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a b s t r a c t 

Large Eddy Simulation (LES) is progressively becoming a crucial design tool for the next generation of 

aeronautical combustion chambers. However, further improvements of the predictive capability of LES is 

required especially for predictions of pollutant formation. In general, the exact description of real fuel 

combustion requires to take into account thousands of unique chemical species involved in complex and 

highly non-linear chemical reaction mechanisms, and the direct integration of such chemistry in LES is 

not a viable path because of excessive computational demands and numerical stiffness. Modeling of real 

aeronautical transportation fuel is further complicated by the fact that kerosenes are complex blends of 

a large number of hydrocarbon compounds and their exact composition is very difficult to determine. In 

this work, we propose a new framework relying upon the Hybrid Chemistry (HyChem) approach and An- 

alytically Reduced Chemistry (ARC) to allow a direct integration of real fuel chemistry in the compressible 

LES solver AVBP. The HyChem-ARC model is coupled with the Dynamically Thickened Flame LES model 

(DTFLES) and a Lagrangian description of the spray to investigate the turbulent two-phase flow flame in 

a lean direct injection combustor, fueled with Jet-A. The LES results are compared to experimental data 

in terms of gas velocity, temperature and species (CO 2 , H 2 O, CO, NO) mass fractions. It is found that the 

proposed methodology leads to very satisfying predictions of both the flow dynamics and the NO x levels. 

Additionally, the refined level of chemistry description enables to gain valuable insights into flame/spray 

interactions as well as on the NO x formation mechanism in such complex flame configurations. To im- 

prove further the results, a more detailed experimental characterization of the liquid fuel injection should 

be provided. 

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Large Eddy Simulation (LES) is a widely used tool for the simu-

ation of turbulent combustion in both academic and applied re-

earch [1] . At the heart of a combustion process, fuel pyrolysis

nd oxidation usually proceed through complex and highly non-

inear reaction mechanisms that may involve thousands of unique

hemical species. The direct integration of such detailed chemistry

n LES is not a viable path, because of excessive computational

emands and numerical stiffness [2] . The modeling and analysis

f the strong coupling between turbulence and chemistry is also

reatly complicated by involvement of many reaction pathways [3] .

n spray combustion, finding a way to accommodate a realistic

hemical description covering a wide range of operability is crucial.

ncreased variations of the length and time scales originate from

he two phase nature of the flow [4] , and as a result, a greater

umber of combustion regimes and flame structures may be ob-
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erved than those in flames fueled by gaseous fuels [5,6] . In partic-

lar, partially-premixed combustion covers a wide range of equiv-

lence ratio, as freshly evaporated, rich pockets mix while burn-

ng with the surrounding oxidant. Inhomogeneities in composition

pace may lead to non-negligible spatial and temporal variations

f heat release rate, flame propagation rate or intermediate species

ass fractions. The flammability limits could also broaden due to

he stratification in temperature. All of these factors could impact

he formation of pollutants. 

In LES of complex geometries, chemical kinetics is often taken

nto account through globally fitted reaction schemes [7,8] . In

uch methods, 5 to 10 species interact in no more than one to

our global reactions, the rate parameters of which are optimized

gainst global flame properties over a specified range of condi-

ions. Examples of LES using global schemes are numerous, in

oth gaseous [9–11] , and spray configurations [12–14] . The use of

hese global reaction mechanisms represents a very crude approx-

mation, often resulting in a narrow range of applicability (usu-

lly, under fuel-lean conditions), unless special treatments such

s pressure and/or equivalence ratio dependent reaction rates are
. 

https://doi.org/10.1016/j.combustflame.2018.03.027
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used [15] . With this approach, a physical description of the pol-

lutant chemistry is impossible because the necessary intermedi-

ate species are not considered. Another classical approach to in-

cluding realistic chemistry uses pre-tabulated laminar flame so-

lutions based on detailed chemistry. This method assumes that

thermo-chemical evolutions in the composition/temperature space

can be parametrized by a reduced set of variables [16] . Tech-

niques that fall into this category include the flame-generated

manifold (FGM) [17] , the Flame Prolongation of ILDM (FPI) [18] or

the Flamelet Progress Variable (FPV) [19] , all of which have been

used with various turbulence-chemistry interaction models to per-

form LES of complex geometries operating under gaseous con-

ditions [11,20] . For spray combustion, however, the use of these

methods is complicated by the non-monotonicity of the mixture

fraction due to the evaporation process and the intrinsic modifica-

tion of the flame structure due to the spray [21] . Several methods

have been proposed to address this issue. The simplest approach

uses single-phase tabulated flamelets with adjusted fuel-side tem-

perature to account for evaporation [22] , while neglecting the in-

teraction of the spray with the reaction zone. To account for the

partially premixed gaseous flame structures, several authors pro-

posed to employ hybrid premixed/partially-premixed/diffusion tab-

ulated single-phase flamelets [23,24] . More advanced methods rely

on tabulated laminar two-phase flamelets [25,26] to explicitly ac-

count for the spray/chemistry interactions in the LES [27] ; but the

methods require to increase the dimensionality of the look-up ta-

ble. This dimensionality increase is also necessary in order to take

into account complex phenomena such as thermal radiation and/or

slow pollutant chemistry [28,29] , making the use of tabulation not

straightforward in complex flame structures. 

Continued growth in computational power now enables to em-

ploy more detailed chemistry descriptions in LES. Analytically Re-

duced Chemistry (ARC) is a viable tool to bringing detailed chem-

istry in complex simulations (e.g. [30] ). Such schemes, of about

10 to 30 transported species, are non-stiff by construction and

can accurately describe combustion phenomena by retaining the

most important species and reactions in a physically-justifiable

way. Their use in LES of realistic 3D configurations is still recent.

Work thus far has focused mainly on simple, single-component

fuels such as methane [31–33] . ARC in two-phase, complex flow

configurations remains limited in the literature. To our knowledge,

only a handful of such studies are available, employing single-

component fuels such as n-dodecane [34] or ethanol [35] . 

Adding to the aforementioned complexity of chemistry mod-

eling in CFD, transportation fuels are in fact complex blends of a

large number of hydrocarbons. Average fuel properties are known

at the best, and large variations can be observed in the chem-

ical composition from different fuel batches [36] . Fuel chemical

property modeling is traditionally achieved through the use of

fuel surrogates , consisting of several representative hydrocarbons.

It is thought that if the main chemical classes of representative

constituents are accounted for, all important properties of the

fuel should be retrieved. Ideally, both physical (density, molecu-

lar weight, H/C ratio, viscosity, distillation curve) and chemical (ig-

nition delay, flame speed, sooting tendency) properties should be

matched by a comprehensive surrogate description [37] . However,

this is an impractical proposition, as the number of surrogate com-

ponents must be fairly large in order for the surrogate mixture to

mimic accurately all or at least most of the properties just men-

tioned. In Wood et al. [38] , a surrogate made up of a blend of 14

hydrocarbons was derived to reproduce the distillation and com-

positional characteristics of a JP-4, yet it is unclear whether the

number of components is large enough to capture both the evapo-

ration rate and fuel ignition properties. Violi et al. [39] developed

several surrogates with 5 or more constituents to represent JP-8,

targeting volatility (distillation curve) and sooting tendencies.
any other attempts at employing different targets for surrogate

ormulation, resulting in various proposed mixtures, are reported

n the reviews by Dagaut and Cathonnet [40] or more recently, by

itz and Mueller [41] . 

Considering such an exhaustive list of constituents is not a vi-

ble option for CFD implementation. With this intent in mind, re-

ent work limits the number of components to four at the most.

ooley et al. [42] , for example, proposed an experimental method-

logy for surrogate formulation by matching the radical pool of

 real fuel along with four property targets (molecular weight,

hreshold Sooting Index, H/C, Derived Cetane Number). They ap-

lied the method to a type of Jet-A (POSF 4658) fuel and derived

hree and four components surrogates followed by tests against a

ide range of combustion data. Narayanaswamy et al. [43] devel-

ped an automated optimization tool to derive surrogates for aver-

ge Jet-A/JP-8. A similar tool, with a different set of targets has also

een proposed by Kim et al. [44] and later by Ahmed et al. [45] for

round transportation fuels. In most numerical studies employing

hese surrogates, reaction mechanisms are compiled from those of

ach component. However, the interaction of various pathways as-

ociated with each fuel component can become problematic when

rying to reduce the size of the mechanism to make it affordable

or turbulent simulations. 

This paper presents an alternative approach to real fuel chem-

stry modeling in LES. This method combines the Hybrid Chem-

stry (HyChem) model recently introduced [46,47] with the ARC

pproach in a dynamic thickened flame framework (DTFLES [48] )

n order to allow for an explicit integration of chemistry in LES.

he first Section presents the HyChem methodology briefly, and

rovides details about the ARC derivation and validations. The ex-

erimental apparatus of the target configuration is presented in

ection 3 , while the numerical setup is detailed in Section 4 . Re-

cting and non-reacting flow-field validations are presented in the

rst part of Section 5 , before the results obtained for the turbulent

pray flame are presented and assessed against experimental data

n a second part. 

