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a b s t r a c t 

Premixed lean hydrogen-air flames exhibit instabilities due to hydrodynamic instabilities but also thermo- 

diffusive instabilities. However, in the case of ammonia/hydrogen blends, the effect of ammonia addition 

on instabilities is still unclear. To investigate intrinsic instabilities in premixed ammonia/hydrogen-air 

flames, a parametric study of laminar premixed flames is performed for different fuel contents, from pure 

hydrogen (H 2 ) to a blend of 40% of H 2 and 60% of ammonia (NH 3 ) in volume, equivalence ratios (0.4 to 

1.0) and pressures (1 and 10 bar) to investigate thermo-diffusive instabilities. Numerical simulations using 

detailed chemistry are performed where an initial perturbation is set to disturb the planar flame front 

and to compute its growth rate. During the initial linear phase, the perturbation’s amplitude grows or 

decreases depending on the flame’s mixture propensity to be unstable or stable, respectively. At small 

times, the linear growth rate of the perturbation can be estimated and compared to theory. As expected, 

the maximum growth rate obtained in the linear phase depends on the mixture’s equivalence ratio, fuel 

ratio, and pressure. Ammonia addition leads to a reduced peak growth rate, likely due to lower reactivity 

leading to a higher Zel’dovich number. Very lean mixtures (equivalence ratios of 0.4 and 0.5) are thermo- 

diffusively unstable, regardless of the ammonia content, due to hydrogen’s preferential diffusion. 

© 2023 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Carbon-free fuels have recently been of interest to decarbonize 

nergy systems such as gas turbines, internal combustion engines, 

oilers and furnaces [1] . Indeed, these fuels, such as hydrogen (H 2 ) 

r ammonia (NH 3 ) emit no CO or CO 2 as they burn with air. How-

ver, their introduction in combustors remains a challenge. Indeed, 

 2 has a considerable flame speed and wide flammability range, 

ot only requiring the redesign of chambers but also, raising safety 

ssues [2] . Storage and transportation difficulties are also expected 

rom the volatility and low volumetric energy density of H 2 . On 

he other hand, while NH 3 is easier to store and transport [3] , it is

haracterized by a very low flame speed which limits its direct use 

n combustion systems. This major drawback can be offset by mix- 

ng NH 3 with H 2 : research has shown the potential of mixing these 
∗ Corresponding author at: Department of Energy and Process Engineering, Nor- 
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wo fuels to find a compromise in terms of each fuel’s advantages 

nd drawbacks [4,5] . 

To implement H 2 and NH 3 mixtures as fuels at a large scale, 

 fundamental understanding of the flame front structures and 

ropagation is necessary. Experimental and numerical works have 

ighlighted the effect of preferential diffusion in lean H 2 flames, 

eading to thermo-diffusive instabilities [6,7] . These flames are 

haracterized by significant wrinkling, enhanced speed, and short- 

ned length. Thermo-diffusive instabilities have been experimen- 

ally studied in different setups such as laminar and turbulent 

pherical flames [8] , fan-stirred chamber and coflow jets at high 

eynolds number [9] . Numerically, direct numerical simulations 

DNS) are often used to investigate such phenomena. Lean H 2 -air 

remixed flames have been investigated using DNS, showing that 

hermo-diffusive effects strongly affected the flame [10,11] . These 

tudies showed that models for turbulent premixed flame need to 

ccount for thermo-diffusive effects at two levels: 

• locally, along the flame front, each unit surface of the flame 

can burn, on average, more than the laminar-unstrained flame 

speed, S 0 
L 
. This can be measured through an indicator I 0 defined 
Institute. This is an open access article under the CC BY license 
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by the normalized, surface averaged consumption speed along 

the front: 

I 0 = 

< s c > 

s 0 
L 

. (1) 

• Cells are formed on the flame front, independently of any wrin- 

kling due to turbulent eddies. This wrinkling due to thermo- 

diffusive effects is called �0 and is defined by: 

�0 = 

�

L x 
. (2) 

here � is the flame surface and L x the reference or initial flame 

urface. 

The overall effects of thermo-diffusive instabilities are mea- 

ured by the product I 0 �0 which indicates the factor by which the 

otal reaction rate increases. Values of I 0 �0 up to 4 have been re- 

orted by Berger et al. for a turbulent lean H 2 -air flame at equiva-

ence ratio φ = 0 . 4 [10] . I 0 �0 up to six were observed experimen-

ally for premixed turbulent spherical H 2 -air flames while I 0 �0 for 

H 4 flames were close to unity [8] . Increasing the pressure also in- 

reases I 0 �0 as demonstrated for a premixed turbulent H 2 -air at 

= 0 . 7 for pressures going from 1 to 7 bar [12] . 

