CARDIFF
UNIVERSITY

PRIFYSGOL

Online Research @ Cardiff &

This is an Open Access document downloaded from @RCardiff University's
institutional repository: https://orca.cardiff.akfid/eprint/136069/

This is the author’s version of a work that was sutted to / accepted for
publication.

Citation for final published version:

Mashruk, Syed, Xiao, Hua and Valera-Medina, Agus@RCID:
https://orcid.org/0000-0003-1580-7133 2021. Riche€peh-Lean model
comparison for the clean use of humidified ammohidrogen combustion
systems. International Journal of Hydrogen Ener®y(8) , pp. 4472-4484.
10.1016/j.ijjhydene.2020.10.204 file

Publishers page: https://doi.org/10.1016/j.ijhyde2@20.10.204
<https://doi.org/10.1016/j.ijhydene.2020.10.204 >

Please note:

Changes made as a result of publishing processef sus$ copy-editing,
formatting and page numbers may not be reflectedhiis version. For the
definitive version of this publication, please refeo the published source. You
are advised to consult the publisher’s versionaiywish to cite this paper.

version is being made available in accordamageh publisher policies.
See

uk/policies.html for usage pokesi. Copyright and moral rights

made available in ORCA are retadnley the copyright

holders.

information services
gwasanaethau gwybodaeth



Rich-QuenchLean model comparison for the
clean use ohumidifiedammonia/hydrogen
combustion systems

Mashruk § Xiao M, ValeraMedina &

aCardiff School of Engineering, Cardiff University, Queen’s Building, Cka48AAInited
Kingdom
® School of Naval Architecture and Ocean Engineering, Guangzhou Maritime lBni@hima

Abstract

Ammonia and hydrogen are examples of zeadbon fuels of high interest for implementation in gas turbine
technologies. However, largenissions of nitrogen oxides are still a major detrimental for the implementatio
of these technologies. Therefore, various techniques have been presented abgmdtrioties to mitigate this
problem. RichQuenchLean systemsombined with humidified atosphereare amongst the most promising
with the reduction of emissions as a consequence of recombinations of speciesvanddmbustion
tempestures. However, limited scrugnexists around the chemical progression of species in systems like
these whist being fuelled with ammonia blends. Furthermore, any chemical study currenglafelsallenge

for the selection of a chemical kinetic mechanism due to the great varietyaitdbé mechanisms for
ammonia combustion, each with different characterigtcghe resolution of this fuel. Thug, Chemical
Reactor Network (CRN) has been develofgedumerically assesm industry scaldumidified RichQuench
Lean systemutilising five of the most used chemical kinetic modelshimmidified ammonia combustion
whilst informing developers of the differences between those sel€bhedresults displayed significant
differences betweethe mechanisms as the flame progresSemsitivity analyses of [OH] and [NH
displayed similar reactions having opposkffectsfor these two speciest various points of the burner
Quantitative Reaction Path Diagrams (QRDP) for si@wedboth similarities and differencdsetween the

mechanisms in terms phths takemndrates of production.

Keywords: Gas turbines, ammonia, hydrogen, RQL, chemical kinetic mechanisms.

1. Introduction

Ammonia as a fuel was recently included as part of the mix of fueledduture by the International
Energy Agency1], [2]. This step comes as ammonia can be produced both from fadsilof most
renewable sources enabling the recovery of stranded €3rdymmonia has the patéal for decar-
bonization of power production at large scale in combination with NOxsenis relatively low and
combustion products mainly consisting of nitrogen and water. However, one ingoeédorprogress
on the topic is linked to the nitrogen oxid&&Jx) and unburned specilise NH; and hydrogen traces
when used as a fuel. For example, rich ammonia combustion, known to mitigate NO»ms$si

[5], incurs into unacceptable unburned speciesiefbee, to enable the use of ammonia at these scales,



it is crucial to employ new concepts that benefit from all the advantagemgfths molecule whilst

raising overall combustion efficiencies and stability.

Concurrently, the main focus of current analyses has been based on tb&tiappbf ammonia for
internal combustion engingd—{8], while large power production has just recentlyngd interest
across the scientific communit9], [10]. Interestingly, scarce literature exists behind the use of ammao-
nia fuelled gas turbines and their cycle efficiencies, an issue that has permeatebstscia for full
implementation of the concept at large scale deployment. Althougleoresepts are undscrutiny to
understand the constraints of ammonia in gas turbines for futgeedavelopments [11], [L2jesearch

is still limited with ample opportunity for improvement. Furthermareailable theoretical studies for
large scale systems are also limifg8]{15]. However, implementation of these models still rely on
ideal concepts that either lack robust health and safety considerations oil ttiat€hieve greater

efficiencies for industrial interest, thus requiring further research.

