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Abstract Is considered the reaction mechanism of the ethane pyrolysis, utilized in petrochemical industry to obtain 
ethylene (basic species for production of polyethylene). “Complete” reaction mechanism includes 63 reactions. The 
zone of the parameter alterations corresponds to conditions of industrial pyrolysis: Т = 900….1200K, Р = 2…8 atm, 
C2H6 /H2O = 1…2. Using the scheme of perfect stirred reactor, were carried out numerical simulations on the 
chemically equilibrium and kinetic models. The results, obtained by these models are different. In the equilibrium 
approach ethane is decomposed almost completely, and methane is basic pyrolysis product, while in the kinetic 
approach ethane is decomposed partially, and the basic pyrolysis products are: C2H4 and H2. The engagement method, 
developed in the previous works, is applied for reduction of “complete” mechanism. The reduced mechanism includes 
18 reactions and with the satisfactory accuracy allows computing the composition of the pyrolysis products. 
 
Keywords: ethane pyrolysis, reaction mechanism, reduction of mechanism, chemical equilibrium and chemical kinetics 
 
1. INTRODUCTION 
 
 In the petrochemical industry for obtaining ethylene (C2H4 – basic component for production of polyethylene) the 
ethane pyrolysis is widely used (Albright et al., 1983, Buffenour et al., 2004). This process arises in the tube furnaces 
at: temperature T = 900….1200K, pressure P = 2…10 atm, with addition to the reagent flow of significant quantity of 
water vapor (rH2O = 0,5…0,65). It is known that the ethane transformation in the pyrolysis products (С2Н4, Н2, СН4, 
etc.) occurs with absorption of significant quantity of heat. For example, the reaction: 
 
 QHHCHC −+⇒ 24262              (1) 
 
is essentially endothermic (Albright et al., 1983) with KgkJQ 4567= . Therefore the pipes, into which reagents and 
the pyrolysis products flow, are necessary to heat (usually this occurs by the radiation heat transfer). The ethylene 
fraction at output ( f

HCr 42
) depends on temperature, pressure, vapor concentration and the pipe length (residence time). 

Varying these parameters, it is possible to reach the maximum of ethylene yield. For the actual industrial plants is 
typical the composition of the pyrolysis products, given in Table 1. 
 

Table 1. Typical composition of the pyrolysis products (without water vapor), obtained in the actual plants for 
production of ethylene. 

 
Species H2 CH4 C2H4 C2H6 C2H2 C3H6 

ri(%) 3,51 4,30 48,00 39,36 0,30 1,33 
 
 Numerous works (Buffenour et al., 2004; Edwin and Balchen, 2001; Prior and Lopes, 2000; Stell, 2003, Marinov et 
al., 1998; Jones and Lindstedt, 1988; etc) describe different aspects of the ethane pyrolysis. Two aspects, which relate to 
this problem, are considered in present work: 
- deviation of composition of the pyrolysis products from the chemical equilibrium; 
- reduction of chemical reactions. 
 It is known, that for simulation of the ethane pyrolysis for industrial plants is used the approach of the ideal 
displacement reactor (Kriukov et al., 1997). But for solution of indicated problems it is possible to use also the perfect 
stirred reactor, that is more convenient for research (Spilimbergo et al., 2007). 
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2. EQUATION OF CHEMICAL EQUILIBRIUM AND OF CHEMICAL KINETICS 
 
 We will consider that the pyrolysis process arises in reactor, showed in Fig. 1. Gaseous reagent (C2H6) and water 
vapor enter into reactor and instantly are mixed with the pyrolysis products (with P = const and equality of flows 

−+ = mm ). In state of chemical equilibrium the rates of forward and back reaction are equal −+ = jj WW , and they 
approach to infinity with the condition: 
 

 c
j

j

j K
k

k
=−

+

               (2) 

 
where c

jK  – equilibrium constant, −+
jj k,k  the rate constant j-th reaction. 

