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A simple method for removing the distortion due to thermal lags from calorimetric 
curves is described and tested. The method is based upon the use of numerical inverse 
filters. Its results are equivalent to those of the more sophisticated deconvolution 
methods, using Fourier transform analysis or state function theory. The new method 
is easily adapted to the on-line reconstruction of calorimetric data by means of a 
microprocessor. 

The calorimetric determination of the kinetics of fast reactions is often hin- 
dered by the distortion in the calorimetric curves which is caused by thermal 
lags in the instrument. 

However, several methods are available to correct ("to reconstruct") the calori- 
metric curves: 

(1) a graphical method [1 ]; 
(2) (automatic) analog methods [ 2 -  7]; 
(3) numerical methods, based on Fourier transform analysis [ 8 - 9 ]  or state 

function theory [10 -  12]. 

The graphical methods is simple and yields acceptable results. However, its 
application requires long and strenuous work which, moreover, must be accom- 
plished after the calorimetric data have been completely collected ("off-line") [1 ]. 

Correction by analog methods can be achieved "on-line". Results are good; 
however, the instruments performing the reconstruction must be manually ad- 
justed for each calorimeter and even for each new experiment. Moreover, the 
analog signal should be amplified when a multi-stage correction system is used, 
with an unavoidable increase of the noise level [2 -7 ] .  

Numerical methods also yield good results. When Fourier transform analysis 
is used, the correction must be achieved off-line and, in the case of long experi- 
ments, a medium-sized computer (,,~ 16 Kbytes for 2000 points) must be avail- 
able [8 -9 ] .  The representation of the calorimetric system (calorimeter and data- 
acquisition line) by state functions and the resulting data reconstruction may be 
performed on-line [10-12] .  The method requires a smaller-sized memory than 
the method based on Fourier transform analysis. However, both numerical 
methods are equally sensitive to noise in the data. 
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An ideal calorimetric data-reconstruction method should be simple to use and 
adapted to on-line correction. The corrected data should never contain abnormal 
information (like overshoots, for instance) that could lead to physically meaning- 
less interpretation. The kinetics of the phenomenon under study should be re- 
constructed precisely and information on heat production should be preserved 
accurately. The numerical reconstruction method which is described in the first 
part of this article has been tested with respect to these different criteria. The 
experimental results of the tests are presented in the second part of the article. 

Description of the reconstruction method 

The pulse response of a heat-flow calorimeter may be written [13]: 

h ( t ) =  ~ a  ie -'1~ with ~ a i =  Q. 
i = 1  i=1  

The step response, defined as: 

may therefore be written: 

~3 

u(t) = .t h(t) dt, 

u(t) = f a i%e-tm + K .  (1) 
i = 1  

Since the following boundary conditions must be obeyed: 

t ~ oo u(t) = K 

t = 0 u(t) = 0 

it follows that Zai" q = - K ,  and Eq. (1) becomes: 

u(t) = ~ aizi(1 - e-t/~i). (2) 
i = 1  

Let us suppose that the calorimeter may be represented by a lst-order system. 
Then: 

h(t) = ae -'/~ 

and u(t) = A(1 - e -'/~) with A = az. 

The transfer function H(p) of the (linear) system, defined in Laplace coordinates 
by S(p) = H(p) �9 E(p), S(p) and E(p) being the Laplace transforms of respectively 
the calorimeter output and input functions, is identical to the pulse response 
of the system: 

a 

H(p) = P + 1/~" 
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Therefore: 

and 

E(p) = S(p)"  l / H ( p ) =  a 

S(t)  dS(t) S(t) dS(t) 
E ( t ) =  - -  + - + z - - - .  

az a dt  A A dt  

If  A is normalized to 1, then: 
dS(t) 

E(t) = s(t) + ~ -  
dt 

(3) 

Equation (3) is a generalized form of Tian's equation [14]. According to Eq. (3), 
the reconstruction of the input function, E(t),  requires 3 simple operations (a 
differentiation, a multiplication by a constant factor, and a summation). When the 
calorimeter is equivalent to a 2nd-order system, the same operations may be re- 

1st, inverse tilter 

Fig. l. Schematic representation of the calorimeter and inverse filter system 

peated a second time, using E(t) from Eq. (3) as the (partially reconstructed) 
output. 

