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The improvement of thermodynamic and environmental indicators of energy facilities is a vital and
topical problem. Numerical simulation methods are used to investigate the processes of combustion
and formation of hazardous substances by computation, and to work out recommendations on
increasing the effectiveness of fuel combustion. The paper examines the impact of atmospheric air
humidity on the process of combustion of a stoichiometric methane-air mixture in a burner. The
combustion process is simulated in the 3D unsteady statement in Cartesian coordinates. In the
investigation, the combustion of the methane-air mixture is considered in one stage. Air humidity is
considered in the 0 to 100% range. The monoxide nitrogen formation process is described using the
extended Zeldovich-Fenimore mechanism. A comparative study has found that increasing air
humidity up to 100% reduces the mass emission of monoxide nitrogen by a factor of 1.27, as

compared to dry air. The study results can be used for designing equipment that uses methane as fuel.

Introduction of computational and experimental results was
Methane as fuel is used extensively inthe shown to be achieved [5]. The process of
power, chemical, oil-and-gas, and food and civil combustion of a methane-air mixture without
engineering industries. Many scientists were premixing was studied [6].
engaged in experimental and numerical The possibility of using a steady laminar
investigation of the process of combustion [1-4] flamelet model (SFM) for simulating the process
in particular of methane-air mixtures [3, 4]. The of combustion of a methane-air mixture was
process of combustion of methane in the DLE studied [6]. The study conducted has shown that
Siemens SGT-800 burner was considered in increasing the number of turbulising inserts and
detail [5]. Turbulent flows were described using the flow turbulisation level reduces the emission
numerical methods with the solving of Reynolds  of thermal NO [6]. The authors investigated the

averaged Navier-Stokes equations [5]. A close fit  process of combustion of a methane-air mixture
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using a standard k-¢ turbulence model with
account of radiation heat exchange [7]. However,
as follows from the constraints of the k-¢
turbulence model, and with account of
recommendations [8, 9], the SST turbulence
model offers better convergence to experimental
results when the process of high-rate combustion
of a methane-air mixture is described. The
authors studied the role of water and water
vapour in the processes of methane combustion
with the purpose of reducing nitrogen and carbon
oxides emission, though the impact of flow
turbulisation at high velocities was not
investigated, and near-wall effects were not
accounted for [10]. The study did not investigate
the impact of flow turbulisation at high rates and
account for near-wall effects.

The problem related to investigation of
the impact of atmospheric air humidity on the
process of high-rate combustion of the methane-
air mixture and flow turbulisation is still poorly
studied.

Materials and methods

The study simulates the process of
combustion of the stoichiometric methane-air
mixture in the 3D unsteady statement.

The structure of research is shown in Fig.

Research task statement

™~

Computational research

e

Experimental research
(using a physical model with a
simplified form of the flow part)

v v

Verification of mathematical models, choosing a turbulence
model (SST or k-e)
(for a burner with a simplified form of the flow part)

¥

Comparative computational research
(using a burner with a refined form of the flow part)
v
Analysis of results,
Making conclusions

Figure 1. The structure of research

Experimental part
Experimental research on a physical

model of a burner with a simplified form of the
flow part was conducted for an operating
condition with air humidity 50%.

The general view of the experimental

installation is shown in Fig. 2.
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Figure 2. The general view of the experimental installation

The scheme of air and fuel feeding is shown in
Fig. 3.

Ai( in

Fuel in -

Figure 3. The scheme of air and fuel feeding

During the experiment, the following was
controlled: air and fuel flow rate and
temperature, exhaust gas composition (with a 5-
component gas analyser) and the exhaust gases
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temperature (using chromel-copel
thermocouple in a stagnated flow).

a

Fig. 4 shows the measurement schematic
diagram.
5 6 7 ® & A2
_ ;: ‘ | ‘:_\‘ 1
5 Aﬁ T B —
‘ﬁ:z" 3/ ¢
4

1 - gas analyzer; 2 - device for recording temperature; 3 -
gas temperature sensor; 4 - gas flow meter; 5 - valve; 6 -
air flow meter; 7 - air temperature sensor; 8 - burner; 9 -
sampler; 10 - exhaust gas temperature sensor.

Figure 4. The measurement schematic diagram

The process of combustion of

hydrocarbon fuel can be computed using the

following relationship:

CH, +0;' (0, +3.78N,) - CO, +
+n-H20+acs[1—lj-02 +%-Nz,
2 ¢ ¢

SST and k-¢ turbulence models are used
to describe turbulent flows in a burner with a
simplified form of the flow part, with account of
recommendations in papers [7-9].

