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� Spray flame exhibits higher global

luminosity and radiant fraction

than vapour flame.

� NOx emissions increase with bio-

fuel addition via thermal and

prompt NO formation.

� Cyclic monoterpene biofuels have

higher NOx emissions than aro-

matic biofuels.

� Reducing H2 concentration leads

to large increase in luminosity and

radiant fraction.
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The low radiant intensity of hydrogen flames may be enhanced by adding biofuels with a

high sooting propensity. This paper reports the effect of biofuel concentration and phase

on the combustion characteristics of turbulent nonpremixed hydrogen-based flames. The

0.2 and 1 mol% vapourised/spray biofuel surrogates blended flames exhibit limited soot

loading, except for 1 mol% spray toluene and anisole blends where soot starts to form.

Spray additives benefit the formation of soot by creating localised fuel-rich conditions.

Blending 3.5 and 4 mol% vapourised toluene attains a sooting flame and significantly en-

hances the luminosity and radiant fraction. The global NOx emissions increase with pre-

vapourised/spray biofuel surrogates due to the enhanced NO formation via thermal and

prompt routes. Reducing the hydrogen concentration from 9:1 to 7:3 in H2/N2 (by mole)

leads to large increases in luminosity and radiant fraction by 34 times and 135%, respec-

tively, and a reduction in NOx emissions by 68%.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
au (Y. Yin).

vier Ltd on behalf of Hydroge

/).
n Energy Publications LLC. This is an open access article under the CC BY

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:yilong.yin@adelaide.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2023.03.232&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2023.03.232
https://doi.org/10.1016/j.ijhydene.2023.03.232
https://doi.org/10.1016/j.ijhydene.2023.03.232
http://creativecommons.org/licenses/by/4.0/


Nomenclature

cr Radiant fraction
_m Mass flow rate, kg/s
_QF Total thermal power, kW
_Qr Radiated heat, kW
_q
00

Radiant heat flux, kW/m2

r Density, kg/m3

s Surface tension, N/m

c Empirical constant dependent on the nebuliser

type

d Inner diameter of the jet, m

EI Emission index

F Ultrasound frequency of the nebuliser, Hz

Lf Flame length, mm

MW Molecular weight, g/mol

nc Carbon concentration of fuel

T Temperature, K

U/d Exit strain rate, s�1

U Mean velocity, m/s

CEM Controlling evaporating mixing

CO Carbon monoxide

CO2 Carbon dioxide

CO2amb Mole fraction of CO2 in ambient air

DAQ Data acquisition systems

H2 Hydrogen

H2O Water

HAB Height above burner, mm

LHV Lower heating value, MJ/kg

N2 Nitrogen

NO Nitric oxide

NO2 Nitrogen dioxide

OPPDIF Opposed-flow diffusion flame

PAHs Polycyclic aromatic hydrocarbons

ROP Rate of production

SMD Sauter mean diameter
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Introduction

As the world is shifting away from carbon-emitting processes,

using hydrogen as a renewable energy carrier to replace con-

ventional fuels, both in domestic and industrial sectors, is

emerging as a promising approach [1e4]. Hydrogen has been

widely studied as a diluent to reduce soot production in

combustion systems such as gas turbines and internal com-

bustion engines, by taking advantage of its carbon-free nature

[5e10]. The effects of hydrogen addition on soot production

can be attributed to three mechanisms: thermal effect, dilu-

tion effect, and chemical effect [11e13]. It has been reported

that adding hydrogen to hydrocarbon flames increases the

global flame temperature, and hence reduces soot by pro-

moting soot oxidation via thermal effect [14,15]. The dilution

effect of hydrogen addition reduces soot production by

decreasing the carbon concentration per unit volume of the

fuel mixture [11,16]. Previous studies have indicated that a

portion of hydrogen can be blended into natural gas supply
networks as a diluent to mitigate CO2 emissions [17]. There is

an increasing demand for achieving a more complete

replacement of fossil fuels in a broader range of applications,

as countries and companies are pledging to attain net zero

emissions. Therefore, the work in this study is dedicated to

identifying the challenges of using hydrogen as a primary

energy source in practical applications and evaluating po-

tential solutions.

A major challenge for replacing conventional fuels with

hydrogen in high-temperature practical applications is the

low thermal radiation from hydrogen flames due to the

absence of soot. Thermal radiation is the transfer of heat en-

ergy through electromagnetic radiation and is a significant

mode of heat transfer in many practical combustion systems

(e.g., furnaces and boilers). The low radiant heat flux of

hydrogen flames makes it difficult to effectively transfer heat

from the flame to surrounding materials, reducing the effi-

ciency of these systems [18e21]. One possible approach to

compensate for this disadvantage of hydrogen flames in

practical applications is to blend hydrogenwith highly sooting

additives to promote soot formation in the flame. Hence, the

radiant intensity of the flame can be enhanced via efficient

blackbody radiation from soot particulates [19,22,23].

Biofuels with high sooting propensities can be chosen as

suitable additives since they are generally comprised of

abundant aromatics, which favour the formation of soot

precursors d polycyclic aromatic hydrocarbons (PAHs). In

addition, the raw materials for their production can be har-

vested from the by-products and waste products from the

existing industries, such as pulp industries and food produc-

tion plants [24,25]. Bio-oils and essential oils are the two types

of biofuels focused in this paper for their abundant aromatics,

sooting propensity, and accessibility. Bio-oils are obtained

from fast pyrolysis of lignin and cellulose multicomponent

mixtures chemically comprised of substantial amounts of

phenolic compounds, toluene, anisole and furan [26]. Lignin in

their feedstock is the source for the synthesis of phenolic

chemicals [27]. Essential oils aremainly comprised of terpenes

(C5H8)n, including monoterpenes (C10), sesquiterpenes (C15)

and diterpenes (C20), which are biosynthesised via five-carbon

isoprene units [28].

Efforts have been dedicated to evaluating the efficacy of

adding sooting hydrocarbons to hydrogen-based flames on

radiative heat transfer enhancement. Adding pulverised

bituminous coal could improve the radiative properties of a

hydrogen-coal flame because the heavy hydrocarbons (tar)

produced from coal pyrolysis promote soot formation [22].

Highly radiating hydrogen-based flames were previously

achieved by adding 1e5 mol% toluene [19]. Adding toluene as

a soot-generating additive has significantly increased soot

volume fraction in a hydrogen-nitrogen (1:1 vol) jet flamewith

a bulk mean Reynolds number of 5000. Gee et al. [23] further

investigated the effect of toluene addition to pure hydrogen

flames at 10,000 Reynolds number on a bluff-body burner. By

comparing the thermal radiation of natural gas flame estab-

lished on the same burner, approximately 4% vapourised

toluene is required for H2 flames to attain an equivalent

radiant heat flux of a natural gas flame. These studies pro-

vided a preliminary assessment of the efficacy of this

approach. However, the additives tested in these studies are
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limited by heavy hydrocarbons and toluene. As discussed in

the previous paragraph, biofuels, including bio-oils and

essential oils, can be used as suitable additives to enhance the

radiant heat flux of hydrogen flames. Yin et al. [29] investi-

gated the sooting propensity of biofuel surrogates (eucalyptol,

limonene, and anisole) on a wick-fed burner and demon-

strated their potential to be used as soot-enhancing additives

for hydrogen-based flames through combined experimental

and numerical methods. The findings indicated that, although

these biofuel surrogates have less sooting propensity than

toluene, they enhance the radiant fraction of the H2/N2 flame

by 2e19%. However, there is still a lack of quantitative mea-

surements of the radiant heat flux enhancement. In addition,

the influencing factors of the radiation enhancement, such as

the chemical structure of additives, concentration, Reynolds

number and exit strain rate are largely unavailable.