The use of ammonia fuelled gas turbines systems has been conducted exaklyimigh pure ammo-
nia [16], methaneammonig11], [17], Coke Oven Gas (CO@mmonig18], and ammonidydrogen
[4], [5], [19], showing that optimum operation for low NOx can bhiemed over rich combustion
conditions with equivalence ratio values between-1.83. Emissions from these experimental cam-
paigns, which still require further improvement, are arounrd@@ppm, thus making feasible the use
of ammonia as a power vector. However, emissions reduction and hydrogen utilimtasy han-
dling chemicals such as ammonia need to be supported by the ueiafitedystems. One proposal
that has been continuously presented in various sources is the use of combaktimuésuch as
Rich-Quenchkean (RQL) technologj20], [21]. The system, based oruti-staged combustion at dif-
ferent equivalence ratios, permits the reduction of emissions witlstaising stability in the primary
combustion zone [22], [23T he high hydrogen content in the postnbustion of ammonia rich flames,
observed by man], [15], [24], has inclined researchers and developers into the use oftiheltagy

for ammonia combustiof], [11]. Therefore, this techniqueill be evaluated in this work as one of

the most promising paths for ammonia combustion with low emissions.

Simultaneously, avay to augmenpower and efficiency is to employ humidified cycles that enable
the increase of mass through the sys@sj Humidificationhas also been employed in systems inte-
grated with steam reformin@6], [27] andat different compressor stags8], thus showing great
versatility. Steaminjectionin acycle is consideto beanoptimalway for therecovery ofwvaste heat
[29]. In addition reduction ohitrogen oxide enssiorsis about 1.7 times more efficient when steam
injection is applied compared to humidity increasthe inlet aif30], while inthecase of tk hydro-
genbased mixtures thimhibiting effect ofdilution by steam injectionvhenthe nitrogen oxideare

formedis stronger at high flame temperatuf@s]. Therefore humidified injection technologies have
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been regarded as a method for decreasing NOx, method also employed by some groupseo mitigat

these emissions in ammorbased combustion systeid$.

However, no research ax$ to show the chemical progression of humidified RQL technologied whils
using ammonidased blends for combustion purposes at industrial representative Bedtgsa
promising solution to the emissions problem, the topic requires a study suchtagitiermine the
feasibility of implementing a more comprehensive method of combusiiché use of ammonia by

recovering as much energy as possible while minimising unwanted emigsiornsuch a chemical.

2. Methods and1aterials

2.1. Numerical Combustion Analysis

A chemical kinetic modelling toolCHEMKIN-PRO was tilised to model chemical kinetics of the
problem in handThe PREMIX reactof32] and the uilibrium tool [33] were used to calculate the
laminar flame speed (pand adiabatic flame temperature (AFT), respectively. Solutions iptiis
gram were based on an adaptive grid of 1000 points, with miaiteeaged transport properties and
trace series approximation. The calculation employed the NH8aeamechanisms from Okafor et
al. [34], comprised of 59 chemical species and 356 reactions. These results were medéltthe
RQL burner in CHEMKIN-PRO environment.

Secondary
Air

Post-Flame
| Zone Quenching  ° Lean Burn
70% PFR PSR EFR

NH; +H, —l

Air+
Steam

Fig 1. Chemical reaction network

A ChemicalReactorNetwork (CRN) wasalsodeveloped, based on representative combustion geom-
etry [35], [36] to model the RQL burner in CHEMKHRRO environment, FidlL, to numerically de-
termine the species obtained from rich swirling flaimléiowed by afteflean reburn. Mixing zone,
flame zoneCentral Recirculation Zon€R2) andEdge Recirculation ZongERZ) weremodelled by
individual perfectly stirred reactors (PS&)d the volume and residence time for each PSR were ob-
tained from RANS CFD analysj87]. The recirculation strength was determined by previous experi-
mentalcampaigns that employed comparable burners [38], d88)nmassrecirculation percentage

for the PSR network ashownin Fig. 1.The calibration of the model for determination of heat losses
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in the rich burning zone was achieved in accordance to previous expefBheid3], [40]. ThePost

flame zone was modelled by a plug flow reactor (PFR) with one dimehsmgah of 30cm. The
guenching/mixing zone where the products frith swirling flame and secondary awhich were
modelled by a partially stirred reactor (PaSR) aiR#R respectively. Number of Monte Carlo Sim-
ulation samples (NPAR) for the PaSR was chosen to be 200 as this value preeadonable balance
between accuracy and execution time. Reaction mechamiem<kafor et al[34], Glarborg et al.

