
EDITED BY : Jun Li, Noroyuki Kobayashi and Zhihua Wang

PUBLISHED IN : Frontiers in Energy Research

ADVANCED COMBUSTION TECHNOLOGIES 
FOR LOW CARBON EMISSIONS

https://www.frontiersin.org/research-topics/22929/advanced-combustion-technologies-for-low-carbon-emissions
https://www.frontiersin.org/research-topics/22929/advanced-combustion-technologies-for-low-carbon-emissions
https://www.frontiersin.org/research-topics/22929/advanced-combustion-technologies-for-low-carbon-emissions
https://www.frontiersin.org/journals/energy-research


Frontiers in Energy Research 1 July 2023 | Advanced Combustion Technologies

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-0345-4 

DOI 10.3389/978-2-8325-0345-4

https://www.frontiersin.org/research-topics/22929/advanced-combustion-technologies-for-low-carbon-emissions
https://www.frontiersin.org/journals/energy-research
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact


Frontiers in Energy Research 2 July 2023 | Advanced Combustion Technologies

ADVANCED COMBUSTION TECHNOLOGIES 
FOR LOW CARBON EMISSIONS

Topic Editors:
Jun Li, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences 
(CAS), China
Noroyuki Kobayashi, Nagoya University, Japan
Zhihua Wang, Zhejiang University, China

Citation: Li, J., Kobayashi, N., Wang, Z., eds. (2023). Advanced Combustion 
Technologies for Low Carbon Emissions. Lausanne: Frontiers Media SA.  
doi: 10.3389/978-2-8325-0345-4

https://www.frontiersin.org/research-topics/22929/advanced-combustion-technologies-for-low-carbon-emissions
https://www.frontiersin.org/journals/energy-research
http://doi.org/10.3389/978-2-8325-0345-4


Frontiers in Energy Research 3 July 2023 | Advanced Combustion Technologies

04 Editorial: Advanced Combustion Technologies for Low Carbon Emissions

Jun Li, Noriyuki Kobayashi and Zhihua Wang

06 A Review on Combustion Characteristics of Ammonia as a Carbon-Free 
Fuel

Jun Li, Shini Lai, Danan Chen, Rongjun Wu, Noriyuki Kobayashi,  
Lisheng Deng and Hongyu Huang

21 Co-Combustion Characteristics of Typical Biomass and Coal Blends by 
Thermogravimetric Analysis

Ye Yuan, Yong He, Jiaxin Tan, Yongmeng Wang, Sunel Kumar and  
Zhihua Wang

32 Effects of Temperature and Additives on NO
x
 Emission From Combustion 

of Fast-Growing Grass

Haili Liu, Qingchao Hong, Heyun Liu, Zhen Huang, Xu Zhang, Wang Chen, 
Xi Zeng and Shulin Pan

42 Exploring NH
3
 and NO

x
 Interaction Chemistry With CH

4
 and C

2
H

4
 at 

Moderate Temperatures and Various Pressures

Yuwen Deng, Zijian Sun, Wenhao Yuan, Jiuzhong Yang, Zhongyue Zhou and 
Fei Qi

55 Experimental and Numerical Study on the Combustion Characteristics of 
a Laminar Non-Premixed Methane Jet Flame in Oxygen/Carbon Dioxide 
Coflow

Fan Zhang, Xing Li, Shengrong Xie, Junxiong Wang and Xiaohan Wang

66 Numerical Investigations of Injection Timing Effects on a Gasoline Direct 
Injection Engine Performance: Part A, In-Cylinder Combustion Process

Yuchao Yan, Ruomiao Yang, Xiaoxia Sun, Ruijie Li and Zhentao Liu

79 Study of In-Cylinder Heat Transfer Boundary Conditions for Diesel 
Engines Under Variable Altitudes Based on the CHT Model

Yu Zhang, Yuchao Yan, Ruomiao Yang, Qifan Wang, Bowen Zhang, 
Qingliang Gan, Zhentao Liu and Jiahong Fu

91 Numerical Investigations of Injection Timing Effects on a GDI Engine 
Performance: Part B, In-Cylinder Emission Formation and Oxidation 
Process

Yu Zhang, Ruomiao Yang, Yuchao Yan, Ruijie Li, Jiahong Fu and Zhentao Liu

108 Numerical Study on the Effect of Wall Thickness on the Combustion 
Characteristics of Non-premixed Hydrogen Micro-jet Flame

Xing Li, Shengrong Xie, Jing Zhang, Daiqing Zhao and Xiaohan Wang

Table of Contents

https://www.frontiersin.org/research-topics/22929/advanced-combustion-technologies-for-low-carbon-emissions
https://www.frontiersin.org/journals/energy-research


Editorial: Advanced combustion
technologies for low carbon
emissions

Jun Li1*, Noriyuki Kobayashi2 and Zhihua Wang3

1Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou, China,
2Department of Chemical Systems Engineering, Nagoya University, Nagoya, Japan, 3State Key
Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou, China

KEYWORDS

low carbon emission, ammonia, combustion characteristics, pollutant emissions,
carbon-free fuel

Editorial on the Research Topic

Advanced combustion technologies for low carbon emissions

CO2 emissions from typical fossil fuel combustion process, such as heat supply, power

generation, engine-driven vehicles, aircraft and rockets et al., lead to the global warming.

Advanced combustion technologies for fossil fuels and carbon free fuels can reduce CO2

emission during the practical applications. Hence, the combustion behaviors and the

reactivity, flame instability, amount of pollutant emissions from fossil fuels, carbon-free or

carbon-neutral fuels such as H2, NH3, methanol, and biofuels, are drawing increasing

attention in the current world. Many challenges should be solved with advanced

combustion technologies. This subject set advanced combustion technologies

including pyrolysis, mild combustion, catalytic combustion and carbon free fuels

combustion, diagnostic technologies including flow velocity, species and temperature

etc., which will helping to obtain fundamental understanding of the advanced combustion

technologies.

Co-combustion characteristics of typical biomass and coal blends by

thermogravimetric analysis was reported by Yuan et al. The reaction stages, ignition

and burnout temperature, maximumweight loss rate, and different combustion indices of

the coal and biomass blends were experimentally determined. The results shown that the

value of activation energy and the pre-exponential factor increased with the decreasing

biomass percentage in the blends, which can provide data on blending fuels in their

combustion applicability. Li et al. reported a comprehensive review on combustion

characteristics of ammonia as a carbon-free fuel. The experimental and numerical studies

of the application of NH3 as a fuel during combustion process, including the combustion

properties of laminar burning velocity, flame structures, pollutant emissions for the

application of NH3 as a carbon free fuel are summarized, which aims to review and

describe the suitability of NH3 as a fuel. Effects of temperature and additives on NOx

emission from combustion of fast-growing grass has been experimentally investigated by

Liu et al. A highest denitration rate of 63.28% has been gotten at SiO2 addition of 5% and

OPEN ACCESS

EDITED AND REVIEWED BY

Chungen Yin,
Aalborg University, Denmark

*CORRESPONDENCE

Jun Li,
lijun@ms.giec.ac.cn

SPECIALTY SECTION

This article was submitted to Advanced
Clean Fuel Technologies,
a section of the journal
Frontiers in Energy Research

RECEIVED 30 May 2022
ACCEPTED 25 July 2022
PUBLISHED 13 September 2022

CITATION

Li J, Kobayashi N and Wang Z (2022),
Editorial: Advanced combustion
technologies for low carbon emissions.
Front. Energy Res. 10:956479.
doi: 10.3389/fenrg.2022.956479

COPYRIGHT

© 2022 Li, Kobayashi and Wang. This is
an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Energy Research frontiersin.org
01

TYPE Editorial
PUBLISHED 13 September 2022
DOI 10.3389/fenrg.2022.956479

4

https://www.frontiersin.org/articles/10.3389/fenrg.2022.956479/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.956479/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.956479/full
https://www.frontiersin.org/researchtopic/22929
https://www.frontiersin.org/articles/10.3389/fenrg.2021.753622/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.760356/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.772755/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2022.956479&domain=pdf&date_stamp=2022-09-13
mailto:lijun@ms.giec.ac.cn
https://doi.org/10.3389/fenrg.2022.956479
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2022.956479


combustion temperature of 600°C. The optimal conditions to

limit NOx emissions at various temperature have been obtained

to control the NOx emissions. Yan et al. and Zhang et al.

numerically investigated the injection timing effects on a

gasoline direct injection engine performance of in-cylinder

combustion process and in-cylinder emission formation and

oxidation process, respectively. They concluded that droplet-

wall impingement and available duration for mixing were

dominant trade-off factors for mixture formation and

following combustion process during the whole process from

injection to combustion. Furthermore, the fuel–gas mixture was

more uniformly distributed and combusted more completely.

CO, uHC, soot, and NOx emission has decreased more than 80%

with the injection timing advancing. Zhang et al. proposed a

modified conjugate heat transfer model of the combustion

chamber and the cooling medium to analyze the temperature

distribution of the cylinder heat with the motive of modifying

and calibrating the Woschni formula at different altitudes. They

pointed out that the modified in-cylinder conjugate heat transfer

model can be used to predict the thermal load of diesel engine

combustion chamber components under different altitude

operating conditions. NH3 and NOx interaction chemistry

with CH4 and C2H4 at moderate temperature and various

pressures was explored by Deng et al. The results showed that

the adding of CH4/C2H4, NO/NO2 ratio and pressure are the

main factors to affect NO concentrations. The rate production

and sensitivity analyses was performed with a detailed kinetic

model. The additional chain-branching pathways regarding NO/

NO2 interconversion were activated with the addition of

hydrocarbons because the active radical pool was enriched,

the reaction C2H3 + O2 = CH2CHO + O was crucial reaction

to drive the reactivity of CH4/C2H4/NH3/NO/NO2 mixture. Li

et al. studied the effect of wall thickness on the combustion

characteristics of non-premixed hydrogen micro-jet flame. They

found that the temperature distribution, flame shape, and heat

recirculation are changed with the fuel flow velocity were affected

by wall thickness. Zhang et al. the combustion characteristics of a

laminar non-premixed methane jet flame in oxygen/carbon

dioxide co-flow. The simulation results of OH distributions

showed good consistency with the results obtained from the

experiments. The third-body effect and transport properties of

CO2 didn’t exert remarkable effects on the laminar non-

premixed flame, while the chemical effect of CO2 on the

laminar non-premixed jet flame was significant.

This Research Topic had a cumulative view of 16,386 at the

time of writing this Editorial preface, with 1,862 downloads of the

various articles from the researchers all over the world, which

show the great interest in the low carbon emissions combustion

technologies.
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A Review on Combustion
Characteristics of Ammonia as a
Carbon-Free Fuel
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and Hongyu Huang1,2,3,4*
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Guangdong Laboratory (Guangzhou), Guangzhou, China, 4School of Energy Science and Engineering, University of Science and
Technology of China, Guangzhou, China, 5Department of Chemical Systems Engineering, Nagoya University, Nagoya, Japan

A comprehensive review of combustion characteristics of ammonia (NH3) as a carbon free
fuel is presented. NH3 is an attractive alternative fuel candidate to reduce the consumption
of fossil fuel and the emission of CO2, soot, and hydrocarbon pollutants, due to its
comparable combustion properties, productivities from renewable sources, and storage
and transportation by current commercial infrastructure. However, the combustion
properties of NH3 are quite different from conventional hydrocarbon fuels, which
highlight the specific difficulties during the application of NH3. Therefore, this paper
presents comparative experimental and numerical studies of the application of NH3 as
a fuel during combustion process, including the combustion properties of laminar burning
velocity, flame structures, pollutant emissions for the application of NH3 as a carbon free
fuel. This paper presents the burning velocity and pollutant emissions of NH3 alone and
mixtures with other fuels to improve the combustion properties. The aim of this paper is to
review and describe the suitability of NH3 as a fuel, including the combustion and emission
characteristics of NH3 during its combustion process.

Keywords: ammonia, combustion characteristics, laminar burning velocity, pollutant emissions, carbon-free fuel

INTRODUCTION

With the rapid economic development and population explosion of recent decades, the global
primary energy consumption has increased dramatically. Coal, petroleum, and natural gas remain
the major sources of energy across the world. Pollutants such as CO2, CO, SO2, NOx, volatile organic
compounds, particulate matter et al., are released by the combustion of petroleum, coal, and natural
gas fuels (IEA, 2021). CO2 is the major contributor to global warming. In the recent years, the
development of new technologies aiming to reduce problems related to energy consumption, for
application in both developed and developing countries, has become urgent, because of the
increasing strictness of governmental regulation of energy and CO2 emissions. Such
developments lead to the search for carbon-free fuels, and the increasing importance of
renewable energy sources (Astbury, 2008).

Combustion process during various industry processes contributed huge amount of CO2

emissions. In order to obtain the target of zero-carbon emissions, it is necessary to reduce CO2

emissions with the application of carbon-free fuel in combustion system. NH3 is an attractive
hydrogen carrier with a high hydrogen density of 17.8% per unit weight, which can be considered as a

Edited by:
Xuezhong He,

Guangdong Technion-Israel Institute
of Technology (GTIIT), China

Reviewed by:
Zhongde Dai,

Sichuan University, China
Guo-xiu Li,

Beijing Jiaotong University, China

*Correspondence:
Hongyu Huang

huaghy@ms.giec.ac.cn

Specialty section:
This article was submitted to

Advanced Clean Fuel Technologies,
a section of the journal

Frontiers in Energy Research

Received: 18 August 2021
Accepted: 20 September 2021

Published: 06 October 2021

Citation:
Li J, Lai S, Chen D,Wu R, Kobayashi N,
Deng L and Huang H (2021) A Review

on Combustion Characteristics of
Ammonia as a Carbon-Free Fuel.

Front. Energy Res. 9:760356.
doi: 10.3389/fenrg.2021.760356

Frontiers in Energy Research | www.frontiersin.org October 2021 | Volume 9 | Article 7603561

REVIEW
published: 06 October 2021

doi: 10.3389/fenrg.2021.760356

6

http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2021.760356&domain=pdf&date_stamp=2021-10-06
https://www.frontiersin.org/articles/10.3389/fenrg.2021.760356/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.760356/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.760356/full
http://creativecommons.org/licenses/by/4.0/
mailto:huaghy@ms.giec.ac.cn
https://doi.org/10.3389/fenrg.2021.760356
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2021.760356


carbon-free fuel with the advantage of 1) CO2, SOx, and soot
emission free; 2) production from various sources, such as fossil
fuels, renewable sources, and biomass; 3) transport and storage
with existing facility, such as fuel tanks, ships, trucks, and
pipelines, which makes NH3 as a favorable alternative fuel
candidate (Wang et al., 2007; Zamfirescu and Dincer, 2008;
Zamfirescu and Dincer, 2009; Andersson and Lundgren, 2014;
Habgood et al., 2015; Afif et al., 2016; Chai et al., 2021). As shown
in Figure 1, NH3 is synthesized from energy sources such as wind
power, nuclear energy, and fossil fuels with CO2 capture and
storage (CCS), etc., which means that NH3 is fully CO2 free
recyclable as a promising carbon-free fuel.

The potential of NH3 as a carbon-free fuel owing to its suitable
storage and transportation properties has been demonstrated,
and applications for its combustion in vehicular engines and
turbines are apparent. However, major challenges for NH3

combustion are to provide its alternative fuels capabilities with
outstanding performance, durability and reliability, optimize
combustion properties, and lower pollutant emissions, which
needs a strict determination of combustion properties during
the application of NH3 as a fuel. The lack of understanding of the
NH3 combustion characteristics, methods of combustion
enhancement, and optimization of NOx formation in
combustion have placed limits on the utilization of NH3 as a
fuel. It is necessary to have a comprehensive understanding of the
combustion and emission characteristics of pure NH3 and
mixture with other fuels, which are expected to supply power
for transport vehicles, electricity for power generation, and
heating for industry with suitable combustion properties in
future energy system.

PROPERTIES OF NH3

As a carbon-free chemical compound, NH3 is a colorless gas with a
characteristic pungent smell. The chemical and physical properties

of NH3 are listed in Table 1. In 1909, German chemists Fritz
Haber and Carl Bosch developed the NH3 production process,
now known as the Haber-Bosch process, which catalytically
converts N2 (from air) and H2 (from industrial processes) to
NH3 using a metal catalyst under high-pressure (150–250 atm)
and high-temperature (400–600°C) conditions. The production of
NH3 has dramatically increased in recent years. In 2020, the global
NH3 production was around 144 million metric ton (shown in
Figure 2). The highest individual producers are China is (48.0
million ton: 33.3%), India (12.0 million ton: 8.3%), Russia (10.3
million ton: 7.2%), and the United States (9.2 million ton: 6.4%)
(USGS, 2021). The majority of NH3 is used in industrial and
agricultural applications such as fertilizer, plastics, nitric acid, and
explosives production, and refrigeration. NH3 is a poisonous gas,
and its safety hazard is a significant obstacle in its use. According
to the US Department of Health and Human Services, the
permissible exposure limit (PEL) for NH3 is 35 ppm (27 mg
m−3) as a short-term (15 min) exposure limit (CDC, 1994).

FIGURE 1 | Application of NH3 as a near zero emission fuel system.

TABLE 1 | Chemical and physical properties of gaseous NH3 (NCBI, 2021).

Items Symbols Value Unit

Molecular weight M 17.031 g mol −1

Critical temperature Tcr 405.15 K
Critical pressure Pcr 111.5 Atm
Density (STP) P 0.769 kg m−3

Viscosity (1 atm, 273 K) M 9.8E-5 Poise
Heat capacity at constant P Cp 0.037 kJ mol−1 K−1

Heat capacity at constant V Cv 0.028 kJ mol−1 K−1

Thermal conductivity Λ 0.002219 W m−1 K−1

18.65 MJ kg−1

Lower heating value LHV 3,080 MJ L−1

317.56 kJ mol
Autoignition temperature Tig 903 K
Lower flammability limit LFL 15% —

Upper flammability limit UFL 27% —
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Some characteristics of ammonia are compared with
conventional liquefied fuels such as diesel, gasoline, and
natural gas, which are listed in Table 2 (Dimitriou and Javaid,
2020). The liquefied ammonia can be easily stored at 298 K and
10.2 atm. But the stored pressure of compressed liquid natural gas
is 245.0 atm at 298 K, which is much higher than that of
ammonia. Although the fuel density and energy density of
ammonia are lower than those of gasoline and diesel, the fuel
density of ammonia is three times as many as that of natural gas
and the energy density is also much higher than that of natural
gas. The octane rating of ammonia is 110 RON, which is higher
than those of natural gas and gasoline. It indicates that the engine
fueled by ammonia can be operated at higher pressure. What’s
more, ammonia exhibits much higher absolute minimum
ignition energy than gasoline, which can be improved through
some methods like co-firing with hydrogen. Ammonia has
potential to be used as a fuel and the performance can be
comparable to that of conventional fuel. For example, when
directly using ammonia in an internal combustion engine, the
driving range can reach 592 km, which is comparable to that of
LPG and slightly lower than that of gasoline (Zamfirescu and
Dincer, 2008).

NH3 has been widely used in the industry. It has been used in
the manufacture of fertilizers, in organic and inorganic synthesis
of chemical compounds as HNO, urea, plastics fibers and so on,
in mining and metallurgy, in petroleum refining as neutralizing

agent, and also NH3 can be used as commercial refrigerant in food
processing, as a substitute for calcium in bisulfite pulping of
wood, and to purify municipal and industrial water supplies.
Effective methods such as process enclosure, local exhaust
ventilation, general dilution ventilation, and personal
protective equipment, should be followed in controlling
worker exposures or lead of this substance when used it as a fuel.

The use of NH3 as a fuel by adding it to methane (Williams
et al., 1991; Bell et al., 2002; Sullivan et al., 2002; Henshaw et al.,
2005; Barbas et al., 2015), diesel (Reiter and Kong, 2011; Gill
et al., 2012), DME (Gross and Kong, 2013), and H2 (Skreiberg
et al., 2004; Mendiara and Glarborg, 2009; Mørch et al., 2011;
Joo and Kwon, 2012; Um et al., 2013; Choi et al., 2015) has been
investigated. NH3 has often been used as an agent for decreasing
NOx emissions in industrial treatment processes through
selective catalytic reactions (Xu et al., 2002; Grossale et al.,
2009; Yun and Kim, 2013). For CH4 combustion, both the CO
and NO emissions decreased with increasing excess oxygen
coefficient. A higher CO emission and lower NO emission
would result from a decreased oxygen concentration in the
oxidizer under the O2/CO2 combustion atmosphere.
Conversely, a higher NOx emission and a significantly lower
CO emission are formed in oxy-fuel firing compared with those
formed with air firing. CO and NOx formation and
decomposition would be completely different when NH3 is
added to carbon-based fuels. In the absence of NH3 seeding
combustion, the most important NO formation process for CH4

combustion is prompt-NO formation, followed by the NNH,
thermal-NO, and N2O formation processes. When the
combustion mixture is seeded with NH3 at concentrations of
several to several thousand ppm, fuel-NO formation becomes
the dominant process; with higher NH3 concentrations, a
greater portion is converted to N2 rather than to NO
(Williams et al., 1991; Barbas et al., 2015). In the ignition
engine, the addition of NH3 leads to a longer ignition delay
and limits the engine load because of the high autoignition
temperature and low combustion rate (or low burning velocity).
The combustion pressure and temperature would also be
reduced with the addition of NH3, leading to higher CO and
HC emissions. NOx formation would be enhanced because of
NOx formation from fuel-nitrogen when NH3 is added.
However, soot formation would be extremely low (Gross and
Kong, 2013). Furthermore, the substitution of NH3 could be
favored, not only because of the replacement of the carbon-
based fuel, but also because it is an efficient method for reducing
overall CO2 emissions (Gill et al., 2012; Gross and Kong, 2013).

FIGURE 2 | World NH3 production (Data from USGS, 2021).

TABLE 2 | Some characteristics of NH3 versus natural gas, gasoline, and diesel (Dimitriou and Javaid, 2020).

Properties Ammonia Natural gas Gasoline Diesel Units

Storage method Compressed Liquid Compressed Liquid Liquid Liquid —

Storage temperature 298 298 298 298 K
Storage pressure 10.2 245.0 1.0 1.0 atm
Absolute minimum ignition energy 8 — 0.14 — mJ
Fuel density 602.8 187.2 698.3 838.8 kg/m3

Energy density 11,333 7,132 31,074 36,403 MJ/m3

Octane rating 110 107 90–98 — RON
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LAMINAR BURNING VELOCITY OF NH3

Laminar burning velocity is a significant important parameter
during fuel combustion. The laminar burning velocity is the speed
at which unburned gases move through the combustion wave in
the direction normal to the wave surface, which can be calculated
by the Metghalchi and Kech power-law relation as follows
(Metghalchi and Keck, 1982):

Su � Su0(Tu

T0
)

α

( p
p0
)

β

(1)

where Su is the laminar burning velocity (m/s), Tu is the
unburned temperature (K), T0 � 298 K, p is pressure (atm), p0
� 1 atm, Su0, α, and β are constants.

Many researches about laminar burning velocity of ammonia/
air flames have been reported, most of which were studied under
ambient condition (Zakaznov et al., 1978; Ronney, 1988; Pfahl
et al., 2000; Takizawa et al., 2008; Hayakawa et al., 2015a; Han
et al., 2019, Mei et al., 2019). Zakaznov et al. measured the
burning velocity by cylindrical-tube method at room temperature
and atmospheric pressure (Zakaznov et al., 1978). Ronney et al.
measured the flame speed by a constant-volume cylindrical
combustion vessel at microgravity condition (Ronney, 1988).
Pfahl et al. measured the behavior of ammonia/air flames by
using the schlieren system in a constant volume combustion
vessel (Pfahl et al., 2000). In order to minimize the uncertainty
caused by the buoyancy effect, they also measured the horizontal
component of the flame motion. Takizawa et al. measured the
laminar burning velocity using the spherical-vessel method in a
constant volume combustion vessel (Takizawa et al., 2008).
Hayakawa et al. measured the flame speed using high speed
schlieren photography in a constant volume combustion
chamber (Hayakawa et al., 2015a). Recently, Han et al.
measured the flame propagation of ammonia/air by using heat
flux method (Han et al., 2019). And the laminar burning

velocities of ammonia/air mixtures was also investigated using
a high-pressure constant-volume cylindrical combustion vessel
by Mei et al. (2019). Figure 3 shows the relationship between
laminar burning velocities of NH3/air flames and equivalence
ratio at 298 K and 1 atm. The range of the flame velocity is
roughly from 1.4 to 8.23 cm/s at φ � 0.7–1.3. It can be observed
that the results measured by different groups reach their peaks
around φ � 1.1, while the maximum values vary from 6.3 to
8.2 cm/s. The relative differences are little at lean conditions,
however, a discrepancy more than 2 cm/s appears under fuel-rich
condition between the experimental results. The burning velocity
of NH3/air flame is relatively low when compared with that of
CH4/air flame whose maximum value is about 35 cm/s (Law,
2006).

Ronney et al. measured the flame speed at p � 0.066, 0.132,
0.329, 1, and 1.974 atm. They found that the change of pressure
had a modest influence on the flame velocity (Ronney, 1988).
Duynslaegher et al. investigated the ammonia/air flame speed by
using Konnov mechanism at T � 300K, P � 1–40 atm and φ � 1.0
(Duynslaegher et al., 2010). Results show an increase of pressure
had a negative effect on the flame propagation, especially at the
low pressure. With the pressure increased from 1 to 10 atm, the
flame speed rapidly decreased from 12.67 cm/s to 8.15 cm/s. But
with the pressure increased from 30 to 40 atm, the burning
velocity decreased smoothly from 6.13 to 5.65 cm/s. Hayakawa
et al. studied the laminar burning velocity of ammonia/air flames
at elevated pressures by five detailed mechanism, which was
validated by the measured experimental results (shown in
Figure 4, Hayakawa et al., 2015a). Figure 4 shows the laminar
burning velocities under different initial pressure Pi and
equivalence ratio φ, plotted along with simulation results by
using Tian, Miller, Konnov, GRI 3.0, and Lindsted mechanism
(Lindstedt et al., 1994; Miller et al., 1983; Frenklach et al., 2000;
Konnov, 2009; Tian et al., 2009). The flame velocity decreases
with the increase of initial pressure under the equivalence ratios
of 0.9, 1.0, and 1.2. The tendency of the experimental and
simulation results is the same as those of hydrocarbon. But it
is different from the results of Ronney et al., which are indicated
that pressure had a little influence on the flame speed (Ronney,
1988). The initial pressure has a larger effect on flame
propagation speed at φ � 1. For example, as pressure
increased from 1 to 5 atm, the laminar burning velocity of
measured stoichiometric NH3/air flame deceased from 6.9 to
4 cm/s (shown in Figure 4B), while the differences is about 1 cm/
s at φ � 0.9 and 1.2 (shown in Figures 4A,C). As shown in
Figure 4, most mechanism significantly over-predict the
measured burning velocity. It is notable that the simulation
results by Konnov mechanism is about two times larger than
the measured values while the prediction results by GRI 3.0
mechanism closely agree with the experimental data. However,
GRI 3.0 mechanism lacks some ammonia oxidation reactions
which are very important for the numerical simulation of NO
concentration in ammonia/air flame. Therefore, further
improvements of those mechanisms are very necessary. Liu
et al. experimentally and numerically studied the variations of
laminar burning velocity with initial pressure for ammonia/air
flame (Liu et al., 2019a). The flame speed has been measured at

FIGURE 3 | Laminar burning velocity of NH3 flame with a function of
equivalence ratio at 298 K and 1 atm, replotted from (Han et al., 2019;
Kobayashi et al., 2019; Mei et al., 2019).
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initial pressure from 0.3 to 1.6 atm, covering equivalence ratios
from 0.5 to 1.3 and at 298 K. The measured laminar burning
velocities of NH3 flame firstly increased slightly and then
decreased with the increasing pressure. The burning velocity
of stoichiometric flame reaches the peak value at 0.5 atm. The
maximum values exist at 0.7 atm when the equivalence ratio is 0.5

or 1.3. Generally, the laminar burning velocity decreases with an
increase in pressure, which is agreeable with the observation
obtained by Hayakawa et al. (2015a). The numerical simulation
was calculated by using the GRI 3.0 mechanism under initial
pressure ranged from 0.3 to 1.6 atm, and equivalence ratio of 1.0
and temperature of 298 K. The difference between the
measurements and the calculations is around 12 cm/s.

The influence of temperature is rarely investigated. Cohen
measured the laminar burning velocity of ammonia/air flame at
temperature ranged from 323 to 423 K by using a flat flame
burner (Cohen, 1955). Recently, Lhuillier et al. measured the
flame speed at 1 atm and temperature from 298 to 473 K by the
spherical flame method (Lhuillier et al., 2020a). Han et al.
measured the laminar burning velocity of NH3 flame using the
heat flux method at temperature from 298 to 448 K and 1 atm
(shown in Figure 5, Han et al., 2020). Li et al. numerically
investigated the effect of preheating temperature on the
combustion and NO emission characteristics of ammonia
flame (Li et al., 2016a; Li et al., 2016b). In all temperature
ranges, the laminar burning velocities increase firstly before
the equivalence ratio reaches 1.1, and then decrease when the
equivalence ratio is large than 1.1. The maximum value of flame
speed at different temperatures ranges from 6.98 to 14.87 cm/s.
With the temperature increasing, the flame speed exponentially
increases. The results measured by Han et al. at 423 K were
compared with those from Cohen and Lhuillier (Cohen, 1955;

FIGURE 4 | Laminar burning velocity of NH3 flame with a function of initial mixture pressure at φ � 0.9, 1 and 1.2, replotted from (Hayakawa et al., 2015a).

FIGURE 5 | Laminar burning velocity of NH3 flame with a function of
equivalence ratio at various temperature, replotted from (Han et al., 2020).
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Han et al., 2020; Lhuillier et al., 2020b). It was found that the
experimental values obtained by Han et al. are lower than those
from Cohen and Lhuillier. The difference between the
measurements is around 2 cm/s, which is larger at fuel-lean
conditions. The simulation results by using five mechanisms
were also performed. Comparison of numerical and
experimental data showed that the simulations results by using
Okafor mechanism (Okafor et al., 2018) and Otomo mechanism
(Otomo et al., 2018) performed best.

Oxygen enriched combustion can be considered as a
promising approach to increase burning velocity. The
experimental results measured by Takeishi are shown in
Figure 6 (Takeishi et al., 2015). It can be observed that the
velocities can be close to those of CH4/air flames when the O2

concentration up to 0.35 and the maximum velocity improves to
36.1 cm/s, which is around 5 times the value measured under the
air condition. Li et al. (2015) numerically investigated the effect of
the oxygen content towards the burning velocity of NH3/air flame
by using the Millar mechanism (Millar and Bowman, 1989) and
the Reductive Konnov mechanisms (Duynslaegher et al., 2009;
Duynslaegher et al., 2012). The maximum laminar burning
velocity increases from 27.5 to 33.9 cm/s when the O2 content
increases from 0.27 to 0.30, and the values of laminar burning
velocity at the O2 content of 0.30 are always 6–7 cm/s higher than
those at the O2 content of 0.27. It is mainly due to an increase of
the reaction rates of OH, H, O, and NH2 radicals under a higher
O2 concentration. It is found that the laminar burning velocities
calculated by Li et al. are over-predicted when compared with the
results of Takeishi’s experiment at the O2 content of 0.30,
especially at fuel rich conditions. For example, the difference
between experimental and numerical results reaches 7.9 cm/s at
the equivalence ratio of 1.1, while the discrepancy is around
1.5 cm/s at the equivalence ratio of 0.8. Recently, it was found that
the burning velocities of ammonia are proper for the practical
applications when the range of O2 volume concentration in O2/
N2 mixture is roughly from 0.35 to 0.40 (Kim et al., 2021). Mei
et al. measured the ammonia/air flame speed under the O2

content ranged from 0.21 to 0.45 at 298 K, the pressure ranged
from 1 to 5 atm and the equivalence ratios from 0.7 to 1.5 by using
more complicated constant pressure spherical flamemethod (Mei
et al., 2019). The flame speed increases with an increase of the O2

concentration, but decrease with an increase of initial pressure.
The experimental results showed that the flame propagation
speeds are lower than those of CH4/air flames at the O2

concentration of 0.35. It is different from the results of
Takeishi et al., which indicated that the laminar burning
velocities at the O2 concentration of 0.35 are almost the same
as those of CH4/air flames (Takeishi et al., 2015). In addition, they
constructed a model of ammonia combustion with 38 species and
265 reactions, which can predict the results with a favorable
satisfaction. Wang et al. measured the oxy-ammonia flame speed
in a constant volume vessel at the temperatures ranged from 303
to 393 K, the O2 content ranged from 0.6 to 1.0 and the
equivalence ratios ranged from 0.6 to 1.4 (Wang et al., 2020).
Results show that the peak value of laminar burning velocity can
reach 125.1 cm/s at the O2 content of 1.0. The equivalence ratio
corresponding maximum value is around 0.9. Besides, the flame
velocity increases with the increasing temperature, which is more
sensitive to the change of temperature under lower O2 content.

Due to low burning velocity, ammonia usually is burned with
the addition possessing higher reactivity such as hydrogen.
Ichikawa et al. measured the ammonia/hydrogen/air flame
speed at pressure of 1, 3, and 5 atm by using a high-pressure
constant volume chamber (shown in Figure 7, Ichikawa et al.,
2015). The experimental results show an exponential variation of
laminar burning velocity under different volumetric hydrogen
fraction and the ammonia/hydrogen/air flame speed decreased
with an increase in pressure under the same hydrogen
concentration. It is obvious that the laminar burning velocity
largely decreased when the pressure increased from 1 to 3 atm,
while the values of burning velocities at 3 atm were almost the
same as those of flame speeds at 5 atm. This means that the
influence of initial pressure conspicuously appeared under low
pressure, but that effects barely occurred under high pressure. Lee

FIGURE 6 | Laminar burning velocity of NH3 flame with a function of
equivalence ratio at various oxygen enrichment level, replotted from
(Hayakawa et al., 2015a, Takeishi et al., 2015; Li et al., 2015; Okafor et al.,
2018; Kobayashi et al., 2019).

FIGURE 7 | Laminar burning velocity of NH3 flame with a function of
volumetric hydrogen fraction at 298 K, replotted from (Lee et al., 2010; Kumar
and Meyer, 2013; Li et al., 2014; Ichikawa et al., 2015).
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et al., Kumar et al., and Li et al. also investigated the flame
propagation speed of ammonia/hydrogen/air mixture at 1 atm
(Lee et al., 2010; Kumar and Meyer, 2013; Li et al., 2014; Li et al.,
2017; Li et al., 2019a). The differences among experimental results
were small and the tendencies were consistent with that measured
by Ichikawa et al. (2015). It also can be observed that the value of
flame speed was around 35.1 cm/s at the hydrogen concentration
of 0.45 which was close to that of CH4/air mixture, indicating that
the addition of hydrogen can effectively improve ammonia
combustion. Han et al. measured the laminar burning
velocities of NH3/H2/air by using the heat flux method
(covering φ � 0.7–1.6, χH2

� 0.15–0.4, P � 1atm, K � 298 K)
(Han et al., 2019). Results show that the values of measurements
reached their peaks at φ � 1.05 when the hydrogen ratio ranged
from 0 to 0.35. However, the peak velocity occurred at the
equivalence ratio of 1.1 when the hydrogen ratio increased up
to 0.4. This tendency has good agreement with the finding that
the peak value of the hydrogen/air flame speed occurs at the
equivalence ratio of 1.8 (Kwon and Faeth, 2001). They also found
that mixing ammonia with the addition of H2 is the most effective
way to improve the flame propagation by comparing with the
burning velocity of NH3/CH4 mixture, NH3/H2 mixture, and
NH3/CO mixture. The flame speeds of NH3/H2 flames (the
hydrogen concentration ranged from 0.0 to 0.3) and pure
ammonia at oxygen rich conditions (the oxygen concentration
ranged from 0.21 to 0.30) were measured by Shrestha et al. at P �
1–10 atm and T � 298–473 K (Shrestha et al., 2021). They also
developed a mechanism for the oxidation of ammonia/hydrogen
mixtures and ammonia. Based on this model, they found that the
N2H2 formation path was favored in fuel rich condition, which is
very important for numerical simulation.

