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Abstract 

Ammonia offers a carbon-free fuel alternative for industrial heating, power generation and transportation. 
However, its low flame speed and high NO x emission represent significant challenges for combustor applica- 
tions. The present study investigates the use of porous media burners (PMBs) to stabilize lean NH 3 /H 2 /air 
flames. By stabilizing the flame at the interface between two thermally conductive ceramic foams, internal 
heat recirculation preheats the reactants and increases the flame speed, which increases the combustion sta- 
bility limits to very lean NH 3 /H 2 /air mixtures. Experimental studies are conducted to determine the stability 
limits of porous media combustion over a wide range of NH 3 /H 2 volume ratios, equivalence ratios and mass 
fluxes. The NH 3 /H 2 ratio is found to play a significant role with a typical dependency of the equivalence ratio 

at extinction in the form φext ∝ X 

−0 . 3 
H 2 

. NO x emissions were shown to reach their minimum when the burner 
was operated near its extinction limit and to increase with increasing mass flux rates. Because unburnt NH 3 
emissions were also quite low (1400 ppm) at these very lean conditions, this operating regime offers similar 
or better emissions compared to the commonly employed fuel-rich operation which has been suggested in 

the literature. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Ammonia (NH 3 ) and hydrogen (H 2 ) have been
identified as promising compounds for future
carbon-free fuels [1] . Because of an already exist-
ing infrastructure and technical expertise [2] , NH 3
has gained considerable interest from governments
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and industries as an energy vector for transporta- 
tion, power generation, and heavy industry [1] . The 
state-of-the-art in NH 3 combustion is reviewed in 

[2,3] . The combustion of NH 3 produces neither CO 

nor CO 2 , but emissions of other pollutants such as 
nitrogen oxides (NO x ) and unburnt NH 3 are a ma- 
jor concern. Other significant challenges are the low 

flame speed, the reduced heating value, the long ig- 
nition time and the large flame thickness of NH 3 
compared to conventional hydrocarbon fuels [3] . 
ier Inc. All rights reserved. 

., Combustion of lean ammonia-hydrogen fuel blends in 
e, https://doi.org/10.1016/j.proci.2022.07.054 

http://www.sciencedirect.com
https://doi.org/10.1016/j.proci.2022.07.054
http://www.elsevier.com/locate/proci
mailto:gvignat@stanford.edu
https://doi.org/10.1016/j.proci.2022.07.054
https://doi.org/10.1016/j.proci.2022.07.054


2 G. Vignat, B. Akoush, E.R. Toro et al. / Proceedings of the Combustion Institute xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: PROCI [mNS; August 16, 2022;18:23 ] 

 

i
o  

t  

b  

H  

l  

l  

r  

p  

c  

h  

i  

h  

H  

r  

f
 

b  

b  

T  

c  

o  

n  

t  

i  

a  

P  

o  

a  

[  

f  

s  

a  

w  

i  

a  

c  

p  

(  

H  

w  

i  

i  

φ  

e  

n  

b
e

 

o  

t  

N  

t  

(  

a  

[  

a  

fl  

a  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Several investigations have shown that swirling
njectors can stabilize NH 3 flames over a range of 
perating conditions, typically for equivalence ra-
ios, φ, between 0.7 and 1.3 [4–7] . This range can
e further enhanced by pre-mixing of NH 3 with
 2 [5,6] . Fuel-rich mixtures with equivalence ratios

arger than φ � 1 . 1 are often reported to lead to the
owest level of NO x emissions, with typical values
anging from 10 to 2000 ppm depending on the ex-
erimental configuration, and two-stage rich-lean
ombustion was found to be necessary to alleviate
igh unburnt NH 3 emissions [7–9] . Leaner operat-

ng conditions ( 0 . 7 < φ < 0 . 9 ) lead to significantly
igher NO x emissions up to 4500 ppm [4–7,9,10] .
igh pressures and steam addition were found to

educe emissions of NO x and unburnt NH 3 at both
uel-rich and fuel-lean conditions [7,11–13] . 

