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HIGHLIGHTS

e No visible flame structures for pure DME, DME/CH,, but a flame appeared for DME/H,.
e Single-digit NO for 100% DME with no other pollutants observed in flameless mode.

e Reactive structures revealed increased homogeneity with CH, addition.

e Reached zero pollutant levels at 50% CH, (vol.); however, high CO at 60% CH, (vol.)

e Increased NO at higher H, with 50% H; (vol.) as the optimum level for H, addition.
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ABSTRACT

This article sheds light on the combustion characteristics of dimethyl ether and its mix-
tures with methane/hydrogen under flameless conditions at different equivalence ratios. It
was found that combustion of 100% dimethyl ether in flameless conditions minimises the
NO formation, keeping it less than 10 ppm with no CO or unburned hydrocarbons. Pro-
gressive addition of methane was found to reduce the NO, reaching up to zero value at 50%
methane in molar fraction along with a marginal CO, reduction. However, large amounts
of CO were found for higher methane levels, greater than 60% CH, in molar fraction.
Reactive structures based on OH* chemiluminescence revealed that adding methane re-
sults in increased ignition delay times and, consequently, a more distributed reaction zone
characterised by reduced temperature gradients. No visible flame was observed for pure
dimethyl ether as well as dimethyl ether/methane mixtures. Furthermore, a more intense
and narrower reaction zone, characterised by the presence of a visible flame, was formed
upon hydrogen addition. Adding hydrogen by 50% in molar fraction did not cause a
noticeable rise in NO levels; however, CO, was lowered by about 18%. Further addition of
hydrogen resulted in increased peak temperatures of about 1700 K and higher NO emis-
sions of about 50 ppm. Additionally, a skeletal Chemical Reactor Network was built and
simulated with the commercial software CHEMKIN Pro to investigate the effect of the
different mixtures and operating conditions on NO formation from a chemical point of
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view. N,O pathway was observed to be the root source of NO emissions for pure DME and

DME/CH, mixtures, however; the thermal pathway became gradually more important as

hydrogen concentration was increased in the mixture.
© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Renewable synthetic fuels have emerged as a potential future
fuel choice in recent times due to faster depleting fossil fuels,
ever stringent emission norms, and uncertain political sce-
narios. Dimethyl ether (CH30CHs) is one of such promising
synthetic fuels due to benefits such as high combustion effi-
ciency and low pollutant emissions (CO, HC, SO, etc.) [1]. At
ambient conditions, Dimethyl ether (DME) is a gas; however, it
can be stored in liquid form under slightly pressurised con-
ditions (about 5 bar). DME can be produced from biomass [2,3]
and existing fossil fuels such as coal and natural gas [3]. It is
also used as a hydrogen carrier and can be easily reformed
back to hydrogen at low temperatures [3]. Due to the absence
of a carbon-carbon bond and an oxygen content of about 35%,
the particulate matter emissions are also very low [4—6]. DME
is colourless, non-toxic, non-carcinogenic, and highly flam-
mable, and it generates one of the lowest levels of the well-to-
wheel greenhouse gas emissions [3]. DME has the potential to
reduce greenhouse gas emissions by up to 85% if it is produced
from renewable sources [7]. Such characteristics make it a
potential alternative to the petroleum fuels and natural gas
[8,9]. DME is characterised by high fuel reactivity and low
ignition delay times [10]. Therefore, it has been used as an
ignition enhancer to improve the reactivity of methane-
containing fuel mixtures [10-12]. It was reported in these
works that a small DME addition can significantly lower the
ignition delay times while increasing the laminar flame speed.

Primarily, DME has been investigated as a potential alter-
native fuel in the internal combustion engines [13—18] and as a
domestic cooking gas [19—24]. DME has also been studied for
gas turbines applications [25—28] and power generation [29,30].
These studies demonstrated that replacing conventional fuels
with DME improves combustion characteristics with consid-
erably low NOx and CO emissions. Investigations on the usage
of DME in industrial furnaces are however limited [31-33].
Chen et al. [31] investigated the characteristics of DME and
propane in a ceramic kiln furnace by varying the oxygen levels
in the air between 10% and 90%. They reported that for similar
input conditions of thermal power and oxygen content, DME
produces lower temperatures compared to propane along with
no soot, no unburnt fuel, low CO, and low NO, emissions [31].
Reactive structures of premixed DME-air flame were investi-
gated in a cylindrical boiler furnace for two thermal loads
(130 kW and 270 kW) and a range of excess air ratios (1.05, 1.15,
1.30, 1.45, 1.60) [32]. Three different zones were identified in this
furnace: a high-temperature flame core area, followed by two
different recirculation zones with relatively low temperatures,
formed between the flame zone and furnace walls. At higher
excess air ratios, the reaction zone was reported to be

shortened in length and shrunk in volume, mainly due to the
increased mean reaction rate. Moreover, the reaction zone was
observed to be broadened and elongated at a high load for a
fixed air excess ratio. Indeed, at a fixed air ratio, the mean re-
action rate was identical for both low and high loads and in
such cases, more fuel-air mixture at high load results in a large
reaction zone [32]. Emissions of CO, were lower at increased air
excess; however, they appeared to be independent of thermal
load. Kang et al. [33] studied the characteristics of the same
DME-fired boiler furnace [32] in terms of CO and NO,, emissions
for variable thermal loads and air excess ratios. They identified
the NOy formation from a thermal pathway in the high tem-
perature (1800 K) flame area and from an intermediate N,O
pathway in the relatively low temperature (1000—1600 K)
recirculation zone. However, most of the NOy was produced
from the thermal pathway. Both NOy and CO were lower at
higher air excess ratios. NOy did not respond much to the
variable thermal load; however, CO increased with an increase
in load. Kang et al. [33] were able to reduce the NO, and CO up
to 56 ppm and 6.2 ppm, respectively, at an air excess of 1.2,
thereby proving the clean combustion capabilities of DME. In
another study, Kang et al. [34] investigated DME-air jet diffusion
flames in a coaxial burner representing the boiler furnace case.
They reported that most of the NOx in DME air diffusion flame
was formed via thermal and prompt pathways due to the
presence of a high-temperature flame zone [34].

Apart from DME, methane and hydrogen also fall in the
category of alternative fuels which are being investigated
extensively. Both methane and hydrogen can be used to
control the ignition time and to broaden the operational range
of DME-fired combustion systems [35]. Therefore, study of
DME/CH,4 and DME/H, mixtures in different combustion sys-
tem is important. Kang et al. [36] investigated the effect of H,
addition on the flame structure and pollutant emissions of
DME jet diffusion flame in a coaxial burner while maintaining
the fuel jet velocity. They observed significant changes in the
reaction zone size, temperature, and species concentration as
the H, mole fraction in the fuel mixture exceeded 60%. The
length and width of the reaction zone decreased almost line-
arly, however; the length reduced faster for H, > 60%. They
proposed that the optimal level of H, dilution into DME was
60% by vol. in practical engineering. DME/CH, jet diffusion
flames were investigated numerically and experimentally by
Kang et al. [37] in the same coaxial burner [36] to analyse soot
formation and NOy emissions. They reported significant soot
reduction even with smaller DME addition (20% vol.); however,
at higher DME content, soot reduced rather slowly. NOy for-
mation in DME/CH, flames was simulated considering the
thermal, prompt, NNH-, and N,0- intermediate pathways.
Thermal and prompt dominated the NO, formation while
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NNH and N,O routes contributed marginally. Thermal NO,
increased with DME addition due to higher availability of OH
while prompt decreased due to reduced availability of CH, a
major prompt precursor. In summary, the NOy first decreased,
reaching a minimum at 60% DME and then increased. Bhat-
tacharya et al. [38] numerically analysed the effect of DME
blending into CH, on NO emissions in a counterflow diffusion
flame. It was observed that the thermal route was the domi-
nant source of NO production for all fuel blends. They found
that DME addition to CH, results in lower NO levels because of
a) relatively lower flame temperature thereby reducing the
thermal NO and b) consumption of NO due to increased
availability of CHj radicals. Some kinetic modelling studies
highlighted the importance of DME as an ignition promotor
[10,11,35,39]. Chen et al. [11] studied the potential of DME as an
ignition enhancer for high-temperature homogeneous igni-
tion of methane-air mixtures and found that even a small
amount of DME addition could lead to a significant reduction
in ignition delay times. It was attributed to the large avail-
ability of CH; and CH,O radicals due to DME addition. The
chain propagation reaction based on CH; and CH,O then
replaced the slow chain reaction including CH; and O, in the
case of pure methane. Tang et al. [10] studied the ignition
delay times of DME/CH,4 mixtures in shock-tube experiments
over a wide range of temperatures. They observed a signifi-
cant decrease in ignition delay with increasing DME addition,
however; the effect weakened after a 20% DME blending ratio.
Wang et al. [35] studied numerically the homogeneous igni-
tion process for different DME/CH, and DME/H, mixtures
aimed at the development of a more realistic DME-based
combustion engine. They simulated a constant volume adia-
batic homogeneous ignition process at 10 bar and 900 K/1400 K
for different DME/CH, and DME/H, mixtures. It was found that
at low temperatures, the ignition delay time increased with
the addition of both CH, and H,. However, at high tempera-
tures, H, addition led to reduced ignition delay times due to
the rapid production of highly active radicals. Moreover,
maximum NO was marginally affected by CH, or H, addition
because NO was mainly produced from a temperature-
sensitive thermal pathway. Pan et al. [39] investigated the
ignition delay times of DME/H, mixtures in a shock tube. They
found that for DME/H, mixtures, the ignition is controlled by
DME chemistry; if the H, mole fraction is less than 80% and it
becomes both DME and H, controlled for H, levels between
80% and 98%. Moreover, for the H, mole fraction greater than
98%, the ignition was entirely controlled by H, chemistry. It
was found that H, addition could promote the DME ignition,
however, the ignition delay time dependence on temperature
became complex for H, greater than 98%. In the literature,
there are also studies on the laminar burning velocities of the
DME/CH4/H, mixtures [40—42]. Lowry et al. [41] investigated
the effect of DME addition to CH,4 on the laminar burning ve-
locity at elevated pressures. The flame speed of the mixtures
was observed to be increased almost linearly with DME addi-
tion. Yu et al. [42] measured the laminar flame speed of DME/
H, mixtures at different temperatures and H, blending ratios
in a constant volume bomb. They found that laminar flame
speed increases with increasing H, content in the mixture.
Kinetic effects dominated the thermal and diffusive effects in
enhancing the flame speed due to H, addition. Liu et al. [40]

also analysed the chemical effect of H, addition on DME/H,
pre-mixed flames. They concluded that dominating chemical
effect of H, addition results in an increased mole fraction of H,
O, and OH radicals which enhance the combustion process.

