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ABSTRACT

In practical applications it happens that some of the basic parameters characterizing the combustion process have
been changed. This can be enforced by the necessity for substitution of a given energy source with another one and also by
the intentional or spontaneous alteration in the construction or the exploitation mode of the respective furnace. In order to
ensure a predictability of the variation of the combustion temperature, it is necessary to have information about the qualita-
tive and quantitative influence of the basic indicators conditioning the combustion on the temperature field in the furnace.

In the present work the results from an investigation of the tendencies in the change of the theoretical combustion
temperature for three widely used gaseous energy sources with considerably different chemical compositions are submit-
ted and discussed. They have low, middle and high lower specific heating value, respectively, and are studied in view
of changing values of the preheating degree of the air fed to the corresponding equipment and of its excess above the
theoretical necessary amount. The obtained conclusions of this energy and ecological investigation can be useful for the

comprehensive improvement of the efficiency of the heating units.
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INTRODUCTION

The sustainment of the project regimes in the
present-day heating units is among the most important
preconditions for their effective and faultless function-
ing. In most cases a maximal high temperature in the
working area is aimed at, but it has to conform with a
variety of factors and restrictions. The latter could have
energy, constructive, ecological and economical, etc.
nature. Thus for example, the maximum temperature
should be less than about 2200 — 2300 K [1], above
which burning with formation of a considerable amount
of harmful for the environment nitrogen oxides starts.

In the literature exhaustive experiments with particu-
lar fuels are described [2 — 12]. They usually finish with
a detailed analysis of fuel behavior in combustion. In our
opinion, however, with some exceptions [13], there is
still a need for research summarizing on the experience
from the using of different energy sources.

It often happens in the practice, that some of the
basic parameters characterizing the burning process
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should be changed. The substitution of one fuel with
another one is a typical situation, which by the market
dynamics or in the drive for achievement of more com-
patible environmental and technological indicators can
be enforced.

A considerable disturbance in the ordinary condi-
tions in the furnace can occur, by an intentional or spon-
taneous change of its construction or exploitation mode.
In the course of time, the leak tightness of the operating
chamber decreases even at a good maintenance. The
thickness of the brickwork worsens, especially around
the apertures of the unit. This leads to an increase of the
air ratio, ¢ , above the statutory values in the project.
Furthermore, it is possible temporarily or constantly to
have to open the windows for loading, emptying and
control of the enforcement of the technological process,
which produces the same result.

The listed most typical situations, as well as many
other circumstances in the daily exploitation, lead inevi-
tably to a violation of the temperature regime of a given
furnace or other heat-technical unit, where a combus-
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tion process is implemented. These disturbances reflect
on the quality of the thermally processed product and
spread over the whole technological flux in the consid-
ered object. As a result of that, serious damages for the
enterprise, which can affect the equipment, as well as
the made production and the environment might arise.

The expressed arguments ground the actual and
original purpose of the present work, and the results
from the fulfilled investigation of the dependence of
the combustion temperature in the furnace on the basic
parameters characterizing the burning — the lower heat-
ing value of the gaseous fuel, the temperature of the
preheated air for supporting of this process and the air
ratio, to be submitted.

Combustion temperatures and factors influencing
them

For describing of the temperature fields in a given
unit three concepts are mainly used [14]. Each of them
has some conditional character. Nevertheless, by them
the actual situation in the furnace and mostly the tenden-
cies in its change can be judged.

A. Real combustion temperature

This indicator has a highest degree of representa-
tiveness. It is determined by the expression, which is
valid at absence of heat loss due to accumulation in the
brickwork, i. e. at stationary conditions (or ones close
to them):
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where ¢, is the average volumetric specific heat
capacity of the flue gas, J/(m’.K), T =273 K — the
temperature at normal conditions, 7, — the real com-
bustion temperature, K, O, — the physical heat of the
preheated air, J/m?, O , —the heat loss due to incomplete
combustion through chemical reasons, J/m?, O, — the
heat loss due to dissociation, J/m?, Qe — the heat loss
to the environment, J/m?, Q  — the physical heat of the
preheated fuel, J/m?, O, — the lower specific heating
value of the gaseous fuel, J/m?, Qm — the heat loss due
to incomplete combustion through mechanical reasons,
J/m3, Qm — the physical heat of the fuel lost due to in-
complete combustion through mechanical reasons, J/m?
and V- the volume of the moist flue gas, obtained in the
complete real combustion of 1 m* gaseous fuel, m*/m?.

The analytical or experimental assessment of the real
combustion temperature is a complicated problem [14],
which limits the practical application of this parameter.

B. Theoretical combustion temperature

It is defined on the basis of formula (1), as additional
preconditions for absence of heat losses due to incom-
plete combustion through chemical and mechanical
reasons and also to the environment, are introduced.

At these restrictions, the theoretical combustion
temperature is obtained by the expression:

+QI+Qa+Qf_Qd )
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in which with 7}, is the theoretical combustion tem-
perature, K.

This indicator reflects the situation with a perfectly
working furnace, in which all other heat loses are elimi-
nated, except the one due to dissociation of the products
of a complete burning to such ones of an incomplete
process, the occurring of which can not be prevented.