Different from adding hydrogen, hydrogen production can
also be from ammonia decomposition, since ammonia has
high hydrogen density (Valera-Medina et al., 2018; Kobayashi
et al., 2019). It was found that ammonia started to crack when
the temperature reached 473.15 K and the conversion
efficiency can reach 98–99% when the temperature up to
698.15 K (Klerke et al., 2008; Lan et al., 2012). What’s
more, in contrast to co-firing hydrogen, using partially
cracked ammonia is more economical and easier to
implement (Yang et al., 2019). However, the deep insight
into the combustion characteristics of NH3/H2/N2 mixtures
are limited (Mei et al., 2021; Wiseman et al., 2021). Very
recently, Mei et al. experimentally investigated the laminar
burning velocities of partially cracked NH3/air mixtures in a
high-pressure constant volume cylindrical combustion vessel
at the initial pressure of 1–10 atm, the equivalence ratios from
0.7 to 1.4 and the initial temperature of 298 K (Mei et al., 2021).
Results showed that the laminar flame speed of NH3/H2/N2/air
mixtures increased with an increase of the cracking ratio due to
the increase of H2 concentration. It was found that the flame
speed could reach 38.1 cm/s at 1 atm and the cracking ratio of
40%, which is close to that of methane/air mixtures. They also
found that the increase of N2 concentration and the initial
pressure had a negative effect on the flame speed. Then though
the numerical simulation, they recognized that H + O2 (+M) �
HO2 (+M) plays an important in flame propagation.

Blending ammonia with methane is also an effective method
to improve the combustion characteristics of NH3/air flames
propagation. Konnov et al. experimentally investigated the
laminar burning velocity of CH4/O2/N2 flames doped with
0.5% NH3 by using a heat flux method. Results show that
ammonia had no significant influence on the flame speed
(Konnov et al., 2006). Okafor et al. and Henshaw et al.
measured the flame speeds of NH3/CH4/air flames as a
function of the equivalence ratio at 298 K and 1 atm
(Henshaw et al., 2005; Okafor et al., 2018). Zhou et al.
experimentally and numerically investigated the laminar
flames of NH3/syngas/air and NH3/bio-syngas/air at elevated
temperature (Zhou et al., 2021). Wang et al. experimentally
and numerically investigated the laminar burning velocities of
NH3 mixing with CH3OH and C2H5OH in premixed flames
(Wang et al., 2021a). Figure 8 shows that the flame speeds
decreased with the heat fraction of ammonia ENH3 increased
and the flame speed were close to those of methane/air mixture
when ENH3 reached 0.016. Obviously, the burning velocity
decreased more sharply when ENH3 ranged from 0 to 0.1. The
difference between the flame speed at ENH3 � 0.1 and ENH3 � 0.3 is
about 8.8 cm/s, while the discrepancy is around 9.8 cm/s when the
ENH3 increases from 0 to 0.1. Xiao et al. investigated the laminar
burning velocity of NH3/CH4 mixtures with the ammonia
fraction ranged from 0 to 100% (Xiao et al., 2017b). They also
found that ammonia had a negative impact on flame propagation.
Shu et al. studied the fundamental combustion characteristics of
NH3/CH4/air mixtures by using expending spherical flames (Shu
et al., 2021). They found that the laminar burning velocity varied
almost linearly with the methane volume fraction and the H/OH
radicals were very important for the propagation of flames under
fuel lean conditions. Furthermore, the laminar burning velocity
had a strong linear relationship with the maximum mole fraction
of (H + OH) radicals under lean conditions when the pressure
ranged from 1 to 15 atm and the methane volume fraction ranged
from 0.30 to 0.70. The laminar burning velocity of ammonia/
methane mixture under variable O2 and CO2 mole fractions of

FIGURE 8 | Laminar burning velocity of NH3 flame with a function of
equivalence ratio at various ammonia addition in Methane/ammonia/air
flames, replotted from (Okafor et al., 2018; Henshaw et al., 2005; Hayakawa
et al., 2015a).
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0.35–0.40 and 0.45 to 0.65, respectively, was experimentally
investigated by Liu et al. (2019b). They found that the
maximum flame speed decreased from 35.6 to 25.6 cm/s when
the CO2 mole fraction increased from 0.45 to 0.65, while the peak
speed increased from 25.6 to 36.6 cm/s when the O2

concentration increased from 0.35 to 0.40. Through the
simulation results by using HUST Mechanism, it can be
observed that the burning velocity has linear correlations
between CO2 and O2 concentration.

NOX EMISSIONS

When ammonia is completely combusted, it only produces
nitrogen and water without involving the production of NOx.
However, NOx emission is relatively high in practical
combustion, which is a main challenge of ammonia
combustion. In order to reduce the production of NOx, some
detailed mechanism of ammonia combustion is necessary. NOx is
mainly composed of thermal NOx and fuel NOx. Thermal NO is
usually produced by the oxidation of N2 at temperature up to
1800 K. The extended Zeldovich mechanism is widely used to
describe the formation of thermal NO. The reactions of thermal
NO have three important pathways: N2 + O�NO + N, N + O2 �
NO + O, and N + OH � NO + H. The first reaction limits the
reaction rate and usually take place when the temperature above
1,800 K. Therefore, controlling temperature is an effective way to
reduce thermal NO production.

Fuel NOx emission is widely studied by many researchers.
Miller et al. studied the reaction path of NH3 oxidation and
proposed a kinetics including 22 species and 98 elementary
reactions (shown as Figure 9, Millar and Bowman, 1989).
Firstly, ammonia is converted to NH2 by the reaction with
OH, which is the primary path under both fuel rich and lean
conditions. It is also consumed by O to produce NH2 under fuel
lean condition and is consumed by H under rich condition. The
reason of this phenomenon is that rich burning flame needs more
oxygen or oxygen atoms, which results in the proportion of H in
O/H radicals is high when compared to fuel lean conditions (Chai
et al., 2021). It is obvious that the reactions involving NHi (i � 0, 1,

2) have very significant impact on the formation and reduction of
NO. And HNO intermediate make great contribution to NO
formation via reacting with OH, NH2, and M. Lindstedt et al. also
found that fuel NO is mainly produced by the reactions involving
HNO (Lindstedt et al., 1994). For ammonia flames, HNO + M �
NO + H + M reaction plays a key role and HNO + OH � NO +
H2O reaction becomes important when the equivalence ratio less
than 1. What’s more, for the conversion of NO, the reaction
between NO and NH2 is the major path.

Dean et al. found that NNH dissociation plays an important
role in the formation of N2 under fuel rich conditions, which
mainly produced by N2H2 (Dean et al., 1984). The NHi radicals
can be converted to N2 without including NO, which has a
potential to reduce the formation of NO. They developed the
NNH mechanism (Dean and Bozzelli, 2000). The reaction
between NNH intermediate and O atom is the main path to
generate NO, and the related reaction are shown as follow: NNH
+ O�NH + NO, NNH + O�N2O + H, and NNH + O�N2 + OH.
Klippenstein et al. calculated the reaction rate constant of NNH
by using an improved model based on the Miller mechanism
(Miller and Glarborg, 1999; Klippenstein et al., 2011). They found
that the rate constant of NNH + O�N2 + OH is over-predicted by
Dean et al. and the NNH + O reaction is very fast.

Some factors like equivalence ratio and pressure are also very
important for NOx emissions. The main component of NOx is
NO. It was found that with an increase of the equivalence ratio,
the mole fraction of NO in NH3/air flame firstly increased before
the equivalence ratio reaches 0.9 and then rapidly decreased when
the equivalence ratio is large than 0.9 (Kobayashi et al., 2019). The
production of NO is extremely low after the equivalence ratio up
to 1.3. Therefore, it seems that burning under fuel rich condition
is an effective way to reduce NOx emission. Hayakawa et al.
experimentally and numerically studied the characteristics of

FIGURE 9 | Diagram of ammonia oxidation pathway, replotted from
(Millar and Bowman, 1989).

FIGURE 10 | Diagram of ammonia/methane mixture oxidation pathway,
replotted from (Tian et al., 2009).
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NOx formation in ammonia/air flames at different pressures and
equivalence ratios (covering p � 1.0–3.0 atm and φ � 0.7–1.1)
(Hayakawa et al., 2015b). The experiments were performed in a
nozzle-type burner and the numerical simulation used the Tian
mechanism (Tian et al., 2009). Results show that the NO
concentration decreased with an increasing equivalence ratio
at pressure of 1 atm, which is mainly due to surplus
production of NHi (i � 0, 1, 2) under fuel rich conditions.
Besides, with the increasing pressure, the concentration of NO
decreased while the reaction rate of OH + H + M � H2O + M
increased. Therefore, they proposed that H and OH radicals
mentioned above limited the formation of NO.

In order to use pure ammonia in practical applicants, some
researches were performed to provide a deep insight into the
characteristic of NOx emission. Lee et al. proposed a combustion
strategy in order to use pure ammonia in the internal combustion
engine (Lee and Song, 2018). In this strategy, they injected the
lean ammonia/air mixture during the intake process which was
auto-ignited in the next step. This method can raise the
temperature and pressure of the cylinder and it has a positive
effect on ammonia spray combustion. Then they studied the
mechanism of NO formation and found that NO emission in this
engine largely depend on the main SOI variation. For instance,
the maximum value of NO formation up to 8,500 ppm, while the
reduction of NO emission can reach 5,460 ppm by changing the
SOI timing. Kurata studied the emission characteristics of non-
premixed NH3/air in gas turbine power generations (Kurata et al.,
2017). It was found that the production of NOx and slip NH3 were
strongly influenced by the combustor inlet temperature. The
existence of NOx and slip NH3 at the mid-range of combustor
inlet temperature implied that there is a possibility of NO
reduction through selective non-catalytic reduction. They also
developed a low-NOx NH3-air non-premixed combustor for
actual gas-turbine operations and found that the NO
production of this gas turbine power generation could be
lowered to 337 ppm when O2 content reached 16% (Kurata
et al., 2019). Okafor et al. designed a two-stage combustor for
a micro gas turbine and found that NOx emission was around
42 ppm at initial pressure of 3 atm and initial temperature of
298K when the equivalence ratio of the primary stage reached 1.1
and the equivalence ratio of the secondary stage was 0.4 (Okafor
et al., 2019). Somarathne et al. numerically investigated the NOx

and NH3 emission of turbulent premixed ammonia/air flames in
a gas turbine like combustor by using the large eddy simulation at
elevated pressure up to 5 atm and various equivalence ratios
(Somarathne et al., 2017). They found that NO production
decreased when the initial pressure increased and the
minimum value of NO and unburnt NH3 emission could
reach 200 ppm at initial pressure of 5 atm and the equivalence
ratio of 1.2. What’s more, the NO emission of ammonia/air
flames with the secondary air injection could be lowered to
100 ppm at O2 content of 16%. Rocha et al. numerically
studied the NOx emission characteristics of ammonia/air
mixtures under the typical conditions of commercial gas
turbines by using three modern stationary gas turbine
concepts (Rocha et al., 2020). They found that rich-burn,
quick-quench and lean-burn (RQL) concept and moderate or

intense low oxygen dilution (MILD) concept are able to reach low
NOx emission while the NOx emission by using lean-burn dry-
low emissions (DLE) concept is high.

There are also some researches about the NOx emission of
NH3/H2/air flames. Li et al. experimentally measured the NOx

concentration of NH3/H2/air flames covering the NH3

concentration from 0.440 to 0.544 at the equivalence ratios
from 1.00 to 1.25 (Li et al., 2014). They found that NOx

emission decreased when the equivalence ratio increased from
1.00 to 1.25 under different NH3 contents. It can be observed that
a more significant change occurs when the equivalence ratio
increased from 1.00 to 1.10, while the change is small when the
equivalence ratio increased from 1.10 to 1.25. As the NH3

concentration increase the production of NOx decrease, which
due to the low flame temperature. The peak value of NOx content
is 1,450 ppm at NH3 content of 0.500 and stoichiometric
condition, while the maximum content is around 1,660 ppm
when NH3 content of NH3/H2 mixture reaches 0.416 under
stoichiometric condition. They also concluded that fuel NOx

plays a significant role in NOx emission, whereas thermal NOx

is negligible. Nozari et al. also studied the variation of the NOx

emission with the equivalence ratio at elevated pressure of 17 atm
and temperature of 673 K (Nozari, 2015). They found that the
NOx concentration increased first and then decreased when the
equivalence ratio ranged from 0.5 to 1.2 in all hydrogen content
ranges. The maximum mole fraction of NOx occurred under fuel
lean conditions, which is similar to that of ammonia/air flames.
Wang et al. also found that the NO concentration in exhaust gas
was non-monotonically changed with equivalence ratios and
hydrogen mole ratio, because the competition between the
effects by the reduction of N-atom and the enrichment of
H/O radicals when hydrogen is added to ammonia flame
(Wang et al., 2021b). Lee et al. also found that both NOx and
N2O emissions are low in fuel rich condition when compared to
those under lean conditions (Lee et al., 2010).

The influences of pressure and hydrogen content on NOx

emissions are also significant. Xiao et al. numerically investigated
the influence of pressure in NH3/H2 flames by using an improved
mechanism based on the work performed by Mathieu et al.
(Mathieu and Petersen, 2015; Xiao et al., 2017a). Results show
that the concentration of NOx significantly decreased with an
increasing pressure. NOx emission can be less than 5 ppm when
the pressure reaches 10 atm and less than 1 ppm when the
pressure up to 20 atm. Rocha et al. numerically investigated
the variation of NOx emission with hydrogen addition ratio
ranged from 0 to 1 by ten mechanisms for ammonia/
hydrogen/air flames at 1 atm and 298 K (Rocha et al., 2019).
Results show that with an increase of the H2 content, the NOx

emission increased before the mole fraction of H2 reached 0.80
and then rapidly decreased when the mole fraction of H2 large
than 0.80. They presumed that the presence of OH/O radicals at
high temperature resulted in the increasing content of NOx before
the H2 concentration reached 0.80, while the decreasing
concentration of ammonia leads to the decrease of NOx when
the mole fraction of H2 large than 0.80.

Lhuillier et al. experimentally investigated the NOx emission of
NH3/H2/air mixtures in spark ignition engine at the intake
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temperature of 323 K and pressure of 1.2 atm (Lhuillier et al.,
2020a). It was found that NOx production firstly increased and
then decreased with an increased of the equivalence ratio. The
peak values of NOx formation occurred at the equivalence ratio of
0.8–0.9 and the minimal NOx emission was found under rich
conditions. What’s more, as the H2 concentration of NH3/H2/air
mixtures increased, the emission increased. Very recently, Franco
et al. also designed a laboratory combustor which had good
performance in NOx emission (Franco et al., 2021). Valera-
Medina et al. numerically and experimentally investigated the
NOx emission of premixed 50%NH3/50%H2 mixtures under fuel
lean condition in a swirl combustor and found that the pollution
emission was high when compared with that under fuel rich
condition (Valera-Medina et al., 2017). Then they studied
characteristics of 70%NH3/30%H2 mixtures under gas turbine
conditions through a numerical GT cycle model and found that
NOx emission could as low as 50 ppm because the hot unburned
ammonia was able to react with NOx (Valera-Medina et al., 2019).
Hussein et al. found that injecting some NH3/H2 blend
downstream the primary zone could significantly reduce the
NOx emission which was a promising method to minimize the
pollution emission (Hussein et al., 2019).

Recently, many researches have studied the NOx emission of
CH4/NH3 flames. Among them, Tian mechanism is widely used
to predict the NOx emission of CH4/NH3 mixtures, which has a
satisfactory prediction of the experimental results (Tian et al.,
2009). Tian et al. investigated the intermediates and products for
ammonia/methane/air/Ar flames at 0.04 atm and φ � 1 by using
tunable synchrotron vacuum ultraviolet photoionization and
molecular-beam mass spectrometry (Tian et al., 2009). Results
show that the formation of NO2 decreased while those of NO and
N2 increased with the mole ratios of NH3/CH4 increasing from 0
to 1. They also developed a detailed mechanism including 84
species and 703 elementary reactions, which can predict the
major combustion species and intermediates well (shown as
Figure 10). The process of CO formation is described below.
Firstly, methane is converted to CH3 by the reaction with OH and
H. Then CH3 mainly reacts with O addition to generate CH2O
and reacts with OH to form singlet CH2 which can transform to
triplet CH2. CH2 is converted to CH by reacting with H and then
CH transforms to HCO by reacting with O2. Besides, HCO also
can be produced by the reaction of CH2O with OH. Finally, HCO
is converted to CO and H2 by reacting with OH, O2, and H.
However, NO is produced by the reaction of NH with O and the
reaction of HNOwith H, OH, and O. It seems that the addition of
CH4 has no significant influence on the major formation and
reduction of NO. Though the numerical simulation, it also can be
found that four reactions including H + O2 �O+OH, NH2 + O �
HNO +H, NH2 + NO �N2 + H2O, and NH + NO �N2O + H are
important for the conversion of NO and N2.

Ramos et al. measured the NOx emissions from CH4/NH3

flames at NH3 content ranged from 0 to 0.7 and the equivalence
ratio of 0.8, 0.9, and 1 by using a laboratory scale laminar flame
burner (Filipe Ramos et al., 2019). They found that the
production of NOx firstly increased and then slightly
decreased with an increasing NH3 content and the maximum
NOx emission occurred when the concentration of NH3 reached

0.50. Xiao et al. numerically studied the emission characteristics
of CH4/NH3 mixtures at the ammonia ratio from 0 to 1 by using
an improved model based on the Konnov mechanism and found
the same tendency (Konnov, 2009; Xiao et al., 2017b). It was
found that the addition of ammonia had a significant positive
effect on NOx emission under high methane proportion mixtures
while it had a negative effect under high ammonia concentration.
The probable reason of this phenomenon is that H + NO �HNO
inhibits the formation of NO at high ammonia concentration
(Rocha et al., 2021). The equivalence ratio and initial pressure
also has a strong impact on NOx emission. Ramos et al. found that
the peak values of the NOx concentration are around 4,300, 3,600,
and 2,800 ppm at the equivalence ratio of 1, 0.9, and 0.8,
respectively, (Filipe Ramos et al., 2019). It is obvious that NOx

emissions decrease with a decrease of the equivalence ratio. Xiao
et al. also studied the influence of the equivalence ratio and found
that the maximum NOx emission is presented at the equivalence
ratio of 0.9 when the ammonia mole fraction ranged from 0.20 to
0.80 (Xiao et al., 2017b). Then they numerically studied the
reaction involving NO by using Tian mechanism (Xiao et al.,
2020). It was found that NH2+O�HNO + H reaction is the most
promoting reaction at φ � 0.8, while H +O2 �O+OH is the most
promoting reaction at φ � 1, 1.2. The most inhibiting reaction is
NH2+NO �N2+H2O, NH + NO �N2O + H, NH2+NO �NNH +
OH at φ � 0.8, 1 and 1.2, respectively. For NOx emission, the
initial pressure plays an important role. The NO mole fraction
decreased with the increasing pressure and the NO production
was more sensitive to the change of the pressure than CO (Xiao
et al., 2017b).What’s more, it was found that the formation of NO
is mainly through the NH + OH � HNO + H reaction at high
pressure (Valera-Medina et al., 2017). Zhang et al. investigated
the emission characteristics of ammonia/air combustion in a
model combustor with the addition of methane and hydrogen.
They found NO and OH radicals showed a positive correlation,
and the temperature had a secondary role on promoting NOx

formation comparing with CH4/air flame (Zhang et al., 2021a).
The thermal performance and NOx emission on a premixed
methane/ammonia/flame at a micro-planar combustor were
also investigated. Results showed that ammonia addition
reduced CO2 emission, but increased NO emission increased.
While N2O emission increased first and then decreased with
increasing ammonia ratio. (Cai et al., 2020; Cai et al., 2021; Han
et al., 2021; Sun et al., 2021). An et al. found that the OH and NO
were closely correlated in premixed CH4/NH3/air flames as they
were both strongly related to flame temperature. While N2O had
a correlation with NH and HNO components (An et al., 2021),
which is similar with the results by the same combustion group.
(Zhang et al., 2020; Zhang et al., 2021b; Wei et al., 2021).

Recently, CH4/NH3 blends are also considered as a substitute
fuel in practical applications. Liquefied natural gas is an
alternative fuel and has been widely used in marine engines
(Schinas and Butler, 2016). What’s more, it also can improve
the poor combustion characteristics of pure ammonia. Therefore,
Oh et al. investigated the pollution emission of ammonia mixed
with methane and found that NOx emissions of CH4/NH3 blends
in spark ignited engine rapidly increased before the split ratio of
NH3 reached 40% and then slightly decreased when the split ratio
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large than 40% (Oh et al., 2021). Besides, the maximum NOx

emission of this study was lower than 40 g/kWh. Xiao et al.
compared the simulation results under gas turbine conditions by
using Tian, Konnov, Mendiara, GRI 3.0 and ÅA mechanism and
found that Tian mechanism performed best in NOx prediction
(Xiao et al., 2017c, Tian et al., 2009, Mendiara and Glarborg, 2009,
GRI, 2000, Åbo Akademi University, 2005). What’s more, they
found that the oxidation of N and HNO played the most
important role in the production of NO under gas turbine
conditions. Li et al. also studied the NOx emission of CH4/
NH3 mixtures under gas turbine conditions and recognized
that NOx formation increased when the NH3 concentration
increased, which is mainly due to the enhanced HNO pathway
(Li et al., 2019b). Furthermore, they found that the availability of
oxygen has significant influence on the production of NOx

through HNO pathway and proposed a combustion system in
which NOx production can as low as 30 ppm even when the NH3

concentration up to 40%. Okafor et al. used rich-lean combustion
to control NOx emission and proposed the optimum equivalence
ratio of the primary zone ranged from 1.30 to 1.35 (Okafor et al.,
2020). This method can significantly reduce the formation of
NOx, for instance, NOx emission can be lowered to 49ppm.
Okafor et al. investigated the characteristics of liquid NH3

spray co-fired with CH4 and found that the minimum NOx

emission occurred when the equivalence ratio reached 1.06
(Okafor et al., 2021a). They also studied the NOx emission
characteristics of this kind of fuel in two-stage micro gas
turbine combustors and recognized that the increased inlet
temperature and decreased wall heat loss led to the reduction
of NO and N2O (Okafor et al., 2021b).

CONCLUSIONS AND PERSPECTIVES

This paper presents the burning velocity and pollutant
emissions of NH3 flames, NH3/H2 flames and CH4/NH3

flames. At 1 atm and 298 K, the laminar burning velocities
increase before the equivalence ratio reaches 1.1, and then
decrease when the equivalence ratio is large than 1.1. The
maximum value of laminar burning velocity is less than
10 cm/s, which is relatively low when compared with that of
CH4/air flame. Under different pressure conditions, it can be
found that the flame velocity decreases with an increase of the
initial pressure. The influence of temperature is also studied.
With the initial temperature increasing, the flame speed
exponentially increases. In order to increase the laminar
burning velocity of NH3/air flames, oxygen enriched
combustion is proposed as a promising approach. The flame
speed of NH3/air flames under oxygen enrichment conditions
increases with an increase of the O2 concentration, but decrease
with an increase of initial pressure under oxygen enrichment
conditions. And the flame velocity increases with the increasing
temperature, which is more sensitive to the change of
temperature under lower O2 content. Besides, ammonia is
usually burned with the additions of hydrogen and methane
to improve the combustion characteristics. The addition of H2

or CH4 can significantly increase the flame speed.

NOx is composed of the thermal NOx and the fuel NOx, which
is the major pollution of ammonia combustion. Thermal NOx is
usually produced by the oxidation of N2 when the temperature
reaches 1,800 K. The generation of the thermal NO is
satisfactorily described by the extended Zeldovich mechanism.
It can be reduced by controlling temperature. Fuel NOx is mainly
generated by the oxidation of NH3. HNO intermediate plays an
important role in NO formation by reacting with OH and NH2. It
was found that burning under rich condition and high pressure
can effectively reduce NOx emission. The effects of equivalence
ratio and pressure in NH3/H2 flames are similar to those of NH3/
air flames. The NOx production firstly increased with an increase
of the H2 content before the H2 concentration reached 0.8, and
then rapidly decreased after the mole fraction of H2 large than 0.8.
The reaction pathways in the combustion of NH3/CH4 fuels are
described by using Tian mechanism. It seems that the addition of
CH4 has no significant influence on the major formation and
reduction of NO. The NOx production is high under high
ammonia content, high temperature and stoichiometric
condition. What’s more, the concentration of CO2 also
influences the formation of NOx. The high CO2 content has a
positive impact on NOx production under fuel rich condition,
while has a negative effect under stoichiometric and lean
conditions.

Although the fundamental characteristics of ammonia-based
flames has been widely studied, the practical application of this
kind of fuel is still unsatisfying. Therefore, further studies are
needed to overcome the problems, including low burning
velocities and high NOx emission. For example, one of the
main challenges in the investigation of ammonia-based fuel is
that the numerical simulations by using mechanisms usually
overpredict or underpredict when compared with those are
obtained during the actual combustion processing. In order to
fully understand the combustion characteristics of ammonia-
based flames, developing an accurate mechanism is necessary.
What’s more, for emission characteristics of CH4/NH3 mixtures,
many researches focused on reducing NOx emission, and few
studies on the carbon capture can be found. Therefore, it still need
further studied.
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Co-Combustion Characteristics of
Typical Biomass and Coal Blends by
Thermogravimetric Analysis
Ye Yuan, Yong He*, Jiaxin Tan, Yongmeng Wang, Sunel Kumar and Zhihua Wang

State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou, China

In this study, the co-combustion characteristics of coal and biomass blends (20, 40, 60,
80, and 100 wt%) were investigated by thermogravimetric analysis. All the samples were
operated under an oxidative atmosphere, with a heating rate of 20 C/min. The reaction
stages, ignition and burnout temperature, maximum weight loss rate, and different
combustion indices were determined. When the percentage of biomass in the blends
was increased, the maximum mass loss rate was enhanced in the second region, and the
ignition and burnout temperature was lowered, indicating the higher reactivity and better
combustion performance of the samples. The comprehensive performance index
presented an N shape with the increasing biomass blending ratio. Based on various
combustion indices, 20% was an optimum percentage for the co-utilization of coal-
biomass blends. A significant promoting interaction was observed between corn straw
and rice straw blends, while inhibiting effects occurred between rice husk and coal. The
kinetic parameters of the blends were evaluated by the Coats and Redfern method using
the nth-order reaction model. The value of activation energy and the pre-exponential factor
increased with the decreasing biomass percentage in the blends.

Keywords: co-combustion, characteristics, kinetics, coal, biomass

INTRODUCTION

In recent years, the rapid economic development has caused increasing energy consumption, but the
limited amount of nonrenewable energy resources and the depletion in the future pose a profound
challenge to energy demand. In addition, the combustion of fossil fuels aggravates environmental
pollution because of the emissions of nitrogen and sulfur pollutants as well as CO2. Thus, the
utilization of renewable energy has attracted considerable critical attention. Among these renewable
energies, biomass may play an essential role due to its advantages of fuel flexibility, high combustion
efficiency, low pollutant emission, and carbon neutrality (Jayaraman et al., 2017).

Numerous technologies have been extensively investigated for potential utilization of biomass,
including combustion, pyrolysis, gasification, and liquefaction (Gil et al., 2010). Co-combustion is
considered the state-of-the-art technology to utilize biomass for replacing fossil fuels, such as coal, to
meet the stationary energy demand. Several reasons account for mixing biomass with coal before
burning. The co-combustion of coal and biomass blends would directly help to cut down the
consumption of fossil fuels. At the same time, a biofuel product is added to coal to obtain better
burning performance during the combustion reaction (Wang et al., 2009). During the co-combustion
process, a higher volatile matter content (normally more than 35%) is considered to provide a stable
flame (Sahu et al., 2014), attained by the addition of biomass. The slagging and fouling problems of
heating surfaces commonly faced in biomass combustion could be mitigated or eliminated through
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co-combusting of coal and biomass (Haykiri-Acma and Yaman,
2008). Additionally, there is no need for existing power plants to
undergo many modifications for continuous use. In conclusion,
the co-utilization of biomass and coal blends in present coal-fired
power plants possibly leads to a mass of benefits in the
environment, technology, and economy (Kastanaki and
Vamvuka, 2006).

Knowledge of combustion characteristics and kinetic
mechanisms is crucial for comprehension and modeling in
industrial-scale furnaces, co-firing of biomass and coal, and
burning of coal alone (Hu et al., 2019). Thermogravimetric
(TG) analysis is commonly used to obtain a rapid
investigation and comparison in thermal characteristics and
kinetic parameters during the combustion of various fuels,
including coal and biomass. Many researchers (Gil et al., 2010;
Yanfen and Xiaoqian, 2010; Su et al., 2013; Lin et al., 2015; Lu and
Chen, 2015; Jayaraman et al., 2017; Chen et al., 2018; Hu et al.,
2019; Wang et al., 2019; Wang et al., 2020) have studied the co-
combustion behaviors of different biomass and coal/biomass
blends. A significant decrease in ignition and burnout
temperature was observed by Wang et al. (2019) and Konwar
et al. (2019). According to Chen et al. (2018) and Liu et al. (2015),
the combustion indices, such as maximum mass loss, ignition
performance, and the comprehensive combustion index, were
evaluated. Guo et al. (2020) and Shi et al. (2019) found the
interaction between coal and biomass, including promoting
synergy and inhibiting effects. The combustion kinetic
parameters, including activation energy and the pre-
exponential factor, using the Coats and Redfern method (Gil
et al., 2010; Wang et al., 2012; Lin et al., 2015; Jayaraman et al.,
2017; Chen et al., 2018) and the Flynn–Wall–Ozawa method (Xie
and Ma, 2013; Liu et al., 2015; Konwar et al., 2019; Wang et al.,
2019; Guo et al., 2020) were determined.

Crop straws and rice husk are the most fundamental
agricultural residues in quantitative terms (Sathitruangsak and
Madhiyanon, 2017). As the world’s largest grain manufacturer,
China owns plentiful biomass resources, and the amount of
collectable straw was approximately 674 million tons in 2017
(Huo et al., 2020). Also, China is the leading country to cultivate
rice, producing the most rice paddy (Hossain et al., 2018).
Compared with other biomass, straw and rice husk char
contain more high alkali and alkaline earth metals, which
could catalyze the co-combustion process with coal and
enhance combustion performance. Therefore, it was necessary
to study the combustion and co-combustion characteristics and
kinetic mechanisms to provide a theoretical basis and an optimal
blending ratio of coal and biomass fuel.

In this research, co-combustion characteristics and kinetic
parameters of mixed coal and three biomass samples (corn straw,
rice straw, and rice husk) and their blends are examined under an
oxidative atmosphere with TG equipment. The main objective of
this study is to analyze the thermal behaviors and kinetic
mechanisms of coal and biomass blends. This study also
provides data on blending fuels in their combustion
applicability. Finally, these results can thoroughly control the
coal/biomass characteristics according to the demand.

MATERIALS AND METHODS

Materials
The corn straw (CS), rice straw (RS), and rice husk (RH) used in
this study were collected from Jilin Province, China. Coal was
obtained from Inner Mongolia, which is a mixture of brown and
bituminous coal. The samples were milled into powder with a
particle size of 75–150 μm. Then, different blend ratios were
prepared with biomass of 20, 40, 60, and 80 wt% and named, for
example, 20% CS, 40% RS, and 60% RH, depending on the
proportion of the biomass in the blends. The prepared
mixtures of coal and biomass were mixed manually into a
homogeneous distribution. The photographs of raw, ground,
and mixed samples are shown in Figure 1, and the ultimate
and proximate analyses of biomass and coal samples are
presented in Table 1.

Experimental Setup and Methods
Non-isothermal experiments were carried out employing a
NETZSCH analyzer (model STA 449 F3) to investigate co-
combustion behaviors and kinetic parameters of the samples.
The sample mass for each test was approximately 5 mg. The
experiment temperature was set from ambient temperature
(20 C) to 1,000 C with a 20 C/min heating rate and a flow rate
of 60 ml/min under air conditions. All experiments were
reduplicated to ensure the reproducibility and consistency of
the results. The weight loss and derivative thermogravimetry
(DTG) of the samples were analyzed as a function of the
temperature.

Combustion Parameters
The characteristic parameters of the combustion process were
obtained from TG and DTG profiles. The ignition temperature
(Ti) was determined using the intersection method (IM) (Lu and
Chen, 2015), and the burnout temperature (Tb) was defined when
the conversion reached 98% (Wang et al., 2019). In order to have
a comprehensive analysis of the combustion characteristics of the
samples, the flammability index, C, and the comprehensive
combustion index, S, were introduced to compare the co-
combustion performance and are shown as follows (Hu et al.,
2019):

C � DTGmax

T2
i

, (1)

S � DTGmaxDTGmean

T2
i Tb

, (2)

whereDTGmax andDTGmean are the maximum and average mass
loss rates, respectively. The higher index S represents the more
vigorous burning of the samples and the faster burnout of char.

Kinetic Analysis
The reaction of coal, biomass, and their blends is generally
considered as a heterogeneous solid-phase reaction (Gil et al.,
2010; Sahu et al., 2014), which follows the Arrhenius law, and can
be described as
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dα

dt
� k(T)f(α), (3)

where α � (m0 −mt)/(m0 −m∞) is the conversion degree or

mass conversion ratio obtained from TG curves, of whichm0 and
m∞ are the initial mass and final masses of the samples,
respectively, and mt represents the sample mass at time t.

From the Arrhenius equation, the reaction rate constant can
be expressed as

k(T) � Aexp(−E
RT

), (4)

where A, R, and E are the pre-exponential factor, universal gas
constant, and activation energy, respectively.

For nonisothermal reactions, the heating rate remains
constant (β � dT/dt). Therefore, the following could be
inferred combining the equation:

dα

dT
� A

β
exp(− E

RT
)f(α). (5)

In this study, the Coats and Redfern (CR) method (Coats and
Redfern, 1964) is used to determine the activation energy and

reaction mechanism, which is widely used to estimate kinetic
parameters for biomass combustion. The hypothetical model of
the reaction is based on the nth reaction model (Wang et al., 2016;
Chen et al., 2018); therefore, f(α) � (1 − α)n. The detailed form is
shown as

In[ − ln(1 − α)
T2

] � In[AR
βE

(1 − 2RT
E

)] − E

RT
; n � 1, (6)

In[1 − (1 − α)1−n
T2(1 − n) ] � In[AR

βE
(1 − 2RT

E
)] − E

RT
; n≠ 1. (7)

For the basis of F
RT≫ 1, 1 − 2RT

E ≈ 1, and the final form takes the
following equation:

In[ − ln(1 − α)
T2

] � In(AR
βE

) − E

RT
; n � 1, (8)

In[1 − (1 − α)1−n
T2(1 − n) ] � In(AR

βE
) − E

RT
; n≠ 1. (9)

By plotting In[− ln(1−α)
T2

] and In[1−(1−α)1−n
T2(1−n) ] vs. 1/T, E could be

obtained from the slope of a straight line. Different reaction order
values were chosen to determine the best fitting ones.

FIGURE 1 | Pictures of raw, ground, and mixed samples.

TABLE 1 | Proximate and ultimate analyses of samples on an air-dry basis.

Samples Ultimate analysis (wt%) Proximate analysis (wt%) Qnet,ad

(MJ/kg)C H Oa N S V FC A M

Coal 58.27 3.01 18.38 0.7 0.32 29.4 51.28 8.96 10.36 25.59
CS 42.04 4.36 39.58 0.19 0.39 69.01 17.55 3.28 10.16 16.24
RS 37.35 3.81 34.76 0.73 0.19 62.01 14.83 12.02 11.14 14.61
RH 35,22 3.44 28.94 0.42 0.11 54.12 14.01 20.72 11.15 13.82

aCalculated by difference.
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RESULTS AND DISCUSSION

Fuel Properties of a Single Sample
The thermochemical behaviors demonstrated by TG analysis
could offer vital insights into the combustibility and
transforming patterns of fuels (Luo et al., 2014). As shown in
Figure 2, the ignition temperature for coal, CS, RS, and RH was
401°C, 241°C, 256°C, and 270°C, respectively, and the burnout
temperature for the four samples was 557°C, 486°C, 481°C, and
479°C, respectively. These results indicated that the biomass fuels
had a much lower ignition temperature and were easier to achieve
burnout due to the higher volatile content in biomass, resulting in
better thermal reactivity. Besides, the higher carbon content and
the lower oxygen content in coal also contributed to the higher
decomposition temperature as the chemical bond energy for
breaking the C–C bond was higher than that for the C–O and
C–H bonds (Konwar et al., 2019). Therefore, the destruction of

the macromolecular structure and chemical bonds delayed the
burnout of coal, and the reaction occurred at a higher
temperature. The proximate analysis of coal and biomass in
Table 1 also confirmed all these results shown above.