Preferential diffusion effects have also been observed for pre- 

ixed turbulent NH 3 /H 2 /N 2 -air (40% NH 3 , 45% H 2 , and 15% N 2 

n the fuel) flames at φ = 0 . 45 with I 0 �0 above 1.5 [13] . On the

ther hand, at φ = 1 , for a premixed turbulent NH 3 /H 2 -air flame

54% NH 3 , and 46% H 2 ), unity I 0 �0 values were found [14] . Rieth

t al. [15] also found enhanced effects, at high pressure, of molec- 

lar hydrogen diffusion in leading points for premixed NH 3 /H 2 /N 2 - 

ir when comparing initial pressures at 1 bar and 10 bar. These 

esults indicate that equivalence ratio, fuel and composition (in 

he case of blends), and initial pressure affect the development of 

hermo-diffusive instability. 

A simple solution to predict the occurrence of thermo-diffusive 

nstabilities would be to rely on theory [16–18] . Theoretical anal- 

ses of these instabilities have been carried out for decades for 

aminar premixed flames undergoing a small perturbation. Matalon 

nd Matkowsky assumed a global one-step reaction [16] for Lewis 

lose to unity, and Sivashinsky considered a small density jump 

hroughout the flame front but accounted for a small Lewis num- 

er [19,20] . Recently, Berger et al. [21] have shown that these the- 

ries do not accurately capture the evolution of lean premixed H 2 - 

ir flames [21] . Accounting for fuel mixtures and complex chem- 

stry is another difficulty. This is where simulations can be intro- 

uced: a stability analysis can be performed using 2-D DNS, where 

 planar flame is exposed to a small perturbation. During the first 

nstants, also called the linear phase, the perturbation’s amplitude 

ill either grow or decrease: the growth rate of a given wave- 

ength can be evaluated to reconstruct a dispersion relation [21,22] . 

his dispersion relation quantifies the stability of a given mixture. 

Numerical studies of dispersion relations have been carried out 

sing DNS by Berger et al. [21] in a parametric study to investi- 

ate premixed H 2 -air flames by varying the equivalence ratio, ini- 

ial pressure, and temperature using detailed chemistry. Detailed 

hemistry was also used by Altantzis et al. [23] to study lean pre- 

ixed H 2 -air at φ = 0 . 6 and 5 atm for different domain lengths.

rouzakis et al. [22] studied H 2 -air for 0 . 5 ≤ φ ≤ 2 . 0 and found

ood agreement of theoretical dispersion relation for φ ≥ 0 . 75 . 

uan et al. [24] used one-step chemistry to simulate flames with 

nity Lewis numbers to study the effect of increasing pressure up 

o 5 bar. Higher pressure was investigated by Yu et al. [25] for 

 premixed H 2 -air flame at φ = 0 . 6 who found enhanced hydro-

ynamic instabilities for high-pressure cases. Studies have high- 

ighted preferential diffusion in premixed NH 3 /H 2 -air flame ex- 

erimentally in expanding spherical flames [26,27] . Dampened 

hermo-diffusive instabilities were observed qualitatively in lean 
2 
onditions (up to φ = 0 . 6 ) when increasing the amount of NH 3 

26] in NH 3 /H 2 mixtures. However, increasing the initial pressure 

estabilized NH 3 /H 2 -air flames at φ = 0 . 8 and φ = 1 . 0 [27] . How-

ver, to the authors’ knowledge, no dispersion relation has been 

omputed yet for NH 3 /H 2 -air flames and compared to theoretical 

elations. In fact, due to the large difference between the Lewis 

umber of the two fuels, as well as the possible dissociation of 

mmonia into hydrogen for intermediate temperature, the ques- 

ion of whether ammonia addition will dampen the instabilities 

s an open one with no definitive answer. Notably, some research 

as highlighted a non-monotonic evolution of the Markstein num- 

er for fixed equivalence ratio and varying H 2 content in NH 3 /H 2 

ixtures [28,29] . Therefore, several hypotheses can be formulated 

bout what the effect of ammonia addition to hydrogen might lead 

o: 1) NH 3 dissociating into H 2 at intermediate temperature could 

ead to more instabilities, 2) H 2 could dominate the flame front 

estabilization and the NH 3 /H 2 flame might behave like a pure H 2 

ame, 3) or NH 3 addition might dampen the instabilities. 