C. Calorimetric combustion temperature

A most idealized picture of the situation in a given
heat-technical unit is obtained by the calorimetric com-
bustion temperature because, except for the enumerated
in point 2.2 preconditions, in its definition it is also as-
sumed that the heat loss due to dissociation equals zero.
In conformity with that, this indicator is calculated by
the formula:

©)

where 7, is the calorimetric combustion temperature, K.
Obviously the inequality is in force:

]—L>T;h>]—; 4)

D. Factors, influencing the combustion tempera-
tures

The analysis of equations (1) — (3) shows that on
each of'the three combustion temperatures the following
factors impact:

1) The temperature of the preheated air. It takes part
in the calculation of O, .

2) The temperature of the preheated fuel. This pa-
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rameter defines Q.

3) The kind of the fuel. In expressions (1) — (3),
the lower specific heating value of the energy source is
directly used.

4) The air ratio.

The raising of the first three factors leads to increase
of each of the combustion temperatures and vice versa,
while the last one has a different effect, depending on
the value of the indicator ¢¢, which might be lower or
higher than 1. After a more detailed analysis of formulas
(1)—(3) it can be established that at insufficiency of air,
the growth of its ratio with the fuel amount causes an
enhancement of the combustion temperatures, whereas
at excess of air exists an opposite trend.

EXPERIMENTAL

The presented ascertainments in the previous sec-
tion, which are known or could be foreseen without
particular difficulties, have only a qualitative character.
In order to ascertain accurate quantitative dependences
between the considered temperatures and the factors in-
fluencing them, by which the high-temperature units can
be managed and measures for increase of their energy,
ecological and economical efficiency can be realized,
an implementation of purpose-oriented researches is
necessary. The use of direct physical tests in different
industrial objects is unthinkable because of their big
price due to the high cost of material recourses, time and
labor. As a logical alternative remains the application of
appropriate software, with the help of which computer

experiments to be performed and the existing relations
to be determined.

In this investigation the computational tool used, is
developed at in the Department of Physical Metallurgy
and Thermal Equipment of the University of Chemical
Technology and Metallurgy in Sofia, Bulgaria. It gives
the possibility for implementation of calculations of
the basic parameters, characterizing the combustion
process at different conditions and is grounded on the
conventional procedures [14 — 17].

For the achievement of a higher applicability of the
obtained results, it is necessary to reduce their depend-
ence on specific indicators for a concrete furnace unit.
On account of that, in the fulfillment of this study the
following preconditions are accepted:

The comparisons are conducted according to the
theoretical combustion temperature, calculated by
formula (2).

The heat loss owing to dissociation amounts to 3 %
of the lower specific heating value of the energy source.

Only the air is preheated in an utilizing unit (regen-
erator or recuperator), while the gaseous fuel is fed to
the furnace at temperature, coinciding with the one at
normal conditions ( 7, =273 K), and because of that its
physical heat equals zero. This assumption corresponds
in a maximal degree to the usual practice [18 — 21].

Under investigation are three gases —blast furnace,
coke and natural gases, which are representatives of
the different categories of energy sources according
to their lower specific heating value, typical of low-,
middle- and high-caloric fuels. Their compositions and

Table 1. Data for the fuels and the combustion air.

Parameter Symbol | Measure EIaaCSs ;‘;rs_ Coke gas Nz;t;;al
Carbon dioxide content™® CO, | % vol 10.50 3.00 0.50
Carbon monoxide content™® co % vol 28.00 7.00 0.00
Hydrogen content*® H, % vol 2.70 58.00 0.00
Oxygen content* 0, % vol 0.00 1.00 0.00
Nitrogen content* N, % vol 58.50 6.00 4.40
Methane content* CH, | %vol 0.30 25.00 | 93.20
Ethane content* C,H, | % vol 0.00 0.00 0.70
Propane content* C,Hy | % vol 0.00 0.00 0.60
Butane content* C,Hy, | %vol 0.00 0.00 0.60
Water steam mass content of the fuel g,§20 g/m3 15.00 15.00 15.00
Water steam mass content of the air gimo g/m’ 12.00 12.00 12.00
Lower specific heating value of the fuell O, kJ/m’ 3865 15780 | 34476
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characteristics are taken from [22].

The temperature of the air fed for supporting of the
combustion process, T, , K, is changed in intervals of
100 K from 273 K to 973 K.

The air ratio varies between 1.00 (this value fits a
theoretical combustion) and 1.30 (this one corresponds
to a rather high excess of the oxidizing medium for
gaseous energy sources, regardless of the burner type

[23]) with a step of 0.05.

The calculations are conducted by enhancement
of the values of each of the last two factors in the set
boundaries and fixing of the other one firstly on its
minimum, and then on its maximum level.

In Table 1 are presented the most important indi-
cators of the used at the study fuels and atmospheric
air.
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RESULTS AND DISCUSSION

In Figs. 1 — 4 the results from the calculations with
the used software are displayed.

From Figs. 1 — 4 the following should be noted.