Let us now consider the system schematically represented in Fig. 1, the pulse 
response of the calorimeter being: 

h(t) = ~, ai e-t/~, 
i = l  

as already indicated. At the output of the first inverse filter, the response becomes: 

hl(t ) = ~ ai e-t/~I k 1 ~ ai _ _ _  e - t [ ~ t .  

i=l i=1 zi 

If  k 1 = zt, the first term in the analytical expression of the pulse response dis- 
appears and therefore: 

Distortion of the calorimeter output, due to the lst-order time constant, has thus 
been corrected. The second inverse filter could, in turn, correct the data from 
the distortion caused by the 2nd-order time constant, etc. 

This reconstruction method, which, in the present study, has been developed 
by means of a digital computer, is identical to the method based on the state 
function theory, in the case of a lst-order linear system [10]. In the case of 2nd- 
or 3rd-order systems, this numerical method is equivalent to the previously 
described, analog methods using RC circuits, amplifiers, etc. [4-7] .  

o r . T h e r m a l  A n a l .  1 7 ,  1 9 7 9  
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Development and testing of the reconstruction method 

In the development of the method, two stages may be distinguished: the iden- 
tification and the correction. Both stages were performed, off-line, by means of 
a T-2000 computer. 

Identification stage: The object of the identification stage is to determine the 
calorimeter time constants, zi, from the response to a unit step. The lst-order 
time constant is determined from the recorded response (if A is the maximum 
amplitude of the response of a lst-order system to a unit step, the time constant 
is the time required for the response to attain an amplitude equal to A [1 - l/e]). 
It is then used to correct the recorded response from lst-order distortion and, 
from the partially corrected response, the 2nd-order time constant may be cal- 
culated. The same operations may be repeated, if necessary, to determine higher- 
order time constants. The flow chart summarizing the identification procedure 
is presented in Fig. 2. 

Three methods for the determination of the maximum amplitude A have been 
tested and compared (Fig. 3), namely (i) the average value of the last 10 points; 
(ii) the last recorded point; and (iii) Bureau's method [15]. The last method gives 
excellent results as soon as the number of recorded points corresponds to a time 

~ a l  data 
T 

J Unit step response 

I 
T 

I Amplitude determination I 

I 

Evaluation of "q ~"~' 
/ 

I 
Correction 

�9 dS(t) S(t) = S(t; .'t~ T 

I 

/--.A 

Fig.  2. F l o w  char t  for  the  d e t e r m i n a t i o n  of  the  t ime  cons tan t s  ( ident i f ica t ion  stage)  
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Fig. 3. Determination of the maximum amplitude A : 1 -- average value of the last 10 recorded 
points; 2 -  last recorded point; 3 -  application of Bureau's method [15] 

~0.~ , 
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0 5  1 
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Fig. 4. Tests of derivation sub-programmes: 1 -- experimental unit step response; 2 -- cor- 
rection, after application of SP~; 3 -- correction after application of SP2 (see text) 

exceeding twice the time constant,  i.e. this method does no t  require, as the methods 
mentioned in (i) and (ii), the complete record of  the calorimeter response. I t  is 
moreover  insensitive to noise, and independent o f  the value of  the sampling 
frequency. Fo r  these reasons, Bureau's  method was selected, in the following 
experiments, when the determination o f  A was required. 

The numerical derivation which is required (Eq. (13), Fig. 2) inevitably leads 
to some increase o f  the noise level. Two sub-programmes of  derivation were 

SPa, where dy(3) 1 d ~  = 8-T [?(5) - 7(1) + 2?(4) -- 27(2)] 

dr(3) 1 
SP2, where d----~ = I 2 T  [7(1) - 8?(2) + 87(4) - ?(5)]. 

tested: 
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T is the sampl ing  period.  The results in the case o f  the 1st-order correc t ion  of  an 
exper imenta l  uni t  step are  presented in Fig.  4;  SPa, which gives the  best  results,  
was used thereafter .  

Correction stage: The object  of  the correc t ion  stage is to app ly  Eq. (3) to each 
exper imenta l  point ,  first with % then with h igher -order  t ime constants .  F igure  5 
shows the results in the case of  the correct ion of  the response of  a Calvet  type 
ca lor imeter  to a uni t  step. Oscil lat ions appear  in the corrected da ta  when a 2nd- 

-~ [ ~ /  , I \ A  A .~ , ' ,  , li  , 
_ , k; ,.. . , ,  ~ , . . , ,  , L l ' ~ _ ~ t ~ . . t t  e ,  h ", t ,  [, 

i '  
o ~ ~ ~ 0,5 

Time, 

Fig. 5. Reconstruction of a unit step by means of numerical inverse filters : 1 -- experimental 
unit step response; 2 -- lst-order correction; 3 -- 2nd-order correction 