The vision of the combustion industry for future systems
is to have a fuel-flexible, efficient, highly reliable, and
environment-friendly combustion system [43]. The require-
mentis tolimit the NO, emissions to under 10 ppm as a short-
term goal and 2 ppm in the coming decades [43]. Flameless
combustion [44] has gained the attention of combustion sci-
entists due to its ability to deliver on all aspects mentioned
above. The most significant advantage of this technology is
fuel flexibility and ultra-low NO, emissions [44]. In a flame-
less regime, combustion reaction occurs in a highly diluted
and heated environment, achieved by excessive exhaust gas
recirculation. Hence, locally, the oxygen concentration is well
below the atmospheric level, thus preventing the instanta-
neous ignition of the reactant mixture. Rather, a slow com-
bustion reaction starts as the temperature of the reactant
mixture exceeds the auto-ignition temperature. The re-
actions then happen in a distributed manner over a large
volume, and it is characterised by a uniform temperature
profile, ultra-low pollutant emissions, and reduced pressure
fluctuations. The flameless regime demonstrates superior
flame stability due to high preheating levels of reactants
[44,45]. Over the years, the definition of flameless technology
has undergone several changes based on the concept of
reactant dilution. It is also known as HiTAC [46], MILD
(moderate or intense low dilution oxygen) [45], and Colorless
Distributed Combustion (CDC) [47].

In the previous two decades, flameless combustion has
been widely explored with conventional fuels such as natural
gas [44,48-51], liquified petroleum gas [50,52,53], and kero-
sene [54,55]. However, the demand to significantly reduce
greenhouse gas emissions by 2050 enforces the substantial
inclusion of renewable synthetic fuels in industrial heating
applications. Flameless combustion has the potential to burn
these non-conventional fuels due to its enhanced stability,
achieved through dilution and preheating of reactants. Syn-
thetic fuels have been investigated in flameless combustion
systems by many researchers [56—64]. Derudi et al. [58] stud-
ied the combustion behaviour of coke oven gas, a hydrogen-
containing byproduct, in a laboratory-scale flameless burner.
They concluded that increased dilution levels are required to
sustain flameless combustion for hydrogen-containing fuels.
Huang et al. [60] presented similar findings for synthetic gas,
where enhanced recirculation and air preheating helped
attain flameless conditions. Colorado et al. [57] investigated
biogas and natural gas in a flameless furnace. They reported
relatively lower temperatures for biogas than natural gas due
to the presence of CO, in biogas, which exhibits better radia-
tion characteristics. Hosseini et al. [59,65] compared biogas
flameless combustion with conventional methane combus-
tion in terms of temperatures and efficiency. Due to the
presence of CO,, Biogas produced relatively low and uniform
temperatures compared to conventional methane combus-
tion. Ardila et al. [56] studied the effect of hydrogen addition
by up to 60% vol. on NO, emissions and burner stability under
the sub-atmospheric condition of 0.85 bar. They reported that
NOy was significantly affected at a lower level of H, addition.
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However, it stopped increasing beyond a certain H, dilution
level due to a lower C/H ratio. In flameless conditions, prompt
NO is one of the significant contributors to NOy and is directly
proportional to the C/H ratio. H, addition resulted in a
decrease in CO, levels; moreover, it helped improve the sta-
bility due to better thermal diffusivity. Zhao et al. [61] inves-
tigated the effect of hydrogen addition to pipeline natural gas
on temperature, emissions, and burner stability in a central
air heating residential furnace. It was observed that hydrogen
addition doesn't alter the ignition time much; however,
flashbacks started occurring at 45% hydrogen addition.

Ferrarotti et al. [66] studied the flameless combustion of
CH,—H, blends in a semi-industrial furnace. It was found that
adding hydrogen to methane causes a reduction in ignition
delay and increases the reactivity of the system, which was
confirmed based on OH* measurements. A visible flame started
appearing from a threshold H, content of 25% vol. However, the
conditions for flameless operation [66] were still met. Adding
H, led to a rise in NO levels; however, increasing the air injec-
tion velocity (by reducing the air injection diameter) helped
lower the NO. Sorrentino et al. [67] explored ammonia flame-
less combustion in a cyclonic burner. The cyclonic combustion
chamber could sustain the flameless combustion even with
pure ammonia under highly preheated and diluted conditions.
NOy levels, the major harmful pollutant in ammonia combus-
tion, were measured below 100 ppm. They found that burner
operational temperature below 1300 K should be avoided to
reduce the risk of flame extinction.

A series of investigations have been carried out on fuel
mixtures such as hydrogen, syngas, biogas, and ammonia in
both lab-scale and industrial flameless systems. However, a
few reported the combustion characteristics of dimethyl ether
and that only in lab-scale systems [68,69]. DME is a clean
alternative fuel for soot, sulfur, and hydrocarbons emissions;
however, the NOy is primarily formed through thermal path-
ways, mainly due to high adiabatic flame temperatures. Given
the potential of flameless technology in terms of NO, emissions
and fuel flexibility, it is vital to investigate how DME respond to
the flameless regime. In addition, it is also important to study
the DME/CH, mixtures as DME suffers from low ignition delay
times, which is not a desirable characteristic in a flameless
regime. Hence burning methane together with DME can help
create an ideal environment for flameless combustion, offering
decarbonisation solutions in the industry. Moreover, the addi-
tion of hydrogen to DME can result in a reduced level of carbon
footprint. Combustion of DME/H, mixture can alleviate the
several drawbacks of burning pure hydrogen, e.g., a) it can
reduce the peak temperatures and thereby reduce the high NO,
levels, b) it can improve the life of furnace refractory material
by avoiding hot spots. Kang et al. [68] studied DME flameless
combustion in a lab-scale coaxial jet burner for a range of co-
flow temperatures and oxygen concentrations. They reported
relatively uniform temperature profiles at low oxygen levels
and high co-flow temperatures, indicating an improved com-
bustion process in a flameless regime. The measured CO was
lower than coal-flameless combustion; however, it was higher
than syngas-flameless combustion. NOy reduced significantly
compared to conventional DME combustion. Based on chemi-
cal kinetics, they concluded that NO, was mainly produced
from NNH, N,O intermediate, and prompt pathways in the

flameless regime, with NNH accounting for almost half of total
NOy emissions. In contrast, thermal NO, was insignificant [68].

To the best of the author's knowledge, no study has
focused to date on the characteristics of dimethyl ether in a
flameless furnace at a semi-industrial scale. The objective of
the present work is to test the feasibility of DME in a flameless
capable furnace. This study also sheds light on the effect of
methane and hydrogen addition to DME on reactive structures
and pollutant emissions. For different fuel mixtures, mea-
surements were carried out for in-furnace temperatures, OH*
chemiluminescence, and exhaust pollutant species emis-
sions. Initially, experimental details along with measurement
methods and different uncertainties are presented. Later,
analyses for pure DME, DME/CH, and DME/H, mixtures are
presented in terms of reactive structures and pollutant
emissions. The last section presents a detailed kinetic analysis
of different fuel mixtures.

Experimental details

The experimental set-up consists of a reverse flow semi-
industrial furnace equipped with a recuperative flame/
FLOX® burner. The schematic line diagram of the integrated
furnace-burner assembly is shown in Fig. 1. The furnace is a
cubical chamber (1100 mm x 1100 mm x 1100 mm) made of
stainless steel and is insulated with a 200 mm thick layer of
high temperature (~1300 °C) ceramic fibre blanket. The insu-
lation is aimed to reduce heat loss to help establish flameless
combustion conditions. Therefore, the observable internal
section of the furnace is of size 700 mm x 700 mm x 700 mm.
The furnace is fired using a 20 kW capacity recuperative
commercial flame/FLOX® burner (REKUMAT M150) of WS
make. This burner is mounted at the bottom of the furnace, as
shown in Fig. 1 and integrated with a metallic finned heat
exchanger. This is aimed at preheating the incoming com-
bustion air using the heat extracted from the outgoing
exhaust gases. On the right side of Fig. 1, the air/fuel injection
strategy is explained. It consists of a central fuel injection
nozzle and a coaxial channel for air injection. The diameter of
the fuel injection nozzle and air injection nozzle is 8 mm and
16 mm, respectively. The air injection diameter is variable (16,
20, and 25 mm); however, for the present work, a 16 mm air
injector was chosen based on emission and temperature
measurements for all three injectors. The 16 mm injector
resulted in the lowest NO levels among all three injectors. A
detailed justification for the choice of air injector is provided
in the supplementary section.

Provisions are made to run the furnace in flame and flame-
less modes. Indeed, this burner cannot directly start in flame-
less mode due to low initial furnace temperatures (room
temperature). The burner is switched on in flame mode for
heating the furnace, where air and fuel are injected close to each
other in partially premixed mode, and a stable flame is gener-
ated at the burner exit. The furnace is allowed to heat up in
flame mode until the lowest possible temperature (mentioned
as exhaust temperature in Fig. 1) in the furnace reaches the
autoignition temperature of the fuel/air mixture. Then the
burner is switched into flameless mode by changing the fuel
injection to the central nozzle and the air from the coaxial
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Fig. 1 — Schematic of the cross-section of flameless furnace.

channel, as shown in Fig. 1. Separately injected fuel and air are
then mixed with recirculated exhaust gases, and flameless
combustion is achieved.

