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1 Introduction

The issue of ensuring reliable and economical operation of thermal power plants
is one of the issues of relevance for Russian energy. This issue is of particular
importance in the modern state of Russian thermal power engineering due to the
exhaustion of the design resource of the main standard equipment, the expansion of
the use of non-design or non-ignited fuels, the need for the development of energy,
and environmental saving technologies for fuel use.

In many power plants, especially during peak loads, contrary to technological
regulations, it is necessary to simultaneously burn several types of fuels (coal with
fuel oil, coal with gas, gas with fuel oil). This practice is justified not only by the pres-
ence of a fuel imbalance at the enterprise but also by an attempt to solve the problem
of stabilizing the burner flare. Nowadays, there are no methods for a comprehen-
sive assessment of the impact of such parameters on the efficiency of boilers: dew-
point temperature of exhaust gases, a specific concentration of NOx and SOx when
organizing the combined combustion of gas and fuel oil in steam boiler furnaces.
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2 Literature Review

Unfortunately, the question of finding the dew-point temperature of the exhaust
gases when burning together various types of fuels is not sufficiently covered in the
literature. Although this temperature has a decisive effect on the efficiency of the
steam boiler, a decrease in the temperature of the exhaust gases by 12–16 °C leads
to an increase in the efficiency of the boiler by about 1%.

Sulfuric acid generated by the combustion of high sulfur fuels (fuel oil, and
some coals) is one of the significant reasons for the decrease in the reliability and
economy of boilers. Therefore, it is important to accurately determine the dew-
point temperature of the exhaust gases. Numerous theoretical studies carried out by
various scientific groups [1–7] cover in sufficient detail the issue of the production
of sulfurous anhydride when burning separate fuels, and empirical dependencies are
given for them. Also, for particular cases, graphical dependencies of SO3 generation
were obtained when burning various types of fuels, depending on excess air, load,
flare temperature, boiler grade, etc. In addition, work was carried out to determine
the temperature of the sulfate dew point of the exhaust gases, but when burning only
certain fuels, such as coal, gas, and fuel oil.

The practical implementation of mixed combustion of gas and fuel oil has set
another important task for researchers to estimate the value of specific emissions (or
concentrations) of NOx in the joint combustion of fuels (gas and fuel oil). The started
developments in this area in the 70s–80s of the last century led to the creation of
methodological guidelines [8], however, by the time they were approved, it was not
possible to collect sufficient information on NOx emissions for the joint combustion
of fuels. It was decided to use the principle of additivity but, with respect to the
task of mixed combustion, it showed large discrepancies with experimental data up
to 25–30%. Subsequently developed by the group of authors method of calculation
of emissions of nitrogen oxides [9], taking into account the duration of combus-
tion products stay in the zone of active combustion, made it possible to correlate
experimental and calculated data.

Work [10] shows a reduction of NOx concentration level by 30–50% during gas
combustion together with fuel oil (relative to the level of the highest concentration
of nitrogen oxides realized during combustion of fuel oil alone), which is confirmed
in practice.

3 Materials and Methods

With mixed combustion of gas and fuel oil, an additional effect is achieved by a more
complete filling of the volume of the combustion chamber with a luminous flare,
which causes a noticeable change in the flare temperature in the active combustion
zone. The gas burns at the start of the flare at a higher rate than fuel oil. This causes
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the active combustion zone to “stretch” and further reduces the maximum temper-
ature in the flare core. The reduction of NOx in the combined combustion of gas
and fuel oil requires additional analysis. It is possible to study in-depth the theory
of the processes of power units passing in combustion chambers when organizing
joint combustion of gas and fuel oil, possibly during numerical experiments using
modern computational complexes and applied programs that allowmodeling various
conditions, while creating a complete and objective picture of the process.

The complex solution of problems: reducing the concentration of NOx and finding
the dew-point temperature of the stack gases, and as a consequence of this, the optimal
alignment of the combustionmode and finding the corridor of the optimal permissible
temperatures at which the stack gases will have the lowest possible temperature
(at which the formation of sulfuric acid can’t yet begin and the associated low-
temperature corrosion of the tail heating surfaces), and a minimum concentration
of nitrogen oxide, will increase both the efficiency and improve the environmental
picture of the process as a whole.

To solve this problem, the work proposes a method for calculating the dew-point
temperature of exhaust gases during mixed combustion in various proportions of gas
and fuel oil in boiler furnaces. Calculations were carried out on the example of the
Ulyanovsk CHP-2. Tests were carried out on boilers of type TPE-429; during the
tests, gas analyzers of type TESTO-33 were used.

Below is a summary table of the measurements (Fig. 1).
The developed technique is as follows:
The true steam consumption of the steam generator is determined by the formula

[1]:

Db
t = Dn

√
Vn

Vp
, (1)

Dn—steam consumption as indicated by the steam meter, t/h; V a—actual specific
volume of superheated steam; V c—specific volume of the steam parameters at cali-
bration (calibration temperature tcalibn and calibration pressure Pcalib

n according to the
instrument passport).

Next, the heat load of the boiler unit is determined:

Qbr
b = [

Db
a(in−− ifw) + Gbw(ibw − ifw)

] × 10−3 MW, (2)

heat content of superheated steam, kJ/kg (determined from the table depending on the
parameters of superheated steam, i.e. superheated steam pressurePn and superheated
steam temperature ts); ifw—heat content of feedwater, kJ/kg, (we find from tables for
parameters of feedwater, Pfwtfw—pressure and temperature of feedwater obtained as
a result of measurements); ibw, kJ/kg—the heat content of the blowdown water, is
also determined depending on the parameters of the blowdown water: pressure and
temperature determined, respectively, as a result of measurements by instruments;
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Fig. 1 The summary table of experimental data

Gbw—blowdown water consumption, t/h (determined empirically), Db
t —true steam

consumption.
The adjusted fuel consumption is calculated [2] as

Bf =
(

Qbr
b

ηb
− BgQc

ng

)
Qc

nf

kg/h, (3)
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where ηb—boiler efficiency determined by mode cards; Qc
ng—specific heat of

combustion of the natural gas, kJ/m3, according to the Ulyanovsk TPP-2 labora-
tory; Qc

ng—specific heat of combustion of the fuel oil, kJ/kg, laboratory analysis
data.