3 ~ 0 5  

i 

[ I 
0.5 1 

Time j 

I 
Fig. 6. Reconstruction of a unit step by application of the method based on state functions [10 ]: 

1 --  experimental response; 2 --  reconstructed step 
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F i g .  7. I n f l u e n c e  o f  d a t a - s m o o t h i n g  b e f o r e  c o r r e c t i o n :  1 - -  e x p e r i m e n t a l  u n i t  s t ep  r e s p o n s e ;  
2 - -  l s t - o r d e r  c o r r e c t i o n ;  3 - -  2 n d - o r d e r  c o r r e c t i o n ;  4 - -  3 r d - o r d e r  c o r r e c t i o n  

5 
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21 

I "....?~4 
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Fig .  8. R e c o n s t r u c t i o n  o f  a u n i t  s t ep  by  m e a n s  o f  n u m e r i c a l  i n v e r s e  f i l t e r s :  1 - -  s i m u l a t e d  
i n p u t ;  2 - -  s i m u l a t e d  u n i t  s t ep  r e s p o n s e ;  3 - -  1 s t - o r d e r  c o r r e c t i o n ;  4 - -  2 n d - o r d e r  c o r r e c t i o n  ; 

5 - -  3 r d - o r d e r  c o r r e c t i o n  (T1 = 190 s, ~ = 36 s, 33 = 18 s) 
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o r d e r  c o r r e c t i o n  is app l i ed ;  a l s t - o r d e r  co r rec t ion ,  howeve r ,  leaves  s o m e  res idual  

d i s to r t ion ,  as expec ted  ( for  c o m p a r i s o n  pu rposes ,  the  same  da ta ,  co r r ec t ed  by 

a p p l i c a t i o n  o f  the  state f u n c t i o n  t h e o r y  [12], a re  p re sen ted  in Fig .  6). 

I n  o r d e r  to  decrease  the  osci l la t ions ,  the  same  d a t a  were  s m o o t h e d  be fo re  the  

ls t - ,  2nd-  a n d  3 r d - o r d e r  cor rec t ions .  T h e  resul ts  p resen ted  in Fig .  7 s h o w  tha t  

d a t a - s m o o t h i n g  has  ve ry  l i t t le inf luence  on  the  l s t - o r d e r  co r rec t ion ,  b u t  t ha t  it 

o~ [ 1 Z~ 5 

t ' /  

o "  i Y J l  I I,.- 
100 

T i m e  ~ sec  

Fig. 9. Influence of a damping coefficient: 1 -- simulated input; 2 -- simulated unit step 
response; 3 -- 1st-order correction; 4 -- 2nd-order correction with k2 = 0.50; 5 -- 2nd-order 

correction with k s = 0.45; 6 -- 2nd-order correction with ks = 0.40 

I 

t ;1 \2 t l  

7/ 
o5 .-I 

o ? . . . . . . . .  ! ,.-- 
, oo V \ i L ' ~ ~ o o  

T ime  ~ sec  

Fig. 10. Reconstruction of a square signal produced by Joule heating (240 s, 795 #W) : 1 -- ex- 
perimental calorimetric curve; 2 -- correction by a numerical inverse filter (1st-order); 
3 -- correction by application of the state functions [12]; 4 -- correction by numerical inverse 

filters (2nd-order and a damping coefficient) 
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Fig. l 1. Reconstruction of a calorimetric curve produced by the decomposition of a dose of 
nitrous oxide on a sample of nickel oxide at 473 K [16]: 1 -- experimental calorimetric curve; 
2 -- correction by application of Fourier transform analysis [9 ]; 3 -- correction by application 
of the state functions [12]; 4 -- correction by numerical inverse filters (T 1 = 202 s, 32 = 10 s, 

k 2 = 0.40) 

does indeed abate noise in the case of  a 2nd-order or even 3rd-order correction. 
However, overshoots clearly remain, which ought to be removed since they could 
lead to erroneous interpretations. The origin of overshoots has been traced to 
the derivation procedure which is used, and not to noise in the experimental data. 
For instance, Fig. 8 shows that, even in the case of a simulated calorimeter re- 
sponse to a unit step, free therefore from noise, high-order corrections (2nd- and 
5th-order) still exhibit overshoots. 

The relative importance of the overshoot can be decreased by applying a damp- 
ing coefficient to the calculated high-order time constants. In Fig. 9, different 
values of the damping coefficient, k2, have been tested in the 2nd-order correction 
of a simulated unit step response. In these experiments, the 2nd-order time con- 
stant was taken equal to k2"cz. When k2 = 0.40, the overshoot disappears almost 
completely and the reconstruction of the unit step is then correct. This value of  
the damping coefficient was therefore used in the case of the reconstruction of  
the experimental calorimetric curves presented in Figs 10 and 11, since the time- 
constants selected for the simulated experiments were purposely similar to those 
determined for the real calorimeter. 