In addition to the issues around low radiation from the

absence of soot, another challenge associated with hydrogen

adaptation into practical applications is the increased NOx

emissions. The higher flame temperature of hydrogen pro-

motes the formation of thermal NOx by providing the required

high activation energy of the NO route: O þ N2# NO þ N,

which initiates the NO formation [30]. However, fuel and

prompt NOx are avoided when using hydrogen as the fuel

[31,32]. Although hydrogen flames are often associated with

higher NOx emissions, the impact of biofuel blending (e.g.,

through the lower flame temperature due to increased heat

radiation) is not well understood. None of the studies reported

the efficacy of blending additives to hydrogen flames on

radiant intensity enhancement along with the potential

challenge of NOx emissions.

To introduce additives to hydrogen flames in practical ap-

plications, liquid fuels could be sprayed directly into the flame

or entrained by the gaseous fuel. Whether the additives are

introduced in the gaseous or liquid phase d by prevapourisa-

tion or atomisation, respectively d may have a significant

impact on soot production, NOx and CO emissions [19,33].

Reduced soot production and NOx emissions were observed in

nonpremixed flames established on a burner that promotes

prevapourisation of palmmethyl ester fuel droplets [33]. Under

turbulent nonpremixed conditions, the local fuel-rich mixture

generated by fuel droplets from atomisation promotes the

formation of aromatics and ultimately soot [34]. A more

detailed comparison between spray and prevapourisation for

introducing toluene into turbulent nonpremixed hydrogen

flames was conducted to study their influence on soot evolu-

tion [19]. Substantially more polycyclic aromatic hydrocarbons

and soot are formed near the nozzle exit plane in spray flames

than prevapourised flames [19]. Investigation of these two

methods using liquid biofuels with different properties can

provide valuable knowledge for future applications.

Since biofuels are usually comprised of complex compo-

sitions and various properties ascribed to the different feed-

stocks and production methods, directly using biofuels

inevitably introduces challenges for fundamental-level

studies of the chemical effects [24]. Therefore, surrogates

that can emulate the various properties of complex fuels are

widely employed in experimental and numerical research

[35,36]. Four different surrogates (see chemical structures in

Fig. 1) are chosen in this study to emulate the combustion
properties of bio-oils and essential oils. Toluene (C7H8),

together with other aromatics, are the main components in

bio-oils [19]. Anisole (C7H8O) is the characteristic of lignin

structures and is recognised as the main source in forming

aromatics during the production of bio-oils [37]. In addition,

anisole is usually used to emulate the evolution of methoxy

phenol, a key precursor of PAH and soot in biomass combus-

tion [37]. Cyclic monoterpenes d eucalyptol (C10H18O) and D-

limonene (C10H16) d are the primary components in euca-

lyptus oil and orange oil, accounting for 90 wt% and 97 wt%,

respectively [38].

The efficacy of adding sooting hydrocarbons to enhance

the low radiant heat flux of hydrogen flames for practical

systems has been established. However, previous studies that

focussed on this approach either only achieved a Reynolds

number of 5000 [19], tested only a limited variety of additives

[19,23], or did not consider the potential challenge of NOx

emissions [29]. Furthermore, the influencing factors such as

hydrogen concentration, bulk mean exit strain rate, and their

correlation to the flame characteristics are not well under-

stood. In this paper, the combustion characteristics, including

flame appearance, radiant heat flux, flame temperature, and

NOx emissions of turbulent nonpremixed hydrogen-nitrogen

flames, blended with four different prevapourised or sprayed

biofuel surrogates, are investigated. Qualitative and quanti-

tative evaluation of introduction methods, biofuel surrogates’

concentrations, and hydrogen concentrations deepen the

understanding of dominating factors in achieving radiating

hydrogen flames, along with the aforementioned flame

characteristics. In particular, the experimental and numerical

investigations of NOx formation in these blended hydrogen

flames provide insights into the potential challenge of this

approach. Future experimental work using laser-based diag-

nostic techniques to measure the instantaneous flame tem-

perature, OH*, distribution of liquid droplets, soot volume

fraction, and soot sizing can yield a better understanding of

soot evolution in these blended flames.
Methodology

Burner configuration

An integrated vapourised/spray jet flame burner, shown in

Fig. 2a, supplied biofuels as either droplets or vapour. An

ultrasonic nebuliser was installed in a holder with an exte-

rior smooth contraction, which was in turn inserted in a

housing with an internal smooth contraction. A 5.5-mm-in-

ternal-diameter jet was located at the top of the housing and

axially aligned with the nebuliser exit. In the prevapourisa-

tion configuration, liquid biofuel surrogate was pre-

vapourised by a controlling evaporating mixing (CEM) unit

heated to 190 �C upstream of the burner andmixed with a 9:1

mixture of H2/N2 gases. The liquid fuel inlet was blocked in

this configuration.

In the spray flame configuration, the H2/N2 mixture was

supplied as a carrier gas through the gas inlet of the burner

and transported the biofuel-surrogate droplets generated by

the ultrasonic nebuliser with minimal initial momentum to

the flame. The gas and liquid flow rates were controlled by

https://doi.org/10.1016/j.ijhydene.2023.03.232
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Fig. 1 e Chemical structure of biofuel surrogates.

Fig. 2 e Schematic of the vapourised/spray burner (2a) and the experimental setup (2b).
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Table 2 e Test conditions.

Test parameter Unit Result

Ambient temperature �C 25

Ambient pressure atm 1

Temperature at the jet exit �C 110±6
Air coflow m/s 1

H2 flow rate L/min 144

N2 flow rate L/min 15

H2 flow rate (LHTV) L/min 72

N2 flow rate (LHTV) L/min 26
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mass flow controllers (Alicat) with themanufacturer-specified

uncertainty of ±0.5% of reading and ±0.2% of full scale. The

Sauter mean diameter (SMD) of the biofuel droplets is esti-

mated to be 30 mmat the ultrasonic nebuliser exit based on the

data provided by the manufacturer (Sonotek). The SMD of the

droplets is calculated from the commonly used equation for

ultrasound-induced atomisation [39]:

dSMD ¼ c

�
8ps
rF2

�1
3

(1)

where c is an empirical constant dependent on the nebuliser

type, s is the surface tension, r is the density of the liquid, and

F is the ultrasound frequency of the nebuliser.

The burner was pre-heated in both vapourised and spray

configurations before lighting the flame. A nitrogen carrier gas

was heated to 190 �C by the CEM and supplied to the jet. The

temperature at the jet exit was measured and maintained at

110±6 �C. At the biofuel surrogate concentrations tested in this

work, the partial pressure of the prevapourised biofuel sur-

rogates is lower than their vapour pressure at such

temperatures.