Recent studies have shown that porous media
urners (PMB) are an effective alternative to swirl
urners for conventional fuels [14–17] and H 2 [18] .
he combustion in PMBs is facilitated within the
avities of an inert open cell foam, typically made
f thermally conductive ceramic materials. Inter-
al heat recirculation by radiation and conduc-
ion in the solid porous matrix results in preheat-
ng of the reactants, enhances flame stabilization,
nd extends the lean flammability limit [14,19,20] .
orous media combustion enables the stabilization
f very lean flames over a wide range of pressures
nd mass flux rates with low pollutant emissions
21,22] . Flame corrugation and pore-level effects
urther enhance the volumetric chemical conver-
ion rate and flame stability [23] . This makes PMBs
n interesting combustor concept for NH 3 flames,
hich has unfortunately not been extensively stud-

ed in the literature. Nozari et al. [24] have char-
cterized NH 3 /H 2 /air flames stabilized by a sili-
on carbide (SiC) foam. Stability maps were re-
orted for 0 . 9 < φ < 1 . 5 , with NO x measurements
40 ppm at φ = 1 . 5 , up to 5000 ppm at φ = 1 . 1 ).
owever, at several operating conditions, the flame
as stabilized outside the ceramic foam, suggest-

ng incomplete combustion. Rocha et al. [25] stud-
ed NH 3 /H 2 /air and NH 3 /CH 4 /air combustion at
= 0 . 8 in an alumina-zirconia PMB and used their

xperimental measurements to evaluate three ki-
etic mechanisms for NH 3 . Measurements of un-
urnt NH 3 were between 100–300 ppm while NO x 
missions were found to exceed 3000 ppm. 

By extending previous investigations [24,25] the
bjectives of this work are: (1) to investigate
he feasibility of stabilizing lean and ultra-lean
H 3 /H 2 /air combustion in PMBs; (2) to examine

he physical mechanisms leading to extinction; and
3) to characterize the pollutant emissions of such
 burner. To this end, an interface-stabilized PMB
26] is used as these burners have been successful
t stabilizing very lean methane flames. Using 1D
ame simulations, an a-priori analysis of the suit-
bility of PMBs for NH 3 combustion is first pre-
ented in Section 2 . After introducing the exper-
Please cite this article as: G. Vignat, B. Akoush, E.R. Toro et al
a porous media burner, Proceedings of the Combustion Institut
imental setup in Section 3 , we present measure-
ment results for operability limits, temperature and
pollutant emissions of NO x and unburnt NH 3 in
Section 4 . The paper finishes with conclusions in
Section 5 . 

2. Super-adiabatic combustion of NH 3 /H 2 blends 

The internal heat recirculation in the porous ce-
ramic matrix is one of the key mechanisms for en-
hancing flame stabilization in PMBs [14,15,23] . The
heat recirculation efficiency can be characterized by
a non-dimensional temperature [20] : 

θ = 

T g, max − T 0 

T ad − T 0 
, (1)

where T g, max is the maximum gas temperature in
the PMB, T 0 is the burner’s inlet gas temperature
(300K) and T ad is the adiabatic flame temperature.
For a super-adiabatic burner, θ > 1 . If the charac-
teristic length scale associated with thermal diffu-
sion in the gas and heat transfer in the solid ma-
trix are well separated, the mass flux of the re-
actants through an ideal PMB can be written as
˙ m 

′′ = ρP S 

P 
l . The enhancement of the laminar con-

sumption rate at a given level of heat recirculation
can then be estimated as [19] : 

ρP S 

P 
l 

ρu S 

u 
l (T 0 ) 

= C(θ ) , (2)

where ρu S 

u 
l is the laminar consumption speed esti-

mated using the inlet temperature of the unburnt
reactants, ρP S 

P 
l is the laminar consumption speed

enhanced by heat recirculation, and C expresses the
non-linear dependence of the consumption speed
on reactant preheating, mainly due to the change in
adiabatic flame temperature and transport proper-
ties [27] . All other parameters being equal, a mix-
ture with a higher value of C(θ ) can benefit more
from heat recirculation in a PMB, thereby establish-
ing a stable flame at higher mass flux [19] . 

