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ABSTRACT: The use of industrial by-product gas
combustion for power generation or heat supply can
effectively improve energy utilization. Some of the by-product
gases are characterized by high water content, low calorific
value, and ammonia content, and thereby problems, such as
unstable combustion, low fuel burnout rate, and high NO,
emission, exist in the combustion utilization of the by-product
gases. Aiming at the above problems, this study firstly carries
out reaction kinetic simulation and obtains the combustion and
pollutant characteristics of typical ultra-low specific energy
high-humidity ammonia-containing by-product gas (the off-
gas of carbon black furnace). The effects of flue gas re-
circulation and air staging on NO, formation in the process of
off-gas combustion are investigated. A technical scheme based
on multiple re-circulations of high-temperature flue gas
combined with staged combustion is proposed and validated in
industrial-scale applications. The results show that the use of
multiple re-circulations of high-temperature flue gas to heat
the reactants significantly improves the flame propagation
speed, thereby making the flame more stable. The optimized
staged combustion scheme effectively inhibits the formation
of fuel-NO,. The results of industrial-scale experiments
present that the combustion stability and fuel burnout rate are
effectively improved by using the proposed combustion
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organization method. The CO emission concentration is lower
than 50 mg/N-m’, and the NO, emission is reduced by 300~
400mg/N-m®. The adoption of combustion stabilization
scheme of the multiple high-temperature flue gas internal
circulation integrated with the staged combustion is capable of
effectively solving the problem of combustion organization of
ultra-low specific energy and high-humidity ammonium-

containing gases.
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Table 1 Main component of carbon black off-gas
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Fig.1 Laminar flame propagation velocity for
different fuels(pressure p=101 325 Pa,

unburned mixture temperature 7,=298 K)
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Fig. 2 Effect of internal flue gas circulation ratio on flame

propagation velocity under different excess air coefficients
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carbon black off-gas combustion(a=1.2)
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Fig. 4 Schematic diagram of ultra-low-specific-energy

high-humidity ammonia-containing gas burner
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off-gas

China is a significant industrial economy. The
emissions of by-product gases from industrial processes
in China are huge in amount and varied in composition.
The direct emission of industrial by-product gas not only
pollutes the environment but also wastes considerable
energy by the emission of H,, CO, and other combustible
gases in the by-product gas. Therefore, the clean
utilization of industrial by-product gas is an important
issue and is of great significance for energy conservation
and emission reduction in industrial systems.

The by-product gases are characterized by low
specific energy, high humidity, and sometimes ammonia
content, and thereby the combustion utilization of the
by-product gases becomes true only if one can overcome
the problems, such as unstable combustion, low fuel
burnout rate, and high NO, emission.

In this paper, the carbon black off-gas (the off-gas
of carbon black furnace), a typical ultra-low-
specific-energy, high-humidity, and ammonia-containing
by-product gas, is chosen as an example to study its
clean combustion method. The effects of flue gas
re-circulation and air staging on NO, formation in the
process of off-gas combustion are investigated. A
technical scheme based on multiple re-circulations of
high-temperature flue gas combined with staged
combustion is proposed and validated in industrial-scale
applications.

The NO, generation pathway of carbon black off-
gas combustion is demonstrated in Fig. 1. The NO, is
mainly from fuel-type NO,, namely, NH; is converted
into NO, during the combustion process. The adiabatic
flame temperature of carbon black off-gas is as low as
1519K, so the thermal NO, is suppressed. In addition,
due to the low amounts of hydrocarbons in the fuel
(<1.1%), the prompt NO, pathway is neglectable.

In order to improve the combustion stability of the
carbon black off-gas and reduce the NO, formation, an

internal flue-gas re-circulation device is proposed to

HNO
&
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+OH | 99 %
+OH +O
NH; NH, NH ————— NO
100 97 1
B N
0\ /s
HNCO NCO

Fig.1 NO, formation pathway of

carbon black off-gas combustion (a=1.2)
entrain high-temperature reductive flue gas to the main
combustion zone, aiming to pre-heat the reactants and
reduce NOx. The flue-gas re-circulation technique is
integrated with the air-staged combustion technique, and
the overall combustion organization method is verified
by both numerical simulation and industrial-scale
experiments. As shown in Fig. 2, the application of the
method  with
delivers

proposed combustion organization

optimized operation parameters excellent
performance as the NO, formation is remarkably reduced

while the combustion stability remains.
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Fig. 2 Comparison of NO, emission concentrations of
the present combustion technology to those of
the original technology
This study provides insights into the clean
utilization

of ultra-low-specific-energy, —ammonia-

containing, high- humidity, by-product gases.