 For the equilibrium conditions the reactor temperature (Тo) is prescribed and is ensured by heat transfers regard, to 
the reagent mass unit ( [ ]kgJQeq ). This value is determined from the formulae: 
 
 ( ) ( ) ( )[ ]OHenOHHCenHC

i

eq
ioieq 226262

gThgThgThQ +−= ∑              (3) 

 
where hi(To), eq

ig  – specific mass enthalpy and mass fraction of i-th pyrolysis product species; Тen , gH2O , gC2H6 , hH2O , 
hC2H6 – temperature, mass fractions and the enthalpies of the input flow species. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure1. Scheme of the perfect stirred reactor. 
 
 The calculation of chemical equilibrium was accomplished, using the known model (Alemassov et al., 1971), which 
includes the following equations: 
a) dissociation of molecules: 
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b) conservation  of atoms: 
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c) Dalton:  
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where: iP , jP , qP  – the partial pressures of atoms (i), of molecules (j) and any (q = i + j) species; ija  – the number of 

i-th atoms in j-th molecule; jK  – the dissociation constant j-th molecule (this constant is function of enthalpy ( jH ) 

and of entropy ( o
jS )); pM  – incognita constant; oR  – universal gas constant; ipb  – the number of atoms in conditional 

formula of reagent species. 
 In this work the calculation of non – equilibrium processes is accomplish by model of perfect stirred reactor with 
P , constm =  ( m  is the flow in reactor), which is described by following equations: 
1) The chemical kinetics in the exponential form (Kriukov et al., 1997): 
 

 ∑∑∑∑ +
Σ

+

+
Σ

+

+Ω+⎟
⎟

⎠

⎞
⎜
⎜

⎝

⎛
+Ω−=

q p

q

q j
jqj

p

i

j
jij

ii rr
e

d
d

τµ

µ
ν

τµ
µ

ν
τ
γ γ           i, p, q = 1,..., cn ;   j = 1,...,2 cm ;     (8) 

 

where: ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⎟⎟⎠

⎞
⎜⎜⎝

⎛
= ∑

p
ppj

jm

0
jj nexp

TR
Pk γΩ ;   1nmm pjjj −+∑= ;   ii rlnγ  −= ; 

; ,,1 ;  ;   ;

; ,,1  ;    ;   ;

ccisijisisij

cisijisisij

m...smsjn

m...ssjn
=+=′′=′′−′=

==′=′−′′=

νννν
νννν

 

isis νν ′′′ ,  – stoichiometric coefficients in set of reversible reactions: 
 
 BB i

i
is

i
iis ∑∑ ′′⇔′ νν                                                                                              (9) 

 
iB  – symbol of i-th species; jm  – index of participation of third body M ( 1=jm  if particle M participates in j-th 

reaction, otherwise 0=jm ); jk  – rate constant of j-th reaction; ir  and +
ir  – molar fractions of i-th species in reactor 

and in input flow (the flow of reagents); cn  e cm  – numbers of species and of reactions in the reacting medium; pτ  – 

residence time; Σµ  – average molecular mass in reactor; iµ  – molecular mass of i-th specie; +µ  – average molecular 
mass of the reagents. 
2) The energy equation, in integral form: 
 
 ( )∑=++

i
iieqOHOHHCHC gThQghgh

226262
        i = 1,…, cn       (10) 

 
where: eqQ  it is determined from formulae (2). 
 The integration of equations (8) – (10) is carry out until the steady-state values of temperature (Tf) and composition 
(rf - molar fractions), which differ from the appropriate equilibrium values ( eq

io r,T ) and approach to them with 

pτ →∞. 
 
3. FORMING OF REACTION MECHANISM. COMPARISON OF KINETIC AND EQUILIBRIUM 
COMPOSITIONS 
 
 The reaction mechanism, necessary to accomplish the kinetic calculations (C-mechanism), was formed from 
databases (Marinov et al., 1998; LEED’s, 2004; Glarborg et al., 1986) and includes the species: H, H2, H2O, CH, CH2, 
CH3, CH4, C2H, C2H2, C2H3, C2H4, C2H5, C2H6, C3H2, C3H4, C3H5, C3H6, C3H7, C3H8 and selected reactions, given in 
Tab. 2. It is observed, that these mechanisms (and also the mechanism of Konnov (2007)) include both the pyrolysis 
reactions and the oxidation (combustion) reactions, and only the pyrolysis reactions were selected in C-mechanism. 
 The thermodynamic properties of species ( ) ( )TfSTfH i

o
ii i

==  were taken from the databases (Marinov et al., 
1998 and LEED’s, 2004). Reactions of variable order in the general case written, for example, in the form: 
 
 CH3 + CH3 + (М) = C2H6 + (М)           (11) 
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were used in version for high pressure in the Lindemann form (Kee et al., 2000). Chemically equilibrium and kinetic 
calculations were carried out by code RISTV (Spilimbergo et al., 2007). 
 