[41], Xiao et al.[42], Tian et al[43] and Otomo et a[44] were utilised to predict species formation
through thesystem Results from this reactor modelling were used for species sensithatysis. For

this study, the blend that was employed was set to 70-30 (vol%Hbbihder humidified conditions

at an equivalence ratio (ER) of 1The 7030 (vol%) ratio of NH-H, have demonstrated favourable
stability and reduced emissioiis previous worl{4] and shown to exhibit comparable behavitwr
fossil fuel based flamdg5]. This choice of ER was shown to produce best results for low emission
values in previous numerical and experimental camp§ingl3]. Simulations were performed with
inlet temperature of 560K and a pressure of 9.67 bar, with a secondary air B2 &ig/s with 960

K temperaturg¢o produce Turbine Inlet Temperatures ~140(46]. Humidification was achieved
with steam injection at a 40% fuel/steam ratio. The reference vals®eltained from previous nu-
melical studies conducted on a representative, high power (10.4AMWpblnit is emphasized that
there are naunits of this magnitudér experimental validation yet, and these results are presented
using mechanism, which have been largely validated in other works, for gaittadevelogleaner

ammoniabasedsystems.

3. Results and Discussion

Combustion resultgrovided theoreticaletails of the expected spec@sained from the combustion
process of this humidified amoniahydrogen blendn a RQL combustion systentable 1.1t is
emphasized that the use of Rich combustors would deliver low NOx emjdsiomsth high unburned

amnonia content. Thus, the use of RQL technology offers a solution to this issue.

Results show the discrepancy between models, a known fact between mduslisrsrider research.
However, it is clear that ammonia fraction in the rich zone is highlgise toH+ O, < 2 2 -&and

NH, 12 < 11+ 2+ UHDF WHoRWaftely) passed this point and into the lean reburning
zone, ammonia is completely consumed in agreemeith all models. Simultaneolusly, water
concentration beween cases is relatively stable, with values ranging 2%md3 14% between
reaction zonesNormalised NOx emissions (which have been normalised to 15% oxygen in
accordance with British standaids]) were obtained. Similar to unburned ammonia, nitrogen oxides

do not conceide between reaction mechanidihs is a consequence of variation in sensitivity of a

few reactions, especially NH 12 <, HO;NH, 12 < 11+ 2+ DQG +12 + < 12



H,. Interestingly the temperatures indhrich zone are considerably homegenous, whilst Okafor’s
mechanism, with the lower unbudchammonia but higher remaining hydrogen, shows the hightest
temperaturesAt the end of the@rocess~3.9% of the final products are mainly watexygenand
nitrogen.Xiao’s (based on Mathieu’s mechan[48]) and Glarborg’s mechanism are fairly consistent

between these species.

3.1. Sensitivity Anages

From Table 1, Glarborg’s mechanisnoyides thénighest NQ predictions while Otomo’s mechanism
gives thdowestvaluesfor the condition analysed in this study. Predictions from the other¢bree
sideredmechanisms are at the same ballpark. Beahiisgn mind, sensitivity analgs of the species

of interest hae been carried out with Glarborg, Otomo and >§awechanisms.
3.1.1. [OH] Sensitivity Analysis

The OH radical is one of the most important intermediate species in hydrogenfbielsed they are
found at large concentrations in the reaction ztimesplaying an important role to oxidise the fuel
and reduce the ignition delay tirf#9]. Sensitivity analyss of [OH] have been conducted to identify
key reactions involved in the production and consumption of OH raditidur different locations in
the reactor model: rich flame zone (FAg end point of poslame zone (Fid3), beginning of lean

burn zone (Fig) andtheend point of lean burn zone (Fiy 6

The reaction H ©, < 2 2+ KDV Wrtghti@bpadtievtigproductionof OH radicals in

all three mechanisms titerich flame zone, since all three mechanisms llagsame preexponential
factor (A) of 1.0E14 for this reaction. The reactionssNH2 + < 1,+ H,O,OH+H < + ©®
andNH 12 < 11+ 2+ D OahRcty@rbla in the consumption of OH radicals in all three
mechanisms but at different ordefsmagnitide It can be clearly seen that the third body reaction
NH; 0 < 1z#+H + Mhas the most positive impact for OH production in Xiao’s mechanism but
plays the least prominent role in Otomo’s and does not affect [OHI iat@larborg’s mechanism.
Differences between rate constants of some key reactions can severely impact Qldrigrredic-
WLRQV )RU LQVWDQFH WK Ekhad epe-exyponeRti@l factb2A = 6:6E410 In2
Glarborg’'s mechanism while in Otomo’s mechanism the value is £8E91and Xiao proposed a
value of A =4.4E11. This example demonstrates possible differencesjip{&tictions by different

mechanisms, hereby variable ignition dgtagjectionsandvariedproduction of NH radicals