The SST turbulence model equations

have the form:
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where u; is turbulent eddy viscosity, F; are
additional functions, vx is turbulent kinematic
viscosity, £, f* 1 or, 0w are constants.

The standard k-¢ model equations have

the form:
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k is specific kinetic turbulent energy; ¢ is rate of

viscous dissipation of turbulent energy; p is gas
density; x, is turbulent dynamic viscosity; u; is

averaged velocity; o, 1s a dimensionless

empirical constant; G, is turbulent kinetic energy

formed by mean velocity gradients; G, is

displacement force kinetic energy; C,,, C,, are

Y,

v 18 the contribution of the variable

constants;
expansion during compression turbulence to the
total dissipation rate; S, is invariant of the strain

tensor.

The description of the intricate heat
transfer between the gas, flame and walls in the
paper accounts for radiant heat transfer by using
the P1 model [11, 12]. The equation of the P1

radiant heat transfer model has the form:

o !

-3(((+65)-C05'VG

dr =
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where a is absorption coefficient, oy is scattering
coefficient, G is incident radiation, C is linear-
anisotropic phase function coefficient.

Next, the mathematical models were
verified and a turbulence model (SST or k-¢) was
chosen for a burner with a simplified form of the
flow part.

The process of combustion of a methane-
air mixture is very intricate and a detailed
description of the mechanism comprises 52
chemical reaction equations [13].

In the process of combustion of a
hydrocarbon fuel, nitrogen oxides are presented
by the series: NO, NO2, N>O, N2O3, N2Os, N2Og.
As it is known, NO contributes most to the total
emission of nitrogen oxides [14].

It is also worth mentioning a study that
substantiated the expediency of a simplified
investigation of the process of formation of
nitrogen oxides during the combustion of a
methane-air mixture [15]. An attempt to account
for all the chains in the forward and counter
reactions makes it impossible to simulate
turbulent flames, with a negative impact on
simulation accuracy [15]. The study has shown
[15] that, since the NO formation reaction
requires big activation energies, the most
significant impact is that of turbulent temperature
pulsations and the concentration of reacting
substances.

Using numerical methods, a limited
of chemical reactions is

number usually

considered.

51

In this study, the combustion of the
methane-air mixture was considered in several
stages:

CH4 + 202 =CO2 + 2H20

CH4+202,~CO; +2H0+CO+H+C

CHs4 + 302 + N2=CO2 + 2NO + 2H>0

In the paper, the formation of monoxide
nitrogen (NO) is described using the thermal
mechanism suggested by Ya.B. Zeldovich and
Fenimore’s mechanism of the so-called "prompt"
NO [16, 17].

Formation of thermal NO comprises a
three-stage mechanism:

O +N2 &»NO + N
N+ 02 <-NO +0
OH + N «<NO + H.
Formation of prompt NO has the form:
CH+N=HCN +N
2C + N=2CN
CHa+ No=NC + NH.

Thermal NOx formation

The principal reactions governing the
formation of thermal NOx from molecular

nitrogen are as follows:

O+N2<]€;>N+NO
N+0, gO+NO
N+OH<§>H+ NO
k =18-10°e7*7
k,=38-107e*"

k, =1.8-10°Te 07
k _ 3 8 . 103 Te—20820/T
p — 9.
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ky=7.1-107 T
k _ 1 7. 1086_24560/T
3 — 1.

where k,, k,, k; - is the rate constants for the

forward reactions, respectively, and &,k ,,k ,
- is the corresponding reverse rates. All of these
rates have units of m’/g mol—s .

The net rate of formation of NO via
reactions is given by:
d[NO]

TZkl[O][Nz]"'kz[N][02]+k3[N][OH]_

—k \[NO]N]-k ,[NOJO]-k ;[NOJH]

To calculate the formation rates of NO
and N, the concentrations of O, H, and OH are
required.

Prompt NOx mechanism
Prompt NOx is most prevalent in rich

flames. The route now accepted is as follows:

CH+ N, < HCN+N
N+0O, < NO+O
HCN+OH < CN +H,0
CN+0, < NO+CO
CH,+ N, < HCN+ NH

Primary reaction is:

%zko[CH][Nz]

In the early stages of the flame:

ANO)_ fo.} I, TrueL

a+l
k, =1.2-10"(RT/p)
E, =60 kcal/ g mol
where a - is the oxygen reaction order, R- is the

universal gas constant, and p - is pressure.

The flow part of gas burners considered
in the study is a body of rotation with a tapering
section (the nozzle).

