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A b s t r a c t  

This paper presents study of non-linear dynamics of acoustic emission (AE) 
generated in coal samples subjected to gas sorption-desorption. Carbon-dioxide and 
methane were used as sorbats. Experimental facilities used in high pressure sorption 
of CO2 and/or CH4 on coal comprised a pressure vessel and associated pressurisa-
tion and monitoring systems. Tests were conducted on medium-rank coal obtained 
from the Upper Silesia Basin. 

Several approaches to the treatment of experimental results are proposed in 
order to detect and characterize deterministic chaos: (1) analysis of fractal/multi- 
fractal character of AE energy rate, using fractal generalised dimensions Dq(q); 
(2) analysis of temporal changes of AE energy rate and its fractal correlation di-
mension D2; and (3) evaluation of attractor dimension within the reconstructed 
phase space from experimental time series. 

It was shown that AE generated during CO2 sorption on medium-rank coal is a 
more heterogeneous and lower dimensional process in comparison with AE induced 
by CO2 desorption. Yet, the AE associated with desorption of CO2 exhibits higher 
heterogeneity than the AE generated during desorption of CH4. 

There are certain similarities between changes of D2 during desorption of CO2 
as well desorption of CH4. However, dynamics of these changes and character of 
time distributions of D2 differ, depending on a sorbate. We do not know the precise 
reason for observed differences, but we presume that the carbon-dioxide molecules 
dissimilarity to methane molecules can account for them. 

Key words: acoustic emission, chaos, non-linear dynamics, hard coal, sorption of 
gas. 
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1.  INTRODUCTION 

Acoustic emission (AE) techniques provide indirect means of monitoring the fracture 
behaviour of rocks subjected to stress. 

The presence of adsorbed gas molecules in coal micropores and submicropores is 
associated with an osmotic pressure leading to the expansion of pores. During absorp-
tion, the sorbate molecules penetrating into the macromolecular fraction of coal bring 
about an expansion of its structural elements. On the other hand, desorption of gas is 
accompanied by contraction of the coal matrix. Both, the expansion and contraction 
cause coal fracturing, which is the source of AE. 

The study described in this paper is a continuation of a series of experiments re-
ported earlier and involving the monitoring of AE generated in coal-gas and coal-
water systems (Majewska and Mortimer 1998, 2000, Majewska and Ziętek 1999). 

The data obtained hitherto lead to the following conclusions: 
– AE energy rate distribution observed in coal subjected to gas and water sorp-

tion exhibits fractal properties; 
– Temporal variations of AE and the fractal correlation dimension D2 reflect ad-

sorption-absorption character of sorption phenomena in coal; 
– The fractal correlation dimension D2 was found to be strongly dependent on 

differences of petrographic composition and pore size distribution of the coal 
tested; 

– The heterogeneity of fractal structure of the distribution of AE energy rate as-
sociated with CO2 sorption on coal depends on coal rank and grows along with 
it; 

– Process of CO2 sorption in high rank coal is a chaotic process of lower order 
than it is in medium rank coal. 

In the present study, attention was focused on fractal description of AE induced 
in coal by desorption of carbon-dioxide or methane. Moreover, the similarities and dif-
ferences of chaotic behaviour of AE associated with sorption-desorption of CO2 and/or 
CH4 were analysed. 

2.  EXPERIMENTAL  SET-UP  AND  TEST  MATERIAL 

The investigations were carried out on medium-rank coal obtained from the Upper 
Silesia Basin (Budryk coal mine). 

The coal tested revealed character of dull coal with thin and seldom strips of 
vitrain, numerous strips of clarain and rare fusain lens. The cracks, transverse and in-
clined to the bedding, dominate in the system of cracks and fractures. The horizontal 
cracks, as present, show twinning by calcite. 

The coal investigated exhibited distinct appearance of macerals of exinite and in-
ertinite groups. The content of mineral matter amounted to 0.8-3.0%. Selected results 
of coal analysis are shown in Table 1. 
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Table 1  
Chemical and technological properties of tested coal 

(daf = dry ash free, r = rude) 

Analytic moisture content 1.71% 

Ash content                             Ar  6.51% 

Volatile matter content               Vdaf  10.92% 

Content of element C              Cdaf  92.33% 

Content of element H              Hdaf  3.41% 

 
All samples were cylinders 42 mm in diameter and 84 mm in length. Nine coal 

samples were tested: five of them were subjected to CO2 sorption and the remaining 
four underwent CH4 sorption. 

Details of specific procedures employed in these investigations are given in Ma-
jewska and Ziętek (1999), and Majewska and Mortimer (2000). 