The temperature ranges of the main stages, together with the
weight loss, are shown in Table 2. It could be inferred that the
combustion process of three biomass samples was partitioned
into three stages (Jayaraman et al., 2017; Wang et al., 2019): the
dehydration process (stage A), the release and combustion of the
volatiles (stage B), and the burning and burnout of residues and
fixed carbon (stage C). The demarcation of each stage was
clarified by the inflection point in the DTG curves (Lin et al.,
2015). In the case of the coal sample, there was only one stage
during its combustion process after the moisture evaporation,
which was the primary carbonizing stage accompanying the
released carbon dioxide and hydrogen (Jayaraman et al.,
2017). A single weight-loss peak with a wider temperature
range was observed, corresponding to a longer overlapping
reaction process with the combustion of the volatiles and char
oxidation (Vamvuka and Sfakiotakis, 2011).

In all samples, the initial stage was observed from indoor
temperature to 120°C. In this stage, the mass loss depended on the
moisture content of the fuel properties, and a small DTG peak
occurred in the DTG curve. The second stage for CS, RS, and RH
was extended from 116 to 408°C, from 119 to 401°C, and from 156
to 372°C, and the mass loss was 69.6, 61.35, and 53.28%,
respectively. It was seen that the weight loss during this stage
was almost close to the volatile content in Table 1, accounting for

FIGURE 2 | Schematic diagrams of mass loss, stage division, and ignition temperature determination.

TABLE 2 | Temperature interval and weight loss of coal and biomass fuels.

Sample Temperature
interval (oC)

Weight loss (%) Total loss (%)

Stage B Stage C Stage B Stage C

Coal - 272–684 - 88.98 88.98
CS 116–408 408–523 69.6 20.38 89.98
RS 119–401 401–516 61.35 15.46 76.81
RH 156–372 372–662 53.28 23.02 76.3
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the majority of the total weight mass loss. This result confirmed
that the predominant form of combustion in the second stage is
via volatile releasing and burning, and a higher DTG peak was
observed at around 300 C for three samples. It was attributed to
the decomposition and combustion of celluloses (hemicellulose
and cellulose), and a small account of lignin also combusted in
this stage. The hemicellulose consists of a low degree of the
amorphous structure, resulting in bad thermal stability, and the
decomposition temperature extended from 220 to 315°C.
However, the macromolecular structure of the cellulose is
composed of glucose without branching, leading to a higher

decomposition temperature (315–390 C). However, the
thermal behavior of lignin occupied the whole decomposition
process with a wider temperature range. This highly cross-linked
polymer contained various chemical bonds, such as C–C bonds
and ether bonds, causing a wide decomposition temperature
(160–627 C). The third stage occupied the remaining small
part of the total loss with a higher temperature range, as
shown in Table 2. During this stage, the DTG peak for three
biomass samples appeared at around 420 °C, and CS showed a
sharp and narrow peak, while RH and RS presented a smaller and
smoother peak. A deduction was that the decomposition process

FIGURE 3 | TG and DTG curves of the blends: (A) CS, (B) RS, and (C) RH.
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changed the physicochemical properties of the char produced
after the burnout of volatiles, and the combustion performance in
the char combustion process significantly varied. Liu et al. (2015)
pointed out that the formation or the structure of char differed
greatly during the carbonization process, directly affecting the
DTG peaks.

Co-Combustion Properties of the Biomass
and Coal Blends
The mass loss and DTG profiles of coal and biomass blends are
presented in Figure 3. The combustion process of the blends also
contained three stages: moisture evaporation, the decomposition
and combustion of volatile matters, and the oxidation of char. It
can be seen that for RS and RH, the DTG curves of their blends
were located between individual fuels, but for CS, there existed
obvious overlapping in its DTG curve, corresponding to the
evident decline in the TG curve at approximately 430 °C for
CS and 80% CS samples. It was easy to interpret that the intensity
of the third DTG peak for CS varied distinctly with RS and RH
owing to the higher fixed carbon content and the significantly
lower ash content within CS in Table 1, generating a higher
amount of combustible char, that is, more flammable substances
would be produced and combusted in Stage C. Besides, the higher
carbon and lower oxygen content required more oxygen during
combustion, so the combustion of certain matters in Stage B was
delayed, contributing to a higher DTG value in Stage C. When
20% of coal was added to the biomass sample, the combustion
performance of the mixed sample improved. This was owing to
the fact that the large amount of heat generated during the
combustion of biomass volatiles would facilitate the
combustion of coal and biomass char. While more coal was
mixed with CS, the combustion of char needed more heat, but the
combustion of biomass char could not provide sufficient heat;
thus, the third DTG peak moved forward to a higher-temperature
range. In a similar case in corn and wheat straw, Li et al. (2014)
and Wang et al. (2019) identified the same phenomenon.

To compare combustion characteristics and quantitatively
analyze, various combustion parameters are shown in Table 3.
The main observation was that when the percentage of biomass in
the blends increased, the ignition temperature immediately
decreased, but a relatively slow reduction in the burnout
temperature was found. It was noteworthy that the ignition
temperature of the blends was extremely close to that of
individual biomass samples, revealing that the ignition of two
fuels occurred independently, and biomass played a predominant
role at low temperatures. A possible explanation for this might be
that many volatile matters were obtained and rapidly ignited. The
combustion of the volatiles was an exothermic reaction, giving off
a large amount of heat and increasing the surface temperature
(Liu et al., 2015) and thereby the reaction rate of blends. In
contrast, when the percentage of biomass was within 60%, the
burnout temperature for blends was closer to that of the coal
sample. This result suggested that the coal dominated the burnout
process for the blends, which was probably related to the higher
carbon content in coal, requiring a high temperature to burn out.

Another important index obtained for the curves was the
maximum DTG value; DTGmax was deemed to be proportionate
to sample reactivity. DTGmax1 and DTGmax2 represented the
maximum loss rates for Stages B and C, respectively. In the
blends, DTGmax1 increased with the percentage of biomass
contained in the blends, which suggested that the higher the
amount of biomass in the mixtures, the faster the rate of mass loss
for the second stage or in other words, the higher the reactivity of
the sample in this stage. This result may be explained by the fact
that the biomass had a lower ignition temperature and almost all
volatiles generated in Stage B would be combusted, contributing
to the higher DTG value for the first mass loss peak. In stage C,
this was not the case due to the addition of coal, and DTGmax2

increased with the rising percentage of coal in the blends,
suggesting that coal could improve the reactivity of the
samples in the later stage of combustion. It was easy to
understand that the higher the ratio of coal, the higher the
fixed carbon in the blends, and the combustion of flammable

TABLE 3 | Combustion characteristic parameters of the blends.

Samples Ti (
oC) Tb (oC) DTGmax1 (%min) DTGmax2 (%min) Tmax1 (oC) Tmax2 (oC) C (*10̂5) S (*10̂7)

COAL 401 557 −15.4 465 9.58 8.12
20%CS 257 543 −3.39 −13.57 298 459 20.55 15.59
40%CS 254 527 −6.47 −11.82 300 453 18.32 14.04
60%CS 244 514 −8.32 −10.44 297 451 17.54 12.90
80%CS 243 499 −12.08 −17.43 294 437 29.52 25.26
CS 241 486 14.62 −15.04 292 438 25.90 23.12
20%RS 265 553 −3.65 −13.22 298 457 18.83 15.11
40%RS 263 544 −6.46 −11.97 293 454 17.31 11.71
60%RS 261 538 −9.41 −9.24 295 438 13.81 9.32
80%RS 257 528 −12.93 −7.47 293 439 19.58 14.05
RS 256 481 −15.66 −5.26 297 455 23.90 19.18
20%RH 278 546 −3.12 −13.02 314 461 16.85 13.82
40%RH 265 535 −5.9 −11.36 310 451 16.18 13.09
60%RH 272 535 −8.15 −8.7 311 449 11.76 8.902
80%RH 270 504 −10.4 −6.68 308 438 14.27 10.33
RH 270 479 −14.68 −5.64 306 421 20.14 16.90
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substances including char enhanced the sample’s reactivity.
Interestingly, there was a turning point for blends where
DTGmax2 was bigger than DTGmax1 when 40% of coal was
mixed with biomass. This observation may support the
hypothesis that biomass controlled the second combustion
stage (Stage B), while coal dominated the third stage (Stage C).

Finally, to achieve a comprehensive evaluation of ignition and
combustion performance of coal and biomass blends, two
combustion indices as a function of biomass blending ratio are
shown in Figure 4. The trend of S and C increased first, then
declined, and rose again when the percentage of biomass
exceeded 80%, overall exhibiting an “N” curve shape. What
stands out in the figure is the marked value of C and S for
20% biomass mixed in blends, implying the improvement of
combustion performance by the addition of biomass.
Considering the stability of boiler operation and the limitation
of the feeding system, the amount of biomass in the blends is
suggested to be kept at around 20%, according to the results in
this study. Previous research (Zhou et al., 2016) had confirmed
that the blending proportion of 20% was regarded as the
optimum blend for the co-combustion of corn stalk and
bituminous coal. This conclusion was consistent with the
review by Sahu et al. (2014), which reported that a biomass
content of 20% favored the best additive effects.

Synergistic Effect Analysis
To identify whether interactions between coal and biomass
happened during the co-combustion process, the calculated
TG curves of the blends based on the experimental curves of
individual fuels were compared with experimental curves.
Assuming that there were no interactions between the two
components, the calculated TG curves could be expressed as
follows (Wang et al., 2019; Guo et al., 2020):

TGcal � xbioTGbio + xcoaITGcoal, (10)

where TGbio and TGcoal are the mass losses of individual fuels and
xbio and xcoaI are the percentages of biomass and coal,
respectively.

The calculated TG curves of three blends are shown in
Figure 5. To further elucidate the differences between the two
curves of the mixed samples, the deviation was introduced as
follows (Wang et al., 2019):

Δw � TGexp − TGcal, (11)

where Δw was defined to explicitly demonstrate the interaction
between biomass and coal during the co-fire process. Figure 6
exhibits the deviation value between TGcal and TGexp, and Δw > 0
and <0 represented the synergetic and suppressive interactions,
respectively. It could be found that calculated and experimental
curves were similar in the early stage, but deviation occurred with
the proceeding co-combustion process. This implied that
synergetic interactions existed between coal and biomass.

As shown in Figure 5 and Figure 6, CS and RS exhibited
similar patterns for calculated and experimental curves. From the
initial stage to around 250 °C (the ignition temperature of
biomass), good agreement was observed between TGcal and
TGexp for the biomass ratios of 20, 40, and 60% in the blends,
which suggested that no interactions happened. With the increase
of conversion, when the temperature rose to 300 °C, the Δw curve
slightly dropped for all blends.

This may be attributed to the thermal resistance effect, in
which the biomass component of the blends softened, flowed, and
then adhered to the burning surface. Besides, a higher
temperature was needed for the devolatilization of the high
coalification degree of coal, and the heat released by biomass
combustion after ignition was used for the endothermic reaction
of the coal’s ignition process. However, when the temperature was
over 350 °C, it can be seen from Figure 6 that TGexp markedly
excessed TGcal, which indicated that the inhibition turned into a
promoting effect. The Δw reached a peak value at around
450–500°C, which was the burnout temperature of individual
biomass. It could be explained by the fact that the ignition
temperature of biomass char was low, and vast heat generated
after combustion heated the fixed carbon in coal. At the
same time, the alkaline matters in biomass ash, including
oxides of potassium, sodium, and magnesium, catalyzed the

FIGURE 4 | C and S curves with increasing biomass ratio.
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co-combustion of the blends and then accelerated the reaction
rate. This assumption was also confirmed by other researchers
(Wang et al., 2016;Wang et al., 2019; Guo et al., 2020), who found
the promoting reactions between alkaline and alkaline earth
metals in biomass ash and solid carbon in coal.

It was noteworthy that the interaction between 60% biomass and
40% coal lagged behind other group blends; for CS, the interaction
functioned as inhibition. This phenomenonmay be driven by the fact
that the devolatilization of chemical constituents from biomass

blocked the pores of coal (Konwar et al., 2019), which could
weaken heat-transfer efficiency and oxygen diffusion, therefore
hindering the combustion of fixed carbon, inhibiting the
devolatilization process and exerting resistance on gas diffusion

FIGURE 5 | Comparison of calculated and experimental TG values: (A)
CS, (B) RS, and (C) RH.

FIGURE 6 | Comparison of deviation between calculated and
experimental TG values: (A) CS, (B) RS, and (C) RH.
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(Chen et al., 2015). Besides, the generated fly ash would hinder the
diffusion of the flame during 40% coal char combustion, thereby
exhibiting a distinct flame retardant effect. Under such a blending
ratio, the catalytic effects of biomass char were dramatically restricted
by the blocking pores, while for 80% biomass samples, the reaction of
biomass in different stages dominated the whole process due to the
higher biomass blending ratio. Cong et al. (2020) confirmed this result
in evaluating the performance of semi-coke and corn stover, and such
a trend was also observed.

As for RH, which is shown in Figure 6C, the calculated and
experimental TGprofiles almost coincided for 20 and 60%RHblends.
It was noted that for 40% RH, the calculated values were higher than
experimental values and Δw > 0, which represented the synergetic
interaction between two components in the sample, but inhibiting
interactions were detected for 80% RH since an opposite trend was
found between the two values. These results showed that the
interactions in the blends switched from promotion to
suppression, with the biomass ratio increased from 20 to 80%. A
probable reason for the change was the highest content of SiO2 in RH
ash compared with straw biomass. Different from the catalytic effects
of alkali matters in biomass ash, SiO2 and Al2O3 could hinder the
reaction process. According to earlier studies, nearly 80% of RH ash
was SiO2 and this significantly inhibited the combustion process. This
assumption corresponded to Wang et al. (2016) and Zhou et al.
(2014), who demonstrated that the existence of SiO2 in rice husk ash
had obvious inhibiting effects during the co-combustion process; the
experimental data were lower than calculated values in the
temperature range of 575–800 K.

Kinetic Analysis
The kinetic parameters were calculated on the assumption that the
reaction was separated into a single stage during the thermal
conversion (Gil et al., 2010). Thus, two independent reactions were
necessary for coal/biomass blends to describe the co-combustion
process, and the conversion in each stage was recalculated for each
reaction. In this study, several reaction order values (n� 0.3, 0.6, 0.9, 1,
1.2, 1.5, 2, and 3) were applied to the TGdata; the n value that gave the

highest correlation coefficient represents the kinetic mechanisms for
each reaction. Table 4 shows that in this research, reaction orders of
0.9–1.2 and 1–1.5 were the best fittingmodels for Stage B and Stage C,
respectively. Similarly, Chen et al. (2018) also reported that 1.2 and 1.5
were the most suitable model functions for the two stages during the
co-combustion of coal/biomass blends.

Figure 7 shows the curve fitting of CR plots for all samples, which
had the best linear results.Most of the resulting correlation coefficients
(R2) were higher than 0.99 (Table 4), indicating that the calculation
profiles were reliable. A decreasing order of activation energy was
found in Stage B, followed by RH > RS > CS, and the E values for the
three biomasses were 83.31 kJ/mol, 79.42 kJ/mol, and 51.89 kJ/mol,
respectively. As the reaction progressed, what stood out in Stage Cwas
the sharp increase for the E values, which were 292.88 kJ/mol,
176.11 kJ/mol, and 125.72 kJ/mol, with the opposite order as RH <
RS < CS. The E values were considered to be the minimum energies
required for the combustion reactions, with the high value
representing that the reaction started slowly. These results meant
that CS was easier to ignite in the early stage, but more energy was
needed to break down the barriers in the later combustion process.
This was due to the difference in the constitution of the three
biomasses; the decomposition and burning of volatile matter and
fixed carbon greatly influenced the combustion process. A single or
overlapping process of manifold reaction mechanisms, including
diffusion and interface, also accounted for the different values
(Huang et al., 2018). The difference in the E values between the
two stages implied that a higher temperature was required for the
char-burning stage, revealing that this reaction with higher activation
energies was more temperature-dependent (Masnadi et al., 2014; Liu
et al., 2015).

It was noted that in Stage B for all blends, the activation energy and
pre-exponential factor values increased with increasing biomass ratio
in the blends, while a significant opposite trend was observed in Stage
C. Besides, when the biomass ratio was under 60%, there was no
striking difference in E values between the coal sample and the blends
in Stage C; for RH, the blending ratio even reached 80%. This finding
also accorded with our earlier observations, which showed that

TABLE 4 | Combustion characteristic parameters of the blends.

Sample Stage B Stage C

E (kJ/mol) A (min−1) N R2 E (kJ/mol) A (min−1) N R2

Coal 88.02 4.93 E+05 1 0.995
20%CS 68.25 6.51 E+05 0.6 0.996 92.16 1.16 E+05 1 0.999
40%CS 65.15 3.62 E+05 0.9 0.996 101.51 6.72 E+05 1 0.999
60%CS 62.55 2.27 E+05 0.9 0.995 106.63 2.03 E+06 1.2 0.998
80%CS 58.90 1.01 E+05 0.9 0.995 166.06 1.63 E+12 1.5 0.985
CS 51.89 1.96 E+04 1.2 0.981 292.88 1.72 E+19 2 0.990
20%RS 110.3 1.84 E+10 1 0.981 92.9 1.84 E+06 1 0.998
40%RS 106.8 7.36 E+09 1 0.993 93.82 2.12 E+06 1 0.996
60%RS 104.2 3.37 E+09 1.2 0.993 94.5 2.47 E+06 1.2 0.996
80%RS 95.91 6.77 E+08 1.2 0.993 102.5 1.19 E+08 1.2 0.996
RS 79.42 1.12 E+07 1.2 0.976 176.11 3.71 E+12 1.2 0.997
20%RH 115.12 2.49 E+11 1 0.996 94.06 1.44 E+06 1.2 0.999
40%RH 101.39 7.96 E+08 1.2 0.996 93.83 1.55 E+06 1.2 0.996
60%RH 97.63 2.53 E+08 1.2 0.994 92.84 1.37 E+06 1.5 0.997
80%RH 91.34 7.23 E+07 1.2 0.995 94.38 1.17 E+06 1.5 0.996
RH 83.31 1.43 E+07 1.2 0.992 125.72 1.24 E+09 1.5 0.996
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coal dominated the oxidation of char in the later stage. The
activation energy value of coal and biomass blends acquired in
this study was comparable to those of previous studies. Zhou

et al. (2016) reported that the activation energy of corn stalk/
bituminous coal blends was in the range of 64.5–94.8 kJ/mol.
Xie and Ma (2013) demonstrated 97 kJ/mol of E value for rice
straw using the Friedman method. Wang et al. (2020) specified
an activation energy of 83.35 kJ/mol for rice husk with a
second-order reaction mechanism.

CONCLUSIONS

In the air atmosphere, the combustion process of biomass and the
blends could be portioned into two stages after the initial moisture
evaporation compared to a single stage for the coal sample.
Considering the pattern of characteristic combustion parameters
(Ti, Tb, DTGmax1, DTGmax2, Tmax1, Tmax2, C, and S), as the
biomass ratio increased, the combustion performance of the blends
was enhanced. Based on the combustion characteristics, 20% biomass
was the optimum percentage for the co-combustion process. The
synergetic interaction of the co-combustion process for CS and RS
blends was observed due to the catalytic effect of the biomass ash.
However, an inhibiting effect for RH and coal in a higher biomass
ratio was found, attained by a large amount of SiO2 content in ash,
hindering the combustion of fixed carbon. The reaction orders of
1.2 and 1.5 were the best fitting results for Stages B and C and
sought to be the reaction mechanisms for biomass and the blends.
In Stage B, the activation energy values for three biomasses showed
a decreasing order as RH>RS>CS, and the E values were 83.31 kJ/
mol, 79.42 kJ/mol, and 51.89 kJ/mol, respectively. However, as the
reaction was processed, an opposite trend was reported. Also, the E
and A values increased with the increasing biomass percentage in
Stage B, while the oxidation of char dominated Stage C and
presented a decreasing pattern.
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Effects of Temperature and Additives
on NOx Emission From Combustion of
Fast-Growing Grass
Haili Liu1, Qingchao Hong1, Heyun Liu1, Zhen Huang2*, Xu Zhang1, Wang Chen1, Xi Zeng1

and Shulin Pan1

1School of Energy and Mechanical Engineering, Hunan Institute of Humanities, Science and Technology, Loudi, China,
2Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou, China

Fast-growing grass, as a popular renewable energy, is low in sulfur content, so NOx is the
major pollutant during its combustion. To study the emission characteristics of NOx and
obtain the data of controlling NOx emission, the effects of combustion temperature as well
as the additive type and mass fraction were investigated on the emission characteristics of
NOx from the combustion of fast-growing grass. Results revealed that the first peak for
NOx emission from this combustion gradually increases with an increase in temperature.
Moreover, the additives were found to dramatically impact the amount of NOx emission
and its representative peak. The optimal additives and their optimal mass fractions were
determined at various specific temperatures to reduce NOx emission. At combustion
temperatures of 600, 700, 750, 800, and 850°C, the optimal conditions to limit NOx

emissions were 5% SiO2, 3% Al2O3, 3% Ca(OH)2, 15% Al2O3, and 3% SiO2 (or 3% Al2O3),
respectively; the corresponding emission peaks decreased by 43.59, 44.21, 47.99, 24.18,
and 30.60% (or 31.51%), with denitration rates of 63.28, 50.34, 57.44, 27.05, and 27.34%
(or 27.28%), respectively.

Keywords: fast-growing grass, NOx emissions, denitration rate, emission peak, the optimal mass fraction

INTRODUCTION

Scientific and technological advances along with evolving industrialization, have been continuously
improving people’s living standards. However, energy consumption for this industrial development
has had its own drawbacks, with the extensive use of traditional fossil fuels leading to serious
environmental problems, such as air pollution and global warming. Consumption of coal, petroleum,
and other traditional energy sources produces lots of SO2 and NOx that eventually cause acid rain,
thereby corroding houses, bridges and other constructions. Meanwhile, the emitted NOx increases
the content of fine particulate matters (PM2.5) in the atmosphere. The environmental monitoring
data in China has revealed that the nitrate content has exceeded the sulfate content in some cities. For
instance at the Beijing-Tianjin-Hebei Urban Agglomeration, the absolute concentration and
proportion of nitrate exceeded those of sulfate by a large margin during the summers between
2017 and 2018, making it the leading secondary inorganic component in PM2.5 (National Joint
Center for air pollution control, 2019). Xu et al. (2019) measured water-soluble inorganic ions (WSI)
in PM2.5 in Beijing between February 5 and November 15, 2017. The results showed that nitrate was
the major component ofWSI in PM2.5 that exacerbated the rapid growth of PM2.5 concentrations in
the Fangshan District during heavy pollution. Therefore, more efforts are required to reduce NOx

emission.
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Developing clean and efficient renewable energy sources are
urgently required. Biomass fuels are considered the best
renewable organic alternative to fossil fuels because of their
extremely low sulfur content and renewable characteristics
(Recalde et al., 2019; Wang et al., 2021). Lvxin fast-growing
grass (hereafter referred to as the “fast-growing grass”) is a
fast-growing plant developed by Prof. Lei Xuejun (Lei, 2015)
by hybridizing seven different varieties Lvxin grass. This fast-
growing grass requires intensive farming yielding wide leaves
with a shape similar to sugarcane and sorghum, a height of up to
4–5 m, diameters up to 50–60 mm, and a normal yield of 5–8 tons
of dried grass per mu (1 mu � 0.0667 ha). This fast-growing grass
is not only resistant to high temperatures and drought, but also
resilient and easy to grow. Most importantly, it can absorb heavy
metal ions which makes it suitable to be applied for the
remediation of heavy metal-contaminated soil (Lei, 2017).
Among its various uses, an important one is as a fuel for
biomass power plants. However, characteristics of NOx

emission from the combustion of this fast-growing grass have
not been publicly reported.

Extensive research has demonstrated the benefits of oxides,
alkali salt, and other additives on NOx removal from biomass
combustion products (RotaZanoelo, 2003; Lee et al., 2005; Sun
et al., 2019; Wang et al., 2020; Xiaorui et al., 2021). Many studies
have also been conducted on the wet denitration reaction along
with additives (Bae et al., 2006; Niu et al., 2010; Gasnot et al., 2011;
Wang et al., 2014). Hao (Hao et al., 2015) revealed a significantly
positive influence of Na/K additives on the reduction of NO (with
the following order: Na2CO3 > KCl > NaCl), which also expanded
the temperature range of the elective non-catalytic reduction
(SNCR) process. Cai et al. (2021) showed that adding hydrogen
peroxide, sodium carbonate, ethanol, and other additives to urea-
based SNCR increases the OH groups, thereby enhancing the NOx
removal efficiency and widening the SNCR “temperature window”.
Chen et al. (2016) showed that adding urea to hydrazine hydrate
solution promotes hydrazine decomposition and produces NO-
reducing H free radical, thereby achieving NOx removal. Qi (QiGe
et al., 2020) demonstrated NOx removal by gradually oxidizing NO
to HNO3 in an atmosphere of H2O2, OH, and HO2 using an
additive-aided H2O2 solution and denitration process.
Incorporating additives during the combustion process is
simple, convenient, cost-efficient, and spatially efficient. Chen
et al. (2017) showed that adding 5% additives to microalgae
during a mixed combustion efficiently removes NOx; the
additives reduced the amount of NOx emission in the following
order: CuCl2 > SiC > ZnCl2 >MgO. Ren et al. (2010) has shown a
reduction in straw-N conversion into NH3 and inhibition of
N-conversion into HCN and HNCO by adding an iron
additive, thereby reducing NOx emission. During biomass
combustion, the reduction in NOx emissions can be influenced
by the type and amount of additives at different temperatures.
Therefore, it is important to identify the best additives and their
optimal amounts at different temperatures.

This study reports the NOx emission characteristics of fast-
growing grass at different temperatures (600, 700, 750, 800, and
850°C), using varying mass fractions (3, 5, 10, and 15%) of different
additives (Al2O3, CaO, Ca(OH)2, and SiO2). These results are

expected to function as a reference to ensure the control of NOx

emission during the combustion of the fast-growing grass.

MATERIALS AND METHODS

Materials
The experimental samples were obtained from the fast-growing
grass planting base in Yangshi Town, Loudi, Hunan. The
industrial and elemental analyses of the grass are shown in
Table 1. Analytical- and reagent-grade Al2O3, CaO, Ca(OH)2,
and SiO2 with the purities of over 99, 98, 95, and 99%,
respectively; all these are typical industrial additives that are
applied to solid fuels. In this experiment, the following
samples were tested: 1) samples of pure fast-growing grass; 2)
mixture of fast-growing grass samples and additives at
concentrations of 3, 5, 10, and 15%. All samples were pre-
treated by drying in an electrothermal drying oven at 106°C
for 12 h, followed by grinding and then sieving the particles
through an 80-mesh sieve to obtain particles smaller than 200 µm
in diameter. Finally, the samples were labelled and stored in dry
containers for subsequent use.

Experimental Apparatus and Methods
The experimental system is illustrated in Figure 1. The combustion
test was performed in a quartz tube reactor of a tube furnace with
an inner diameter of 43 mm and a length of 600 mm (OTF-1200X,
Hefei Kejing Material Technology Co., Ltd.). The temperature in
the furnace was adjustable between room temperature and 1,200°C.
NOx emission wasmeasured using a gas analyzer (Testo 350, Testo
in Germany) connected to a computer that monitors and saves the
experimental data in real time.

The experiment was performed using the following steps: 1) enter
the target temperature into the temperature-control tube furnace and
start heating; 2) open the gas cylinder valve and adjust N2 and O2

flowmeters such that theirflows are 0.8 and 0.2 L/min, respectively; 3)
after reaching the target temperature, weigh 0.2 g of each sample and
spread it out in a porcelain boat; then, push the boat to the center of
the tube furnace quickly; 4) place the probe of the gas analyzer at the
gas outlet and observe the collected data on the computer. The
combustion reaction was considered complete when the volume
concentration of NOx decreases to 2 ppm. Each set of experiments
was repeated 3 times and average values were calculated.

Calculation Method
In this experiment, combustion is considered to be complete
when the NOx emission concentration falls to 2 ppm; the elapsed
time is the burnout time t. Calculation formula references (Liu
et al., 2018; Xu et al., 2021).

① The average concentration (AC) is calculated as follows:

AC � ∫t

0
Cdt

t
(1)

Where, the numerator on the right-hand side refers to the integral
of the gas concentration for the reaction time, t represents the
burnout time, and the AC is measured in ppm.
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② Calculation of NOx volume (V)
Considering that the V is negligible compared to the input air

volume, the V is approximately calculated as follows:

V � Q × t × AC

106
(2)

Where, the V is measured in L; Q represents the input air flow
in L/s.

③ The mass (M) of produced NOx is calculated as follows:

M � V × 273.15
T × 22.4

×Mg (3)

Where, the unit ofM is g; T(K) represents the temperature of the
gas; Mg (g/mol) represents the molar mass of NOx.

④ The denitration rate (η) is calculated as follows:

η � M0 −M1

M0
× 100% (4)

Where,M0 represents the mass of NOx produced by combustion
of samples without additives;M1 is the mass of NOx produced by
combustion of samples with additives.

RESULTS AND DISCUSSION

The Effect of Temperature on NOx Emission
From Combustion of Fast-Growing Grass
The reaction pathway for NOx generation by the oxidation of
fuel-N (Vermeulen et al., 2012; Shah et al., 2019) shown in
Figure 2 displays that the following two main sources of NOx

in the flue gas: the conversion of volatile-N into volatile-NOx; and
the conversion of char-N into char-NOx. The conversion of fuel-
N mainly occurs at temperatures below 900°C; therefore, the NOx

emission levels were measured and analyzed in the flue gases from
combustion of fast-growing grass at different temperatures below
900°C.

As shown in Figure 3, NOx generated from volatile
combustion appeared late (at 60s) in the NOx emission curve
at 600°C; the NOx concentration (peak intensity) was rather low
at 19.50 ppm and the combustion reaction lasted for 179 s. At a
relatively low temperature of 600°C, not only is the volatilization
slow, but the chemical reaction that generates volatile-NOx from
oxidation of volatile-N through intermediate products HCN and
NH3 is also extremely slow; therefore, NOx concentration is

TABLE 1 | Proximate and ultimate analyses and calorific values of fast-growing grass samples (% dry weight).

Fast-growing grass Ultimate analysis Proximate analysis Calorific value (MJ/kg)

Aanalysis item N C H S O Ash content (Ad) Volatile matter (Vd) Fixed carbon (FCd) High calorific value (Qgr,d)
Numerical value 0.730 40.102 5.241 0.260 46.107 7.56 78.88 13.56 18.20

FIGURE 1 | Experimental system.

FIGURE 2 | The pathways for conversion of fuel-N into NOx.
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relatively low and the time of NOx emission is rather long (Li
et al., 2018; Shah et al., 2018). This is similar to that of microalgae
combustion at 600°C (Chen et al., 2017). Unlike at 600°C, two
peaks were observed in the NOx emission curves at 700, 750, 800,
and 850°C, corresponding to the volatile and char combustion
stages. At temperatures of 700, 750, 800, and 850°C, the first peak
was observed much sooner at around 13 s; the peak intensities
increased gradually as the temperature increased, reaching 47.50,
70.50, 76.50, and 91.50, respectively. This is similar to results
observed for microalgae combustion (Sun et al., 2019; ZhaoSu,
2019), solid biomass combustion (LiChyang, 2020) and the mixed
combustion of sewage sludge and rice husk (Xu et al., 2021b). The
second peaks were observed in the NOx emission curves at 77, 58,
62, and 67 s with intensities of 9.00, 11.50, 6.50, and 10.00 ppm,
for 700, 750, 800, and 850°C, respectively; the intensities of these

peaks were much lower than those of the first peaks. Similar
observations have also been reported in previous studies (Lane
et al., 2013; Sun et al., 2019). These phenomena were attributed to
the generation of char-NOx from combustion of char-N of the
fast-growing grass. The mechanism is shown in Eq. 5 (Thomas
et al., 1993; Molina et al., 2000; LI et al., 2007).

char − N + 1
2
O2 →NO (5)

The Effects of a Additives on the NOx

Ggeneration From Combustion of the
Fast-Growing Grass
Currently, NOx removal is mainly achieved by adding additives to
urea or ammonia solutions to introduce SNCR. However, these
methods are damaging to the equipment and have high operating
costs (Pudasainee et al., 2012); therefore, they are not applicable
to small combustion equipment. Consequently, this study
focused on mixed combustion of fast-growing grass along with
additives to reduce NOx emission at different combustion
temperatures using varying mass fractions of four different
additives.

Effects of Additives on Volatile-NOx

Generation
As shown inTable 2, the additives have an inhibitory effect on the
generation of volatile-NOx. At 600°C, the first peak of NOx

emission from combustion of fast-growing grass was
significantly reduced after the introduction of additives. The
peaks were reduced to average values of 34.40, 25.64, 16.01,
21.80% upon addition of SiO2, Al2O3, CaO, and Ca(OH)2,
respectively. There are different reasons for the peak reduction
for different additives. SiO2 inhibits N-conversion to NOx

precursors (HCN, HNCO, and NH3) during combustion (Ren
et al., 2010); similarly, Al2O3 inhibits NOx precursors generation

FIGURE 3 | NOx release curves for fast-growing grass combustion at
different temperatures.

TABLE 2 | The first NOx emission peaks from the combustion of fast-growing grass using different mass fractions of additives at 600°C.

Temperature (°C) Type of additive Mass fraction The first peak/ppm

600 Al2O3 Pure sample 19.50
3% 13.50
5% 14.50
10% 15.00
15% 15.00

CaO 3% 16.50
5% 15.67
10% 16.67
15% 16.67

Ca(OH)2 3% 17.00
5% 12.50
10% 15.00
15% 16.50

SiO2 3% 13.00
5% 11.00
10% 11.67
15% 15.50
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(Ren et al., 2010) and is often used as the carrier of the denitration
catalyst (Ma. et al., 2015; Li et al., 2013; Yao et al., 2017; QiShan
et al., 2020). On one hand, CaO can catalyze HCN toN2, as shown

in Eq. 6 (Tan et al., 2009); on the other hand, it can also react with
HCN and NH3 to form N2 during the pyrolysis stage, as shown in
Eqs. 7–9 (Fu et al., 2014; Liu et al., 2015; Zhang et al., 2017).
Similarly, Ca(OH)2 decomposes into CaO and H2O at high
temperatures exhibiting a peak-reducing effect, as shown in
Eq. 10 (Liu et al., 2015).

2CiHj + 2HCN→N2 + (j + 1 − k)H2 + 2Ci+1Hk (6)

CaO + 2HCN→CaCN2 + CO +H2 (7)

CaCxNy →CaCx + y

2
N2 (8)

CaCx + yNH3 →CaCxNy + 3
2
yH2 (9)

Ca(OH)2 →CaO +H2O (10)

Surprisingly, just adding more additives did not have a
better effect on reducing the peak. Optimal mass fractions were
determined for the additives. For example, SiO2, Ca(OH)2, and
CaO exhibited the best NOx removal at a mass fraction of 5%
with peak-reducing rates of 43.59, 35.90, and 19.64%,
respectively. However, Al2O3 obtained the best reduction
effect at a mass fraction of 3%, decreasing the peak
intensity by 30.77%. These phenomena result from the
agglomeration or blanketing of active components on the
additive surface when the amount of additives reaches a

FIGURE 4 | Emission curves for additives at their respective optimal
mass fractions at 600°C.

TABLE 3 | The first peak for NOx emission from fast-growing grass combustion using different mass fractions of additives at different temperatures.

