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Abstract: Hydrogen mixed natural gas for combustion can improve combustion characteristics and
reduce carbon emission, which has important engineering application value. A casing swirl burner
model is adopted to numerically simulate and research the natural gas hydrogen mixing technology
for combustion in gas boilers in this paper. Under the condition of conventional air atmosphere
and constant air excess coefficient, the six working conditions for hydrogen mixing proportion into
natural gas are designed to explore the combustion characteristics and the laws of pollution emissions.
The temperature distributions, composition, and emission of combustion flue gas under various
working conditions are analyzed and compared. Further investigation is also conducted for the
variation laws of NOx and soot generation. The results show that when the boiler heating power is
constant, hydrogen mixing will increase the combustion temperature, accelerate the combustion rate,
reduce flue gas and CO, emission, increase the generation of water vapor, and inhibit the generation
of NOx and soot. Under the premise of meeting the fuel interchangeability, it is concluded that the
optimal hydrogen mixing volume fraction of gas boilers is 24.7%.

Keywords: hydrogen-blended combustion; numerical simulation; combustion characteristics; pollu-
tant generation; flue gas analysis

1. Introduction

In recent years, with the rapid development in economy and society, the world’s
energy demand is increasing, and the energy structure is changing. According to the
BP 2020 [1], the overall growth of primary energy consumption has slowed down, but
renewable energy consumption has increased significantly. In addition to that, the develop-
ment of the natural gas industry has also increased steadily. Natural gas will account for
18% of China’s primary energy consumption by 2050 [2]. As important renewable energy,
hydrogen energy is being jointly promoted by the global trend of clean and low-carbon
energy and the progress of the hydrogen energy technology. Due to the large-scale use
of hydrogen energy, global CO, emission will be reduced by 20% by 2050 [3]. At present,
the development and construction of the natural gas pipeline network have experienced a
maturity, and it is feasible to mix hydrogen in it for utilization, and the energy storage is
huge. Melaina [4] indicated that risk increases slightly when 50% hydrogen is mixed in the
gas transmission pipeline but increases significantly when the gas is mixed with more than
50% hydrogen. Polman [5] et al. analyzed the risk of hydrogen mixing in pipelines and
found that under the premise of effective supervision, there is no risk of explosion when
the volume fraction of hydrogen mixed in gas pipelines is less than 25%. Melaina [4] et al.
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proposed through research that when hydrogen is mixed with a relatively low concentra-
tion (5-30% by volume) into the existing natural gas pipeline network, it will not greatly
increase the risk of mixed gas utilization in the end-user equipment. Hu [6] et al. studied
the laminar combustion speed of hydrogen mixed low-calorific value gas and showed that
increasing the mixing ratio of hydrogen will accelerate the combustion speed of laminar
flames and increase flame instability. Leng Xianyin [7] et al. studied the effect of hydrogen
mixing in a precombustion chamber high-power medium speed natural gas engine on
combustion and emission and concluded that a 10% hydrogen mixing ratio is the most
suitable for engines. Zhao Rui [8] studied the effect of mixing hydrogen into marine natural
gas engine fuel on combustion characteristics and emissions and found that hydrogen
mixing can significantly reduce CO emissions but has a limited impact on NOy emissions.
Wang Jinhua [9] et al. found that hydrogen mixing accelerates the chemical reaction rate of
combustion and reduces the content of unburned hydrocarbons in methane through the
methane-hydrogen-air laminar flame rate experiment.

Presently, the research on hydrogen-mixed combustion mainly targets engines. Re-
lated research has reached preliminary conclusions on some issues, such as hydrogen-mixed
combustion will increase the flame combustion rate and reduce CO and CO, emissions.
The research on the influence of hydrogen-mixed combustion on NOx emissions has not
yet reached a unified conclusion, and the mechanism of hydrogen-mixed combustion on
soot emissions needs to be further studied. In this work, the casing swirl burner model
is adopted, and the numerical simulation of natural gas hydrogen mixing combustion
under a boiler working condition is designed. The mechanism of hydrogen doping on
combustion characteristics and the formation and distribution of pollutants are analyzed.