Table 1 Results from CHEMKINPRO applied to the RQL system

Mechanism Okafor et al.[34] Glarborg et al.[41] Xiao et al.[42] Tian et al.[43] Otomo et al.[44]
Location Rich zone Lean Rich zone Lean Rich zone | Lean zone | Rich zone | Lean zone| Rich zone | Lean zone
exhaust Zone ex- exhaust zZone ex- exhaust exhaust exhaust exhaust exhaust exhaust
haust haust
Temperature (K) 2169 1696 2172 1493 2169 1492 2170 1492 2169 1491
NHs mole fraction | 4.25E06 2.68E11 5.91E06 | -1.76E10 | 5.30E06 1.10E09 4.65E06 6.82E10 2.54E06 1.25E11
H2 mole fraction 0.0499 4.33E06 0.05 3.77E07 | 5.00E02 3.44E07 0.0499 2.79E07 0.049851 | 3.71E07
O2 mole fraction 4.03E06 8.91E02 4.16E06 | 1.22E01 | 4.01E06 1.22E01 4.03E06 1.22E01 4.04E06 1.22E01
H20 mole fraction | 3.28E01 1.99E01 3.28E01 | 1.44E01 | 3.28E01 1.44E01 3.28E01 1.44E01 3.28E01 1.44E01
OH mole fraction 3.36E04 2.72E04 3.40E04 | 7.26E05 | 3.36E04 7.03E05 3.36E04 6.09E05 3.37E04 7.28E05
N2 mole fraction 0.621342 0.71173 0.621192 | 0.733277| 0.62130 0.73330 0.62133 0.73331 0.62139 0.73332
NO mole fraction 2.57E04 1.37E04 438604 | 1.67E04 | 3.12E04 1.20E04 2.64E04 1.01E04 1.92E04 7.30E05
N20 mole fraction 1.93E08 4.61E07 2.59E08 | 4.71E07 2.27E08 4.97E07 1.47E08 6.36E07 1.59E08 4.77E07
NO2 mole fraction | 4.62E09 8.62E07 | 8.00E09 1.98E06 | 5.14E09 1.42E06 4.74E09 1.04E06 3.46E09 1.14E06
NO (ppmv) 383 171 651 195 464 140 392 118 285 85
NOx (ppmv) 383 172 651 198 464 142 392 120 286 87
NO —15% O2 109 104 186 175 133 125 112 106 82 76
(ppmv)
NOx —15% O2 109 105 186 178 133 127 112 108 82 78
(ppmv)




[OH] Sensitivity - Flame Zone [OH] Sensitivity - Post Flame Zone (end point - 40.6 cm)

NH + OH €3 HNO + H “

H+ 02 0+0H

NH3 + OH €> NH2 + H20 N+OH & NO+H . .
OH+H2 €3 H+H20 “ NH2 + NO €3> NNH + OH
S
NH2 + NO 3 NNH + OH M NH2 + NO €3 N2 + H20

NH3 + M < NH2+ H+M | - NH +NO €3 N20 + H

HNO + H €3> NO + H2 N+NO & N2+O

-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 -0.015  -0.01  -0.005 0 0.005 0.01 0.015 0.02
W Glarborg MOtomo 3 Xiao M Glarborg W Otomo # Xiao
Fig 2. Computechormalizedsensitivity Fig 3. Computedhormalizedsensitivity
coefficients of [OH] on net reaction rates at rich coefficients of [OH] on net reaction ratestae
flame zone end point ofpostflame zone

Fig 3 comparesiormalizedsensitivity coefficients of [OH] at the end pointtbk post flame zone

by the three selected mechanis@srtraryto [OH] sensitivity at the flame zone reactwhereOH

radicals are notonsumed as much as they are being produbedformation ofOH is highly

sensitive to the presence of NO ati# remainingfuel contentsthat lead to Nk formation

Moreover, tK H UHDF WL RLQ+ Ais presént i all three mechanisms and has positive

sensitivity coefficiend, thus contributing to OH formation predictions in each of them, mastly i

Glarborg’'s mechanism. Aa consequence, Glarborg’s mechanism prethethighest OH mole

fraction, as can be seenin Table 1 and Fig$lQRWKHU UHDFWLRQ RI LQWHUHVW LV 1

which plays an important rola OH consumption and NO formation.

Rich Exhaust - OH

3.4E4

3.4E4

3.3E<

-
b

OH mol fraction

15 20 25 30 35 an 45
Distance from burner exit (em)

Glarborg = =0tomo ===+ Xlao

Fig 4. Comparison of OH mole fractions by different mechanisms atffasat zone

Fig 5 and 6comparenormalizedsensitivites of [OH] at the beginning and the end pointloé lean

burn zone, respectivelwith the three mechanisms of interest. Impact of excess oxygen is clearly
visible in the sensitive reactions responsible for net [OHh@tean burn zone. The reactions H +
O< 2 2+ DQG 2« ++ 0 are the most sensitive reactions at the béginmvhilethe

H+O 0 < +2(+M) reaction has the largest impact at the endpoint. These reactions



demonstrate the applicability tfanburning of available hydrogen from the rich zone with excess

oxygen. Fig6 alsoshowsnearly nil OH formation at the end point by all the mechanisms as all the

fuels are nearly burnt oaind temperatures in this zone are considerably lower.