Temperature (°C) Type of additive Mass fraction The first peak/ppm Temperature (°C) Type of additive Mass fraction The first peak/ppm

700 Al2O3 Pure sample 47.50 750 Al2O3 Pure sample 70.50
3% 26.50 3% 50.50
5% 27.50 5% 51.50
10% 34.00 10% 55.50
15% 32.00 15% 57.50

CaO 3% 47.00 CaO 3% 43.50
5% 41.00 5% 37.00
10% 47.00 10% 44.00
15% 43.50 15% 42.00

Ca(OH)2 3% 27.00 Ca(OH)2 3% 36.67
5% 29.00 5% 39.00
10% 33.00 10% 43.00
15% 28.67 15% 39.33

SiO2 3% 34.67 SiO2 3% 45.00
5% 31.50 5% 45.50
10% 39.67 10% 48.67
15% 38.50 15% 49.00

800 Al2O3 Pure sample 76.50 850 Al2O3 Pure sample 91.50
3% 62.00 3% 63.50
5% 57.50 5% 64.50
10% 62.67 10% 73.00
15% 58.00 15% 75.50

CaO 3% 65.50 CaO 3% 63.00
5% 63.00 5% 68.50
10% 66.00 10% 75.33
15% 63.00 15% 75.50

Ca(OH)2 3% 64.33 Ca(OH)2 3% 68.00
5% 55.00 5% 74.50
10% 57.33 10% 75.00
15% 56.67 15% 72.00

SiO2 3% 62.00 SiO2 3% 62.67
5% 58.50 5% 65.50
10% 64.50 10% 77.50
15% 64.00 15% 76.00
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certain value, which in -turn reduces of the number of active
sites. Similar observations have also been reported by previous
studies (Yu et al., 2017a; Sun et al., 2019). In order to further
study the effects of additives on NOx emission from the
combustion of fast-growing grass at 600°C, the emission
curves of the four additives at their optimal mass fractions
(see Figure 4) were determined.

As shown in Figure 4, the additives affected not only the first
peak of NOx emission, but also its appearance time. The peak
appeared 13 s sooner upon adding 5% SiO2, whereas the peak
appeared 16, 5, and 9 s later upon adding 5% Ca(OH)2, 3% Al2O3,
and 3% Al2O3, respectively. Similar phenomena have also been
reported by Sun’s research group (Sun et al., 2019).

As the temperature changes, the effect of additives on lowering
the first peak of NOx emission varied, as shown in Table 3.
Overall, at 700, 750, and 800°C, Ca(OH)2 casued the most
decrease in the first peak, whereas Al2O3 exhibited the same
effect at 850°C. This is because of the relationship between the
catalytic activity of the additives and the temperature (Sun et al.,
2019), which caused the efficiency of NH3 conversion to N2 to
differ at different temperatures.

Similar to the situation at 600°C, additives exhibited different
rules to efficiently reduce the first peak at the same temperature,

with varying mass fractions. For instance, at 700°C, Al2O3 and
Ca(OH)2 worked best at 3%, reducing the peak by 44.21 and
43.16%, respectively. At 800°C, however, Al2O3 and Ca(OH)2
exhibited the best results at 5%, with the peak intensities dropping
by 24.84 and 28.11%, respectively.

The Effects of Additives on the Generation
of Char-NOx
As shown in Figure 5, unlike the situation for 600°C, additives
had little effect on the appearance time for the first peaks; the time
for the peaks to appear was around 15 s after the addition of the
four additives. However, the effect of different additives on the
second peak varies, indicating that the additives have different
effects on the production of char-NOx. Al2O3 and SiO2 reduced
the second peak down to a certain extent, whose effect is
unapparent in the high temperature zone (800°C and 850°C);
however, it is quite obvious in the low temperature zone (700°C
and 750°C). Unlike the two aforementioned additives, CaO
increased the second peak to a certain extent, which is the
most obvious at 700°C, and raised the second peak by 61.11%
compared to that without additives. This may be because CaO can
facilitate the conversion of char-N to char-NOx (Liu et al., 2018b)

FIGURE 5 | Emission curves for the four additives at their optimal mass fractions at different temperatures.
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and function most efficiently at 700°C (HayhurstLawrence, 1996).
These phenomena will be further investigated in subsequent
studies. Interestingly, the situation of Ca(OH)2 is opposite to
that of CaO. It all depends on whether the H2O generated after
decomposition of Ca(OH)2 reacts with the HCN and char-C to
produce CO, the reaction mechanism for which is shown in Eq.
11 (Liu et al., 2017; SchäferBonn, 2002) and Eq. 12 (Heikkilä
et al., 2021; HermannHüttinger, 1986; MoulijnKapteijn, 1995); it
also matters whether CO can convert NO to N2, whose reaction
mechanism is shown in Eq. 13, 14 (Chan et al., 1983; Thomas
et al., 1993; AarnaSuuberg, 1997; Dong et al., 2007; Gong et al.,
2021).

HCN +H2O→NH3 + CO (11)

char − C +H2O→CO +H2 (12)

CO + C(O)→CO2 + Cf (13)

Cf + NO→C(O) + 1
2
N2 (14)

The Effect of Additives on the Denitration
Rate for Combustion of the Fast-Growing
Grass
Figure 6 presents the denitration rate for the combustion of fast-
growing grass with four mass fractions of four different additives at
different temperatures. As shown in Figure 6, at different
temperatures, four additives exhibited different NOx removal
effects. At 600 and 750°C, SiO2 and CaO displayed the best

denitration effects with average denitration rates of 39.80 and
42.69%, respectively. At 700, 800, and 850°C, Al2O3 demonstrated
the best denitration effect with average denitration rates of 34.56,
17.27, and 22.71%, respectively, The denitrification effect is better
than CaCO3 (Qi et al., 2017)and calcium and Ca-Fe oxides additives
(Yu et al., 2017b; Qi et al., 2017). The addition of CaO at 700°C
showed no denitrification effect and the average yield of NOx

increased by 10.86%, this is because it promotes the production
of char-NOx.

As shown in Figure 6, at the same temperature, the same
additive displayed different NOx removal effects (η) for different
mass fractions. At 600 °C, Ca(OH)2 worked best (η � 63.28%) at a
mass fraction of 5%; at 700°C, Al2O3 showed the best effect
(η � 50.34%) at 3%, whereas CaO failed to make any difference
but rather increased NOx emission; at 750°C, Ca(OH)2 worked
(η � 57.44%) the best at a mass fraction of 3%; at 800°C, Al2O3

worked best (η � 27.05%) at a mass fraction of 15%; at 850°C,
Al2O3 worked best (η � 27.28%) at a mass fraction of 3%.

According to the peak-reducing effect and NOx removal effect of
the additives on NOx emission from the combustion of fast-growing
grass, the optimal control conditions at different temperatures are as
follows: 1) at 600°C, 5% SiO2 is the best, with the highest peak-
reducing rate and NOx removal efficiency; 2) at 700 and 750°C, 3%
Al2O3 and 3% Ca(OH)2 are the best, respectively; 3) at 800°C, 5%
Ca(OH)2 has the best peak-reducing effect; however, it has a much
lower (9.89% lower) NOx removal efficiency than that of 15%Al2O3;
15% Al2O3 has the highest NOx removal efficiency with a slightly
lower (3.92% lower) peak-reducing effect than that of 5% Ca(OH)2;
therefore, at 800°C, 15% Al2O3 is the best; 4) at 850°C, 3% SiO2 and

FIGURE 6 | Comparison of denitration rates for different mass fractions of four additives at different temperatures.
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3% Al2O3 are better and acceptable, with a gap of only 0.91% in the
peak-reducing effect and only 0.06% in the NOx removal efficiency.

CONCLUSIONS

The temperature one of themost critical influences onNOx emission
from the fast-growing grass combustion. As the combustion
temperature rises, the average concentration of NOx emission
from the combustion of fast-growing grass increases. which
agrees with the law of NOx emission in biomass combustion.
Moreover, at 700, 750, 800, and 850°C, the second peaks were
found to be much lower than the first peaks of NOx emission.

The type andmass fraction of additives also have an important
impact on the NOx emission. Additives can inhibit the formation
of volatile-NOx and also influence the production of char-NOx to
varying degrees. In particular, different from the other three
additives, CaO can promote the production of char-NOx. At
the same temperature, different additives have their respective
optimal mass fractions to reduce NOx emission.

In addition, the type and mass fraction of additives affect the
denitration rate of combustion of the fast-growing grass. The best
additive and its optimal mass fraction vary at different temperatures.
Considering both the peaks of NOx emission and NOx removal
efficiencies at experimental temperatures, the optimal controlling
conditions for NOx emission were obtained. The research results can
serve as data reference for NOx emission control during the
combustion of the fast-growing grass.
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Exploring NH3 and NOx Interaction
Chemistry With CH4 and C2H4 at
Moderate Temperatures and Various
Pressures
Yuwen Deng1, Zijian Sun1, Wenhao Yuan1*, Jiuzhong Yang2, Zhongyue Zhou1 and Fei Qi1

1School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai, China, 2National Synchrotron Radiation
Laboratory, University of Science and Technology of China, Hefei, China

The oxidation of CH4/C2H4/NH3/NO/NO2 gas mixtures was studied aiming to explore the
homogenous chemistry of exhaust gas from lean-operated natural gas engine. With
respect to this goal, experiments were carried out with a laminar flow reactor under
engine-relevant (diluted and lean) conditions over the temperature range of 600–1400 K.
Four gas mixtures were designed to evaluate the effects of NO/NO2 ratio (1, 4) and
pressure (0.04 and 1.0 atm) on the interaction chemistry of NH3/NOx with CH4 and C2H4.
By using synchrotron vacuum ultraviolet photoionization mass spectrometry, fingerprint
products for revealing interaction chemistry were identified and quantified, e.g.,
nitrogenous and oxygenated intermediates. The experimental results show that the NO
concentrations are significantly affected by adding CH4/C2H4, changing NO/NO2 ratio and
pressure. Besides, the promotion of DeNOx reactions and narrower temperature windows
of NO reduction are unexpectedly observed in the presence of CH4/C2H4. To interpret the
experimental observations, a detailed kinetic model was developed by integrating
hydrocarbons/NH3/NOx interaction chemistry. Rate of production and sensitivity
analyses indicate that the active radical pool is enriched and additional chain-
branching pathways regarding NO/NO2 interconversion are activated with the addition
of hydrocarbons. In the presence of bothCH4 andC2H4, reactionC2H3 +O2 =CH2CHO+O
was demonstrated as a crucial reaction that drives the reactivity of CH4/C2H4/NH3/NO/NO2

mixture. This is explained by the production of CH2CHO, whose dissociation generates
CH2O and ultimately leads to the abundant production of active OH via the reaction
sequence CH2O → HCO → HO2 → OH. The conversion kinetics of hydrocarbons, NO
and NH3 under different NO/NO2 ratios and pressure, as well as the formation kinetics of
oxygenated and nitrogenous intermediates was also analyzed in this work.

Keywords: nitrogenous oxides, ammonia, hydrocarbons, flow reactor oxidation, kinetic modeling

1 INTRODUCTION

Modern combustion engine technologies have increasingly focused on the reduction of carbon
dioxide emissions owing to the globally tightening legislation (Johnson, 2015; Börnhorst and
Deutschmann, 2021), whereas the highly optimized engine structures and emission control
measures render it extremely difficult to further make a breakthrough on decreasing raw

Edited by:
Zhihua Wang,

Zhejiang University, China

Reviewed by:
Bin Yang,

Tsinghua University, China
Yingjia Zhang,

Xi’an Jiaotong University, China

*Correspondence:
Wenhao Yuan

yuanwh@sjtu.edu.cn

Specialty section:
This article was submitted to

Advanced Clean Fuel Technologies,
a section of the journal

Frontiers in Energy Research

Received: 04 December 2021
Accepted: 11 January 2022
Published: 28 January 2022

Citation:
Deng Y, Sun Z, Yuan W, Yang J,

Zhou Z and Qi F (2022) Exploring NH3

and NOx Interaction Chemistry With
CH4 and C2H4 at Moderate

Temperatures and Various Pressures.
Front. Energy Res. 10:828836.

doi: 10.3389/fenrg.2022.828836

Frontiers in Energy Research | www.frontiersin.org January 2022 | Volume 10 | Article 8288361

ORIGINAL RESEARCH
published: 28 January 2022

doi: 10.3389/fenrg.2022.828836

42

http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2022.828836&domain=pdf&date_stamp=2022-01-28
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
https://www.frontiersin.org/articles/10.3389/fenrg.2022.828836/full
http://creativecommons.org/licenses/by/4.0/
mailto:yuanwh@sjtu.edu.cn
https://doi.org/10.3389/fenrg.2022.828836
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2022.828836


emissions. Meanwhile, lean-operated natural gas engines are
considered as a promising technology because of their high
thermo-efficiency and comparably low pollutant emissions
(Lott and Deutschmann, 2021). Alternative concepts like
biomethane and power-to-gas technologies will endow gas
engines with outstanding potential on the way towards carbon
neutrality (Schmitt et al., 2021). Nevertheless, the excessive
engine-out emissions of methane, known with potent
greenhouse potential and liable to produce carcinogenic
formaldehyde by partial oxidation, bring new challenges to
natural gas engines (Hutter et al., 2018). Also, the presence of
nitrogen oxides (NOx) in exhaust gas deserves special attention
given its particular environmental hazard in engendering
photochemical smog and acid rain (Gasnot et al., 2012;
Piumetti et al., 2016). Hence, a highly efficient and durable
exhaust gas abatement system, commonly containing both
catalytic oxidation of unburned hydrocarbons (UHC) and
NOx reduction sections, was considered imperative (Lott and
Deutschmann, 2021). The ammonia-based selective catalytic
reduction (SCR) technology is currently widely applied for
NOx removal from gas engines benefiting from its higher
DeNOx efficiency and relatively moderate cost. However, it
must be pointed out that despite the whole DeNOx process
integrating simultaneously complex gas-phase and surface
chemistry (Vassallo et al., 1995; Tamm et al., 2009), the
probability of the gas-phase reactions between hydrocarbons,
NOx and NH3 in SCR was exclusively ignored among most of the
studies regarding exhaust gas abatement (Mejía-Centeno et al.,
2013;Wang et al., 2019; Lee et al., 2020; Jia et al., 2021; Savva et al.,
2021), especially given the recently proposed post-treatment
measures allowing the catalytic converters to be positioned
closer to the engine thus featuring much higher pressure and
temperatures (Lott and Deutschmann, 2021).

To the best of our knowledge, only limited studies have been
reported to date in terms of the homogeneous reactivities of NH3

and NOx in the presence of multiple other typical exhaust gas
constituents, mainly C1-C2 hydrocarbons like methane and
ethylene, etc. Hemberger et al. (Hemberger et al., 1994)
investigated the selective non-catalytic reduction (SNCR) of
NO by ammonia with the addition of methane and ethane in
a flow reactor over the temperature range 800–1300 K. Gasnot
et al. (Gasnot et al., 2012) performed an experimental and kinetic
study of the effect of several additives such as CH4, C2H4, C2H6,
C2H2, CH3OH, C2H5OH and CO on ammonia-based SNCR
process at temperatures of 900–1200 K. Torkashvand et al.
(Torkashvand et al., 2019) investigated hydrocarbon abatement
from the exhaust of lean-burn gas engines under ambient
pressure and pre-turbine conditions. Most recently, Schmitt
et al. (Schmitt et al., 2021) conducted flow reactor experiments
in the temperature range of 700–1200 K at atmospheric pressure
to reveal influences of individual components by adding NO2,
CH4, CO, and C2H4 sequentially to a highly argon-diluted NO/
NH3 base mixture.

The aim of the present work is to explore the impact of
methane and ethylene on the homogeneous conversion
chemistry of NOx and NH3 under near-real exhaust
conditions. With respect to this goal, the oxidation

experiments of CH4/C2H4/NH3/NO/NO2 gas mixtures were
firstly carried out in a laminar flow reactor at lean conditions,
at temperatures of 600–1400 K and pressures of 0.04–1.0 atm.
Different gas mixtures were designed to investigate the impact of
NO/NO2 ratio and pressure on the conversion kinetics of NH3,
NO and hydrocarbons. Mole fraction profiles of reactants,
products, hydrocarbon, nitrogenous and oxygenated
intermediates were evaluated by using synchrotron vacuum
ultraviolet photoionization mass spectrometry (SVUV-PIMS).
On the basis of these experiments, a detailed kinetic model
was developed to interpret the experimental results and reveal
the conversion kinetics of NH3 and NOx in the presence of CH4

and C2H4 under different conditions.

2 EXPERIMENTAL METHODS

The experimental work was conducted at the National
Synchrotron Radiation Laboratory, China. Details about the
experimental setup have been introduced in our previous work
(Qi, 2013; Zhou et al., 2016). Four experimental conditions were
selected to cover the pressure ranges from 0.04 to 1 atm, the
temperature ranges from 600 to 1400 K, and different NO/NO2

ratios. Detailed experimental conditions are listed in Table 1.
Furthermore, two gas mixture conditions in the absence and
presence of methane (Sun et al., 2021), which were reported
previously, are also summarized in Table 1 and will be discussed
in the following sections to clarify the impact of individual gas
additives on the conversion chemistry of NH3/NOx. The gas
mixtures were highly diluted in carrier gas argon with a total flow
rate of 250 standard cubic centimeters per minute (sccm) and an
average residence time of 0.6–1.4 s. Gas mixtures were fed into a
quartz flow reactor with 0.7 cm inner diameter and 40 cm heating
length. The identification and quantification of intermediate
species were achieved by using SVUV-PIMS. The calculated
uncertainties of mole fractions for species with known
photoionization cross sections (PICSs) were estimated to be
±25% and a factor of 2 for those with estimated PICSs.

3 KINETIC MODELING

The kinetic model used for the simulation was developed based
on AramcoMech 3.0 (Zhou et al., 2018), which contains a well-
established C0-C2 base mechanism. The sub-mechanism
describing NH3 oxidation as well as interaction kinetics
between C0-C2 species and NOx was taken from the work of
Glarborg et al. (Glarborg et al., 2018). In addition, rate constants
of several key reactions in the sub-mechanism of NH3, which are
mainly related to the production of NH2 and NO, have been
updated from the theoretical studies of Stagni et al. (Stagni et al.,
2020). These reactions include the dissociation of HNO and
H-abstraction reactions of NH3 by H, O, OH and HO2

radicals. The newly proposed reactions pathways of NH
radicals by Duynslaegher et al. (Duynslaegher et al., 2012),
namely the reactions of NH with O or N2O to produce N +
OH or N2 + HNO, and the reaction of NH2 with NO yielding
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N2O + H2, etc., were also implemented in the present kinetic
model. The rate constant of NH2 + O = HNO + H calculated by
Sumathi et al. (Sumathi et al., 1998) was also adopted to improve
the prediction results of NOx. The detailed updating list of the
rate constants involved in the C1-C2/NOx/NH3 sub-mechanism
has been summarized in our recent work on CH4/NH3/NOx (Sun
et al., 2021), thus not outlined here.

Meanwhile, the C1-C2/NOx/NH3 sub-mechanism has also
been further improved in the present work to describe the
interaction kinetics among hydrocarbon species, NH species
and NOx. The reaction pathways of carbonyl species such as
acrolein, acetaldehyde and ketene with NOx, and the C2H4 + NO2

channel laid out by Deng et al. (Deng et al., 2019) were included in
the present model. Also, the recombination reactions of CH3 and
NH2, together with C2H3 and NO/NO2/CN, are implemented
from the calculation results of Deng et al. (Deng et al., 2019) or by
analogy with similar reactions when available. The reaction
pathways describing the interaction chemistry between C2H2

and NOx were taken from the recent studies of Marshall et al.
(Marshall et al., 2019). Thermodynamic parameters of newly
added species such as CH3NH2CH3NO2, C2H3NO2 and
C2H3CN, etc. in the present model were taken from Glarborg
et al. (Glarborg et al., 2018) and the theoretical calculations of
Deng et al. (Deng et al., 2019). The simulation of flow reactor was
carried out by using the Plug Flow Reactor module in Chemkin-
Pro software (ReactionDesign, 2009) with the measured
centerline temperatures of flow reactor as input parameters.

4 RESULTS AND DISCUSSION

Dozens of species were detected in the oxidation of CH4/C2H4/
NH3/NO/NO2 gas mixtures and their mole fractions were
evaluated as functions of temperatures. Specifically, major
nitrogenous intermediates detected and identified in this work
include nitromethane (CH3NO2), nitroethylene (C2H3NO2),
methylamine (CH3NH2), nitrous acid (HONO) and cyanides
(HCNO). Major oxygenated intermediates detected include
formaldehyde (CH2O), methanol (CH3OH) and acetaldehyde
(CH3CHO). In the following sections, effect of CH4/C2H4 on
the NOx/NH3 homogeneous conversion chemistry will be
discussed first. Subsequently, the impacts of pressure and NO/
NO2 ratio on the kinetics of HCs/NOx/NH3 mixture will be
analyzed. Finally, the formation kinetics of nitrogenous and
oxygenated intermediates will be analyzed to reveal the unique
interactive reactions among hydrocarbons, NH3 and NOx.

4.1 Effect of CH4 and C2H4 Addition on NOx/
NH3 Conversion
Figure 1 shows the experimental and predicted mole fraction
profiles of reactants (NH3, NO, NO2 and O2) in the oxidation of
gas mixtures 1–6 (GM1-6), Figure 2 shows the experimental and
simulated mole fraction profiles of major products (N2O, N2,
H2O, CO and CO2) in the oxidation of GM1-3 and GM5-6. For all
the investigated gas mixtures, the model is capable of predicting
the temperature-dependent decomposition profiles of reactants
except for the discrepancy observed for NO in GM1 and GM4.
Regarding the major products, the model is able to reproduce the
formation of most products except that the under-estimation of
equilibrium concentration of N2 at 0.04 atm. Rate of production
(ROP) analyses have been carried out to reveal the conversion
kinetics of NOx and NH3 under different conditions. The selected
temperatures for the ROP analyses, i.e., 1239 K (GM1), 886 K
(GM2), 911 K (GM3), 1060 K (GM4) and 1239 K (GM5),
correspond to the temperature at which the conversion rate of
ammonia reaches about 50%.

Numerous previous studies (Miller and Bowman, 1989;
Glarborg et al., 2018; Okafor et al., 2018; Schmitt et al., 2021)
have concluded that reactions R1-R5 are the major reactions in
the oxidation of NH3/NOx. Figure 3 summarizes the reaction
pathways of NH3 in the oxidation of GM1-5. The results show
that regardless of whether there is the addition of hydrocarbons,
over 90% of NH3 is converted to NH2 via H-abstraction reaction
by OH. In the oxidation of NH3/NOx (GM4), reactions R2 and R4
contribute to a major part of NH2 consumption, producing N2

and nitroxide (H2NO), respectively. The remaining two reactions
R1 and R5 produce NNH and N2O, respectively. NNH and N2O
are eventually converted to N2 through single-step collision
reactions. H2NO produced from R4 is eventually converted to
NO via nitroxyl (HNO) through stepwise dehydrogenation
reactions.

NH2 +NO � NNH +OH (R1)
NH2 +NO � N2 +H2O (R2)
NO +HO2 � NO2 +OH (R3)
NH2 +NO2 � H2NO + NO (R4)
NH2 +NO2 � N2O +H2O (R5)

By examining Figure 3 one can see that the profile of NO with
temperature in GM4 has a distinct difference from that in other
mixtures, and is also different from the result observed in the
work of Schmitt et al. (Schmitt et al., 2021). To clarify the kinetics

TABLE 1 | Experimental conditions.

Gas mixture P/atm CH4/ppm C2H4/ppm NH3/ppm NO/ppm NO2/ppm O2 Ar

GM1 0.04 6,000 6,000 1,000 500 500 0.06 0.926
GM2 1 6,000 6,000 1,000 500 500 0.06 0.926
GM3 (Sun et al., 2021) 1 6,000 0 1,000 500 500 0.06 0.932
GM4 (Sun et al., 2021) 1 0 0 1,000 500 500 0.06 0.938
GM5 0.04 6,000 6,000 1,000 800 200 0.06 0.926
GM6 1 6,000 6,000 1,000 800 200 0.06 0.926
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behind it, ROP analyses were performed at low- to high-
temperatures (860, 1,162 and 1316 K). The results indicate
that the initial increase of NO at the temperature of 863 K is
mainly caused by the decomposition of nitrous acid (HONO),
followed by the interconversion reaction R4. HONO is produced
through the reaction sequence NH2 → H2NO → HNO (+NO2)
→ HONO. Over the temperature range of 900–1100 K, the
concentration of NO has only a slight change, generally
because the thermal DeNOx reactions R1 and R2 proceed
rather slow over this temperature range. When the
temperature increases above 1100 K, NO is quickly consumed
via the thermal DeNOx reactions R1 and R2. As the temperature
increases up to 1300 K, a second rise of NO concentration with
temperature is observed. ROP analysis results show that reaction
R6 is the dominant reaction that contributes to the formation of
NO at temperatures above 1300 K.

NO2 +H � NO +OH (R6)

In comparison with the oxidation of NH3/NOx (GM4), no
noticeable change was observed for the initial conversion
temperatures of NH3 and NOx in the oxidation of CH4/NH3/
NOx (GM3). However, in the presence of both CH4 and C2H4

(GM2), the initial conversion temperatures of NH3 and NOx are
found around 50 K lower than those in the oxidation of NH3/
NOx, as seen in GM2, 3, 4 in Figure 1. By comparing GM2, GM3,
GM4 and GM6, it can be also concluded that the addition of
hydrocarbons promotes the consumption rate of NH3, NO2 and
O2, i.e., for GM2, GM3 and GM6, NH3, NO2 and O2 are quickly
consumed over a narrow temperature range, while for GM4, the
temperature regime is much wider.

The comparison of experimental and simulated mole fraction
profiles of CH4 and C2H4 in GM1-3 and GM5-6 is illustrated in
Figure 4. As expected, the initial conversion temperatures, as well
as reaction temperature regime of CH4 and C2H4 are noticeably
affected by the NO/NO2 ratio and the pressure. To elucidate the
effect of CH4/C2H4 addition on NO reduction, sensitivity analysis

FIGURE 1 | Experimental (symbols) and simulated (lines) mole fraction profiles of ammonia (NH3), nitric oxide (NO), nitrogen dioxide (NO2) and oxygen (O2) from the
oxidation of GM1-6. Experimental data of GM3-4 are taken from the work of Sun et al. (Sun et al., 2021).
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on NO was also performed for GM1-4 and the results are
summarized in Figure 5, a negative sensitivity coefficient
indicates the promoting effect on NO consumption. As seen
in Figure 5D, the competing reactions R1 and R2 show
considerable sensitivity to NO consumption in GM4. Other
sensitive reactions include chain-branching reactions
promoting the formation of active radical pool along with
those related to NO/NO2 interconversion.

In the oxidation of CH4/NH3/NOx mixture (GM3), the
concentration of NO has a first rise at a lower temperature ( ~
860 K), and then it quickly decreases at the temperature around
911 K (Figure 1J). As the temperature increases to 1080 K, the
concentration of NO has a second rise. According to the ROP
analyses, the first rise of NO concentration is attributed by the
reaction of CH3 and NO2 (R7). The reduction of NO between
911–1080 K is attributed by the thermal DeNOx reactions (R1
and R2), the interaction between NO and HO2 (R3), and the
reaction of CH3O with NO (R8). The second rise of NO at higher
temperatures is attributed by the reaction R6, which is the same as
that in the oxidation of GM4. The sensitivity analyses shown in
Figure 5C again illustrate the crucial role of reactions R7 and R8,
i.e., converting the relatively inactive CH3 and CH3O2 into highly
active and unstable CH3O radicals. The decomposition of CH3O
radical initiates the chain-branching reaction by replenishing the
active radical pool to a major extent via the reactions CH3O(+M)
= CH2O + H(+M) and H + O2 = OH + O. In addition, another
consumption pathway of CH3O, i.e., CH3O + O2 = CH2O + HO2,

produces HO2 of lower reactivity and competes with the above-
mentioned direct dehydrogenation channel, thus exhibiting
negative sensitivity to the reduction of NO.

CH3 +NO2 � CH3O +NO (R7)
CH3O2 +NO � CH3O +NO2 (R8)

In the presence of both CH4 and C2H4 (GM1-2, GM5-6), the
reaction network becomes more complex. Base on the ROP
analysis, the reaction scheme is summarized in Figure 6. It
should be noted that for all the four gas mixtures the major
reaction pathways are similar, while the reaction flux is different.
In the case of CH4/C2H4 addition, the mole fraction profiles of
NO in GM2 also show multiple extreme points. ROP analyses at
835, 860, 911, and 985 K suggests that the occurrence of the first
maximum and minimum points of NO mole fraction is the same
as GM3 in terms of the kinetic interpretation, while the following
attenuation of NO is dominated by the oxidation reaction with
HO2 (R3), while other reactions have little impacts on it.
Additionally, for the low pressure case of GM1 (0.04 atm), the
reduction of NO is not sensitive to the recombination of methyl
or vinyl group with NO2, which is in clear contrast to GM2.

According to the ROP analyses, CH4 mainly proceeds the
H-abstraction reaction initiated by OH to produce CH3, which is
further oxidized by NO2 or HO2 producing methoxyl, or
undergoes the recombination reactions with NO2, O2 and
CH3. Particularly, the recombination reaction of CH3 and NO2

FIGURE 2 | Experimental (symbols) and simulated (lines) mole fraction profiles of nitrous oxide (N2O), nitrogen (N2), water (H2O), carbonmonoxide (CO) and carbon
dioxide (CO2) from the oxidation of GM1-3, GM5 and GM6. Experimental data of GM3 are taken from the work of Sun et al. (Sun et al., 2021).
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(R9) is a major reaction that inhibits the reduction of NO, as can
be seen in Figure 5B, while the competing oxidizing reaction R7
is the dominant reaction that promotes the consumption of NO.
CH3O subsequently decomposes to CO through CH2O and HCO
via the stepwise H-elimination process, CO is mainly converted
to CO2 via the reaction CO + OH = CO2+H.

CH3NO2(+M) � CH3 +NO2(+M) (R9)

At low pressure, the consumption of C2H4 mainly undergoes the
H-abstraction reaction by OH, giving vinyl radical (C2H3). At
atmospheric pressure, OH-addition reaction producing 2-
hydroxyethyl (PC2H4OH) also becomes important. PC2H4OH
prefers to add O2 to form O2C2H4OH, which further dissociates
into two formaldehyde molecules via the C-C bond fission reaction.
The consumption pathways of C2H3 are more complex than those of
PC2H4OH.On one hand, C2H3 can addO2 orNO, followed by β-C-C
scission reaction and finally produce formaldehyde. On the other
hand, it can take an O atom from O2 (R10) or NO2 (R11) to form
vinoxy (CH2CHO). Besides, part of C2H3 undergoes recombination
reactionwithNO2 (R12) and this reaction is themost sensitive reaction
that promotes the reduction of NO at 1 atm, as shown in Figure 5B.
Reaction R12 is a typical competitive reaction of R7 (CH3 + NO2 =
CH3O + NO), which is the most sensitive reaction that inhibits the
reduction ofNO.Therefore, in the presence of bothCH4 andC2H4, the
role of CH4 and C2H4 on the reduction of NO is opposite. This can be
also proved by the extremely slight change of NO reduction ratios as
well as the DeNOx temperature windows of GM2 and GM3 shown in
Figure 1. Although the subsequent reaction of ethylene also involves
interaction reactionswithNOx, the proportion of this interaction is not
appreciable (mostly less than 5%).

C2H3 + O2 � CH2CHO +O (R10)
C2H3 +NO2 � CH2CHO +NO (R11)
C2H3NO2 � C2H3 + NO2 (R12)

As a key intermediate produced from the interaction between
C2H4 and NOx, CH2CHO can either react with O2 to produce
CH2O, or produce ketene (CH2CO) viaH-abstraction reaction by
NO2. It is noteworthy that CH2O is also a major decomposition
product of CH3O. As a result, CH2O is an abundant product in
the oxidation of CH4/C2H4/NOx/NH3 mixtures at atmospheric
pressure The decomposition of CH2O eventually produces active
OH via the reaction sequence CH2O (+OH/H/O) → HCO (+O2) →
HO2 (+NO)→OH and thereby promote the reactivity. The ketenyl
(HCCO) radical produced by CH2CO can either be directly
converted to CO and CO2, or proceed the reactions with NO/
NO2 leading to the formation of HCNO. A majority of HCNO
undergoes the reaction with OH yielding CO, the remaining part
decomposes to CO via the HCO as intermediate.

In general, the addition of CH4/C2H4 at lean conditions
promotes the formation of reactive radicals, thereby enhancing
the global reaction reactivity. In addition, additional chain-
branching pathways that consume NO are introduced due to
the formation of CH- or CHO- type radicals such as CH3O. As a
result, in the presence of CH4/C2H4, the NO conversion
temperature regime is narrower than that in the oxidation of
NH3/NOx, which is in agreement with the conclusions of
Glarborg et al. (Glarborg et al., 2018).

4.2 Effects of NO/NO2Ratio and Pressure on
HCs/NOx/NH3 Kinetics
4.2.1 CH4 and C2H4

As can be observed in Figure 4, when NO/NO2 ratio increases
from 1 to 4, the initial decomposition temperature of C2H4 is only

FIGURE 3 | Major reaction paths of NH3 in the oxidation of GM1, GM2,
GM3, GM4, GM5 and GM6.
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slightly changed, while the initial decomposition temperature
of CH4 is decreased by around 50 K. As pressure increases
from 0.04 to 1 atm, the initial decomposition temperatures of
CH4 and C2H4 are decreased by around 150–400 K. ROP and
sensitivity analyses have been performed to clarify the
influence of NO/NO2 ratio and pressure on the conversion
kinetics of CH4 and C2H4. Figure 7 displays the sensitivity
analysis results of CH4 and C2H4 in the flow reactor oxidation
of GM1, GM2, GM5 and GM6 at 1239, 886, 1239, and 886 K,
respectively. It can be seen that the dominant reactions have
not changed significantly as the NO/NO2 ratio increases from
1 to 4, indicating that the NO/NO2 ratio has little effect on the
conversion kinetics of CH4 and C2H4.

FIGURE 4 | Experimental (symbols) and simulated (lines) mole fraction profiles of methane (CH4) and ethylene (C2H4) in the oxidation GM1, GM2, GM5 and GM6.

FIGURE 5 | Sensitivity analysis of NO during the flow reactor oxidation of GM1, GM2, GM3 and GM4 at 1213, 860, 911, and 1188 K, respectively. Negative
sensitivity coefficients indicate promotion to NO consumption.

FIGURE 6 | Major reaction paths of CH4 and C2H4 in the oxidation of
GM1, GM2, GM5 and GM6 at 1239, 886, 1239, and 886 K, respectively.
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In contrast to NO/NO2 ratio, the change of pressure has
significant effect on the dominant reactions of CH4 and C2H4

consumption. As seen in Figure 7, at low pressure, the typical
chain-branching reaction H + O2 = OH + O is the most
sensitive reaction promoting the consumption of CH4 and
C2H4. The reaction CH3+NO2 = CH3O + NO is also identified
as a sensitive promoting reaction. This does not seem
surprising since this reaction and the following
decomposition reactions of CH3O have been already
identified as one of the most important reactions that
initiate the production of radical pool. At atmospheric
pressure, H-abstraction reaction of C2H4 by OH is
identified as the dominant reaction responsible for the
consumption of both CH4 and C2H4. H-abstraction
reaction of CH4 by OH is observed as a promoting reaction
for CH4 consumption but an inhibiting reaction for C2H4

consumption. This indicates that OH plays a key role in
controlling the global reactivity. The O2-addition reaction
of C2H3 is also a sensitive promoting reaction for CH4 and
C2H4 consumption. As discussed above, the decomposition of
CH2CHO produced from this reaction readily generates
CH2O, whose further decomposition reaction produces
HCO as major products.

4.2.2 NH3 and NO
Figure 8 depicts the sensitivity analysis results of NH3 during the
flow reactor oxidation of GM1, GM2, GM5, and GM6 at 1239,
886, 1239, and 886 K, respectively. Similar to CH4 and C2H4, the
dominant reactions for NH3 consumption are almost identical at
different NO/NO2 ratios. At low pressure (0.04 atm), the most
sensitive reaction for NH3 conversion is H + O2 = O + OH owing

to the relatively higher temperatures. At atmospheric pressure,
H-abstraction reaction by OH controls the decomposition of
NH3. Reaction C2H4 + OH = C2H3 + H2O and reaction C2H3 +
O2 = CH2CHO also play a key role in the conversion of NH3

regardless of low and atmospheric pressure, the latter reaction is
closely related to the abundant production of CH2O which
ultimately dominates the yield of OH. Under both low and
atmospheric pressure, the H-abstraction reaction of CH4 by
OH always plays the role that inhibits the conversion of NH3,
since CH4 and its decomposition products strongly compete for
the active radical pool (OH/O/H).