Following [19] , C is estimated using freely prop-
agating adiabatic 1D flames, simulated using Can-
tera [28] . For a wide range of equivalence ratios and
H 2 molar fuel fractions X 

fuel 
H 2 

, 1D flames are com-
puted with different values of inlet temperatures,
from which θ and ρP S 

P 
l are determined. The lam-

inar thermal flame thickness is estimated as δT =
(T ad − T u ) / max (d T /d x ) . The San Diego chemi-
cal mechanism, recently expanded for NH 3 com-
bustion, is used [29] . Molecular diffusion is esti-
mated with a multi-component model based on the
Dixon-Lewis mixing rules which also accounts for
Soret effects. 

It is convenient to express Eq. (2) as a power law:

C(θ ) = θn T . (3)

We consider a wide range of flame conditions
with preheating, �T P , between 0 and 600K to eval-
uate the effect of �T P on consumption speed, n T 
., Combustion of lean ammonia-hydrogen fuel blends in 
e, https://doi.org/10.1016/j.proci.2022.07.054 
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Fig. 1. Laminar flame properties of NH 3 /H 2 /air mixtures and their dependence on φ and X 

f uel 
H 2 

, showing (a) consumption 

speed, (b) power law exponent of enhancement of the consumption speed by preheating ( Eq. (3) ) and (c) thermal flame 
thickness. For (a) and (c) reactants are initially at ambient conditions T u = 300K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 
Geometric and thermal characteristics of the porous 
foams. † : values obtained using XCT; � : manufacturer 
specified quantities. 

Description [units] YZA SiC 

Pore density [PPI] 40 10 
Thickness [mm] 25.4 25.4 
Porosity ε [%] 82 � 84 † 
Pore diameter d p [mm] 0.25 � 1.34 † 
Hydraulic diameter d h [mm] 0.7 3.4 [23] 
Cell size d c [mm] 0.6 � 3.1 † 
Specific surface s [m 

−1 ] 2 373 978 [30] 
λε, eff [W.(mK) −1 ] 0.3 � 8.7 [31] 
and flame thickness. The results are plotted in
Fig. 1 . As one might expect, the laminar consump-
tion speed of NH 3 /H 2 /air flames at ambient con-
ditions is quite low, typically ranging from 50 to
100 gram per meter squared per second and H 2
addition leads to a significant enhancement. For
a large range of molar NH 3 /H 2 ratios, the maxi-
mum laminar consumption speed is obtained for
φ ≈ 1 . 15 . The power law coefficient n T is quite large
for lean mixtures, typically varying between 7.2 and
8.2. For reference, n T = 6 . 1 for lean CH 4 /air flames
( φ = 0 . 8) and n T = 7 . 2 for lean H 2 /air flames ( φ =
0 . 5 ). n T decreases sharply as one transitions from
fuel-lean to fuel-rich flames ( φ > 1 . 05 ), with a typ-
ical value of n T ≈ 5 . 5 − 6 . The large values of n T 
indicate a strong enhancement of the consump-
tion speed for lean NH 3 /H 2 /air flames with pre-
heating, making them an attractive candidate for
flame stabilization by heat recirculation in PMBs.
Figure 1 (c) shows the dependence of the thermal
flame thickness δT with the molar NH 3 /H 2 ratio
and φ. At ambient conditions, the typical flame
thickness ranges between 0.5 and 5 mm for lean
mixtures considered in this study. Additionally,
flame thickness reduces with preheating [27] , which
favors flame stabilization in PMBs [14,15,17,26] .
Exploiting the enhancement of NH 3 /H 2 /air flames
with preheating and hydrogen addition at lean
working conditions is the main motivation of the
present work. 