The shape of the burner with a simplified
form of the flow part is shown in Fig. 5, and the
scheme for specifying the boundary conditions
and their values is given in Fig. 5 and in the Table

1.

Fuel in
T L_ Out flow
Alri —
ir in

Wall

Figure 5. Schematic for specifying boundary
conditions

Table 1. Values of boundary conditions

Boundary Boundary type Value

Air in Inlet velocity, m/s 2.5
Temperature, °C 27.3

Fuel in Inlet velocity, m/s 2
(6 holes) Temperature, °C 22.5

Outflow Excess pressure, MPa 0
Ambient temperature, °C 27

Wall Ambient temperature, °C 27
Heat rejection ratio, 300

W/(m*K)
Wall roughness, pm 30

Fig. 6-7 shows the results of the comparative
computational research.
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2-k-¢
Figure 6. Gas and flame temperature, °C, pattern

during combustion of the methane-air mixture versus air

humidity 50%

2.00e-05
1.80e-05
1.60e-05
1.40e-05
1.20e-05
1.00e-05
8.00e-06
6.00e-06
4.00e-06
2.00e-06
0.00e+00

2.08e-06

1-SST

6.97e-06
6.28e-06
5.58e-06
4 .88e-06
4.18e-06
3.49e-06
2.79e-06
2.09e-06
1.39e-06
6.97e-07
0.00e+00

2-k-¢

Figure 7. NO mass fraction pattern during
combustion of the methane-air mixture versus air humidity
50%

The results show (Fig. 6-7) that using the
k-¢ turbulence model yields more accurate
numerical simulation results.

Based on the research conducted, the k-¢
turbulence model will be used in further

computations.

The gas burner flow part is a body of
rotation with a contraction (a nozzle). The burner
length is 150 - mm; the nozzle diameter is 14 -
mm; the cone base diameter (outlet part) is 60 -
mm. The study uses the finite-volume method for
numerical simulation of the process of
combustion of the methane-air mixture in the
burner.

Three variants of computational domain
discretisation were considered in the paper to
increase the accuracy of simulation results. The
computational grids used for numerical
simulation are shown in Figure 8, and their

dimensions are given in Table 2.

3

Figure 8. Variants of computational grids

Table 2. Number of computational cells with a different

level of discretisation of the computational domain of the
gas burner

Variant 1 2 3

025 | 04 0.5

Number of computational
cells, min.
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The computational grid was adapted [18,
19] to increase the accuracy of simulating the
near-wall effects during gas flow and
combustion. The paper uses computational grids
with five layers in the near-wall layer with a
minimal computational cell height of 0.1 mm.

Figure 9 shows the schematic for
specifying boundary conditions (BC), and Table

3 gives the BC values.

Air in

Fuel in

Wall

Figure 9. Schematic for specifying boundary

conditions

Table 3.Values of boundary conditions

Boundary Boundary type Value
Air in Inlet velocity, m/s 1
Temperature, °C 25
Fuel in Inlet velocity, m/s 2.82
(6 holes) Temperature, °C 25
Out flow Excess pressure, MPa 0
Ambient temperature, °C 25
Wall Ambient temperature, °C 25
Heat rejection ratio, 300
W/(m*K)
Wall roughness, pm 30

Air humidity values during numerical

simulation are given in Table 4.

Table 4. Atmospheric air humidity

Variant | 1 2 3 4 5 6
No.
Air 0] 25 50 75 90 100

humidity,
%
Grams of | 0

H,0 per

kg of air

4.99 | 9.98 | 1497 | 17.97 | 19.96

Results

The results of comparative numerical
simulation of the processes of combustion and
formation of combustion products are shown in
Figure 10-13.

Figure 10 shows the flow velocity
pattern. The maximum velocity is in the nozzle
zone, and it reaches 49 m/s. At a distance from
the nozzle, the flow velocity drops from 30 to 12

m/s.

Figure

10. Flow velocity pattern during

combustion of the methane-air mixture (humidity 75%)

Air humidity in the range being studied
has virtually no effect on gas flow and flame
velocity. Figure 11 shows the gas and flame
temperature pattern during combustion of the

methane-air mixture.
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Figure 11. Gas and flame temperature, °C, pattern
during combustion of the methane-air mixture versus air
humidity:

a— 0%, b—25%, ¢ —50%, d — 75%, e — 90%, f— 100%

The results show that, with increasing air
humidity, the maximum flame temperature
drops. For the computation variant with 0%
humidity (Figure 11, a), the maximum
temperature  reaches 1,944°C. For the
computation variant with 25% humidity (Figure
11, b), the maximum temperature reaches 1,936
°C. For the computation variant with 50%
humidity (Figure 11, c¢), the maximum
temperature reaches 1,928 °C. For the
computation variant with 75% humidity (Figure
11, d), the maximum temperature reaches 1,921
°C. For the computation variant with 90%
humidity (Figure 11, e), the maximum
temperature reaches 1,916 °C. For the
computation variant with 100% humidity
(Figure 11, f), the maximum temperature
reaches 1,913 °C.