As shown in Fig. 1, the furnace is equipped with an air
cooling system at the top. It consists of four cooling pipes of
80 mm inner diameter and a length of 630 mm protruding
inside the furnace. This arrangement facilitates the furnace
operation at variable thermal loads by changing the mass flow
of cooling air. Measurement openings are provided on each of
the four vertical walls of the furnace. One openingis equipped
with a 110 mm x 450 mm quartz window for optical mea-
surements such as OH* and CH* chemiluminescence. The
quartz panels (GE 124) have high thermal stability and trans-
missivity (~93%) in the 200—2000 nm wavelength range, thus
enabling chemiluminescence measurement. Other openings
host the temperature probe and various ports for thermo-
couples to monitor the wall temperatures. Fig. 2 shows the air/
fuel supply system to the furnace. Two separate blowers
supply combustion and cooling air. For flow control of fuel and
air, Brooks makes mass flow controllers (SLA-585XX) are used.
A static mixer is used to produce a uniform fuel mixture. A
natural gas feeding system is also provided at 30 mbar via a
three-way valve. A heating line is connected between furnace
exhaust and gas analyser for emission measurement. Various
high purity gas bottles are used as span gas for the analyser to
calibrate the instrument. Also, high purity N, and synthetic air
are used as zero gas. The analyser is calibrated every time
before starting the experimental campaign with the help of
high purity span gases. A metal grid houses bottles of fuels
(CHg4, H,, and DME), with DME bottles being wrapped in a
heatingblanket to avoid freezing in extremely cold conditions.

Measurement methods

This experimental work focuses on the i) measurement of
temperature using a probe, ii) measurement of chem-
iluminescence using an (Intensified charge-coupled device)
ICCD camera, and iii) measurement of pollutants using a
(Fourier transform infrared spectroscopy) FTIR gas analyser.
Three types of thermocouples, namely, B-type, K-type, and
N-type, were used to monitor various temperature levels of
the furnace. One of the other three openings on the furnace
hosts a semi-automatic system for the movement of the
temperature probe. It allows the two-dimensional movement
of the temperature probe (a suction pyrometer) at various lo-
cations inside the furnace with great accuracy. The system
consists of different roller bearings, traverse mechanisms,
gaskets, and a rope system to move the assembly. B-type
thermocouple (~10 s response time) of 0.5 mm wire diameter
(Platinum Rhodium 30%/Platinum Rhodium 6%), placed in an
air-cooled suction pyrometer, was used to measure the in-
furnace temperatures. Inside the suction pyrometer, the
thermocouple is protected by two concentric alumina tubes to
avoid the radiation heat exchange with the furnace walls.
Details of the suction pyrometer assembly can be found in the
previous work of the same research group [70]. This design
ensures a powerful suction of hot gases such that the majority
of the heat transfer to the thermocouple tip happens via
convection. Thus, corrections due to radiation heat loss are
avoided, and the measured temperature can be considered
the actual gas temperature. On the second opening, six
equally spaced K-type thermocouples (Nickel-Chromium/
Nickel-Alumel) were flushed against the insulation to monitor
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Fig. 2 — Schematic of piping and instrumentation diagram of the flameless test bench.

the inner wall temperatures at different axial locations. The
third opening was kept closed for the present experimental
campaign. Other K-type thermocouples monitor tempera-
tures of the outer window, fuel, cooling air at the inlet/outlet,
combustion air, and exhaust gases after the heat exchanger. A
shielded N-type thermocouple (Nicrosil/Nisil) was used to
measure the temperature of exhaust gases (just before the
heat exchanger, as shown in Fig. 1). All thermocouples
generate differential voltage signals, continuously sampled at
10 Hz and converted to units of temperature using a data
acquisition system of National-Instrument make.

Chemiluminescence of OH* was measured to study
different fuel mixtures' flame characteristics. An ICCD camera
(16 bit - 1392x1040 pixels) of LaVison made together with a UV
lens (78 mm f/3.8) was used to record the images. OH* was
collected using an interferential filter; 310 + 10 nm. The
maximum acquisition frequency of the camera is 17 Hz. An
automatic three-dimensional traverse system, driven by
stepper motors, facilitates the movement of the camera to
capture the images at various positions. The first and last
accessible positions on the burner symmetry plane are 40 mm
and 500 mm, respectively, from the exit plane of the burner. A
total of 500 images were recorded for each condition, and the
average is presented after subtracting the noise, which cor-
responds to the state of extinguished flame.

Pollutants such as CO, NO, and NO,, along with major
combustion products (CO, and H,0), were measured using a
heavy-duty emission analyser (HORIBA MEXA-ONE-FT). A
heated sampling line connects the exhaust of the furnace and

the analyser to avoid condensation. The analyser operates on
the FTIR spectroscopy principle. A paramagnetic sensor
measures the oxygen concentration after water is condensed
from the exhaust gases, as O, is transparent to infrared.

Error analysis

In this section, uncertainties in fuel/airflow measurement,
various temperatures, gaseous emissions, and equivalence ra-
tios are calculated. Uncertainties in measurable variables,
which in this study are, temperature and gaseous emissions,
are considered due to instrument error (Uj,gyy,) and measure-
ment error (Umeasure). The manufacturer usually provides in-
strument errors, while measurement errors are calculated
based on repeatability. The total error (Uy) in an independent
variable considering the 95% probability interval can then be
expressed as:

+ U2

measure

Uy = 1.96%/U?

instru

Umeasure 1S estimated based on the standard deviation (o) of the
measurement quantity and the total number of measure-
ments (N) as follows:

Umneasure = (T/\/N

For in-furnace temperatures, a type B thermocouple is
used, and the uncertainty provided by the manufacturer
(Uinstru) is + 0.5% of the reading. During the test campaign, the
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maximum uncertainty associated with measurement
(Umeasure) has been found as 1.5 K. Since the maximum recor-
ded temperature is 1695 K. Therefore, the maximum average
uncertainty in measured temperature is +17 K. For K-type
thermocouples used to measure the wall temperature, the
uncertainty is 2.2 °C or 0.75% of the reading, whichever is
maximum.

For the pollutant emissions, the instrument error for
different species is calculated based on zero noise, linearity,
and interference provided by the manufacturer. Table 1 shows
the summary of different instrument uncertainties for each
species. Details are presented only for the measurement
ranges used in the present work.

Based on the information provided by the manufacturer,
the instrument error of the gas analyser is calculated as:

S \/ (U )2 R (Unw )2 . (Um, )2
V3 V3 V3

After considering the maximum uncertainty in the mea-
surement, the maximum total uncertainty for different species
is as follows: CO (12 ppm), NO_low (3 ppm), NO_high (10 ppm),
CO; (0.2% vol), O, (0.31% vol), and H,0 (0.24% vol).

Uncertainty in fuel and airflow rates are calculated based
on the instrument error (Uj,stry) and error associated with the
purity of gases (Upure). For the present work, Brooks make
MFCs (SLA-585XX) are used to control the flow of fuel and air,
and the uncertainty associated with them is due to accuracy,
repeatability, temperature drift, and pressure drift, as shown
below:

Us _ <Ulinear ) ? + (Urepeat ) ? + (Udrift‘Temperature ) 2
instru \/§ \/§ \/§

Details regarding the values associated with these un-
certainties are shown in Table 2.

For fuels, the uncertainty due to the purity is calculated
based on the purity of the fuel gases. For the present work, the
purity of different fuel gases is as follows: 99.5% for CHy, 99.9%
for Hy, and 99.99% for CH;0CH3. However, uncertainty in the
purity of the combustion and cooling air is calculated after
considering the uncertainties in the dry air composition and
the moisture content [66]. The total uncertainty is calculated
as shown in the equation below. Table 3 presents the total
uncertainties in fuel and air mass flow rates after considering
the 95% probability.

Table 1 — Summary of uncertainties in zero noise,
linearity, and interference for different components.

Measurement Zero noise Linearity Interference

species (% of full (% of full (% of full scale),
scale), Uzero  scale), Uinter

Ulinear

CcO 200 ppm 1 +1 1

CcO 1000 ppm 1 R R

NO_low 200 ppm 2 +1 +1

NO_high 1000 ppm 1 +1 +1

CO, 20% vol 1 +1 +1

0, 25% vol 1.5 +0.2 + 1.5

H,0 24% vol 1 - +1

Table 2 — Details of the different uncertainties in Brooks

SLA-585XX MFGCs. SP refers to set point, and FS refers to
full scale.

Source of uncertainty Uncertainty value

Linearity +0.9% SP
Linearity +0.18% FS™
Repeatability +0.2% FS
Temperature zero drift +0.05% FS/K
Temperature span drift +0.05% FS/K

*Drift in temperature is calculated based on both zero drift and
span drift.
**if SP<20% FS.

U; =1.96* \/ Uiznstru + Ufmre

Test conditions

For the present work, a renewable fuel, dimethyl ether
(CH30CHj3), was tested along with its mixtures with methane
and hydrogen in a semi-industrial flameless furnace. This
study investigates the potential of dimethyl ether and its
mixtures in a flameless combustion regime in terms of
pollutant emissions. Table 4 shows the different test condi-
tions in terms of fuel mixture composition and equivalence
ratio. Input thermal power (Py,) was kept constant at 15 kW for
all conditions, and a 16 mm air injector was used. For all
operating conditions, the cooling power (P.) of 6.5 kW was
extracted with the help of a cooling air system to ensure an
exhaust gas temperature of more than 1223 K before entering
the heat exchanger. It is to be noted that since input power is
kept constant, the fuel injection velocity (vg,) varies for
different fuel mixtures (refer to Table 4). However, fuel ve-
locity is one order of magnitude lower than the air injection
velocity.