2. Numerical Simulation
2.1. Establishment of Model

The research model adopts the casing swirl burner commonly used in gas boilers in
the literature [10]. The inner diameter of the fuel and the oxidizer pipes are 16 and 30 mm,
respectively, and the total length of the fuel nozzle is 160 mm. The simplified model section
diagrams are shown in Figure 1. The ANSYS 14.0 was used for numerical calculation in
this paper. The grid is divided into a structured network to ensure the quality of the grid.
The grid is set from dense to sparse outward from the entrance and axis to ensure accuracy
and simplify calculations. A grid with 42,200 grid cells, 84,985 grid faces, and 42,786 nodes
is selected for simulation, as shown in Figure 2, and the details of fuel inlet encryption are
shown in Figure 3. The grid quality is well checked and verified by grid independence,
which meets the calculation accuracy requirements.
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Figure 1. Diagram profile of simplified model of casing swirl burner.
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Figure 3. Details of the grid at the nozzle.

2.2. Numerical Solution Method Settings

In this model, the standard k-epsilon turbulence model is used to simulate the turbulent
gas-phase flow. In addition, the P-1 radiation heat transfer model is selected, and the eddy-
dissipation concept model is used to simulate the interaction between turbulence and
chemical reaction dynamics. The probability density function (PDF) transport equation is
also used in this model to predict the generation of NO. The single-step Khan and Greeves
model is used to predict the formation of soot. The pressure-based separation solver is
selected. The implicit format of linearized discrete equations is adopted. The momentum
equation, turbulent kinetic energy equation, and turbulent dissipation rate equation use the
first-order upwind scheme, and other governing equations use the second-order upwind
scheme. The pressure-velocity coupling is solved by the SIMPLE algorithm.

2.3. Model Rationality Verification

To verify the rationality of the model, the same operating conditions were used as in
the literature [11] (fuel: 300 K, a mixture of CsHj, and air with a composition of 1:1, flow
rate 20.76 kg /h; oxidizer: 300 K, air atmosphere, flow 221.11 kg/h). By comparing the axial
CO;, mole fraction distribution of the two, as shown in Figure 4, the changes are basically
the same and the fit is good, so the rationality of the model can be guaranteed.
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Figure 4. Comparison of axial mole fraction distribution of CO;,

2.4. Fuel Interchangeability Analysis

The combustion properties of fuel are related to its components, and the mixing of
hydrogen will affect the properties of the gas. In order to determine that all the indicators of
methane mixed with hydrogen can meet the standards of industrial gas, the Wobbe index
and the calorific value of gas are selected for calculation. The yellow flame coefficient is
checked according to the GB-T13611-2018 Classification and Basic Characteristics of Urban
Gas [11].

The calorific value of gas is calculated as:

n
H = 11%(1_11](1+H2f2+H3f3+"‘ann) = 1(1)0721Hrfr @
where H is the calorific value of fuel gas (high calorific value Hs and low calorific value Hj;),
MJ/m3, H, is the calorific value of the r combustible component in fuel gas, MJ/ m3, and fr
is the volume fraction of the r combustible component in fuel gas, %.

The Wobbe index, also known as the interchangeability factor, measures the inter-
changeability of gaseous fuels. The calculation formula is as follows:

H
W= — 2
Nz 2
where W is the Wobbe index (high Wobbe index Ws and low Wobbe index W;), H is the
calorific value of gas, MJem 3, and d is the density of gas relative to air.
The yellow flame coefficient of natural gas shall not be greater than 210, and it is
calculated as follows:

fOz ri:lyrfr
Iy = (10.4187Hs> 77 )

where Iy is the yellow flame coefficient of gas, y, is the yellow flame coefficient of the r
component in gas, f is the volume fraction of the ¥ component in gas, %; fo, is the volume
fraction of oxygen in gas, %, and H; is the high calorific value of gas, MJ/m3.

The gas source of the selected natural gas mixed with hydrogen adopts the mea-
surement data of West—East natural gas transmission [12], and its gas is 12 T natural gas
standard. The range of the high Wobbe index should be 45.67-54.78 MJ /m3, the calorific
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value range of gas should be 31.97-43.57 MJ/m?, and the yellow flame coefficient should
be less than 210. By calculating the high Wobbe index and calorific value of gas under
various hydrogen blending ratio conditions and checking the yellow flame coefficient,
the hydrogen blending ratio meeting the interchangeability conditions is obtained. The
calculation results are shown in Figures 5-7.

