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In the paper, the cause that makes it difficult to use uncerti­
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of their composition. The mathematical model and the meth­
od that allow one to determine such a  fuel composition in 
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INTRODUCTION

World trends in the price rising of natural energy 
sources and trends in the development of the in­
dustry of uncertified types of oxygen­containing 
hydrocarbon fuels cause interest in the  solving 
of the  problem of model and method creation 
that ensure an efficient combustion of such gas­
es, the calorific value of which varies randomly in 
time. Moreover, the  solution of such problem is 
also relevant for the ensuring of an efficient com­
bustion of fuel with a variable calorific value, ob­
tained in various technologies. These include gases 
in oil production, such as shale and mine gas, py­
rolysis products, fermentation of organic residues, 
biofuels, blast­furnace gases, gases obtained by 
fermentation of garbage, etc. Particular attention 
should be paid to the ecological aspect of combus­
tion: because of poor quality and incomplete com­
bustion of such fuels, a  large number of harmful 
organic compounds are formed and discharged 
into the surrounding environment.

PROBLEM FORMULATION

When using certified natural energy carriers as 
a fuel for power plants, the most important indi­
cator is the constancy of their composition and, as 
a consequence, the constant calorific value, which 
allows one to ensure an efficient fuel combustion 
while minimizing harmful emissions in order to 
comply with environmental standards by adjusting 
the regime of power plants. In [1] the analysis of 
the atmospheric distribution of polycyclic aromat­
ic hydrocarbons (PAH) for several years from var­
ious industrial sources in the study of urban and 
suburban facilities is presented. In the study it was 
shown that PAHs in aerosol particles at high con­
centrations were obtained during winter periods 
when fossil fuels were burned for space heating 
of residential premises. In non­heating seasons, 
the  prevalence over the  norm is obtained due to 
the  exhaust gases of diesel and gasoline engines 
of cars. The particular interest is the study [2] on 
the  spread of pollution in the  atmosphere where 
volatile organic compound (VOC) concentrations 
have been measured and the  sources of their or­
igin have been identified. It should be noted that 
vehicles contribute 25% of the  measured VOC 
concentration; industrial solvents up to 17%; evap­

orated fuel up to 15%; solvents of dyes up to 15%; 
industrial steel production 12%; biomass and bi­
ofuel 9%, and coal combustion up to 7%. The re­
sulted research materials [1, 2] have shown that 
for large industrial mega cities, the  main task in 
the ecology perspective is to ensure the qualitative 
combustion of any type of hydrocarbon fuel, in­
cluding for energy technologies of burning fuels in 
engines of transport installations.

PURPOSE AND OBJECTIVES OF 
THE STUDY

Determination of the gas composition with an un­
known calorific value with usage of a gas analyser 
could be done. This method, however, has a num­
ber of drawbacks: it is resource­intensive, cum­
bersome, has a long inertia and, as a consequence, 
a lag. For gas analysers, data containing the list of 
gases in the mixture is required. The usage of gas 
analysers is complicated by the fact that such gases 
contain unwanted components, which lead to ac­
celerated wear of primary devices and their failure. 
Therefore, such method is difficult to integrate into 
an automated control system.

The purpose of this article is to present the de­
veloped mathematical model for determining 
the composition of a mixture of hydrocarbon ox­
ygen­containing gases in the model representation 
by its conditional formula with the initial data in 
the form of measured process parameters: the tem­
perature of combustion products and the volume 
flow rates of the mixture and air.

To achieve this goal, it is necessary to solve 
a number of problems and develop a general math­
ematical model for solving the set goal, and to de­
velop additional closing relations to find the solu­
tion in an analytical form if necessary. With this 
purpose, the  authors consider the  features of 
the  model and use the  example of a  typical oxy­
gen­containing hydrocarbon fuel to perform cal­
culations.