. Derivation of an ARC for Jet-A with NO x chemistry 

.1. Jet-A POSF10325 specifications 

In what follows, a specific Jet-A fuel is considered: the Jet-A

OSF10325, which was procured from the Shell Mobile refinery in

une 2013 in the context of the National Jet Fuel Combustion Pro-

ram [49] . This batch is expected to be an average Jet-A fuel. Its

roperties are summarized in Table 1 . 

.2. Derivation of the reaction model 

As previously mentioned, the classical approach to modeling

he combustion chemistry of this specific Jet-A fuel is based on

he surrogate method. A recent work by Edwards [50] reports the

erivation of two surrogates, both comprised of three hydrocar-

ons representative of the main hydrocarbon classes found in the

uel: a n-alkane, an iso -alkane and an aromatic. They were con-

tructed to match the H/C ratio, smoke point, and DCN. However,

educing the resulting kinetic mechanisms did not lead to a vi-

ble scheme for LES. In the present investigation an alternative ap-

roach is selected and detailed in what follows. 

.2.1. The HyChem model 

HyChem is a recently proposed, alternative modeling approach

o the classical surrogate fuel method [46,47] . The method and

he resulting reaction model are discussed briefly here; the reader

s referred to the aforementioned publications for details. The

pproach relies on the assumption that any fuel, no matter
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Table 1 

Properties of the Jet-A (POSF10325). 

Molecular formula Composition (mass fraction [%]) Mol. Weight 

Aromatics iso -Paraffins n -Paraffins Cycloparaffins Alkenes [kg/mol] 

C 11.4 H 22.1 18.66 29.45 20.03 31.86 < 0.001 156.0 

H/C �h c DCN T 10 T 90 − T 10 μl (300 K) ρ l (300 K) 

[MJ/kg] [K] [K] [mPa s] [kg/m 

3 ] 

1.91 43.1 48.3 450.0 67.8 1.37 794 
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Fig. 1. Construction of the JetA_USCII_NOx detailed mechanism. 
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ow complex it is, would first decomposes into a handful of

mall molecules, and that it is the distribution of these pyrol-

sis products that would primarily impact the subsequent rad-

cal buildup and heat release rate. The pyrolysis products pool

s dominated by hydrogen (H 2 ), methane (CH 4 ), ethylene (C 2 H 4 ),

ropene (C 3 H 6 ), iso- butene (i-C 4 H 8 ), 1-butene (1-C 4 H 8 ), benzene

C 6 H 6 ) and toluene (C 7 H 8 ). It follows that the combustion pro-

ess can be decomposed into a fuel pyrolysis step and a subse-

uent oxidation process of the pyrolysis products. Detailed kinetic

odels for particular real fuels can thus be obtained by merging a

yrolysis mechanism comprised of a few lumped reactions, yield-

ng the composition of the primary pyrolysis products, and a de-

ailed foundational kinetic mechanism. The “fuel”, in that case, is

 mono-component lumped species. Its pyrolysis kinetic rates and

roducts are determined from shock tube and flow reactor pyroly-

is experiments, as well as from oxidative pyrolysis studies. It has

een demonstrated that HyChem models capture shock-tube igni-

ion delay times, laminar flame speeds and non-premixed flame

xtinction rates [47] over a wide range of pressure, temperature

nd equivalence ratio for at least a dozen jet, rocket and gasoline

uels. Examples for the jet and rocket fuels can be found in Xu

t al. [47] . 

For the Jet-A (POSF10325) under consideration, the fuel break-

own is described by 6 lumped reactions, and ethylene constitutes

he bulk of the pyrolysis products (the pyrolysis model is provided

n Appendix B ). Similarly to what was prescribed by Xu et al. [47] ,

he detailed mechanism for the oxidation of the pyrolysis products

s chosen to be the USC Mech II [51] for the high-temperature ox-

dation of C 1 −4 species, benzene and toluene. The USC Mech II is

omprised of 111 species and 784 reversible reactions. 

.2.2. NO x chemistry 

A NO x reaction sub-model is often added as a complementary

et to hydrocarbon oxidation mechanisms. Note, however, that the

evels of NO x rely heavily upon the concentration of flame radicals

uch as O, OH and CH [52] . In that regard, because of the different

ssumptions made about the reaction rates, we expect different ki-

etic schemes to yield different levels of radicals even for the same

uel, which will eventually translates into very different NO levels. 

For the current work, we chose the NO x sub-mechanism of

uche [53] , which is comprised of 17 species and 71 reactions. This

O x sub-model was developed for the oxidation of a kerosene sur-

ogate. 

.2.3. JetA_USCII_NOx detailed mechanism 

The complete detailed mechanism, referred to as

etA_USCII_NOx in what follows, is comprised of a total of

29 species and 861 reactions. A schematic of the different

ub-schemes of the JetA_USCII_NOx is provided in Fig. 1 . 

.3. Derivation of the ARC 

Solving for this mechanism directly is currently not feasible in

ES. In this work, an ARC is derived following three automated

teps. 
First, targets associated with a set of canonical zero- or one-

imensional configurations is prescribed, so that the reduction can

e steered towards preserving predictive accuracy of those targets.

ere the target types include one-dimensional laminar premixed

ames (PF) and zero-dimensional auto-ignition computations (AI)

nder atmospheric pressure, representative of the flame configu-

ation of Cai et al. [54] . The range of equivalence ratio ( φ) extends

rom 0.8 to 1.3. Targets consist of auto-ignition time ( τ ig ), burnt gas

emperature T b , laminar flame speed s l , main species final values,

nd specific intermediate species profiles. The full set of targets is

eported in Table 2 . 

Following the terminology from Turanyi [55] , a skeletal reduc-

ion is performed first: unimportant species and reactions are re-

oved from the detailed mechanism using the Directed Relation

raph with Error Propagation method (DRGEP) [56] . The resulting

keletal mechanism is comprised of 46 species and 547 reactions

ritten explicitly in the forward or reverse directions. Assump-

ions about species characteristic timescales are then formulated,

sing the same reduction targets, in order to reduce the stiffness:

7 species are identified as being “quasi steady-state” species by

he Level of Importance (LOI) criterion [57] . 

The resulting ARC, labelled ARC_29_JetANOx in what follows,

etains 29 transported species and 17 QSS species. The retained

pecies are listed in Fig. 2 , along with an estimation of associated

hemical time scales, evaluated from the diagonal of the Jacobian

atrix obtained in a stoichiometric PF (black bars). The entire re-

uction was performed with the automated tool YARC developed

y Pepiot [58] . 

The reduced mechanism allows for a direct implementation in

he LES solver AVBP, with simplified transport data, as will be de-

cribed in Section 4.1 . 

.4. Validation 

The performances of the ARC_29_JetANOx are evaluated against

hat of the detailed mechanism JetA_USCII_NOx in zero- and one-

imensional canonical test cases. Computations were performed

ith CANTERA [59] and FlameMaster [60] . The detailed mechanism

s coupled to a complex transport formulation while for ARC, a
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Table 2 

List and specifications of the chemistry reduction. 

Canonical test cases Targeted range Targeted constraints 

PF P = 1 atm - 300 K - φ = [0.8–1.3] CO CO 2 C 2 H 4 OH HR NO 

AI P = 1 atm - T = [130 0–170 0] K - φ = [0.8–1.3] CO CO 2 C 2 H 4 OH HR NO 

Fig. 2. Characteristic times of the transported and QSS species of the ARC_29_JetANOx. The difference between black and grey bars corresponds to the stiffness reduction 

induced by the DTFLES model, assuming a representative thickening factor of 10. �t CFL = 5.10 −8 s is the acoustic characteristic time scale of the target configuration. Green 

species represent the pyrolysis products from the HyChem model ( Section 2.2.1 ). (For interpretation of the references to color in this figure legend, the reader is referred to 

the web version of this article.) 

a

d e f

b c

Fig. 3. Global performances of the ARC_29_JetANOx mechanism compared to the JetA_USCII_NOx detailed mechanism. PF test cases: (a) T b , (b) s l , (d) global CO production 

and (e) global NO production for T i = 300 K, P = 1 bar. AI test cases: (c) τ ig for φ = 0.5, 1.5, P = 1 bar. CF test cases: (f) S−curve for T i = 300 K, P = 1 bar. 

 

 

 

 

 

 

 

 

 

 

 

l  

w  

b

ω  

w  

a  

F  

a  

w  

r  

b  
simplified transport model is employed, based on constant species

Schmidt numbers and Prandtl number evaluated in the reaction

zone of a representative complex transport PF. The same simplified

transport model is used in LES (see Section 4.1 ). 