Figure 12 shows the monoxide nitrogen
mass fraction pattern during combustion of the

methane-air mixture.
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Figure 12. NO mass fraction pattern during
combustion of the methane-air mixture versus air
humidity:

a—0%, b—25%, c —50%, d — 75%, e — 90%, f — 100%
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The results show that with increasing air
humidity the NO mass fraction drops (Figure
12). In the range studied, with increasing air
humidity from 0 to 100%, the NO mass fraction
drops from 2.16-10° to 1.51-107.

Figure 13 shows the carbon dioxide mass
fraction pattern during combustion of the

methane-air mixture.
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2.88e-02
1.44e-02
0.00e+00

Figure 13. CO, mass fraction pattern during

combustion of the methane-air mixture (humidity 75%)

Discussion

The air humidity in the range studied has
virtually no effect on the CO; mass fraction
pattern. The correctness of the problem statement
and solution were appraised with account of the

mass balance at the gas burner inlet and outlet

(Table 5).
Table 5. Mass balance at gas burner inlet and outlet
Inlet flow Out flow
Air and fuel Combustion products
g/s g/s
1.4019 1.4005

The results (Table 5) show that the

problem solution demonstrated good
convergence of numerical simulation results,
which is indicative of correct problem statement

and solution.
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Table 6 shows the impact of the
discretisation level on numerical simulation

results.

Table 6. Impact of the discretisation level on numerical
simulation results (for 75% air humidity)

Number of Maximum NO mass | CO; mass
computational temperature, fraction fraction
cells, min.
°C
0.25 1,930 1.87E-05 | 1.46 E-01
0.4 1,918 1.82 E-05 | 1.43 E-01
0.5 1,921 1.8 E-05 | 1.44 E-01

The results (Table 6) demonstrate that it

is impractical to increase the number of
computational cells (to over 0.5 min.) because
this increases problem dimensionality without a
significant increase in the accuracy of numerical
simulation results.

The summarised results of comparative
numerical research in air humidity impact on

mass NO emission are given in Table 7.

pact on NO mass emission
50 75 90 100

Table 7. Air humidity imy
Air 0 25
humidity,
%
NO mass
emission
-1 0-8,
kg/s

4.083 | 3.83 | 3.59 | 3.37 | 3.24 | 3.15

The results (Table 7) show that, with
increasing air humidity from 0 to 100%, NO
mass emission drops by a factor of 1.27. This is
the result of a decreasing maximum temperature
and a local temperatures drop in the reaction

zone.

57

To evaluate the impact of atmospheric air

humidity on fuel combustion efficiency in the

burner being investigated, the following
relationship was considered:
ACH, =(G,,CH,-100)/G, CH,,

where ACH, is relative mass methane emission

in the exhaust gases, G

exh

CH, is mass methane

emission in exhaust gases (g/s), G,,,CH, is mass

methane flow rate at the burner inlet (g/s).
Fig. 14 shows the variation of the relative
mass methane emission in the exhaust gases vs.

atmospheric air humidity.

ACH,, %
0,026

0,025

0,024

0,023

0,022

L~

0,021

=

0 10

0,02

20 30 40 50 60 70 80 90 100

Air humidity, %

Figure 13. The variation of the relative mass
methane emission in the exhaust gases vs. atmospheric air
humidity.

The insignificant ACH, increase is due

to a maximum temperature drop and decreasing
local temperatures in the reaction zone. Burner
operation effectiveness can be increased by using
secondary air and optimising the flow part.
Conclusions

The investigation results demonstrated

the following:
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- the k-¢ turbulence model yields meaningful
results during the simulation of the process of
combustion of the methane-air mixture with high
rates, in both the near-wall areas and in the burner
central zone;

- atmospheric air humidity has a significant
impact on the NO emission level,

- with increasing air humidity from 0 to 100%,
the NO mass emission drops by a factor of 1.27
due to a maximum temperature drop in the
reaction zone (according to the Zeldovich
thermal mechanism);

- air humidity in the range being investigated has
virtually no effect on gas flow and flame
velocity, and CO» concentration in the exhaust
gases;

- the study results can be used for appraising the
parameters of gas burners and improving their
environmental indicators.
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