The present work aims to fill the literature gap by provid- 

ng growth rate values for an extensive range of mixtures, vary- 

ng equivalence ratios, and fuel composition from pure hydrogen 

o mixtures of ammonia and hydrogen up to 60% of ammonia 

n volume. The effect of pressure on instabilities will also be in- 

estigated for cases at φ = 0 . 5 for pure H 2 and for a blend of

0% of NH 3 and H 2 in volume. DNS using detailed chemistry 

ill provide quantitative information on the strength of thermo- 

iffusive instabilities for these mixtures, to be compared with the- 

ry. Thermo-diffusive instabilities will also be compared to hydro- 

ynamic instabilities to investigate if NH 3 /H 2 -air flames can be 

hermo-diffusively unstable, how does NH 3 affects the flame stabil- 

ty, and how high pressure affects NH 3 /H 2 flames. These will pro- 

ide useful insights on the mixtures’ impact on thermo-diffusive 

nstabilities, which is needed for the combustion model devel- 

pment for ammonia/hydrogen and supports the fuel blend se- 

ection for retrofitting. Section 2 covers the theoretical disper- 

ion relation formulas, the numerical setup, the parametric vari- 

tions performed, and the methodology to compute the numeri- 

al relation dispersion. Section 3.1 presents the results obtained for 

he numerical dispersion relation, Section 3.2 presents expressions 

or the Lewis number of NH 3 /H 2 blends which are then used in 

ection 3.3 to compare the dispersion relation from the DNS re- 

ults with theoretical predictions [16,19,30] . The impact of other 

lobal flame parameters is also investigated in Section 3.4 , and a 

t of the peak growth rate based on the DNS data is provided in 

ection 3.5 before concluding in Section 4 . 

. Theory, numerical setup and methodology to compute the 

ame growth rate 

.1. Theoretical background of flame response to perturbation 

Works by Darrieus and Landau [30,31] showed how planar 

ames were intrinsically unstable due to hydrodynamic instabili- 

ies caused by the density jump in the flame front from fresh to 

urned gases. The hydrodynamic instability ω DL can be defined as: 

 DL = 

√ 

σ 3 + σ 2 − σ − σ

σ + 1 

, (3) 

here σ = 

ρu 
ρb 

is the expansion ratio equal to unburned over 

urned density. The non-dimensional growth rate ω̄ dependency 

ith respect to non-dimensional wave number k̄ can be written in 

 first estimation as : 

¯  = ω DL ̄k , (4) 

here ω̄ = ωτ and k̄ = kδ0 
L 

. The flame time τ corresponds to the 

atio of the flame thermal thickness δ0 to the unstretched flame 

L 
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peed s 0 
L 

and the thermal thickness δ0 
L 

is defined by : 

0 
L = 

T ad − T u 

max (∇T ) 
, (5) 

here T u is the initial flame temperature, and T ad is the adiabatic 

ame temperature. However, numerical and experimental work 

ave not observed this unconditional instability, and Eq. (4) is in- 

omplete. New dispersion relations have been derived, such as the 

ne by Matalon et al. [16] where a second-order term is added 

o account for a stabilizing or destabilizing behavior due to Lewis 

umber effects: 

¯  = ω DL ̄k − δ
[
B 1 + β

(
Le e f f − 1 

)
B 2 + P r B 3 

]
k̄ 2 = ω DL ̄k − ω 2 ̄k 

2 . (6) 

he diffusive flame thickness δD = D th /s 0 
L 
, where D th is the thermal 

iffusivity, is needed to define δ = δD /δ
0 
L 

. The coefficients B 1 , B 2 , 

nd B 3 are functions of the expansion ratio, the thermal conduc- 

ivity evolution with temperature, and ω DL [32] : 

 1 = 

σ

2 
(
σ + (σ + 1) ω DL 

)(
σ ( 2 ω DL + σ + 1 ) 

σ − 1 

∫ σ
1 

λ̄(x ) 

x 
d x + 

∫ σ
1 

λ̄(x )d x 

)
, (7) 

 2 = 

σ ( 1 + ω DL ) ( σ + ω DL ) 

2(σ − 1) 
(
σ + (σ + 1) ω DL 

) ∫ σ

1 

log 

(
σ − 1 

x − 1 

)
λ̄(x ) 

x 
d x, (8) 

 3 = 

σ

σ + (σ + 1) ω DL 

(
(σ − 1) ̄λ(σ ) −

∫ σ

1 

λ̄(x )d x 

)
, (9) 

here λ̄ = λ/λu is the normalised thermal conductivity and x = 

 /T u . 