3. Experimental setup 

The combustion of NH 3 /H 2 /air mixtures was
studied experimentally in a PMB similar to that
used in [21,32] and shown in Fig. 2 . Two ceramic
foam blocks, each 25 . 4 mm thick and 50 . 8 mm in di-
ameter, were assembled: the upstream section was
made of YZA (yttria-stabilized zirconia, Selee,
Hendersonville, NC, USA) with 40 pores per inch
(PPI) and was used as a flashback arrestor. The
downstream section was made of SiC (Ultramet,
Please cite this article as: G. Vignat, B. Akoush, E.R. Toro et al
a porous media burner, Proceedings of the Combustion Institut
Pacoima, CA, USA) with 10 PPI and contained 

the flame. This burner was designed to create an 

interface-stabilized flame near the boundary be- 
tween the two blocks [26,32] . These ceramic foams 
were wrapped in an insulating ceramic fiber blan- 
ket and placed in a quartz tube. At the bottom of 
the burner, stainless steel beads and a porous foam 

block were used to homogenize the flow. The flow 

of reactants to the burner was controlled by an ar- 
ray of mass flow controllers (Alicat, Tucson, AZ, 
USA, 0.6% relative accuracy for the present experi- 
ment). NH 3 and H 2 from Linde (purity > 99 . 995% ) 
were used. The uncertainties on the reported equiv- 
alence ratios and mass flow rates are thus 2.1%. All 
experiments were conducted at atmospheric pres- 
sure and reactants were supplied at ambient tem- 
perature. 

The burner was instrumented with a NI cDAQ 

control system and 12 type-N thermocouples. Four 
of these were used to measure the burner’s exhaust 
temperature. The others were placed in an helical 
pattern to measure the temperature of the ceramic 
foam, with a 6 . 35 mm spacing between successive 
thermocouples (see Fig. 2 ). Correction based on 

the thermocouple’s energy balance are used to ac- 
count for radiative and conductive losses, derived 

from methods proposed by Chen et al. [33] , and 

Zheng et al. [34] . Note that the thermocouples pen- 
., Combustion of lean ammonia-hydrogen fuel blends in 
e, https://doi.org/10.1016/j.proci.2022.07.054 
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Fig. 2. (a) Schematic of the burner (not to scale). The thermocouples are placed in an helical pattern and are shown in 
in purple. TC1-TC8 are inserted into the porous foam and are in direct contact with the ceramic matrix. TC9-TC11 are 
equally spaced at the outlet of the burner and measure the exhaust gas temperature. (b) Picture of the burner during 
operation. Most thermocouples and the gas analyzer were removed for the picture. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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trate the porous media by 5 mm approximately.
he present correction does not account for the

trong radial temperature gradient in the porous
oam [33] . A gas analyzer setup similar to that of 
25] was used to characterize the emissions of NO x
nd unburnt NH 3 of the burner, using calibrated
lectrochemical cells for O 2 and NO x (Bridge An-
lyzers, Bedford Heights, OH, USA) and analyzer
ubes (Gastec, Kanagawa, Japan) for unburnt NH 3 ,
espectively. Analyzer tube measurements were re-
eated at least twice at each condition reported
ere, but due to availability issues, NH 3 measure-
ent are only reported for a single mass flux ˙ m 

′′ =
 . 2 kg m 

−2 s −1 and single H 2 fuel volume fraction
 

fuel 
H 2 

= 0 . 3 . Gas samples were taken at the out-
et of the burner, along the centerline, and cooled
own before measurements. All measurements are
eported at dry conditions, and normalized to 15%
 2 [35] . Based on manufacturers’s specifications,

tatistical uncertainties and uncertainties arising
rom the calibration process, we estimate that the
elative uncertainty in the normalized NO x and
H 3 emissions are 20 % and 15 % respectively. 

Important physical parameters of the ceramic
oams are reported in Table 1 . The geometrical
roperties (porosity ε, pore diameter d p , hydraulic
iameter d h and specific surface s ) of the 10 PPI SiC

oam were obtained using x-ray micro-computed
omography (XCT). For this, a GE eXplore CT
20 scanner was used with a 20 μm spatial reso-
ution, 80kV p tube potential, 32mA tube current
nd 1200 total projections. XCT could not be per-
ormed on the YZA foam due to its opacity to x-
ays. The effective thermal conductivity λε, eff of this
0 PPI SiC foam was estimated from simulations in
31,36] . 
Please cite this article as: G. Vignat, B. Akoush, E.R. Toro et al
a porous media burner, Proceedings of the Combustion Institut
4. Results 