MATHEMATICAL MODEL FOR 
DETERMINING THE COMPOSITION OF 
COMBUSTION PRODUCTS

Despite a  variety of combustible substances, 
the process of formation of combustion products 
and the  determination of their temperature can 
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be described using a  single model. The  next will 
be considered: the model of the combustion pro­
cess using the example of ethyl alcohol, which in­
cludes atoms of carbon, hydrogen and oxygen (C, 
H, O) in its composition. It is a representative of 
oxygen­containing hydrocarbons, covering a wide 
class of organic fuels. So the additional account of 
only two elements – sulphur and nitrogen (S, N) 
occurring in fuel in smaller quantities makes it 
possible to simulate almost all organic compounds 
burning in the air atmosphere [3–9]. With taking 
into account the chemical structure of ethyl alco­
hol, and considering that it is not necessary to take 
into account the structure of the substance in ques­
tion, the conditional formula of fuel has the form

CbC
HbH

ObO
, (1)

for ethyl alcohol

bC = 2, bH = 6, bO = 1. (2)

The air was considered as an oxidizer. Its 
composition in volume fractions corresponds 
approximately to 21% of oxygen (O2), 78% of 
nitrogen (N2) and 1% of various impurities in 
the form of argon, carbon dioxide and other im­
purities that are generally inert. All impurities 
do not participate in the  combustion process 
as well as nitrogen. Considering this, in order 
to simplify the  calculations, all the  impurities 
can be represented in the  form of another 1% 
of N2. Ultimately, the  air in the  calculations is 
based on the composition: 21% of O2, 79% of N2. 
The conditional formula is based on the number 
of atoms entering, for example, in the structural 
formula. Therefore, instead bulk mass fractions 
could be used. The next atomic masses are used:

μO = 15.9994; μN = 14.0070. (3)

In this case, taking into account the accepted 
percentage composition, the air formula will look 
like

O0.419N1.581. (4)

Consider the  reaction of burning alcohol in 
oxygen at their stoichiometric ratio

C2H5(OH) + 3 · O2 = 1 · CO2 + 3 · H2O.         (5)

From Equation (5) it follows that for the sto­
ichiometric combustion of one mole of alcohol, 
three moles of oxygen are necessary. In other 
words, for an alcohol–alcohol pair, the molar sto­
ichiometric coefficient is

χ 0
O = 3. (6)

Taking into account the composition of the ox­
idizer in the form of air accepted in Equation (4), 
the  molar stoichiometric coefficient of reaction 
will be

χ 0
w = 14.32. (7)

Combustion reactions in power equipment 
are not necessarily in the  stoichiometric ratio. 
This is taken into account by introducing an ex­
cess ratio of the oxidant and all reaction ratios are 
constructed using a molar ratio of components

χw = α · χ 0
w. (8)

The excess factor of the  oxidant indicates 
the excess of the molar ratio of the components 
ratio over the molar stoichiometric. Calculation 
of the  composition of combustion products is 
based on the  conditional fuel formula, includ­
ing a  fuel and an oxidizer taking into account 
the value of α. So, for ethyl alcohol, taking into 
account Equations (1), (2), (4), (7) and (8) this 
formula will have the form

C2H6O(1 + α · χ 0
w · 0.419)N (α χ 0

w · 1.581).         (9)

In general, for arbitrary hydrocarbon oxy­
gen­containing fuel burned in air, the  conven­
tional fuel formula will look like

CbC
HnH

O(bO + α · χ 0
w · 0.419)N (α · χ  0

w · 1.581).  (10)

The  list of substances and ions that can be 
formed in the process of combustion of such fuel 
will be the following:

[CO], [CO2], [H2], [O2], [H2O], [OH]. [N2],

[NO], [C], [H], [0], [N]. (11)

In order to determinate the  composition 
of combustion products it is necessary to find 
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the  quantitative ratio of gases. The  number of 
unknowns in the model is determined by the list 
of substances in Equation (11).