The Prandtl number P r , the Zel’dovich number β , and the ef- 

ective Lewis number Le e f f are also needed in Eq. (6) . Zel’dovich 

umber β for detailed chemistry is computed using the approach 

roposed by Law et al. [33] to evaluate the overall activation en- 

rgy: 

E a 

R 

= −2 

d 

(
ρu S 

0 
L 

)
d ( 1 /T ad ) 

, (10) 

here R is the universal gas constant. To vary the adiabatic tem- 

erature and calculate Eq. (10) , two 1-D flames are computed 

here the amount of N 2 is varied slightly ( ±0 . 3% ). The overall ac-

ivation energy is computed with the gradient of the line obtained 

sing a linear fit of the curve given by plotting ρu S L over 1 /T ad , us-

ng the results of the two 1-D flames. The values of E a used in this

ork are provided in the Supplementary Material in Fig. C.1. The 

el’dovich number β is given by: 

= 

E a ( T ad − T u ) 

RT 2 
ad 

. (11) 

atalon et al.’s dispersion relation Eq. (6) is derived for Lewis 

umbers close to unity, where the second term of the expres- 

ion ω 2 has a stabilizing effect. However, for lower values of Lewis 

umber, ω 2 is positive: the dispersion relation becomes destabiliz- 

ng for all wave numbers. Sivashinsky [19,20] derived a dispersion 

elation for the linear phase accounting for a fourth-order term 

hat is stabilizing regardless of the Lewis number: 

¯  = δ

[
β

2 

(1 − Le ) − 1 

]
k̄ 2 − 4 δ3 k̄ 4 . (12) 

nother relation by Sivashinsky was derived for the non-linear 

ame evolution but is outside the scope of this work [34] . 

Further dispersion relations have been established by Pelce and 

lavin [17] , Klimenko and Class [35] , Chung and Law [36] and 

thers. Lipatnikov and Chomiak [37] reviewed the assumptions 

eeded to derive dispersion relations and presented different the- 

retical relations, but the scope of our study will be limited to 

he theories of Darrieus-Landau ( Eq. (4) ), Matalon et al. ( Eq. (6) ),
3 
nd Sivashinsky’s ( Eq. (12) ) dispersion relations for comparison in 

ection 3.3 . 

A critical parameter in all theoretical evaluations of ω̄ is the 

ffective Lewis number Le e f f . Defined by Joulin and Mitani [38] for 

wo reactant flames, Le e f f is given by: 

e e f f = 

{ 

Le O + ALe F 
1+ A , A = 1 + β

(
φ−1 − 1 

)
if φ < 1 , 

Le F + ALe O 
1+ A , A = 1 + β(φ − 1) if φ > 1 , 

(13) 

here Le F and Le O are the fuel’s and oxidant’s Lewis numbers. 

xygen O 2 is taken as the oxidant. When only one fuel is consid- 

red, the effective Lewis number is straightforward to derive, us- 

ng the fuel’s Lewis number in Eq. (13) (i.e in the case of pure

 2 ). However, for a fuel mixture, the fuel’s Lewis number requires 

 new evaluation. Several definitions have been suggested and vali- 

ated against experiment [39,40] . Three of them have been consid- 

red here. The first one ( Le V ) was proposed by Muppala et al. [41] ,

ho suggested a volume-based formulation of the fuel’s Lewis 

umber ( Le V ), based on the volume fraction ( X i ) of each fuel in

he fuel mixture: 

e V = 

f ∑ 

n =1 

X i Le i , (14) 

ith f the number of fuels in the fuel mixture. Dinkelacker 

t al. [42] proposed a diffusion-based ( Le D ) formula: 

1 

Le D 
= 

f ∑ 

n =1 

X i 

Le i 
. (15) 

aw et al. [43] used a heat release-based formulation ( Le Q ), where 

he Lewis number of each fuel is weighted by the nondimensional 

eat release ( q i ) based on the consumption of each fuel: 

e Q = 1 + 

∑ f 
n =1 

q i (Le i − 1) ∑ f 
n =1 

q i 
, (16) 

ith 

 i = 

Q i Y i,u 
C p T u 

, (17) 

here Q i is the heat of reaction of the fuel i and Y i,u its mass

raction far upstream. In the case of NH 3 /H 2 -air flames, Zitouni 

t al. [29] found that the Le V definition matched their experimen- 

al results quite well, that the Le D formulation was more suited for 

ean mixtures, and Le Q was accurate in richer conditions. In this 

tudy, an analysis of strained flame will be performed to determine 

he most suited definition for the Lewis number in Section 3.2 and 

ill be used to compute the theoretical dispersion relations dis- 

ussed in Section 3.3 . This comes as an addition to the scarce liter- 

ture on the topic of a suited Lewis number definition for mixtures 

f ammonia and hydrogen. 