PF and AI test cases are first considered. Global quantities tar-

geted by the reduction procedure, such as the burnt gas temper-

ature T b , the flame speed s l and the auto-ignition delay time τ ig 

are shown to be accurately reproduced by the ARC_29_JetANOx,

Fig. 3 (a)–(c). As expected from the physically-oriented reduction

process, the range of validity of ARC_29_JetANOx extends well be-

yond the targeted condition range. Over the extended range dis-

played, the relative error in s l is below 3%, except in very lean con-

ditions where it can reach up to 8%. Predicted τ ig are seen to be

c

ess accurate under rich conditions, but results are expected to be

ithin experimental uncertainties. Pollutant production is assessed

y computing the global CO/NO production, defined as: 

˙  tot 
CO/NO = 

∫ 
c< 0 . 98 

˙ ω CO/NO dx (1)

here the integration is limited to c = (Y CO + Y CO 2 
) < 0.98 to

mplify the effects of chemical kinetics. Results are presented in

ig. 3 (d)–(e). An excellent agreement between the detailed mech-

nism and the ARC results is observed for CO global production,

ith a relative error computed over the entire range of equivalence

atio below 5%. NO global production is less accurately retrieved

y the ARC mechanism, with errors ranging from 10 to 40% in rich
onditions. 
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a b

Fig. 4. (a) Picture of the experimental test rig [54] . (b) Details of the injection sys- 

tem. 
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Finally, a-posteriori tests on laminar strained counterflow dif-

usion flames configurations (CF) are performed. Indeed, because

he target application is a two-phase flow burner, the occurrence

f diffusion structures is expected. S−shaped curves of maxi-

um temperature versus scalar dissipation rate at stoichiometry,

st , are plotted in Fig. 3 (f) for both the JetA_USCII_NOx and the

RC_29_JetANOx. An overall good agreement is observed. In par-

icular, the extinction scalar dissipation rate χ ext = 10.5 s −1 is per-

ectly matched by the ARC. 

. Target configuration 

.1. Experiment 

The target configuration chosen in this work is the lean direct

njection (LDI) combustor operated at NASA Glenn [54,61,62] . This

hoice was mainly driven by the use of a real aviation fuel, which

s found only in a handful of lab-scale experiments [54,63,64] , and

y the wealth of experimental data available in terms of temper-

ture and chemical species. This configuration therefore will allow

n accurate validation of the proposed methodology to include re-

listic fuel chemistry in LES. A picture of the experimental facil-

ty is presented in Fig. 4 (a) while details of the injection system

re shown in Fig. 4 (b). The burner consists of an axial swirler

omposed of six helicoidal vanes inclined at 60 ° and a PARKER

ressure-swirl atomizer located in the center. The atomizer tip is

ocated at the throat of a converging/diverging nozzle. The outer

iameter of the nozzle at the combustion chamber dump plane is

 0 = 0 . 025 m. The combustion chamber has a height of 305 mm

nd a square section of length 50.8 mm. Quartz windows allow

ptical access from all sides. 

The combustor is operated at ambient conditions ( P = 1 atm,

 = 300 K). Air is injected with a nominal mass flow rate of

.16 g/s through a plenum upstream of the swirler vanes while liq-

id Jet-A fuel is injected through the atomizer with a mass flow

ate of 0.415 g/s. These conditions correspond to a lean overall

quivalence ratio φg of 0.75. Due to the low pressure in the fuel

ines, the spray is found to exhibit unstable distribution patterns

54] . Laser Doppler Velocimetry was used to measure gas veloc-

ty while Phase Doppler Particle Analyzer measurements were per-

ormed for spray velocity and droplet size distribution [54] . Gas

emperature and species profiles were obtained from thermocou-

le and isokinetic probes, respectively [62] . 

.2. Previous studies 

To the authors knowledge, the LDI combustor has been previ-

usly studied using LES by three groups [12,23,65] . All employed a

agrangian approach to describe the liquid phase (although with

ifferent parameters), while the chemistry description and the

ame turbulence-interaction model differed from one group to an-

ther. Patel and Menon [12] used the Linear Eddy Model (LEM)
ith a 3-steps global chemical scheme accounting for fuel oxi-

ation as well as CO and NO formation, while the Jet-A was ap-

roximated by C 12 H 23 . El-Asrag et al. [65] employed the flamelet-

rogress variable (FPV) approach modified to account for radiation

nd NO formation [28] , and the tabulated variables were calculated

rom steady counterflow diffusion flamelets obtained with the de-

ailed mechanism of a two-components Jet-A surrogate [66] . Fi-

ally, a similar albeit multi-regime flamelet approach was followed

y Knudsen and Pitsch [23] . 

While a good agreement with experimental data in terms of

on-reacting gaseous velocity is reported in all studies, the spray

tatistics and time-averaged gaseous velocity was found to be in

imited agreement with experiments. Patel and Menon [12] and

nudsen and Pitsch [23] highlighted the sensitivity of the LES pre-

ictive capabilities to the spray description by evaluating the effect

f secondary break-up and spray boundary conditions, respectively.

 complete comparison between LES and experiments in terms of

emperature and species mass fractions is only reported in Knud-

en and Pitsch [23] , where the combustion products were found

o be fairly well predicted, whereas CO predictions exhibited larger

rrors. The analysis provided in El-Asrag et al. [65] is limited to the

ffect of radiative heat losses on the temperature and NO fields, in-

icating that including radiative heat transfer might improve tem-

erature and pollutant species predictions. 

. Computational approach 

.1. Governing equations 

.1.1. Gas phase equations 

In this study, the spatially filtered compressible Navier–Stokes

quations are considered, where · and ̃  · represent Reynolds and

avre spatial filtering respectively. In the DTFLES framework (see

ection 4.1.3 ) and assuming a dilute spray regime, the conservation

quations write: 

∂ ρ

∂t 
+ 

∂ ρ˜ u j 

∂x j 
= 

	

F 

(2) 

∂ ρ˜ u i 

∂t 
+ 

∂ ρ˜ u i ̃  u j 

∂x j 
= − ∂ 

∂x j 

[
p δi j − τ i j − τ sgs 

i j 

]
+ ̃

 u d,i 

	

F 

+ 

F d,i 

F 

(3) 

∂ ρ˜ E 

∂t 
+ 

∂ ρ˜ E ̃  u j 

∂x j 
= − ∂ 

∂x j 

[
u i (pδi j − τi j ) + EF q j + (1 − S) q 

sgs 
j 

]
+ 

E ˙ ω T 

F 

+ 

�

F 

+ 

1 

2 ̃

 u 

2 
d,i 

	

F 

− ˜ u p,i 

F d,i 

F 

(4) 

∂ ρ˜ Y k 
∂t 

+ 

∂ ρ˜ Y k ̃  u j 

∂x j 
= − ∂ 

∂x j 

[ 
EF J k, j + (1 − S) J 

sgs 

k, j 

] 
+ 

E ˙ ω k 

F 

+ 

	

F 

δk,F for k = 1 , N s (5) 

here ρ is the gas density, u j is the gas j th component of velocity,

 is the total non-chemical energy, p is the static pressure, and Y k 
s the mass fraction of species k . F , E and S are the thickening fac-

or, the efficiency function and the flame sensor, respectively, intro-

uced by the thickened flame model (see Section 4.1.3 ). τ i j is the

ltered stress tensor, q j is the filtered heat diffusive flux and J k, j is

he filtered species diffusive flux evaluated with a simplified trans-

ort model. Indeed, in order to afford the direct implementation

f reduced chemistries into the LES solver, transport properties are

xpressed in function of a constant adimensional Schmidt number

Sc k ) for each species k and a constant Prandtl ( Pr ) number. The

iffusivity of each species k is thus evaluated as D k = μ/ (ρSc k )

hile the thermal conductivity is expressed as λ = μc p /P r where
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μ is the dynamic viscosity and c p is the constant pressure heat ca-

pacity. μ is evaluated from the mixture temperature following a

Power law. The superscript sgs indicates sub-grid scale contribu-

tions arising from the LES filtering, described in Section 4.1.3 . Fi-

nally, 	, F d,i and � are the liquid phase source terms, detailed in

Section 4.1.2 . 

Note that neither radiation modeling nor wall hear losses are

included in the present simulations. 

4.1.2. Dispersed phase description 

The spray is described with a Lagrangian approach where the

droplet motion is described by the Basset–Boussinesq–Oseen equa-

tions [67] . Under the assumption of small droplet diameter ( d p )

compared to the grid size, small droplet Reynolds number ( Re p )

and large density ratio between the liquid and the gas, the droplet

motion equations write: 

d x p 

dt 
= u p (6)

d u p 

dt 
= 

1 

τp 
( u @ p − u p ) = 

F d 
m p 

(7)

where x p is the droplet position vector and u p is the droplet veloc-

ity vector, u @ p is the gaseous velocity vector at the droplet position

and m p is the droplet mass. τ p is the droplet relaxation time, esti-

mated as the Stokes characteristic time: 

τd = 

4 

3 

ρl 

ρ

d p 

C D | u @ p − u p | (8)

where ρ l is the liquid density. C D is the drag coefficient given in

terms of the droplet Reynolds number by the Schiller and Nau-

mann correlation [68] : 

 D = 

24 

Re p 
(1 + 0 . 15 Re 0 . 687 

p ) (9)

Re p = 

| u @ p − u p | d p 
ν

(10)

Under the assumption of dilute spray regime, individual droplet

evaporation is considered, where droplet interactions are ne-

glected. The temporal evolution of the droplet mass and temper-

ature are given by: 

˙ m p = 

dm p 

dt 
= −πd p 

Sh 

Sc F 
μ ln (1 + B M 

) (11)

dT d 
dt 

= 

1 

c p,L m p 

(
−φg + 

˙ m p L h,F 

)
= 

1 

c p,L m p 

(
πd p μc p 

Nu 

P r 
(T g@ p − T p ) 

ln (1 + B T ) 

B T 

+ 

˙ m p L h,F 

)
(12)

where T p is the droplet temperature, T g @ p is the gas temperature

interpolated at the droplet position, c p, L is the liquid heat capacity

and L h, F is the latent heat of evaporation of liquid fuel. Sh and Nu

are the Sherwood number and Nusselt number, respectively, eval-

uated using the Ranz–Marshall empirical correlations [69] . μ and

c p are here estimated with the classical ’1/3 rule’ between far field

and droplet surface conditions [70] . Finally, B M 

and B T are the mass

and temperature Spalding numbers evaluated iteratively following

the Abramzon–Sirignano model [71] . 