Table 2. Reaction mechanism of the ethane pyrolysis (C-mechanism). 
 

N Reaction N Reaction N Reaction 

1R H+H+M=H2+M 22R C2H5+H=C1H3+C1H3 43R C2H2+M=C2H1+H+M 

2R CH3+M=CH+H2+M 23R CH3+CH3=C2H4+H2 44R C2H+H2=C2H2+H 

3R CH2+H=CH+H2 24R CH3+CH2=C2H4+H 45R C3H8=C2H5+CH3 

4R CH+C2H2=C3H2+H 25R C2H6+H=C2H5+H2 46R C3H8+H=C3H7+H2 

5R CH4+M=CH3+H+M 26R C2H5+H=C2H4+H2 47R C3H8+CH3=C3H7+CH4 

6R CH4+H=CH3+H2 27R C2H5+H=C2H6 48R C3H8+C2H3=C3H7+C2H4 

7R CH4+CH2=CH3+CH3 28R C2H4+CH3=C2H3+CH4 49R C3H8+C2H5=C3H7+C2H6 

8R CH3+M=CH2+H+M 29R C2H6+CH3=C2H5+CH4 50R C3H8+C3H5=C3H6+C3H7 

9R CH3+H=CH2+H2 30R C2H6+CH2=CH3+C2H5 51R C3H7=C2H4+CH3 

10R CH2+H=CH+H2 31R C2H5+M=C2H4+H+M 52R C3H6+H=C3H7 

11R CH2+CH=C2H2+H 32R C2H4+M=C2H2+H2+M 53R C3H7+H=C2H5+CH3 

12R CH2+CH2=C2H2+H2 33R C2H4+M=C2H3+H+M 54R C3H6=C2H2+CH4 

13R CH+H=C+H2 34R C2H4+H=C2H3+H2 55R C3H6=C3H4+H2 

14R CH+CH3=C2H3+H 35R C2H3+M=C2H2+H+M 56R C3H5+H=C3H6 

15R CH+CH4=C2H4+H 36R C2H3+H=C2H2+H2 57R C3H6+H=C2H4+CH3 

16R CH+C2H4=CH2+C2H3 37R C2H3+CH2=C2H2+CH3 58R C3H6+H=C3H5+H2 

17R CH+C2H6=C2H4+CH3 38R C2H3+C2H=C2H2+C2H2 59R C3H6+CH3=C3H5+CH4 

18R C+CH4=CH+CH3 39R C2H3+CH=CH2+C2H2 60R C3H5+H=C3H4+H2 

19R C+CH3=C2H2+H 40R C2H3+CH3=C3H5+H 61R C3H5+CH3=C3H4+CH4 

20R C+CH2=C2H+H 41R C2H3+CH3=C2H2+CH4 62R C3H4+H=CH3+C2H2 

21R CH3+CH3=C2H6 42R C2H2+CH3=C2H+CH4 63R C3H4+H=C3H5 
 
 Comparative calculations were performed in the parametric domain, corresponding of industrial pyrolysis, namely:  
 
 Т = 900….1200K;   Р = 2…8 аtm;   rH2O = 0,5…0,65;   pτ = 0,1….1sec      (12) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Equilibrium values Qeq and eq
CHr

