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A B S T R A C T  

This work analyses the performance of the method of obtaining the time constant (rate 
reaction constant) defining a first-order process after the deconvolution of the experimental 
record given by a heat conduction calorimeter. The analysis is carried out for different 
signal/noise ratios and the results given in relative time and frequency scales. 

I N T R O D U C T I O N  

Investigations of thermogenesis--the function describing heat power re- 
leased inside the calorimetric cell vs. t ime-- in the case of certain types of 
solid-solid transitions (e.g., martensitic transformations in shape memory 
alloys) [1-4], in many types of chemical reactions (e.g., clathration of 
aromatic guest compounds by a Werner MeX2A 4 type complex; hydration 
of minerals) [5 7], and in liquid mixtures [2 4,8] have shown several 
remarkable results concerning, in the former cases, the determination of their 
kinetic behaviour and, in the latter case, the evaluation of the excess molar 
enthalpy down to very low solute concentrations. 

Among the present techniques for the deconvolution of the experimental 
records, are for example, harmonic analysis [9,10], dynamic optimization 
[11], inverse filters, either numeric or electronic [5,12-15], multi-body method 
[16,17], spectral resolution method [18], and methods based on optimal 
control [19,20]. Most of the methods require a previous identification of the 
system, i.e., the obtention of the sequence of poles and zeros which define 
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the transfer function of the device. A preliminary analysis of the various 
identification methods at hand [21-24] has been carried out in order to 
ascertain how different methods, and consequently different values of the 
main poles and zeros of the system, could affect the resultant thermogenesis 
[251. 

What is more, given that in many cases either the mass or the heat 
capacity of the sample change during the experiment, we have begun an 
analysis of the models based on heat transport equations whose parameters 
change in time [26] and, on experimental grounds, of the change in the 
transfer function measured at different times along the experiment [24,25,27]. 

Nevertheless, concerning the determination of the kinetic parameters 
which define the process under study, further analysis is still necessary. The 
most simple case to be analysed is related to the obtention of rate constant, 
k, in a first-order reaction (k corresponds to ~- in this paper) [5,28]. Thus, the 
performance of recovering the time constant after the deconvolution has 
taken place, for different signal/noise ratios, is studied in this communica- 
tion. The results may be readily systematized in a relative frequency scale. 

COMPUTATIONAL SCHEME 

The output signal in linear, time invariant systems, may be obtained as a 
convolution of the corresponding input signal 

f0' s ( t ) = T F ( t ) * e ( t ) o r s ( t ) =  e ( x ) T F ( t - x ) d x  

where TF(t)  is the transfer function of the system. Consequently, the 
obtention of the thermogenesis associated with a given experimental thermo- 
gram, s(t), may be obtained by inverting this integral equation. The exact 
transfer function of the system is never known, so if we denote by TF+(t )  
the approximate transfer function actually used, the corresponding ap- 
proximation to e(t) is given by 

e + ( t ) = [ T F + ( t ) ]  l , s ( t  ) = [ T F + ( t ) ] - l , [ T F ( t ) , e ( t ) ]  

In the case where TF + (t)-=TF(t), the deconvolution would yield the exact 
e(t) value because the action of both transfer functions cancel each other 
out. However, neither have we the exact transfer function nor the deconvolu- 
tive technique, which implicitly handles discrete functions, can use the whole 
frequency spectrum of the signal. In the latter case, the available part of the 
spectrum is limited theoretically by the Shannon frequency, and practically 
by the signal/noise ratio. 

It is assumed that, as a first approximation, the exact transfer function is 
known, and that the deconvolutive technique is exact. The only limitation 
thus remaining is the cut-off frequency brought about by the experimental 
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noise. Acting on these assumptions the Fourier Transform (through the FFT 
routine) of e(t) can be calculated, and the corresponding approximation to 
the thermogenesis may be calculated by considering a finite inverse Fourier 
Transform. The cut-off frequency is chosen according to different 
signal/noise ratios belonging to actual calorimetric systems. Therefore, 
within this approximation, the transfer function is simply not taken into 
account. 

Another alternative way to include the influence of experimental noise is 
the convolution of e(t) with a given transfer function leading to a certain 
thermogram. A random signal may then be added to simulate an actual 
thermogram. The deconvolution is then performed in the usual fashion: that 
is, dividing the transform of the thermogram by TF(~0) which is the Fourier 
Transform of the function used to perform the forward convolution. A 
cut-off frequency must also be considered, for the noise waveform superim- 
posed on the thermogram affects primarily high frequencies. This frequency 
is defined to correspond to the most favourable signal/noise ratio of the 
thermogram [29,30]. Nevertheless, a useful first approximation is, as men- 
tioned above, simply to perform a finite inverse transform of F[e(t)] where 
the cut-off frequencies are those chosen from given signal/noise ratios in 
actual thermograms. 