As can be observed in Figure 1, the maximum conversion
ratio of NO increases as NO/NO2 ratio increases. Besides, the
impact of pressure on the conversion of NO is also significant. At
atmospheric pressure the conversion ratio of NO increases (from
9% in GM2 increased to 45% in GM6) as NO/NO2 ratio increases
from 1 to 4. However, at low pressure (0.04 atm) the
concentration of NO is found to go up with increasing
temperature, i.e., at the same NO/NO2 ratio, the fall of
pressure directly inhibits the reduction of NO. In the
oxidation experiment on CH4/NO/NO2 carried out by Sahu
et al. (Sahu et al., 2021), it is also found that the initial NO
fraction needs to approach a certain level to enhance the reactivity
of the mixture, or else the low level of NO would act as an
inhibitor. This non-monotonous sensitization impact of NO is
attributed to the antagonism between chain-terminating reaction
CH3 + NO2 (+M) = CH3NO2 (+M) and chain-branching process
CH2O +HO2 =HCO+H2O2, H2O2(+M) =OH+OH(+M). Sahu
et al. pointed out that when the initial concentration of NO is
high, more CH2O and HO2 are produced, thus leading to the
transition to chain-branching process.

FIGURE 7 | Sensitivity analysis on CH4 and C2H4 consumption during the flow reactor oxidation of GM1, GM2, GM5 and GM6 at 1239, 886, 1239, and 886 K,
respectively.
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4.3 Formation of Major Products and
Intermediates
N2 and N2O are two major nitrogenous products observed in the
present work. As seen in Figure 2, the present model can capture
the profiles of N2 at atmospheric pressure, while highly under-
predicts its formation at low pressure. Base on the sensitivity
analysis, the formation of N2 is controlled by reaction R7 (CH3 +
NO2 = CH3O + NO). However, the kinetics of CH3 + NO2 under
low pressure remains controversial despite certain studies
available in the literature (Yamaguchi et al., 1999; Srinivasan
et al., 2005; Glarborg et al., 2018). Therefore, the under-
estimation of N2 at low-pressure may be attributed to the
under-estimation of the rate constant of R7 at higher
temperatures.

Glarborg et al. (Glarborg et al., 2018) mentioned that one of
the disadvantages of SNCR with urea lies in the formation and
possible emission of N2O, which is a harmful gas destroying
ozone layer. In the present experiments, N2O has been observed
to form in the order of tens of ppm on average over a wide
temperature range. ROP analysis shows that almost all of N2O is
produced from reaction R5 (NH2 + NO2 = N2O + H2O) at

atmospheric pressure, while at low pressure the reaction NH +
NO = N2O + H controls the formation of N2O. In the work of
Alzueta et al. (Alzueta et al., 2021), few ppm of N2O formation
was also detected in the flow reactor oxidation experiment of
NH3/NO, and the reaction N2H2 + NO = NH2 + N2O was
considered as dominant reaction for N2O formation. However, in
the present work the contribution of this pathway is found almost
negligible (<1%) for N2O formation.

Figure 9 illustrates the experimental and simulated mole
fraction profiles of CH3OH, CH2O and CH3CHO in the
oxidation of GM1, GM2, GM5 and GM6. Among them,
CH2O is the most abundantly produced. ROP analysis shows
that the reaction CH3O(+M) = CH2O +H(+M) dominates CH2O
formation independent of pressure and NO/NO2 ratio. The
production of CH2O is derived from either methane- or
ethylene-related oxidation steps. At atmospheric pressure,
these two parts account for almost half of each, while at low
pressure due to the activation of the additional formaldehyde
generation path, CH3 + O = CH2O + H, the part derived from
methane occupies about 70%. The concentration of CH2O at low
pressure peaks at a relatively high temperature of 1200 K,
demonstrating that at this temperature it is sufficient to
overcome the energy barrier of the reaction between CH3 and O.

In regard to acetaldehyde (CH3CHO), its production is closely
related to ethenol (C2H3OH). At atmospheric pressure a majority
of CH3CHO is produced via the reaction C2H3OH + NO/NO2 =
CH3CHO + NO/NO2. At low pressure, most of CH3CHO is
formed from the isomerization of ethenol. As an unstable reactive
intermediates, C2H3OH is primarily generated from the reaction
C2H4 + OH = C2H3OH + H, and partly from the reaction C2H4 +
OH = CH3CHO + H. As for methanol, the yield observed in the
experiment is not notable, mainly deriving from the
H-abstraction of CH3O from HO2 or CH2O, or through the
recombination of CH3 and OH.

Figure 10 displays the experimental and simulated mole
fraction profiles of HCNO and HONO in gas mixtures of
GM1, GM2, GM5 and GM6. HCNO is a key nitrogenous
intermediate produced from the interaction of hydrocarbons
and NOx under high temperature and reducing conditions in
reburning chemistry, where nitric oxides are converted into
cyanides and isocyanides by reactions with multiple
hydrocarbon-derived radicals such as CH3,

3CH2, and HCCO.
Under the excess oxygen condition investigated in this work, part
of the contribution of hydrocarbon derivatives to NO reduction is
found mainly through the reactions R13-R15.

C2H3 +NO � HCN + CH2O (R13)
CHCHO +NO � HCNO + CO +H (R14)
HCCO + NO � HCNO + CO (R15)

The above reactions contribute less than 1% to NO reduction at
atmospheric pressure, but at low pressure, it approaches around
9%. Consequently, although the addition of CH4/C2H4 enriches
the free radical pool and promotes the reactivity of the NH3/NO/
NO2 mixture, its direct contribution to NO reduction is still
negligible compared to the thermal DeNOx reactions (R1-R5).
Furthermore, R13-R15 mostly feed into the cyanide pool (HCN,

FIGURE 8 | Sensitivity analysis on NH3 consumption during the flow
reactor oxidation of GM1, GM2, GM5and GM6 at 1239, 886, 1239, and
886 K, respectively.
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FIGURE 9 | Experimental (symbols) and simulated (lines) mole fraction profiles of methanol (CH3OH), formaldehyde (CH2O) and acetaldehyde (CH3CHO) in the
oxidation of GM1, GM2, GM5 and GM6.

FIGURE 10 | Experimental (symbols) and simulated (lines) mole fraction profiles of HCNO and nitrous acid (HONO) in the oxidation of GM1, GM2, GM5 and GM6.
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HCNO), while the subsequent consumption of HCNO through
R16 and R17 recycle NO with the dissociation of H2NO/HNO,
which complicates the process of HCNO kinetics on NO
reduction.

HCNO + OH � H2NO + CO (R16)
HCNO + OH � HNO +HCO (R17)

Apart from HCNO, nitrous acid (HONO) was also detected in
the experiment, as seen in Figure 10. HONO is mainly produced
from the H-abstraction reactions of CH2CHO and H2NO by
NO2. HONO majorly undergoes N-O bond fission to yield NO
and OH, thus the HONO participated reactions belong to
sensitivity reactions for the consumption of NH3, NO, CH4

and C2H4.
Figure 11 shows the measured mole fractions of CH3NH2,

CH3NO2, C2H3CN, C2H3NO and C2H3NO2 in the oxidation of
GM1, GM2, GM5 and GM6. The identification of these species
provides key evidence for the direct recombination reactions of
CH3, C2H3 with NH2, NOx, CN, i.e., CH3NO2 is the product from
the reaction of CH3 with NO2, while C2H3CN is produced from
the reaction of C2H3 with CN. Nevertheless, these species are
beyond the focus of the present study, thus only a brief
description is given herein.

As can be observed in Figure 11B, CH3NO2 is the most
abundantly produced nitrogenous intermediates at 1 atm.
CH3NO2 mainly decomposes to CH2O and NO via CH2NO2

as intermediate. CH3NH2 can be observed at both 0.04 and 1 atm
and it is mainly formed from the recombination of CH3 with
NH2. The decomposition of CH3NH2 finally gives HCN via
sequential dehydrogenation reactions CH3NH2 →CH2NH2 →
CH2NH → HCNH/H2CN → HCN. The oxidation of HCN

produces NO, N2 and CO as major products under fuel-lean
conditions. The decomposition of species produced from the
reactions of C2H3, such as C2H3CN, C2H3NO and C2H3NO2, also
proceed through the stepwise H-elimination reaction, leading to
the production of C2H2, CN and NO. C2H2 and CN are finally
converted into CO and NO through sequential oxidation
reactions. Because the consumption pathways of these
nitrogenous intermediates are still not well understood, the
present model is not able to reproduce their mole fraction
profiles. More experimental and theoretical studies are
deserved to achieve a better interpretation of the interaction
kinetics between hydrocarbon radicals with NH, CN radicals
and NOx.

5 CONCLUSION

The present work has focused on two aspects with the aim to
reveal the NH3 and NOx interaction chemistry with CH4 and
C2H4 at moderate temperatures and various pressures. First,
speciation profiles of reactants, products, nitrogenous and
oxygenated intermediates were obtained by using synchrotron
vacuum ultraviolet photoionization mass spectrometry. Second, a
detailed kinetic model integrating HCs/NH3/NOx interaction
chemistry was developed and applied to interpret the
experimental observations. Rate of production and sensitivity
analyses were performed to analyze the conversion chemistry of
NOx and NH3 in the presence of hydrocarbons.

The experimental results show that the addition of CH4 and
C2H4 promotes the conversion of NO and NH3 at atmospheric
pressure in terms of decreasing the initial conversion temperature
and narrowing the reaction temperature range. The analysis
results indicate that CH4/C2H4 addition at atmospheric
pressure promotes DeNOx-related reactions mainly by
enriching the radical pool. Besides, additional chain-branching
pathways that convert NO2 to NO are introduced due to the
production of CH3O radical. Reaction C2H3 + O2 = CH2CHO +
O is found to play a key role in driving the reactivity of CH4/
C2H4/NH3/NO/NO2 mixture at all the investigated conditions,
generally because the further decomposition of CH2CHO
generates CH2O, which eventually produce OH abundantly via
the reaction sequence CH2O → HCO → HO2 → OH.

The NO/NO2 ratio is found to have only a slight impact on the
conversion of CH4, C2H4, NH3 and NO from the experimental
observations, while the change of pressure has significant
impacts. Regarding the oxygenated and nitrogenous
intermediates, formaldehyde and nitromethane are observed as
the most abundantly produced oxygenated and nitrogenous
intermediates, respectively. The identification of nitrogenous
intermediates such as methylamine, nitromethane, vinyl
cyanide, nitrosoethylene and nitroethylene provides key
evidence for the direct recombination reactions of
hydrocarbon or hydrocarbon radicals with NOx, NH2 or CN.
The new data and corresponding analyses are expected to provide
valuable information for understanding the complex gas phase
reactions in the exhaust gas as well as an extension of the kinetic
model of HCs/NH3/NOx reaction systems.

FIGURE 11 | Experimental mole fraction profiles of methylamine
(CH3NH2), nitromethane (CH3NO2), vinyl cyanide (C2H3CN)nitrosoethylene
(C2H3NO) and nitroethylene (C2H3NO2) in the oxidation of GM1, GM2, GM5
and GM6.
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Experimental and Numerical Study on
the Combustion Characteristics of a
Laminar Non-Premixed Methane Jet
Flame in Oxygen/Carbon Dioxide
Coflow
Fan Zhang1, Xing Li2,3,4*, Shengrong Xie2,5, Junxiong Wang2 and Xiaohan Wang2

1School of Mechanical and Electric Engineering, Guangzhou University, Guangzhou, China, 2Guangzhou Institute of Energy
Conversion, Chinese Academy of Sciences, Guangzhou, China, 3Dalian National Laboratory for Clean Energy, Dalian, China,
4Department of Energy and Mechanical Engineering, Hunan Institute of Humanities, Science and Technology, Loudi, China,
5University of Chinese Academy of Sciences, Beijing, China

The combustion characteristics of laminar non-premixed CH4 jet flame in an O2/CO2

coflows with different oxygen mole fractions were studied experimentally. The flame
heights at different oxygen concentrations and fuel jet velocity were obtained. The
experimental observation shows that the luminosity of the CH4 jet flame in O2/CO2

coflow is different from that of the flame in air stream. A two-dimensional numerical
study of a laminar non-premixed CH4 jet flame in the O2/CO2 coflow with the O2 mole
fraction of 0.35 was conducted to analyze the effects of CO2 dilution on the flame. The
distribution of OH radicals in the flame was measured experimentally using planar laser-
induced fluorescence (PLIF) to validate the computational method adopted in this work,
and the computational and experimental results of the OH distributions showed good
consistency at various fuel flow velocities. Three artificial species were created in the
numerical experiment to analyze the effects of the chemical reactions, third-body collisions,
and transport properties of CO2 on the height, width, and temperature distribution of the
flame. The results showed that CO2 participation in chemical reactions exerts significant
effects on the flame. However, the influences of the third-body effects and transport
properties of CO2 on the jet flame are unremarkable. The global reaction pathways and
distributions of important species in the laminar non-premixed CH4 jet flame were analyzed
in detail to investigate the influence mechanisms of CO2 on the flame height and
temperature. The entire flame can be divided into two oxidation parts, which
separated by the boundary of the HCCO. The H, O, and OH concentrations and
distributions in different parts of the flame were influenced by CO2 dilution, resulting in
different flame heights and temperature distributions.

Keywords: non-premixed laminar jet flame, O2/CO2 coflow, chemical effect, third-body effect, transport property
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INTRODUCTION

The reduction of CO2 emissions during fossil fuel utilization is an
important task for human society. The injection of purified CO2

from flue gas into underground reservoirs is believed to help
achieve this goal (Buhre et al., 2005; Wall, 2007). However, CO2-
rich flue gas is required to increase the efficiency and economy
during carbon capture and storage. Several new advanced
combustion technologies that use O2/CO2 as an oxidizer, such
as oxy-fuel combustion technology (Buhre et al., 2005; Wall,
2007; Hjärtstam et al., 2009; Rathnam et al., 2009; Scheffknecht
et al., 2011; Taniguchi et al., 2011; Chen et al., 2012; Dhaneswar
and Pisupati, 2012; Luo et al., 2015; Moroń and Rybak, 2015; Liu
et al., 2016; Ge et al., 2017; Seddighi, 2017; Menage et al., 2018;
Zhang et al., 2018), moderate or intense low-oxygen dilution
(MILD) oxy-combustion (Li et al., 2013; Tu et al., 2015; Mardani
and FazlollahiGhomshi, 2016; Mao et al., 2017; Gładysz et al.,
2018), gaseous fuel-fired oxy-fuel combustion technology (Yin
et al., 2011; Seepana and Jayanti, 2012a; Seepana and Jayanti,
2012b; Oh et al., 2013a; Oh et al., 2013b; Oh and Noh, 2013; Oh
and Noh, 2014; Giménez-López et al., 2015; Oh and Noh, 2015;
Oh and Hong, 2016; Bürkle et al., 2018), and high-temperature
oxygen combustion technology (Li et al., 2014; Li et al., 2015; Li
et al., 2016), have been developed to meet this requirement.
However, many other challenges must be solved before these
combustion technologies can be widely adopted in the industry,
since the differences in the physical properties and chemical
characteristics of CO2 and N2 can lead to important distinctions
in flame structure. More information on the combustion
characteristics of different fuels in various O2/CO2

environments must be obtained for the development of new
combustion approaches.

Experimental and numerical studies on the fundamental
combustion characteristics of O2/CO2-fired flames have been
conducted previously. The effect of CO2 on the free-
propagation speed of laminar premixed CH4/O2/CO2 flames
was investigated numerically (Liu et al., 2003). The speeds of
laminar CH4/O2/CO2 flames at different equivalence ratios and
pressures were measured and computed (Xie et al., 2013). The
CH4 oxidation under CO2-rich conditions has also been
investigated using an atmospheric pressure flow reactor
(Glarborg and Bentzen, 2008). The effects of environmental
pressure (Maruta et al., 2007) and oxidizer temperature (Li
et al., 2014) on the stretch extinction characteristics of CH4/
CO2 versus O2/CO2 counterflow non-premixed flames have been
studied through experiments and numerical computations. The
ignition temperature of a stoichiometric CH4/O2/CO2 mixture
was examined by using a micro flow reactor with a controlled
temperature profile (Li et al., 2015). The fundamental studies (Liu
et al., 2003; Maruta et al., 2007; Glarborg and Bentzen, 2008; Xie
et al., 2013; Li et al., 2014; Li et al., 2015; Li et al., 2016) show that
CO2 exerts an inhibitory effect on flames. Consequently, a higher
oxygen concentration is recommended for the O2/CO2-fired
flames to achieve a comparable combustion characteristics as
the air flames.

The previous fundamental studies have provided an essential
understanding of flames in O2/CO2 environments (Liu et al.,

2003; Maruta et al., 2007; Glarborg and Bentzen, 2008; Xie et al.,
2013; Li et al., 2014; Li et al., 2015; Li et al., 2016). However, the
three-dimensional structures of flames in O2/CO2, which are
important for the development of industrial burner, deserves
more attention. The combustion characteristics of turbulent
premixed CH4/air/CO2 and CO/H2/CO2/O2 flames was
investigated experimentally (Kobayashi et al., 2007; Kobayashi
et al., 2009; Wang et al., 2013). And it was observed that local
wrinkled structures become sharp and propagate deeply into the
burned mixture with addition of CO2. It was also proposed that
CO2 addition is effective for restraining combustion oscillation
(Kobayashi et al., 2007). Experimental studies of the swirl-
stabilized turbulent CH4/air and CH4/O2/CO2 flames show
that the average length of air flames is longer than that of
oxy-flames. Moreover, it was found that one-dimensional
laminar flame properties could not be used to explain the
intense burning of turbulent oxy-flames (Watanabe et al., 2016).

Recently, the influences of CO2 on the combustion
characteristics of multidimensional flames has been studied in
detail. The physical and chemical effects of CO2 dilution on a
CH4/H2 jet flame in the MILD oxy-combustion regime have been
investigated using two-dimensional numerical computations
with a detailed kinetic mechanism (Tu et al., 2016; Tu et al.,
2017). It was found that the chemical effects of CO2 play a
comparable role in the suppression of temperature rise to the
physical effects (Tu et al., 2016). The influences of CO2 dilution
on the shape and structure of laminar CO/H2 diffusion flames in
an O2/N2/CO2 coflow was examined (Xu et al., 2017), and the
chemical effects of the thermal and transport properties of CO2

on the flames were discussed in detail. The previous numerical
studies provide important information on the effects of CO2

under MILD (Tu et al., 2016; Tu et al., 2017) and syngas (Xu et al.,
2017) combustion regimes. However, the effects of CO2 on the
flame shape and temperature distribution of gaseous-fuel-fired
flames in an O2/CO2 environment with a high O2 concentration
needs special attention and was not clarified.

The target of the present work is to study on the combustion
characteristics of laminar non-premixed methane jet flames in
oxygen/carbon dioxide coflows. The laminar flame heights at

FIGURE 1 | Schematic of the experimental system.
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different oxygen concentrations were measured by experiments.
The OH distributions of typical laminar methane jet flames in a
O2/CO2 coflow were measured by OH-PLIF technique. Two-
dimensional numerical computations with a detailed kinetic
mechanism were conducted, and three artificial species
modified from CO2 were employed in the numerical
experiment to clarify the effects of CO2. The influences
through the chemical reactions, third-body collisions, and
transport properties of CO2 on the combustion characteristics
of a laminar non-premixed CH4 jet flame in an O2/CO2

environment with a high O2 concentration was distinguished
in detail.

EXPERIMENT

Experimental Setup and Method
Figure 1 shows a schematic diagram of the experimental system.
The jet-flame experimental apparatus includes three parts,
namely, a quartz tube, a fuel tube, and a stainless-steel
chamber. The length and height of the rectangular quartz tube
are 10 and 60 cm, respectively, and the wall thickness is 4 mm.
The fuel stream was supplied through a stainless-steel tube with
an inner diameter (d) of 1 mm and a length of 15 cm. The fuel
tube was installed at the center of a rectangular quartz tube. The
rectangular quartz tube and the stainless-steel chamber were
connected together, and a ceramic honeycomb (diameter,
12 cm; height, 10 cm) and ceramic beads (diameter, 2 mm)
were arranged in the stainless-steel chamber to achieve a
uniform coflow velocity. A well-mixed O2/CO2 stream was fed
into the rectangular quartz tube from the bottom of the chamber.
Three MKS digital mass flow controllers were employed to
control the volumetric flow rates of gases, and a wet gas meter
(Shinagawa, W-NK-2) was used to calibrate the digital mass flow
controllers. The rectangular quartz tube was adopted in the
experiment because it is convenient for optical measurements.
In addition, the similarity of non-premixed laminar CH4 jet
flames in a circular tube with an inner diameter of 9.2 cm to
those in a rectangular quartz tube has been confirmed by
preliminary experiment. The laminar CH4 jet flames in O2/
CO2 colfows with different oxygen mole fractions (XO2 = 0.30,
0.35 and 0.40) were tested by the present experimental system.

A single-lens reflex digital camera (Nikon D-610, f/4) was
fixed in front of the flame to record the flame images. The ISO and
exposure time were set as 1,250 and 1/40 s, respectively. The
qualitative distribution of OH radicals in laminar non-premixed
CH4 jet flames in an O2/CO2 coflow was measured using the OH-
PLIF technique. The experimental apparatus was fixed on a lifter
with a scale which can adjust the position of the flame.
Consequently, the OH distribution of the different parts of the
flame can be measured. The distribution of OH radicals at the
center plane of the flame was measured by the OH-PLIF system.
A beam with a wavelength of 355 nm was provided by a Nd:YAG
laser (Quanta-Ray Pro-230). This beam was then transformed
into a new laser beam by a dye laser (Sirah PSCAN-G-30) to
excite the OH radicals in the flame. The wavelength of the dye
laser beam was around 283.565 nm for the present OH-PLIF

system. And the height of the laser sheet was about 40 mm and
the thickness was less than 100 μm at the location of the flame. An
ICCD camera (LAVISION VC-IRO and VC-Imager Pro X 4M)
with an OH filter was used to obtain the OH image of the flame.
The finest pixel resolution of the ICCD camera at the flame
position was approximately 50 µm. A detailed description of the
OH-PLIF system and the selected wavelength is provided
elsewhere (Li et al., 2017). Raw OH-PLIF images were directly
used for qualitative comparison with the numerical results
because the measured OH intensity is proportional to the
computational OH molar concentration within a 10% error
(Yamamoto et al., 2009). The OH-PLIF results at each fuel
flow velocity were averaged from every 100 OH-PLIF images.
As the length of the laser sheet at the location of the flame was
approximately 40 mm, which cannot cover the overall scope of
the flame, the OH distributions in different parts of the flame
were measured by adjusting the height of the experimental
apparatus. The overall OH distribution of a jet flame was
assembled from the OH distributions at different parts of
the flame.

Experimental Results
The flame height and width which are determined by oxygen
concentration and fuel flow rate are important parameter for the
design of the industrial burner. Consequently, the laminar CH4

jet flames in O2/CO2 coflows with oxygen mole fractions (XO2) of
0.30, 0.35 and 0.40 were studied experimentally. The coflow
velocity was kept at 0.1 m/s for different cases. The laminar
CH4 jet flames in the air coflow were also tested for the
comparison. The images of CH4 laminar jet flames in the O2/
CO2 coflow (XO2 = 0.35) with different fuel jet velocities are
shown in Figure 2. It can be seen that the flame height of the
laminar CH4 jet flame increase linearly with the fuel velocity
when the O2/CO2 is used as the oxidizer.

FIGURE 2 | The images of CH4-jet-flames in O2/CO2 coflows with an
oxygen mole fraction of 0.35. (The number on the top denotes the
corresponding fuel flow velocity in the unit of m/s).
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The experimental results in Figures 2, 3 show that the
luminosity of the flame in the O2/CO2 coflow is different from
that of the laminar CH4 jet flame in air. Both the laminar CH4 jet
flames in the air and O2/CO2 coflows can be divided into two
sections, bottom and top partitions, based on the flame
luminosity. The bottom section of the flame is dominated by
the blue color luminosity, while the top partition of flame shows
orange and yellow colors for the flame in O2/CO2 and air
respectively. It can be seen that the bottom section of the
flame with O2/CO2 coflow show dark blue color, however, the
flame in air is more bright. The luminosities of the laminar CH4

jet flames in O2/CO2 and air coflows suggests that the effect of
CO2 on the flame structure is remarkable, which needs further
investigation.

The flame height of laminar CH4 jet flames in O2/CO2 (XO2 =
0.30, 0.35 and 0.40) and air coflows were measured, as shown in

Figure 4. It can be seen that the flame height is smoothly
decreased as the increase of oxygen mole fraction. The flame
in air is taller than those of the flames in O2/CO2 coflows. The
theoretical study on the flame length of non-premixed laminar jet
flame was conducted in the early studies (Roper, 1977; Roper
et al., 1977), and the formula of the flame length for circular port
burner was obtained and shown as follows,

Lf �
Q(T0/TF

)
4πD0In(1 + 1

S) (T0/Tf
)

0.67

(1)

Where T0, TF and Tf are the ambient temperature, the fuel flow
temperature and the average temperature of the flame
respectively. Q is the volumetric flow rate of fuel stream, S is
the stoichiometric molar ratio of oxidizer to fuel. D0 is the
diffusion coefficient at T0. The increase of oxygen concertation
leads a decrease of the stoichiometric molar ratio of oxidizer to
fuel and an increase of the flame temperature. Consequently the
laminar flame height in the O2/CO2 coflow with a higher oxygen
concentration is lower.

NUMERICAL COMPUTATION AND
ANALYSIS

Physical Model and Computation Method
Numerical computation with a detailed reaction mechanism was
conducted to clarify the effects of CO2 on the combustion
characteristics of the laminar CH4 jet flame in O2/CO2 colfow.
Figure 5 illustrates the physical model and boundary conditions.
A CH4 stream was injected into the O2/CO2 coflow through a
tube with an inner diameter (d) of 1 mm and a length (L) of
15 cm. The length (L) and width (D/2) of the computation
domain are 50 and 4.6 cm, respectively. An O2/CO2 mixture
with an O2 mole fraction (XO) of 0.35 was used in the study, since
the previous work has shown that the counterflow non-premixed
CH4 flame in an O2/CO2 coflow with XO = 0.35 has a combustion

FIGURE 3 | The images of CH4-jet-flames in air coflow. (The number on
the top denotes the corresponding fuel flow velocity in the unit of m/s).

FIGURE 4 |Measured flame heights of CH4-jet-flames in O2/CO2 and air
coflows with 5% error bars.

FIGURE 5 | Physical model and boundary conditions.
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intensity comparable with that of an air flame (Maruta et al., 2007;
Li et al., 2014). The pressure in the system was 1 atm, and the inlet
temperature of the oxidizer and fuel streams was 300 K. Laminar
non-premixed CH4 jet flames with two different fuel jet velocities
(VF = 5 and 10 m/s, Re = 293 and 586) were investigated. The inlet
flow velocity of the oxidizer stream was fixed at 0.1 m/s. The
laminar non-premixed jet flame was simplified to a two-
dimensional axisymmetric swirl model. All walls were
considered to be in a no-slip state. A convective heat transfer
boundary (ambient temperature, 300 K; convective heat transfer
coefficient, 6 W/m2·K) based on the experimental conditions was
used for the wall of the computational domain, and an adiabatic
wall condition was applied to the fuel tube wall. While the velocity
inlet boundary was used at the fuel and oxidizer inlets, the
pressure outlet boundary was applied at the outlet.

The governing equations included the mass, momentum,
energy, and species-conservation equations, as well as the ideal
gas equation of state. A detailed description of the governing
equations can be found elsewhere (Li et al., 2017). The governing
equations were discretized based on the finite-volume method,
and the open-source framework, OpenFOAM (OpenFOAM,
2016) was employed to conduct the numerical study. The
SIMPLE algorithm was used. The finite rate chemistry model
and the GRI-Mech 3.0 mechanism (Smith et al., 2020) were also
used to compute the chemical reactions. Previous studies on CO2-
diluted flames (Liu et al., 2003; Maruta et al., 2007; Xie et al., 2013;
Li et al., 2014; Li et al., 2015) have shown satisfactory performance
of the mechanism. The diffusion coefficient was calculated using
the Maxwell–Stefan equations. The thermal diffusion effect was
also included in the calculations. Mesh independence was
confirmed by preliminary numerical computations. Grids with
136320 cells were used, and the finest grid size was 45 µm. The
values of 1.0 × 10–6 and 1.0 × 10–8 were used as convergence
criteria for the mass and energy conservation equations and
chemical reactions, respectively. Radiation heat transfer from
the gases was not included in the computation, since the
present work primarily focuses on comparisons of the effects
of the chemical reactions, third-body collisions, and transport
properties of CO2. A discussion on the radiation of CO2 on non-
premixed flames can be found elsewhere (Maruta et al., 2007).

Additional computations using three artificial species modified
from CO2 were conducted to analyze the effects of the chemical
reactions, third-body reactions, and transport properties of CO2 on
the combustion characteristics of the laminar non-premixed jet
flame. The properties of the artificial species are listed in Table 1.
The first artificial species is KCO2, which does not participate in
chemical reactions but participates in third-body collisions and has
thermal and transport properties identical to those of CO2. The

second artificial species is XCO2, which has the same thermal and
transport properties as CO2 but does not participate in chemical
reactions and third-body collisions. The third artificial species is
DCO2, which has the same chemical reactions, third-body effects,
and thermal properties as CO2 but transport properties
(i.e., thermal conductivities, viscosities, diffusion coefficients,

TABLE 1 | Properties of artificial species.

KCO2 XCO2 DCO2

Chemical effect as CO2 × × √
Third-body effects as CO2 √ × √
Thermal properties as CO2 √ √ √
Transport properties as CO2 √ √ ×

FIGURE 6 |Measured and computated OH distributions of laminar non-
premixed CH4 jet flames in an O2/CO2 coflow at fuel jet velocities of 5 and
10 m/s. (A) 5 m/s. (B) 10 m/s.
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and thermal diffusion coefficients) identical to those of N2. The
participation or not of CO2 in the chemical reactions can lead to
differences in the computational results between the CO2 and
KCO2 conditions. Differences in the combustion characteristics
between KCO2 and XCO2 can be attributed to the third-body
effects of CO2. The effects of the transport properties of CO2 on the
jet flame can be attributed to differences in the computational
results between the DCO2 and CO2 cases.

Validation of the Computational Method
The computational OH distributions of laminar non-premixed
CH4 jet flames at VF = 5 and 10 m/s were compared with the

experimental results, as shown in Figure 6. The total OH
distributions in the flames at fuel jet velocities of 5 and 10 m/s
consist of three and five parts, respectively. It can be seen that the
shape and height determined from the computational OH
distributions are consistent with the results obtained from the
experiment. The small difference between the computational and
experimental OH distributions may be attributed to two reasons:
the laser sheet is not perfectly set at the center of the flame and is
slightly inclined and the computational method assumes a two-
dimensional physical model and neglects radiation heat loss.
Despite minor differences can be observed between the
measured and computational OH distributions, the

FIGURE 7 | Computational temperature distributions in flames in different oxidizers (VF = 10 m/s).

FIGURE 8 | Computational OH radical distributions in flames in different oxidizers (VF = 10 m/s).
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comparison of the overall results indicates that the present
computational method and kinetic mechanism are reasonable
for the study of the effects of CO2 on the combustion
characteristics of laminar non-premixed CH4 jet flames in an
O2/CO2 coflow with a high O2 concentration.

Effects of CO2 on Flame Temperature and
Shape
The computational results of jet flames in O2/CO2, O2/KCO2, O2/
XCO2, and O2/DCO2 coflows were obtained and compared.
Figures 7, 8 respectively show the temperature and OH
distributions in laminar non-premixed jet flames at VF =
10 m/s. The flames in the O2/CO2 and O2/DCO2 coflows are
nearly identical, and the flames in O2/KCO2 and O2/XCO2

coflows are almost the same. Comparison of flames in the O2/
KCO2 and O2/XCO2 coflows indicates that the contribution of
the third-body effects of CO2 on the shape and temperature
distribution of the laminar jet flame is insignificant. The results of
flames in the O2/CO2 and O2/DCO2 coflows reveal that the
difference in transport properties between CO2 and N2 also
does not lead to a significant change in the flames. However,
the difference between the flames in the O2/CO2 and O2/KCO2

coflows suggests that the flame shape and temperature

distribution of laminar non-premixed jet flames are
significantly changed by the chemical effects of CO2.
Specifically, the flame height is decreased, whereas the
maximum flame width is increased, when the chemical effects
of CO2 are excluded from consideration. The decrease in the
maximum flame temperature by the chemical effect of CO2 is
approximately 230 K.

The detailed computational results of laminar non-premixed
CH4 jet flames in O2/CO2, O2/KCO2, O2/XCO2, and O2/DCO2

coflows at a fuel flow velocities of 5 and 10 m/s were analyzed.
The flame heights and widths based on the OH distribution in
flames in different oxidizers at VF = 5 and 10 m/s are illustrated in
Figures 9A,B, respectively. The flame boundaries are judged by
99% decrease of the maximum OH molar concentration. The
variations in the flame height and width of laminar non-premixed
CH4 jet flames at VF = 5 m/s in different oxidizer coflows are
similar to those of flames at VF = 10 m/s. Although not shown
here, the numerical results indicate that the maximum flame
temperatures at VF = 5 m/s in O2/CO2 and O2/DCO2 are nearly
identical, i.e., 2470 K, and the maximum flame temperatures in
O2/KCO2 and O2/XCO2 are similar, i.e., approximately 2670 K.
The computational OH distributions show that flame height
decreases, whereas flame width increases, when the chemical
effect of CO2 is suspended.

Mechanism of CO2 on the Laminar
Non-Premixed CH4 Jet Flames
The reaction pathways and flame structures in O2/CO2, O2/
KCO2, O2/XCO2 and O2/DCO2 were analyzed to interpret the
mechanism of the chemical effect of CO2 on laminar non-
premixed CH4 jet flames. The primary reaction pathways of
flames in the O2/KCO2, O2/XCO2, and O2/DCO2 coflows are
nearly identical to those of flames in the O2/CO2 coflow.

FIGURE 9 | Computational flame height and width based on OH
distributions in laminar non-premixed CH4 jet flames in different oxidizers. (A)
Maximum flame height. (B) Maximum flame width.

FIGURE 10 | Integral reaction flow in a laminar non-premixed CH4 jet
flame in an O2/CO2 coflow at VF = 10 m/s (thick lines show the major
reactions).
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Figure 10 shows the global reaction pathways of laminar non-
premixed flames in the O2/CO2 coflow at VF = 10 m/s. CH4 is
transformed into CH3 through H abstraction by H, O, and OH.
Most of the CH3 radicals are transformed into C2H5, CH2(S), and
C2H6, and only a small amount of the CH3 radicals react with O
atoms to produce CH2O. Most of the C2H6 generated is
transformed into C2H5 through third-body reactions. C2H5

radicals decompose rapidly into C2H4, and H abstraction by H
and OH, which are important sources of C2H4 consumption,
produces C2H3 radicals. The reaction C2H3(+M) = C2H2 + H
(+M) consumes C2H3 radicals to produce C2H2. Most of the C2H2

is consumed by reaction with O to produce HCCO. The HCCO
radicals generate CH and CO via the third-body reaction
HCCO(+M) = CH + CO(+M). Finally, CO is oxidized to CO2

by the reaction OH + CO = H + CO2.
Figure 11 shows the distribution of important species in

a laminar non-premixed jet flame in an O2/CO2 environment
at VF = 10 m/s. The CH4-rich region can be observed near the exit
of the tube, and the CH3-rich region can be observed around the
region with a high CH4 concentration. The C2H2-rich
concentration region is located at nearly the same area as the
CH3-rich region. The HCCO is found on the margins of the
C2H2-rich region, and theHCO only exists at the two sides of the
CH3-rich region. The molar concentration of the HCCO is higher
than that of the HCO. The CO-rich region is located downstream
of the HCCO-rich region.