4.1. Burner operability 

In order to investigate the operability limits of 
this burner for the combustion of NH 3 /H 2 /air mix-
tures, parametric studies were conducted by vary-
ing the equivalence ratio, the mass flux, and the vol-
umetric NH 3 /H 2 ratio over a wide range of condi-
tions. Results from this study are reported in Fig. 3 .
With specific focus on enabling lean NH 3 /H 2 /air
operation, this study focuses on conditions with
φ ≤ 1 . 1 and a maximum H 2 molar fraction of 
X 

fuel 
H 2 

= 0 . 4 in the fuel stream. The regime φ > 1 . 1
has been investigated in [24] . The mass flux was lim-
ited by the range of the mass flow controllers. Start-
ing from a stable operating point, the extinction
(flashback) limits were determined by decreasing
(increasing) the equivalence ratio while maintain-
ing a constant mass flux and volumetric NH 3 /H 2
ratio. An operating point was considered stable if,
after the initial thermal transient, all temperatures
measured by the 12 thermocouples did not change
by more than 10 K over a period of two minutes.
Flashback was determined by the upstream propa-
gation of the flame into the YZA foam, character-
ized by the temperature being higher in the YZA
foam than in the SiC foam. Extinction may occur
either by blow out of the flame or by pore-level
thermal quenching [14,15] . Note that we consider
that chemical conversion must be contained within
the porous foam for combustion to be qualified as
stable [14] . Flames anchored on top of the ceramic
matrix were considered extinguished. 

When operated with a H 2 volume fraction in
the fuel of X 

fuel 
H 2 

= 0 . 4 ( Fig. 3 (a)), the burner shows
., Combustion of lean ammonia-hydrogen fuel blends in 
e, https://doi.org/10.1016/j.proci.2022.07.054 
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Fig. 3. Burner stability maps for different NH 3 /H 2 ratios. X 

f uel 
NH 3 

= 1 − X 

f uel 
H 2 

. The data points represent individual exper- 

iments, and stability limits are indicated by the colored contours. Flames with X 

f uel 
NH 3 

= 1 could not be stabilized at these 

conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a large stability range, with a lean extinction limit
close to φ = 0 . 5 over a very wide range of mass
flux rates between 0.1 and 0 . 75 kg m 

−2 s −1 . At high
mass fluxes, the burner was stable over a large
range of equivalence ratios. At lower mass fluxes
( ̇  m 

′′ < 0 . 4 kg m 

−2 s −1 ), substantial flashback occurs
for mixtures close to stoichiometry. Note that these
correspond to conditions for which the laminar
flame speed is highest ( Fig. 1 (a)). With X 

f uel 

H 2 
= 0 . 3

( Fig. 3 (b)), the flashback region was substantially
reduced and the burner can be operated over a
large range of mass fluxes and at fairly lean con-
ditions, down to φ = 0 . 55 . Interestingly, a stable
region was found at operating conditions slightly
richer than the flashback region. This is note-
worthy because at ambient conditions the laminar
flame speed is generally found to have its maximum
near φ ≈ 1 . 15 ( Fig. 1 (a)). This maximum, however,
does not account for the effect of heat recircula-
tion within the PMB and the non-linear depen-
dence of the flame speed with preheating. There
Please cite this article as: G. Vignat, B. Akoush, E.R. Toro et al
a porous media burner, Proceedings of the Combustion Institut
is indeed a pronounced change in the response of 
NH 3 /H 2 /air flames to preheating when φ increases 
from 1 to 1.1, characterized by a rapid decrease of 
n T ( Fig. 1 (b)). This change can explain the pres- 
ence of the stable rich flames above the flashback 

region. With X 

fuel 
H 2 

= 0 . 2 and X 

fuel 
H 2 

= 0 . 1 ( Fig. 3 (c) 
and (d)), flashback no longer occurs within the 
range of equivalence ratios and mass fluxes in- 
vestigated. The burner’s lean limit also increases, 
the leanest operating condition achievable with this 
burner being, respectively, φ = 0 . 66 and φ = 0 . 8 
for X 