Experimental setup

Turbulent nonpremixed flames were stabilised on the

vapourised/spray burner. A uniform coflow at 1.0 m/s of

room-temperature flowed through a 150 mm � 150 mm

square contractor. An exhaust hood was placed at a constant

vertical distance (700 mm) above the flame tip. A H2/N2

mixture (9:1 by mole) was selected as the non-blended flame

case, with a fixed bulk mean Reynolds number of 10,000. Ni-

trogen was blended with hydrogen to increase the bulk mean

Reynolds number of the flames to 10,000. As highly radiating

H2/N2 (1:1 vol) flames with a Reynolds number of 5000 were

achieved previously by blending 1e5% toluene [19], there is a

need to investigate the effect of blending biofuels at lower

concentrations and compared with higher concentrations.

Therefore, the H2/N2 mixture was blended with 0.2 and 1%

biofuel surrogate (based on the mole concentration of H2) by

prevapourisation and spray. Prevapourised toluene was

further tested at 3.5 and 4% as higher concentration cases for

comparison. The carbon flow rates between different biofuel/

H2/N2 mixtures were kept constant for each biofuel surrogate

concentration to ensure an equivalent carbon flux. To inves-

tigate the effect of lower hydrogen concentration on flame

characteristics, a 7:3 H2/N2 mixture (by mole) blended by

3.5 mol% vapourised toluene with bulk mean Reynolds
Table 1 e Flame details and codes of the turbulent nonpremix
flame cases and corresponding flames codes are as follows: H2

limonene - HLV/Sx; H2/N2/Anisole - HAV/Sx.

mol% Heat input Exit strain rate

x (kW) U/d (s-1)

0.2 24.6 20,300

1.0 28.2 20,500

3.5 37.2 20,900

3.5 18.6 12,800

4.0 39.2 21,000
number above 10,000 and reduced bulkmean exit velocitywas

also tested on the same jet. From the 9:1 H2/N2 to 7:3 H2/N2

mixture, the H2 flow rate was reduced by half and the N2 flow

rate was increased to maintain a constant bulk mean Rey-

nolds number of 10,000.

The detailed flame cases are presented along with flame

codes in Table 1. The test conditions are shown in Table 2. Due

to various chemical and physical properties of biofuel surro-

gates, the total heat input and Reynolds number of flame

cases at the same blending ratio change less than 1%. The

non-blended flame is hereafter referred to as “HB0”. The

blended flame cases, for example, in “HEV/Sx”, “HE” indicates

that the H2/N2 mixture is blended with eucalyptol, “V/S00 rep-
resents the introductionmethodd prevapourisation or spray,

“x” is the biofuel surrogate concentration used in the case in

mol%. In “LHTV”, “L” indicates the lower hydrogen concen-

tration. The exit strain rate (U/d) is the ratio between themean

velocity at the jet exit and the inner diameter of the jet [40,41].

The flame length of the non-blended H2/N2 flame (HB0) is

denoted as Lf in this paper.

Experimental diagnostics

Fig. 2b shows the schematic of the experimental setup. To

analyse the effect of biofuel surrogate addition on the

appearance of the flames, a digital commercial single-lens

reflex camera d Canon 6D with a 50 mm focal length and f/

1.8 lens was used. The colour still photographs were con-

verted to grayscale in image post-processing to analyse the

luminosity of the flames.

To measure the radiative heat transfer from the flames,

two heat flux sensors (Medtherm Corporation model 92241/2)

were placed at a radial distance of 284 mm from the centre of

the jet. The angular sensitivity of the heat flux sensor was

measured prior to the experiment. To minimise the effect of
ed non-blended and biofuel surrogate/H2/N2 flames. The
/N2/Toluene - HTV/Sx; H2/N2/Eucalyptol - HEV/Sx; H2/N2/D-

Rejet Flame code

(�) x ¼ mol%

10,400 HTV/Sx, HEV/Sx, HLV/Sx, HAV/Sx

11,800 HTV/Sx, HEV/Sx, HLV/Sx, HAV/Sx

17,500 HTV

13,200 LHTV

18,600 HTV

https://doi.org/10.1016/j.ijhydene.2023.03.232
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angular sensitivity, a 20� view restrictor was used. The un-

certainty of the radiant heat flux measurement was reduced

to ±3%. The heat flux sensor equipped with a 20� view

restrictor measured heat flux from a portion of the flame

100 mm tall at a radial distance of 284 mm. In comparison to

measuring the global heat flux of the flame, heat flux data

measured at different flame heights can be correlated to the

flame temperature data collected at the same flame height to

evaluate the potential interferences between these parame-

ters. To compare the effect of different introduction methods

d sprayed or prevapourised d on the combustion character-

istics between blended flames, the measuring points are

designed to focus on the momentum-driven region near the

jet exit between height above burner (HAB) 40 mm e 390 mm

(i.e., x/Lf ¼ 0 e 0.4), with eight equi-spaced measuring points.

The heat flux data at each measuring location was recorded

for 1 min at 2500 Hz. The error calculated from the data was

within ±2%.

To correlate the mean centreline flame temperature to the

radiant heat flux and flame appearance, a Type-R thermo-

couple with a 0.2 mm diameter wire size and a 0.7 mm

diameter bare-bead was employed to measure the mean

centreline flame temperature between flame cases at the

same measuring points as radiant intensity data. The ther-

mocouple flame temperature measurements were corrected

for radiation losses. Soot deposition on the thermocouple

beadwas not observed in the experiment; however, emissivity

temperature dependence was considered. The mean centre-

line flame temperature was recorded after a steady state was

achieved. The uncertainty of the mean centreline flame tem-

perature measurement was mainly ascribed to the radiation

correction and was estimated to be ±6%. The mean centreline

flame temperature at each measuring location was collected

for 1 min at 10 Hz after a steady state was achieved. The error

calculated from the obtained flame temperature data was

±1%.

A Testo 350 XL flue gas analyser was used to measure and

compare the global emissions including CO, CO2 and NOx (NO,

NO2) across various flame cases. The resolution of NO, NO2,

CO sensors is 1 ppm, and that of CO2 measurement is 0.01 vol

%. To achieve consistency with sampling across different

flame cases, a probe was placed at the centreline of flames

with a constant relative distance of 100 mm to collect flue gas

samples emitted from the flames. The emission index of NOx

is independent of ambient air dilution because of the nor-

malisation based on carbonaceous species using equation (3).

The flue gas analyser was calibrated daily using a gas mixture

with a known percentage. In accordance with the manufac-

turer’ specification, the uncertainty of the global emission

measurement was within ±2%.

Chemical analysis

To analyse the chemistry (i.e., reaction pathways and chem-

ical mechanisms) contributing to NOx emissions in the

blended H2/N2 flames, opposed-flow diffusion (OPPDIF) flames

in Chemkin Pro v19.2 was used along with a comprehensive

chemical kinetic mechanism for NOx formation modelling.

The chemical kinetic mechanism was developed by CRECK

Modelling Group for C1 e C16 hydrocarbon combustion, which
comprised 24,501 reactions and 497 species [42]. The results

from OPPDIF modelling have been widely coupled with

experimental measurements to evaluate the chemistry in jet

flames [43,44]. To the best of the authors’ knowledge, a

chemical kinetics mechanism for comprehensive NOx for-

mation is not available for all biofuels tested in this work d

eucalyptol and D-limonene excluded. Therefore, only toluene

and anisole blends were analysed for NOx formation. The

numerical simulations of NOx formation were undertaken to

analyse the global NOx emissions collected from the flue gas.