It is to be noted that inlet velocities for fuel and air are
calculated based on their corresponding inlet temperatures.
These temperatures could not be measured directly due to
hardware limits, and they are calculated following the energy
balance on the furnace. As shown in the air-fuel injection
system of Fig. 1, unlike the air injection, the fuel lance is not
preheated directly from the heat exchanger. The fuel lance is
surrounded by the high-temperature combustion air and is
heated indirectly. The energy balance shows that the fuel
preheating is around 50 K, so the fuel inlet temperature is
about 340K. Considering the ratio of air-fuel flow rates, it can
be assumed that fuel preheating has a marginal effect on
furnace performance. Air inlet temperatures are calculated
following the energy balance on the heat exchanger, and their
details are shown in Table 5.

Initially, the burner is turned on in normal flame mode with
methane to heat the furnace. The heating period with methane
is about 2 h after that the actual fuel composition is supplied,
consisting of DME/CH4/H,. Once the minimum furnace tem-
perature reaches sufficiently high values (around 1100 K), the
burner is switched to flameless mode and allowed to reach
steady-state flameless conditions. The average total time to
reach a steady condition is about 4 h. A short description is
used to represent the fuel composition for the following
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Table 3 — Calculated uncertainties for different fuel and air mass flow rates at equivalence ratio, ¢ = 0.8.

Case Fuel flow Uncertainty Combustion Uncertainty Cooling air flow Uncertainty in
rate, in fuel flow, air flow rate, in combustion rate, Nm>/h cooling air flow,
ng/h Utuel (%) Nmz/h air ﬂOW, Uair (%) Ucool (%)
D100MO 0.91 1.22 16.27 1.47 25.50 1.45
D70M30 1.03 1.53 16.61 1.46 25.50 1.45
D50M50 1.14 1.33 16.90 1.45 25.50 1.45
D40M60 1.20 1.27 17.07 1.45 25.50 1.45
D25M75 1.30 1.28 17.36 1.44 25.50 1.45
D50H50 1.52 1.83 16.06 1.48 25.50 1.45
D25H75 2.36 1.31 15.78 1.49 25.50 1.45

Uncertainty in the equivalence ratio is calculated based on the RSS method [71], and maximum uncertainties in the equivalence ratios of ¢ = 0.8,
0.9, and 1 are calculated as 2.2% (¢ = 0.8 + 0.021), 2.5 (¢ = 0.9 + 0.025), and 2.8 (¢ = 1 + 0.028) respectively.

sections. D100 represents pure dimethyl ether. DxMy repre-
sents x % (vol.) of dimethyl ether and y % (vol.) of methane.
Similarly, DxHy represents x % (vol.) of dimethyl ether and y %
(vol.) of hydrogen.

Energy balance

In this section, a global heat balance is presented to analyse
the performance of the furnace. This is also necessary to
predict the values of various temperatures, which are impor-
tant but cannot be measured directly due to the hardware
limits of the furnace. These operating parameters are air and
fuel inlet temperature, and for the present work, they are
calculated following the energy balance. Here Py, is the power
generated by the combustion. P, is the power taken out by
the cooling system installed on the top of the furnace, and itis
calculated based on mass flow rates-temperatures of air
entering and leaving the cooling tubes. Py is the total heat
loss through the furnace walls. It is calculated based on the
measured wall temperatures by considering the heat loss
from vertical and horizontal walls through radiation and
natural convection. P4 represents the energy loss through
the quartz window, calculated based on the radiation energy
emitted by the furnace insulation walls. In the end, Pey, is
energy loss associated with the hot exhaust gases. It is
calculated based on temperatures and mass flow rates of
exhaust gases entering and leaving the heat exchanger. AP
accounts for other losses not considered here. It is to be noted
here that sensible enthalpies of fuel and air are neglected as
they account for less than 1% of the total power. Table 5 pre-
sents the energy balance for D100, D25M75, and D25H75. The

Table 4 — Details of different operating conditions used
for the experimental tests.

Test Py, kW] Peoo) (kW] ¢ DME CHq Hy Vfuel

case (vol%) (vol%) (vol%) (m/s)
T1 15 6.5 0.8-1 100 - - 6.27
T2 15 6.5 0.8-1 70 30 - 7.24
T3 15 6.5 0.8-1 50 50 - 7.96
T4 15 6.5 0.8-1 40 60 - 8.42
TS 15 6.5 0.8-1 25 75 - 9.13
T6 15 6.5 0.8-1 50 - 50 10.80
T7 15 6.5 0.8-1 25 - 75 16,51

process efficiency (np) is also calculated by considering cooling
power and radiation heat loss through the window. It is
defined as (Pcool +Prad)/(Pwn). The calculated values of np are
62.53%, 63.07%, and 62.80% for the cases of D100, D25M75, and
D25H75, respectively.

Evaluation of MILD criterion

Finally, the MILD criterion was evaluated for all fuel mixtures
following the approach provided by Cavaliere et al. [45], ac-
cording to which a regime can be classified as MILD if Tax —
Tin < Tsj, Where, Tmax is the maximum system temperature, Tj,
is the inlet temperature in a well-stirred reactor, and Tg; is the
self-ignition temperature of the fuel mixture. The application of
this approach to a semi-industrial furnace is not straightfor-
ward. However, this definition can be applied locally inside the
furnace for the present work. Therefore, based on the analysis
presented by Ferrarotti et al. [66] for the same furnace, this
criterion is applied to different fuel mixtures. As suggested by
Ref. [66], the air inlet temperature (T,;) is considered as inlet
temperature. In the present work, the air inlet temperature is
the temperature after the air passes through the heat
exchanger. This cannot be measured directly and instead
calculated following the heat balance of the heat exchanger, as
mentioned in section 2.4. Ty is predicted using commercial
software, ANSYS Chemkin-Pro 2019 R3, by analysing the igni-
tion behaviour of CH;0CH4/CH,/H, mixtures in a constant vol-
ume reactor without considering any heat losses [72]. For the
present work, this approach is applied locally inside the
furnace, where the assumption of zero heatlosses can hold. The
reaction mechanism NUIGMech 1.1 [73] is used for the com-
bustion of DME mixtures. Table 6 (¢p = 0.8) and 7 (¢ = 1) present
various test cases' classifications per the MILD criterion's

Table 5 — Energy balance of the furnace for test cases,
D100, D25M75, and D25H75.

P [kW] D100 D25M75 D25H75
Pun 15.00 15.00 15.00
Peool 6.50 6.50 6.50
il 3.51 3.50 3.67
Prad 2.88 2.96 2.92
Pexn 2.13 224 2.19

AP 0.00 0.18 0.23
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Table 6 — Classification of test cases based on the MILD

criterion at ¢ = 0.8. Tax refers to the maximum
measured temperature.

Test case [ Tmax (K) Tin (K) T (K) MILD
T1 0.8 1423 942 643 v
T2 0.8 1418 940 811 v
T3 0.8 1388 936 853 v
T4 0.8 1385 935 870 v
T5 0.8 1351 930 880 v
T6 0.8 1587 942 745 v
T7 0.8 1695 952 824 v

Table 7 — Classification of test cases based on the MILD

criterion at ¢ = 1. Tpax refers to the maximum measured
temperature.

Test case ) Tmax (K) Tin (K) Ts (K) MILD
T1 1 1451 994 623 v
T2 1 1430 991 792 v
T3 1 1416 990 821 v
T4 1 1367 990 846 v
TS5 1 1330 986 861 v
T6 1 1561 998 720 v
T7 1 1630 998 802 v

definition. As shown in Tables 6 and 7, all test cases for ¢ = 0.8
and 1 are in the MILD regime as per the definition of [45]. It is to
be noted that a case could be MILD and not be entirely flameless
when there is a visible flame structure present inside the
furnace. It is because the definition of MILD is related to the
maximum temperature rise and mixture inlet temperature,
which could still be satisfied even if a visible flame front is
present. This phenomenon can occur with hydrogen present in
the fuel mixture and will be discussed in the later sections.

Experimental results

This section presents the effect of fuel composition on in-
furnace temperatures, OH* chemiluminescence, and pollutant
emissions. Initially, a comparative analysis between the flame
and flameless modes is presented for pure DME combustion. In

=~y=70 mm
—>-y=100 mm
—*%—y=150 mm 1
—y=200 mm
y=250 mm
y=300 mm |
-0-y=400 mm
——y=500 mm |
y=600 mm

50 75 100
z [mm)]

the later sections, different fuel mixtures are investigated in
flameless mode.

Characteristics of dimethyl ether in flame and flameless
modes

Fig. 3 compares averaged measured temperatures in flame
and flameless modes at an equivalence ratio of 0.8. The profile
in flame mode (Fig. 3a) is characterised by a temperature peak
close to the burner exit plane and a continuous reduction at
higher axial distances. It is to be noted that due to hardware
limitations, the first assessable position for temperature
measurement was 70 mm from the burner exit.

In conventional combustion mode, the air/fuel mixture
was ignited in the partially premixed manner in this burner at
21% O, level and a flame was anchored at the burner exit. This
can be confirmed by averaged OH* chemiluminescence and
direct flame photograph as shown in Fig. 4a and b. The high-
temperature illuminating burner exit area can be seen in
Fig. 4b. Indeed, in flame mode, the reaction zone was formed
close to the burner exit and characterised by high-intensity
counts. The maximum temperature measured was 1763 K at
70 mm from the burner exit. It increased with ¢, due to
enhanced reactivity and reached 1804 K at stoichiometric
conditions, as shown in Fig. 5.