fuel 
H 2 

= 0 . 2 and X 

fuel 
H 2 

= 0 . 1 . The maximum mass 
flux at which stable combustion can be maintained 

also reduces, down to ˙ m 

′′ = 0 . 6 kg m 

−2 s −1 and ˙ m 

′′ = 

0 . 35 kg m 

−2 s −1 for X 

fuel 
H 2 

= 0 . 2 and X 

fuel 
H 2 

= 0 . 1 . With 

the present burner, stable combustion could not be 
achieved with pure NH 3 /air at any mass flux and 

equivalence ratio. 
These experiments clearly show the significance 

of H 2 enrichment on flame stability. To illustrate 
this point, Fig. 4 shows the leanest equivalence ra- 
., Combustion of lean ammonia-hydrogen fuel blends in 
e, https://doi.org/10.1016/j.proci.2022.07.054 
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Fig. 4. Lean extinction limit of the burner as a function of X 

fuel 
H 2 

at a constant mass flux ˙ m 

′′ = 0 . 3 kg m 

−2 s −1 . Flames could 

not be stabilized at X 

f uel 
NH 3 

= 1 . 
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io at which stable combustion can be achieved for
 constant mass flux rate of ˙ m 

′′ = 0 . 3 kg m 

−2 s −1 

nd different volumetric NH 3 /H 2 ratios. This curve
hows the strong dependence of the burner stability
n combustion enhancement by hydrogen blend-

ng that is illustrated by the following correlation:
ext ∝ X 

−0 . 3 
H 2 

, which shows a substantially weaker
ependence on the molar NH 3 /H 2 ratio compared
o the extinction limits for technically premixed
wirled/bluff-body flames ( φext ∝ X 

−0 . 4 
H 2 

) [5,6] . The
eaker dependence on H 2 enrichment offers poten-

ial benefits as it reduces the sensitivity of the op-
rability limit to perturbations in the H 2 supply for
MBs. 

We will now attempt to describe the stability
imits in terms of non-dimensional groups. Three
perating parameters describe the extinction lim-

ts identified in Fig. 3 : X 

fuel 
H 2 

, the equivalence ra-
io at extinction φext and the mass flux at extinc-
ion ˙ m 

′′ 
ext . A number of useful material and com-

ustion properties can be introduced: the laminar
ame speed S 

u 
l , the gas thermal conductivity λg ,

ensity ρu , dynamic viscosity μg , heat capacity c p,g ,
nd the geometric parameters associated with the
orous media ( Table 1 ). With this, the following
on-dimensional group may be formed: 

e = 

˙ m 

′′ d h 
εμg 

, ξ = 

˙ m 

′′ 

ρu S 

u 
l ε 

, Pe = 

ρu S 

u 
l d c c p,g 
λg 

, (4)

here Re is the Reynolds number, ξ the non-
imensional mass flux and Pe the Peclet number.
ote that the practical consumption speed may be
ultiple times higher than the laminar speed in
MBs due to enhancement by heat recirculation,
ame corrugation and dispersion [37] . Re and ξ are
ot necessarily proportional to one another. 

Figure 5 shows the burner stability limit in
on-dimensional form based on these three non-
Please cite this article as: G. Vignat, B. Akoush, E.R. Toro et al
a porous media burner, Proceedings of the Combustion Institut
dimensional quantities, which were evaluated at
the stability limit: filled diamond symbols indicate
quantities evaluated at the lean extinction limit,
hollow circles quantities evaluated at the flashback
limit. These non-dimensional groups are gener-
ally used to analyze flame stability in the porous
media literature as they respectively relate to the
two main extinction mechanism: flame blow out
and thermal quenching [14,21,26] . The normalized
mass flux ξ at extinction is approximately propor-
tional to the Reynolds number ξ ∝ Re up to a fall
off which occurs at Re > 100 for X 