The strain rate was set to 100 s�1 in the Chemkin simulations.

Although Chemkin simulation is under laminar conditions,

this work focuses on the kinetic impact of the additives. It is

noteworthy that the bulk flow field is consistent amongst the

flame cases since the additive in the fuel mixture accounts for

a small portion. The rate of production (ROP) of NOx and its

primary reaction pathways are the focus. The computational

analysis provides qualitative information and insights from a

chemistry aspect into the interpretation and understanding of

the experimental observations.
Results and discussion

The effect of blending lower concentration biofuel surrogates
ð� 1 mol%Þ

Flame luminosity
The appearance and the luminosity of the turbulent non-

premixed biofuel surrogate/H2/N2 flames are shown in Fig. 3.

The mean characteristics of the flames are captured with a

long exposure time of 20 s. For the 1% vapourised and sprayed

toluene flames, a shorter exposure time (250 ms) is also shown

to illustrate the fluctuating nature of the turbulent flames.

Fig. 3a and b shows the flame appearance of vapourised

and sprayed biofuel surrogates blended H2/N2 flames,

respectively. In Fig. 3a, a moderate effect was found on the

flame volume and flame appearance of the H2/N2 flame from

blending vapourised biofuel surrogates at 0.2 and 1 mol%.

However, a clear enhancement of blue colouration was

observed in the vicinity of x/Lf ¼ 0 e 0.5, due to the promoted

formation of CH*, C*
2, CO

*
2 and HCO* from blending biofuel

surrogates [45,46]. In comparison to the vapourised biofuel

surrogate blended flames, it is seen in Fig. 3b that changing the

additives’ introduction method from prevapourisation to

spray solely does not achieve a highly sooting blended flame.

Similar to the vapourised flames, introducing 0.2 and 1 mol%

biofuel surrogates by spray has slight impacts on the flame

length, width, and luminosity in comparison to the non-

blended flame. It is highlighted that blending 1 mol%

toluene and anisole by dilute spray (Fig. 3b) exhibits a distinct

flame appearance compared with the vapourised flames

(Fig. 3a). A transition of flame appearance from blue to yellow

starts to take place in the 1 mol% toluene and anisole spray

cases due to the soot formation. Liquid droplets in the spray

flame generate local fuel-rich regions which promote soot

formation, and the energy loss from the phase change in turn

reduces soot oxidation. It is seen from the photographs with

20 s exposures and 1/4000 s that the soot clusters in the

https://doi.org/10.1016/j.ijhydene.2023.03.232
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vicinity of the fuel-rich region from x/Lf ¼ 0.4 e 0.8. The other

flame cases do not feature such a transition. Another note-

worthy observation is that the spray flames display less

enhancement in blue colouration near the jet exit plane be-

tween x/Lf ¼ 0 and 0.4, compared with vapourised flames. This

observation will be further discussed in conjunction with the

signal intensity in the following paragraph.

The global signal intensity extracted from the still photo-

graphs is used to compare the luminosity of various biofuel

surrogate blended flames. Fig. 4a reports the global flame lu-

minosity extracted from the photographs, for the various

fuels and introduction methods, at blending ratios of 0.2 and

1 mol%. For the 0.2 mol% blending case, it is seen that the

vapourised flames display higher luminosity than the spray

flames and that this is consistent for all the biofuel surrogates

reported. Fig. 4b exhibits the luminosity of toluene and ani-

sole blends as a function of flame height. It is observed in

Fig. 4b that spray flames tend to have higher peak signal in-

tensity (18% and 8% for toluene and anisole blends, respec-

tively) than vapourised flames. The peak signal intensity

appears closer to the flame tip in spray flames compared with

the vapourised flames. The enhanced formation of carbon-

based gaseous species accounts for the peak signal intensity

observed near the jet exit in vapourised toluene and anisole

flames, whereas the peak intensity in spray flames is resulting

from the presence of soot. Figs. 4c and 4d show the mean

flame luminosity of the vapourised/spray biofuel surrogate

blended flames at x/Lf ¼ 0.2 and 0.6, respectively. Vapourised

biofuel surrogate blended flames show higher luminosity

than spray flames at the blending ratios of 0.2 and 1 mol%,
Fig. 3 e Flame appearance of lower concentration (0.2 and 1 mo

flames.
which further underpins the observation from the photo-

graphs that introducing biofuel surrogate by prevapourisation

tends to have higher luminosity near the jet exit than spray.

On the other hand, it is seen in Figs. 3 and 4d that as the

biofuel surrogate concentration increases to 1 mol%, the lu-

minosity of spray flames overwhelms vapourised flames at x/

Lf ¼ 0.6 due to the enhanced soot radiation. This luminosity

difference between vapourised flames and spray flames tends

to be more significant at x/Lf ¼ 0.2 and less evident down-

stream (x/Lf ¼ 0.6). The reason for the aforementioned phe-

nomenons is that, compared with spray flames, introducing

biofuel surrogates by prevapourisation facilitates the mixing

between hydrogen and biofuels as phase change is avoided in

such regime and the reactants actively participate in chemical

reactions. Consequently, the species that contribute to the

luminosity in the blue region of the flame are enhanced

than in sprayed biofuel cases, as enthalpy of vapourisation is

prevented.

It has been reported that prevapourised aromatic fuels are

more effective than monoterpenes, and prevapourised non-

oxygenated fuels are more effective than oxygenated fuels

in enhancing global flame luminosity [29]. It is seen in Fig. 3a

that altering the introduction method from prevapourisation

to spray follows a similar trend. Sprayed aromatic biofuel

surrogates (toluene and anisole) are more effective than

terpene-related hydrocarbons (eucalyptol and D-limonene) in

improving flame luminosity, which is consistent with the

trend in vapourised flames. It is seen in Fig. 4a that blending

1 mol% toluene/anisole by spray increases the flame lumi-

nosity of the non-blended flame by 293% and 126%,
l%) vapourised (3a) and spray (3b) biofuel surrogate/H2/N2
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Fig. 4 e Flame luminosity of the vapourised/spray biofuel surrogate blended H2/N2 flames indicated by the signal intensity

extracted from photographs. The signal intensity is normalised to the peak signal intensity of 1 mol% toluene spray flame.

(4a) Global mean flame luminosity. (4b) Flame luminosity of toluene/anisole blends as a function of flame height. (4c) Mean

flame luminosity at x/Lf ¼ 0.2. (4d) Mean flame luminosity at x/Lf ¼ 0.6.
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respectively. Introducing 1 mol% prevapourised D-limonene

and eucalyptol increases the non-blended flame by 101% and

28%, respectively. Similarly, sprayed non-oxygenated biofuel

surrogates are more effective than sprayed oxygenated bio-

fuel surrogates due to the improved soot oxidation rate from

the presence of oxygen content [29]. This is also the reason for

less soot being observed in the 1 mol% spray anisole flame

compared with the 1 mol% toluene spray flame.