The proportion of the gas in the mixture with the fuel oil in terms of heat release
is determined according to the ratio:

dg = BgQc
ng

BgQc
ng + BfQc

ng

= BgQc
ng

Qbr
b

ηb, (4)

where dg—the proportion of the gas by the heat release; Bg—the natural gas
consumption.

The specific volumes of air, the flue gases, and water vapor in the flue gases are
found from

Vg = V 0
gg

(
BgV

g
gg

BgV
g
gg + BfV 0

gf

)
+ V 0

gf

(
1 − BgV

g
gg

BgV
g
gg + BfV 0

gf

)

+ 1.016(α − 1)

[
V 0
wg

BgV 0
wg

BgV 0
wg + BfV 0

wf

+ V 0
wf

(
1 − BgV 0

wg

BgV 0
wg + BfV 0

wf

)]
, m3/kg

(5)

where V g
gg —the specific volume of the flue gases during combustion of 1 m3 of the

natural gas; V 0
gf—the specific volume of the flue gases during combustion of 1 kg of

the fuel oil; V 0
wg—the specific volume of air required for combustion of 1 m3 of the

natural gas m3/m3; V 0
wf —the specific volume of air required for combustion of 1 kg

of the fuel oil, m3/kg.
Excess air α in the operating section behind the regenerative air heater (RAH) is

determined [3, 4] as

α = αp + �α

√
Dsn

Dst
, (6)

where αp—leaked-in air along the exhaust duct; �α

√
Dsn
Dst

—leaked-in air in RAH.
According to operational regulation (OR) and normative calculation for RAH�α

= 0.25, and for tubular-air heater (TAH) value �α = 0.1; in turn, the leaked-in air
along the exhaust duct can be calculated from the ratio:

αp =
20.96 − O2

BgKg+BfKf

Bg+Bf

20.96 − O2
, (7)



116 S. Livshits et al.

where Kg, K f—coefficients, respectively, for gas Kg = 0.05, for the fuel oil K f = 0.1;
O2—excess oxygen concentration in the operating section.

The weighted average volume of the water vapor by fuel mass during combustion
of mixed fuel is determined from the ratio:

VH2O = V 0
H2Og

(
BgV 0

H2Og

BgV 0
H2Og

+ BfV 0
H2Of

)
+ V 0

H2Of

(
1 − BgV 0

H2Og

BgV 0
H2Og

+ BfV 0
H2Of

)

+ 0.0161(α − 1)

[
V 0
wg

BgV 0
wg

BgV 0
wg + BfV 0

wf

+ V 0
wf

(
1 − BgV 0

wg

BgV 0
wg + BfV 0

wf

)]

(8)

where V 0
H2Og

—the specific volume of the water vapor in the flue gases, m3/m3;

V 0
H2Of

—the specific volume of the water vapor in the flue gases when burning the
fuel oil, m3/kg.

The determination of the condensation temperature of the water vapor of the
flue gases is carried out according to the formula obtained from an approximate
dependence of the form:

ln P = A+Bt
C+t , where the value of the coefficients A, B, C was obtained as a result

of approximation in the temperature range which determines the smallest error for
our case (0 < t < 100 °C)

tb = 244.838 ∗ ln Ps + 1252.593

12.677 − ln Ps
, (9)

Ps = Pg rH2Og = VH2O

Vg
Pg—the saturation pressure of water vapor of flue gases (for

boilers with balanced draft); Pg—absolute flue gas pressure taking into account the
flue gas rarefaction behind the air heater.

The formula for determining the temperature of sulfuric acid dew point in the flue
gases has the form [3, 4]:

t sp = tb + 250 3
√
SrO2, (10)

where Sr = S
c

Qc
n
—reduced sulfur content of fuel, Q

c
n—weighted average by the

calorific value of the fuel calorific value, which is directly proportional to the coef-
ficient K Q

g , sc = Sc Bf
Bg+Bf

—weighted average content of sulfur by fuel mass, and
Sc—sulfur content in the fuel oil.

Q
c
n = Q

c
ngK

Q
g + Q

c
nf

(
1 − K Q

g

)
, (11)

where
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K Q
g = Q

c
ngBg

Q
c
ngBg + Q

c
ngBf

. (12)

4 Results

Comparative analysis of the results obtained when carrying out numerical studies of
the dew-point temperature (Fig. 2) and the data obtained from the readings of the
devices (Fig. 1) gives the right to speak about the suitability of the proposed method
for calculation. The discrepancy between the calculated values and the experimental
data is insignificant, despite the fact that the calculations were carried out at different
loads and with different quantitative ratios of fuels in the total mixture.

The results of calculations using this technique are listed in Fig. 2.
For the first time, a general view of the curve was obtained that characterizes the

change in the dew-point temperature, from the gas fraction by heat release (Fig. 3).

Fig. 2 The summary table of the results of calculations
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Fig. 3 General view of the curve describing the change in the dew-point temperature from the gas
fraction by heat release

5 Conclusions

Analysis of the proposed method will help to study in more detail the effect of
co-combustion of gaseous and liquid fuels on harmful emissions, and develop
recommendations to ensure the combustion process with co-combustion.
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