On the other hand, in flameless mode, instead of igniting
close to the burner, combustion stabilised in the furnace
downstream due to delayed oxidation, and hence a lift-off of
the reactive region was observed. In a flameless regime,
dilution of the reactive mixture due to recirculation of hot
combustion products leads to reduced oxygen availability.
Therefore, a delayed and slow combustion reaction occurs,
leading to a distributed reaction zone. As indicated in Fig. 4a,
the reaction zone stabilised at 300 mm downstream in
flameless mode. It is to be noted that no visible flame was
observed with a normal camera while burning pure DME in
flameless mode. Instead of a shining burner exit, as shown
in Fig. 4b, a cooled burner exit was observed in flameless
mode (Fig. 4c). In highly diluted conditions of a flameless
regime, the signals from the reaction region are very weak
compared to radiations of the visible spectrum coming from

1500 .
(b)

14004 1
1300} E—
i ———%

1200 :

<} y=70 mm y=300 mm
N - y=100 mm -8-y=400 mm
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Fig. 3 — Comparison of averaged measured temperatures along the axial direction of furnace between (a) flame mode and (b)

flameless mode for pure DME and ¢ = 0.8.
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Fig. 4 — (a) Comparison of averaged OH* intensity between
flame and flameless mode. Units of OH* is in counts,
photographs for D100 in (b) flame mode and (c) flameless
mode. ¢ = 0.8.

hot furnace walls. However, reactions are still happening
with relatively less heat release and weak chem-
iluminescence signals occurring in the ultraviolet range.
When an OH* interferential filter is employed, it captures the
ultraviolet signal while avoiding the intense visible spectral
radiations from furnace walls. It is to be noted that the re-
action region was relatively much less intense, wider, and
more uniform compared to flame mode. The position of the
reactive region was further verified by measured tempera-
tures, as shown in Fig. 3b. It can be observed that a
maximum temperature of 1423 K was recorded at 300 mm
from the burner exit, which is in correspondence with the
position of the reaction zone.

For the present study, exhaust gas was sampled to mea-
sure CO, NO, CO,, H,0, O,, and NO,. Fig. 6 shows the dry NO
levels corrected to a 3% O, level for flame and flameless
modes. NO decreases by two orders of magnitude for all
equivalence ratios when the burner switches from the flame
to the flameless regime. Indeed, NO is in single digit for all
equivalence ratios (recorded as 2.2 ppm, 9.6 ppm and 7 ppm,
respectively, for ¢ = 0.8, 0.9, and 1). Suppression of tempera-
ture peaks and more uniform thermal field are the primary
reason for such low NO levels in flameless mode. In flame
mode, the thermal route is the dominant source of NO due to
high peak temperatures (=1800 K) close to burner exit. How-
ever, in the flameless regime, NO is primarily formed via N,0
routes, as [74] discussed for a lab-scale burner.

Figs. 7 and 8 show the variation of measured temperature
and OH* chemiluminescence for D100 in flameless mode with
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Fig. 5 — Variation of measured average temperature in flame mode for varying ¢. y coordinate refers to the furnace height.
Fuel: D100 and maximum average uncertainty in experiment = 17 K.
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Fig. 6 — Comparison of measured dry NO emissions
between flame and flameless modes.

varying equivalence ratios. For all ¢, the temperatures appear
to peak at 300 mm from the burner exit, which can be quan-
titatively confirmed from the OH* images shown in Fig. 8.
Maximum temperatures of 1423 K, 1430 K and 1451 K were
recorded for ¢, 0.8, 0.9 and 1, respectively. Higher tempera-
tures were recorded at stoichiometric conditions at nearly all
axial locations. The reaction zone appears to be more intense
as the equivalence ratio increases from 0.8 to 1, indicating the
rise in system reactivity.

As shown in Fig. 8, the OH* distribution is not perfectly
symmetric. This can be attributed to the tiny gap of 2 mm

between fuel and air nozzles for the given injection geometry.
Since the air momentum was very high, a slight disturbance
created due to this narrow gap could cause considerable de-
viation in the reactive structure. Upon close inspection, it can
be observed that for D100, the position of the reactive region is
independent of the equivalence ratio except with just a few
millimetres descent towards the burner exit at ¢ = 0.9. Since
this effect is minor, it does not affect the position of the
maximum recorded temperature. However, the effect of the
equivalence ratio on the position of the reaction zone was
observed to be much more significant for dimethyl ether-
methane mixtures for similar operating conditions, as will
be discussed in the following sections.

Fig. 9 shows dry NO (corrected to 3% O,) and dry CO, for
varying ¢. NO appears to peak at ¢ = 0.9. Further increasing
the air excess results in low overall temperature inside the
furnace due to reduced reactivity. However, it also increases
the availability of O radicals, thereby enhancing the NO via
N,O routes. These two combined results lead to reduced NO
levels in a lean condition (¢ = 0.8). At stoichiometric condi-
tions, the prompt route becomes more pertinent, and NO
formation through N,O channels becomes less significant [66].
These NO formation pathways are further explained in detail
using a skeletal Chemical Reactor Model later in this paper
(see section 4.2). More than 10% CO, was recorded for all
equivalence ratios, higher than reported in the same furnace
while burning the pure methane [66]. For all ¢, no CO, NO,, and
unburned DME were measured.

It can be concluded from the above discussion that burning
pure dimethyl ether in flameless mode indeed produced single-
digit NO. However, CO, was relatively higher than methane for
similar input conditions [66]. In the next section, further
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Fig. 7 — Measured average temperatures in the flameless mode for varying ¢. Fuel: D100.
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Fig. 8 — Averaged OH* chemiluminescence in flameless
mode for varying equivalence ratios; fuel: D100. All images
are normalised with respect to the maximum intensity
count.

reduction of CO, and complete elimination of NO through
methane addition are investigated.

Characteristics of dimethyl ether-methane mixtures in
flameless mode

For the present study, methane was progressively added to
dimethyl ether, and its effect was assessed for different equiv-

alence ratios through OH* chemiluminescence and
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Fig. 9 — Comparison between NO and CO, for D100 and
varying equivalence ratio.
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Fig. 10 — Averaged OH* contours with varying CH, content.
¢ = 0.8, DxMy represents x % (vol.) of CH;OCH; and y %
(vol.) of CH,.

temperatures. Fig. 10 displays averaged measured OH* at a fixed
¢ = 0.8 and for different concentrations of CH,.

For better comparison, the scale for all fuel mixture com-
positions has been kept constant (normalised to maximum
intensity counts). DME is a highly reactive gas with a lower
ignition delay than methane. Pure DME (D100MO0) produced a
minimum lift-off of 250 mm and a wide and elongated reac-
tion region (Fig. 10). Therefore, it can be argued that the re-
actions are not mixing controlled, and chemistry also plays a
role. This condition can be assumed to be both mixing and
chemistry controlled.

As shown in Fig. 10, the reaction region moves downstream
when methane is progressively added to the fuel stream.
Adding methane into DME resulted in higher ignition delay
times and reduced reactivity of fuel mixtures. Therefore,
combustion stabilised further away from the burner, and the
reaction zone became less intense. This effect was more
prominent at a higher concentration of CHy (> 60%), confirm-
ing the reduced reactivity of the fuel mixture. This delayed
reaction facilitated enough recirculation before the ignition's
commencement, which can be confirmed by analysing the
temperatures close to the burner exit for all equivalence ratios.
The temperatures were relatively higher for higher methane
content due to increased recirculation, as shown in Figs. 11, 12
and 14. At a very high concentration of methane (D25M75), the
reaction zone became almost invisible; however, it might be
situated just below the roof of the furnace (y > 500 mm), which
was not accessible for the optical measurements. This condi-
tion can be considered an ideal flameless with high ignition
delay times (see section 4.1). Indeed, combustion becomes
chemically controlled, and mixing has a negligible role.

Temperature profiles corresponding to the operating con-
ditions of Fig. 10 are presented in Fig. 11 for different axial
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Fig. 11 — Measured average temperatures for DME/CH, mixtures in the flameless mode at ¢ = 0.8. DxMy represents x % (vol.)
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Fig. 12 — Measured average temperatures for DME/CH, mixtures in flameless mode at ¢ = 0.9. DxMy represents x % (vol.) of
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positions inside the furnace (70 mm<y< 600mm). The
D25M75 case shows a uniform temperature profile with a peak
temperature of 1351 K at 500 mm. Therefore, the position of
the reactive region is located between 500 mm and 600 mm,
which was not visible from the chemiluminescence images in
Fig. 10. For all the studied fuel mixture compositions at ¢ = 0.8,
D100MO and D70M30 led to similar levels of maximum tem-
peratures of around 1420 K at 300 mm, despite a relatively
weaker reaction region for D70M30. Similar behaviour for
maximum temperatures was also observed for ¢ = 0.9, as
shown in Fig. 12, which makes this effect related to the lean
condition of the fuel-air mixture (¢ = 0.8 and 0.9). Stoichi-
ometry does affect this behaviour, as seen in Fig. 14, where the
maximum peak temperature was observed only for the pure
DME case followed by lower fractions of DME.

It can also be observed from Fig. 11 that peak temperature
drops significantly between D70M30 and D50M50, indicating
that the effect of CH4 addition starts dominating the flame
structure at this point. Temperatures for D100M0, D70M30,
D50M50, D40M60, and D25M75 peak at 300 mm (1423 K),
300 mm (1418 K), 400 mm (1388 K), 400 mm (1385 K), and
500 mm (1351 K) respectively. As shown in Fig. 12, it is
observed that the temperature field at ¢ = 0.9 behaves simi-
larly to ¢ = 0.8 concerning maximum temperatures and their
corresponding positions. Indeed, the structures of the reactive
region for ¢ = 0.9 were like that of ¢ = 0.8; therefore, they are
not presented here.

Fig. 13 presents the averaged OH* chemiluminescence for
different fuel mixture compositions at the stoichiometric con-
dition, indicating that stoichiometry significantly affects flame
structure when CH, is added to DME. Compared to ¢ = 0.8, the
reactive region faded strongly upon methane addition. More-
over, the downward shift of the reactive region was more sig-
nificant under stoichiometric conditions. The reduced air
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Fig. 13 — Averaged OH* contours with varying CH, content
and ¢ = 1, DxMy represents x % (vol.) of CH;0CH; and y %
(VO].) of CH,.

availability resulted in a delayed ignition of reactant mixture in
a highly diluted environment, leading to more distributed
temperatures at ¢ = 1 compared to lean conditions. It is to be
noted that even D40M60 represents the ideal flameless condi-
tion at stoichiometric condition, i.e., an almost invisible reac-
tion zone in the optically accessible region. As seen in Fig. 14,
both D40M60 and D25M75 show uniform temperature profiles
with peak temperatures not exceeding 1350 K.