The basic elements of the experimental apparatus contain a pressure vessel and 
associated pressurisation and monitoring systems. A system of valves allowed the coal 
specimen to be pressurized and depressurised. Before testing, each sample was vac-
uum degassed. Then, gas (carbon-dioxide or methane) from high pressure gas cylinder 
was let in the vessel at a pressure of 4 MPa. Sorption tests were carried through for 
50 hours. Next, the desorption process was set in motion and AE was monitored for 
12 hours. 

AE was detected by a transducer fixed to the upper part of the pressure vessel; 
the successive elements of AE measuring system were identically the same as de-
scribed by Majewska and Ziętek (1999). 

3.  BASIC  CALCULATION  PROCEDURE 

The generalised dimension Dq was estimated using the correlation sum (Grassberger 
1983): 
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where N is the total number of measures x and Θ is the Heaviside function. An object 
is multifractal if for different q values 

 1log ( , ) logqC l q qD l+∝   . (2) 

The linearity of the log-log plot indicates the existence of statistical fractality of 
events. The slope of log C(l, q) versus log l plots gives Dq, the estimate of the general-
ised dimension. For  q = 2  the generalised dimension is the correlation exponent di-
mension, denoted by D2. For a homogeneous fractal set the Dq values are all the same. 
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Multifractal spectra allow one to make inferences about the heterogeneity and 
self-similarity of the process under study. Multifractality relates to structures of inter-
weaving fractal subsets. 

The ordinary method for non-linear dynamic analysis of experimental time series 
consists of two procedures: 

1. reconstruction of the phase space and evaluation of the embedded attractors, 
2. evaluation of particular invariants from the reconstructed attractor, such as the 

            dimension of the attractor and/or the spectrum of Lyapunov exponents. 
Single variable time series of the AE energy rate have been examined to recon-

struct the attractor of the phase space. 
Employing the Takens theorem, d-dimensional vectors y(n) with the delayed co-

ordinates (shifted by the time lag T) were created from the set of observations of par-
ticular values s(n) (see Abarbanel 1996, Shivamoggi 1997): 

 ( )( ) ( ), ( ), ( 2 ),..., ( 1)n s n s n T s n T s n d T= + + + −⎡ ⎤⎣ ⎦y  . (3) 

These vectors create d-dimensional embedded space in which the reconstructed 
attractor is investigated. The correlation dimensions D2 were calculated for embedding 
dimensions d, increasing from 1 to 16. The number 16 was imposed by the length of 
the time series which defines the extreme quantity of y(n) vectors that by the nature of 
the calculation should be numerous. When the Euclidean dimension reaches a certain 
value d beyond which the fractal dimension D2  no longer increases, that d value gives 
an estimate of the dimension of the reconstructed phase space and the dimension D2 of 
the attractor. A small number of degrees of freedom confirms the deterministic chaotic 
behaviour of the process.  

Attractor reconstruction permits distinction between low dimensional determinis-
tic dynamics and stochastic behaviour. Experimental data revealing stochastic distri-
bution lead to phase space of unreasonably high dimension, so that the embedding di-
mension d does not stabilize.  

The method of analysis is subjected to many limitations, because of the length of 
experimental series, unavoidable experimental errors, and noise. Limitations associ-
ated with the experimental techniques are a separate problem. Another problem lies in 
defining the scaling region between areas of depopulation and saturation of correlation 
sum C(l, q), choice of the time lag T and the dimension d, so as to avoid the effect of 
autocorrelation of the s(n) values and prevent false neighbours on the trajectories.  

4.  RESULTS  AND  DISCUSSION 

Acoustic emission (AE) of the coal samples subjected to sorption-desorption of CO2 
and/or CH4 is characterised by: 

– time distribution of AE energy rate, 
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– temporal changes of fractal correlation dimension estimate D2 of AE energy 
rate, 

– the multifractal spectra Dq(q) of AE energy rate, 
– the reconstructed embedded attractors of the process. 
Fractal description of AE induced in coal by sorption of methane was not accom-

plished because of too small data set of AE as required by the methodology of estima-
tion of fractal parameters. 

Results of fractal analysis of AE generated during CO2 sorption have been al-
ready published (Majewska and Mortimer, 2000). Some of them will be given below 
in order to look at the similarities and differences of AE induced in coal by gas sorp-
tion and gas desorption. 

a)

b)

Fig. 1. AE energy rate distribution (a) and temporal changes of D2 during CO2 sorption on
tested coal (b). 
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Figures 1a and 1b show the temporal changes of AE energy rate and its fractal 
correlation dimension estimate D2 during CO2 sorption (Majewska and Mortimer 
2000). Both, the AE energy rate and D2 decrease with time, but the changes of D2 are 
more complex and irregular. The value of D2 relates to the self-similarity of the set 
under examination. So, significant changes of the fractal dimension D2 should be 
linked with changes in the physical processes which generate the AE signals. 