[OH] Sensitivity - Lean Burn Zone (beginning - 45.0889 cm)

OH + H2 ¢ H+ H20

H+02 ¢ 0+0H

P

H + 02(+M) € HO2(+M) -
S s

.\!35!5'(!:3

&}}B‘}}}x\\ﬁk\\\\\\\!

HOZ2 + H &3 20H
O+H2€>0OH+H

HO2+H <> H2+ 02

-0.35 -03 -0.25 -0.2 -0.15 01 -0.05 O

W Glarborg W Otomo # Xiao

Fig 5. Computechormalizedsensitivity
coefficients of [OH] on net reaction ratesla
beginning ofean burrzone

3.1.2. [NH;] Sensitivity Analysis

[OH] Sensitivity - Lean Burn Zone (end peint - 50 cm)

H + 02(+M) € HO2(+M)

H+ 02 > 0+0H

HONO + OH <3 NO2 + H20

0OH+H2 €3> H+H2D

H202 + OH > HO2 + H20

HOZ2 4+ OH ¢ H20+ 02 i
T

v

%

0.1 -0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04 -0.02 O
W Glarborg MOtomo # Xiao

Fig 6. Computechormalizedsensitivity
coefficients of [OH] on net reaction ratesla
end point oflean burrzone

[NH3] sensitivity analyss were also conductetb identify the sensitivity to major reactions

responsible for overall [N¥l consumption/productiom this humidifiedRQL burner. Fig7, 8and

9 show thenormalizedsensitivity coefficients of Nklspecies at the flame zone, post flame zone and

lean burn zone, respectively.

[NH;] Sensitivity - Flame Zone
NH3 + OH €3> NH2 + H20 .
NH2 + NO €3 N2 + H20 .
NH3 + M €3> NH2Z+ H+ M
NHZ + NO € NNH + OH
OH +H2 &> H+ H20

H+ 0243 0+0H

-0.1 o 0.1 0.2 0.3 0.4 0.5
M Glarborg M Otomo # Xiao

Fig 7: Computechormalizedsensitivity

coefficients of NHs] on net reaction rates at rich

flame zone

[NH;] Sensitivity - Post Flame Zone (end point - 40.6 cm)
N+NO & N2+ 0O N
E s

NH + NO €3 N20 + H
NH2 + NO € N2 + H20
NH2 + NO &> NNH + OH

N+OH ¢ NO+H

NH + OH €5 HNO + H

0.6 -0.6 -0.4 -0.2 0 0.2 0.4 0.6

W Glarborg WOtomo # Xiao

Fig 8: Computechormalizel sensitivity
coefficients of NH3] on net reaction rates tite
end point of poslame zone



Comparingthe sensitivity coefficients of [OH] (Fig2) and [NHj] (Fig. 7) at the rich flame zone
reactor all the common reactiormgher than NH+ OH * NH. + H.O have opposite effects ftne
overall OH and NH concentrations. Fogxample the reaction H + ©< 2 2+ KDV WKH KLJKH
positive sensitivity coefficients for NdHopposed to the largest negative coefficients for [OH] for all
the three mechanisms considered here. However, these reactions have paoteoim{OH] than
[NH3], which can be concluded due to lower sensitivity coefficientdNfds speciesNHs reduced

to NH;, the first main radical product of ammonia consumptioainly by reacting with the Olnd

O radicals and some NHtadicalsconverts back to Ntby reacting with H Interestingly, NO is
reduced in the flame front by reacting with the 2NBidicals through the reaction NH NO ~

NNH + OH, reaction thaboost9OH radicak. Although relatively small compared to other reactions,
NH> + NO * N2+ H:O is still an important contributor for ammonia consumption at the flame
front. The third body reaction NH 0 < 1+4+ H + M has the largest impact on Bitbnsumption

in Xiao's mechanism but has very little or no impacDiemoand Glarbortg mechanism.