The Lagrangian source terms appearing in the Navier–Stokes

equations are finally computed using: 

	 = 

1 

�V 

∑ 

d∈ �V 

�( x d ) ˙ m d (13)

F d = 

1 

�V 

∑ 

d∈ �V 

�( x d ) F d (14)
= 

1 

�V 

∑ 

d∈ �V 

�( x d ) ( φg + 

˙ m d h v ,F (T d ) ) (15)

here �V is the local control volume in which the droplet is lo-

ated (usually the cell) and �( x d ) an inverse distance distribution

unction between the particles position nodes associated with the

ocal control volume. 

.1.3. LES sub-grid scale closures 

In the present study, the SIGMA eddy-dissipation model [72] is

sed to evaluate the sub-grid scale Reynold stress tensor τ sgs 
i j 

. Heat

nd species sgs transport are modeled with a gradient assump-

ion relying on a constant turbulent Prandtl and constant turbulent

chmidt number, respectively (Pr t = Sc t = 0.6). 

The DTFLES model of Colin et al. [48] is employed to account

or turbulence/chemistry interactions. This approach can be seen

s a modification of time ( t → Ft) and space ( x → F x ), enabling

o virtually thicken the flame front (by a factor F) to allow a di-

ect resolution of the chemistry on the LES grid. As a consequence,

nd for consistency, the same scale transform must be applied

o the liquid phase (see the Navier–Stokes equations presented in

ection 4.1.1 ) [73] . Since about 5 grid points in the flame thickness

s usually considered sufficient for a proper resolution, an evalua-

ion of a local thickening factor can be defined as: 

 = 5 

�x 

δ0 
l 

(16)

ased on a theoretical flame thickness δ0 
l 

and on the local mesh

ize �x . This evaluation is further refined through the use of a

ynamic sensor S, detecting regions of high heat release rate, in

rder to only apply the thickening factor where it is necessary.

he final thickening factor then writes F 

∗ = 1 + (F − 1) S . In the

resent study, S is constructed by comparing local values of heat

elease rate to those expected under the same operating condi-

ions in a laminar premixed flame. Note that in a thickened flame,

 reduction of the chemical temporal stiffness is observed, as il-

ustrated in Fig. 2 showing the effect of a thickening factor of or-

er 10 on the chemical time scale of each species. To account for

he loss of flame surface induced by the flame thickening, an effi-

iency function E is introduced to provide an estimate of the sub-

rid flame surface wrinkling. The efficiency function formulation of

harlette et al. [74] is used in this work. Note, finally, that all lam-

nar unstrained flame characteristics appearing in this model ( δ0 
l 

nd s 0 
l 
) are tabulated in function of the equivalence ratio in order

o optimize the model effect to the local flow conditions. 

No sgs model is employed to evaluate the gas properties at the

roplet position [75] in the present study. 

.2. Numerical set-up 

The computational domain comprises the entire combustion

hamber and the injection system up to the annular plenum up-

tream of the swirler. The computational domain, displayed in

ig. 5 (a), is fully discretized using tetrahedra with size varying

rom 0.25 mm close to the injection system to about 3 mm in

he downstream part of the combustion chamber. The final com-

utational domain contains over 4 millions nodes and 23 millions

etrahedra. Figure 5 (b) displays a close-up of the mesh of the near

njection. 

Simulations are performed with the compressible, massively-

arallel LES solver AVBP [76] . It uses an explicit time-stepping with

 third order in time and space two-step Taylor–Galerkin finite el-

ment scheme for the resolution of the convective fluxes [77] and

 second order Galerkin scheme for the diffusive fluxes. Inlet and
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a b

Fig. 5. a) Entire computational domain and b) Mesh resolution at the vicinity of 

the injection system. 
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estimated to be ≈4 kHz. 

F

b

utlet boundary conditions are prescribed using the NSCBC ap-

roach [78] while walls are considered adiabatic and non-slipping.

Lagrangian particles are advanced in time with a semi-implicit

uler scheme. The interpolation of gas properties to the particle lo-

ation is performed using a first order Taylor reconstruction from

he closest point. A poly-disperse spray injection boundary condi-

ion is prescribed at the pressure-swirl nozzle using the FIM-UR

ethodology described in [79] . Drops are injected with a temper-

ture of 300 K. Based on the work of Knudsen and Pitsch [23] , a

pray angle of 61 ° with a log-normal diameter distribution is em-

loyed in this work, parametrized with a mean of 17 μm and a

tandard deviation of 20 μm. No secondary break-up model was

mployed. 

An analysis of the droplet/wall interactions along the cham-

er walls leads to a wide range of impact energy C spl , de-
ig. 6. Profiles of time-averaged gas velocity components and turbulent intensity at x = 5 

lack line: LES. 
ned as C spl = We.Oh 

−2 / 5 , where We is the impact Weber

umber We = ρ l 2 r d | u d · n |/ σ l and Oh is the Ohnesorge number

h = μl / 
√ 

ρl σl 2 r d . In these expressions, σ l is the liquid surface ten-

ion, μl is the liquid viscosity and n is the wall normal vector.

herefore, a splashing model is used in this work [80] , in which

roplets either stick to the wall or are partly splashed away, de-

ending upon a critical impact energy C spl, crit and a character-

stic temperature T N (Nukiyama temperature). In this model, the

plashed droplet size distribution follows a Rosin-Rammler func-

ion, and their velocity primarily depends upon the energy of im-

act. 

. Time-averaged LES results 

.1. Non-reacting flow validation 

For validation purposes, the time-averaged non-reacting gas ve-

ocity fields are compared to experiments. Note that no liquid is

njected in either the experiment nor the simulation in the non-

eacting case. LES data are collected over 92 ms, corresponding

o 12 flow-through times in the combustor. Profiles are extracted

t four axial positions downstream of the injector tip, marked in

ig. 7 (b), and are presented in Fig. 6 . Overall, LES results are in

ery good agreement with measurements in terms of inner recir-

ulation zone (IRZ) width and velocity magnitude, as well as tur-

ulent velocity fluctuations levels. However, we observe some dis-

repancies on the first profile ( x = 5 mm), which might be due to

he presence of wake effects from the swirler blades. Indeed the

rientation of the swirler with respect to the measurement plane

as not provided. Note the large opening angle of the swirled jet,

hich is characteristic of high swirl numbers. Here, the swirl num-

er measured at x = 0 . 0 mm is 1.0, substantially larger than the

ritical swirl number of 0.6. The shear layer between the IRZ and

he incoming swirled flow exhibits large fluctuations associated

ith a precessing vortex core (PVC), visible on the turbulent ve-

ocity profile at x = 5 mm of Fig. 6 . The frequency of this PVC is
mm, 15 mm, 29 mm and 46 mm in non-reacting conditions. Symbols: experiments, 
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a

b

Fig. 7. (a) Profiles of time-averaged mean velocity and turbulent intensity at x = 5 mm, 15 mm, 29 mm and 46 mm in reacting conditions. Symbols: experiments, black line: 

LES. (b) Time-averaged fields of velocity magnitude and turbulent velocity magnitude in a z -normal central cut plane from the LES. The iso-contour indicates the position of 

the zero axial velocity. 
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5.2. Reacting flow validation 

LES statistics presented in this Section were collected over

100 ms, corresponding to about 13 flow-through times of the com-

bustor. 

5.2.1. Gaseous flow 

The main flow structures in the reacting case are similar to

those of the non-reacting case. Figure 7 (b) shows time-averaged

velocity magnitude and turbulent velocity magnitude contours in

a z -normal central plane, along with the zero axial velocity iso-

contours, while a quantitative comparison between LES and exper-

iments is provided in Fig. 7 (a). The IRZ is found to be narrower and

shorter than in the non-reacting case, extending from just down-

stream of the pressure-swirl nozzle to about x = 2 D 0 (i.e., 50 mm).