56
s : : :
= —m— High Wobbe index of mixture
E 50 | Maximum limit of high Wobbe index
Ss) I —— Minimum limit of high Wobbe index
it | |
x50
g \l
i \
S
<48 l\
g n
; 46 - - m
2 a
44
- e
o b "
40 1 ' 1 ' 1 ' 1 ' 1 ' 1
0.0 0.2 0.4 0.6 0.8 1.0

Hydrogen blending ratio Rf

Figure 5. Calculation of high Wobbe index of mixture.
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Figure 6. Calculation of high calorific value of mixture.



Energies 2021, 14, 6883

6 of 15

250

200

—m— Yellow flame coefficient of mixture
Maximum limit of yellow flame coefficient of mixture

g
2
Ra
g
G
1S
= 150 [
R S
: —_
5 -
S 100 F ~.
o ~~nm
c% g
= 50 \.
E .
E L
> \
0t ]
1 " 1 " 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0

Hydrogen blending ratio Rf

Figure 7. Calculation of yellow flame coefficient of mixture.

According to the calculation, when Rf is 0-0.382 and 0.997-1.0, the high Wobbe index of
mixed gas meets the specification requirements. When Rf is 0-0.247, the high calorific value
of the mixed gas meets the specification requirements. Under each hydrogen mixing ratio
of 0-1, the yellow flame coefficient of the mixed gas meets the specification requirements.
Thus, the proportion of mixed hydrogen is 0-0.25 for simulation.

2.5. Boundary Conditions and Calculation Conditions

The fuel inlet and oxidant inlet are set as the velocity inlet. The combustion outlet
boundary is set as the pressure outlet, and the temperature of each boundary condition is
set as 300 K. The turbulence definition method based on turbulence intensity and hydraulic
diameter is selected, and the turbulence intensity at the fuel inlet and oxidant inlet is 10%,
and that at the combustion outlet is 5%. The setting of each parameter is shown in Table 1.

Table 1. Boundary conditions.

Turbulent Hydraulic
Name Type Temperature/K Intensity/% Diameter/m
Fuel inlet Velocity inlet 300 10 0.016
Air inlet Velocity inlet 300 10 0.012
Outlet Pressure outlet 300 5 0.5
Wall Wall 300 - -

The boiler is set to run under the condition of 200 KW heat load, thermal efficiency of
0.9, and air excess coefficient « of 1.1. The fuel gas is composed of natural gas mixed with
hydrogen in the proportion of 0-0.25. After calculation, six sets of working conditions are
determined, as shown in Table 2.

Table 2. Calculation working condition.

Hydrogen Fuel Oxidizer
Blending Ratio

(Rf) Component Flow Rate (m/s) Component Flow Rate (m/s)
0 100% natural gas 0% H, 31.87 151.07

0.05 95% natural gas 5% Hj 33.04 150.69

0.1 90% natural gas 10% H, 34.29 Air atmosphere 150.28

0.15 85% natural gas 15% H, 35.65 P 149.83

0.2 80% natural gas 20% Hy 37.11 149.35

0.25 75% natural gas 25% Hp 38.70 148.83
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3. Simulation Results and Analysis
3.1. Analysis of Combustion Temperature Field

In this work, three working conditions with hydrogen blending ratios of Rf = 0,
Rf = 0.1, and Rf = 0.25 are selected, and the nephogram of the overall combustion area and
high-temperature zone are shown in Figures 8 and 9. It can be seen from the figures that the
combustion temperature distribution under working conditions with a hydrogen blending
ratio of 0-0.25 is roughly the same. The high-temperature area is in the axial direction, and
the range becomes larger with the increase in hydrogen blending ratio. Figure 10 shows
the axial temperature distribution of each working condition. It can be seen from the figure
that with the increase in hydrogen blending ratio, the combustion temperature gradually
increases, the peak temperature increases, and the position of the peak area is advanced.

Temperature’k NN | [ N

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Rf=0

Rf=0.1

Rf=0.25

Figure 8. Combustion temperature nephogram of three hydrogen mixing ratio conditions.