Fig 8 comparemormalizedsensitivity coefficients of [Nk] at the end point of post flame zone
EHWZHHQ WKH WKUHH UHDFWLRQ PHFKD Q+ \KAaKghektHoditibk)D FWLR Q 1
sensitivity coefficients in all three mechanisms but by different msudpe to the differences in rate
constant values. REQYHUVHO\ WKH UH D WL s fhe highedt impact on NH
consumption in Otomo’s mechanism but has lower impact in the othemeebanisms as the
UHDFWLRQ 1+ Ohas the highest impaeithin them. Overall, Otomo’s mechanism has
the lowest positive sensitivity coefficient value and Glarborg has the higHesvever, Glarborg
and Otomo’s mechanisms have similar maximum negative sensitivity coeffialaes while Xiao’s
mechanism has lower sensitigg As a consequence, Otomo’s rhanism predicts almost half NH
concentrations at the end of post flame zone compared to the other two isreshas can be seen
in Table 1 and Fig 10.

Rich Exhaust - NH3

[NH;] Sensitivity - Lean Burn Zone (end point - 50 cm)

NH2 4+ OH € NH + H20 “

NH3 + OH & NHZ + H20 *

H+02¢&0+0H

NH3 mol fraction

HO2 + OH €3 H20 4 02 1

OH + H2 <3 H+ H20

H + 02(+M) <= HO2({+M)

Distance from burner exit
B Glarborg M Otomo 3 Xiao ———Glarborg = =Otoma  *s+s Xiao
Fig 9. Computechormalizedsensitivity Fig 10. Comparison of Nidmole fractions by

coefficients of NHs] on net reaction rates tite different mechanisms at post flame zone
end point of lean burmone



Contrary to the [OH] sensitivity analysis conducted at the end point of lean burnFign®,(the

reaction H+ @ O

< +2(+M) has the largest impact on Nkbrmation by all the three

mechanisms (Figd). NH; reacts with H@ HONO and HNO to producenall amount of ammonia

at the end point of lean burn zofide reactions NH 2+ < 1+ ,Otand NH

2+ < L+

H2O contribute largely towardany remaining NH consumption at the lean burn zone in all the
mechanisms but by different margiitsmust be noted that the reaction NHHNO ~ NHs + H,O

is not included in Xiao’s mechanism, hereby ammonia does not suffer consdienpbktsfrom
HNO or viceversa in Xiao’s predictions, Fig (&S, 14(c), 19c) and 2qc).

3.1.3. [NQ] Sensitivity Analysis

NO is by far the most importaby-product of NH combustion due to its various adverse effects on

human weHlbeing and thelimate changeDetailed [NO] sensitivity analgs hae been carried out

in this part of this study.

Fig 11 and B compare thenormalized[NO] sensitivity coefficients and NO formatigrathways,

respectively at the flame zone by the three mechanisms. The major sourcgoadduCtion at the

flame zone is from HNO, according to all three mechanisms but lBretliff rates. The reactions

+12

+ < 1xand HNO + Q@ < +2 + NO are the mdsprominent pathways of NO

production from HNO for all three mechanisms. In addition to that, HNO alstis with NH to

produce substantial NO for Glarborg and Otomo’s mechanism while thisoreeschotrelevantin

Xiao's mechanism. The third body red&tLRQ 12 + O

reduction of NO back to HNO. gil5compares the forward/reverse rate of progress from HNO to

NO for all three mechanisms.

[NO] Sensitivity - Flame Zone

NH2 + NO €3> N2 + H20 o

NH2 + NO & NNH + OH

b

H+02 ¢ 0+0H

NH + NO € N20 +H

NH2 + 0 €3 HNO +H

NH + 02 &3 HNO + O

-0.5 -0.4 -0.3 -0.2 -0.1 0 01 0.2
mGlarborg W Otomo 3 Xiao

Fig 11. Computedchormalizedsensitivity
coefficients of NOJ on net reaction rates &th
flamezone

< +12 O

[NO] Sensitivity - Post Flame Zone (end point - 40.6 cm)

N+NO & N2+ 0O

NH + NO € N20 + H
MNH2 + NO €3 N2 + H20
MNHZ + NO € NNH + OH
N+ OH &> NO+H

MNH + OH &3 HNO + H

0.3 -0.6 -0.4 -0.2 o 0.2 0.4 0.6
W Glarborg W Otomo # Xiao

Fig 12. Computechormalizedsensitivity
coefficients of NOJ on net reaction rates tite
end of post flame zone
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)  Fuel NOy pathway
) NO reburn pathways

0.79E-3

9.51E-3

Fig 13. Quantitative reaction path diagram showh@ formation pathways at rich flame zomedictedby
(a) Glarborg’s mechanism, (b) Otomo’s mechanism and (c) Xiao’s mechanism

Interestingly, NH and NH radicals react with NO to producgitNGlarborg and Xiao’s mechanism
but N; reacts with O, OH and HNO to form NO in Otomo’s reaction mechanism at the flane
reactor. As a consequence, the reaction Hy+<O 2 2+ KDV SRVLWLYH VHQVLW