The negative axial velocity near the injection is also found to be

significantly larger in the reacting case, indicating that the recircu-

lation, playing an important role in the flame stabilization mecha-

nism, is also impacted by the flame. The iso-contours of zero axial

velocity highlights small outer recirculation zones in the corners

of the combustion chamber as well as a small recirculation in the
ivergent section of the injection system. LES predictions are found

o match well the experimental data, except at the vicinity of the

njector where the width of the IRZ and the turbulent intensity

re overestimated. Similar differences were also reported in previ-

us numerical studies [23] and can at least partially be attributed

o the position of the flame which, as will be discussed below, is

ound to sit closer to the injection system in the LES than in the

xperiments. Note also that in the shear layer at the boundary of

he IRZ (see Fig. 8 (a)), the spray exhibit a large density, strongly

uggesting experimental uncertainties, and finally that the same

eason than in the non-reacting case can also be invoked regarding

he orientation of the measurement plane. 

.2.2. Spray 

Figure 8 (a) shows a comparison of LES spray statistics with ex-

erimental data and Fig. 8 (b) shows the mean liquid volume frac-

ion field in the central z -normal plane, constructed by projection

f Lagrangian datasets. LES data are collected from 130 instanta-

eous Lagrangian solutions. Note that to ensure a statistical conver-

ence, the data presented in Fig. 8 (a) are azimuthally averaged so

hat only half of the profiles are showed (starting at y = 0). Radial
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a

b

Fig. 8. (a) Profiles of time-averaged Sauter Mean Diameter (SMD), arithmetic mean diameter (D10) and axial liquid volume flux at x = 5 mm, 15 mm, 29 mm and 46 mm 

in reacting conditions. Symbols: experiments, black line: LES. (b) Time-averaged fields of liquid volume fraction in a z -normal central cut plane. 
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rofiles of sauter mean diameter (SMD) and mean diameter (D10)

re presented first. The agreement between LES and experiment

s very good at all the measured positions, with only a noticeable

nder-prediction of the SMD along the injector axis and of the D10

t 20 mm. The very reasonable agreement on the first profile vali-

ates the spray boundary conditions. Note the differences between

he SMD and the D10 close to injector, suggesting a wide disper-

ion of the droplet size distribution in this zone. This is especially

rue close to the injector axis, where large droplets are able to pen-

trate the IRZ while small droplets are deflected. At increasing dis-

ance from the injector, both the SMD and the D10 increase while

etting closer, indicating that small droplets are progressively va-

orized and that the local droplet size distribution gets narrower.

his effect is well predicted in the LES, validating the modeling ap-

roach for droplet dispersion and evaporation. 

Finally, the axial liquid volume flux is computed and compared

o experiment, demonstrating that the spray angle and velocity are

lso well reproduced. Note that the liquid flux is under-estimated

y the LES, which is found to be due to a faster evaporation re-

ulting from an upstream shift of the flame position compared to

xperiments. Figure 8 (b) indicates that the spray density is rather

igh at the vicinity of the injector nozzle, but rapidly decreases

ownstream of the dump plane, validating the hypothesis of dilute

pray. Finally, past 20 mm from the dump plane, high liquid vol-

me fraction is found along the combustor walls as a result of the

pray/wall interaction. It will be shown later that this affects the

pecies distribution. 

.2.3. Temperature and species 

Figure 9 (a) compares experimental and numerical radial profiles

f gaseous temperature and major species, at several axial loca-

ions identified by vertical solid lines in Fig. 9 (b). H 2 O and CO 2 

volutions are very well retrieved by the LES, even though with

ess asymmetry than in the experiment. Note that if some asym-

etry is to be expected from the 6-vanes swirler, the LES results

uggest non-negligible experimental uncertainties. The agreement
n the temperature profiles is not as good, particularly for x <

0 mm. The experimental bimodal shape seen at x = 20 mm, re-

ealing the intermittent presence of a flame, is found by the LES

urther upstream, at x = 10 mm, suggesting a shift of the main

ame front towards the injector. An inspection of the mean sto-

chiometric iso-contour, superimposed to the mean fields of tem-

erature and major species mass fractions ( Fig. 9 (b)), confirms that

he region of highest reactivity is preferably located upstream of

he first profile location. Despite this shift, however, the two peaks

n the CO profile at 20 mm, representative of the early post-flame

egion, are accurately predicted by the LES. It is noted that the

ain flame appears lifted in both LES and experiment, in corre-

pondence with the mean position of the tip of the IRZ seen in

ig. 8 (b). 

Further downstream, there seems to be an accumulation of CO

long the walls, accompanied by a decrease of temperature, in both

ES and experiment. It is reminded that no heat losses are in-

luded in the simulation. This phenomenon is therefore attributed

o the accumulation of droplets resulting from the jet impact on

he walls ( Fig. 8 ). This forms regions of very rich mixture frac-

ion, as shown by the stoichiometric iso-contours along the walls,

round x = 40 mm in Fig. 9 (b). At x = 60 mm, the temperature is

een to be overpredicted near the centerline. A closer examination

f the experimental data indicates that the temperature at the out-

et of the combustor rig is below the theoretical adiabatic value at

he overall φg , by approximately 300 K. This difference suggests

eat losses (radiation, wall losses) and/or incomplete combustion. 

NO data are presented in Fig. 10 (a) and (b). LES results are com-

ared to experiment at several axial positions, with the last one

 x = 150 mm) at half of the combustion chamber length. NO lev-

ls are found to be highest in the core of the IRZ, in the vicin-

ty of the main flame, and significantly smaller along the walls for

 < 60 mm, coinciding with low temperature regions where the jet

mpacts. NO levels along the centerline are seen to slightly increase

ith increasing distance from the injector. Overall, the main trends

nd levels are found to be very well captured by the LES, validating
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a

b

Fig. 9. (a) Profiles of time-averaged temperature and selected species (CO 2 , H 2 O and CO) at x = 20 mm, 40 mm and 60 mm in reacting conditions. Symbols: experiments, 

black line: LES. (b) Time-averaged fields of temperature and selected species (CO 2 , H 2 O and CO) in a z -normal central cut plane. The iso-contour indicates the position of the 

stoichiometric line. 
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a-posteriori the NO x sub-mechanism. The shape of the first profile,

at x = 20 mm, is the least well retrieved by the LES, with levels

that are too high in the shear layer. This is consistent with a flame

front shifted towards smaller axial positions, leading to post-flame

levels already reached at x = 20 mm. Consistently with increasing

temperature levels observed near the chamber walls, Fig. 9 (a), NO

levels are found to increase after x = 60 mm near the walls. No

data are available for these radial positions, however. 

6. Instantaneous flame structure 

6.1. Spray flame analysis 

6.1.1. Topology of the reacting particle laden flow 

The instantaneous flame structure is depicted in Fig. 11 showing

contours of temperature, heat release rate and several species mass

fractions in a central z -normal cut plane. Iso-contours of stoichio-

metric mixture fraction Y 

st 
z = 0.063 are superimposed, where Y z 

is defined following Bilger [81] . The spray is represented by grey

spheres scaled by the droplet radius. The flame presents a com-

plex structure, where three main combustion zones can be identi-

fied ( Fig. 11 (a)): (1) a first flame is located in the upstream part of
he IRZ around a torus of rich burnt gases, (2) a second flame front

xtends downstream in between the IRZ and the ORZ, (3) individ-

al burning droplets are spread throughout the recirculation zone.

igure 11 (b) shows that the fuel mass fraction is negligible up-

tream and in the flame zone (1), but reaches values around 0.04

lose to the walls in the downstream part of the flame zone (2). In

ontrast, pyrolysis products (listed in Section 2.2.1 ) and acetylene

C 2 H 2 ), shown in Fig. 11 (c), are present in significant proportions in

he rich torus of burnt gases (zone (1), Fig. 11 (d)), and in smaller

roportions upstream of the reaction zone (2). This indicates that

he fuel does not pre-vaporize upstream of the reaction zone (1),

ue to the too cold air and liquid temperature at injection. The

uel is massively vaporized in the core of the flame front (1), and

he subsequent pyrolysis of the gaseous Jet-A is very fast because

f the very high surrounding temperature. The fact that acetylene,

hich is not a direct pyrolysis product of the HyChem model, is

resent in such large proportions, is also a result of the high tem-

eratures and overall rich mixtures prevailing in the torus, favoring

he decomposition of ethylene into acetylene. In the downstream

art of the reaction zone (2), the lower temperatures and overall

ean conditions slow down the fuel pyrolysis and further decom-

osition of the pyrolysis products. 
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a

b

Fig. 10. (a) Profiles of time-averaged NO species at x = 20 mm, 40 mm, 80 mm and 

150 mm in reacting conditions. Symbols: experiments, black line: LES. (b) Time- 

averaged fields of NO species in a z -normal central cut plane. The iso-contour indi- 

cates the position of the stoichiometric line. 
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The topology of these three combustion zones can be related

o the spray dispersion and evaporation. Figure 12 (a) displays the

xial evolution of the evaporation rate, integrated over x -normal

lanes. Data are collected from 20 instantaneous solutions span-

ing 10 ms. Evaporation is found to peak around x = 17 mm, cor-

esponding to the axial position of the rich torus of burnt gases, as
a

c d

b

ig. 11. Instantaneous fields in a central z -normal cut plane in reacting conditions. (a) Te

ass fraction (bottom), (c) pyrolysis products mass fraction (top) and C 2 H 2 mass fraction

so-line indicates stoichiometry 
ell as to weak flame fronts (2). A plateau of evaporation is also

een in between x = 25 mm and x = 50 mm, suggesting that an

mportant activity still takes place behind the main reaction front

1), albeit more spread out. The cumulative integrated evaporation

ate normalized by the injection rate is also displayed as function

f the axial position. It indicates that 40% of the fuel is evapo-

ated before x = 20 mm and that more than half of the injected

uel evaporates in the flame fronts alongside the walls or as iso-

ated droplets in the IRZ. Note also that almost all of the liquid

uel has evaporated by x = 100 mm. In an attempt to differenti-

te between the contribution of the reaction zone (1) and fronts

2) to the amplitude of the evaporation peak, Fig. 12 (b) shows the

ntegrated evaporation rate conditioned on the gas temperature.

wo evaporation peaks are observed, around 950 K and 1800 K:

he first one corresponds to intermediate temperature regions lo-

ated in the ORZ, while the second one corresponds to the burned

as torus (1). Evaporation is highest in the latter region, thus con-

rmed as being the preferential location for evaporation. 