When varying the  excess oxidizing factor, 
the amount and composition of the formed sub­
stances will change. For example, when α < 1, i.e. 
in the absence of an oxidant, there may be absent 
[O2] in the mixture and [CO] and [H2] may be 
present. In contrast, when α > 1, [O2] and [NO] 
appear, but [CO] and [H2] disappear. The com­
position of combustion products may include 
other substances of a  more complex composi­
tion, but for any quantity their amount will be 
vanishing small. Therefore, they are not taken 
into account in calculations.

Thus, in Equation (11), a  list of substances 
is encompassed covering practically important 
cases. For substances in the  list described in 
Equation (11) the equations of chemical equilib­
rium are used. Their list is given in Table 1.

Ta b l e  1 .  The main reactions of the formation of dependent sub-
stances

1 CO ↔ C + O

2 CO2 ↔ C + 2O

3 H2O ↔ 2H + O
4 OH ↔ H + O

5 H2 ↔ 2H

6 O2 ↔ 2O

7 N2 ↔ 2N
8 NO ↔ N + O

For the equations given in the  table, we can 
write the law of active masses, which is the ratio 
of the  concentration of substances of the  cor­
responding reactions, which is the  constant of 
chemical equilibrium. For example, for the sec­
ond equation from Table  1, the  expression of 
the law will have the form

2

2

CO
2

c(C) c (O) K (T).
c(CO )

⋅
=  (12)

Here, in Equation (12) c(C), c(O) and c(CO2) are 
the molar concentrations of carbon, oxygen and 
carbon dioxide, respectively, KCO2 (T) is the con­
stant of the chemical equilibrium for the forma­
tion of carbon dioxide at temperature T. The de­

gree of power is determined by the coefficient of 
the corresponding chemical element. The equa­
tions of the  same form as Equation (12), writ­
ten for the substances from Table 1, are part of 
the developing model.

It is more convenient to determine the com­
position of the  gas mixture not through con­
centrations, but through their partial pressures. 
Equations of the form of Equation (12) can also 
be expressed through these quantities. The mo­
lar concentrations of combustion products are 
determined by, for example, one mole of fuel 
based on the expression of Equation (10).

In order to replace the  concentrations with 
partial pressures, in addition to them, we in­
troduce another variable – MT, that is the num­
ber of moles of fuel considered. Its value will 
be determined during the  calculations so that 
the quantities of the partial pressures of combus­
tion products are numerically equal to their con­
centrations. Thus, the entire model includes 13 
unknown values: 12 partial gas pressures form 
Equation (11) in the  combustion products and 
the number of moles of the fuel – MT.

The first eight equations, expressing the  law 
of active masses for the  reactions from Table 1 
through the partial pressures of the combustion 
products will be as follows:

C O
CO

CO

P P K (T),
P
⋅

=   (13)

2
2

2
C O

CO
CO

P P K (T),
P
⋅

=   (14)

2
2

2
H O

H O
H O

P P K (T),
P
⋅

=   (15)

H O
OH

OH

P P K (T),
P
⋅

=   (16)

2
2

2
H

H
H

P K (T),
P

=   (17)

2
2

2
O

O
O

P K (T),
P

=   (18)
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2
2

2
N

N
N

P K (T),
P

=   (19)

N O
NO

NO

P P K (T).
P
⋅

=   (20)

The chemical equilibrium constants are tabu­
lated in the corresponding reference books and in 
calculations for the  corresponding temperature 
they can be chosen or calculated with the help of 
approximation polynomials. In addition, they can 
be calculated on the basis of the enthalpies of for­
mation and entropies of the substances included 
in the  reactions under consideration, which, in 
turn, are also tabulated or can be calculated on 
the basis of approximation polynomials [10].

