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Abstract

This mini-review aims to provide a methodology for practical solutions to improve the existing natural gas combustion through 
dilution using ammonia/hydrogen/nitrogen for industrial and domestic applications. The dilution of ammonia-hydrogen with 
natural gas greatly influences its combustion characteristics. The characteristics of natural gas-hydrogen and natural gas-
ammonia are discussed briefly in this mini-review. Soot emission has a severe adverse effect on the environment and human 
health. A major solution to mitigate this problem is fuel dilution using hydrogen, nitrogen, or even ammonia. Hydrogen is the 
least emissive fuel which does not produce soot or carbon dioxide. The feasible alternative for emission and soot control is to 
reduce carbon footprint by fuel dilution.    
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Introduction

Combustion systems are a vital part of everyday life, 
encompassing domestic burners, internal combustion 
engines, industrial furnaces, and rocket engines [1]. The 
understanding of combustion processes has long been the 
primary objective of the research community to increase 
the efficiency and reduce the pollution of the combustion 
systems for a wide range of domestic and industrial 
applications. The energy extraction from the combustion 
process leads to unwanted emissions and particulate matter. 
The particulate matter primarily from combustion systems 
is based on hydrocarbon fuels and has an everlasting 
impact on human health and, more importantly, global 
climate. Soot, the primary constituent of these unwanted 
emissions, comprises carbon and hydrogen, which arise 
from stubble burning, forest fires, etc. Soot consists of Poly 

Aromatic Hydrocarbons (PAHs), which are carcinogenic; 
when inhaled, they get transported deep into the human 
respiratory system to cause cardiovascular diseases and lung 
cancer [2,3]. The soot particles have a detrimental impact 
on human health and climate change [4]. Over the years, it 
has been understood that the alternates to fossil fuel-based 
combustion systems like solar, wind, and hydropower alone 
cannot meet the swelling energy demands of the world. 
Hence, it is pertinent to find ways to improve the design of 
current combustion systems to reduce emissions. The shift 
toward hydrogen combustion and ammonia combustion is a 
significant step toward decarbonization [5-8]. 

Sustainable fuel additives to natural gas are essential 
in reducing CO2 emissions. NASA has recently reported 
that soot and dust contribute rapid melting of glaciers. At 
times, higher soot concentration is more dangerous than the 
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greenhouse gas effects on global warming. The combustion 
research community contributes effectively to green energy 
transformation [9,10]. Catapano, et al. [11] experimentally 
investigated a spark ignition engine with different methane-
hydrogen mixture compositions. The combustion efficiency 
increased with hydrogen content due to accelerated 
combustion in port fuel injection (PFI) spark ignition (SI) 
engines. Recently, Yang, et al. [12] studied the feasibility from 
the flame extinction perspective for a hydrogen-enriched 
natural gas, indicating greater stretch rates with hydrogen 
addition. Huang, et al. [13] experimentally proved that 
hydrogen-air flames give a larger value of stretched flame 
speed than natural gas-hydrogen flames. Further, there was 
an exponential increase in laminar burning velocity with an 
increase in hydrogen composition. In another recent study, 
Khanehzar [14] through numerical predictions, nitrogen 
dilution is more effective at decreasing the soot volume 
fraction. However, the soot characterization of industrial, 
lab-scale burner configurations with natural gas-hydrogen/ 
ammonia blend is not investigated on common grounds, 
which has a profound impact from the environmental 
perspective as this can be scaled to industrial and domestic 

applications.

Methodology to Investigate Hydrogen-
Ammonia Dilution to Natural Gas 
Combustion

The process of soot evolution is a very complex process 
that involves fuel pyrolysis, poly-aromatic hydrocarbon 
(PAH) formation, coagulation, surface growth, carbonization, 
accumulation, and oxidation. A detailed experimental 
methodology is required to identify the effects of such 
processes. The optical techniques for soot measurements 
are pertinent because of their inherent quasi-non-intrusive 
nature that aids in obtaining soot evidence from the flames 
without perturbing (providing a marker for the combustion 
that has occurred) [15,16]. A coflow-turbulent diffusion 
burner is used for this investigation with base fuel tested 
with natural gas and varying composition of natural gas 
with H2 and NH3. An outer tube supplied with compressed 
air for studying air dilution effects on flow and soot behavior 
(Figure 1). 