The droplets dynamics in reaction front (1) is therefore criti-

al for flame stabilization, and explains the strong dependency of

ES predictions to inlet spray parameters [23] . Figure 13 displays

catterplots of droplets axial velocity against axial gaseous veloc-

ty, interpolated at the droplets position. Figure 13 (a) is colored by

he droplets size, while Fig. 13 (b) is colored by the gaseous tem-

erature. Most of the relatively small droplets ( d p < 20 μm), re-

erred to as type (A) and framed in green in Fig. 13 , fuel the up-

tream part of reaction zone (1). Their velocity is seen to rapidly

quilibrate with that of the gas, as evidenced by their tendency

o gather on a straight y = x line (grey dashed line in Fig. 13 (a)).

heir rapid evaporation is primarily responsible for the peak in

vaporation rate (see Fig. 12 (a)) and for the formation of the rich

orus around which lies flame (1). Both figures indicate that larger

roplets ( d p > 40 μm), referred to as type (B) and framed in black

n Fig. 13 , penetrate the IRZ. A non-negligible portion of these
mperature (top) and heat release rate (bottom), (b) fuel mass fraction (top) and O 2 
s (bottom) and (d) 3D-view of the rich torus using a Y z = 0 . 8 iso-surface. The black 
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a b

Fig. 12. (a)Time-averaged spatial evolution of evaporation rate in the axial direction, integrated in x -normal planes. (b) Time-averaged total evaporation rate versus gaseous 

temperature, in the first half of the combustion chamber. 

a b

Fig. 13. Instantaneous scatterplots of gas axial velocity versus droplets axial velocity; colored by (a) droplets diameter and (b) gas temperature. All gas quantities are 

interpolated at the droplets position. Droplets are chosen such that they are located in zones were T gas > 400 K. PDFs of gas axial velocity and droplets axial velocity are 

overlaid on (b). See text for details about the lines and frames. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Y  

 

a  

a  

fl  

t  

F

 

g  

i  

(  

F  

b  

p

 

s  

v  

e  

o  

d  

T  

L  

a  

i  

p  

p  

(  

t  

o  

g  

n  
larger droplets is situated in regions with very high temperature

levels (around 20 0 0 K), only observed in the downstream part of

the burned gas torus (see Fig. 11 (a)). These droplets maintain a

ballistic-like trajectory throughout the reaction zone (1) and burn

as isolated droplets in the IRZ (reaction zone (3)). They are in part

responsible for the plateau of evaporation rate seen in Fig. 12 (a).

Finally, the trace of droplets flowing in the ORZ with fresh gases

is also identified in Fig. 13 (b): such droplets exhibit a high positive

axial velocity and are located in regions where the gaseous tem-

perature is about 900 K corresponding to the flow conditions just

upstream of flame fronts (2). 

6.1.2. Flame structure analysis 

In order to identify the combustion regimes of each reacting re-

gion, a Takeno index [82] is employed. The lack of unburnt gaseous

fuel requires to adapt the definition of the Takeno index initially

developed for a single-step global reaction. The spatial distribution

of hydrocarbon species, shown in Fig. 11 (c), indicates that interme-

diate species produced by the pyrolysis of Jet-A, as well as acety-

lene, are well suited to evaluate the combustion regimes. Thus, a

lumped species, referred to as CS (Carbonated Species), is intro-

duced. It is comprised of the fuel, pyrolysis products and acetylene:

 CS = Y POSF 10325 + 

∑ 

pyro.prod. 

Y pyro.prod. + Y C 2 H 2 (17)

The Takeno index I k is then defined by: 

I k = 

∇ Y CS · ∇ Y O 2 
|∇ Y CS | . |∇ Y O 2 | (18)
nd displayed in the top part of Fig. 14 (a). Negative values indicate

 diffusion flame front, while positive values reveal a premixed

ame front. The analysis of I k distribution in the three aforemen-

ioned reaction zones, coupled with the species fields displayed in

ig. 11 , enable to shed some light on the flame structures. 

The flame front (1), located around the pocket of rich burnt

ases, is in a diffusion regime. This flame can be further divided

nto a front diffusion flame (D1 front ) and a back diffusion flame

D1 back ), depending upon the oxidizer characteristics, as seen in

ig. 11 (a) and (b): while the front flame oxidizer is fresh air, the

ack flame burns with recirculated lean mixtures at moderate tem-

erature (around 1600 K). 

The flame front (2) is mainly of a premixed nature. It con-

umes a mixture composed of fresh air diluted with burnt gases,

aporized fuel and pyrolysis products in small quantities; up to an

quivalence ratio of 0.3. The latter is below the flammability limit

f the Jet-A/air mixture at the combustor inlet conditions but the

ilution with hot burnt gases allows to sustain a premixed flame.

he local temperature upstream the flame front is of about 900 K.

ow temperature intermediate species such as HO 2 or H 2 O 2 are

lso observed, in the corners of the combustion chamber, indicat-

ng that low temperature chemistry could occur upstream of the

remixed front. It is believed that the complex mixture feeding the

remixed flames (2) forms in the vicinity of the diffusion flame

1), where local intermittent quenching allows gases from the hot

orus to leak into the fresh air stream. Note that the complexity

f such premixed flames would not be accurately captured with a

lobal chemical mechanism, due to a lack of intermediate species,

or with a tabulated chemistry, since the local equivalence ratio is
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a b

Fig. 14. (a) Instantaneous I k field (top) and mixture fraction Y z (bottom) in a central z -normal cut plane with overlaid iso-contours of heat release rate ( ̇ ω T = 10 8 W/m 

3 ). 

Arrows indicate the position of the z − T profiles, see Fig. 15 . (b) Integrated heat release rate conditioned on mixture fraction < 

∫ 
V ˙ ω T dV | Y z >, with a close-up in the region 

0.06 < Y z < 0.15. 

a

c

b

d

Fig. 15. Instantaneous scatterplots of gaseous temperature versus mixture fraction colored by I k (a), OH species (b), and HO 2 species (c). Points are chosen close to the 

injector. Superimposed are trajectories across premixed (P2) and diffusion (D1 back , D1 front ) flame fronts identified on Fig. 14 (a). PDFs of mixture fraction and temperature are 

overlaid on (a). Instantaneous fields of OH and HO 2 mass fraction in a central z -normal cut plane (d). 
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elow the flammability limit of the POSF10325 at the combustor

nlet. 

Finally, the individual droplets are found to burn in a complex

egime (3) that will be discussed in Section 6.1.3 . 

To analyze the contributions of the premixed and diffusion

ame fronts to the overall heat release rate, a volumetric integra-

ion is performed, conditioned on Y z and differentiated with I k .
esults are displayed in Fig. 14 (b). The heat release rate is spread
ver a wide range of mixture fraction, characteristic of partially-

remixed combustion. Most of the heat release occurs on the lean

ide, with a peak at an equivalence ratio of 0.6 (Y z = 0.037), lower

han the global equivalence ratio of 0.75. The contribution from

remixed flame fronts is found to be largely dominant. This find-

ng is consistent with previous DNS studies of similar flames [6] .

n the present study, it is attributed to the large observed inter-

ittency of the diffusion fronts. The peak of integrated heat re-
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a

c d

b

Fig. 16. Iso-surface of stoichiometric mixture fraction, colored by (a) heat release rate, (b) χ , (c) evaporation rate and (d) curvature. 
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lease associated with diffusion flames is slightly skewed towards

rich mixtures and spreads over a wider range of mixture fractions

compared to purely gaseous diffusion flames. This is the conse-

quence from the interaction between the spray and the reaction

zone (1), as will be further discussed in Section 6.1.3 . Finally, note

that negative integrated heat release is observed for rich mixtures,

which is the signature of endothermic reactions associated with

the rapid pyrolysis of the fuel (also visible in Fig. 11 (a)). This has

already been observed in DNS of spark ignition in droplet clouds

[83] . 