The following four equations will be written, 
expressing the  law of matter conservation in 
a  form of the  equality of the  number of atoms 
of the  corresponding chemical element in fuel 
and combustion products. Let us use the  fact 
that in the  case under consideration, the  par­
tial pressures of gases in combustion products 
are numerically equal to their concentrations. 
The  number of atoms in the  fuel is taken on 
the  basis of Equation (10), taking into account 
the number of considered molecules MT:

for [C]: bC · MT = PCO + PCO2
 + PC, (21)

for [H]: bH · MT = 2 · PH2O + POH + 2 · PH2
 + PH,  (22)

for [O]: (bO + α · χ 0
w · 0.419) · MT = PCO + PH2O +

+ 2 + POH + 2 · PO2
 + PNO + PO, (23)

for [N]: (α · χ 0
w · 1.581) · MT = 2 · PN2

 + PNO + PN.  (24)

To lock the  system, we write the  Dalton law 
as the last equation, which expresses the equality 
of the sum of the partial pressures of combustion 
products to the pressure in the combustion cham­
ber (furnace) PΣ:

PΣ = PCO + PCO2
 + PH2O + POH + PH2

 + PO2
 PN2

 PNO +

+ PC + PH + PO + PN. (25)

METHOD FOR MODEL PROBLEM 
SOLVING

The recorded model is a system of nonlinear alge­
braic equations. To solve it, the  Newton method 
can be used. It implies the linearization of the equa­
tions system and their solution with respect to cor­
rections of unknown quantities. The peculiarity of 
the system obtained in the process of linearization 
is its poor conditionality. This is due to a very small 
magnitude of some members (partial pressures) 
and a  large difference in the magnitudes between 
them. It may reach 10–15 orders of magnitude. This 
leads to instability and a large error in the solution.

To increase the accuracy, the  initial system of 
equations (13)–(25) was logarithmed. This leads to 
the fact that the members of the system, modified 
in such way, remain nonlinear, but will differ by no 
more than 10–15 times. But this approach does not 
completely solve the problem of a large difference 
between the terms of the linearized system equa­
tions. If the linearization is carried out in the usu­
al way  –  with the  use of the  required quantities 
(partial pressures of the combustion products) as 
arguments, the corrections will be determined for 
them. Consequently, they can differ among them­
selves by the same 10–15 orders of magnitude. To 
avoid this, we use the logarithms of the desired ar­
guments (partial pressures and quantities MT) as 
arguments for differentiation. For example, con­
sider Equation (16). After the logarithm, we have

ln(PC) + 2 · ln(PO) – ln(PCO2
) = ln[KCO2

 (T)],  (26)

and after linearization 

1 · ∆[ln(PC)] + 2 · ∆[ln(PO)] – 1 · ∆[ln(PCO2
)] =

= (–1) · {ln(PC) + 2 · ln(PO)] – ln(PCO2
) –

– ln(KCO2
(T)]}0. (27)

Here, the  superscript 0 indicates that the expres­
sion in curly brackets is the initial approximation 
or is taken from the previous step of the calcula­
tion. To somewhat reduce the  unwieldiness of 
the  records, further in the  text the  expression of 
the form ∆[ln(PO)] will be represented as ∆O, and, 
for example, ∆[ln(PCO2

)] as ∆CO2
.

The processing of equations of the  form as 
Equations (21)–(25) is thus reduced in difficulty. 
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Consider, for example, Equation (21). After its 
logarithming there will be 

ln(bC) + ln(MT) = ln(PCO + PCO2
 + PC), (28)

and after linearization

[ ]

2
2 T

COCO C
CO CO C M

0
T C

PP P 1
A A A

( 1) ln(A) ln(M ) ln(b )

⋅∆ + ⋅∆ + ⋅∆ − ⋅∆ =

− ⋅ − −

,      (29)

where A = PCO + PCO2 + PC.
By transforming the original system described 

by Equations (13)–(25) in the manner described 
above, we obtain a linearized system of equations:

1 · ∆C + 1 · ∆O – 1 · ∆CO = (–1) · {ln(PC) +

 ln(PCO) – ln(PC) – ln[KCO(T)]}0, 

(30)