Figure 1: Methodology to investigate fuel-dilution to natural gas combustion.

A planar PIV system can obtain the velocity distribution 
of burners with natural gas and natural gas-H2/CH4. The 
flow characterization will provide the fundamental step 
toward analyzing the characteristics. The Laser-induced 
Incandescence (LII) quantifies soot formation using a 
pulsed Nd-YAG laser that falls through a laser sheet forming 
optics onto the flame area. The flame region on which the 
laser falls gets heated up to a temperature greater than the 
surroundings to create incandescence which is tracked using 
an ICCD camera equipped with an ultraviolet enhancement 
lens. Laser-induced fluorescence (LIF) measures PAHs using 
an Nd-YAG laser to excite PAH fluorescence. The chemical 

effects of ammonia and hydrogen are investigated based on 
results from LII and PAH to reduce the formation of soot and 
PAH and impact the evolution of soot morphology.
 

The thermophoretic sampling particle diagnostic system 
is implemented to track the soot morphology evolution. 
The soot particles would be adsorbed on the carbon film of 
copper mesh due to the action of thermophoresis. Scanning 
electron microscopy will help to assess the particle size, 
shape, and aggregation tendencies of NHN. The study on the 
arrangement of carbon atoms could be obtained from high-
resolution transmission electron microscopy to improve 
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the understanding of carbon reactivity and the internal 
structure of soot particles. The structural parameters can 
be extracted from the XRD (X-ray diffraction) spectrum, 
which can provide the diffraction variations of the soot 
particles. The XPS (X-ray photoelectron Spectroscopy) can 
further clarify the bond formed between carbon atoms. The 
soot particles’ graphitization, which indicates the oxidation 
reactivity of the soot samples, could be easily identified 
using this methodology. A soot morphology study is required 
to determine the maturity level of soot particles from 
the inception stage to the final graphitization of the soot 
particle. This process depends on the physical and chemical 
characteristics of the soot particles, carbon-atom structure, 
refractive index. Proper optimization of H2/NH3 blending 
of natural gas is required to find a possible alternative to 
natural gas combustion by reducing the harmful byproducts 
of the reaction, which can be achieved through this suggested 
experimental methodology.
 

The thermophoretic sampling particle diagnostic system 
is implemented to track the soot morphology evolution where 
a temperature gradient induces the mass transfer process. 
The soot particles would be adsorbed on the carbon film of 
copper mesh due to the action of thermophoresis. Scanning 
electron microscopy (SEM) will help assess the particle size, 
shape and aggregation tendencies of natural gas-H2/NH3. The 
study on the arrangement of carbon atoms could be obtained 
from high-resolution transmission electron microscopy 
to improve the understanding of carbon reactivity and the 
internal structure of soot particles. The structural parameters 
can be extracted from the XRD spectrum, which can provide 
the diffraction variations of the soot particles. The bond 
formed between carbon atoms can be further clarified from 
the XPS spectrum. The soot particles’ graphitization, which 
indicates the oxidation reactivity of the soot samples, could be 
easily identified using this methodology. A soot morphology 
study is required to determine the maturity level of soot 
particles from the inception stage to the final graphitization 
of the soot particle. This process depends on the physical 
and chemical characteristics of the soot particles, carbon-
atom structure, refractive index, etc. Proper optimization of 
H2/NH3 blending of natural gas is required to find a possible 
alternative to natural gas combustion from the soot reduction 
perspective, which can be achieved through this suggested 
experimental and numerical methodology. 

Conclusion 

A broader perspective to investigate the fuel dilution 
of natural gas flames used in industrial and domestic 
applications to reduce global carbon-foot print is brought 
out through this mini-review. Fuel dilution is a significant 
step towards minimizing soot and emissions for the existing 
combustion technologies. Hence, systematic experimental 

and numerical techniques need to be adopted to understand 
the dilution of natural gas with ammonia, hydrogen, or 
nitrogen. 
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