Fig. 14 shows the averaged measured temperatures at ¢ =1
for different fuel mixture compositions. Maximum tempera-
tures of 1451 K (300 mm), 1430 K (400 mm), 1416 K (400 mm),
1367 K (600 mm), and 1330 K (600 mm) were observed for
D100M0, D70M30, DSOM50, D40M60, and D25M75 respectively.
For fuel mixtures of DME/CH,, relatively smoother tempera-
ture profiles are observed at ¢ = 1, confirming the observa-
tions from OH* chemiluminescence in Fig. 13.

From temperature distributions at different equivalence
ratios, it can be observed that fuel mixtures with relatively
large CH,4 content exhibit a more uniform temperature dis-
tribution. This is mainly due to increased ignition delay times
which facilitates more recirculation, as discussed in the pre-
ceding paragraphs. A discussion on ignition delay times of
DME/CH, mixtures is provided in section 4.1. Further, it will be
shown in the following sections that beyond a certain limit,
the addition of CH, may cause incomplete combustion, lead-
ing to CO emissions.

The temperature distribution and OH* chemiluminescence
can be linked to draw conclusions about the structure of the
reacting region. At stoichiometric conditions, up to 50%
methane addition to DME, the reactive region moved down-
stream from 300 mm to 400 mm, corresponding to the
maximum temperature position. Lowering methane content
to 30% (D70M30), the reactive region was positioned between
300 mm and 400 mm, and the maximum temperature point
was at 400 mm. Similarly, the temperature for D100MO and
D70M30 peaked at 300 mm for ¢ = 0.8, corresponding to the
position of the reactive region (Fig. 10).

Fig. 15 shows the measured averaged values of NO and
CO, emissions for variable CH, content in the fuel mixture.
NO is in dry ppm, normalised to 3% O, while CO, is in vol%.
For all investigated fuel mixtures, NO stayed below 10 ppm.
Such conditions are typically presented as flameless condi-
tions in lab-scale studies wherein no visible flame was
observed if NO is below a threshold value (~10 ppm) [75].
Indeed, this can be applied here because of low NO (less than
10 ppm) and non-visible flame. Also, the reactive region was
located at 300 mm and above for all cases, while temperature
gradients were smooth with low maximum temperatures.
The temperature field analysis allows us to conclude NO
formation that the thermal pathway was not the primary NO
producer, thus leaving N,O routes as the possible major
source of NO. It was observed that methane addition resulted
in lower NO compared to pure DME, mainly due to lower
temperatures achieved. However, the formation pathways of
NO did not change substantially as discussed in detail in
section 4.2.

As discussed in previous sections, CH, addition was aimed
at possible reduction of NO and CO,, and indeed, it was found
to help lower both but by different margins. NO was reduced
by almost 100% as soon as CH, is blended with DME, even by a
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small content. For D70M30, a small amount of NO (~2 ppm)
was measured only at ¢ = 0.9. For the rest of the conditions
with CH, blending, NO was not found in exhaust gases. CO,
was lowered by 11% for DS0MS50 (9.3% CO,), 14% for D25M75
(8.9% CO,), and 23% for DOM100 (8% CO»).

Fig. 16 shows the combined variation of NO and CO for
varying CH, content. Both are in dry ppm and corrected to
3% O,. CO was not observed in the exhaust gases for most of
the investigated cases. However, at stoichiometric condi-
tions of D40M60 and D25M75, a large amount of CO was
measured in the exhaust, as indicated in Fig. 16. The reduced
availability of oxygen led to lower combustion efficiency in
these cases, indicated by the presence of CO in the exhaust
gases.

Characteristics of dimethyl ether-hydrogen mixtures in
flameless mode

Hydrogen was added to DME to lower the CO, while not
increasing the NO levels significantly. Indeed, H, addition can
lead to higher NO emissions [66]; however, as the burner
operates in flameless mode, that possibility can be avoided.
This dilution is also essential because of the renewable nature
of both H, and DME, and this fuel mixture can be a potential
renewable synthetic fuel. Fig. 17 shows the averaged OH*
chemiluminescence for DME/H, mixtures for ¢ = 0.8 and 1.
Two different mixtures compositions were chosen for the
present study, D50H50 (50-50 DME/H, by vol%) and D25H75
(25—75 DME/H, by vol%). For DSOH50, H, provides only 15.40%
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of the total input power. The case of D25H75 allows to inves-
tigate the characteristics of the system when H, starts
affecting the flame structure considerably (roughly 35% of the
total power is provided by H,).

Fig. 17 shows that the reactive region moves progressively
towards the fuel nozzle due to H, addition. In addition, H,
addition made the OH* region more intense and localised.
This is consistent with the higher reactivity and diffusivity of
hydrogen. Further discussion on the role of reactivity and
diffusion on H,-doped flame structures is presented in section
4.1. The high-intensity region of the OH* chemiluminescence
signal increased with an increase in the ratio of hydrogen.
This description is in line with the measured temperatures as
shown in Figs. 19 and 20 which clearly show that temperature
increased upon hydrogen addition. Moreover, it can also be
observed from Fig. 17 that for higher hydrogen content (i.e.,
75% vol. H,), the reactive region becomes elongated. Itis due to
the higher impulse of the fuel jet, which is necessary to keep
the thermal power constant at 15 kW. This resultsin increased
penetration of fuel jets and therefore an elongated reactive
region. It is to be noted that the reactive region moved closer
to the nozzle exit as H, was added to DME, and therefore the
system eventually loses its flameless characteristics since
combustion commences before enough recirculation and
dilution have taken place.

In hydrogen diluted flames (D25H75), opposite to the
methane-diluted flames, the reactive region was more intense
and narrower. It moved closer to the burner exit as the

equivalence ratio was increased from 0.8 to 1. However, the
flame was never found to be attached to the burner for the
investigated fuel mixture types. At DSOH5S0, the flame was not
hydrogen dominated, and the reactive region did not move to-
wards the burner when the equivalence ratio increased from 0.8
to 1. It can be argued that for flames with higher hydrogen
concentration, the lift-off of the reactive region is less than
100 mm. Such flames can be assumed to be controlled more by
mixing compared to chemistry, and, in such cases, the Dam-
kohler number may become greater than one. As discussed in
section 3.1, the asymmetricity in OH* distribution can be
attributed to the narrow gap available (2 mm) for airflow be-
tween fuel and air nozzles. Photographs for different fuel mix-
tures at ¢ = 1 are shown in Fig. 18. D100HO is characterised by
non-visible flame (Fig. 18a). Visible flame appeared (position
marked by black circles) as soon as hydrogen started getting
added to the fuel stream. This small diffusion flame is expected
to increase peak temperatures which are presented in the
following sections.

Fig. 19 presents the averaged measured temperature at
equivalence ratio, ¢ = 0.8 for varying content of H, in DME.
The temperature peaked at 100 mm and 200 mm for D25H75
and D50H50, respectively, with maximum values recorded as
1695 K and 1587 K. It can be observed here that the presence of
flame front due to H, addition is associated with high-
temperature peaks. Higher reaction rates associated with H,
may result in a mixing-controlled combustion regime. It is to
be noted that, unlike in CH, diluted cases, the temperature at
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Fig. 17 — Averaged OH* contours with varying H, content at (a) 4 = 0.8 and (b) ¢ = 1, DxHy represents x % (vol.) of CH;0CHj;

and y % (vol.) of Ho.
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Fig. 18 — Photographs for (a) D100HO, (b) DSOH50, and (c)
D25H75.

higher axial distances (y > 200 mm) was less sensitive to
variable H, content. Similar behaviour was also noticed at the
equivalence ratio, ¢ = 1, as shown in Fig. 20.

It can be observed upon a comparison of Figs. 19 and 20 that
with H, addition and for y < 200 mm, temperatures are lowered
with increasing equivalence ratio (except for D25H75 and
y = 70 mm), which is opposite to what was observed with CH,
addition. For D25H75, the reactive region was close to the first
measurement point, i.e., 70 mm, and a higher temperature was

measured for ¢ = 1 compared to ¢ = 0.8. This temperature
distribution for y < 200 mm is supported by the OH* distribu-
tion. Fig. 17 indicates that a decrease in average intensity count
is observed when ¢ is increased from 0.8 to 1. Maximum tem-
peratures for D25H75 and D50HS0 at ¢ = 1 were measured at
100 mm (1630 K) and 200 mm (1561 K). Moreover, for axial
distances greater than 200 mm, measured temperatures at
¢ = 1 were greater than those at ¢ = 0.8, confirming the local-
ised effect of H, in the near nozzle region.

Fig. 21 shows the measured NO and CO, emissions for
varying content of H, in the fuel mixture at different equiva-
lence ratios. The reduction of CO, is predominant at higher H,
concentrations. At ¢ = 0.8, CO, was lowered by about 18% at 50%
H, (D50H50), about 37% at 75% H2 (D25H75), and 100% for pure
H,. However, itis to be noted that this reduction was achieved at
the cost of increased NO emissions. At the same equivalence
ratio, ¢ = 0.8, progressively increasing NO was measured as
2.16 ppm, 10 ppm, 48 ppm, and 61 ppm, respectively, for
D100HO0, D50H50, D25H75, and DOH100. The results hint at the
optimum level of H, dilution, which is approximately 50% by
vol., to keep NO at around 10 ppm while lowering CO, by about
18%. The thermal pathway of NO became gradually more
important as hydrogen concentration increases (see section
4.2). The maximum NO value due to H, addition was measured
as 49 ppm for D25H75. It is also to be noted that no unburned
DME was found in the exhaust for all the investigated cases.