Finally, if reduced frequency scales are taken into account, the selection of 
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Fig. 1. Modulus  (dB) vs. a reduced frequency scale (~,~']) of several calorimeters. The figure 
spans, from bo t tom to top, the transit ion between the PC to the HC regime (see ref. 31 ). The 
arrows show the various frequencies associated to s igna l /no i se  ratios ranging from 40 to 100 
dB. 
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such frequential limits may be taken in a systematic way. Every signal/noise 
ratio is related to a definite frequency range in this representation irrespec- 
tive of the actual calorimetric system considered (Fig. 1). 

RESU LTS 

Given that a fair number of interesting physicochemical processes may be 
described as first- or second-order processes, the influence of a frequency 
cut-off on the reconstruction of an exponential-like input signal is analysed. 

The results obtained are to be considered as first approximations or, 
better, as upper bounds to the quality of the reconstructed input signal. In 
any case, the procedure may easily be generalized to more general power 
dissipations, in particular, to higher order reactions. 

The input signal considered is defined as follows 

0 t < t  o 

e ( t ) =  e x p ( _ ( t _ t o ) / ~ .  ) t>~to 

The values of r chosen are ~- -- 384, 96, 48, 19.2 and 9.6 s. This choice has 
been taken according to a hypothetical first time constant of the calorimetric 
device of ~1 -- 192 s which is the main time constant of the models discussed 
in refs. 21 and 22. Nevertheless, the results obtained will be independent of 
the particular choice of ~-1. The only significant quantity is the ratio rl/~-. In 
this way, the relative time and frequency scales will allow the expression of 
the results only in terms of this ratio which, in this case, ranges from 0.5 to 
20. The sampling period used is At = 1 s, consistent with the requirement 
that At = ~-1/300. 

The Fourier Transform (FFT) of the various exponential input signals 
defined is calculated. The cut-off introduced in the inverse transform corre- 
sponds to different signal/noise ratios (40, 60, 80 and 100 dB). In a relative 
frequency scale each signal/noise ratio automatically gives the frequency 
range (in A~, units) which may be attained irrespective of the calorimeter 
considered. Three cut-offs have been used in practice for every ratio, namely 
those associated with the average and both extreme behaviours (high (HC) or 
low (PC) conductivity cell contents). These values are given in Table 1 and 
ref. 31. Once the cut-off is known, the finite inverse transform yields the 
approximation e+(t). This curve is then smoothed following standard tech- 
niques [31] which partially suppress the extra ripple introduced by the finite 
inverse transform. 

Once e+(t) or the smoothed e+(t) are known, a least-squares fit gives the 
time constant and the amplitude of the exponential. The complete procedure 
is shown schematically in Fig. 2. Figure 3 shows four different reconstruc- 
tions also including the most favourable and unfavourable cases studied. The 
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Fig. 2. C a l cu l a t i on  scheme .  
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Fig.  3. Resu l t s  o b t a i n e d  af te r  the  f in i te  inverse  t r a n s f o r m  for fou r  d i f fe ren t  cases .  T h e  cu rves  

o b t a i n e d  af te r  s m o o t h i n g  are  a lso shown .  (a) r = 394 s, s i g n a l / n o i s e  = 100 dB;  (b) "r = 394 s, 

s i g n a l / n o i s e  = 40 dB;  (c) r = 9.6 s, s i g n a l / n o i s e  = 100 dB; (d)  "r = 9.6 s, s i g n a l / n o i s e  = 40 

dB.  
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a m p l i t u d e s  and  t ime cons t an t s  ob t a i ned  are s u m m a r i z e d  in Tab l e  1. 

I t  is to be  no ted  tha t  the cu t -o f f  s imula tes  the effect  of  expe r imen ta l  noise 

whereas  tha t  pa r t  of  the s pec t rum  inc luded  in the ca lcu la t ions  is a s sumed  to 
be  exact .  Consequen t ly ,  the results  ob t a i n ed  are to be  cons ide red  as the 
o p t i m u m  p e r f o r m a n c e  of  recover ing  the t ime cons tan t  of  a given first o rder  

process .  

CONCLUSIONS 

H e a t  c o n d u c t i o n  ca lo r imete r s  al low the ra te  cons t an t  of  the process  
s tudied  to be  o b t a i n e d  with a high accuracy .  This  accuracy  depends  on the 
~-1/~- and  s i g n a l / n o i s e  ratios.  F o r  example ,  in the case of  ~-1/~-= 0.5 and  
s i g n a l / n o i s e  ra t io  = 100 dB, the accu racy  is > 0.003%. W h e n  ~-a/~- - 10 and  
the s i g n a l / n o i s e  ra t io  is near  40 dB, the rate  cons t an t  can  be d e t e r m i n e d  
with  an accuracy  of  > 5%. These  results  show that  to a large extent  the 
prec ise  d e t e r m i n a t i o n  of  the ra te  cons t an t  depends  on the expe r imen ta l  
condi t ions ,  expressed  by  the ~-1/~- and  s i g n a l / n o i s e  ra t ios  (Tab le  1). 
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