The analysis of the computational results of flames in the O2/
KCO2, O2/XCO2, and O2/DCO2 coflows shows that the
distributions of important species are similar to those of
flames in O2/CO2. Moreover, laminar non-premixed CH4 jet
flames in different oxidizers can be divided into two parts based
on the global oxidation process. The results of flames in the O2/
CO2 coflow at VF = 10 m/s are illustrated in Figure 12; here, the
white dotted line indicates the boundary between the first and
second parts of the flame. The first part of the flame includes the
oxidation process from CH4 to CO through the reaction pathway
CH4 → CH3 → C2H6 → C2H5 → C2H4 → C2H3 → C2H2 →
HCCO→CO, while the primary reaction in the second part is the
oxidation of CO to CO2. Consequently, the top of the HCCO

region is used as the boundary separating the first and second
parts of the flame. Generation of H2 andH2O is mainly completed
in the first part of the flame. The distribution of the heats of
reaction indicates that the first and second parts of the flame
make remarkable contributions to heat generation. A distinct
endothermic region is located in the first part of the flame. The
effects of CO2 on the first and second typical parts of non-
premixed laminar jet flames result in different combustion
characteristics.

The distributions of important species of flames in the O2/CO2

and O2/KCO2 coflows were compared to enable interpretation of
the chemical effect of CO2 on the laminar non-premixed CH4 jet
flame, since the effect of third-body collisions with CO2 on the
laminar non-premixed jet flame has been confirmed to be
negligible. The distributions of the molar concentrations of
HCCO, CO, O, and H in the flames in O2/CO2 and O2/KCO2

coflows are shown in Figures 13A–D. The heights of the HCCO-,
CO-, O-, and H-rich regions in the flame in the O2/KCO2 coflow

FIGURE 11 | Molar concentrations of important species in a laminar non-premixed CH4 jet flame in an O2/CO2 coflow (VF = 10 m/s).

FIGURE 12 | The structure of the laminar non-premixedCH4 jet flame (VF =
10 m/s) in an O2/CO2 coflow. (Temp: temperature; HR: heat of reaction).
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are shorter than those in the flame in the O2/CO2 coflow.
Interestingly, the difference between the heights of the HCCO-
rich region in the flames in the O2/CO2 and O2/KCO2 coflows is
nearly identical to that between the heights of the OH-rich regions
(as shown in Figure 8). The difference between the flame heights
based on the OH distribution is related to differences in HCCO
distribution in the first part of the flame. The analysis of the
reaction pathways shows that HCCO is primarily produced by the
reaction O+ C2H2 = H + HCCO. As O atoms are mainly generated
by the reaction H + O2 = O+ OH, the flame height essentially
depends on the H distribution. The contours of the H molar
concentration shown in Figure 13D indicate that the
concentration of H atoms of the flame in O2/KCO2 is
significantly higher than that of the flame in O2/CO2. Pathway
analysis of the entire flame region shows that the reaction OH +
CO = H + CO2 is an important source of H atoms. This finding
suggests that the chemical effect of CO2 on H formation and
distribution ultimately leads to a difference in flame heights.

The results shown in Figure 12 indicate that the high-
temperature region and the OH-rich region are coincident,
this finding can also be observed from the results shown in

Figures 7, 8. This phenomena is attributed to the fact that the
high-temperature region is located in the second part of the
laminar non-premixed flame, where the reaction OH + CO =H +
CO2 is the primary exothermic reaction. The results shown in
Figure 7 indicate that the maximum temperature of the laminar
non-premixed flame in the O2/CO2 coflow is approximately
230 K lower than that of the flame in the O2/KCO2 coflow.
Although not shown here, analysis of the computational
results shows that the net reaction rates of OH + CO = H +
CO2 and H + O2 = O + OH of the flame in the O2/CO2 coflow are
lower than those of the flame in the O2/KCO2 coflow. The net
reaction rate of OH + CO = H + CO2 in the second part of the
flame is significantly reduced by the chemical effect of CO2, which
results in a low flame temperature.

CONCLUSION

The heights of the laminar CH4 jet flames in O2/CO2 coflows with
different oxygen mole fractions of 0.30, 0.35 and 0.40 were
obtained by experimental study. The height of the flame in

FIGURE 13 | Distributions of the molar concentration of important species in flames in O2/CO2 and O2/KCO2: (A) HCCO, (B) CO, (C) O, and (D) H.
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O2/CO2 coflow decreases as the increase of oxygen mole fraction.
And the height of the laminar CH4 jet flame in O2/CO2 coflow
with oxygen mole fraction of 0.30 is shorter than that of the
laminar CH4 jet flame in air. Moreover, the luminosity of the CH4

jet flame in O2/CO2 coflow is totally different from that of the
flame in air stream.

The chemical reactions, third-body effects, and transport
properties of CO2 on the combustion characteristics of a
laminar non-premixed CH4 jet flame in an O2/CO2 coflow
with a high O2 concentration (XO = 0.35) were investigated
using a two-dimensional numerical computational method
with a detailed kinetic mechanism. The computational OH
distributions showed good consistency with the results
obtained from the experiments. Whereas the third-body effect
and transport properties of CO2 do not exert remarkable effects
on the laminar non-premixed flame, the chemical effect of CO2

on the laminar non-premixed jet flame is significant. The
chemical effect of CO2 increases the flame height but
decreases the maximum flame temperature. The primary
oxidation pathway in the jet flame is CH4 → CH3 → C2H6 →
C2H5 → C2H4 → C2H3 → C2H2 → HCCO → CO → CO2. The
CH4 non-premixed laminar jet flame can be divided into two
parts based on the global oxidization process; here, the top of the
HCCO-rich region is the boundary between these parts. The
decrease in the concentration of O atoms by the chemical effect of
CO2 in the first part of the flame can explain the observed

decrease in flame height, and the inhibitory effect of CO2 on
the reaction rate of OH + CO = H + CO2 in the second part of the
flame induces a decrease in maximum flame temperature.
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Numerical Investigations of Injection
Timing Effects on a Gasoline Direct
Injection Engine Performance: Part A,
In-Cylinder Combustion Process
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Gasoline direct injection (GDI) engine are widely adopted in the automobile industry since
its advantage in the fuel economy. Injection Timing (IT) is an important parameter for the
GDI engine, having a great impact on the spray atomization, mixture evenness,
combustion characteristics, and therefore performance of the GDI engine. With the
motive of IT optimization, a three-dimensional CFD model of a single cylinder 4-stroke
spark ignition GDI engine with bore of 84 mm and compression ratio of 10.3 was utilized
to analyze the detailed process at different IT (270, 280, 290, 300-degree CA BTDC),
while the other conditions were invariant like rotate speed at 2000 RPM. The spray,
turbulence, G-equation combustion were included. The result indicated that delayed IT
tended to reduce drop-wall impingement significantly but still intensified unevenness of
mixture concertation severely, resulting in fuel-rich region appeared around cylinder.
Because the duration available for mixing was shortened, which dominantly intensified
the unevenness of the mixture. The combustion was deteriorated as the IT delayed
because the excessive equivalence ratio region severely slowed flame propagation and
frozen at the most uneven region, which finally degraded thermal efficiency and engine
performance. In conclusion, this paper demonstrated the whole process from injection to
combustion, revealing that droplet-wall impingement and available duration for mixing
are dominant trade-off factors for mixture formation and following combustion process,
as the IT changes.

Keywords: GDI engine, injection timing, in-cylinder combustion, CFD, mixture formation

INTRODUCTION

As acknowledged the Paris Agreement sets out arrangements for global action to address climate
change after 2020 (Liobikienė and Butkus, 2017). Its long-term goal is to limit the increase in global
average temperature to less than 2 degrees Celsius compared to the pre-industrial period and to
work towards limiting temperature increases to less than 1.5 degrees Celsius (Huang et al., 2021).
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The transportation sector accounts for a large share of the
problem of greenhouse emissions (Fridstrøm, 2017; Liu et al.,
2022). While the trend towards switching to electric vehicles is
clear, internal combustion engines will continue to play an
important and irreplaceable role in the transportation industry
in the next decades (Gasbarro et al., 2019; Stocchi et al., 2019).
However, it also brings about the energy crisis and
environmental problems caused by millions of vehicles
powered with internal combustion engines (Ambrogi et al.,
2019; Liu and Wang, 2022). Moreover, the government
proposed a series of requirements and standards (China
Phase VI) to restrict emissions for improving energy
efficiency and beautifying the environment (Liu et al., 2018a;
Liu and Liu, 2021a). The rules are much more stringent than
the previous ones and are moving towards higher standards in
the foreseeable future (Fennell et al., 2014; Potenza et al., 2019).
Strict regulations for exhaust gas emissions and the need to
improve fuel efficiency have promoted the development of GDI
technology due to its high horsepower output and better fuel
economy (Storey et al., 2014; Zhang et al., 2020). Therefore, a
lot of researchers have investigated various related technologies
to improve GDI engine performance and reduce emissions
(Zhang et al., 2017; Feng et al., 2021). It is generally accepted

that injection strategies have a great impact on the formation of
homogeneous gas mixture and in-cylinder combustion
processes (Splitter et al., 2017; Zhu et al., 2018). Various
injection methods are investigated to improve GDI
performance. Kim et al. (2018) investigated the effects of
fuel injection timings on combustion and emission
characteristics of a direct-injection spark-ignition gasoline
engine with a 50 MPa fuel injection system. The results
indicated that when the injection pressure is up to 50 MPa
and the injection timing is late, the thermal efficiency can be
improved without reducing exhaust gas emissions. Zhuang
et al. (2019) studied the effect of ethanol direct injection
plus gasoline port injection (EDI + GPI) on engine
performance. To further understand the experimental
results, CFD simulations were performed. And the results
can be a reference for understanding the combustion process
based on EDI + GDI. Zhang et al. (2018) investigated the effects
of control parameters (spark advance, injection pressure,
excess air ratio, and EGR) on the combustion, performance
and emissions of a GDI engine. The results indicated that the
most important factor affecting NOx emissions and BSFC is the
EGR mode. Injection timing has the highest level of
contribution to PN emissions, especially in lean combustion
conditions. Miganakallu et al. (2020) studied the impact of
water-methanol injection on the GDI engines. Different
performance indicators were used to evaluate the engine
efficiency with water-methanol blends, pure water or pure
methanol. Marseglia et al. (2017) investigated an optically
accessible multi-cylinder engine performance under single
and double injections based on synergic experimental and
numerical analysis. Wen et al. (2020) researched the effects

TABLE 1 | Engine specifications.

Engine type Single cylinder
Cycle 4-stroke SI GDI
Valve per cylinder 4
Cylinder bore [mm] 84
Piston stroke [mm] 90
Displacement [L] 2.0
Connecting rod length [mm] 14.43
Compression ratio 10.3:1
Nozzle numbers 3
Nozzle diameter [μm] 300
Intake valve open 50 CAD BTDC exhaust
Intake valve close 143 CAD BTDC compression
Exhaust valve open 145 CAD ATDC compression
Exhaust valve close 58 CAD ATDC exhaust

TABLE 2 | Simulated operating conditions at various injection timings.

Injection type Pulsed
Start of injection (SOI) 270, 280, 290, 300 CAD BTDC compression
Inflow droplet temperature [K] 400
Inlet pressure [Mpa] 0.08
Outlet pressure [Mpa] 0.1
Mean cone angle [deg] 14
Injection duration [CAD] 18.4
Total injected mass [mg] 27
Engine speed [r/min] 2000
Spark timing 15 CAD BTDC compression

TABLE 3 | Computational models.

Turbulence model Realizable k-ε model
Nozzle flow model Solid-cone model
Droplet collision and coalescence Model O’Rourke model
Wall film model O’Rourke and Amsden model
Droplet breakup model RT/KH hybrid breakup model
Turbulence flame propagation model G-equation and DPIK model

FIGURE 1 | Three-dimensional grid of the GDI engine at top dead center.

Frontiers in Energy Research | www.frontiersin.org February 2022 | Volume 10 | Article 8281672

Yan et al. Injection Timing Effects on GDI

67

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


of gasoline octane number on fuel consumption and emissions
in two vehicles equipped with GDI and PFI spark-ignition
engine. The results indicated that the early split injection
strategy reduced the CO mass fraction and so on (Liu et al.,
2019). Many studies have investigated the influence of injection
parameters on in-cylinder evaluation indicators of mixture
formation and combustion (Duronio et al., 2020a; Duronio

et al., 2020b). The relevant researches focused more on the
macro parameters of the in-cylinder combustion process
(Cavicchi et al., 2019; Gong et al., 2021). Moreover, the
literature of interaction of influence factors are limited. It’s
hard to point out the dominant factor in effect of IT, while there
exists several trade-off factors like level of droplet-wall
impingement, duration for mixing, flow motion intensity as

FIGURE 2 | In-cylinder mixture formation during the injection process at different injection timings.
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well as temperature, and pressure. Therefore, this research
attempted to reveal the dominant factor of IT effect so that
it can serve as a reference of IT selection. An already calibrated
three-dimensional model was used to investigate the effects of
injection timings on in-cylinder mixture formation and
combustion processes. The goal of this study was to find out
why the internal phenomenon of in-cylinder combustion
occurs and propose suggestions for improving the in-
cylinder combustion environment. Admittedly, the effect of
injection timing on engine performance and emission can be
imagined according the engine combustion laws. However,
existing literature lacks the documented information about
its effects in details. Moreover, the optically accessible
engines have limited visualizations of the activities took
place inside the chamber due to the difficulties or high costs
in design. The 3D CFD simulation results present in this study
can help readers to better visualize in-cylinder activities
occurred inside the chamber from all directions rather than
solely based on imaginations. It is also important to note that
researchers may only guess one or two effects that are
reasonable when changing the injection timing. But it is
essential to show the combined effects caused by the
variation of injection timings. Accordingly, the investigation
of IT effects on engine combustion is request if wishing to
provide a more direct understanding of the interaction between
fuel spray, kernel inception and flame propagation, especially
for their co-optimizations with the chamber shape. It is also
important to note that their interactions and the IT effects
would change with engine types and conditions. Consequently,
the results of the study can serve as a reference for selecting a
proper injection timing of the cylinder to improve combustion
performance.

NUMERICAL MODEL

The model used in this study is a four-stroke spray-guided
gasoline direct injection (GDI) engine. Since the 3D CFD
model was already calibrated against the experimental data
(Yan, 2021), with the detailed information shown in reference
(Yan, 2021), only the most important information will be
shown here. The compression ratio was 14.3 and three
nozzles with a diameter of 300 microns were specified since
this was a half-symmetry model. The injection timings were
selected from 270 to 300 CAD (degree Crank Angle) BTDC
(before top dead center) compression with an increment of 10
CAD at a fixed engine speed = 2000 r/min. The simulation was
performed by commercial software ANSYS FORTE, a 3D CFD
simulation software specialized for internal combustion
engine. The three-dimensional CFD grid model is shown in
Figure 1, consisting of 360,557 cells. The size of mesh was
controlled within 1~2 mm, which was the recommended mesh
size to precisely capture combustion characteristics according
to reference (O’Rourke and Amsden, 1987). The engine
specifications are shown in Table 1 and the detailed
information can be found in literature (Yan, 2021). In
addition, all simulation tests were performed at a fixed
spark ignition advance angle = 15 CAD BTDC
compression. More detailed simulation parameters are
shown in Table 2.

The turbulence model used in this study was the RNG k-ε
model (Han and Reitz, 1995; Liu and Dumitrescu, 2019a). The
basic governing equations include species conservation equation,
fluid continuity equation, momentum conservation equation and
energy conservation equation, and gas-phase mixture equation of
state (Verma et al., 2016a; Verma et al., 2016b). The G-equation
model together with the discrete particle ignition kernel (DPIK)
flame model characterized the turbulent flame inception and
propagation (Liu et al., 2018b; Liu and Dumitrescu, 2019b). The
G-equation model was employed to track the propagation of fully
developed, premixed, or partially premixed turbulent flames
(Peters, 2000; Liu and Dumitrescu, 2019c). When the flame
was initiated by the spark, the ignition-kernel flame had a
structure that was typically smaller than the average grid size
in the computational mesh (Tan and Reitz, 2006; Liu and
Dumitrescu, 2019d). The spray models simulated sub-
processes including nozzle flow, spray atomization, droplet
breakup, droplet collision and coalescence, droplet
vaporization, and wall impingement (Fan et al., 1999; Liu and
Liu, 2021b). The nozzle flow model was solid-cone and the
droplet Collision and Coalescence Model is the O’Rourke
model (O’Rourke and Amsden, 1987). More detailed model
settings are shown in Table 3. In addition, the chemistry
mechanism for gasoline that consisted of 59 species and 437
reactions (ANSYS Forte). The main reactions include pyrolysis
and oxidation, example of which are as following showed.

n − C7H16 + O2 � CO +H2O (1)
CO +OH � CO2+H (2)

FIGURE 3 | The effect of IT on the maximum droplet penetration
distance.
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Figure 2 shows the highly coincident pressure and apparent
heat release rate (HRR) of experimental and simulation data, of
in-cylinder combustion simulation, because the pressure and
HRR are determined by combustion phase.

RESULTS AND DISCUSSIONS

Injection Timing Effects on In-Cylinder
Mixture Formation
In this section, the in-cylinder mixture equivalence ratio and
velocity vector image are presented to analyze the effects of IT
on the mixture formation process. Some results are selected to
show at several CAD of interest. It is also important to
mention that the CFD results shown in this section are
displayed on the vertical cut-plane combined with the
upper surface of the piston, superimposed by the 3D
profiles of spray development.

The variation of the injection droplets and in-cylinder
equivalence ratio during the injection process is shown in
Figure 2. As expected, advanced IT corresponded to upper
piston position and therefore shorter distance between
injector and piston surface during injection, resulting in
considerable difference levels of droplet-wall impingement
shown in Figure 2, which is essential to spray atomization and
soot emission. Together with Figure 3, which indicates the
injection penetration distance was extended by 4.5, 13.6,
13.7%, respectively, as the IT delayed, it can be inferred
that the droplet-wall impingement was much intensified at
IT of 300, 290 CA BTDC and slight at IT of 270, 280
CA BTDC.

The droplet velocity and Sauter mean diameter (SMD) which
is defined as the ratio of total volume to the total surface area of
droplet, as commonly used indicators of spray atomization (Liu
et al., 2021), are shown in Figure 4. During the intake stroke, the
droplet velocity initialized with approximately 77 m/s at IT,
then decreased to nearly zero due to air friction. By the way, the

slope difference was because of the continuous droplet with
initial velocity during injection of 18.4-degree CA. The droplet
velocity of different IT was similar except for CA offset during
the intake stroke, because it was mainly determined by injection
pressure which was kept same. It is also of interest to note that
the droplet velocity was slightly raised at the beginning of
compression stroke, which was probably due to the flow
motion driven by the upward piston. The velocity difference
during compression stroke echoed the diversity of the
remaining droplet and evenness of mixture at various IT.

The SMD is influenced by the interaction of multifactor like
nozzle diameter, injection pressure as well as backpressure
(Biswal et al., 2019). As shown in Figure 4, the SMD of
different IT decreased as the droplet breakup. Despite CA
offset and slight difference during the breakup process, the
SMD dropped to a similar value at the end of the intake
stroke. What’s outstanding in Figure 4 is the rapid increment
of SMD at IT of 300, 290 CA BTDC. This was mainly because of
the severe droplet-wall impingement, contributing to droplet
coalescence and therefore large SMD.

In conclusion, advanced IT tended to intensify droplet-wall
impingement, but the level of spray atomization at the end of
intake stroke was similar.

As shown in Figure 5, the equivalence ratio of the in-cylinder
mixture at several CA during the compression stroke was utilized
to investigate the fuel-gas mixture formation. The courter of
symmetry plane and piston surface are colored by equivalence
ratio. At the beginning of the compression stroke, the fuel was
gathered around the piston surface near the cylinder, which was
mainly due to the interaction of different levels of droplet-wall
impingement as well as the duration of spray atomization.
According to equivalence ratio distribution at 220 CA BTDC
shown in Figure 5, it can be inferred that despite intensified
droplet-wall impingement at advanced IT, the duration of spray
atomization outperformed and affected spray atomization
dominantly, resulting in more even distribution of mixture
concentration around piston surface.

FIGURE 4 | The effect of IT on the mass averaged droplet velocity and the SMD.
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As the piston moved toward TDC, the fuel was carried
counterclockwise and mixed more evenly but delayed IT
corresponded different evenness at TDC.

The mixture equivalence ratio distribution at spark timing (ST),
as Figure 6 shows, had a crucial influence on flame propagation
and therefore comprehensive performance of the GDI engine. The

FIGURE 5 | Effect of injection timing on the in-cylinder mixture formation during compression.
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mixture of stoichiometric ratio was the ideal condition for ignition
and combustion efficiency. Figure 6 indicated the obvious different
evenness of the mixture, suggesting that the fuel and gas had fully
mixed evenly at IT of 300 CA BTDC, but with the IT retarding, the
evenness of the mixture degraded. At delayed IT, especially at IT of
270, 280 CA BTDC, the fuel was gathered around intake port side
of cylinder seriously, resulting in slower flame propagation and
therefore contributing to the level of incomplete combustion that
will be analyzed next.

The mixture formation process is influenced by the interaction
of intake flow, piston movement as well as combustion chamber
shape. To investigate the in-cylinder flow motion during the
mixture formation process, the turbulent kinetic energy,
indicating the intensity of the in-cylinder flow motion, is
shown in Figure 7. The first peak outstanding the curve
echoed the intake flow, and the second one between 300 and
270 CA BTDC was probably due to the injection which slightly

enhanced in-cylinder flow motion. Then the turbulent kinetic
energy was decreased slowly as the turbulence dissipation, until
the spark timing when the combustion produced some kinetic
energy of flow motion and thus arose a slight peak. Concerning
the effect of IT, the turbulent kinetic energy of different IT was
highly coincident, suggesting similar flow motion despite
different IT.

To further investigate the flow motion during mixture
formation, Figure 8 shows the velocity field during
compression stroke at different IT, corresponding with the
equivalence ratio distribution mentioned in Figure 5. As
shown in Figure 8, at the start of the compression stroke the
flow from the intake valve to piston surface was predominant in
in-cylinder flow motion because of intake flow inertia. As the
piston moved upward, the flow around the piston was carried
upward and interacted with intake flow inertia, contributing to a
counterclockwise tumble flow formation, which could intensify
the fuel-gas mixture significantly. Thus, the gathered fuel around
the piston surface was carried along with tumble flow and further
mixed evenly, echoing fuel movement displayed in Figure 5.

As can be seen in Figure 8 the in-cylinder flow motion was
highly similar regardless of delayed IT. Figure 9 shows the tumble
ratio of in-cylinder flow to assess the tumble flow intensity at
different IT. The intake flow generated a fierce tumble with some
vibration, until the start of injection when injected droplets
brought a certain degree of disturbance. During the beginning
of compression stroke, the tumble flow continually intensified
thanks to the piston movement. Then the tumble ratio achieved
maximal value at approximately -66 CAATDC. After that it was a
quicker decrement because the compressed volume of the
combustion chamber dominated the flow motion, making the
tumble flow degraded and enlarged dissipation of kinetic energy,
which could be inferred from Figure 8. Besides, it was essential to
note that the disturbance of injection at different IT was expanded
obviously and directly affected mixture formation. The peak
values of the tumble ratio were decreased by 8.3, 14.9, 24.9%,
respectively, as the IT delayed. As the IT was delayed, the tumble
ratio decreased.

FIGURE 7 | Turbulent kinetic energy at different IT.

FIGURE 6 | In-cylinder mixture formation at the spark timing with different injection timings.
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Considering the analysis above comprehensively, it can be
concluded that delayed IT significantly degrades the evenness
of the mixture. Although delayed IT contributed to the

reduction of droplet-wall impingement and slightly
enhancing spray atomization, the less available time for
mixture formation as well as the tumble flow motion

FIGURE 8 | In-cylinder velocity vector before spark timing at different injection timings.
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degradation were dominant factors for deterioration of the
mixture evenness.

Injection Timing Effect on In-Cylinder
Combustion Characteristics
To assess the combustion process with different injection timing,
the flame front colored by turbulent flame speed was displayed of
several interested CA in Figure 10. The flame front in the
numerical simulation is defined as the position of G = 0 in the
G-equation turbulent combustion model. In the earlier
combustion process before the flame front reached the
cylinder, as can be seen in Figure 10, the flame front started
from the spark plug and had similar shapes of different IT.

The corrugation of the flame front indicated turbulent flame
propagation, which could intensify combustion. As can be seen in
Figures 10, 11A that an advanced IT tended to enhance turbulent
and laminar flame speed. It was worth noting that the flame front
propagation speed and front shape at the start of combustion
were similar because the equivalence ratio around the spark plug
was analogous, according to the corresponding image in Figure 5.
The flame propagation speed of delayed IT was slowed when the
flame front reached the fuel-rich region, resulting in the
difference of laminar and turbulent flame speed between 0~40
CA ATDC in Figure 11A.

The in-cylinder pressure is shown in Figure 11B. The pressure
was raised at compression stroke and suddenly increased at spark
time when combustion started. The pressure at different IT was
coincident before spark timing and separated after ignition due to
different combustion performance. The peak combustion
pressure and its location (location of peak pressure, LPP) are
important indicators of combustion characteristics. Figure 11B
suggests that LPP at IT of 300 CA BTDC was 26 ATDC. As the IT
delayed the LPP advanced by 1.9, 7.0, 9.0 degrees CA,
respectively, and peak pressure decreased by 4.2, 12.5, 14.6%,

respectively, suggesting a deteriorated combustion efficiency as
well as thermal efficiency due to the lower level of constant
volume combustion.

The flame propagation and combustion characteristics were
also reflected in the apparent heat release rate shown in
Figure 11C. The duration of combustion (DOC) was defined
as the duration from SOC and EOC (End of combustion) when
the apparent heat release rate decreased to zero, indicating the
combustion speed and affecting thermal efficiency. As the IT
delayed from 300 CA BTDC to 270 CA BTDC, the DOC was
extended by 4.1, 15.1, 21.9%, respectively, suggesting slower flame
speed and degraded combustion efficiency, which is shown in
Figure 12. The lower and retarded peak heat release rate also
indicated the combustion performance deteriorated.

The flame thickness indicates the region of combustion
reacted, as shown in Figure 11D. As expected the flame
thickness raised immediately after ignition as the flame kernel
grew fast. Then the flame kept a relatively larger thickness
corresponding to the flame propagation process before the
following sudden decrement, which echoed the flame
propagated to the cylinder. It’s of interest that flame thickness
of different IT was coincident before the sudden drop, indicating
the combustion in the stoichiometric ratio region displayed in
Figure 6 was similar. The flame thickness separated at a sudden
drop at approximately 40 CA ATDC because of various levels of
incomplete combustion. As Figure 10 shows, the majority of the
flame front of IT of 290, 300 CA BTDC was terminated at the
cylinder at 45 CA ATDC, echoing the earlier sharp decrement,
followed by the IT of 270, 280 CA BTDC that propagated slower.
The gentle growth of flame thickness after approximately 50 CA
BTDC was probably due to slowly combustion of the excessive
equivalence ratio region, which had a thicker but deteriorated
reaction zone.

The excessive equivalence ratio, indicating lack of oxygen,
tended to slower the flame propagation speed and even not on
fire. That explained the decrease of flame speed with IT delaying
as Figure 10 showed, because the unevenness of mixture was
intensified and thus excessive fuel-rich region existed around the
intake side of the combustion chamber.

Furthermore, it’s important to point out that some extremely
excessive fuel regions didn’t on fire as the IT delayed. The
excessive equivalence ratio, indicating lack of oxygen, tended
to slower the flame propagation speed, and even not on fire. That
explained the decrease of flame speed with IT delaying as
Figure 10 showed, because the unevenness of mixture was
intensified and thus excessive fuel-rich region existed around
the intake side of the combustion chamber, as mentioned in
Figure 6. The flame front propagation speed was vastly decreased
when reaching the excessive fuel-rich region and even terminated
in extreme equivalence ratio region at IT of 270, 280 CA BTDC,
as shown in Figure 10. The fuel-rich region that remained
unburnt reduced the chemical energy released and therefore
decreased the combustion and thermal efficiency. Besides, the
unburnt region sharply raised the unburnt hydrocarbon (UHC)
by 3.2, 109, 122 times as IT delayed as shown in Figure 12.

The flame speed and combustion characteristics analyzed
above dominantly determined the combustion efficiency and

FIGURE 9 | Tumble ratio of in-cylinder flow at different IT.
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therefore thermal efficiency, as Figure 12 showed. With IT
delaying from 300 to 270 CA BTDC, the combustion
efficiency decreased by 3.9, 10.8, 13.6% and thermal efficiency

by 4.1, 13.3, 16.5%, respectively. It suggested an optimized IT of
300 CA BTDC in this research with combustion and thermal
efficiency of 97.7 and 37.6%, respectively.

FIGURE 10 | Effect of injection timing on the distribution of turbulent flame speed at the flame front (i.e., G = 0) at several CAD of interest after SOC.
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CONCLUSION

This research investigated the effects of different IT (270, 280, 290,
300-degree CA BTDC) on mixture formation and combustion
characteristics in a GDI engine. A three-dimensional CFD model
concluding spray, turbulence, G-equation combustion models were
utilized to analyze the detailed process of spray atomization, mixture
formation and flame propagation comprehensively at different IT.
The results are summarized as follows:

1) Delayed IT tended to reduce drop-wall impingement
significantly but had a slight impact on droplet breakup
and spray atomization.

2) Delayed IT intensified unevenness of mixture concertation,
contributing to fuel-rich region extended at the intake port
side of cylinder. The fuel-gas mixing process was dominantly
driven by the tumble flowmotion. Albeit delayed IT generated
less droplet-wall impingement, the shorter duration of the
mixing process and degraded tumble flow motion enlarged
the unevenness of mixture at spark timing.FIGURE 12 | Combustion efficiency and Thermal efficient at different IT.

FIGURE 11 | (A)Effect of injection timing on laminar and turbulent flame speed. (B) In-cylinder average pressure at different IT. (C) Apparent heat release rate at different
IT. (D) G-equation based flame thickness at different IT.
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3) The combustion was deteriorated as the IT delayed because
the excessive equivalence ratio region severely slowed flame
propagation and terminated at the most uneven region.

In conclusion, this paper demonstrated the whole process from
injection to combustion, revealing that level of droplet-wall
impingement and available duration for the mixing process is a
pair of trade-off factors for mixture formation and following
combustion process, as the IT changes. In this research, the
positive effect of mixing duration defeated the negative influences
of droplet-wall impingement as the IT advanced. But considering the
more advanced IT, it’s recommended to assess the interaction of
these factors since the dominant influence factor is uncertain with
too earlier IT. Thus, this research has a positive effect to guide the IT
optimization for various models of the GDI engine.
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Study of In-Cylinder Heat Transfer
Boundary Conditions for Diesel
Engines Under Variable Altitudes
Based on the CHT Model
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Zhentao Liu2 and Jiahong Fu1*

1Mechanical Engineering Department, Zhejiang University City College, Hangzhou, China, 2College of Energy Engineering, Power
Machinery and Vehicular Engineering Institute, Zhejiang University, Hangzhou, China

The reliability of combustion chamber components is mainly determined by the thermal
load of diesel engines. Under the plateau operation condition, diesel engine performance
degradation and ablation area appear. Therefore, it is crucial to study the engine heat
transfer phenomenon at different altitudes, of which the Woschni formula cannot meet the
accuracy requirement. With the motive of modifying and calibrating theWoschni formula at
different altitudes, a modified conjugate heat transfer (CHT) model of the combustion
chamber and the cooling medium was proposed to analyze the temperature distribution of
the cylinder head. The results indicated that relative errors were controlled within 5% under
variant altitudes, comparing the temperature field of the numerical simulation with the
single-cylinder engine experiment test data. Therefore, the modified in-cylinder conjugate
heat transfer model can be used to predict the thermal load of diesel engine combustion
chamber components under different altitude operating conditions.

Keywords: variable altitude, diesel engine, conjugate heat transfer, in-cylinder heat transfer model, CFD

INTRODUCTION

As a compact, wide power range, and adaptable power system, the internal combustion engine (ICE)
is widely used in engineering and agricultural machinery, automobiles, motorcycles, national
defense, and other fields (Ambrogi et al., 2019; Liu and Wang, 2022). High-altitude areas can
also experience high cold weather (Wang et al., 2013; Yang et al., 2018), which would greatly reduce
the performance of batteries (Yu et al., 2014; Zhang et al., 2020). Consequently, internal combustion
engines will continue to be used as the primary source of power at high altitudes (Stocchi et al., 2019;
Liu et al., 2022). There are many high-altitude roads and vehicles powered by diesel engines for high-
altitude operations around the world (Liu and Liu, 2021a; Liu et al., 2021). For example, in China, the
area at a high altitude can be as large as 1/4 of the country’s land area (Shen et al., 1995; Liu and Liu,
2022). However, it is found that as altitude increases, air density decreases, which causes many
problems to the normal operation of the vehicle, such as insufficient power and localized ablation of
the cylinder head and piston (Perez and Boehman, 2010; Liu and Liu, 2021b). According to previous
literature, these problems are because conventional heat transfer correlations are not well adapted to
heat load prediction in high-altitude situations (Zhang et al., 2016; Liu and Liu, 2021c).

The accurate prediction of diesel engine thermal load plays an important role in the whole design
process of diesel engines (Shannak and Alhasan, 2002; Sideri et al., 2017). In addition, the
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distribution of temperature field and heat flux of combustion
chamber components has a decisive influence on diesel engine
reliability (Gholinia et al., 2018; Liu et al., 2019). Moreover, it was
hard to predict the thermal load of diesel engines precisely due to
in-cylinder rapid transient gas changes, extremely inhomogenous
distribution of the temperature field, and uncertain initial and
boundary conditions (Sroka, 2012; Lu et al., 2013). At the same
time, numerical simulation accuracy is greatly affected by the
strong coupling relationship between the in-cylinder combustion
process, thermal conduction in the combustion chamber walls,
and cooling fluid flow (Chen et al., 2017; Lu et al., 2017).

In recent decades, the development of the in-cylinder heat
transfer model has roughly gone through three stages: the stage
of the pure empirical model (Borman and Nishiwaki, 1987), the
semi-empirical model (Woschni, 1967; Hohenberg, 1979; Huber
et al., 1990) based on similarity principle and dimensional analysis,
and the combination of the turbulence model and heat transfer
model (Launder and Spalding, 1974; Han and Reitz, 1997; Broekaert
et al., 2016). Nowadays, the experimental correlations proposed by
Woschni (1967), Hohenberg (1979), Huber et al. (1990) are themost
commonly used formulas. In addition, more research studies made
modifications to these heat transfer formulas in detail to improve
model precision under different operating conditions. The research
team (Launder and Spalding (1974), Han and Reitz (1997))
measured the heat flux density of the premixed spark ignition
engines fueled with CH4, H2, and CH3OH under motored and
fired operating conditions, analyzed the effects of gas properties on
heat flux, and checked andmodified the Reynolds analogy modeling
approach. The results showed that traditional heat transfer models
were not satisfied with precision acquirements due to higher heat
flux of the engine fueled with hydrogen rather than hydrocarbon
fuels caused by different gas properties. Michl et al. (Broekaert et al.,
2016) measured combustion chamber wall heat flux using a rapid
response thermocouple and modified the heat transfer model with
experimental data, which improved prediction accuracy under
various operating conditions. Fagundez et al. (De Cuyper et al.,
2016) tested the combustion process of hydrous ethanol fuel and wet
ethanol fuel blends with different water volume fractions and
established a two-zone combustion model based on Wiebe
function. Moreover, the predictive accuracy of the Hohenberg
model (Hohenberg, 1979) was the highest by comparing the heat
transfer correlations proposed by Woschni (1967), Hohenberg
(1979), Sitkei (Michl et al., 2016), and Annand (Fagundez et al.,
2017). In addition, the heat transfer model of Hohenberg (1979) was
modified with experimental data.

Overall, the model modification was performed to modify the
parameters or additional items of the classic formula by considering
the impact of the factors on the theory model, predicting the
performance using simulation methodology, and checking the
applicability of the modified formula. Moreover, lower engine
performance and ablation area of the cylinder head and piston
with higher altitudes was attributed to a decrement of model
predictive accuracy of the traditional heat transfer correlation
formula at high altitude (Zhang et al., 2016). In addition, the
literature is limited to date on the investigation focused on the
applicability of the heat transfer model at variant altitudes. In this
study, a collaborative simulation method for solving fluid–solid

coupled heat transfer problems is constructed, while the Woschni
formula (Woschni, 1967) is modified to obtain a heat transfer model
adapted to different altitudes and verified with the experiments. A
conjugate heat transfer (CHT) model was calibrated based on single-
cylinder experimental data under a simulated plateau environment.
Moreover, the diesel engine in-cylinder heat transfer model with
higher prediction accuracy at variant altitudes was proposed by
modifying the traditional empirical formula, which can be used as
a reference for thermal load prediction of combustion chamber
components at different altitudes.