.2. Numerical setup 

The reacting Navier–Stokes equations are solved with the com- 

ressible solver AVBP 1 [44] , an explicit massively parallel code 

olving the conservation of mass, momentum, energy equations, 

nd species transport. The flow is gaseous and NH 3 /H 2 -air chem- 

stry is modeled using an analytically reduced chemistry mecha- 

ism derived from CRECK [45] and reduced with Arcane [46] (18 

pecies, 6 species with QSS assumption and 150 reactions). Valida- 

ion of the mechanism is presented in the Supplementary Materi- 

ls in Fig. A.1. The reduced mechanism is also included in the Sup- 

lementary Materials. A power law is used to compute the molec- 

lar viscosity μ = μre f (T /T re f ) 
b . Constant Schmidt S c and Prandtl 

http://www.cerfacs.fr/avbp7x
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Table 1 

Overview of the 2-D DNS. For each case, the content of ammonia in volume in the fuel X NH 3 , the equiv- 

alence ratio φ, the initial pressure P, the laminar flame speed s 0 L , the thermal flame thickness δ0 
L , the 

diffusive flame thickness δD and the adiabatic temperature T ad are provided. 

Case name X NH 3 [%] φ [ −] P [bar] s 0 L [m/s] δ0 
L [ μm] δD [ μm] T ad [K] 

NH3-00-Phi-04 0 0.4 1 0.25 562 105 1416 

Ref 0 0.5 1 0.56 382 49 1625 

NH3-00-Phi-1 0 1.0 1 2.27 326 14 2242 

NH3-03-Phi-04 30 0.4 1 0.07 1389 366 1343 

NH3-03-Phi-05 30 0.5 1 0.19 686 139 1534 

NH3-03-Phi-1 30 1.0 1 0.93 317 31 2222 

NH3-05-Phi-04 50 0.4 1 0.02 3840 1187 1316 

NH3-05-Phi-05 50 0.5 1 0.09 1277 307 1502 

NH3-05-Phi-1 50 1.0 1 0.46 432 61 2169 

NH3-06-Phi-04 60 0.4 1 0.01 8493 2657 1301 

NH3-06-Phi-05 60 0.5 1 0.05 1983 506 1487 

NH3-06-Phi-1 60 1.0 1 0.31 576 89 2147 

NH3-00-Phi-05-10-bar 0 0.5 10 0.15 80 18 1633 

NH3-05-Phi-05-10-bar 50 0.5 10 0.01 1099 60 1513 
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 r numbers are used for species molecular diffusion: D k = μ/S c k , 

or species k , and for thermal conductivity: λ = μC p /P r with C p the

pecific heat capacity of the mixture. In the Supplementary Materi- 

ls, a comparison between constant Lewis number assumption and 

arying Lewis number is illustrated for the reference case, with 

n overall good agreement, leading to the validity of the constant 

ewis number assumption in these premixed flames. 

The numerical scheme used to solve the equations is Lax–

endroff [47] , a second-order scheme in space and time. A third- 

rder accurate in space and time Taylor–Galerkin finite-element 

cheme was also tested with no major difference, therefore the 

econd-order scheme was used in the parametric study to save 

omputational time. Simulations are performed in 2-D rectangular 

omains with length L x and height L y . Cartesian meshes are used 

o discretize the domain with the selected cell size to have 40 grid 

oints in the thermal flame thickness δ0 
L 

. At the inlet (bottom of 

he rectangular domain), fresh gases are injected at a velocity equal 

o the laminar flame speed of the mixture computed with Cantera 

48] . The flow exits the domain at the outlet (top of the rectan-

ular domain), where static pressure is imposed. Inlet and outlet 

se non-reflecting NSCBC boundary conditions [49] . Periodic con- 

itions are imposed in the spanwise direction x. Initially, the flame 

ront is mapped onto the domain using a 1D flame computed with 

antera and is perturbed with a sinusoidal perturbation F (x ) : 

 (x ) = A 0 sin (kx ) , (18) 

ith A 0 the initial amplitude of the perturbation, selected to be 2% 

f δ0 
L 

(to remain in the linear regime), and k is the wave number 

f the perturbation. L x is selected to be equal to the wavelength 

f the imposed perturbation: λ = 2 π/k = 2 π/nδ0 
L 

, with n varying 

etween 1 and 60. L y corresponds to 24 δ0 
L 

, and the initial pertur- 

ation is imposed at 18 δ0 
L 

in the y -axis ( Fig. 1 (a)). 

An initial temperature T u of 300K is selected for all conditions. 

he reference case is set for pure hydrogen at φ = 0 . 5 at atmo-

pheric pressure to compare the results with literature data and 

alidate the methodology. Parametric variations of the equivalence 

atio from φ = 0 . 4 to 1 are performed. A parametric variation of

mmonia concentration in the fuel composition from X NH 3 
= 0% 

o 60% in volume is also performed. Some fuel blends are se- 

ected to be computed at 10 bar to study the effect of pressure at 

= 0 . 5 . An overview of the 14 simulations performed is presented

n Table 1 . 