1 · ∆C + 2 · ∆O – 1 · ∆CO2
 =

 (–1) · {ln(PC) + 2 · ln(PO) –

 ln(PH2O) – ln[KH2O (T)]}0, (31)

2 · ∆H + 1 · ∆O – 1 · ∆H2O =

 (–1) · {2 · ln(PH) + ln(PO) –

 ln(PH2O) – ln[KH2O (T)]}0, (32)

1 · ∆H + 1 · ∆O – 1 · ∆OH =

 (–1) · {ln(PH) + ln(PO) –

 ln(POH) – ln[KOH(T)]}0, (33)

2 · ∆H – 1 · ∆H2
 = (–1) · {2 · ln(PH) –

 ln(PH2
) – ln[KH2O (T)]}0, (34)

2 · ∆O – 1 · ∆O2
 = (–1) · {2 · ln(PO) –

 ln(PO2
) – ln[KO2

 (T)]}0, (35)

2 · ∆N – 1 · ∆N2
 = (–1) · {2 · ln(PN) –

 ln(PN2
) – ln[KN2

 (T)]}0, (36)

1 · ∆N + 1 · ∆O = (–1) · {ln(PN) +

 ln(PO) + ln(PNO) – ln[KH2
(T)]}0; (37)

for [C]

[ ]

2
2 T

COCO C
CO CO C M

0
T C

PP P 1
A A A

( 1) ln(A) ln(M ) ln(b ) ,

⋅∆ + ⋅∆ + ⋅∆ − ⋅∆ =

= − ⋅ − −
 

(38)

for [H]

2 2

2 2

T

H O H OOH
H O OH H O

0H
H M T H

2 P 2 PP
Δ + Δ + Δ +

V V V

P
Δ –1 Δ =(–1) [ln(V)–ln(M )–ln(b ] ,

V

� �
� � �

� � �
 

(39)

where V = 2 · PH2O + POH + PH;
for [O]

2 2

2 2

2

2

T

CO H OCO
CO CO H O

OOH
OH O

NO O
NO O M

0
w

T O 0

2 P PP

B B B

2 PP

B B

P P
1

B B

( 1) ln(B) ln(M ) ln(b 0.419) ,

�
�� � �� � �� �

�
�� � �� �

� �� � �� � �� �

� �� � � � � �� �� �� � 

(40)

where B = PCO + 2 · PCO2
 + PH2O + POH + 2 · PO2

 + PNO + PO;

for [N]

 

(41)

� � � � � � � �

2

2 T

N NO N
N NO N M

0
w

T 0

P P P
     1

Z Z Z

 1 ln Z ln M ln α  χ  1.581

� � �� � �� � �� �

� �� � � � � �� � ,

where Z = 2 · PN2
 + PNO + PN;

for [PΣ]

� � � � � �

2 2

2 2

2 2

2 2

2

2

CO H OCO
CO CO H O

H OOH
OH H  O

N NO C
N NO C

0
O N

O N Σ

P PP
×Δ + ×Δ + ×Δ +

G G G

P PP
×Δ + ×Δ + ×Δ +

G G G

P P P
 ×Δ + ×Δ + ×Δ +

G G G

P P
 ×Δ  + ×Δ  = -1 × ln G -ln P
G G

� �� ���
 

(42)



53Model and method of conditional formula determination of oxygen-containing hydrocarbon fuel in combustion

where G = PCO + PCO2
 + PH2O + POH + PH2

 +

+ PO2
 PN2

 + PNO + PC + PH + PO PN.

The solution is based on the  assumption of 
isoenthalpy of the  process in the  combustion 
chamber (furnace) of power equipment. For 
the  selected pair, the  fuel­oxidant with the  en­
thalpies I(F) and I(O) known for them and the given 
value χw [4] of the molar ratio of the component 
ratio, the enthalpy of fuel is calculated:

I(T) = I(r) + χw · I(o) . (43)

Further, the calculation process is construct­
ed in accordance with the following algorithm:

1. Select a certain temperature T0 (initial ap­
proximation). It is considered to be realizable 
at the  considered moment in the  combustion 
chamber: Ti = T0.