Kinetic analysis

This section presents the analysis of ignition behaviour and
NO formation for different fuel mixtures of pure DME, DME/
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Fig. 19 — Measured average temperatures for DME/H, mixtures in flameless mode at ¢ = 0.8. DxHy represents x % (vol.) of
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in the fuel mixture.

CH4, and DME/H,. Initially, the ignition delay times are
calculated using a simple batch reactor with recirculation, and
later, different NO formation pathways are presented using a
simplified Chemical Reactor Network.

Ignition behaviour of DME/CH, and DME/H, mixtures

Ignition analysis was performed for different DME/CH, and
DME/H, mixtures at varying equivalence ratios and a fixed
thermal input of 15 kW. A commercial software Chemkin
Prol9 was used to analyse the kinetics of a normal batch

reactor with an arbitrary recirculation (recirculation ratio,
Kv = 3) to show a qualitative trend of ignition behaviour for
different mixtures. The reaction mechanism NUIGMech 1.1
[73] was used for the combustion of DME/CH4/H, mixtures. To
analyse the effect of CH, and H, addition on DME ignition
qualitatively, the ignition delay times for different fuel mix-
tures at varying equivalence ratios are shown in Fig. 22.

It can be observed from Fig. 22 that at ¢ = 0.8, with methane
addition, the ignition delay time shows a gradual increase
when the CH, blending ratio is lower than 80%, followed by a
steep increase. At ¢ = 1, the steep rise in ignition delay is
observed starting at 60% CH, addition. It means that CHy
dilution inhibits the ignition of DME/CH, mixtures, and the
dilution becomes more effective at ¢ = 1, as shown in Fig. 22.
On the other hand, with H, addition, the ignition delay time
does not vary much when H, content is below 80% and then
shows a marginal decrease. This behaviour is almost similar
for all equivalence ratios, unlike the CH4 addition. Therefore,
it can be argued here that for systems with recirculation, H, is
not effective as an ignition promotor for the range of inlet
temperatures and H, blending ratios (H, < 75%) considered in
the present study.

In this study, it is mentioned in section 3.2 that with CH,
addition, the reactive region moves downstream and becomes
less intense. This is consistent with the analysis shown in the
above paragraphs that the addition of CH, results in increased
ignition delay time. A higher ignition delay ensures more
recirculation within the reaction region before ignition starts,
thereby creating favourable conditions for flameless com-
bustion. As shown in Fig. 10, the effect of CH, addition on the
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Fig. 22 — Variation of ignition delay times of DME/CH, and DME/H, mixtures for different equivalence ratios.

reactive region becomes more prominent for the D25M75 case
at ¢ = 0.8. This means a sufficient ignition delay ensures
sufficient recirculation such that the combustion becomes
chemically controlled and the reactive region becomes almost
invisible. However, for stoichiometric DME/CH, mixtures,
even D40M60 exhibits a chemically controlled combustion
and invisible reactive region (see Fig. 13), which again proves
that CH, addition to DME in flameless systems is more
effective under stoichiometric conditions. This effect of stoi-
chiometry is also consistent with the ignition delay time
variation shown above in Fig. 22.

The effect of H, addition on the reactive region was oppo-
site to that of the CH, addition. As shown in Fig. 17, H, addition
makes the OH* region more intense and localised. The high-
intensity region of the OH* chemiluminescence signal in-
creases with an increase in the ratio of hydrogen. Moreover,
the reactive region moves closer to the burner exit with H,
addition. It is explained above for DME/H, mixtures that H,
addition does not lower the ignition delay much for the range
of H, blending ratios (H, < 75%) considered for the present
study. Hence, it can be argued that the reactivity of H, is not a
dominant factor in the reactive region characterisation of
DME/H, mixtures inside the present flameless furnace.

Molecular diffusion at such elevated hydrogen dilutions can
also play a potential role in modifying the reactive structure of
the flame. As an example, for industrial burners similar to what
has been used in the present study along with similar turbu-
lence levels, it was reported that molecular diffusion had a
slight influence on the distribution of temperature and major
species when H, was present in the system in a significant
amount, as shown by Parente et al. [76]. However, its effect
mostly affected the flame in a highly localised area close to the
burner, where higher temperature peaks were observed, while
the overall flame configuration and macrostructure were not
influenced in a significant way, mainly because of the elevated
turbulence level. Thus, in the test case examined in this work,
the enhanced molecular diffusivity can also have a role in
influencing the local temperature and species distribution
close to the ignition point. However, seen the elevated veloc-
ities and the profound differences in mixtures reactivities, a
combined effect of mixing and reaction rate probably remains
the dominant cause of different reactive structures encoun-
tered in the experiments.

In cases where the hydrogen content is significant, there is
not enough recirculation of combustion products before the
ignition starts, and hence the flameless behaviour is

compromised. Therefore, a flame front appears as H, is getting
added to the fuel mixture as shown in Fig. 18, characterised by
high furnace temperatures and increased NO levels. It is also to
be noted that because of reduced recirculation, the combustion
is not distributed and hence the width of the reactive region
decreases as shown in Fig. 17. In such cases, combustion can be
assumed to be controlled more by mixing than chemistry.

It can be concluded here that CH, addition to DME leads to
a more distributed and downwardly shifted reactive region
mainly due to increased ignition delay times. On the other
hand, with H, addition, a combined effect of mixing and the
reaction rate dominates, leading to a more intense, localised
and upwardly shifted reaction region.

Kinetic modelling

To further investigate the effect of the different mixtures and
operating conditions on NO formation from a chemical point
of view, a highly simplified Chemical Reactor Network was
built and simulated with the commercial software CHEMKIN
Pro. The network, schematically represented in Fig. 23, con-
sists of two Perfectly Stirred Reactors (PSRs) in series with
internal recirculation. The first reactor represents the main
flame, and it is modelled by an adiabatic PSR with a fixed
arbitrary residence time of 1s, while the second PSR repre-
sents the post-flame area of the combustor, where heat losses
are imposed. The heat losses are modelled as a boundary
condition by fixing a net loss value in the second reactor,
which is equal to the heat losses detected experimentally so
that the temperature in the post-flame reactor is equal to the
outlet temperature detected experimental value.

As the addition of both hydrogen and methane strongly
influence the ignition point and consequently the amount of
recirculation in the reaction zone, the recirculated mass
flowrate was adjusted for all the cases by tuning its value in
such a way that the temperature reached by the adiabatic PSR
1 is equal to the maximum temperature observed experi-
mentally. The amount of flue gas entrainment, My, can be
quantified in terms of the recirculation ratio Ky, as:

K _ mrec
V- =

Mair + mfuel
Kinetic calculations were carried out by employing two
different kinetic mechanisms, namely the NUIGMech 1.1 [73]
and the CRECK [77] kinetic schemes. First, the effect of the
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Fig. 23 — Schematic representation of the adopted Reactor Network consisting of a flame PSR with fixed residence time
(PSR1) and the post flame reactor (PSR2) with a fixed volume equal to the remaining volume of the chamber.

equivalence ratio on NO formation for pure DME was inves-
tigated. Second, the effect of both hydrogen and methane
addition to DME was analysed.

Effect of equivalence ratio

As observed in the experimental trends, namely from Figs. 7
and 8, the equivalence ratio did not profoundly modify the
reactive structures in the furnace, producing very similar
temperature profiles and, therefore, similar NO emissions
(Fig. 9). The reactor network was simulated for the three
different equivalence ratios (® = 0.8, ® = 0.9 and ® = 1.0) and
the recirculation ratio necessary to achieve the experimental
maximum temperature was found to be Ky = 6.75 for all the
pure DME cases. The heat losses were found to be 12.5 kW.
Although the model presents a rather simple configuration, it
was able to predict NO emissions with a good match on
experimental data, as reported in Table 8.

The two different kinetics schemes offered slightly different
results. In general, the CRECK mechanism yielded slightly
lower NO values with respect to the NUIGMech 1.1, showing
better predictions in the lean cases, while the NUIGMech 1.1
performed better towards stoichiometric. It is to be noted that
for identical input conditions, the kinetic model predicts
different values of NO for different kinetic mechanisms. In
such cases, the experimental data could be crucial for better
accuracy.

To deeper investigate the main kinetic phenomena gov-
erning the formation of NO, a flux analysis and a sensitivity
analysis on NO formation were carried out on the flame PSR
(PSR1). The two kinetic schemes did not show any structural
difference; therefore, only the NUIGMech 1.1 results are re-
ported below. Moreover, no profound changes were observed
between the ¢ = 0.8 and the ¢ = 0.9 cases, so only the results

Table 8 — NO predicted by the reactor network model with

NUIGMech 1.1 and CRECK chemical mechanisms at
different equivalence ratios for pure DME.

NO dry ppm @3% O,

Case Exp NUIGMech 1.1 CRECK
®=038 2.2 4.2 1.7
®=0.9 9.6 6.1 3.4
®=1.0 7 9.43 7.1

on the ® = 0.8 and the ® = 1.0 are shown. As we can observe
from both Figs. 24 and 25, most of NO emissions are formed
via the N,O route (green arrows), as a rather low temperature
is encountered in the reaction region (~1450 K).

Some reburning (red arrows) is also present at both ® = 0.8
and ® = 1.0, but the predominant path appears to be the
NO—-NO, equilibrium (blue arrows) as some NO radicals are
already present in the recirculated flue gases. As we can also
notice from Fig. 25, some thermal NO (black arrows) is starting
to form, as the temperature reached in stoichiometric condi-
tions is slightly higher with respect to the lean case. The NO
formation paths were identified following the classification
provided by Glarborg et al. [78].