In the case of the reconstruction of a square signal produced by the Joule effect 
in a heater (Fig. 10), or in the case of the reconstruction of the calorimetric curve 
produced by the decomposition of nitrous oxide on a sample of nickel oxide at 
473 K (Fig. 11) [16], the correction by means of a numerical inverse filter yields 
results which are equivalent to those obtained by means of the previously pub- 
lished reconstruction methods. In particular~ the activity constants which may 
be calculated [16] from the descending branches of the corrected calorimetric 
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curves (Fig. 11), when different reconstruct ion methods are used, are constant  to 
within 5 %, i.e. within the expected incertitude of the chemical experiment. For  
its application,  however, the present method requires much less time and com- 
puter memory  space than  the preceding ones. 

Conclusions 

The reconstruct ion method described in this article, based on the applicat ion 
of a numerical  inverse filter, though very simple, yields results which are equivalent  
to those of more sophisticated methods [8 - 12]. Compared  to (automatic) analog 
correction methods [ 4 - 7 ] ,  the present method offers two advantages:  (i) manua l  
adjustments  are avoided since the identification of the calorimeter system is 
numerical ly achieved, and  (ii) no  addit ional  amplification of the calorimeter ou tput  
signal is needed when high-order correction is applied. Because of its simplicity, 
this new method is well adapted to the on-line correction of calorimetric data by 
means of a microprocessor. Such a data-acquisi t ion and correction system, making  
use of a Z80 microprocessor, has indeed been constructed and tested [17]. 
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R~St:M~ -- Une  m6thode simple pour  la correction de la distorsion des courbes calorim6triques, 
amen6e par  l ' inertie thermique, est d6crite et 6prouv6e. La m6thode est bas6e sur l 'emploi de 
filtres num6riques inverses. Les r6sultats obtenus sont 6quivalents ~ ceux fournis par  des 
m6thodes plus complexes de d6convolution, utilisant l 'analyse harmonique  ou la th6orie des 
variables d'dtat. La nouvelle mdthode peut ~tre facilement adapt6e ~, la correction simultan6e 
des courbes calorim6triques au moyen d 'un microprocesseur. 

ZUSAMMEN17ASSUNG - - -  Eine einfache Methode zur Beseitigung der infolge thermischer Hyste- 
rese-Effekte ents tandenen Verzerrungen kalorimetrischer Kurven wurde beschrieben und 
geprfift. Die Methode beruht  auf  der Anwendung numerischer Inversfllter. Die Ergebnisse 
sind den dutch verfeinertere Dekonvolut ionsmethoden unter  Einsatz der Analyse dutch 
Fourier t ransformation oder dutch die Zustandsfunktionstheorie erhaltenen gleichwertig. 
Die neue Methode 1/iBt sich der on-line Erfassung kalorimetrischer Daten dutch einen Mikro- 
processor leicht anpassen. 

Pe3B3Me - -  O r t ~ c a a  H HpoBepeH r t p o c T o ~  MeTO~ )IJD/ y ~ a ~ e n n g  H a p y m e H H g  ~I3 x a z o p r I M e T p a -  

qecrn:x  KpI,IBt,IX, KOTOpOe BBI3Batto TepMnqecKrlMH 3ana3~bmaHriaMI~.  MeTo~l OCHOBaH Ha ~ c n o a b -  

3OBaHHH NHczIeHHBIX 06paTHbIX qbHYlbTpOB. Pe3ycmTaTbI 3TOFO MeTo,~a 3KBI~IBaYIettTHBI p e 3 y n b -  
TaTaM, IIO~ly'-IeHI-lblM 6 0 n e e  yCStO~HeHHbIMH )IeKOHBO~IOHHOHIqL~V~rI MeTo,~aM~ n p t t  HCrlOYlb3OBa- 

Hnrt @ y p b e -  npeo6pa30Bar~HZ H TeoprIH ~yHrdlnI~. HOBbI~ MeTO~ YlerKo a ~ a n x H p y e w c ~  r n e p e -  
CTpo~Ke Ha YlHHHI4H CB..q3H C 3 B M  KaYtopHMeTp/.t~IeCKHX ~aHHI,IX C HOMOHIbIO Mm~ponpo t~eccopa .  
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