Radiant heat flux
To compare the radiant heat flux enhancement of different

biofuels, the radiant fraction (cr) defined in Equation (2) is

employed [47].

cr ¼
_Qr

_QF

¼
2$p$

�Z R

R0

r$ _q
00 ðrÞ$drþ R$

Z ∞

0

_q
00 ðzÞ$dz

�

_m� LHV
(2)
where cr is the radiant fraction, _Qr is the radiated heat (kW),

and _QF is the total thermal power (kW) of the flame. The

radiated heat ð _QrÞ in Eq. (2) is the summation of the axial (z)

and radial (r) radiant heat flux ð _q00 Þ obtained by the heat flux

transducer, R and R0 denote the radial distance from the heat

flux transducer to the centre of the nozzle exit and the flame

front, respectively, _m is themass flow rate of the fuel, and LHV

is the lower heating value of the fuel.

Figs. 5 and 6 show the global and axial radiant fraction,

respectively, measured from non-blended and prevapourised

or spray biofuel surrogate/H2/N2 flames. It is concluded from

the results that introducing 0.2 and 1 mol% biofuel surrogate

by spray is more effective than by prevapourisation in radiant

intensity enhancement of H2/N2 flames, but the difference is

not evident at lower concentration blended flames. For

example, adding 1 mol% toluene by prevapourisation and
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https://doi.org/10.1016/j.ijhydene.2023.03.232


Fig. 5 e Global radiant fraction of lower concentration (0.2

and 1 mol%) vapourised/spray biofuel surrogate/H2/N2

flames from x/Lf ¼ 0 e 0.4.

Fig. 6 e Axial radiant fraction of lower concentration (0.2 and 1

described in Table 1.
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spray increases the radiant fraction (cr) of the HB0 flame by

18% and 22%, respectively. Adding 1 mol% anisole by pre-

vapourisation increases the radiant fraction of the HB0 flame

by 13%, comparedwith a 16% increase from the spray. It is also

found that introducing the additives by spray instead of pre-

vapourisation has a larger impact on the radiant fraction

enhancement of the 1 mol% toluene and anisole blends than

other biofuel surrogate blended flames. This phenomenon can

be correlated to the observation in Section Flame luminosity

that soot formation is promoted in these two flame cases

directly as a result of changing the introduction method.

The results from Figs. 5 and 6 indicate that blending lower

concentration biofuel surrogates to a H2/N2 flame by spray has

a limited impact on radiant heat flux enhancement. It was

concluded in Section Flame luminosity that changing the

introduction method from prevapourisation to spray does not

attain a highly sooting flame at 0.2 and 1 mol% additive con-

centration, therefore, the source of radiative heat transfer

from these lower concentration biofuel blended flames is still

from gaseous species (e.g., CO, CO2, and H2O). It is known that

gaseous species have much less radiant heat flux than soot at
mol%) vapourised/spray biofuel surrogate/H2/N2 flames
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equivalent temperature [48]. Another factor that contributes

to the limited radiant intensity enhancement observed in the

9:1 mol H2/N2 flame is that such flame with high hydrogen

concentration has abundant OH radicals and high flame

temperature, leading to a high oxidation rate that hampers

sooting formation from the relatively low carbon flux (note

that the concentration of carbon atoms in lower concentration

biofuel blended flames are about 0.02 e 0.07, much lower than

conventional hydrocarbon fuels). Therefore, an additional

flame case with lower hydrogen concentration was tested to

evaluate the effect of hydrogen concentration on the flame

characteristics of biofuel surrogate blended H2/N2 flames. The

results will be further discussed in Section The effect of

blending higher concentration vapourised toluene (� 3.5mol

%).

It is observed in Fig. 6 that the radiant fraction of spray

toluene and anisole blended flames reach the peak value at x/

Lf ¼ 0.4 between x/Lf ¼ 0 e 0.4, which is dissimilar to the trend

in other vapourised/spray biofuel-blended cases d reaches

the peak radiant fraction at x/Lf ¼ 0.35. In the flames without

soot (i.e., all flame cases except for 1 mol% spray toluene/

anisole flames), the flame luminosity and radiant fraction

reach their peaks closer to the jet exit as a result of enhanced

formation of gaseous species. On the other hand, in the 1mol

% spray toluene and anisole blended flames where soot for-

mation becomes evident from x/Lf ¼ 0.4, soot loading is the

major contributing factor to the radiant intensity enhance-

ment. This finding is consistent with the observations in

Fig. 4.

Another noteworthy finding in Fig. 5 is that the global

radiant fraction from x/Lf ¼ 0 e 0.4 of the spray D-limonene

blended flame case shows a decreasing trend with the in-

crease in additive concentration, indicating that other factors

may play important roles in radiant intensity enhancement in

addition to carbon flux. Introducing 0.2 mol% D-limonene as a

spray enhances the radiant fraction of the HB0 flame by 10%,

but adding 1 mol% spray D-limonene enhances the radiant

fraction by 8%. It was reported that flame temperature is one

of the contributing factors to the radiant heat flux as the

flame's radiated heat is proportional to the fourth power of

temperature d Qr f T4 [29]. The impact is more evident in

spray flames The spray flame temperature results presented

in Section 3.1.3 further support this finding.

Flame temperature
Fig. 7 reports the mean axial flame temperature along the

centreline for both the vapourised and spray biofuel surro-

gate blended H2/N2 flames. The results show that intro-

ducing prevapourised biofuel surrogates increases the mean

centreline flame temperature of the non-blended H2/N2

flame near the jet exit plane while decreasing the flame

temperature at the region further into the momentum-

driven part. Compared with vapourised flames, adding bio-

fuel surrogates to HB0 flames by spray evidently decreases

centreline flame temperature. The most significant reduc-

tion is recorded to be 213 K in 1 mol% spray D-limonene

blends at x/Lf ¼ 0.05. Dissimilar to the trend of all vapourised

flame cases, reductions in mean centreline flame tempera-

ture are observed throughout the flame from x/Lf ¼ 0.05 e 0.4

in spray flames.
It is seen in Fig. 7 that spray flames generally have lower

mean centreline flame temperature than vapourised or non-

blended flame, particularly near the exit plane. The enthalpy

of vapourisation leads to a reduction in the temperature of the

spray flames. The temperature difference tends to be less

downstream, where the rate of vapourisation decreases. The

prevapourised biofuel surrogates and hydrogen mixture

actively participate in the reactions mixed with oxidant when

they leave the jet exit, while sprayed biofuel surrogates first

require energy for phase change. Therefore, a faster and more

homogeneous mixing is achieved in vapourised flames and

subsequently results in higher flame temperature. It was dis-

cussed in Sections Flame luminosity and Radiant heat flux that

in these lower concentration biofuel surrogate blended flames,

where thermal radiation is primarily from gaseous species,

higher flame temperature and higher heat release rate lead to

higher flame luminosity and radiant intensity. Themean flame

temperature results further provide evidence to explainwhy all

vapourised flames display higher flame luminosity at x/Lf ¼ 0.2

in Fig. 4b and reach their peak luminosity closer to the jet exit

plane in Fig. 4d, compared with spray flames. Temperature

reduction is the reason that radiant fraction decreases with the

increase in biofuel concentration (i.e., carbon flux). The largest

temperature reduction (ie., 213 K in 1 mol% spray D-limonene)

is correlated to the lower radiant fraction in 1 mol% spray D-

limonene blends, compared with 0.2 mol% spray D-limonene

blends (discussed in section Radiant heat flux).