f uel 

H 2 
= 0 . 4 and

X 

f uel 

H 2 
= 0 . 3 . For X 

f uel 

H 2 
= 0 . 2 and X 

f uel 

H 2 
= 0 . 1 , fall-

off occurs at Re > 50 . ξ can take values up to
22, indicating that internal heat recirculation and
flame corrugation are able to significantly increase
the effective consumption speed of NH 3 /H 2 /air
flames. This enhancement is however highly de-
pendent on the NH 3 /H 2 ratio of the fuel. Extinc-
tion occurs at a critical Peclet number of Pe c ≈ 5
( Fig. 5 (c)). The value of this critical Peclet num-
ber shows a dependence on the equivalence ratio
and the NH 3 /H 2 ratio in the fuel. We also note
that it differs from the value quoted by Trimis and
Durst [26] , whose porous media burner was oper-
ated with methane. Note that the Peclet number
at the extinction limit was estimated based on the
cell size of the downstream SiC foam, while that
at the flashback limit used the cell size of the up-
stream YZA foam. In Fig. 5 (c), this yields to the
collapse of the curves for the Peclet number at flash-
back and at extinction for X 

f uel 

H 2 
= 0 . 4 and X 

f uel 

H 2 
=

0 . 3 . In the design of an interface stabilized PMB,
this collapse is expected because flashback occurs
when the Peclet number in the upstream porous me-
dia block is no longer high enough to quench the
flame. 
., Combustion of lean ammonia-hydrogen fuel blends in 
e, https://doi.org/10.1016/j.proci.2022.07.054 
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Fig. 5. Normalized extinction (diamonds) and flashback (open circles) limits of the burner for different NH 3 /H 2 ratios. 
The curves represent the regime contours highlighted in Fig. 3 . (a) mass flux normalized by the consumption speed; (b) 
Peclet number. The Peclet number at the extinction limit are calculated based on the cell size of the downstream SiC foam, 
while those at the flashback limit are calculated based on the cell size of the upstream YZA foam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. Temperature profiles 

To gain a better understanding of the flame
stabilization and its mechanisms, we examine pro-
files of the solid temperature of the ceramic foam,
measured using thermocouples and reported for
two sets of operating conditions in Fig. 6 . In
Fig. 6 (a), the mass flux ( ̇  m 

′′ = 0 . 2 kg m 

−2 s −1 ) and
molar NH 3 /H 2 ratio ( X 

fuel 
H 2 

= 0 . 3 ) are kept constant
and the effect of equivalence ratio is examined. The
temperature in the YZA foam is significantly lower
than in the SiC foam. The temperature maxima are
found at z = 25 . 4 mm near the interface. This is ex-
pected as this burner is designed to allow for an
interface-stabilized flame at this location. The tem-
perature profile measured for φ = 0 . 55 , very close
to the lean limit, is quite different in this regard:
it does not exhibit the peak in temperature ob-
Please cite this article as: G. Vignat, B. Akoush, E.R. Toro et al
a porous media burner, Proceedings of the Combustion Institut
served for the other conditions. It is likely that at 
this condition, the flame is stabilized slightly down- 
stream of the interface between the two porous 
foams. In Fig. 6 (b), the equivalence ratio ( φ = 0 . 6 ) 
and the molar NH 3 /H 2 ratio ( X 

fuel 
H 2 

= 0 . 3 ) are kept 
constant and the effect of the burner mass flux 
is examined. For ˙ m 

′′ = 0 . 15 kg m 

−2 s −1 , the temper- 
ature in the upstream YZA foam is significantly 
higher with the peak temperature still found at 
the interface between the two stages of the burner. 
This indicates that (1) most of the chemical con- 
version occurs near the interface between the two 

ceramic blocks; (2) heat recirculation in the YZA 

foam is significantly more intense at this operat- 
ing condition; (3) chemical conversion is possibly 
initiated in the upstream YZA foam; and (4) the 
burner is on the verge of flashback. In contrast, 
the temperature profiles measured for ˙ m 

′′ = 0 . 3 and 
., Combustion of lean ammonia-hydrogen fuel blends in 
e, https://doi.org/10.1016/j.proci.2022.07.054 
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Fig. 6. Ceramic foam temperature profiles measured using thermocouples for X 

f uel 
H 2 

= 0 . 3 . The horizontal black dotted line 

indicates the position of the interface between the two ceramic foams. The open stars indicate the exhaust gas temperature. 
(a): constant mass flux; (b): constant equivalence ratio. 