Otomo’s mechanism but displays negative sensitivity for the other twbamems. Substantial
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amounts of NO are converted to NNiAd N through the reactimNH, 12 < 11+ 2rd

NH2 12 <, 4 H0, respectivelyaccording to all three mechanisms at flame zone. NO also
reacts with NH radicals to produce and H radical, as predicted by all three mechanisms and
comparatively small amounts convert back to NO by reacting with) BiiHsuggested by Glarborg
and Otomo’snechanism. Glarborg and Xiao also agree on the production ofrti@ NO in the
flame zone viathe reactionsNO+H® 12 2+ DQG 12 24+H.12

(a)
* 0.10E-7 @
0.106-7 )  Fuel NOy pathway
1.05E-7
\ mmmsssmmmm)  NO reburn pathways
OSGE 7 A9E-7
@ MﬁET 04557 @h

163E7
168E7

373E7

““'7 * thickness of arrow is increased
by four orders of magnitude
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Fig 14.Quantitative reaction path diagram showing NO formation pathways at the end panst fidime
zone predicted by (a) Glarborg’s mechanism, (b) Otomo’s mechanism and (@ Xiachanism. The
thickness of arrow is increased by seven orders of magnitudéio WNO.
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Forward/Reverse Rate of Progress from HNO to NO

HNO +H <> NO + H2 ——-
HNO + 02 < HO2 + NO e SR
—
NO + H(+M) ¢> HNO(+M) pe———— ]

HNO + OH <> NO + H20

[——————— =
NH2 + HNO <> NH3 + NO
—
HNO + 0 €< NO + OH »
»
-3E-3 -2E-3 -1E-3 OE+0 1E-3 2E-3 3E-3 4E-3 5E-3

B Glarborg EOtomo  Xiao

Fig 15. Forward/reverse rate of progress from HNO to NO at flame zone by Glashoeghanism,
Otomo’s mechanism anXiao’s mechanism. Reverse eatf progress arghown by empty arrows with the
respective coloborder line for Glarborg and Otomo

Fig 12 and ¥ demonstrate the differences mormalized[NO] sensitivity coefficients and NO
formation pathways, respectivebt the end point of post flame zone by the three mechanisms. The
main differences between the flame zone and post flame zone inofei@spathway is that NO is
mainly being consumed at the post flame zone rather than being produced, aseelidEiy 16.

At the end point ofhepostflame zone, predictions from all three mechanisms agree with each other
in terms of NO consumptions. NO reacts with NERt convertso N> and HNO, while reaains

with NH, NH; and H converthe moleculénto N;O, NNH and NH, respectively. The reaction NO

+ <12 2+ DOORZV VPDo®cdrRratkw NRJ. 12
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Fig 16. Comparison of N@ production by different mechanismstia¢ postflame zore.
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Normalized[NO] sensitivity and NO formatiopathways at the beginning of lean burn zone are
compared in Figs. 17 ard®, respectively. Interestingly, Nddonversion to Nklis more significant

in Xiao’s and Glarborg’s mechanisms, compared to Otomuéshanism. This is due to the
differences in unburned NHeft at the end of post flame zone, TableSimilar to the rich flame
zone, most of the HNO converts to NO at the beginning of lean burn zone. HoweMeirdtbedy
UHDFWLRQ 12 + 0 progrk8sedat reverse direction, becoming a major source of NO
from HNO. ThereactionsNO + < 12 2+ DQG 2X 12 2Zonvert NQto NO while
WKH UHDFWLRQV 1Z+MRan@N&+1H < 12 + OH convert NO back to NOThe
overall balance ofeaction rates of these reactions leads td@onvertinto NO; in Glarborg's
mechanism, while N@converts to NO in Otomo and Xiao’s mechanism,FHgSubstantial amount

of NO converts into HONO according to all three mechaniswutih the reaction NO ®H(+M)

< +212 0 +212 UHDFWV ZLWK 2MNOWdRvetS R @OXtkréligh Z2he forward
UHDFWLRQ 1+0 +H2nGldrborg and Xiao’s mechanism. However, this reaction operates
backward along with the reaction®R 2 < 12 WR FRO@WOW DBtoino’'s mechanism.