2. Using the  iterative process on the  basis 
of the  linearized model Equations (30)–(42), 
the composition (partial pressures Pi, and hence 
mole fractions) of the combustion products cor­
responding to the  current temperature under 
consideration Ti is determined. As noted earli­
er, the values of chemical equilibrium constants 
required for this calculation can be taken from 
tables or calculated using approximate polyno­
mials similar to those given in [10].

3. The  enthalpies Ii of combustion products 
corresponding to the current temperature under 
consideration Ti are determined. These quanti­
ties can also be taken from tables or calculated 
using approximate polynomials like those given 
in [10].

4. Using the values of partial pressures as val­
ues of the  mole fraction of the  corresponding 
gases included in the  composition of combus­
tion products, their enthalpy ICP is calculated:

ICP = Σi(Pi · Ii). (44)

5. The values of enthalpies of fuel and combus­
tion products at the  current temperature under 
consideration are compared. It should be taken 
into account that the  calculated partial pressure 
values used in calculations are numerically equal 
to molar concentrations only when moles of fuel 
are considered. In other words, the comparison of 

enthalpies must take place in the form of the re­
lation

MT · I
(T) ⇔ ICP.  (45)

6. In the case of the equality of these values 
or the admissible value of deviation, the temper­
ature and the composition of combustion prod­
ucts are considered to be certain. The calculation 
is stopped. Otherwise, proceed to the next step.

7. Depending on the excess of the left or right 
part of Equation (45), the  value of the  current 
temperature Ti is adjusted to increase or de­
crease. With the new value we proceed to point 
2 of the algorithm and repeat all calculations.

The basis of calculations is the  assumption 
that the  combustion process is isoenthalpic. 
Such a  situation is observed only in separate 
power plants. For example, in the  combustion 
chambers of the liquid­propellant rocket (LPR) 
due to a specially organized cooling system. This 
approach can be realized also in the calculation 
of processes in the cylinder of the internal com­
bustion engine (ICE) within the  limits of one 
step of its operation. This is due to the speed of 
flowing processes and, accordingly, a small frac­
tion of losses through the walls of the cylinder. 
In the overwhelming majority of energy devices, 
the conditions of isoenthalpy of the combustion 
process are not feasible.

DETERMINATION OF 
THE TEMPERATURE AND COMPOSITION 
OF THE PRODUCTS OF COMBUSTION OF 
ETHYL ALCOHOL IN THE AIR

Ethyl alcohol is chosen as a  fuel for solving 
the  model problem due to its widespread dis­
tribution and the  availability of results suita­
ble for checking the adequacy of the developed 
model. Thus, in [10], the  results of calculating 
the  combustion of ethyl alcohol in air with α 
change in the range 0.7–1.4 are given. Calcula­
tions covering a broader range of change 0.5–2 
were performed. The  calculated temperatures 
and the  partial pressures of some gases should 
be performed. A part of the substances for com­
parison will be chosen based on their signifi­
cant share in the  composition of combustion 
products. This is due to the fact that they mainly 
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determine the enthalpy of the gas mixture and, 
consequently, its temperature. We also consid­
er the  quantities of partial pressures of carbon 
monoxide (carbon monoxide) and nitrogen ox­
ides. This is due to the fact that they determine 
the harmful emissions of combustion products.

The justification of consideration that air 
contains only oxygen and nitrogen was per­
formed above. In addition, the  conditions for 
using alcohol with 100% concentration will be 
given in calculations. This is done to simplify 
the  model and the  calculations based on it. In 
practice, this does not correspond to reality, and 
alcohol always contains some amount of water 
in its composition. So, in [10] we give the results 
for the case of alcohol with 5% of H2O. In addi­
tion, the content of air in the quantity of argon 
and carbon dioxide (in the range of 1%) is tak­
en into account. The deviation of the conditions 
laid down in the calculations from the reference 
data [10] will allow us to evaluate the sensitivity 
of the developed model to the error of the data 
input.