4
 depending on temperature Тo (rH2O = 0,625;  ―  2 atm;  - - -  6 atm). 
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For example, the interval of values pτ  (necessary for fulfilling the kinetic calculations) corresponds to the residence 
time of ethane into the furnace pipes. The initial reagent temperature had value Тen = 298К. In course of equilibrium 
calculations were determined the values Qeq = f(To, P), showed on Fig. 2. Is evident, that with increase Тo a quantity of 
required heat increases and it is expended on reagent heating (from 298K to Тo) and on the transformation C2H6 in the 
pyrolysis products (С2Н4, Н2,, СН4 and etc.). Main of them in the equilibrium conditions is methane (СН4), and its 
concentration weakly depends on temperature. The small fraction of reagent is converted in С2Н4, Н2, С2Н2. For 
example, for the conditions Р = 2 atm, rH2O = 0,625, with alteration of temperature in interval Т = 900…1200K, the 
molar fractions eq

HCr 22
 and eq

Hr
2

 increase from 1% to 5% (Fig. 3). The composition of the pyrolysis products weakly 

depends on pressure. For the selected domain of parameters were carried out also the calculations by kinetic model. 
Some obtained results and their comparison with chemically equilibrium data depending on Тo, (this actually 
corresponds depending on Qeq) are shown in Figs. 4 - 7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Equilibrium values eq
HCr 22

 an eq
HCr 62

 depending on temperature Тo (rH2O = 0,625;  ―  2 atm; - - -  6 atm). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Alteration of molar fractions f
HCr 62

 and eq
HCr 62

 in depending on Тo (rH2O = 0,625). 

▲ - Р = 2 atm, pτ  = 0,1 sec; ■ - Р = 2 atm, pτ  = 1 sec;  - - - - Р = 6 atm, pτ  = 1 sec 
 
 Analyzing these results it is necessary to note the following moments: 
- temperature influences considerably and pressure influences weakly in composition of the pyrolysis products; 
- with increase of residence time from pτ  = 0,1sec to pτ  = 1sec the pyrolysis depth increases and therefore Тf 
(0,1sec)>Тf (1sec); 
- in comparison with the equilibrium calculations the kinetic calculations show considerably higher concentration C2H6, 
i.e eq

HC
f

HC rr
6262

>> , but with increase of temperature value f
HCr 62

 falls, because the pyrolysis reactions are accelerated; 
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Figure 5. Alteration of molar fractions f
HCr 42

 and eq
HCr 42

 in depending on Тo (rH2O = 0,625). 

▲ - Р = 2 atm, pτ  = 0,1 sec; ■ - Р = 2 atm, pτ  = 1 sec;  - - - - Р = 6 atm, pτ  = 1 sec 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Alteration of molar fractions f
Hr

2
 and eq

Hr
2

 in depending on Тo (rH2O = 0,625). 

▲ - Р = 2 atm, pτ  = 0,1 sec; ■ - Р = 2 atm, pτ  = 1 sec;  - - - - Р = 6 atm, pτ  = 1 sec 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Alteration of temperature Тf  in depending on Тo (rH2O = 0,625). 
▲ - Р = 2 atm, pτ = 0,1 sec; ■- Р = 2 atm, pτ = 1 sec;  - - - - Р = 6 atm, pτ = 1 sec 
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- in the selected temperature interval, according to kinetic model the methane practically is not formed ( %r f
CH 1

4
< ) in 

contrast to the equilibrium data; 
- in the equilibrium model the fraction C2H4 weakly depending on Тo ( eq

HCr 42
 = 8…9%), but according to kinetic model 

the concentration C2H4 considerably increases from 3% (when Тo = 900K) to 18% (when Тo = 1200K); 
- with increase Тo according to kinetic model concentration H2 considerably increases from 2% (when Тo = 900К) to 
18% (when Тo = 1200K), essentially exceeding the appropriate equilibrium values; 
- with the low values To (small Qeq) the temperature Тf > Тo (Fig 7), that is caused by insignificant formation C2H4 by 
comparison with equilibrium data. But with high To, concentration C2H4 becomes above equilibrium data 
( eq

HC
f

HC rr
4242

> ), that leads to the significant energy expenditures for the ethane pyrolysis and then Тf  becomes less than 

To. 
 