Large mean centreline flame temperature drops are also

observed in 1 mol% spray toluene and anisole blends (Figs. 7a

and d), however, exhibiting an opposite trend to D-limonene

blends regarding radiant heat flux. Soot formation becomes

evident in the 1 mol% spray toluene and anisole blended

flame, hence the source of the radiative heat transfer in these

flames gradually shifts from gaseous species to a stronger

source d soot. It is known that lower temperature favours

soot formation since the soot oxidation rate is reduced [15,49].

Therefore, the reducedmean flame temperature in the 1mol%

spray toluene blends and anisole blends contributes to soot

formation and subsequently results in laser radiant fraction

increases. It is also observed in Fig. 7a that 1 mol% spray

toluene blends and anisole blends see larger mean tempera-

ture drops in the vicinity of x/Lf ¼ 0.3 compared with D-

limonene and eucalyptol. In addition to the enthalpy of

vapourisation of liquid droplets in spray flames, it is also

ascribed to the elevated radiative heat loss from the soot,

which is consistent with the observation in spray flame pho-

tographs (Fig. 3b) that soot loading becomes evident in 1mol%

spray anisole and toluene-blended flames. This phenomenon

will be further demonstrated in Section The effect of blending

higher concentration vapourised toluene (� 3.5mol%).

NOx emissions
The emission index for NOx ðEINOx Þ is calculated using Eq. (3)

[50,51]:

EINOx ¼
XNOx

ðXCO þ ðXCO2
� XCO2amb

ÞÞ �
nc �MWNOx

MWf � LHVf
(3)

where X denotes the mole concentration of NOx, CO, CO2 in

the flue gases, CO2amb is the mole fraction of CO2 in ambient

air, nc is the carbon concentration of fuel, MWNOx is the
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Fig. 7 e Mean axial flame temperature along the centreline of lower concentration (0.2 and 1 mol%) vapourised/spray biofuel

surrogate/H2/N2 flames described in Table 1. The results are corrected for radiative heat loss from the thermocouple.

Fig. 8 e Global NOx emissions measured in the experiment and numerical simulation of NO of lower concentration (0.2 and

1 mol%) vapourised/spray biofuel surrogate/H2/N2 flames described in Table 1. (8a) Emission index for NOx measured in the

experiment. (8b) ROP of NO in toluene and anisole blends from numerical simulation.
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molecular weight of NOx, MWf and LHVf denote the molecular

weight and the lower heating value of the fuel mixture,

respectively. Note that Eq. (3) is not applicable to carbon-free

fuel mixtures [51].

The EINOx (g/MJ) from measurements in both the spray and

vapourised biofuel surrogate blended H2/N2 flames is plotted

as a function of biofuel concentration in Fig. 8a. Fig. 8b pre-

sents the total ROP of NOx in toluene and anisole blends as a

function of concentration from numerical modelling. The re-

sults show that introducing 1 mol% additives into the H2/N2

flames by spray results in lower EINOx than introducing pre-

vapourised biofuel surrogates. Introducing 0.2 and 1 mol%

anisole by spray decreases the EINOx by 60% and 67%, respec-

tively, compared with introducing 0.2 and 1 mol% anisole by

prevapourisation. This is mainly because the lower centreline

flame temperature (Fig. 7) measured in spray flames reduces

NOx formation via the thermal route. Thermal NOx was pre-

viously reported as the dominant NOx formation route in

hydrogen-based flames [52,53].

It is highlighted in Fig. 8 that as the biofuel surrogate con-

centration increases from 0.2 mol% to 1 mol%, the EINOx in-

creases. However, the centreline flame temperature shown in

Fig. 7 does not exhibit a positive correlation with biofuel sur-

rogate concentration in vapourised flames. Furthermore, the

numerical results from the OPPDIF simulation in Fig. 9 show

that as the biofuel surrogate concentration increases, the peak

adiabatic flame temperature of vapourised toluene and anisole

blended flames decreases from 2302 K to 2238 K,while the total

NOx ROP in Fig. 8b displays an increasing trend. These obser-

vations imply that other NOx formation pathways in addition

to the thermal route may enhance NOx formation in biofuel

surrogate blended flames. Therefore, a detailed modelling of

NOx formation reaction pathways was conducted.

Nitrogen oxides (NOx) is predominantly comprised of nitric

oxide (NO) with a minor proportion of nitrogen dioxide (NO2).

It is found in the simulation that the ROP of NO2 is two orders

of magnitude smaller than that of NO. Thus, the computa-

tional analysis is focused on the reaction pathways of NO.

Fig. 10 presents the ROP for four primary reaction pathways of

NO d three NO formation pathways and one consumption
Fig. 9 e Peak adiabatic flame temperature of toluene and

anisole blends from numerical simulation.
pathway. It is seen from Fig. 10a that the ROP of NO via the

OH þ N # H þ NO reaction increases with the vapourised

toluene and anisole addition. This reaction pathway is known

as one of the subsets in the thermal NO formation route [30];

however, it does not mean this reaction is driven by the flame

temperature. It is the first reaction in the thermal route:

O þ N2# NO þ N that requires high energy from the flame

temperature and initiates the NO formation. This reaction

also controls the reaction rate via the thermal route [30]. Based

on this understanding, the acceleration of NO formation via

the OH þ N # H þ NO reaction in these biofuel surrogate

blended H2/N2 flames likely results from the OH and N radical

increase. The OH radicals are expected to be abundant in

hydrogen-based flames. The N radicals, on the other hand, are

usually created from CHi radicals attacking the triple bond in

N2 [54]. Therefore, as the concentration of CHi radicals in-

creases with the biofuel surrogate addition, the production of

N radicals is subsequently promoted and hence leads to the

increase in NO formation. The CHi radicals are also involved

with the reaction pathways associated with prompt NO for-

mation, which will be discussed in the following paragraph.

The prompt route is another reaction pathway that is ex-

pected to have a major effect on the NO formation. The

prompt route is initiated by CH þ N2# H þ NCN and then the

NCN radical forms HCN via the NCN þH#HCN þN reaction.

The HCN radical subsequently reacts with O to eventually

form NO. It is noted in Fig. 10b that the prompt NOx formation

route is of less importance in lower concentration (0.2 and

1mol%) vapourised biofuel surrogate blended flames, which is

an order of magnitude smaller than the OH þ N # H þ NO

route.

Fig. 10c indicates that HNO plays an important role in NO

formation via the H þ HNO # H2 þ NO reaction, which is

known as the HNO-intermediate route [55]. The ROP of NO

via this route tends to decrease with the increase in biofuel

surrogate concentration. To investigate the reason behind

this trend, the reaction chain of HNO needs to be understood.

HNO is generally formed from NH through NH þ OH #

HNO þ H reaction, and the formation of NH is related to the

subset of NNH route: NNH þ O # NO þ NH. The NNH route

emphasises the influence of H and O radicals at flame fronts

and rich regions, especially in hydrogen flames [52]. The

oxygen content in anisole actively participates in the

NNH þ O # NO þ NH reaction and hence results in a slower

decrease in NO formation via the HNO-intermediate route

than toluene.