.3. Methodology for growth rate computation 

The early flame propagation is investigated to compute the dis- 

ersion relation. Below a critical wave number k c , the flame front 
4 
erturbation will either grow or decrease exponentially with time. 

he growth rate is computed with the flame front’s amplitude evo- 

ution, tracked using the isoline T = 3 T u to define the flame front. 

he amplitude of the first mode of the Fourier transform of the 

ame front is computed at each time step and tracked, providing 

he time evolution of the amplitude A (t) . The exponential growth 

ate ω is computed during the linear phase by: 

 = 

d 

d t 

[
ln (A (t)) 

]
(19) 

are is taken to verify that the linear phase is well captured, as 

erified by the existence of a plateau at small times (between 0 

nd ≈ 6 τ in Fig. 1 (c)) for ω as a function of time. The dispersion

elation ω(k ) is then obtained as a function of the wave number k 

s the procedure is repeated for different domain lengths. The nu- 

erical setup and operation for the dispersion relation extraction 

re described in Fig. 1 . To validate the methodology, it was first 

pplied to a pure H 2 air, φ = 0 . 5 case and compared to the results

f Berger et al. [21] and Frouzakis et al. [22] in Fig. 2 . Good agree-

ent with Frouzakis et al. [22] is obtained, whereas, at large wave 

umbers, a small deviation is observed with results from Berger 

t al. [21] . These small differences are likely due to different chem- 

stry, transport properties, and DNS code. 

. Linear regime: linear stability analysis 

.1. Analyses of DNS database 

At low equivalence ratio, characteristics of thermo-diffusive in- 

tabilities are recovered: super adiabaticity and higher heat re- 

ease captured in positive curvature zones (i.e., zones where veloc- 

ty streamlines are convex towards burned gases) than in negative 

urvature zones (i.e., zones where velocity streamlines are concave 

owards burned gases) as observed in Fig. 3 for pure H 2 cases at 

ifferent equivalence ratios and Fig. 4 for an equivalence ratio of 

.4 at different NH 3 to H 2 ratios in the fuel. This was observed 

or lean pure H 2 by Howarth and Aspden [50] , but we also ob- 

erve this for lean NH 3 /H 2 mixtures. The dispersion relations ob- 

ained by DNS are presented for different equivalence ratios and 

uel compositions ( Fig. 5 ) and pressure variations ( Fig. 6 ). The sym-

ols are the growth rate computed numerically for each domain 

ize. A second-order polynomial fit of the growth rates is also plot- 

ed. Non-dimensionalized units of the growth rate versus the wave 

umber ( ωτ versus kδ0 
L 

) are used for all plots. 

As expected, for all cases, ωτ grows due to the destabiliza- 

ion of small wave numbers induced by hydrodynamic instabil- 

ties. Then ωτ decreases for larger wave numbers kδ0 due to 

L 
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Fig. 1. Flowchart of the set up description and the extraction of ω(k ) . 

Fig. 2. Dispersion relation obtained in the methodology of Fig. 1 compared to the 

work by Berger et al. [21] , and Frouzakis et al. [22] for pure H 2 at φ = 0 . 5 and 1 bar. 
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like conditions. 
hermo-diffusive effects within the flame front. To appreciate the 

ffect of the hydrodynamic stability limit, ω DL τ as a function of 

he wave number is also plotted on the same figures for each 

ixture. A nearly constant expansion ratio for each fuel mix- 

ure at a given equivalence ratio leads to ω DL τ being almost 

uperimposed. 

For small wave numbers, cases at φ = 0.4 have ωτ exceeding 

 DL τ which indicates that the contribution of the thermo-diffusive 

nstability is to make the mixture more unstable (positive contri- 

ution of thermo-diffusive instabilities). On the other hand, at φ
 1.0, the negative contribution of thermo-diffusive effects is ob- 

erved since ωτ are all below ω τ . At 1 bar, the most unstable 
DL 

5 
ixture ( ω max τ shown in Fig. 7 (c)) corresponds to pure hydrogen 

t φ = 0 . 4 , with a maximum growth rate of more than twice that

f φ = 1 . 0 . Figure 5 shows that the maximum growth rate obtained

n the simulations diminishes with increasing equivalence ratio re- 

ardless of the fuel composition. This indicates the propensity of 

eaner mixtures to be more thermo-diffusely unstable, likely due to 

he small effective Lewis number of the mixture, indicating prefer- 

ntial diffusion. This had been observed by Berger et al. [21] and 

rouzakis et al. [22] in the case of pure hydrogen. Figure 5 shows 

hat these findings can be generalized for lean NH 3 /H 2 flames. In 

ig. 7 , where the normalized maximum growth rate of each mix- 

ure is reported, we see that thermo-diffusive instabilities are re- 

uced when the NH 3 content in the fuel increases at any given 

quivalence ratio, with a collapse of peak growth rate for all cases 

t stoichiometry. 