Temperature/K |
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Rf=0.25

Figure 9. Temperature nephogram of high-temperature region under three hydrogen mixing ratio
conditions.
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3.2. Flue Gas Analysis

The discharge flow of the main components CO,, H,O, and N; of flue gas are calcu-
lated according to Formula (4).

Qi = xi x Qo 4)

where i represents the components CO,, H,O, and N, Q; is the discharge flow of each flue
gas component, m?3/s, x; is the mole fraction of each flue gas component, and Qy represents
the total flue gas flow, m3/s.

Figure 11 shows the outlet flue gas flow under various working conditions. The
discharge flow of each component is compared with the change of discharge concentration,
as shown in Figures 12-14, respectively. Per the figure, the total amount of the flue gas
produced decreases with an increase in the hydrogen mixing ratio under the condition
of keeping the calorific value of the boiler and excess air factor constant. The reason is
that the addition of hydrogen improves upon the composition of fuel gas, reduces the
carbon content of fuel gas, and makes the combustion products cleaner. It can be seen
that the application of hydrogen-mixed combustion in gas boilers can effectively reduce
carbon emissions.
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Figure 11. Discharge flow of outlet flue gas.



Energies 2021, 14, 6883 9of 15

=

I 1S

1. 9—02 . -1 0.085 ‘5
JE-0 . —u— CO, discharge flow at outlet 1 é

2 1. 9E-02 - \ —®— CO, emission concentration at outlet| 7 0. 084 3
B [ g ' 5
S 1.9E-02 [ u 10.083
B i ] o
= 19802 ©
o : : 40.082
2 1.98-02 - - E
_5 L 71 0.081
2 1.8E-02 | ] ] 2
<, I = 0.080 .S
O 1.8E-02 =
© ' &
B 1.8E-02 | s 10-079 75
= - T )
O 1.8E-02 F Ho0.078 €
- g

[ 1 \ 1 \ 1 \ 1 \ 1 \ 1 E

0.00 0.05 0.10 0.15 0.20 0.25
Hydrogen blending ratio Rf

Figure 12. Emission concentration and discharge flow of CO; at outlet.

- 40.176
0. 0400 —m— H,0 discharge flow at outlet .
r —=— H,O emission concentration at outlet ]
0.0395 F . 7017
./ 40.172
0.0390 n

S i
ol /./

0. 0380

1 0. 168

H,0 discharge flow at outlet (m*/s)

\

" — 0. 166

0. 0375 ' : ' : ' : ' : ' : '
0. 00 0. 05 0.10 0.15 0.20 0.25

Hydrogen blending ratio Rf

Average mole fraction of outlet H,O cross section

Figure 13. Emission concentration and discharge flow of H,O at outlet.



Energies 2021, 14, 6883

10 of 15

0.1644 ~ —m— N, discharge flow at outlet 1 0. 7205

~ . . .
\. —®— N, emission concentration at outlet| -
-

.
AN

N

0. 1642

T

/

1
o

. 7200

0. 1640 .7195

Y

. 1638 1 0.7190

0. 1636

T
|
1
o

L7185

0. 1634 71 0. 7180

N, discharge flow at outlet (m>/s)
(=]
|
Average mole fraction of outlet N, cross section

0. 1632 : ' : ' ' ' : ' ' ' ' 0.7175
0. 00 0. 05 0.10 0.15 0.20 0.25

Hydrogen blending ratio Rf

Figure 14. Emission concentration and discharge flow of N, at outlet.

3.3. Emission Detection of Combustion Pollutants

For the detection of pollutant soot and NOy emissions, the area-weighted average
method is used to measure the outlet soot and NOy emission concentration. Since the
excess air factor is set to 1.1 in this simulation, the excess oxidant will dilute the emission
concentration of the pollutants. Therefore, to avoid the error caused by the impact on the
actual emission concentration, the conversion method of baseline oxygen content emission
concentration of air pollutants (Equation (5)) is adopted to check the results.

_ 21_4’(02)
PP 2 (0) ©

where p is the emission concentration of the standard oxygen content of pollutants, mg-m~3;

p’ is the measured pollutant emission concentration, mg-m~3; ¢ is the measured oxygen
content, %; and ¢’ is the standard oxygen content (3.5% for gas boilers).