In general, three subprocesess within the process of CO2 sorption can be distin-
guished in the plots, namely: adsorption, adsorption-absorption and absorption. At 
first, the adsorption takes place, then two simultaneous processes (adsorption and ab-
sorption) proceed at various rates, followed by absorption. The difference in kinetics 
of CO2 adsorption and absorption is obvious.  

In the case of CO2 desorption, changes of AE energy rate and its fractal correla-
tion dimension estimate D2 are consistent (Fig. 2). At first, there is a marked increase 
in AE and D2 followed by the rapid drop in both parameters. Again, sharp rise occurs 
and is accompanied by a sudden decrease. For the next period, the AE energy rate is 
small and the values of D2 are less than 0.1. A slight increase in AE and D2 appears at 
the later stage of desorption process. 

Fig. 2. AE energy rate distribution (a) and temporal changes of D2 during CO2 desorption on 
tested coal (b). 
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Plots of D2 versus time, for sorption as well as for desorption of CO2 decline up 
to null (Fig. 1b and Fig. 2b). Yet, the time variations of D2 during sorption of CO2 are 
dissimilar to those observed during desorption process. The decrease of D2 values dur-
ing about 40 hours of sorption process is slow (from 0.8 to 0.4) and indicates rather 
high self-similarity, while significant values of D2 come out at the beginning of de-
sorption only. The observed discrepancy between changes of D2 during sorption and 
desorption processes are consistent with common opinion that CO2 sorption into coal 
is very complex and involves changes in coal structure and feasible other non-
equilibrium phenomena. 

The temporal changes of AE energy rate and fractal correlation dimension esti-
mate D2 during desorption of methane indicate strong correlation (Fig. 3). There are 
certain similarities between changes of D2 during desorption of both CO2 and CH4 
(Figs. 2 and 3). However, dynamics of these changes and character of time distribu-
tions of D2 differ, depending on sorbate. We do not know the precise reason for the 
observed differences, but we presume that the carbon-dioxide molecules dissimilarity 
to methane molecules can account for. 
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Fig. 3. AE energy rate distribution (a) and temporal changes of D2 during CH4 desorption on
tested coal (b). 
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The multifractal spectra Dq(q) evaluated for AE generated in coal by desorption 
of CO2 or /and CH4 are shown in Fig. 4.  It appears that AE induced in coal by CO2 
desorption is a more heterogeneous process than the AE generated during the CH4 de-
sorption. 

A comparison of the multifractal spectra Dq(q) for sorption and desorption of 
CO2 indicate that the AE energy rate shows stronger self-similarity during desorption 
but exhibits higher heterogeneity during sorption (Figs. 4 and 5). 

Figures 6 and 7 illustrate changes of correlation dimension D2 of the recon-
structed attractors of phase space for increasing embedding dimensions d. 

The first observation regarding the embedded attractors is that the plots of D2(d) 
for AE energy rate associated with sorption-desorption of gas reveal uncharacteristic 
features. 

For sorption of CO2, fractal correlation dimension D2 stabilizes for  d = 13-15 
(Fig. 6). Note the significant increase of D2 for  d = 5. 

In general, the values of D2 rise for increasing embedding dimensions d during 
gas desorption (Fig. 7).  Plots of D2(d) show variability depending on sorbate.  For de- 

Fig. 4. Multifractal spectra Dq(q) of AE generated in coal during CO2 desorption and/or CH4 
desorption. 

Fig. 5. Multifractal spectra Dq(q) of AE generated in coal during sorption of CO2. 
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Fig. 6. Plots of correlation dimension D2 versus embedding dimension d for sorption of CO2. 

Fig. 7. Plots of correlation dimension D2 versus embedding dimension d for desorption of CO2 
and/or CH4. 

sorption of methane, values of D2 stabilize for  d = 9-11, but for further growing d, the 
sudden rise of D2 occurs. In contrast, the stabilization of D2 is not observed during de-
sorption of CO2, but distinct change of slope of D2(d) plot is evident for  d = 9-11. The 
atypical behaviour has not yet been fully examined. 

Although a detailed picture of the chaotic behaviour of AE generated in hard coal 
by sorption-desorption of gas requires further work, the results obtained show that 
non-linear dynamics is a useful tool to investigate the coal-gas system. 

5.  CONCLUSIONS 

1. It was shown that the AE generated during CO2 sorption on medium-rank coal 
is a more heterogeneous and lower-dimensional process in comparison with the AE 
induced by CO2 desorption. 
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2. The AE induced in tested coal by CO2 desorption is a more heterogeneous 
process than the AE generated during desorption of CH4.  

3. There is a direct impact of type of sorbate on the heterogeneity of fractal struc-
ture of the distribution of AE energy rate associated with sorption and desorption of 
gas on medium-rank coal. 

4. The AE energy rate associated with sorption and desorption of gas on medium-
rank coal revealed atypical features as concerns the embedded attractors. 
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