Regarding the effects of pressure, Fig. 6 indicates a larger 

rowth rate for 10 bar in the case of pure H 2 at φ = 0 . 5 compared

o 1 bar, as observed by Berger et al. [21] and Attili et al. [51] for

H 4 . The same trend is found for the NH 3 /H 2 case experimentally 

y Li et al. [27] . This is caused by both the thinner flame caus-

ng more instabilities at high pressure and the enhanced reactiv- 

ty. Consistent in our simulations, ammonia addition makes the 

ame more stable than the pure hydrogen case at high pressure. 

hese results also highlight the importance of pressure on instabil- 

ty dependency and should be considered for pressurized engine- 
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Fig. 3. Contour of normalized temperature, isocontour of temperature of T = 3 T u in dashed lines, and velocity streamlines in solid lines colored by normalized heat release 

rate. Snapshots are taken at t/τ ≈ 10 , 15, and 40 in the right column. Pure H 2 cases φ = 0 . 4 , 0,5 and 1.0. 

Fig. 4. Contour of normalized temperature, isocontour of temperature of T = 3 T u in dashed lines, and velocity streamlines in solid lines colored by normalized heat release 

rate. Due to the slower flame speed, snapshots are taken at t/τ ≈ 5 in the right column. Mixtures with 30%, 50%, and 60% for φ = 0 . 4 . 

6 
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Fig. 5. Dispersion relation for varying equivalence ratio, at various NH 3 contents 

in volume in the fuel. Symbols correspond to the growth rates extracted from the 

simulations, dashed lines correspond to the second-order polynomial fit of these 

growth rates. The theoretical hydrodynamic growth rate ω DL τ is also shown in solid 

line for all mixtures. 
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Fig. 6. Dispersion relation for varying pressures, for NH 3 at 0% and 50% content in 

volume in the fuel at φ = 0 . 5 . Symbols correspond to the growth rates extracted 

from the simulations, dashed lines correspond to the second-order polynomial fit 

of the growth rates of cases at 1 bar, and the dotted lines to the growth rates with 

at 10 bar. The theoretical hydrodynamic growth rate ω DL τ is also shown in solid 

line for all mixtures. 
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A cut-off wavelength λc ( Fig. 7 (a) and (d)) associated with 

he cut-off wavenumber k c where ωτ become negative can be 

btained from Figs. 5, 6 . The normalized maximum growth rate 

 max τ ( Fig. 7 (c) and (f)) and the wavelength associated with the 

aximum growth rate λω max ( Fig. 7 (b) and (e)), are also reported. 

he scaling of the critical wavelength λc and of λω max depends 

irectly on the flame thickness evolution δ0 
L 

. Finally, the disper- 

ion relation of NH 3 /H 2 mixtures evolves in a similar manner with 

quivalence ratio and pressure as pure H 2 . NH 3 reduces the peak 

rowth rate and, by extension, the instabilities for the investigated 

ange of fuel content and equivalence ratio. We highlight that po- 

entially, some proportions of ammonia and hydrogen could cause 

issociation of ammonia into hydrogen, therefore leading to more 

nstabilities, but that is not captured in the early linear phase of 

he flame front evolution and the peak growth rate increases with 

 2 content in these cases. 

.2. Evaluation of Lewis number for NH 3 /H 2 blends 

For model development, finding global flame parameters to pre- 

ict thermo-diffusive instabilities and computing theoretical re- 

ation dispersion instead of performing parametric sweeps with 

NS would be preferred to limit the computational cost. How- 

ver, these theoretical expressions still need to be verified and val- 
7 
dated. For these compositions of ammonia/hydrogen, as discussed 

n Section 2 , a suited definition for the effective Lewis number 

f a fuel blend needs to be evaluated. To do so, Cantera simula- 

ions of premixed, slightly strained flames are performed to com- 

ute the Markstein length [52] of the mixtures at different equiva- 

ence ratios. In these twin flames simulations, the premixed flame 

s obtained with a counterflow of two streams of fresh gases going 

gainst one another, leading to a strained flame [53] . This is done 

or the cases at 1 bar only. We compute the strain κ = 2 ˙ m u /ρu /w

 ˙ m u is the mass flow rate of the reactants and w the domain width

etween the two streams) and the flame consumption speed s c in 

rder to compute the Markstein length at small strains [54,55] : 

 b = 

s 0 
l 

− s c 

κ
. (20) 

A negative (positive) value of the Markstein number, typically 

ndicates an unstable (stable) mixture. Theoretical relations [54–

6] link the Markstein length to global flame parameters: σ , β , x, 

and Le e f f which were defined in Section 2 :

a = 

L b 
δD 

= 

β( Le eff − 1 ) 

