proved, but it is very dif-
ficult to do on an experimental basis. A good example of this is glass transition
[2, 3], where the heat effect is still under discussion.

Chemical thermodynamics, Kinetics and DSC

The problem of separation of heat capacity and enthalpy change is best under-
stood by going back to the basic thermodynamic equations. The enthalpy of a
system, made of one mole of a pure compound, is a function of a number of inde-
pendent variables, which are usually not known and difficult to even establish.
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It was shown by Prigogine [4] that the most general thermodynamic descrip-
tion of a system requires at least three variables. The enthalpy of the system is
given by H(T, P, £), £ being the degree of advance of some transformation occur-
ring in the system. DSC experiments are usually done at a constant pressure.

Then:
dH (oH oH) d& (6)
“=ar=\or| || ar
£ T
. . oH ) .
C, is called the apparent heat capacity[5], and Cyr = a7 is the true
g
heat capacity [5]. The enthalpy of the transformation is AHT = (%l and
,T
p dS : ,
AHT a7 is the conformational heat capacity [4].

In a conventional DSC, the temperature is a linear function of time, and
Eg. (6) can be written as:

aH 4 _(3H) (M) & (7)
d7 dT " | oT o8 | _dr dT
S T
The power W used to heat the system at [3 is given by:

d 8
W=ﬁcp,g+A,HT"d—§ ®)

This power is the sum of two terms: the first one is directly connected to the
heating rate, whereas the second one is a complex mathematical expression of
time and temperature and (or) composition given by the laws of kinetics [6]. The
calorimetric signal given in Eq. (1) is now written as:

d 9
A= k{g(cexp + Co + Nprog Cpt — c’)+ Nprod AcHT ﬂ ®
The base line A; is represented by
A= kB(Cexp + Ce + Nprod Cpe — c') (10)
and the thermal effect at time ¢ is given by:

. (11)
Q=[-8 -anar

0
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From Eq. (8) the difference between apparent and true heat capacity depends
on the kinetics of the transformation. The first idea was to use step heating so as
to wait for the thermal and thermodynamic equilibrium to be established [7-11].
The experiment yielded a set of peaks and it was shown [11] that the slope at the
start of each peak and its time constant, gave a separation between the true heat
capacity of the sample and its thermal (enthalpic) effect. The area of each peak
was proportional to the apparent heat capacity. More recently, an isoperibolic
DSC apparatus using a step heating mode has been described [12].

Another possible way was to use another mode of changing the temperature,
on adding some periodic function to a constant heating rate so as to modulate the
temperature and/or the power in the sample. Periodic heating was described a
long time ago [13, 14], and used in AC-calorimetry [15-18] and kinetic experi-
ments [6]. Recently this idea has been utilized in a commercially available DSC
apparatus [19].

The madel of a coupled cells DSC

A previous study of heat transfer [20, 21] in a disc type heat flow DSC, such
as a Mettler TA 2000 or DuPont DSC apparatus, at a constant temperature, has
shown that these calorimeters behave as linear systems, they are in fact coupled
cells differential heat flow calorimeters. Equations for the correction of the cal-
orimetric signal [22-24] in scanning (linear) mode were published.

The model used

The model used is based on the thermal Ohm’s law. The simple electrical
model is given in Fig 1. The thermal resistors between the bottom of the crucibles
and the thermoelectric disc [20, 21] have been neglected. Heat transfer through
the purge gas is contained in the resistors R and r. The temperatures are repre-
sented by electrical quantities and written accordingly.

S
i

C‘

R

I (¢)
Y\

U,
R

Fig. 1 Representation of a heat flow DSC apparatus, with the meaning of the voltages:
E=temperature of the furnace; Ui=temperature of the product; Us=temperature of the
reference; R= furnace-crucible resistor; r=crucible-crucible resistor; C=reference side
capacitor; C’=sample side capacitor
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Hypothesis

The enthalpy H of the system under study is given by H=f(T), since P is con-
stant. There is no thermal effect.

Equations of the electrical model
The voltage of the generator E is:

E=FE,+ Apsin(wt)

E, constant voltage,

Ar  amplitude of the modulation,

f frequency (Hz) W=27f,
p period (s) p=1/f

The equation of the calorimetric signal is given by:
U, - Ui = Apsin(of + 9).

In the electrical model the ground may be chosen at E,, and the electrical
voltage E of the generator standing for the témperature of the oven is simply
E=Agsin{(®?).

The voltage difference U,-U, (analogous to the calorimetric signal A) is com-
puted [25] using an equivalent circuit based on Thevenin’s theorem: the resistor
ris linked to two generators of fem E, and E, with internal impedance Z; and Z,,
respectively.