The process of NO consumption to a relatively steady state

N2 is another important consideration. Fig. 10d shows the ROP

of NO consumed to N2 via the NO þN#N2 þ O. Higher ROP is

observed in the H2/N2 flame without biofuel surrogate, which

in turn results in more NO formation in biofuel-blended

flames. Combined with the ROP of other major reaction

pathways, the overall ROP of NO tends to increase with the

biofuel surrogate addition, which agrees with the experi-

mental results in Fig. 8a.

Another noteworthy observation from both experimental

and numerical results is that vapourised anisole tends to

produce more NOx than vapourised toluene at low concen-

trations. It is seen from Figs. 8 and 10 that the differences of

NO ROP along with the NO consumption rate between anisole
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Fig. 10 e Reaction pathways of NO in toluene and anisole blends from numerical modelling.
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and toluene via the OH þ N # H þ NO, NO þ N # N2 þ O, and

HCN þ O # CH þ NO routes are minor compared with the

most distinct difference via the HNO-intermediate route:

H þ HNO# H2 þ NO. This is because the weak chemical bond

in anisole chemical structure, which connects the oxygen

atom and aromatic ring, is easily broken to form free oxygen

atoms which then actively participate in the NNH route

through NNH þ O # NO þ NH reaction to form NH and hence

HNO [56].

It is seen in Fig. 8a that cyclic monoterpene biofuels

(eucalyptol and D-limonene) generally have higher EINOx

compared with toluene and anisole. Furthermore, the EINOx of

0.2 and 1 mol% D-limonene blends is higher than that of

eucalyptol-blended flames, either by spray or prevapourisa-

tion. D-limonene is a non-oxygenated fuel that is comprised

of a C¼C double bond, while eucalyptol is an oxygenated fuel

without C¼C double bonds. Previous studies show that the

presence of C¼C double bond and oxygen content in the

chemical structure of a fuel increase the flame temperature

and lead to higher NOx emissions [57,58]. The EINOx compari-

son between D-limonene and eucalyptol may imply that the
effect of unsaturation degree on NOx emissions is more sig-

nificant than the oxygen content in these biofuel surrogate

blended H2/N2 flames.

The effect of blending higher concentration vapourised
toluene ð� 3:5 mol%Þ

Higher concentrations (3.5 and 4 mol%) of vapourised

toluene are blended in H2/N2 flames to investigate the

combustion characteristics and compare them with the

lower concentration cases. As discussed in Section The

effect of blending lower concentration biofuel surrogates

(� 1 mol%), high hydrogen concentration can be a major

factor that hampers soot formation. Therefore, an addi-

tional 3.5 mol% vapourised toluene-blended H2/N2 (7:3 by

mole) flame case (LHTV3.5) with U/d ¼ 12,800 s�1 was tested.

In this section, the flame appearance, radiant fraction,

centreline flame temperature, and NOx emission of the

LHTV3.5 flame are presented to evaluate the effect of lower

exit strain rate, H2 and N2 concentration on flame

characteristics.
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Fig. 11 e Photographs of 3.5 and 4 mol% vapourised toluene-blended H2/N2 flames (HTV3.5 and HTV4) and the 3.5 mol%

vapourised toluene-blended H2/N2 flame with lower hydrogen concentration (LHTV3.5) described in Table 1.
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Fig. 11 presents photographs of the flame appearance with

longer (0.5 s) and shorter exposure times (250 ms). There is a

clear transition from blue to yellow colouration as the

vapourised toluene concentration increases from 0.2 to

3.5 mol%, which indicates that soot is markedly promoted.

The blue colouration, which represents the gaseous species as

discussed in Section Flame luminosity, is distributed near the

exit plane (x/Lf � 0.2), but the length of this region becomes

shorter as the toluene concentration further increases. The

photographs with shorter exposure times (250 ms) capture the

instantaneous distribution of soot in flames. Soot is predom-

inantly distributed between x/Lf ¼ 0.2 e 0.8 and its chaotic

state is because of flame turbulence. The photograph of the

4 mol% spray toluene blended flame is presented to show the

visual observation of toluene droplets burning in the flame.

The local fuel-rich condition created by toluene droplets

significantly enhances soot formation near that region. This

characteristic of spray flame is distinct from the vapourised

flame and it is the major contributing factor to the difference

between 1 mol% vapourised/spray toluene and anisole flames

in Fig. 3. Fig. 12a provides signal intensity extracted from the

photograph to demonstrate the luminosity enhancement of

3.5 mol% toluene. The signal intensity of the 3.5 mol% toluene

flame is 34 times greater than the 1 mol% toluene flame, and

this value is more than doubled at 4 mol% (70 times).

Fig. 12b shows the radiant fraction measured from the 0,

3.5, and 4 mol% vapourised toluene blends. Unlike lower

concentration biofuel-blended flames, blending high concen-

tration toluene to H2/N2 flame tends to have a larger non-

linear increase in radiant fraction starting from x/Lf ¼ 0.35.

At x/Lf ¼ 0.4, increasing the vapourised toluene concentration

to 4 mol% leads to a 33% increase in the radiant fraction of the

HB0 flame, compared with 21% increase by blending 1 mol%
vapourised toluene. The radiant fraction of the 4 mol

vapourised toluene is increased by 52% compared with the

non-blended H2/N2 flame. The previously reported numerical

results of naphthalene ROP have further underpinned the

experimental observation [29]. The formation of naphthalene

in lower concentration (0 e 2 mol%) toluene and anisole

blends is moderate, followed by a large non-linear increase as

the biofuel concentration rises from 2 to 4 mol%. This further

supports the finding that blending lower concentrations of

biofuels has limited impact on the flame appearance and

radiant fraction of a H2/N2 flame, but a clear transition in

flame appearance and the radiant fraction is observed when

blending higher concentration biofuels.

Fig. 12c shows themean axial flame temperature along the

centreline of higher concentration toluene blended H2/N2

flames. It is seen from Fig. 12c that the overall trend of mean

centreline flame temperature variation in higher concentra-

tion vapourised toluene blends is dissimilar to the lower

concentration vapourised cases d the mean centreline flame

temperature displays a decreasing trend starting from

x/Lf ¼ 0.25, which is not seen in the lower concentration

vapourised biofuel surrogate blended flames, but only in spray

flames. It was discussed in Section Flame temperature that

the reduced mean centreline flame temperature in spray

flames is due to the enthalpy of vapourisation of liquid drop-

lets, which does not occur in the prevapourised flames. In

conjunction with the radiant fraction results in Fig. 12b, the

reduced mean centreline flame temperature found in the

higher concentration vapourised toluene blended flame

(HTV3.5 and 4) is due to the increased radiative heat loss from

the soot enhancement. The reduced mean flame temperature

in these flames leads to a lower soot oxidation rate, which

further promotes the soot production in the flame.

https://doi.org/10.1016/j.ijhydene.2023.03.232
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Fig. 12 e Flame characteristics of vapourised toluene-blended H2/N2 flames (HTV1, HTV3.5 and HTV4) and the 3.5 mol%

vapourised toluene-blended H2/N2 flame with lower hydrogen concentration (LHTV3.5) described in Table 1. (12a)

Normalised signal intensity from photographs. The signal intensity is normalised to the peak signal intensity among the

vapourised toluene flames. (12b) Radiant fraction from x/Lf ¼ 0.05 e 0.4. (12c) Mean axial flame temperature along the

centreline of the flames. The results are corrected for radiative heat loss from the thermocouple. (12d) Global NOx emissions.
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Fig. 12d reports the global EINOx of higher concentration

vapourised toluene-blended H2/N2 flames. The emission index

for NOx increases by 40% from 1 to 3.5 mol% vapourised

toluene blends, and further increases by 6% from 3.5 to 4mol%.