With the increase of the preheating degree of the
air fed to the furnace, a clear tendency for raising of the
theoretical combustion temperature in it can be noticed
(Fig. 1 and 2).

At equal other conditions, the coke gas ensures the
highest value of the indicator 7}, in comparison with
the other investigated fuels. For the blast furnace gas
this seems quite logical on account of its small lower
specific heating value, while the comparison with the
natural gas requires a certain deliberation. The expla-
nation obviously is in the balance between the separate
factors participating in formula (2). The indicator Q,
of the coke gas has more than 2 times lower value than
that of the natural one, but the proportions between the
theoretical and the real volumes of the fed air and the
prepared products of burning ensure the noticed higher
value of the theoretical combustion temperature of the
coke gas (Fig. 1 - 4).

With the increase of the parameter 7, the theoreti-
cal combustion temperature grows most rapidly for the
natural gas, as it requires a highest amount of air for
its complete oxidizing. The most slowly enhancement
of T, is law-governed by its minimum air needs and
the respective modest effect on the observed indicator
(Figs. 1 and 2).

The described tendencies in Fig. 1 and 2 occur in
theoretical combustion (a0 = 1.00), and in the one with
a considerable excess of air (o = 1.30).

The increase of the air ratio leads to reduction of
the theoretical combustion temperature with an ap-
proximately constant rate, when working with cold air
(Fig. 3), and also when it is preheated to 973 K (Fig. 4).

The relations revealed in Fig. 1 — 4 should be taken
into consideration by the experts in designing and exploi-
tation of high-temperature equipment when undertaking
changes in the organization of the combustion process
and the flue gas heat utilization, as well as in unexpected
circumstances and operation in emergency conditions.

In order to obtain of a clearer quantitative idea of
the relative decrease of the theoretical combustion tem-
perature when the air ratio increases from 1.00 to 1.30,
A*, %, is calculated by the following formula:

a=1.00 a=1.30
_ ]:h — 7;h

*
A* = Ta=1.00
th

and Fig. 5 is drawn. It presents the dependence of this
indicator on the air temperature.

100 (5)

The relative differences between the theoretical
combustion temperatures with a stoichiometric air
amount and with excess of 30 % for the three fuels, pre-
sented in Fig. 5, show that the natural gas is most sensi-
tive to an increase of the air ratio. At higher air preheating
temperature in the utilizing unit, the values diminish
from 15.51 % to 11.68 %. For the coke gas the same
relationship is noticed, by lowering of the introduced
indicator A* from 14.69 % to 11.07 %. Considerably
more weakly expressed in a quantitative aspect is this
tendency for the blast furnace gas, where the reduction
is from 8.33 % to 5.15 %. The modest and comparatively
unessential change of these values is due to the lowest air
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Fig. 5. Relative decrease of the theoretical combustion temperature with increasing of the air ratio from 1.00 at 1.30,

depending on the air temperature.
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Fig. 6. Relative decrease of the theoretical combustibntemperature at reduction of the air temperature from 973K at 273K,

depending on the air ratio.

requirement of the last fuel, which reflects on the most
weak sensitivity towards the factors oo and 7, .

With the purpose to achieve a more complete
clarifying of the influence of the air ratio on the relative
decrease of the theoretical combustion temperature when
reducing the air temperature from 973 K at 273 K, A**,
%, is determined by the expression:

TL=93K _ pT,=273K
% _ _th th 6)
A - TTa =973K 100
th

by which the graphical comparison, shown in Fig. 6 is
made.

From Fig. 6 it can be seen that the relative difference
between the theoretical combustion temperatures when
preheating the air to 973 K and when feeding it in a cold
state (with 273 K) increases with the increase of the air
excess for all studied fuels. Again highest values and the
most significant deviations between them (from 18.87 %
to 23.22 %) are established for the natural gas, followed
by the coke and the blast furnace. For the last fuel, the
indicator A** has more modest and slowly altering val-
ues — from 14.62 at o = 1.00 to 18.21 % at a. = 1.30.

CONCLUSIONS

The tendencies in the changes of the theoretical
combustion temperature for three widely used gase-
ous energy sources with a low, middle and high lower
specific heating value at a variation of the preheating
degree of the air fed to the corresponding furnace unit
and of its excess above the stoichiometric necessary
amount are determined and qualitative analyzed.

Two relative indicators allowing quantitative as-
sessment of the change of the theoretical combustion
temperature when the air ratio is changed from 1.00 at
1.30, as a function of its temperature, and also when
reducing air temperature from 973 K at 273 K, depend-
ing on its excess, are introduced.

The presented investigation gives useful information
about the trends in the changes of the theoretical com-
bustion temperature, as well as for the real combustion
temperature, and the temperatures of the flue gas and of
the brickwork in separate points of the operating area.

The results obtained for the chosen three types of
gaseous fuels according to their lower specific heating
value can be used also for quantitative prediction of
the expected disturbance in the temperature field of the
furnace at changes of the exploitation conditions, which
is a necessary stage in the energy investigation and the
comprehensive improvement of the efficiency of each
heat-technical unit.
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