Fig. 7. Pollutant emission (NO x and unburnt NH 3 ) of the burner measured dried and cooled. Measurements are normal- 
ized to 15% O 2 following [35] . The blue line shows unburnt NH 3 emissions, the red lines indicate NO x measurements. ˙ m 

′′ 

in kg m 

−2 s −1 . X 

fuel 
H 2 

= 0 . 3 . (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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 . 5 kg m 

−2 s −1 indicate that at these conditions, the
ame is stabilized slightly downstream of the in-
erface between the ceramic foams. The burner ex-
aust gas temperature varies significantly with the
ass flux, but only weakly with the equivalence

atio. Based on these measurements, we estimate
hat approximately 35% of the heat of combus-
ion is lost to radiative losses in the present burner
esign. 

.3. Pollutant emissions 

Figure 7 shows measurements of NO x and un-
urnt NH 3 in the exhaust of this burner. The op-
rating conditions were chosen to match the tem-
Please cite this article as: G. Vignat, B. Akoush, E.R. Toro et al
a porous media burner, Proceedings of the Combustion Institut
perature profiles in Fig. 6 and provide insight into
effects of mass flux rate and equivalence ratio. For
0 . 57 < φ < 0 . 7 , the NO x concentration ranges be-
tween 800–3000 ppmv [15% O 2 ] and tends to in-
crease with increasing mass flux. In contrast, the
unburnt NH 3 concentration is very small at this
condition. Studies conducted on atmospheric pres-
sure swirl stabilized NH 3 flames report similar
emissions levels for 0 . 57 < φ < 0 . 7 [5–7,9,10] . 

The ultra-lean regime, with equivalence ratios
very near the extinction limit ( φext = 0 . 54 for ˙ m 

′′ =
0 . 2 kg m 

−2 s −1 ), shows particular benefits with a fea-
sibility trade-off between simultaneously fairly low
NO x and unburnt NH 3 emissions compared to
results previously reported for atmospheric pres-
., Combustion of lean ammonia-hydrogen fuel blends in 
e, https://doi.org/10.1016/j.proci.2022.07.054 
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sure NH 3 combustion [3,9,25,38] . Two studies
have previously reported NO x emissions in the
100 ppm range for ultra-lean ( φ ≈ 0 . 4 ) premixed
NH 3 /H 2 /air swirled flames [5,39] , but neither the
combustion efficiency nor unburnt NH 3 were re-
ported. These PMB results thus significantly sub-
stantiate previous publications showing that ultra-
lean, near extinction combustion of NH 3 /H 2 may
provide an acceptable compromise between low
NO x and unburnt NH 3 emissions, although ex-
haust gas post-processing or further burner im-
provements would be required to bring these emis-
sions in line with current regulations. 

5. Conclusions 

This study examines the feasibility of operating
lean NH 3 /H 2 /air mixtures in porous media burners.
A two-step burner design, combining a YZA up-
stream section as a flashback arrestor with a highly
conductive SiC ceramic foam as a downstream
combustion section, was used to create an inter-
face stabilized burner. Extensive parametric studies
were performed to examine the importance of H 2
addition on flame stabilization over a wide range of 
equivalence ratio and mass flux conditions. The re-
sults showed an observed dependency of the equiv-
alence ratio at extinction in the form φext ∝ X 

−0 . 3 
H 2 

.

With a NH 3 /H 2 ratio of X 

fuel 
H 2 

= 0 . 4 and X 

fuel 
H 2 

= 0 . 3 ,
the lean limit was found to extend to conditions
of φext ≈ 0 . 5 − 0 . 55 over mass flux rates ranging
from 0.1 to 0 . 75 kg m 

−2 s −1 . This regime was found
to yield lower pollutant emissions, both for NO x
and unburnt NH 3 . The stable operating range was
reduced for lower NH 3 /H 2 ratios as NH 3 /H 2 /air
flames become thicker and slower with decreasing
NH 3 /H 2 ratios. This study demonstrate the feasibil-
ity of achieving lean NH 3 /H 2 /air combustion over
a wide range of operating conditions in porous me-
dia burners. 
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