4. REDUCTION OF THE PYROLYSIS REACTION MECHANISM 
 
 The reduction of complete mechanism of reactions (C-mechanism) was carried out by the engagement method, 
given in the work (Spilimbergo et al., 2007). According to this method the calculations of processes in the reactor begin 
from chemical equilibrium state (with temperature oT ) until establishment of same stationary state (temperature )T f , 
with chemical non-equilibrium composition. In result of the reaction rate analysis of the complete mechanism (C-
mechanism) in the stationary state, the engagement method forms a reduced mechanism (S-mechanism) only with the 
notable reactions. In method is used the reduction indicator, which is established by the user and is located in interval 

0,...,1=ζ . If the value of 1=ζ , the reduced mechanism is only constituted by reactions with maximum rates. If the 
value of 0=ζ , the reduced -mechanism is equal to the C-mechanism. 

If the reduction is realized for: 
- a point in the space { poH2O ,T,P,r τ  = const.}, then the reduced mechanism is called LS-mechanism; 

- a line { P,rH2O p,τ  = const., oT  = var.}, then the reduced mechanism is called ST-mechanism; 

- a limited zone { poH2O ,T,P,r τ  = var.}, then the reduced mechanism is called GS-mechanism. 
In all calculation variants the initial data are: the reduction indicator ζ , the reagent symbols, the symbols of main 

combustion products and species interesting for the user. 
The additional initial data in LS-mechanism are: oOH T,P,r 2  and pτ . Thus, initially, the LS-mechanism is 

constituted only by same species (without reactions) and it is formed step by the step using the following algorithm: 
P1. For each i-th species that is already included in the LS-mechanism, it is considered all reactions with this 
species. 
P2. The maximums for these reactions are obtained:  
 
 ( )[ ]jijim absmax Ω=Ω ν                                       j = 1,...,2mc;                                                                                    (13) 
 
 ( )( )[ ]mcssisid absmax +Ω−Ω=Ω ν                     s = 1,...,mc;                                                                                     (14) 
 
where imΩ  is the maximum value by module among the terms jij Ων  of the forward and back directions of reactions 

with i-th species; idΩ  is the maximum value by module of differences between the forward and back directions of 
these reactions. 
P3. Among the reactions with i-th species are selected those that satisfy one of relations: 
 
 ( ) imjij ΩζΩνabs ≥                                         j = 1,...,2mc;                                                                                     (15) 
 
 ( )( ) idmcssis ΩζΩΩνabs ≥− +                   s = 1,...,mc.                                                                                                                                               (16) 
 
P4. Each reaction selected by relations (15) and (16) is included in LS-mechanism, if it was not included 
previously. 
P5. Each species of each reaction selected by step P3 is also included in LS-mechanism, if was not included previously. 
So a species (initially included) “engages” others reactions and species. 
 To form a ST-mechanism, the additional initial data are: OHr 2 , P, pτ  and the temperature interval 

( ) ( )[ ]min...,,max oo TT . This interval is divided by Tn  parts, with width: Too n))/min(T),...,max(T(T∆ =  For each 
point OHr 2 , P, ( ) TkminT,τ op ∆+ , where (k = 1....nT), is formed the LS- mechanism. Then, to obtain the ST-
mechanism, joining all LT-mechanisms. 
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 To form a GS-mechanism, the additional initial data are: the intervals: of temperature ( ) ( )[ ]min...,,max oo TT , 
of molar fractions ( ) ( )[ ]minr...,,maxr OHOH 22  and of pressure ( ) ( )[ ]min...,,max PP . In this case is necessary to choose 
different values m,OHr 2  and jP and to carry out the calculations (each time in interval [ ( ) ( )min...,,max oo TT ] 

generating the ST-mechanisms for each point ( m,OHr 2 , jP ) and then, to obtain the GS(ζ )-mechanism, joining all ST-

mechanisms. 
 In the present work reduction of С-mechanism is executed for domain of parameters Т, Р, rH2O and pτ , 
corresponded to working conditions in of industrial plants (12). As reagents were naturally considered: C2H6 and Н2О. 
As the basic pyrolysis products were selected СН4 and С2Н2 (from the equilibrium model) and С2Н4, Н2 (from the 
kinetic model). In course of precomputations was selected the reduction indicator of mechanism (ζ = 0,05). In result of 
application of the engagement method was obtained GS- mechanism, which includes 18 reactions (Tab. 3) and 
substances: H, H2, H2O, CH3, CH4, C2H2, C2H3, C2H4, C2H5, C2H6, C3H4, C3H5, C3H6 and C3H7. 
 