METHODOLOGY

It is of significance to revise the Woschni formula (Woschni,
1967) because it can hardly meet the accuracy requirement at a
higher altitude. Thus, this study aims to develop a modified heat
transfer model for the plateau. The logical idea for modifying the
Woschni formula for different altitude conditions is shown in
Figure 1. The zero-dimensional combustion model and heat
transfer model were used to calculate the average heat transfer
coefficient and gas temperature, while the three-dimensional
numerical simulation model was utilized to solve the
temperature field, which was compared with measured data to
assess the modified model precision.

Experiments
Experimental Setup
In order to precisely modify the in-cylinder heat transfer model of
diesel engines at various attitudes, the experiments on a single-
cylinder diesel engine at different operation conditions were
carried out. Proper sensors were utilized to measure the
relevant parameters, such as pressure and temperature. The
diesel engine specifications are shown in Table 1.

This study used a four-stroke single-cylinder diesel engine.
The engine speed was set to 1500 r/min (MBT), 1900 r/min, and
2200 r/min (rated condition). The different altitude (0, 1000,
2000, 3000, 3700, and 4500 m) environments were simulated
by changing the intake pressure. All equipment and sensors have
been calibrated precisely to ensure accuracy in the installation.
The assembled test bench was equipped with a plateau simulation
system that can change ambient pressures from 100 to 57.9 kPa.
The ambient pressure at different operation conditions was
precalculated in consideration of altitude and aspiration.

The NiCr–NiSi type thermocouples were arranged on the
firing surface of the cylinder head in the test engine, and the
specific locations of the measurement points are shown in
Figure 2. A total of 10 measurement points were installed on
the fire face located between the inlet and exhaust valves in the
nose area and between the two exhaust valves. The sensor
calibration revealed that the error is within ±0.1 °C, which can
preciously capture the in-cylinder temperature. Moreover, the
dynamic response time of this thermocouple is about 50 ~
100 ms, that meets the quick response requirement of the in-
cylinder temperature measure.

An NI data acquisition system that compiles NI-LabVIEW
software with temperature measurement was used to collect data.
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As the sampling frequency of the temperature and strain data is
5 Hz and 100 kHz, respectively, a pair of independent hardware
systems was utilized to ensure the system’s reliability and data
accuracy.

Experimental Data
To describe the plateau simulation system, first, the pressure and
temperature of the intake air were controlled; the parameters such
as throttle opening and injection advance angle were adjusted.
Once the single-cylinder engine has been stable, the experimental
system would collect the temperature data and other engine

parameters. The engine performance data, such as excess air
coefficient and exhaust gas temperature at different altitudes, are
shown in Figure 3.

FIGURE 1 | Block diagram of semi-empirical formula correction.

TABLE 1 | Engine specifications.

Research type Single-cylinder

Cycle 4-stroke DI GDI
Valves per cylinder 4
Bore × stroke 150 × 160 mm
Intake valve open 300 CAD
Intake valve close −126 CAD
Exhaust valve open 110 CAD
Exhaust valve close 406 CAD
Connecting rod length 300 mm
Compression ratio 13.5
TDC clearance height 2 mm
Valve diameter 46 mm

FIGURE 2 | Physical diagram of thermocouples.
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It can be inferred from Figures 3A,B that with altitude
rise, the exhaust air temperature rose while the excess air
coefficient dropped, regardless of various engine speeds. As
expected, the higher altitude corresponded to lower intake
pressure and, therefore, less intake air, echoing the decreased
excess air coefficient in Figure 3A. The probable reason for
the trend of exhaust gas temperature was that the higher
equivalence ratio indicated less in-cylinder mass but similar
chemical heat released, contributing to exhaust gas
temperature according to basic thermal rules. In addition,
faster engine speed leads to decreased excess air coefficient
and exhaust gas temperature, possibly because of the
shortened duration of the air intake process. The
deteriorated combustion at higher speed also contributed
to lower exhaust gas temperature.

The data relating to the temperature field at the fire face were
measured by the experiment. Figure 3C shows the temperature at
the relevant measurement point on the cylinder head at 2,200 r/
min. The heat flow density of the cylinder head, as shown in
Figure 3D, was measured by the double-layer thermocouples
arranged in advance.

Zero-Dimensional Combustion Model
To further investigate the heat transfer model by simulation, the
zero-dimensional combustion model and in-cylinder heat

FIGURE 3 | Excessive air coefficient (A), in-cylinder (B), exhaust gas (C) temperature, and heat flow density (D) with altitude.

FIGURE 4 | Results of temperature index m under various conditions.
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transfer model, which are the main relevant submodels in GT-
POWER, were used to calculate the boundary conditions, such as
in-cylinder temperature and heat transfer coefficient, which can
be the boundary conditions to a three-dimension numerical
simulation model that calculates the temperature field.

A zero-dimensional in-cylinder combustion model (Sitkei and
Ramanaiah, 1972) is used in this study; it can be described by the
following equation:

dQB

dφ
� ηfHumf

dY

dφ
, (1)

where QB is the heat release of the fuel, φ is crankshaft angle,
Hu is the lower heating value of a fuel, ηf is combustion
efficiency, mf is the amount of the fuel, and Y is the mass
percentage of the burned fuel, which can be described by the
equation:

Y � mB

mf
× 100%, (2)

Wiebe (Annand, 1963) proposed a semi-empirical formula for
combustion rate based on the chemical reaction kinetics of a
homogenous mixture:

Y � 1 − exp(−6.908τm+1), (3)
where m is the combustion quality index, which determines the
shape of the combustion heat release curve. The constant 6.908
was obtained if the period between the start of combustion and
99% of the fuel burned is assumed to be the end of combustion,
according to the literature (Liu and Dumitrescu, 2019a) and
(Wiebe, 1962). τ is dimensionless time, calculated with the
following equation:

τp � φ − φB

Δφ � φ − φB

φB − φC

, (4)

where φB is combustion initiation angle, φC is combustion
termination angle, and Δφ is combustion duration angle.

Thus, substituting Eq. 3 into Eqs1, 5 results in obtaining the
calculation model of the combustion heat release rate:

dQB

dφ
� 6.908ηfHumf

m + 1
Δφ τm exp(−6.908τm+1), (5)

In addition, the differential equation for the change of in-
cylinder bulk temperature T can be obtained from the first
law of thermodynamics (energy conservation equation) as
follows:

FIGURE 5 | Geometry and mesh of the cylinder head (A) and water
jacket (B).

TABLE 2 | Macro parameters of the diesel engine at plain.

Parameters Measured
value

Simulated
value

Error
range (%)

Maximum burst
pressure/(bar)

127.6 126.8 0.63

Torque/(N·m) 295 306.8 4.00
Power/(kW) 68.24 70.7 3.61
Exhaust gas
temperature/(K)

730.15 745.38 3.33

FIGURE 6 | In-cylinder transient results at an altitude of 4500 m
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dT � 1
mcv

⎛⎝ − pdV +∑
i

dQi +∑
j

hjdmj − udm −m
zu

zΛ dΛ⎞⎠,

(6)
where pdV is the mechanical work, which is the product of cylinder
pressure and cylinder volume change rate; hjdmj is the energy, which
is brought into the system by mass dmj; the combustion process can
be calculated by Weibe exothermic law, intake and exhaust stroke
process can be calculated by the intake and exhaust system energy
equation; u is the specific internal energy; cv is constant volume
specific heat; and dQi is the wall heat loss of the combustion
chamber, which can be calculated by Newton’s cooling formula.

In-Cylinder Heat Transfer Model
Heat Transfer Model Without Consideration of
Elevation
To establish an in-cylinder head conjugate heat transfer (CHT)
model for diesel engines, the main control equations include the
coolant turbulence model, solid thermal conductivity model,
fluid–solid interface treatment, and in-cylinder transient heat
transfer boundary conditions.

As mentioned in Experiments, the experiment can obtain the
temperature, heat flow density, and other parameters. However,
the heat transfer coefficient and gas temperature cannot be
measured directly, which requires building a proper model.
The main equations are briefly sorted out below.

The heat transfer of coolant flow in the cylinder head water
chamber can be described by the standard k-ε turbulence model,
whose main controlling equations are the turbulent pulsation
energy equation and the turbulent dissipation rate equation, and
the detailed information is shown in the study by Yu et al. (2014).
Moreover, the thermal conductivity of the solid region of the
cylinder head can be described by Eq. 7, namely:

ρcp
zT

zt
� ∇(λ∇(T)) + Sv, (7)

where λ is the thermal conductivity, ρ is the density of the solid, cp
is the specific heat capacity of the solid, Sv is the unit volume of
heat generation power, and the non-linear effect with
temperature is considered in material properties.

The heat flux and temperature at the fluid–solid interface of
the cylinder head are equal and can be described by Eq. 8,
namely:

Tw−solid � Tw−fluid,

qw−solid � qw−fluid,

−λ(zT
zn

)
w

� h(Tw − T∞),
(8)

TABLE 3 | Calculation solution and test data at an altitude of 4500 m

Measurement point number Measured temperature/K Calculated temperature/K Relative error/%

01 474.60 472.48 -1.05
02 487.04 484.19 -1.33
03 481.05 481.13 0.04
04 450.52 458.56 4.53
05 479.57 487.03 3.61
06 502.61 499.68 -1.28
07 480.91 490.24 4.49
08 471.98 481.68 4.88
09 488.01 483.28 -2.20
10 473.26 469.34 -1.96

FIGURE 7 | Numerical results of cylinder head temperature.

FIGURE 8 | Cylinder head temperature distribution along the path in
Figure 7.
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where qw is the heat flow density at the interface, n is normal to
the outside of the wall, h is the convective heat transfer coefficient,
and Tw and T∞ are the temperatures of the fluid at the interface
and the mainstream region, respectively.

The in-cylinder heat transfer coefficient h and gas temperature
T are difficult to measure directly by experimental methods; T can
be calculated by Eq. 6, and the instantaneous average heat
transfer coefficient h is the in-cylinder heat transfer boundary
model; its semi-empirical formula can be expressed in the
following general form according to Liu et al. (2020).

h � f(D) · f(p, T) · f(Cm) � cD1−npnTmwn, (9)
where D is the cylinder bore; p is the instantaneous pressure in the
cylinder; T is the instantaneous temperature in the cylinder; w is the
function of the piston average speed, andCm,n, c, andm are constants.

The instantaneous in-cylinder temperature and heat transfer
coefficient are obtained from Eq. 6 and Eq. 9, which is based on
Eq. 10 to obtain the corresponding average values.

FIGURE 10 | Torque and power with altitude at 2200 r/min.

FIGURE 9 | Simulation of the cylinder head temperature field at various altitude from 0 to 4,500 m (A–F) at 2,200 r/min.
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⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

hm � 1
4π

∫
4π

0

hdφ

Tm � 1
4πhm

∫
4π

0

hTdφ

, (10)

where Tm is the integrated average gas temperature and hm is the
cycle average heat transfer coefficient.

To describe the spatial distribution of the average heat transfer
coefficient in the cylinder head fire surface, the variation of hm
along the cylinder radial direction is written as a distribution
function of the following equation.

hr � hm[a0 + a1( r

r0
) + a2( r

r0
)

2

], (11)

where r is the distance from a point P on the fire surface to the
cylinder center; r0 is the cylinder radius; hr is the heat transfer
coefficient at point P; a0, a1, a2, and a3 are constant coefficients. The
values are a0= 0.5, a1= 3, and a2= -3 for the testmodel in this article.

Tm and hm is loaded to the cylinder head fire surface as the
third type of boundary conditions, which can be used to solve the
conjugate heat transfer model.

Heat Transfer Boundary Modification at Variable
Altitudes
The semi-empirical equation shown in Eq. 9 is derived from the
in-tube turbulence test correlation and experimental data. The f
(p, T) is the part related to the in-cylinder mixture physical
parameters. Moreover, mass density ρ, thermal conductivity λ,
and viscosity η can be expressed as a function of temperature
according to Woschni (1967) as shown in Eq. 12.

ρ � pm

RgT
, λ � k1T

a, η � k2T
b, (12)

where the pressure index n = 0.8 and the temperature index m =
a-(b+1)n.

The in-cylinder components differ with altitude changes due
to degradation of combustion and reaction caused by lower intake
pressure and, therefore, equivalence ratio. That is the main reason
that the temperature index a, b changes and therefore the
temperature index m in Eq. 13, as Liu and Dumitrescu (2019b
supported.

Therefore, it is important to build a correlation formula about
the temperature indexm and altitude to simulate the heat transfer
process at different altitudes.

The most commonly used semi-empirical model is the
Woschni formula (Woschni, 1967), which has been modified
by Hohenberg (1979), Huber et al. (1990). Comparing the
characteristics and applicability of various in-cylinder heat
transfer models, the Woschni formula (Woschni, 1967) was
used as the basic model in this study, namely,

h � 0.013D−0.2p0.8Tm[c1Cm + c2
T1Vs

p1V1
(p − p0)]

0.8

, (13)

where h is the convective heat transfer coefficient, W/(m2·K); Cm

is the average piston velocity, m/s;D is the cylinder diameter,m; p
and T are the instantaneous pressure (Pa) and temperature (K) of
the cylinder gas, respectively; p1, V1, and T1 are the pressure (Pa),
volume (m3), and temperature (K) of the cylinder gas at the
moment of IVC, respectively; Vs is the working volume of the
cylinder, m3; p0 is the cylinder gas pressure(Pa) under the
motored condition; c1 is the airflow velocity coefficient; c2 is
the combustion chamber shape coefficient; m is the temperature
index, and the initial value is -0.523.

The structural and operational parameters of the test model were
input into the GT-Power model, and the user-defined heat transfer
model code was compiled. The Woschni equation (Woschni, 1967)
with customizable temperature index term m was loaded into the
GT-Power software (Heywood, 2018). Moreover, the temperature
indexmwas adjusted to calculate the average heat transfer coefficient
hm and the average gas temperature Tm in the cylinder under
different operating conditions.

In Fluent software, hm, Tm, and the wall distribution function
(shown in Eq. 11) are loaded onto the cylinder head fire surface as
the third type of boundary conditions by compiling the user-
defined function (UDF) (Lefebvre, 2013); the cold side boundary,
as well as other boundary conditions, is set up according to the
test data. Finally, the conjugate heat transfer model is solved to
obtain the cylinder head temperature field.

The measured and calculated results of the temperature field
were compared to correct the heat transfer model. If the error
between measured and calculated values is unacceptable, then the
semi-empirical formula of the temperature index m would be
adjusted to reduce the disparity until the model precision could
meet the requirement.

All the correction results of the temperature index m at each
altitude for engine speed of 1500 r/min, 1900 r/min, and 2200 r/
min are summarized, as shown in Figure 4.

The effect of altitude on the heat transfer model was carried
out by mathematical statistics. The correspondence between

FIGURE 11 | Excess air coefficient and exhaust gas temperature with
altitude at 2200 r/min.
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temperature index m and intake pressure can be fitted by the
least-squares method, and the fitting results are shown in Eq. 14.

m � −0.523 + (b0 + b1N)H2 × 10−9, (14)
whereN is the engine speed (r/min),H is the altitude(m), b0 = 1.5,
and b1 = 5.5 × 10-4.

Numerical Simulation Model
The numerical simulation of the diesel engine thermal state was
calculated by the commercial software ANSYS Fluent in this
study. The boundary conditions of the heating surface were
obtained from the GT-Power model (Serrano et al., 2015), and
the boundary conditions on the cooling surface were obtained
from the measured data (He et al., 2013). The cylinder head could
be divided into two parts: solid and liquid, where the liquid part is
a double-layer cooling water jacket. The 3D model shown in
Figure 5 was divided by tetrahedral meshing, and the minimum
mesh size is 1~2 mm. The total number of grids is controlled at
9.34 million after grid independence analysis.

The standard k-ε turbulence model (Kim et al., 2008; Liu and
Dumitrescu, 2018) was used in this study to describe fluid flow,
whose main controlling equations are the turbulent pulsation
energy equation k and the turbulent dissipation ε rate equation
(Yakhot and Orszag, 1986; Han and Reitz, 1995; Liu and
Dumitrescu, 2019c; Liu and Dumitrescu, 2019d) as shown in
the following equations:

z

zt
(ρk) + z

zxi
(ρkui) � z

zxj
[(μ + μt

σk
) zk

zxj
] + Gk + Gb − ρε − YM

+ Sk,

(15)
z

zt
(ρε) + z

zxi
(ρεui) � z

zxj
[(μ + μt

σε
) zε

zxj
] + C1ε

ε

k
(Gk + C3εGb)

− C2ερ
ε2

k
+ Sε,

(16)
where Gk is the turbulent energy caused by the mean velocity
gradient, Gb is the turbulent energy due to buoyancy, YM

represents the effect of fluctuating expansion incompressible
turbulence on the total dissipation rate, C1ε, C2ε, and C3εare
constants, σk, and σε are the turbulent Prandtl number of k
and ε, respectively, and Sk and Sε are user-defined source terms.

The thermal conductivity controlling equation for the solid
side and the heat transfer between the medium can be described
by Eq. 7 and Eq. 8.

RESULTS AND DISCUSSION

Numerical Simulation Validation
The result at the engine speed of 2200 r/min under the fixed
altitude (4500 m) was chosen as a typical result to analyze. A zero-
D calibrated diesel engine model was established that consisted of
a combustion chamber module, a camshaft-piston module, a set
of intake valves, and a set of exhaust valves. Moreover, the

geometric design parameters of the single-cylinder engine as
well as the test values of intake pressure, cyclic injection
volume, and injection advance angle were input into the GT-
Power model for calculation.

Meanwhile, the heat transfer model shown in Eq. 13 and Eq.
14 was written as a Fortran code, together with the GT model, to
calculate the pressure, temperature, and convective heat transfer
coefficient of the in-cylinder gas. The maximum burst pressure,
torque, power, and exhaust gas temperature were compared with
the measured values as shown in Table 2. The errors of each
parameter were within 5%, indicating that the model successfully
reflected engine performance.

The predicted and measured in-cylinder pressure, together
with the heat transfer coefficient calculated by the original and
modified model, are shown in Figure 6. The highly coincident
pressure indicated a satisfied precision of the one-dimensional
engine model. In addition, the heat transfer coefficient calculated
by the modified model was apparently higher, corresponding to a
45.69% increment of the average value, which also proved the
importance of heat transfer model correction.

The simulation results of the cylinder head temperature field
are shown in Figure 6. To check the accuracy of the simulation
results, the simulated and measured temperatures at the same
position were compared, as Table 3 shows, implying that the
errors are within 5%. Therefore, it was proven that the convective
heat transfer model equation under this working condition is
accurate enough.

To further assess the precision of the modified heat transfer
model, Figure 7 shows the simulated temperature distribution
at X, Y direction (Figure 8) of the cylinder head and the
measured data. It is of interest to figure out that the central
depression of the temperature profile was probably caused by
the central sunk surface, which reduced the local convection
motion and, therefore, the heat transfer coefficient. In
addition, the heat flow in the exhaust valve nose area was
apparently higher, which was mainly due to the strong exhaust
flow motion. The high coincidence of measured and
calculated data suggested a satisfied accuracy of the
corrected model.

Effect of Intake Air Pressure on
Temperature Distribution
The distribution of the cylinder head temperature field for each
altitude condition is shown in Figure 9. The peak temperature
was located at the firing surface nose area on the exhaust port side.
With the altitude rise, the maximum temperature increased,
indicating that the deterioration of combustion also
contributed to more severe post-combustion, resulting in a
higher heat transfer coefficient. That is the probable reason for
the increased peak temperature at the cylinder head.

Effect of Intake Air Pressure on Power
Performance
The test data for the 2200 r/min operating condition at the
maximum power point are shown in Figures 10, 11. As can
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be seen from Figure 10, torque and power decreased with altitude
rise, probably due to reduced air pressure. The torque dropped
from 290 N·m to 265 N·m, and power dropped from 66.81 to
61.05 kW.

Figure 11 shows the excess air coefficient and exhaust gas
temperature at each altitude. With the altitude rise, the exhaust
gas temperature was gradually rising as analyzed above. In
addition, the intake pressure being too low at the last two
altitudes, the exhaust temperature exceeded the test safety
limits, and the oil supply parameters were adjusted to reduce
the torque.

It was also important to point out that there was a sudden
change in the exhaust temperature and excess air coefficient as the
altitude increased from 2000 to 3000 m because these altitudes
corresponded to a sudden drop in intake pressure.

Therefore, it can be concluded that under calibration
conditions, as the altitude rises, the temperature field of the
cylinder head fire surface, exhaust temperature, excess air
coefficient, and other parameters increase, indicating that the
engine’s combustion deteriorates due to reduced intake volume
and decreased excess air coefficient. Therefore, the concentration
of soot in the exhaust gas increases, and then the exhaust
temperature increases. However, the thermal state of the
engine changed abruptly when the altitude rose to 3000 m.
When the altitude rose from 0 to 4500 m, the exhaust gas
temperature increased by 46.52%, and the excess air coefficient
decreased by 39.81%.

SUMMARY AND CONCLUSION

In this study, the in-cylinder heat transfer model has been
modified based on simulation analysis and experimental
verification. The results indicated that the modified heat
transfer model can be used in variable altitude operating
conditions, and the main conclusions are as follows.

(1) By comparing different heat transfer correlations, the
Woschni formula is selected as the basic model. The
temperature index m in the formula is determined as the
key correction variable by analyzing the effect of altitude on
the model parameters.

(2) A conjugate heat transfer model has been established, and
the in-cylinder working process and cylinder head
temperature field distribution have been calculated. To
obtain the in-cylinder heat transfer model applicable to
variable altitudes, the relationship between temperature
index m, altitude H, and engine speed N was fitted by the
least-squares method. The results indicated that the
average heat transfer coefficient hm increased by 45.69%
after correction, which also suggests that the traditional
model could no longer adapt to the requirements of
variable altitudes.

(3) The newmodified model is used to calculate the results under
different engine speeds at variable altitudes. By comparing
the calculation results with the test results, it is found that the
errors of the model are less than 5%. Therefore, the new
model has good adaptability and precision under various
altitudes of operating conditions.
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The emphasis on environmental protection and energy security has promoted automobile
engine technology toward low emission and economy. While the traditional port fuel injection
engine can hardlymeet the latest regulations and requirements, the gasoline direct injection (GDI)
engine becomes a hot research topic because of its potential to reduce fuel consumption and
emissions. Since injection timing has a determining effect on overall engine performance, this
paper aimed to investigate the injection timing effects on mixture formation and emissions. A
validated three-dimensional numerical simulation model of a 4-stroke GDI engine combustion
chamberwas adopted. In a previouswork (Part A), the in-cylinder combustionprocess has been
discussed. In this study, the simulation results demonstrate that with the injection timing
advancing, the fuel–gas mixture was more uniformly distributed and combusted more
completely; the CO, UHC, and soot had decreased sharply by 80.6, 99.2, and 97.5%; the
NOx emission increased by 151.7%. The optimized injection timing for this case was 300 CA
BTDC. Moreover, this paper studied the in-cylinder views of injection timing effects on mixture
formation and emission, providing reference to optimize injection of GDI engine.

Keywords: GDI engine, injection timing, emission, CFD, oxidation

INTRODUCTION

The increasing prominent energy shortage and emission pollution have put forward severe
challenges to the automobile power system (Gasbarro et al., 2019; Yang et al., 2021). Therefore,
reducing emissions and improving the efficiency of internal combustion engines (ICEs) have become
the main targets of research on vehicle engines (Ambrogi et al., 2019; Duronio et al., 2020). Although
the electric vehicle is in the ascendant, short driving range (Liu A. et al., 2021; Xu et al., 2021), high
cost (Lin and Li, 2019; Wang and Shen, 2021a), and battery safety are the main disadvantages that
cannot be ignored (Zhao et al., 1999; Wang and Shen, 2020). Therefore, the ICE will still be the main
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power resource of the vehicle in the foreseeable future (Heywood,
2018; Li et al., 2019). Also, many researchers have studied
combustion models (Keskinen et al., 2016; Shi et al., 2019), heat
transfer (Hongliang et al., 2016; Xu et al., 2020a), injection strategies
(Shi et al., 2018; Chai et al., 2021), and emissions (Liu and
Rigopoulos, 2019; Lin et al., 2021) related to internal combustion
engines. While the traditional port fuel injection (PFI) engine has
difficulty meeting the requirement of environment protection and
economic efficiency, attention is attracted to the gasoline direct
injection (GDI) engine (Wang and Shuai, 2011; Liu and Wang,
2022). Also, for GDI engines under partial load conditions, stratified
combustion can be achieved through a reasonable injection strategy
(Wang and Shen, 2021b; Yu et al., 2022), while under full load
conditions, a homogeneous mixture of premixed combustion can be
achieved through earlier injection (Yu et al., 2017; Liu et al., 2020).
Considering the significant improvement in thermal efficiency and
reducing fuel cost, the GDI engine has become a hot research topic
(Leduc et al., 2003; Han et al., 2020).

Thanks to the development of accurately controlled injectors like
solenoid-actuated and piezo-actuated injectors (Anbari Attar et al.,
2014; Lin et al., 2019), the GDI technology can precisely control the
injection timing (IT) and quantity, and allows more choice on
injection strategies (Lake et al., 2004; Zheng et al., 2021). More
importantly, the GDI technology shows great potential in
cooperation with engine downsizing, turbocharging, and other
technologies (Leduc et al., 2003; Wang and Shen, 2021c). The
downsized engine is well known for less fuel consumption in a

wide range of work conditions (Hall et al., 2016; Chai et al., 2020).
However, downsizing strategy also makes it easier to cause knock
combustion and even pre-ignition phenomenon (Ma et al., 2014;
d’Adamo et al., 2015). On the other hand, the GDI technology can
increase the volumetric efficiency and compression ratio because of
the direct injection charge cooling effect, reducing the compression
temperature to minimize knock combustion and avoid the pre-
ignition phenomenon (Kasseris and Heywood, 2012; Wang et al.,
2020). Besides, without port fuel film that troubles the PFI engine,
the GDI engine has a better transient response (Li Y. et al., 2021;
Awad et al., 2021). Overall, the GDI is crucial to synergy with
downsizing and turbocharging to optimize power performance, fuel
consumption, and emission performance (Huang et al., 2007; Liu
and Dumitrescu, 2019).

IT is an important parameter that influences mixture
formation significantly and, therefore, combustion and
emission performance (Zeng et al., 2006; Liu J. et al., 2021).
Since IT is one of the key roles in optimizing GDI engine
performance, many researchers have focused on its effect on
engine performance (Huang et al., 2003; Shi et al., 2020). Gong
et al. (2021) studied IT and CO2 dilution on combustion and
emissions of a stoichiometric GDI engine. The result shows that
peak cylinder pressure, peak heat release rate, and peak cylinder
temperature first increased, and then decreased as retarding IT.
Their corresponding angle crank had opposite trends. Duan
et al. (2020) used an experimental investigation of the single
injection strategy and double injection strategy on the
combustion phasing, performance, and emissions
characteristics in the GDI engine. The result shows that with
the increase of second IT, the PCP, Peak combustion pressure; ,
maximumHRR, Heat release rate, and mean in-cylinder temperature
were gradually increased. HC emission gradually increased but much
less than the single injection at the same condition. Zhang et al.
(2012) experimentally investigated the effect of IT on GDI
engine performance. The result shows that IT impacts the
charging cooling effect, fuel film, combustion efficiency, and
HC emission. Kim et al. (2013) studied the effect of injection
strategy on soot emission, revealing that advancing second IT
and decreasing second injection fuel mass can reduce soot
emission. Li et al. (2021) investigated the spray
characteristics, flame propagation, and other indicators of a

FIGURE 1 | Engine model geometry and mesh.

TABLE 1 | Engine specifications

Engine type Single cylinder

Cycle 4-stroke SI GDI
Valve per cylinder 4
Cylinder bore (mm) 84
Piston stroke (mm) 90
Displacement (L) 2.0
Connecting rod length (mm) 144.3
Compression ratio 10.3:1
Intake valve open 50 CAD BTDC exhaust
Intake valve close 143 CAD BTDC compression
Exhaust valve open 145 CAD ATDC compression
Exhaust valve close 58 CAD ATDC exhaust
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GDI optical engine. The results showed that flash boiling
injection resulted in lower apparent flame velocity and flame
area compared with supercooled injection, which was due to the
supercooled combustion conditions. Wen et al. (2020) studied
the effects of fuel octane number on the fuel consumption rate
and emissions of GDI and PFI spark-ignition (SI) engines. The
results indicated that with the increase of research octane
number (RON), the fuel consumption rate increases first and
then decreases for GDI engines. Liu et al. (2019) investigated the
effects of ethanol gasoline, n-butanol gasoline, and 2,5-
dimethylfuran (DMF) gasoline on the GDI engine efficiency
and emissions. The results indicated that n-butanol gasoline is
the best blended fuel among three kinds of oxygenated fuel
blends for reducing harmful emissions and CO2 emissions.

However, previous research mainly focused on overall
engine performance, and the literature about the in-
cylinder mixture formation process and distribution of
various emissions are limited (Yu et al., 2015; Sun et al.,
2021). Moreover, the combustion process in the cylinder has
been analyzed (Part A). Therefore, this paper is expected to
analyze the in-cylinder view of mixture equivalence ratio,
velocity field, and distribution of emissions to understand the
effects of IT on engine efficiency and emissions better. A
three-dimensional (3D) numerical computational fluid
dynamics (CFD) simulation was adopted. It is hoped that
this research will provide a more accurate view of how IT
influences the mixture formation and then emissions, which

contributes to optimizing the IT for better overall GDI engine
performance (Zhu, 2019; Liu J. et al., 2021).

NUMERICAL MODEL

A single-cylinder four-stroke SI GDI engine model was studied
with 3D engine software and the engine specifications are shown
in Table 1. As Figure 1 shows, considering the computational
cost, the research model includes half of the combustion chamber
due to its symmetry. Computing domain includes intake, exhaust
port and valve, spark plug, and combustion chamber that
bounded by liner, symmetry, piston, and cylinder head. The
computation mesh’s global size was set to 0.2 cm and refined
around key geometric features like valves and the spark plug.

The chemistry mechanism for gasoline that consists of 59 species
and 437 reactions was imported from the software’s built-in library
(Dumitrescu et al., 2018; ANSYS Forte). The chemistry mechanism
can simulate the gas phase and surface reactions and conclude gas-
phase input, gas-phase output, thermodynamic input, transport
input, transport output, etc. (Li et al., 2019; Liu and Dumitrescu,
2020a). The simulation used the built-in precalculated laminar flame-
speed table of ic8h18 to track the laminar flame front. To study the
turbulent flame propagation, the Discrete Particle Ignition Kernel
Flame model (DPIK) and G-equation were used. DPIK model that
uses Lagrangian particles tomark the flame front positionwas used at
the beginning of the spark when the ignition-kernel flame size is
smaller than the mesh size (Harshavardhan and Mallikarjuna, 2015;
Liu and Dumitrescu, 2020b). The turbulent flame propagationmodel
will switch to G-equation after the flame size grows bigger than the
mesh size. The G-equation model consisting of a set of Favre-
averaged level-set equations is selected for its balance of time cost
and accuracy (Liu andDumitrescu, 2018; Chai et al., 2019). Reynolds-
averaged Navier–Stokes (RANS) is chosen as turbulent transport
model, and RNG k-epsilon equation was employed since it has better
performance than the k-epsilon model in engine combustion
simulation (Lucchini et al., 2012; Stocchi et al., 2019). The
G-equation, RANS, and RNG k-epsilon equation establishes a

TABLE 2 | Simulated operating conditions at various injection timings

Injection type Pulsed

Start of injection (SOI) 270, 280, 290, and 300 CAD BTDC compression
Mean cone angle (°) 14
Injection duration (CAD) 18.4
Total injected mass (mg/cycle) 21.1
Engine speed (r/min) 2,000
Spark timing 15 CAD ATDC compression

FIGURE 2 | The comparison of simulated data with measured data at the 300 CAD BTDC injection timing: (A) pressure trace and (B) apparent heat release
rate curve.
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complete set of equations that describe turbulent flame propagation
(Papageorgakis and Assanis, 1998; Bommisetty et al., 2018).

The spray model includes nozzle flow, spray atomization, droplet
breakup, collision, coalescence, vaporization, and wall impingement
(Zhu, 2019; Feng et al., 2021). The radius of influence model was

chosen because of its independence on the CFD mesh size
(Costa et al., 2014; Xu et al., 2020b). The model set up three
injection nozzles and four ITs to research its effect on GDI
engine performance, and Table 2 shows the detailed simulation
operating conditions (Potenza et al., 2019; Liu Z. et al., 2021).

FIGURE 3 | Effect of injection timing on injection process at cylinder symmetry at several CA after SOI.
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The model was already validated against the experimental data
at the condition shown in Table 2. Moreover, the comparison of
measured cylinder pressure curve with simulated results is
shown in Figure 2, which indicated that 3D CFD model was
validated. The detailed model validation information can be
found in Verma et al. (2016a) and Verma et al. (2016b).

RESULTS AND DISCUSSION

Injection Timing Effects on In-Cylinder
Mixture Formation
As can be seen in Figure 3, the symmetry was colored by the
equivalence ratio and the balls, which were colored by velocity
and size dependent with droplet diameter, were denoted as
droplets. It is obvious that penetration distance of the
droplets increased as the IT delayed, which was mainly
determined by the difference of the distance between

FIGURE 4 | Effect of injection timing on mixture formation at cylinder symmetry at several CA after SOI.

FIGURE 5 | Effect of injection timing on total kinetic energy.
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nozzles and piston surface. Besides, it was very important to
note that the droplet-wall impingement intensified fiercely as
the IT advanced, especially at IT of 300 CA BTDC. Also, the

maximum equivalence ratio is about 7.5, which is similar with
the results in Chen et al. (2019). Figure 4 compares the
velocity field during injection at different ITs. It is apparent

FIGURE 6 | Effect of injection timing on mixture formation at cylinder symmetry at several CAD before spark timing.
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in Figure 4 that advancing IT corresponds to higher velocity
and more intensified flow motion, which also can be inferred
from Figure 5. The main reason for the difference in speed is
the intake flow that is stronger at the beginning of intake

stroke due to lower pressure. Figure 5 shows the effect of IT
on total kinetic energy as the indicator of intensity of flow
motion. The first peak was caused by exhaust flow and the
second peak corresponded to intake flow. It was of interest to

FIGURE 7 | Effect of injection timing on mixture velocity vector diagram at cylinder symmetry at several CAD before spark timing.
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point out that disturbance caused by injection at different IT
has an apparent effect on the peak value of total kinetic
energy. This was probably because the velocity direction of
injected fuel was more similar with the in-cylinder flow
motion at advanced IT, contributing to decrement of the
dissipation of kinetic energy, which was supported by the
combination of Figures 3 and 4.

To further study the fuel–gas mixture formation, the cylinder
symmetry colored by equivalence ratio and velocity field is
shown in Figures 6, 7. Different columns represent the in-
cylinder fuel–gas mixture formation at various ITs and each row
showed the results of different crank angles. At the beginning,
the fuel–gas mixture accumulated on the piston surface, as
expected, because of a collision phenomenon during the
injection process. Significantly, an anticlockwise tumbling
flow was formatted during the compression stroke. This

tumbling flow drove the fuel-rich mixture near the piston to
the intake side and head of the cylinder. Comparing the mixture
formation at different ITs, advancing IT made the mixture more
uniform, regardless of likely tumbling flow. The time spent on
mixing seems to be the main reason for the difference between
mixture uniformity. Because the earlier IT corresponds to
longer in-cylinder mixing process, it also corresponds to a
stronger degree of turbulence, which widens the gap in the
mixing level, as shown in Figure 5. For example, the fuel-rich
mixture of 300 CA BTDC injection timing had moved to the
center of the cylinder at 160 CA BTDC; meanwhile, the fuel-rich
region of 270 CA BTDC was still gathered around the surface of
the piston.