Scatterplots of gaseous temperature versus mixture fraction are

shown in Fig. 15 (a)–(c). Practically all premixed flame structures,

identified with dark symbols in Fig. 15 (a), are found to locate on

the lean side. Additionally, a high degree of mixture stratification

is observed, as illustrated by the trajectory of the premixed flame

P2 identified in the bottom part of Fig. 14 (a), and as triangles in

Fig. 15 (a). The diffusion structures, identified with light gray sym-

bols, are found to cover a larger portion of the mixture fraction

space. However, the probability density function (PDF) of Y z over-

laid in Fig. 15 (a) indicates that they are less frequent than pre-

mixed structures. 

In order to identify the traces of both the front and back dif-

fusion flames discussed earlier, two trajectories are considered, as

depicted in Fig. 14 (a). The trajectory of D1 back is reported with cir-

cles in Fig. 15 (b), where it is seen to cross a region of relatively

high concentration of OH species around stoichiometry. The tra-

jectory of D1 front , reported with squares in Fig. 15 (c), is seen to

χ  
ross a region of relatively high concentration of HO 2 species on

he lean side, and to lie very far from equilibrium. Both trajecto-

ies are representative of the entire front and back diffusion flame

1), as can be seen in Fig. 15 (d). The presence of HO 2 is usually as-

ociated with low temperature chemistry and extinction event, re-

ealing that the front diffusion flame is highly strained: compared

o the back diffusion flame, the front flame is subjected to higher

urbulence (see Fig. 7 (b)) as well as to a higher Y z gap in-between

he oxidizer and fuel sides. 

The three trajectories P2, D1 back and D1 front are seen to encom-

ass the bulk of the data, as they are “limiting case” examples. In

articular, the front and back diffusion flame (1) trajectories are

een to merge on the rich mixing line in Fig. 15 (b) and (c), repre-

entative of the activity inside the rich, hot torus. 

.1.3. Spray-flame interactions 

The primary effect of evaporation on the Y z field is the in-

reased heterogeneity, leading to flame wrinkling induced by the

rossing of large droplets, mainly seen on D1 back , as reported

n Fig. 16 . This is consistent with experimental observations by

ercier et al. [84] . As a result, the stoichiometric iso-surface ex-

ibits small hills of very high negative curvature ( Fig. 16 (d)). Iso-

ated spheric structures are also clearly visible. The curvature is

ere defined as ∇ · n z , where n z = ∇ Y z / |∇ Y z | is pointing towards

ich regions. Figure 16 (b) displays the resolved scalar dissipation

ate on the stoichiometric iso-surface, defined as: 

st = 2 D |∇Y st 
z | 2 (19)
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Fig. 17. (a) and (b): instantaneous scatterplots of heat release rate versus temperature; colored by the source term of fuel. Points are chosen at stoichiometry, and such that 

the evaporation term source is (a) < 10 −10 kg.s −1 or (b) > 10 −10 kg.s −1 . (c) and (d): instantaneous scatterplots of gas heat release rate versus gas temperature interpolated at 

droplets position; colored by (c) the droplet radius, (d) the droplet axial position. Points are chosen at stoichiometry, and such that the evaporation term source is > 10 −10 

kg.s −1 . 
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s expected, high χ st values above 4 s −1 and close to the extinc-

ion value of 10.5 s −1 ( Fig. 3 (f)) are observed on D1 front . The highly

urved regions on D1 back , however, appear to have a limited cor-

elation with χ st . Since the correlation between the heat release

ate and curvature is apparent ( Fig. 16 (a)), it is concluded that, as

pposed to what is expected from gaseous flame theory, the local

ame intensity D1 back is not primarily controlled by the scalar dis-

ipation rate. In fact, the contribution from evaporation to the total

uel flux at stoichiometry can supersede that of the diffusion flux

evaluated by the level of χ st ), especially in low scalar dissipation

ate zones. To confirm this analysis, Fig. 16 (c) shows that the evap-

ration rate is locally strong around droplets and is well correlated

ith the heat release rate. 

Figure 17 reports scatterplots of heat release rate versus

aseous temperature, for points located on the iso-surfaces de-

icted in Fig. 16 . Four graphs are displayed: Fig. 17 (a) and (b)

re composed of points at the grid nodes where the evaporation

ource term is either negligible (a) or relatively important (b);

ig. 17 (c) and (d) are constructed from interpolation of the gaseous

ariables at the droplets position and limited to locations where

he evaporation source term is relatively important. Figure 17 (a)

nd (b) are colored by the source term of fuel, Fig. 17 (c) is colored

y the droplets radius, and Fig. 17 (d) is colored by the droplets

xial position. The points distribution is similar in all graphs, ex-

ept in the 160 0–180 0 K range where a tilted “V-like” structure of

oints characterized by high fuel consumption rate appears in the

lots associated to strong evaporation ( Fig. 17 (b)–(d)): this corre-

ponds to fuel pyrolysis, which occurs very quickly after evapora-
ion. t  

e  
The lower branch of the tilted V-structure is composed of

oints surrounding large evaporating isolated droplets ( Fig. 17 (c)

nd (d)), located right behind flame (1) (entering reaction zone

3)). The low heat release rate indicates that the fast pyrolysis of

arge quantities of fuel is not balanced by the slower oxidation of

he pyrolysis products. At the same time, the temperature is re-

uced due to the strong evaporation. The frequent occurrence of

uch isolated droplet combustion calls for specific models, as pro-

osed, e.g. in [73] , which were not considered in this work. As a

onsequence, although the occurrence of such burning regime is

ell captured, the exact associated flame structures are not neces-

arily properly described. 

The top branch is composed of points with high heat release

ate. The associated droplets radius and axial position allows to

dentify these points as part of the wrinkled structures seen on

he back diffusion flame front (1), displayed in Fig. 16 . In this

ase, even if evaporation has a tendency to draw energy from the

aseous phase, the addition of fuel to the already burning flame

ront is enough to compensate for the loss, and even to locally en-

ance the heat release rate. 

.2. Pollutant formation 

.2.1. CO species 

The CO source term ˙ ω CO and CO mass fraction fields are dis-

layed in Fig. 18 (a) and (b), respectively. As expected from the lo-

ally rich conditions, CO is largely produced in the diffusion fronts

1), particularly in the back diffusion front exhibiting the highest

emperature levels. Locally, CO production is also boosted by the

vaporation of fuel, as revealed by the clouds of CO production
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a b

Fig. 18. Instantaneous fields of (a) CO source term and (b) CO mass fraction in a central z-normal cut place with overlaid droplets and iso-contours of heat release rate 

(grey) and stoichiometry (white). 

Fig. 19. Scatterplots of (a) CO source term and (b) NO source term versus mixture fraction, colored by the evaporation rate. Points are restricted to the diffusion front (1) 

with T > 800 K. 
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following evaporating isolated droplets. This is especially true for

droplets located right behind the stoichiometric iso-contours. This

is best put forward in Fig. 19 (a) showing a scatterplot of CO pro-

duction versus mixture fraction, colored by the evaporation source

term. 

The CO produced in the diffusion front (1) is stored in the

burnt gas torus, where intermittent extinctions allow pockets of

rich burnt gases to leak into the cold air stream (see the com-

bustion chamber corners in Fig. 18 (b)). CO mass fraction close

to 0.03 can then be observed on the fresh side of the premixed

flame fronts (2), explaining the relatively high CO consumption ob-

served before x = 50 mm. Finally, a non-negligible amount of CO

production occurs also in premixed fronts located further down-

stream in the combustion chamber, near the walls. Indeed, impact-

ing evaporating droplets around x = 50 mm allow a sufficient in-

crease of the local equivalence ratio and feed additional pyrolysis

products to the lean premixed flame fronts; locally modifying the

premixed structure from CO consuming to CO producing. This is

consistent with the high CO mass fraction observed close to the

walls on the time-averaged profiles in both LES and experiment

(see Fig. 9 ). 

6.2.2. NO species 

It is interesting to differentiate and quantify the NO produc-

tion related to fast flame processes, which are strongly depen-

dent upon the local conditions, from that occurring in post-flame

regions, associated with slower timescales and bearing a more

universal nature. This is usually done by investigating the reac-

tion pathways involving the NO species, namely the Zeldovich

(thermal), the Prompt and the N O routes [85,86] . The NNH route
2 
an also become quite important in the burnt gases under rel-

tively low temperatures [87] . Note that in the ARC_29_JetANOx

echanism employed in this work, the N 2 O route is not included.

ndeed, it is usually argued that this route is important only under

uel lean/high pressure conditions. The configuration under inves-

igation here operating at atmospheric pressure, the chemistry re-

uction identified it as being insignificant. The NNH route, on the

ontrary, is conserved. 