The increasing trend of EINOx in higher concentration vapour-

ised toluene blends is consistent with the lower concentration

cases discussed in Section NOx emissions. As is shown in

Fig. 8, the kinetic mechanism and dominating reaction path-

ways of NO formation in 3.5 and 4 mol% vapourised toluene

blends are not dissimilar to the lower concentration cases,

with one distinct exception that the ROP of NO formation

through prompt route: HCNþO# CHþNO reaction in 4mol%

toluene blends is 7 times greater than that in 0.2 mol% toluene

blends. This implies that as the toluene concentration in-

creases to 4 mol%, HCN radicals formed from CH and NCN

routes are enhanced. Hence, NO formation through theprompt

route has gradually become one of the primary reaction
pathways in higher concentration toluene-blended H2/N2

flames.

As discussed in Section Introduction, adding hydrogen to

hydrocarbon fuels reduces soot loading of the flame via three

mechanisms: thermal effect, dilution effect, and chemical

effect [11e13,16,59]. Therefore, an additional 7:3 H2/N2 flame

casewith lower hydrogen concentration, blendedwith 3.5mol

% vapourised toluene (LHTV3.5) was tested (see flame details

in Table 1). It is also noted that the exit strain rate of the higher

hydrogen concentration flame cases is above 20,000 s�1,

whereas the lower hydrogen flame case is only 12,800 s�1. A

high exit strain rate (low residence time) is known to inhibit

soot formation as the key soot formation processesd surface

growth and agglomeration require time [60]. The flame lumi-

nosity, radiant fraction, centreline flame temperature, and

NOx emission of the lower H2 concentration flame (LHTV3.5)

are presented in the figures along with the higher H2

https://doi.org/10.1016/j.ijhydene.2023.03.232
https://doi.org/10.1016/j.ijhydene.2023.03.232


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 8 ( 2 0 2 3 ) 2 5 5 6 3e2 5 5 8 025578
concentration flame (HTV3.5) for comparison. The signal in-

tensity which indicated the flame luminosity in Fig. 11 shows

that the 3.5% vapourised toluene-blended flame with low

hydrogen concentration (LHTV3.5) is 15 times greater than the

3.5 mol% vapourised toluene blends with higher hydrogen

concentration (HTV3.5). For radiant fraction enhancement, it

is seen in Fig. 12b that the radiant fraction of the 3.5 mol%

vapourised toluene blends with lower hydrogen concentra-

tion (LHTV3.5) increases the radiant fraction of the HB0 flame

by 135% at x/Lf ¼ 0.35. The results demonstrate the significant

enhancement of flame luminosity and radiant intensity of the

non-blended H2/N2 flame from reducing the hydrogen con-

centration with constant bulk mean Reynolds number and

toluene concentration. Additionally, the global NOx emissions

(Fig. 12d) decrease by 68% compared with the high hydrogen

concentration 3.5% toluene blends. The reduced temperature

inhibits the NO formation via the thermal route and the

reduced H2 concentration results in lesser H and OH radicals,

which in turn inhibits the reaction pathways via theOHþN#

H þ NO and H þ HNO # H2 þ NO routes.
Conclusions

The effect of biofuel blending with H2/N2 turbulent non-

premixed jet flames was investigated in this study. Both

vapourised and sprayed biofuel surrogates are used and the

flames’ appearance, flame luminosity, radiant intensity, cen-

treline flame temperature, and NOx emissions are investi-

gated through combined experimental and numerical

methods. Based on experimental observations and numerical

results, the following conclusions are made:

1. Soot starts to form in the 1 mol% spray toluene and anisole

blends between x/Lf ¼ 0.4 e 0.8. Blending higher concen-

trations (3.5 and 4 mol%) vapourised toluene to H2/N2

flames results in a clear transition into a sooting flame. The

flame luminosity of the 3.5 mol% toluene flame is 34 times

greater than the 1mol% toluene flame. The radiant fraction

of the 4 mol% vapourised toluene flame at x/Lf ¼ 0.4 is

increased by 33% comparedwith the 1mol% toluene flame.

2. Introducing biofuel surrogates in liquid droplets to H2/N2

flames has demonstrated its advantages in promoting soot

formation by creating a local fuel-rich condition. Vapour-

ised flames aremore luminous and display a higher radiant

fraction near the jet exit as the vapourised biofuels facili-

tate the mixing with H2 and actively participate in the

oxidation reactions, while sprayed biofuel surrogates first

require energy for phase change. The centreline flame

temperature in spray flames is lower due to the enthalpy of

vapourisation, which in turn favours the formation of soot

precursors. The NOx emission from 1 mol% spray biofuel

surrogate blended flames is lower than vapourised flames

since the lower temperature in spray flames reduces

thermal NOx formation.

3. Both experimental and numerical results show that the

global NOx emissions from the turbulent nonpremixed H2/

N2 flame increase with biofuel surrogate addition. The

numerical simulation shows that the primary NO forma-

tion reaction pathways are the subset of the thermal route:
OH þ N # H þ NO and prompt route: CH þ N2# H þ NCN,

with HNO-intermediate route: H þ HNO # H2 þ NO also

contributing. The addition of biofuel surrogates mainly

enhances NOx formation via thermal and prompt routes,

leading to the increase in global NOx emission.

4. High hydrogen concentration of the turbulent non-

premixed hydrogen-based flames has a major inhibition

effect on soot formation and corresponding radiative heat

flux. As the hydrogen concentration decreases from 90% to

70% in the H2/N2 mixture, while Reynolds number (10,000)

and toluene concentration (3.5 mol%) are kept constant,

the radiant fraction of the LHTV3.5 flame is increased by

115% at x/Lf ¼ 0.35, compared with the HTV3.5 flame. The

global NOx emissions of the LHTV3.5 flame case decrease

by 68% compared with the HTV3.5 flame case. The global

NOx emissions from both the LHTV3.5 and HTV3.5 flame

cases are lower than the non-blended H2/N2 (HB0) flame

case. The elevated radiative heat loss reduces the flame

temperature in the LHTV3.5 flame case, which in turn in-

hibits the NO formation via the thermal route.

The key findings in this paper further contribute to the

understanding of biofuel-blended hydrogen flames, revealing

that hydrogen concentration in the fuel mixture and exit

strain rate may be dominating in enhancing flame luminosity

and radiant heat flux, compared with other factors (e.g., the

chemical structure of additive). It is also highlighted that the

NOx emissions increase with biofuel addition via the subset of

the thermal route and prompt route, which is another po-

tential challenge in evaluating the feasibility of biofuel-

blended hydrogen flames.
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