[NO] Sensitivity - Lean Burn Zone (beginning - 45.0889 cm) [NO] Sensitivity - Lean Burn Zone (end point- 50 cm)
H+ 02(+M) ¢ HO2{+M) T — ' H + 02(+M) €3 HO2(+M)
NO + HOZ € NO2 + OH

NO + O[+M) €3 NO2(+M)

NO + O(+M) €3 NO2(+M) -
HONO + OH €3 NO2 + H20

H+02¢>0+0H ﬁ
NO + HO2 € NOZ + OH

NOZ + 0 ¢ NO + 02 '

HOZ + OH €3 H20 + 02

NO2Z +H <> NO + OH

-0.03 -0.02 -0.01 o 0.01 0.02 0.03 -4E-3 -3E-3 -2E-3 -1E-3 OE+0 1E-3 2E-3 3[-3 4E-3 5E-3 6L-3

W Glarborg WOtomo = Xiao B Glarborg WOtomo  # Xiao

Fig 17. Computechormalizedsensitivity Fig 18. Computechormalizedsensitivity
coefficients of NOJ on net reaction rates tite coefficients of NOJ] on net reaction rates tite
beginning of lean burn zone end point of lean burn zone

Figures 18 and 20 compare the normalized sensitivity coefficients of [NO] andoidt@tion

pathways, respectively, at the end point of lean burn zone by Glarborg, Otomo and Xiao’s
mechanism. Most of the reactions la¢ £nd point of lean burn zone are related to OH radical and

excess @consumption, as was shown in Fig. 6 earlier. As a consequenceadtiendiQ + OH

< 0 + O, operating at both forward and reverse directions has a positive senesigffizient.

12 FRQYHUWY WR +212 WKURXJK WKH WKLUG ERG\ UHRFWLRQ 12
convertsto NQ WKURXJK WKH UHDFW L R#{H©2this haeta dedafive sensitivity

coefficient in all the mechanisms, Fig 18. In response,id@its with OH to produce NO and HO
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Finally, NoO converts to NO and Nhrough the reactions2\ 2 < 12 DQGO1 <1
O(+M), respectively.

(@ ,
)  Fuel NOy pathway
messssssssm)  NO reburn pathways

+ thickness of arrow is increased
by four orders of magnitude
(c)
(b) *

Fig 19. Quantitative reaction path diagram showing NO formation pathwasg heginning of lean burn
zonepredictedby (a) Glarborg’s mechanism, (b) Otomaigechanism and (c) Xiao’s mechanism
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** thickness of arrow is increased
by eightorders of magnitude

(B) «x (©) s

Fig 20.Quantitative reaction path diagram showing NO formation pathways at the end peart blirn

zone predicted by (a) Glarborg’s mechanism, (b) Otomo’s mechanism and (@ Xiachanism. The

thickness of arrow is increased by five orders of magnitude@r WNO, NO WHONO, HONO WNOs,
and NO WN;.

As observed, the three mechanisms have different approaches to the reactandrptahs of OH,
NO and NH reaction. Currently, these mechanisms are still being verifiebacesearch groups,
with many d¢aiming different progresses for the understanding of the chemicags®g occurring

in ammonia combustion. However, it is clear that some reactions aral darcihe mitigation of
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emission and unburned ammonia. Being in accord between models, HONBDamtNNQ are key
molecules for the formation of NO emissions, whilst:MNéfnains an important contributor to its
consumption. Whilst models agree in these terms, it is clearhthaohsumption of NEis still a
problem for further researcMeanwhile, 31 appears to have good agreement between models,

although its impact on the consumption of ammonia needs to be improved.

Furthermore, all these results show how the use of humidified RQL techniquamiioonia
hydrogen blends can be potentially used for émaissiors combustiorat ~10MW power Different
to a single Rich combustion zone, RQL technology not only offers low NIO® ppm but also
provides the means to consume all remaining unburned fuels. However, fesiwich is required
to determine how radicals such as H, N and bdsh be employed to decrease even furtheNtbe

values herein found.
4. Conclusions

A numaeical analysis waperformed in order tinspectthe efficiency and potentiab implement
humidified ammoniabasedblendsin an RQL systemTheoreticalcombustionresults show the
production of vast amounts of water with minimal tracesroissions aciss the postombustion
process. Pollutant emissions, i.e. NO an@®Nn combination with unburned traces of ammoaia
only a minor fraction of the products in the flue gases entering the turbine. Althoegh th
concentration of these spesiends to decrease across the combdsi®rto their high reactivity at
high temperatures, it must be emphasized that there is still artlisgueeds further development
in terms of ammonia/hydrogen reactivity, with models that preditferent scenariosThe
importance of species such as HONO, HNO,NBH, N and H require further tuning between
models to have better agreement. Moreover, radicals might offeutaoadb the production of NO
and further consumption of unburned ammonia, thus mitigating even more the wdleasvanted
emissions from these systentfowever,it has been theoretically demonstrated that use of a
humidified RQL systemfuelled with ammonidiydrogencan poduce flue gases consisting of
99.97% water, nitrogen and oxygewith the consumption of most reactive species &h0x
emissions ~100 ppmat industrial large power generation, concepts that contribuke twansition

towards a “zeraarbon, ultrdew climate change potential” system.
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