A sensitivity analysis on NO reactions was also performed
by evaluating the normalised sensitivity coefficients for the
reactions. The sensitivity coefficient Cgy is defined as the
sensitivity of the k-th species to the pre-exponential factor of
the i-th reaction, A;, normalised by the mass fraction of the
analysed species, Yj:

(A;i0Yy)
(Yr0A))

CS.ik =

The magnitude of the sensitivity coefficient represents the
importance of the i-th reaction to the formation of the k-th
species, while its sign indicates a positive (+) or negative ()
contribution. The sensitivity analysis was performed for the
lean and the stoichiometric cases, and the results are dis-
played in Fig. 26. For both cases, NO formation appears quite
sensitive to reactions involving the intermediate N,O, namely
R1, R6 and R9. As slightly rich conditions are approached, re-
actions involving the prompt formation route (namely R14)
start to become more sensitive, as well as reactions involving
CH and H radicals, since those active species become more
available in the radical pool. It is also important to mention
that fuel oxidation reactions, which consume OH radicals (R5,
R7 and R8), have a negative sensitivity coefficient, thus
inhibiting the formation of NO, since OH radicals that are
consumed through fuel oxidation do not contribute to nitro-
gen oxidation.

Effect of fuel composition
As observed from the experiments, NO emissions were mostly
enhanced by the addition of hydrogen to DME, as temperature
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gradients and peaks were more pronounced. For methane
addition, instead, a negative trend was observed. The chemi-
cal reactor network was used to simulate all the experimental
cases investigated, namely DME-H, and DME-CH, mixtures at
® = 0.8, 0.9 and 1.0. In this case, the value of Ky necessary to
replicate experimental temperatures was strongly influenced
by the fuel composition (Fig. 28).

As we can observe from Fig. 27, the reactor network was able
to correctly predict NO emissions within the range of experi-
mental uncertainty for most of the fuel mixtures. At higher
hydrogen content, however, the mismatch between the model
and the experiments slightly increased but remained under an
acceptable level. This can be related to the fact that when
hydrogen is added to the fuel mixture, the combustion regime
in the furnace gradually departs from the flameless regime,
meaning that the approximation of the system as PSRs with
internal recirculation can be compromised. However, the

simple structure was also kept at higher hydrogen concentra-
tions as it was sufficiently accurate for the scope of this work.

A flux analysis for NO formation for the 25—-75% DME-H,
case at ® = 0.8 is reported in Fig. 29. As we can observe, the
thermal formation route (black arrows) is more pronounced
with respect to pure DME (Fig. 24), while the reburning
mechanism appears weaker, seen the scarcer availability of
CH radicals. Profound differences were not encountered by
comparing the 50-50 DME-H, with the 25—75 DME-H, cases;
therefore, only the case with higher addition of hydrogen is
analysed. A sensitivity analysis was also performed, and it is
reported in Fig. 30. As we can observe, since the thermal for-
mation pathway becomes more significant, the oxidation
process leading to NO is mainly influenced by reactions
involving direct oxidation of nitrogen (R20), therefore con-
taining N radicals. NO formation appears also less influenced
by reactions involving N,O intermediate (namely R1) with


https://doi.org/10.1016/j.ijhydene.2022.10.104
https://doi.org/10.1016/j.ijhydene.2022.10.104

2422

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 48 (2023) 2401—2427

® 0.8

N20+0=2NO (R1)+ (a)

HCO+M=H+CO+M (R2)

HCO+02=CO+HO2 (R3)
02+H=0+O0H (R4) |
OH-+HO2=H20+02 (R5) |
NH-+NO=N20+H (R6) |

CH30CH3+0H=CH30CH2+H20 (R7)
H202+0H=H20-+HO2 (R8) |
N20+H=N2+OH (R9) |
CH20+OH=H+CO+H20 (R10) |

-0.5 0 0.5
Normalized sensitivity coefficient

® 1.0

NH+NO=N20+H (R6) | (b)

N20+H=N2+O0H (R9) |
CH2+H=CH-+H2 (R11) |
CH+H20=H+CH20 (R12) |
02+H=0+0H (R4) |

N20+0=2NO (R1) |
CH2(S)+C02=CH20+CO (R13)
NCN+O0=CN+NO (R14) |
CH30CH3+0H=CH30CH2+H20 (R7) |
N20(+M)=N2+0(+M) (R15) |

-0.5 0 0.5
Normalized sensitivity coefficient

Fig. 26 — Normalised sensitivity coefficients on NO formation for two different equivalence ratios, (a) ® = 0.8 and (b) ® = 1.0

for pure DME.
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Fig. 27 — Chemical reactor network prediction of NO emissions for methane (left) and hydrogen (right) mixtures at different

equivalence ratios with two different kinetic mechanisms.

respect to pure DME in lean conditions (Fig. 26a), as the tem-
peratures reached in the reaction zone are higher for
hydrogen-doped mixtures.

Regarding the addition of methane, a decrease in NO
emissions was observed in the experiments, mainly because
of the lower temperatures encountered. A flux analysis and a
sensitivity analysis on NO emissions were performed for the
25—75 DME-CH,4 case in lean conditions and are reported in

Figs. 31 and 32, respectively. The obtained results, for both the
flux path analysis and the sensitivity, are very similar to the
pure DME case at ® = 0.8 (see Figs. 24 and 26a). Also, in this
case, where the furnace is operating at MILD regime with a
high recirculation ratio (Kv = 13), the N,O route appears to be
the dominant path for NO formation. This can also be
observed from the sensitivity results, as the process is most
sensitive to reactions involving N,O (R1).
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The adopted model, even with a highly simplistic form,
was useful to explain the trends obtained in the experiments
and to highlight differences between the governing chemical
phenomena at several DME dilution levels with different fuels.
The NO—NO, chemical equilibrium was found to be dominant
in all the cases studied, mainly due to the consistent internal
recirculation in the furnace. The addition of more reactive
components to DME, namely hydrogen, strongly influenced
the recirculation ratio at which combustion takes place, thus
shifting the furnace operation from the MILD to the conven-
tional regime. For this reason, higher NO emissions were
observed, both numerically and experimentally, since the
thermal pathway becomes gradually more important as
hydrogen concentration increases. On the other hand, the
addition of methane highlighted an increase in the recircu-
lation ratio within the reaction region, and the operability of
the furnace in the MILD regime was not compromised.
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Fig. 29 — Flux analysis of NO formation for the 25—-75% DME-H, mixture at & = 0.8 performed with the NUIGMech 1.1

mechanism.
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Fig. 30 — Normalised sensitivity coefficients for the 10 most important reactions in NO formation for the 25—75 DME-H,
mixture at phi = 0.8, performed with the NUIGMech 1.1 mechanism.
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Fig. 32 — Normalised sensitivity coefficients of the 10 most sensitive reactions to NO formation for the 25—-75 DME-CH, case
at ® = 0.8, performed with the NUIGMech 1.1 chemical mechanism.

Conclusions

The present work investigates the reactive structures and
pollutant emissions of dimethyl ether/methane/hydrogen
mixtures in a semi-industrial furnace operating with a
flameless burner. The potential of partial defossilisation
(DME + CHy) and full defossilisation (DME + H,) in a flame-
less capable furnace has been accessed by temperature,
chemiluminescence, and species measurements. Further,
kinetic analysis based on a simple reactor model has been
presented to support the in-depth experimental data. The
major findings of the present work are summarised as
follows:

(i) Burning dimethyl ether in flameless mode produces
ultra-low pollutant emissions in comparison to

conventional combustion. For pure DME, a distributed
reactive region is stabilised at around 300 mm from the
burner exit plane. NO emissions below 10 ppm were
observed for all equivalence ratios with no CO and other
harmful pollutant emissions.
(i) The addition of methane into DME resulted in
increased ignition delay time and reduced reactivity,
thereby creating a favourable environment for the
flameless regime. This was confirmed by OH* chem-
iluminescence and temperature measurements. The
reactive region became less intense and moved further
downstream (away from the burner) upon CH,
blending.
The progressive addition of hydrogen into DME was
found to enhance the combustion features. This
resulted in the appearance of a visible flame structure
characterised by an intense reactive region, higher

(i

=
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peak temperatures, and higher NO emissions. The
reactive region for DME/H, mixtures formed close to
the burner. Kinetic analysis showed that with H,
addition, the ignition delay times do not vary signifi-
cantly and rather a combined effect of mixing and the
reaction rate dominates in the formation of the reactive
region.

(iv) Both peak temperature and NO were lowered upon CHy

blending. A threshold of 50% CH, was defined to achieve

net zero NO and CO emissions for all ¢, thereby sug-
gesting an optimal level of methane blending for practical
engineering.

H, addition resulted in increased peak temperatures

and NO levels. At 50% H,, CO, was reduced by about

18%, and NO stayed around 10 ppm. Maximum

measured temperatures were below 1600 K for all

equivalence ratios. The burner deviated from flameless
features at higher hydrogen content (75% H), charac-
terised by increased peak temperatures (1700 K) and NO

(about 50 ppm). A threshold of 50% H, was found to be

optimal for practical engineering.

(vi) The benefit of CO, reduction was marginal with methane
addition in contrast to hydrogen. For D70M30, D50M50,
D40M60, and D25M75, the maximum CO, reduction was
9%, 11%, 11.50%, and 14%, respectively. However, it was
lowered by 18% and 38% for D50H50 and D25H75,
respectively.

(vii) The N,O pathway was observed to be the root source of

NO emissions for pure DME, which is known to play an

important role in combustion at lower temperatures [78].

Astheequivalence ratio was decreased, the NO formation

for pure DME became more sensitive to prompt pathway

reactions.

The addition of methane to pure DME resulted in lower

NO emissions due to lower temperatures achieved since

the formation pathway of NO did not change substan-

tially. On the other hand, hydrogen addition resulted in
increased NO emissions since the thermal pathway
became more significant.

(ix) DME and its mixtures with CH4/H, can be potential fuel
candidates for use in industrial systems such as steel
heat treatment furnaces and glass and ceramic pro-
cessing plants. These systems are difficult to electrify,
and renewable fuels such as DME can completely
replace natural gas or propane. As shown in the present
work, combustion of DME/CH4/H, mixtures in a
flameless capable furnace avoids the temperature
peaks and thereby thermal NO. This directly benefits
the quality of the charge (steel, glass etc.) and of the
furnace material.

=

(vii

=
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