For sake of simplicity it is assumed that Z = L and Z’ = —— with > =—1.
jCw jC'w
I and E, = EL respectively.
R+Z7Z R+2Z
RZ’ __RZ
R+Z T R+Z
The voltage difference U,~U, is simply given by:

The fem of the generators are E; = F

Their impedances Z, and Z, are: Z; =

EZ’ EZ
R+7Z R+Z ErR(Z' ~ Z)
U,-Ui=r " = "
- RZ + RZ FR+ZYR+2Z)+RZ(R+Z)+ RZ(R+Z)
R+Z7Z R+2Z

Upon substitution we get:

jrRw (C ~ C*) (12)
r+ 2R — rR’CC'0* + jRo(r + R)(C + C*)

U, -Uy=-E
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It is convenient to use the modules of the gain G of the electrical device given
in Fig. 1 as:

U, — Uy
E

rRo(C - C) (13)

o= \/(r + 2R — rRZCC'wZ)2+ (Rm (r+RYC+ C’))2

The phase shift ¢ is given by

__r+2R-rR’CC’ (14)
T RO(C+C)r+R)

00

These equations are slightly more complex than the equations used by Hatta
[26], and Wunderlich [27], because the thermal link between the cells [20, 21,
22] is taken into account.

Discussion

The use of these equations for a real DSC instrument is straightforward.
Equations (13) and (14) show that it is possible to measure the values of the re-
sistors and capacitors, and thereby, establish the validity of the model, using tem-
perature modulation.

Experimental

Apparatus

A Mettler TA 2000 B DSC apparatus was used. It was controlled by a com-
puter [20]. Any temperature program of the oven T vs. time could be achieved
since it was possible to send the heating rate Bs=(dT%)/d¢ to the temperature con-
troller of the oven. The experiments were carried out at 298K.

Correction of oven operation

The programmed temperature Tr, of the oven is given by Tr, =7, + Ar, sin(w?),
where Agr, is the amplitude of modulation (in this paper Ap=1 K). This was
achieved by sending the heating rate: Br,=Ar,0 cos(e) to the temperature con-
troller in every second.

In fact, the temperature 7% of the oven was not the programmed value Tg,, ow-
ing to the frequency dependent gain of the PID temperature controller. It was
necessary to know and take into account this non-linearity. In order to measure
Tr, a thermocouple of a sensitivity of 42.8 uV K™ was tightly attached between
the oven and the thermoelectric disc. Measurements were made with a sampling
interval Arof 1 s.
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Computation

Since the frequency of temperature modulation is known, the temperature of
the oven is fitted by the method of least squares [28] to the equation:

Tr=A; sin(@f) + Az cos(wt) + Bt + T, (15)
The amplitude Ar of the temperature modulation is given by
Ap=VAT+ A} (16)
and its phase shift ¢ by:

A 17
te(pr) = ﬁ- (a7

Measurements used for each computation are those done during half of a pe-
riod p/2. The data at 7, #,..t, are used to compute A, A;, Ar and @ at time
(tn— 11)2 using Eqs (15), (16) and (17), respectively. The values at 13, 13....1h41 give
Ar and Qg at time (#,,;— 7,)/2 and so on.

From T=Bt+T,, the signal without modulation is obtained.

This method of calculation was found to be very fast and easy to use, even in
the scanning mode ( # 0).

Results

The results for the amplitude and phase shift are plotted in Figs 2 and 3.

A

1 1.2 1.4 1.6 1.8 2.0 2.2 24 2.6 log(p)

Fig. 2 Amplitude of the modulation of the furnace vs. log of period
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Fig. 3 Phasc shift of thc furnacc vs. log of period

As expected, the amplitude decreases when the frequency increases, and the
phase shift increases with the frequency. They were fitted by linear equations:

Ar = 0.465845 log(p) — 0.40542 (18)
or=32.16log(p) - 11.114 (19)

The cut off frequency of the furnace was found as 2.9 mHz.

Frequency response of the calorimeter

In order to verify the model given in Fig. 1, and Eqs (13) and (14), measurements
were madc of the calorimctric signal vs. frequency and sample heat capacity.

Experiments

The crucibles used were made of aluminium. The sample crucible contained
different amounts of aluminium, whose heat capacity is well known {29, 30]. The
heat capacity of the sample Cs in the crucible is simply Cs = na Caj where ny) is
the total number of moles of aluminium and Cl; is its molar heat capacity.

The reference crucible contained a small mass of Al;Os; and was used for
every experiment.

Experiments were made using the same reference crucible i.e. the same value
of C’, and a variable heat capacity C=Cex,+Cs on the sample side.
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A set of experiments was made with the same crucible for various periods in
the range 30 to 480 s.

Computation

The calorimetric signal A(uV), is converted into temperature using the sensiv-
ity of the Au/Ni thermocouples given previously [20].

Mathematical analysis of the experiments was carried out as explained in Ex-
perimental section (Equations of the electrical model). The gain of the calorime-
ter G is defined as the ratio of the amplitude of the calorimetric signal to that of
the oven At given by Eq. (18). G is positive if the temperature of the product in-
creases with that of the oven, and negative in the opposite case.