According to the relevant regulations of the special emission limits for boiler pollutants
in key areas [13], the emission of soot particles from gas-fired boilers must not exceed
20 mg-m*3, and the emission of NOy must not exceed 150 mg~m*3. The calculation results
are shown in Figures 15 and 16. It can be seen from the figure that the NO, and soot are
generated under the working condition that the designed hydrogen mixing ratio Rf value
is 0-0.25 and meets the emission standard. Figure 17 shows in detail that the baseline
oxygen emission concentration of NOx and soot are affected by the change of the hydrogen
blending ratio. In addition to that, the emission concentration of the benchmark oxygen
content of NOy and soot decreases with the increase in the hydrogen mixing ratio.
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Figure 17. Variation of benchmark oxygen emission concentration of NOy and soot.

Since the increase in the hydrogen blending ratio affects the emission of flue gas,
the change in the total pollutant emission shall also be analyzed and measured by the
mass flow rate of discharged pollutants, mg-s~!, as shown in Figure 18. It can be seen
from the figure that the total emission of NOy and soot decreases with the increase in the
hydrogen blending ratio. The analysis of the reason can focus on the composition of soot.
According to the literature [14], the specific heat capacity of water vapor is greater than that
of CO; and Ny, which are the main flue gas components. Due to the influence of hydrogen
blending, the generation of CO, and N; decreases, and the generation of H,O increases,
affecting the change of specific heat capacity in the combustion area. The mass-weighted
integral method is used for the entire area, as shown in Equation (3), to obtain the change of
specific heat capacity at constant pressure in the combustion area under various hydrogen
blending ratio conditions, as also shown in Figure 19.

nc
f(PcPch 121 (Pcipci|Vi|
1=
= (6)
av nc
f Pe 'Zl Pci | Vl|
1=

where ¢ is the universal variable, V; is the volume infinitesimal element, and p, is the
component density. It can be seen from the figure that with the increase in hydrogen
blending ratio, the average constant pressure-specific heat capacity of the combustion
area increases, which will increase the heat absorbed by the flue gas. Due to the constant
total heat release in the boiler combustion area, the heat used for thermal NO, and soot
generation is reduced, and the generation of NOy and soot is inhibited. On the other hand,
according to the research, the addition of water vapor can effectively inhibit the generation
of soot [15] and reduce NOy emission [16]. Due to the increase in H,O concentration and
generation in the flue gas, it will also inhibit the generation of NOy and soot.
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Figure 18. Changes of total emissions of NOx and soot.
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4. Conclusions

Hydrogen energy is being promoted by the global trend of clean and low-carbon en-
ergy. Hydrogen mixed natural gas for combustion can improve combustion characteristics
and reduce carbon emission, which has important engineering application value. This
paper numerically researched the combustion characteristics and pollution emissions for
the casing swirl burner model in natural gas boilers. The boiler heating power is kept
constant at 200 kW, and six hydrogen mixing proportion working conditions are designed
to explore the combustion characteristics and pollution emissions for a mixture of natural
gas and hydrogen. Under a conventional air atmosphere and a constant air excess coef-
ficient, the temperature contour, axial temperature variation curves, compositions, and
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emission values for combustion flue gas under various working conditions are analyzed
and compared. Additionally, the variation laws of NOx and soot emission are also analyzed.
The following conclusions are made:

(1) Interms of combustion characteristics, with the increase in hydrogen ratio, the com-
bustion temperature in the furnace increases, the peak temperature position is ad-
vanced, and the combustion rate of the gas is accelerated.

(2) Interms of flue gas detection, with the increase in hydrogen mixing ratio, the total
flue gas emission decreases together with the emission concentration and emission of
CO; and N in the main flue gas components, while the emission concentration and
emission of H,O increase. Additionally, the concentration and emission of pollutants
NOx and soot in the flue gas are also reduced. Hydrogen-doped combustion can
effectively inhibit the generation of NOx and soot by increasing the specific heat
capacity of flue gas and the generation of water vapor.

(3) Based on the requirement of fuel interchangeability, the optimal hydrogen mixing
volume fraction of the gas-fired boiler is 24.7%.
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