Figure 20 presents the NO source term as well as the contri-

ution from the Zeldovich, Prompt and NNH routes, in a z -normal

entral cut plane. These routes are identified based on specific re-

ctions and associated pathways, as prescribed on the aforemen-

ionned publications (the reactions employed in each route are

isted in Appendix C ). Like CO, NO is seen to be mainly produced in

he back diffusion flame front (1). The main contribution to the net

roduction in this high temperature region is from the Zeldovich

echanism ( Fig. 20 (b)). The contribution from the NNH pathway

s exclusively positive (no consumption), and is also not negligi-

le ( Fig. 20 (d)). Interestingly, NO is largely reburnt inside the rich

orus, and the pathway analysis reveals that this is primarily due

o the consumption pathways included in the Prompt mechanism.

n particular, some NO is also consumed by the Prompt mecha-

ism in the front diffusion flame (1); however no NO is produced

n this flame front where the relatively high NO levels are due

o diffusion. As suggested by the very negative NO consumption

ate surrounding isolated droplets seen in Fig. 20 (c), evaporation

ncreases the NO reburn under rich conditions. This is evidenced

n Fig. 19 (b), showing a scatterplot of NO production versus mix-

ure fraction, colored by the evaporation source term. 
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a

c d

b

Fig. 20. Instantaneous fields of (a) source term of NO with decomposition into (b) Zeldovich (thermal) pathway, (b) Prompt pathway and (c) NNH pathway. 
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Note that some NO formation is seen to occur in the lean pre-

ixed flame fronts (2) in Fig. 20 (a). If part of this formation is

mputable to the NNH pathway, there are obviously non-negligible

ontributions from additional pathways which are not considered

n any of the aforementioned three routes. Likewise, none of the

oute considered is able to explain the NO reburn seen on the

orner of the combustion chambers in Fig. 20 (a). Hence, a com-

lete description of the NO formation, including secondary path-

ays, is necessary to predict NO concentrations under certain cir-

umstances. As demonstrated here, ARCs provide a very efficient

ramework in such a case. 

. Conclusion 

In this paper, LES of a two-phase flow lean direct-injection

ystem operated with real aeronautical fuel is performed. The

ain intent is to evaluate the feasibility of a new methodology

o accommodate such fuels in LES, in order to improve predic-

ive capabilities in terms of flame structure and pollutant forma-

ion. The approach combines the direct integration of a real Jet-A

uel description, relying on the recently proposed hybrid chemistry

HyChem) model. Direct integration of the chemistry in the LES

s accomplished through an LES-compliant Analytically Reduced

hemistry (ARC) comprised of 29 transported species, within a

hickened flame chemistry-interaction framework (DTFLES). A La-

rangian spray description is employed. The ARC mechanism is

rst validated in canonical archetypes representative of the flame

onfiguration under consideration, before being implemented in

he LES solver AVBP. With this approach, no additional modeling

ssumptions about the flow or flame structure are required. 

A good agreement is observed between the LES results and

he experimental data in terms of velocity fields and spray

haracteristics. Comparisons with temperature and species data
urther validate the methodology. In particular, results demonstrate

he improved predictive capabilities, when compared to previous

ES studies of the same configuration, employing either tabula-

ion [23] or an empirically fitted global scheme [12] . The level of

escription allows a detailed analysis of the spray flame structure:

n top of the complex spatial arrangement of premixed and diffu-

ion fronts already observed in DNS [6] , transport and differential

iffusion of intermediate species comprised in the ARC result in a

ariety of mixture compositions. For example, it was observed that

he main diffusion flame is principally fueled by pyrolysis prod-

cts such as C 2 H 2 , and that the composition of the weak premixed

ame fronts alongside the walls are mainly fueled by the CO re-

ulting from the mixing of fresh air with the rich burnt products of

he main diffusion flame. Additionally, it was shown that the direct

nteractions of the spray with the diffusion flame fronts strongly

ffect the flame structure, locally increasing the production of CO

nd causing NO reburning. 

The results confirm that the ARC-DTFLES methodology is well

uited for HyChem models, thus opening new perspectives for LES

f industrial kerosene fueled configurations. Further work will con-

entrate on assessing the capabilities of the method to capture

uel effects (other petroleum based fuels or biofuels) on the flame

tructure and pollutant emissions. The flame structure observed in

uch direct injection systems also reveals individual droplet burn-

ng for which specific LES models need to be included. Finally, note

hat the use of HyChem within the ARC framework is not restricted

o the DTFLES model, and other combustion models directly in-

luding chemical kinetics could benefit from this approach. 
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Table B1 

Reaction rate parameters associated to the Jet-A (POSF10325) fuel (Version I). 

Reac. nb. Pre-exponential factor Temperature exponent Activation energy 

[ cm 

a .mol b .s c ] [-] [cal.mol −1 ] 

(1) 5.86 × 10 25 −2.66 88207.0 

(2) 1.53 ×10 −1 4.76 1294.9 

(3) 9.52 ×10 −7 5.95 4748.4 

(4) 3.55 × 10 10 1.02 213.2 

(5) 2.55 × 10 14 0.06 47532.6 

(6) 2.33 × 10 4 2.94 14810.0 
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Appendix A. Specification transported species Schmidt number 

See Table A1 

Table A1 

Species contained in the ARC_29_JetA2NOx scheme. 

Species N 2 H H 2 HO 2 H 2 O H 2 O 2 O O 2 

Sc k 0.69 0.12 0.20 0.74 0.54 0.74 0.48 0.73 

Species OH CO CO 2 CH 3 CH 4 CH 2 O CH 2 CO 

Sc k 0.48 0.74 0.94 0.67 0.67 0.85 1.00 

Species C 2 H 2 C 2 H 4 C 2 H 6 C 3 H 6 I-C 4 H 8 C 5 H 6 C 6 H 4 O 2 
Sc k 0.87 0.88 0.97 1.24 1.40 1.44 1.67 

Species C 6 H 5 O C 6 H 6 C 6 H 5 CH 3 POSF10325 NO HCN NO 2 
Sc k 1.58 1.55 1.73 2.40 0.75 0.85 0.84 

Appendix B. List of pyrolysis reactions for the Jet-A POSF10325 

Following the HyChem methodology, the fuel breakdown is de-

scribed by several lumped reactions. For the Jet-A (POSF10325) fuel

(Version I), 6 reactions are considered. They are: 

(1) − P OSF 10325 → 2 . 95 C 2 H 4 + 0 . 39 C 3 H 6 

+ 0 . 195 i- C 4 H 8 + 0 . 1833 C 6 H 6 

+ 0 . 15 C 6 H 5 C H 3 + H + C H 3 

(2) − P OSF 10325 + H → H 2 + 0 . 05 CH 4 

+ 2 . 83083 C 2 H 4 + 0 . 48616 C 3 H 6 

+ 0 . 243083 i- C 4 H 8 

+ 0 . 1925 C 6 H 6 + 0 . 1575 C 6 H 5 CH 3 

+ 0 . 4 H + 0 . 6 CH 3 

(3) − P OSF 10325 + CH 3 → 1 . 05 CH 4 + 2 . 83083 C 2 H 4 

+ 0 . 48616 C 3 H 6 + 0 . 243083 i- C 4 H 8 

+ 0 . 1925 C 6 H 6 + 0 . 1575 C 6 H 5 CH 3 

+ 0 . 4 H + 0 . 6 CH 3 

(4) − P OSF 10325 + OH → H 2 O + 0 . 05 CH 4 + 2 . 83083 C 2 H 4 

+ 0 . 48616 C 3 H 6 + 0 . 243083 i- C 4 H 8 

+ 0 . 1925 C 6 H 6 + 0 . 1575 C 6 H 5 CH 3 

+ 0 . 4 H + 0 . 6 CH 3 

(5) − P OSF 10325 + O 2 → HO 2 + 0 . 05 CH 4 + 2 . 83083 C 2 H 4 

+ 0 . 48616 C 3 H 6 + 0 . 243083 i- C 4 H 8 

+ 0 . 1925 C 6 H 6 + 0 . 1575 C 6 H 5 CH 3 

+ 0 . 4 H + 0 . 6 CH 3 

(6) − P OSF 10325 + HO 2 → H 2 O 2 + 0 . 05 CH 4 + 2 . 83083 C 2 H 4 

+ 0 . 48616 C 3 H 6 + 0 . 243083 i- C 4 H 8 

+ 0 . 1925 C 6 H 6 + 0 . 1575 C 6 H 5 CH 3 

+ 0 . 4 H + 0 . 6 CH 3 

Their associated reaction rates are provided in Table B1 . 

Since the current work started, a newer version of the HyChem

model for the Jet-A fuel has been made available. Details of the

model is described in refs. [46,47] . The two versions of the Jet-

 model give similar predictions for global combustion properties,
ncluding ignition delay, laminar flame speeds, and non-premixed

ame extinction strain rate. 

ppendix C. List of reactions considered in the NOx pathway 

nalysis 

See Tables C1–C3 

Table C1 

Reactions considered in 

the Zeldovich route. 

N + OH � NO + H 

N 2 + O � N + NO 

N + O 2 � NO + O 

Table C2 

Reactions considered in the 

Prompt route. 

HCN + H2O � CH 3 + NO 

HCN + O � CH + NO 

HCN + HCO � C 2 H 2 + NO 

NCO + O � NO + CO 

NCO + OH � NO + HCO 

NCO + O 2 � NO + CO 2 
NO 2 + CH → HCO + NO 

NO 2 + CO → CO + 2.0 NO 

HCCO + NO → HCN + CO 2 
CH2 ∗ + NO → HCN + OH 

CH2 + NO → HCN + OH 

Table C3 

Reactions considered in the 

NNH route. 

NH + O � NO + H 

NH + O 2 � NO + OH 
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