Results

Four experiments were made with varying amounts of aluminium. Using a
multi-variable optimization program, the values for resistors and capacitors
were found as:

R 0.1186 mWK™!

¥ 1.45mW K™}
' 120mJK*
Ce 66mJK™!

The experimental results of the gain vs. Cs are plotted in Fig. 4 together with
the theoretical curves computed using Eq. (13).

Discussion

The gain is frequency dependent, which was to be expected. Its maximum is
shifted to higher frequencies when the heat capacity of the sample decreases. The
same behaviour should occur if the heat capacity of the reference is changed.
Heat capacities, thermal conductivities and the sensitivity of thermocouples are
temperature dependent. It is expected that the gain is also temperature dependent.

Owing to the very simple model of the calorimeter used, a good correlation
was obtained between the observed and theoretical values.

Heat capacity difference response of the calorimeter

Experiments

Experiments were made using different heat capacities. Measurements were
performed at two frequencies, close to the maximum of the gain observed in

Fig. 4.
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Fig. 4 Gain of the calorimeter vs. log of period, for various samples with different heat capacities
product plus crucible and the same reference crucible. * — Gain >0, + — Gain>0, o — and
x - Gain<0; Cs=142.2 mJ K™*, Cs=86.4 m] K™, Cs=44 mJ K}

Results

The experimental results of the gain and the theoretical curves calculated us-
ing Eq. (13) are plotted in Fig. 5 for two frequencies: 1.11-107 and 5.55-10~ Hz,
respectively.

The gain vs. difference in heat capacity is well represented by the simple
model of the calorimeter. The curve is not a straight line, and is valid only with
the same reference crucible, i.e. the same total heat capacity C”.

G

25F

L ) L L 1 5 1

60 80 100 120 140 160 180 Cs

Fig. 5 Gain of the calorimeter vs.difference of the heat capacities of the sample and reference
crucible. + - period 90 s; o — period 180 s
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Phase shift vs. frequency

Equation (14) predicts that the phase shift of the calorimetric signal, with re-
spect to the oven modulation should depend on the frequency, and on the differ-
ence the heat capacities of the sample and reference side.

Experiments

They were described in ‘Experimental’ section (Apparatus) ‘Frequency re-
sponse of the calorimeter’ section (Experiments), and the results were computed
for the phase shift.

Results

In Fig. 6 are plotted the experimental and theoretical phase shift values
against the frequency, for the same heat capacity. These measurements are based
on the experiments given in Fig. 4 with Cs = 110.0 mJ K™, and the numerical val-
ues of resistors and capacitors given in ‘Experimental’ section (Computation).

In Fig. 7 are plotted the experimental and theoretical phase shift values
against Cs, for two frequencies: 6.66-107 and 5.55-107 Hz. The theoretical
curve is computed with C’=140 mJ K™', and C., =86 mJ K', appreciably differ-
ent from the value found in ‘Frequency response of the calorimeter’ section (Re-
sults).

(P -
60}
40F
20- \
a t
0 —0

20} .
- ?
-40t 2

601 + ] \

L7 L9 21 23 log(p)

Fig. 6 Phase shift of the calorimeter vs. log of period for Cyg=44 m] K
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Fig. 7 Phase shift of the calorimeter vs. difference of the heat capacities of the sample
and reference crucible, with C’=140 mJ K™! and Cexp=86 m] K! ; +— period 150 s;
o — period 180 s

Discussion

The agreement between computed and experimental data is not as good as ex-
pected from the results obtained for the gain. Part of this disagreement is prob-
ably due to the high simplicity of the model, which does not take into account the
crucible-disc resistor. However, the lack of data for the temperature of the fur-
nace, is an additional source of error.

Conclusions

The experiments reported here show that a simple model of a disc type DSC
apparatus describes reasonably well the measurements, and the behaviour of the
apparatus at constant temperature.

The ratio of the amplitude of the calorimetric signal to the amplitude of the
modulation (gain) depends on the frequency, on the difference of the heat capaci-
ties of the sample and reference, on the actual values of the heat capacities on the
sample and reference side.

With the same reference crucible, the relationship between the difference of
the heat capacities of the sample and reference and the amplitude of the cal-
orimetric signal is not a straight line.

The phase shift of the calorimetric signal provides a possible way to measure
the heat capacity. However, the model, or the measurements, do not allow for a
good precision.

J. Thermal Anal., 53, 1998
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Nevertheless, as in the DSC step heating mode, around a constant tempera-
ture, sine modulation of the temperature of the oven provides two ways for deter-
mining the heat capacity, or its change with time or temperature. They are the
measurement of the gain of the calorimeter, and that of the phase shift. Of course,
they should agree. If there is an appreciable difference it means that the system
does not behave as a true heat capacity, i.e. some kind of time dependent transfor-
mation occurs in the sample.
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