In Table  2, the  calculation results are based 
on the model described by Equations (30)–(42) 
for various values of α. In Table 3, the data taken 

from [10] is matched with r. In Fig. 1, the results 
of calculating the  combustion product para­
meters (solid lines) and the data taken from [10] 
(dashed lines) are given graphically. The dotted 
line represents the  position corresponding to 
the stochiometric ratio of the components.

Also the partial pressure for N, O, C, H and 
OH has been calculated, but due to its minor 
magnitude (power not greater than –3).

The  comparison of graphs shows a  qualita­
tive coincidence of the  results under consider­
ation. Significant discrepancies are observed for 
the temperature (Fig. 1(a)) and the partial pres­
sure of water vapour (Fig. 1(c)). The quantitative 
value of these discrepancies can be estimated 
from the data given in Table 4.

Deviation in the  determination of the  tem­
perature and partial pressure of water vapour 
can be explained by the difference in the com­
position of the  fuel taken in the  calculations 
and data used from the reference book [10]. In 
the latter case, the content of 5% water leads to 
decreasing enthalpy in comparison with 100% 
alcohol and, consequently, to decreasing in tem­
perature of the products of combustion. Exact­
ly, this is observed in Fig.  1. The  data provid­
ed in Table 4 shows that the  relative difference 
between the  temperatures under consideration 
does not exceed 2.8%. The error was determined 
with respect to the calculated temperature. This 
value allows us to estimate the parametric sen­
sitivity of the  developed model: 5% change in 
the composition of the fuel leads to 2.8% devia­
tion of the calculated temperature value. A sim­
ilar reason explains the  deviation in the  deter­
mination of the partial pressure of water vapour 
(Fig. 1(d)). It is precisely the presence of 5% of 
water in fuel that leads to an increase in the val­
ues of the data from the reference book [10] as 
compared with the  calculated values. The  rela­
tive error does not exceed 1.1%. This is shown in 
Table 4. The pressure in the combustion cham­
ber determines the error. In calculations, it was 
taken equal to 1 bar. All other errors of the con­
sidered quantities in Table 4 are less than those 
noted above.

Empty graphs in Table 4 are caused by lack of 
data in [10]. When recording relative error values 
ε, only one significant digit after a decimal point 
was displayed. More digits are not needed in 

Ta b l e  2 .  Results of the calculation for determination of the com-
position and temperature of combustion products of ethyl alcohol 
in air based on the model (30–42) for different values of α

α PH2 PO2 PN2 PNO

0.5 1.46E-01 1.08E-11 5.31E-01 9.45E-09

0.6 9.41E-02 3.73E-09 5.76E-01 4.26E-07

0.7 5.61E-02 2.45E-07 6.13E-01 6.11E-06

0.8 2.93E-02 7.68E-06 6.44E-01 5.10E-05

0.9 1.17E-02 2.08E-04 6.70E-01 3.51E-04

1.0 2.96E-03 4.27E-03 6.88E-01 1.72E-03

1.1 8.48E-04 1.64E-02 6.98E-01 2.83E-03

1.2 2.96E-04 2.99E-02 7.06E-01 2.99E-03

1.3 1.15E-04 4.22E-02 7.12E-01 2.76E-03

1.4 4.69E-05 5.32E-02 7.18E-01 2.40E-03

1.5 1.98E-05 6.30E-02 7.23E-01 2.02E-03

1.6 8.62E-06 7.24E-02 7.28E-01 1.68E-03

1.7 3.79E-06 8.09E-02 7.34E-01 1.38E-03

1.8 1.87E-06 8.60E-02 7.33E-01 1.13E-03

1.9 8.88E-07 9.20E-02 7.36E-01 9.22E-04
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Fig. 1. Results of the calculations and data from the reference book [5] for the products of combustion of ethyl alcohol 
in air at different values: (a) temperature; (b) partial pressure of carbon monoxide; (c) partial pressure of nitrogen oxide; 
(d) partial pressures of carbon dioxide, water vapour and free oxygen