From Figure 7, it can be found that the velocity
distribution for different ITs were similar, indicating the
little effect of IT on in-cylinder flow motion, which
corresponded to the overlapping area of Figure 5. A clear
anticlockwise tumbling flow was formed in the cylinder by
the combined action of the piston and intake flow.
Comparing Figures 6, 7, it can be found that the tumbling
flow dominated in-cylinder mixture formation process.
Consequently, as Figure 8 shows, the in-cylinder mixture
formation results were colored by equivalence ratio. Also, the
results at the IT of 300 CA BTDC were satisfactory, while
delayed IT corresponds to the fuel-rich region, especially at
the IT of 270 and 280. The gathered fuel mixture region was
located at the intake side near the cylinder, which influenced
combustion performance remarkably. This is because the
flame can be ignited easily and propagate at the
stoichiometry ratio region and excess equivalence ratio
region tends to be slower, even freezing the flame
propagation. Besides, it was of interest to note that the eq
around spark plug is near stoichiometry ratio.

Injection Timing Effects on Emission
Nowadays, as environmental issues are gaining more
attention and emission regulations are becoming stricter,

FIGURE 8 | Equivalence ratio and velocity field at cylinder symmetry when sparked at different injection timings.

FIGURE 9 | Effect of injection timing on emissions.
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many researchers are exploring methods to improve
engine efficiency and reduce emissions. It is a great way
to use GDI engines to achieve the purpose of energy saving
and emission reduction. However, if the operating
parameters of the GDI engine are not well controlled, the

GDI engine will have higher emissions than the PFI engine, which
is contrary to the original objective. Therefore, it is very important
to investigate the in-cylinder emission formation and oxidation
process. In this study, the generation of carbon monoxide (CO),
unburned hydrocarbons (UHC), nitrogen oxides (NOx), and soot

FIGURE 10 | Effect of injection timing on NOx emission at several CAD in combustion duration.
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has been investigated, although soot of gasoline engine is not in the
emissions regulation.

Figure 9 shows the various species of emission variation at
different ITs. UHC is most sensitive to IT, followed by soot.
The UHC, soot, and CO emissions have a significant negative
correlation with the advancing of IT, while NOx emission has
an insensitive positive correlation. Overall, with the
advancing IT from 270 to 300 CA BTDC, the CO emission
has decreased by 80.6%, and UHC and soot had been reduced
by 99.2% and 97.5%, respectively; NOx emission had
increased by 151.7%. The next section will discuss the
effect of IT on emissions.

To investigate the effect of IT on NOx generation, the 3D
clouds and graphs of NOx and oxygen radicals in the

cylinder at different injection angles are as
follows. Nitrogen oxides (NOx) and hydrocarbons (HC)
under strong sunlight, through a series of chain
photochemical reactions, will generate ozone (O3) and
peroxyacetyl nitrate (PAN), that is, the generation of
secondary pollutants such as photochemical smog
(Duronio et al., 2020). Also, the smog is highly oxidizing
and causes stinging eyes, strong respiratory irritation,
dizziness, and vomiting. Also, it is very harmful for both
plants and the atmosphere. Therefore, it is necessary to study
the process of NOx generation at different injection
advanced angles.

NOx mainly consists of NO and NO2, and the engine
combustion process mainly produces NO and a small amount

FIGURE 11 | Effect of injection timing on O formation at several CAD in combustion duration.
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of NO2 (Ambrogi et al., 2019). It is generally known that NO
accounts for more than 90% of NOx and 3D diagram mainly
discusses the NO to replace the NOx. Also, the NO calculation is
based on the extended Zeldovich mechanism. The NO oxidation
rate, N oxidation rate, and OH reduction rate equations are based
on Eqs 1–3, respectively.

O +N2 � NO +N (1)
N +O2 � NO +O (2)
N + OH � NO +H (3)

The condition of NOx formation includes high temperature,
oxygen concentration, and reaction time (Ambrogi et al., 2019;
Duronio et al., 2020). Figure 10 shows that the NOx emission had
increased considerably with the IT advancing. Moreover, NOx
was first generated around the spark plug and then mainly
generated at the exhaust side of the combustion chamber.

FIGURE 12 | Effect of injection timing on NOx formation.

FIGURE 13 | Effect of injection timing on UHC emission.
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Considering the conditions of NOx formation, Figure 11 shows
the cylindrical symmetry with O as the color, leading to the
conclusion that NOx is mainly produced in the region of high
temperature and high oxygen concentration. Comparison with
mixture formation and combustionmentioned in the next section
reveals that the flame speed variation at different combustion
chamber sides resulted in higher temperature. Those regions
where the equivalence ratio was close to the stoichiometric
ratio have faster combustion speed and higher oxygen
concentration than the fuel-rich region, leading to more NOx
formation.

To further study the correlation between NOx formation and
IT, Figure 12 is used to show the NOx formation at different ITs.
Advanced ITs indicated more uniform in-cylinder mixture, better
combustion performance, and higher temperature. As the
temperature increased with advanced IT, the NOx rising is
mainly caused by increasing in-cylinder temperature with

FIGURE 14 | Effect of injection timing on UHC formation.

FIGURE 15 | Effect of injection timing on soot generation at several CAD in combustion duration.
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similar generated oxygen radical, as expected. As mentioned
previously, advancing IT resulted in more uniform fuel
mixture, improved combustion performance, and eventually
increased NOx emission.

There are three main pathways for HC generation:
incomplete combustion, wall quenching, and wall-moving
film adsorption (Ambrogi et al., 2019; Duronio et al., 2020).
For incomplete combustion, unburned hydrocarbon (UHC)
emissions may be due to uneven oil–gas mixing, misfires, and
other phenomena. For wall quenching, it is the major reason
for UHC generation. There are various narrow gaps in the
combustion chamber, especially the chamber seam between
the piston head and the cylinder wall, etc. In the compression
stroke, some fuel mixture was compressed into the crevice
attributed to the high pressure in the cylinder. Moreover, the
quenching effect is very strong due to the crevice with large
surface-to-volume ratio. Also, the flame cannot spread into
the crevice to continue to burn. Moreover, during the
expansion and exhaust stroke, the cylinder pressure drops
and the unburned mixture in the gap is exhausted along with
the exhaust gas. For oil film adsorption, lubricant oil film on
cylinder wall surface and carbon buildup on intake and
exhaust valves will absorb the unburned gas mixture
during the intake and compression strokes. Also, in the
expansion and exhaust stroke, the UHCs will be released
in the cylinder. In this study, CH4 was used to represent UHC
due to the fact that CH4 has a strong chemical bonding.

UHC emission has a significant correlation with IT, as shown
in Figures 13, 14. CH4 as an indicator of UHC is mainly
produced at the flame front on the intake side, where the
mixture combusted incompletely. With the IT advancing, the
UHC has decreased. Figure 13 indicates that the fuel-rich
mixture that did not fire may not be the main reason for the
rapid increase of UHC. Considering the previous section, the
fuel-rich mixture region, which is especially obvious at 270 and

280 CA BTDC, resulted in an unburnt area. Hence, UHC has a
sensitive correlation with IT.

The soot emissions of conventional PFI engines come from
fuel combustion. Also, when there are droplets on the wall in the
combustion chamber, GDI engines will generate soot due to the
fact that the after-treatment system only has a three-way catalyst
(TWC), but no DPF (diesel particulate filter). Soot is mainly
composed of PM2.5 and PM10, of which PM2.5 is the most
harmful to the human body and environment. Therefore, the
soot investigated in this study is mainly PM2.5, which is
represented by C2H2 (Yu et al., 2017). Moreover, the soot is
hazardous to human health and reduces atmospheric visibility,
which is harmful to the human respiratory system and may
cause symptoms such as asthma and cancer. Also, soot will
create carbon deposits that decrease the efficiency of the
aftertreatment. Hence, the soot needs to be eliminated as
much as possible and the study of soot generation is very
necessary.

GDI engine has more soot emission than traditional PFI
engine due to higher wall temperature (Wang and Shen,
2021b; Yu et al., 2022). Using C2H2 as an indicator,
Figure 15 shows the soot formation at different ITs. As
can be seen from Figure 15, soot emission increased
rapidly as IT delayed. Moreover, soot is first formatted
around the nozzle and then mainly formatted at the intake
side of the flame front, especially at 270 and 280 CA BTDC.
As mentioned previously, on the intake side of the
combustion chamber, at 270 and 280 CA BTDC, the
incomplete combustion of the fuel mixture is severe, even
without ignition, causing a significant increase in soot
formation. Besides, it can be also found in Figure 16 that
as IT advanced, less soot was generated. This is because the
in-cylinder mixture was more uniform at earlier IT, thus
improving the combustion performance.

FIGURE 16 | Effect of injection timing on soot formation.
FIGURE 17 | Effect of injection timing on CO emission.
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It is commonly recognized that the affinity between CO
and hemoglobin (Hb), which is the carrier of oxygen delivery
in blood, is 200–300 times higher than O2 (Duronio et al.,

2020). Also, it can easily combine Hb to form
carboxyhemoglobin (CO-Hb), which greatly reduces the
oxygen delivery capacity of blood and leads to serious

FIGURE 18 | Effect of injection timing on CO generation at several CAD in combustion duration.
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oxygen deprivation in the heart, brain, and other vital organs.
In addition, CO is a product of incomplete combustion and is
produced due to the unevenness of the in-cylinder mixture
and wall quenching effect in the crevice of the combustion
chamber. Therefore, it is of great significance to investigate the in-
cylinder CO concentration distribution at different ITs, which can
be used as a reference to explore how to reduce CO emissions from
GDI engines.

Figures 17, 18 show the CO formation at different ITs. From
Figure 17, it can be seen that CO emission was increased with the
delayed IT. Furthermore, the results indicated that CO is
probably mainly produced at the flame front and severely at
the intake side at 270 and 280 CA BTDC injection timing where
fuel–gas mixture combusted incompletely. This is because the
equivalence ratio of the intake side area at the spark timing was
much higher than stoichiometry ratio at 270 and 280 CA BTDC
injection timing, as can be seen in Figure 8. As mentioned
previously, the homogeneity of the mixture varied obviously
with advancing IT. Fuel gathered at the intake side of the
combustion chamber as IT delayed. As a result, the incomplete
combustion was intensified, especially at 270 and 280 CA BTDC
injection timing. Eventually, the total CO emission was increased
due to non-uniform fuel mixture and incomplete combustion.
Consequently, with the delayed injection timing, the CO produced
at the intake side was markedly increased and total CO emission
was the most at the IT of 270 CA BTDC.

SUMMARY AND CONCLUSION

This paper set out to study the effect of IT on mixture formation
and emission performance. By analyzing the numerical CFD
simulation results at different ITs, the research showed that
advancing IT leads to a more uniform fuel–gas mixture and
hence reduces the UHC, soot, and CO emission sharply but
gradually increases NOx emission. The results indicated that with
the IT advancing, the fuel mixed more uniformly under the effect
of tumbling flow, which is hardly influenced by IT. Therefore, the
time available for fuel–gas mixed seems to be the main reason for
the different uniform mixture. As for emissions, when advancing
the IT, and the UHC emission had reduced sharply. The fuel-rich
region of the mixture at delayed IT combusted incompletely or

even not on fire, resulting in a rapid increase of UHC emission.
Moreover, the soot emission decreased by 97.5%, and
improvement in combustion efficiency is the main reason.
Also, the NOx emission has increased by 151.7%. As the
advancing IT, the more uniform mixture was formed, which
resulted in better combustion performance and higher in-
cylinder temperature, and therefore increased NOx emission.
Furthermore, the CO emission decreased by 80.6%. The in-
cylinder more uniform fuel mixture is the main reason for the
decrement of CO emission.

Overall, this study contributes to understanding how IT
influences mixture formation and various species of emissions.
As far as this study is concerned, 300 CA BTDC is the
optimized IT. Considering the different models and
conditions of various GDI engines, the optimized IT cannot
be determined simply the same as this investigation. Moreover,
this paper provides a reference to optimize the IT of the GDI
engine to enhanced power performance and reduced
emissions.
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Numerical Study on the Effect of Wall
Thickness on the Combustion
Characteristics of Non-premixed
Hydrogen Micro-jet Flame
Xing Li1,2*, Shengrong Xie1,3, Jing Zhang1*, Daiqing Zhao1 and Xiaohan Wang1

1Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences, Guangzhou, China, 2Dalian National Laboratory for
Clean Energy, Dalian, China, 3University of Chinese Academy of Sciences, Beijing, China

The effect of wall thickness on the combustion characteristics of nonpremixed
hydrogen micro-jet flames was studied by two-dimensional numerical computation
with a detailed reaction kinetics for the development of hydrogen micro-burner. The
hydrogen jet diffusion flames achieved by micro-tubes with the same inner diameter
and length but different wall thicknesses were investigated. The heat exchange
between solid tube and gases were included in the numerical computation. The
distributions of flame temperature, OH radicals, details of thermal interaction, and
combustion efficiency were analyzed for comparison. It was found that the temperature
distribution, flame shape, and heat recirculation are changed with the fuel flow velocity,
and they are affected by wall thickness. The mechanism of wall thickness on the
combustion characteristics of hydrogen jet diffusion flame was clarified. Finally, an
interesting numerical experiment was conducted to give a further explanation of the
effect of heat recirculation and to provide guidance of the thermal management of the
micro-burner.

Keywords: hydrogen, micro-jet flame, wall thickness, heat recirculation, combustion characteristics

INTRODUCTION

With the increasing consumption of fossil fuels and the worsening of the environmental issues, the
interests on alternative fuels have been significantly increased in the last decade (Alazemi and
Andrews, 2015). Among the alternative fuels, hydrogen can be produced from flexible renewable
energy sources, such as wind and solar power generation. Moreover, the application of hydrogen
combustion also has advantages in emissions, since it has no CO2 and soot generations (Sharma and
Ghoshal, 2015; Dimitriou and Tsujimura, 2017). These advantages make it as one of the promising
candidates for future energy system.

Extensive work has been conducted to study the combustion characteristics of hydrogen or
hydrogen blend fuels in various power systems. The pure hydrogen-fueled gas turbine burner
has been tested (Cappelletti and Martelli, 2017). The results show that low NOx emission can be
achieved by using hydrogen flame. The combustion characteristics of jet-A and hydrogen flames
in a turbojet engine have been compared based on numerical computation (Kahraman et al.,
2018). Comprehensive information on the engine working at hydrogen fueled condition was
obtained. The performance of gasoline engine with hydrogen addition has been studied
experimentally (Yu et al., 2017). It was found that the power output and thermal efficiency
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of the engine can be improved by using hydrogen/gasoline
blends. The operating parameters of a gasoline engine using
hydrogen/natural gas blend fuel have been obtained by
numerical computation (Zareei et al., 2018).

On the other hand, the hydrogen flame can also be directly
employed as a heat source by using a porous medium burner
(Nozari et al., 2017; Jia et al., 2018) or micro-jet array burner
(Kuwana et al., 2016; Li et al., 2018; Rajasegar et al., 2019; Choi
et al., 2021). The micro-jet array burner consists of many single
micro-jet burners with specific distribution strategy (Kuwana
et al., 2016). The management of a single micro-jet flame is
important for the whole performance of the micro-jet array
burner. Consequently, knowledge on the combustion
characteristics of a single micro-jet flame is useful in the
design of a micro-jet array burner.

The combustion characteristics of micro-jet flames have
been explored for the development of micro energy and power
systems in the past (Cheng et al., 2005; Cheng et al., 2008;
Fujiwara and Nakamura, 2013; Hossain and Nakamura, 2015;
Gao et al., 2016; Zhang et al., 2016; Gao et al., 2017; Li et al.,
2017). The species distribution of hydrogen micro-jet flame
has been measured by using laser diagnostic techniques
(Cheng et al., 2005). The comparisons show that the
computational temperature and species distributions agree
well with the experimental results. The standoff behavior of
laminar methane micro-jet flame was investigated by two-
dimensional numerical computation with a detailed reaction
mechanism (Cheng et al., 2008).

More effects on the combustion characteristics of micro-jet
flame were investigated with the development of computation
and experiment methods. The thermal interaction between the
H2 micro-jet flame and the solid tube was included in the
numerical study (Hossain and Nakamura, 2015; Gao et al.,
2016). It was found that the hydrogen flame can be stabilized at
very low fuel flow velocity, and the burner tip is substantially
heated up due to the heat transferred from the flame.
Meanwhile, the experimental and numerical study of a
hydrogen micro-flame also reveals that the micro-burner
was heated by the flame, and the thermal interaction
between the flame and burner has a significant effect on the
combustion characteristics of the flame (Zhang et al., 2016).
Generally, the previous studies suggest that the thermal
interaction between the hydrogen flame and the burner is
an important factor on the performance of the hydrogen
micro-burner (Hossain and Nakamura, 2015; Gao et al.,
2016; Zhang et al., 2016; Gao et al., 2017). However, the
effect of wall thickness, which is a primary parameter of the
burner, on the combustion characteristics of the hydrogen
flame was not clarified.

The primary target of the present work is to investigate the
effect of the tube wall thickness on the hydrogen micro-jet
flame. The combustion characteristics of a hydrogen burner
with the same inner diameter and three different wall
thicknesses were investigated by including the heat
exchange between solid tube and gases. The temperature
and species distributions and combustion efficiency were

compared in detail. The effect of wall heat transfer
characteristics was also investigated.

COMPUTATIONAL METHODS

The schematic diagram of the physical model of the micro-jet
flame in the present study is drawn in Figure 1. The hydrogen gas
is issued into air through a stainless steel micro fuel tube, and a
diffusion flame is formed near the nozzle exit. A two-dimensional
axisymmetric geometric model was employed for the micro-jet
flame. The inner diameter (d) and length of the micro-tube were
fixed at 0.42 and 50 mm, respectively. Three different tube wall
thicknesses (δ), 0.14, 0.36, and 0.84 mm were selected for the
numerical study and comparison.

The continuum hypothesis and the Navier–Stokes equations
are still suited to the present case for the Knudsen number, which
is much smaller than the critical value of 10−3 (Beskok and
Kamiadakis, 1999). The governing equations for the gaseous
mixture includes mass, momentum, energy, and species
conservation equations:

∇ · (ρui) � 0 (1)

FIGURE 1 | Physical model.
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∇ · (ρuiui) � −∇p + ∇ · (μ∇ui) + ρg (2)
∇ · (ρuiT) � 1

Cp
∇ · (λ∇T) − 1

Cp
∑
n

hn{ωn + ∇ · [ρDn∇Yn

+ ρDT
n∇(lnT)]} (3)

∇ · (ρuiYn) � ∇ · [ρDn∇Yn + ρDT
n∇(lnT)] + ωn (4)

and the state equation:

p � ρR0T∑
n

Yn

Mn
(5)

where u is the velocity vector; the subscript i represents the
different direction components in the space; ρ, µ, p, g, T, λ, Cp, and
R0 are the density, viscosity, pressure, gravitational acceleration,
temperature, thermal conductivity, heat capacity, and universal
gas constant, respectively; andDn, ωn, Yn, hn, andMn are the mass
diffusion coefficient, species production rate, mass fraction,
enthalpy, and molecular weight, respectively. The subscript n
represents a certain species.DT

n is the thermodiffusion coefficient.
The solid tube wall was assumed as a nonslip boundary condition.
The computation includes both fluid and solid domains. The heat
transfer between the gases and surfaces of the micro-tube (inner,
top, and exterior) was considered based on the coupling
boundary condition.

The governing equations mentioned above were discretized by
using the finite volume method and solved by using the open-
source framework OpenFOAM (OpenFOAM, 2016). The
SIMPLE algorithm was selected to deal with the pressure and
velocity coupling in the equations. The laminar finite-rate
reaction model was selected, since the experimental results
showed that hydrogen micro-jet flame burn as laminar flame
(Zhang et al., 2016). The C1 chemical mechanism (Bilger et al.,
1999), which includes 17 species and 58 reactions, was employed
in the study. Ever since, it was shown that the hydrogen micro-jet
flames computed by using the C1 and GRI 3.0 (Smith et al., 1999)
mechanisms are the same (Li et al., 2018). Thermodynamic and
transport properties of the gaseous species were obtained from
the database of CHEMKIN-PRO (CHEMKIN, 2013). The specific
heat and density of mixture gas were calculated bymixing law and
incompressible ideal gas law, respectively.

The velocity inlet boundaries were used for the fuel and air
inlets, and the pressure boundary condition (1.0 atm) was
specified at the outlet. The fuel stream was injected into the
coflow air at a flow velocity of 5 cm/s. A uniform velocity profile
of air coflow was achieved at the inlet by using a ceramic
honeycomb. The initial temperatures of fuel and air were
300 K. The thermal conductivity of the stainless steel solid
tube is set as 16.27W/(m • K). The overall calculation domain
is 300 mm × 25 mm, which is sufficiently larger than the jet flame.
It was confirmed that a further increase in the computation
domain has negligible effect on the computation results.

The quadrangular grids were adopted, and refined grids were
utilized near the tube wall for high resolution in the numerical
computation. The grid size is 17 μm at the tube exit and gradually
stretched toward the far boundaries. The independence of the
grid was confirmed under different flow conditions, and a set of

grids with 169,000 cells was employed. The simulation
convergence was confirmed when the residuals of all
governing equations approached steady states. A steady state
was declared until the fluctuation of the maximum flame
temperature was less than 1 K. Convergence of the result was
achieved based on the residuals to be less than 10−6.

RESULTS AND DISCUSSION

Validation of the computational method
The experimental study of hydrogen micro-jet flames has been
conducted in our previous work (Zhang et al., 2016). The present
computation method was validated by comparison with the
experimental results at different tube diameter and wall
thickness conditions. The hydrogen micro-jet flames achieved
by micro-tubes with inner diameters (4) of 0.28 and 0.71 mm and
wall thickness (δ) of 0.1 and 0.17 mm were measured by using
planar laser-induced fluorescence technique for OH radical (OH-
PLIF). The OH-PLIF system, based on a LaVision LIF system, was
employed. The OH fluorescence was captured by an ICCD
camera, which was perpendicular to the laser sheet. The
detailed OH-PLIF measurement method was given in the
literature (Zhang et al., 2016; Li et al., 2017). To obtain the
whole OH chemiluminescent image of the flame, the laser sheet
covered the fuel tube tip. The missing OH fluorescence could be
found on the bottom right corner of the flame due to the block of
the opaque solid tube on the opposite side of the laser beam;
therefore, the OH contours obtained from experiment are
asymmetric. It was further demonstrated that the fuel tube tip
is circled by the OH zone, and the flames attached to the exterior
surface of the solid tube.

The measured and computed OH distributions are shown in
Figure 2. The variations in measured and computed height to
width aspect ratios of flames (defined by OH distributions of the
micro-flames) at different fuel flow Reynolds numbers (Re) are
plotted in Figure 3. The height-to-width ratio, which reflects the
flame deformation rate, increases with Re, and the measurements
agree well with the computed results with differences less than
4%. It can be found that the flame shapes obtained from both
experiment and computation are in good agreement.
Consequently, it is reasonable to believe that the
characteristics of hydrogen micro-jet diffusion flame with
different wall thicknesses can be captured by the present
numerical method.

Temperature distributions and fuel
conversion ratio
The hydrogen micro-jet flames with tube (d = 0.42 mm) wall
thickness of 0.14, 0.36, and 0.84 mm at different fuel jet velocities
were computed. Figure 4 shows that the maximum flame
temperature decreases smoothly with decreasing fuel flow
velocity in the velocity range of 1–5 m/s. However, a rapid
decrease can be seen in the velocity range of 0.4–1 m/s. It can
be found that the maximum flame temperature decreases with the
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increasing wall thickness at the same fuel velocity. The
temperature difference between the flames is significant in the
high flow-velocity range, while the difference is modest in the
low-velocity region.

Figure 5 shows the temperature contours of the
nonpremixed hydrogen micro-jet flames with three different
tube wall thicknesses. It can be seen that variations in
temperature distributions versus fuel flow velocities are
similar for the flames with thin- and thick-walled tubes.
The high-temperature region shrinks gradually with the
decreasing fuel velocity. The temperature distribution is

influenced by the wall thickness. At high fuel velocity of
2.5 m/s, the top surface of the thick-walled tube is partly in
the high-temperature region, while a greater area of the thin-
walled tube is immersed in the region. Compared with the
thin-walled tube case, the high-temperature region is smaller
at a fuel velocity of 1 m/s for the thick-walled tube. Moreover,
the high-temperature region moves to the tube exit at a low
fuel velocity, 0.4 m/s, and the gaseous temperature around the
exit of the thin-walled tube is significantly higher than that of
the thick-walled tube.

FIGURE 2 | Measured (above) and computed (below) OH contours of hydrogen micro-jet flames at different fuel flow velocities (d = 0.71 mm, δ = 0.17 mm).

FIGURE 3 | Comparison of the measured and computed height-to-
width ratios of the flame achieved by micro-tubes with different inner
diameters and wall thicknesses (case 1: d = 0.71 mm, δ = 0.17 mm; case 2:
d 0.28 mm, δ = 0.1 mm).

FIGURE 4 | The variation of computed maximum flame temperature
versus fuel flow velocity with different wall thicknesses and mesh densities
(δ = 0.14, 0.36, and 0.84 mm).
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The computational temperature distributions in the solid
tubes can also be seen in Figure 5. It can be seen that the solid
micro-tube was heated by the micro-flame. The variation in
the high-temperature region of flame affects the temperature
of the solid micro-tube. The temperature profiles on the
centerline of the solid tube wall (x direction) with different
thicknesses were analyzed since it was reported that the
preheating effect plays a key role in the temperature
distributions and the flow fields around the tube exit
(Fujiwara and Nakamura, 2013).

The temperature profiles on the centerline of the solid tube at
different conditions are drawn in Figure 6 (the tube exit is at
x = 50 mm). The temperature in the solid tube increases along the
distance from inlet to exit in all cases, and the peak temperature
position is on the top surface of the tube exit. The maximum
temperature (967 K) at δ = 0.14 mm, 2.5 m/s is higher than that of
the other cases, and the maximum temperature (387 K) at δ =
0.84 mm, 0.4 m/s is the lowest. The comparison shows that the
maximum temperature of the solid tube decreases with
decreasing fuel jet velocity. Although the solid temperature of

FIGURE 5 | Temperature distributions of flames at different flow conditions (a1) δ = 0.14 mm, 2.5 m/s; (b1) δ = 0.36 mm, 2.5 m/s; (c1) δ = 0.84 mm, 2.5 m/s;
(a2) δ = 0.14 mm, 1 m/s; (b2) δ = 0.36 mm, 1 m/s; (c2) δ = 0.84 mm, 1 m/s; (a3) δ = 0.14 mm, 0.4 m/s; (b3) δ = 0.36 mm, 0.4 m/s; (c3) δ = 0.84 mm, 0.4 m/s.

FIGURE 6 | Temperature profiles on the centerline of the tube walls for
different wall thicknesses.
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the tube with a thick wall is relatively uniform, the maximum
solid temperature of the thin-walled tube is much higher than the
thick-walled tube at the same fuel flow velocity. It can be
concluded that reduced wall thickness can increase the
centerline temperature of the tube wall near the tube exit.

The fuel conversion ratios of flame with different wall
thicknesses at the fuel jet velocity of 0.4–5 m/s were also
compared. The hydrogen conversion ratio α is computed as
follows:

α � _mω

_m
(6)

where _mω, _m are the hydrogen consumption rate and mass flow rate
of input hydrogen, respectively. Figure 7 shows that the hydrogen
conversion ratio is rapidly increased in the low fuel velocity range
(0.4–1.0 m/s), and the hydrogen conversion ratio is smoothly
increased when the fuel flow velocity varies from 1.0 to 2.5m/s.
The conversion ratio for the thin-walled case (δ = 0.14mm) is higher
than those of the thick-walled cases at relatively low fuel flow velocity.
It illustrates that the wall thickness has significant effects on the
conversion ratio at low fuel flow velocities, and the combustion
efficiency needs to be improved.

The maximum conversion ratio (approaching 100%) can be
achieved at high fuel flow velocity (≥2.5 m/s) for the tubes with
different wall thicknesses, and there exists a strong preheating effect.
It is observed that the maximum conversion ratio values for these
cases have little distinctions. However, the flame issued from the thin-
walled tube (δ = 0.14mm) reaches the peak value at a smaller fuel
velocity. The results reveals that the thin-walled tube is more
appropriate in achieving a relatively complete combustion.

Flame structures
In order to further clarify the effects of wall thickness on the flame
structures and thermal interactions, the computational OH
distributions of the micro diffusion flames were analyzed, as

shown in Figure 8. It can be seen that the OH distributions are
affected by the wall thickness.

The top section of the solid tube is tightly circled by the OH
zone for the thin-walled tube at a fuel flow velocity of 2.5 m/s
(Figure 8a1), and a spherical flame attaches the lip of the tube,
whereas the contact area between the flame and the thick-walled
tube is significantly smaller for the thick tube (Figure 8c1). The
attachment region is transferred from the exterior surface to the
top surface, and the shape of the flames changed from sphere to
hemisphere. When the fuel velocity decreases to 1 m/s, the OH
zone shifts to the exit of the tube, the OH zone locates on the top
surface of the thick wall in Figures 8b2, c2, and the flames turn
from hemisphere shape to umbrella shape. However, the flame
achieved by the thin-walled tube still adheres to the exterior
surface (Figure 8a2). At the near-extinction limit, where the fuel
velocity is 0.4 m/s, the umbrella-shaped OH regions are floated on
the tube exit, the bottom of the small OH zones are flat, and it can
be seen that the effect of wall thickness on the OH distribution is
not significant.

The maximum OHmole concentrations of flames achieved by
the different tube wall thicknesses also show distinction, except
the main difference in flame shape and attachment behavior. It
can be found that the maximum OH mole concentration
decreases with increase in the wall thickness.

Effect of wall thickness on heat
recirculation
To further compare the heat recirculation through the tube walls
to the fuel, which can enhance the combustion, the thermal
interactions at three different wall thicknesses (δ = 0.14, 0.36,
and 0.84 mm) were also analyzed. The heat transfers through the
wall surfaces at different fuel flow velocities were analyzed, and
the case at a fuel flow velocity of 2.5 m/s are shown in Figure 9 for
a demonstration. The heats absorbed from the flame through the
top and exterior surfaces are finally transferred to the fuel steam
via the inner surface for the thin-walled case (δ = 0.14 mm).
However, the absorbed heats from the top surfaces are
dissipated to the fuel and air streams through the inner and
exterior surfaces for the thick-walled tube cases. The heat
dissipated to coflow ambient through the exterior surfaces is
increased with increasing wall thickness, and the corresponding
maximum temperature of the solid tube is decreased. The results
also show that the heat transfers through the inner surface
deceases with increasing thickness.

The net heat transfer to the fuel steam, which can benefit the
flame, was calculated and normalized by the total heat absorbed
by the wall surfaces. The normalized heat exchanges for
preheating fuel QN was defined as follows:

QN � ∫qdA
Qt

(7)

where q, A are the local heat flux density and the corresponding
surface (inner surface) area, respectively. Qt is the total heat
absorption through other wall surfaces. The results at different
fuel flow velocities are plotted in Figure 10, and the positive and

FIGURE 7 | The variation of hydrogen conversion ratio versus fuel flow
velocity with different wall thicknesses (δ = 0.14, 0.36, and 0.84 mm).
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negative values on the vertical axis mean heat absorption and heat
dissipation, respectively. The results reveal that reducing the
thermal conductive wall thickness can improve the heat
recirculation at fuel velocities of 1 and 2.5 m/s, while all the

micro-tubes play a negative role on the hydrogen flame at the
fuel velocity of 0.4 m/s because the heat is transferred from the
gas to the inner surfaces. It can be seen that the heat loss
through the inner surface of thin-walled cases is lower than
those of thick-walled cases, due to the difference in flame
structure and temperature distribution (Figures 5 and 8).
However, the heat exchanges through inner surfaces only
account for a small percentage of the total heat absorption
at low fuel velocity. The heat loss through the exterior surfaces
is mainly from the absorbed heat from the top surface of the
solid tube.

Numerical experiment
As known, a properly maintained high wall temperature and
utilized heat recirculation can facilitate the gas reaction and
enhance the flame. To provide guidance for the thermal
management of the jet flame burner, especially for the
thick-walled tube, an innovative numerical experiment was
conducted to compensate for the negative effect of heat loss.
An artificial wall boundary condition was used, where the
exterior surface of the tube wall was treated as an adiabatic wall
boundary, while the top and inner surfaces were thermal
coupling boundaries.

FIGURE 9 | Schematic of heat exchanges through surfaces at fuel flow
velocity of 2.5 m/s: (A) δ = 0.14 mm; (B) δ = 0.36 mm; (C) δ = 0.84 mm.

FIGURE 8 | Computed OH mole concentrations of flames at different flow conditions (a1) δ = 0.14 mm, 2.5 m/s; (b1) δ = 0.36 mm, 2.5 m/s; (c1) δ = 0.84 mm,
2.5 m/s; (a2) δ = 0.14 mm, 1 m/s; (b2) δ = 0.36 mm, 1 m/s; (c2) δ = 0.84 mm, 1 m/s; (a3) δ = 0.14 mm, 0.4 m/s; (b3) δ = 0.36 mm, 0.4 m/s; (c3) δ = 0.84 mm,
0.4 m/s.
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The computational flame temperature with real and
artificial wall conditions at the fuel velocities of 0.4 and
2.5 m/s were compared, and the wall thickness was fixed at
δ = 0.36 mm. The gas temperature profiles along the
centerline (x direction, y = 0) with both the conjugate wall
and adiabatic wall boundary conditions are shown in
Figure 11 (the tube exit is at the position x = 50 mm). At
the fuel velocity of 0.4 m/s, the maximum temperature of the
flame and the fuel temperature in the tube with the adiabatic
exterior surface are significantly higher than those of the real
wall tubes. A similar behavior can be found in the case of the
high fuel velocity (2.5 m/s), although the temperature
difference is reduced. The numerical results indicate that
the preheating effect on the fuel is enhanced, and the
maximum flame temperature on the centerline is increased
when the heat loss through the exterior surface of the
relatively thick wall tube is suppressed.

The results of combustion efficiency (η) with different wall
boundaries are calculated and shown in Figure 12, and the
combustion efficiency is defined as follows:

η � Q

H · _mf
(8)

where Q, H, and _mf are the overall heat generation of flame,
low heat value of fuel, and mass flow rate of input fuel,
respectively. It can be seen that the combustion efficiency
with the adiabatic exterior surface is obviously increased
compared with that of the real wall tube at a low fuel
velocity of 0.4 m/s. However, the combustion efficiencies for
the high fuel velocity of 2.5 m/s are the same. The results of the
numerical experiments above suggest that wall thickness and
surface material should be considered when developing and
optimizing micro-jet combustors. The thick-walled burner
with the insulating exterior surface can also stabilize a jet
flame and realize an enhanced combustion.

FIGURE 11 | Temperature profiles along the centerline under real and artificial wall boundary conditions: (A) 0.4 m/s, δ = 0.36 mm; (B) 2.5 m/s, δ = 0.36 mm.

FIGURE 12 | The variation in combustion efficiency under real and
artificial wall boundary conditions (0.4 and 2.5 m/s, δ = 0.36 mm).FIGURE 10 |Normalized heat exchanges responsible for preheating fuel

at different fuel flow velocities (δ = 0.14, 0.36, and 0.84 mm).
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CONCLUSION

The combustion characteristics of hydrogen diffusion flames
achieved by micro-tubes with different wall thicknesses and
the same inner diameter were investigated numerically to
clarify the effect of wall thickness on the flame behaviors
and combustion efficiency.

The computed temperature and OH distributions show a
remarkable difference when wall thickness is changed. The
hydrogen conversion ratios, which reflect the combustion
efficiency for tubes with different all thicknesses are almost
the same at high fuel jet velocity. However, the hydrogen
conversion ratio is decreased with the increase in wall
thickness at low fuel flow velocity. The thin-walled tube is
more appropriate in maintaining a high fuel conversion ratio.

The computational maximum flame, solid temperatures, and
maximum OH mole concentration decrease with increasing wall
thickness at a fixed fuel flow velocity. The heat exchange between
the flame and solid tube through the top surface is increased with
the wall thickness. However, the heat recirculation to the fuel
stream is decreased, since the heat loss from the exterior surface is
increased. The effect of wall thickness on the micro-jet flame is
mainly through its influence on the flame shapes and heat
exchange areas of the exterior and top surfaces.

A numerical experiment on the heat conduction
characteristics of the exterior surface has been conducted.

The results show that the hydrogen micro-jet flame
achieved by a tube with a thick wall can be prompted by
restraining the heat loss from the exterior surface.
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