Table 3. Reduced reaction mechanism (GS - mechanism) of pyrolysis C2H6 (ζ = 0,05). 
 

N Reaction N Reaction N Reaction 

9R C1H4+H=C1H3+H2 34R C2H5+M=C2H4+H+M 59R C3H5+H=C3H6 

24R C1H3+C1H3=C2H6 35R C2H4+M=C2H2+H2+M 60R C3H6+H=C2H4+C1H3 

25R C2H5+H=C1H3+C1H3 37R C2H4+H=C2H3+H2 61R C3H6+H=C3H5+H2 

28R C2H6+H=C2H5+H2 38R C2H3+M=C2H2+H+M 63R C3H5+H=C3H4+H2 

31R C2H4+C1H3=C2H3+C1H4 54R C3H7=C2H4+C1H3 65R C3H4+H=C1H3+C2H2 

32R C2H6+C1H3=C2H5+C1H4 55R C3H6+H=C3H7 66R C3H4+H=C3H5 
 
 Then in accordance with the estimation, given in (Spilimbergo et al., 2007), the calculation volume with GS-

mechanism is decreased in 88
14
19

18
63 3

,=⎟
⎠
⎞⎜

⎝
⎛⎟

⎠
⎞⎜

⎝
⎛  times in comparison with the C-mechanism. Results, obtained by these 

mechanisms, were comprises for all selected lines of domain (Т, Р, rH2O, pτ ). Examples of comparison for the lines: 

Т=900…1200K, Р = 2atm, rH2O = 0,625, pτ = 1sec and Т = 900…1200K, Р = 6atm, rH2O = 0, 5; pτ = 1sec are presented 

in Figs.8 and 9. Is evident, that values Tf, f
HCr 42

 and f
HCr 62

, obtained by the complete and reduced mechanisms are 

close. For concentrations of other species analogous results were obtained. Thus, the formed reduced mechanism can be 
used to predict the characteristics of the ethane pyrolysis process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Comparison of values Tf, f

HCr 42
 and f

HCr 62
 obtained by the complete and reduced mechanisms with Р = 2atm, 

rH2O = 0,625; pτ = 1sec (— C-mechanism; - - - GS-mechanism). 
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Figure 9 Comparison of values Tf, f

HCr 42
 and f

HCr 62
 obtained by the complete and reduced mechanisms with Р = 6atm, 

rH2O = 0,5; pτ = 1sec (— C-mechanism; - - - GS-mechanism) 
 
5. CONCLUSION 
 
 Are considered the chemical aspects of the ethane pyrolysis, widely utilized in the petrochemical industry for the 
production of ethylene. 
 The numeric simulation of the pyrolysis processes with the use of the equilibrium and kinetic approaches was 
carried out for conditions of the perfect stirred reactor. In the investigated temperature interval the results, obtained on 
these approaches, significantly differ from each other. According to equilibrium model the pyrolysis products contain, 
mainly, methane, and also the small concentrations С2Н4, С2Н2 and Н2, which little alter in the interval 
Т=900….1200K. But according to kinetic model by the main products of pyrolysis are С2Н4 and Н2, whose 
concentrations depend on temperature. Furthermore, at output from reactor in significant concentration can contain 
reagent (С2Н6). Its decomposition determines the stationary temperature Tf, in reactor: for the small degrees of 
decomposition Tf > To, and for the significant degrees Tf, < To. 
 The numeric simulations were accomplished for industrial conditions of the ethane pyrolysis Т = 900….1200K; 
Р=2…8 аtm; rH2O = 0,5…0,65; pτ = 0,1….1sec with reduction of indicator ζ = 0,05. The complete C-mechanism was 
reduced: in relation of reactions in 3,5 times and in relation of species in 1,3 times. 
It is necessary to note that the created model is intended for: comparison of compositions of the pyrolysis products, 
obtained by chemically equilibrium and kinetic approach and reduction of mechanism of the pyrolysis reactions; and 
this model is considerably simple, than complex model of the pyrolysis processes in industrial plants. Subsequently, it is 
planned to create and to examine this complex model by comparison with the experimental data. 
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