Ta b l e  3 .  Results of the calculation for determination of the composition of the combustion products of ethyl alcohol in air from [5]

Α 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

T, K 1897 2038 2151 2190 2108 2010 1918 1835

PCO 8.42E-02 5.71E-02 2.91E-02 7.50E-03 1.90E-03 6.00E-04 2.00E-04

PCO2 6.91E-02 8.41E-02 1.02E-01 1.14E-01 1.10E-01 1.03E-01 9.64E-02 9.03E-02

PH2O 1.86E-01 1.93E-01 1.93E-01 1.86E-01 1.73E-01 1.61E-01 1.50E-01 1.41E-01

POH 2.00E-04 7.00E-04 2.00E-03 2.00E-03 1.40E-03 9.00E-04 6.00E-04

PH2 5.36E-02 2.75E-02 1.07E-02 2.30E-03 6.00E-04 2.00E-04

PO2 1.00E-04 3.60E-03 1.61E-02 2.96E-02 4.19E-02 5.28E-02

PN2 5.99E-01 6.30E-01 6.56E-01 6.75E-01 6.85E-01 6.93E-01 6.99E-01 7.05E-01

PNO 2.00E-04 1.60E-03 2.70E-03 2.90E-03 2.70E-03 2.30E-03

PH 1.00E-04 2.00E-04 3.00E-04 2.00E-04

PO 1.00E-04 1.00E-04

(a) (b)

(c) (d)
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engineering calculations. This approach, as well 
as minor errors, led to the  appearance of zero 
values of errors in Table  4. All calculated and 
presented errors in Table 4 are less than 5%, 
which corresponds to the  permissible accura­
cy of engineering calculations. This makes it 
possible to use the  data given in Table 1 as an 
expanded version of the  basis for determining 
the composition and temperature of combustion 
products of ethyl alcohol in air at various α in 
comparison to [10].

CONCLUSIONS

For the determination of the quantitative com­
position of the  conditional formula of gase­
ous fuel a  mathematical model could be used, 
which includes Equations (30)–(42). In addi­
tion, the  composition of combustion products 
and fuel enthalpy could be determined using 
as the  initial data the  quantities of measured 
technological parameters (for example, the cost 
of fuel components cost which corresponds to 
their temperatures in the combustion chamber) 
and known elemental (qualitative) fuel compo­
sition ([O], [C], [H], etc.).

Mathematical accuracy of the  model allows 
using the data obtained on its basis to evaluate 
the sensitivity of the calculation results to the in­
accuracy of the measuring channel of the initial 
technological parameters.

When solving real technological problems, 
the  enthalpy and entropy of combustion prod­
ucts should be determined with the  maximum 
possible accuracy based on the tables or software 
complexes tabulating such a  table. Polynomial 
dependencies for the determination of enthalp­

ies and entropy of combustion products, due to 
significant approximation errors, cannot be used 
to solve an extended problem.
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DEGUONIES TURINČIO ANGLIAVANDENILIŲ 
KURO SĄLYGINĖS FORMULĖS DEGIMO METU 
NUSTATYMO MODELIS IR METODAS

Santrauka
Straipsnyje analizuojamas nesertifikuoto kuro sudėties 
neapibrėžtumas ir kintamumas. Sukurtas matematinis 
modelis ir metodas, leidžiantis nustatyti tokio kuro su­
dėtį degimo metu. Siūlomi optimalūs degimo proceso 
parametrai ir nustatomi taikomo metodo apribojimai, 
atsirandantys dėl modelio specifiškumo.

Raktažodžiai: deguonies turintis angliavandenilių 
kuras, kuro deginimas, degimo produktai, modeliavi­
mo analizė, skaičiavimo metodas