2(σ − 1) 

∫ σ

1 

λ̄(x ) 

x 
ln 

σ − 1 

x − 1 

dx. (21) 

By comparing the Markstein length from Cantera simulation 

ith Eq. (21) , it is possible to evaluate the best definition of the 

ewis number. This is shown in Fig. 8 for three fuel compositions 

30, 50 and 60% of NH 3 ) at atmospheric pressure. For the case with

0% NH 3 , the strained Markstein length (20) is closest to the Mark- 

tein derived with the volume-based definition of the Lewis num- 

er (Le V ) compared to the other definitions. At 50% NH 3 , the re-

ults from equivalence ratio 0.6 to 1 match very well the results 

sing Le V . Finally, the results for 60% NH 3 for the strained flame 

re between the volume-based definition (Le V ) and the diffusion- 

ased definition (Le ). Eq. (21) was derived for constant viscos- 
D 
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Fig. 7. Variation of the cut-off wavelength λc , the wavelength associated with the peak growth rate λω max 
, and the peak growth rate ω max τ . Top: Variation of equivalence 

ratio φ for different NH 3 fuel ratios. Bottom: Effect of initial pressure P for different NH 3 fuel ratios at equivalence ratio φ = 0 . 5 . 

Fig. 8. Markstein length derived from Eq. (20) compared with Eq. (21) using different effective Lewis number definitions based on Le Q , Le V and Le D . Top: full data points, 

bottom: a zoom on the y -axis to determine the most suited Lewis number definition. 
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ty with single-step flame, where the Zel’dovich number β was 

lso derived with assumptions to compute the activation energy. 

herefore, the computation of the theoretical formulas for β and 

 b leads to uncertainty in the results to compare the Lewis num- 

ers. We also note that at a low equivalence ratio ( φ = 0 . 4 ), the

trained-derived Markstein number is not well reproduced with 

ny of the Lewis definitions in the theoretical relation (21) . Here 

e suggest that, among all the investigated definitions, Le V best 

aptures, overall, the instabilities of the mixtures compared to the 

ther definitions for the NH 3 /H 2 mixture for different equivalence 

atios in lean to stoichiometric cases. This is a similar conclusion 

eached by Zitouni et al. [29] for a large range of equivalence ratio 

nd NH 3 /H 2 ratio. 

.3. Comparison of DNS-derived relation dispersion with theoretical 

ispersion relations 

The Lewis number definition Le V ( Eq. (14) ) based on volume 

s then used in the theoretical dispersion relations of Sivashinsky 

q. (12) and Matalon’s Eq. (6) . We present the results for the 

hree equivalence ratios in this study φ = 0 . 4 , 0.5, and 1, and for

he cases with pure H and 50% of NH . The relation dispersions 
2 3 

8 
or φ = 0 . 4 , 0.5, and 1 for all fuel contents are presented in the

upplementary Materials in Fig. B.1. 

Matalon’s theory [16] captures the stabilizing effect of large 

ave numbers for very large values of k for cases φ = 0 . 4 and

.5, not seen on the figure due to the x -axis limit. Large devi- 

tions from the DNS-derived dispersion relation are found, with 

he cut-off wavelength and the peak growth rate not reproduced 

ith the two theoretical relation dispersions. This is true for leaner 

ases since Matalon’s relation for the stoichiometric case leads to 

 closer cut-off wavelength and peak growth rate to the DNS re- 

ults. The model by Sivashinsky [19] predicts the stabilizing ef- 

ects at high wave numbers thanks to the inclusion of the fourth- 

rder term. For all cases, the cut-off wavelength and peak growth 

ate are not well evaluated compared to the DNS results due to 

ensity variation throughout the flame front not being included 

n Sivashinsky’s model. Section 3.2 showed the difficulty of the 

ixture’s Lewis number definitions to reproduce the Markstein at 

hese low equivalence ratios. We find that theoretical formulas for 

he dispersion relation also struggle to match results with DNS for 

ure H 2 for which the Lewis number definition is well defined. 

his suggests that these theories are not able to capture the flame 

ehavior at a low equivalence ratio, even if the Lewis number is 
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Fig. 9. Computed dispersion relation (solid line with symbol) compared with the- 

oretical dispersion relation using the volume-based definition of the Lewis num- 

ber: Matalon’s dispersion relation Eq. (6) (dashed line) and Sivashinsky’s relation 

Eq. (12) (dotted line). ω DL is not pictured as it was already in Fig. 5 . Case φ = 0 . 4 , 

0.5 and 1 for 0% NH 3 and 50% NH 3 . 
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ot well defined at small equivalence ratios. Overall, these results 

ndicate a need for theoretical dispersion relations to account for 

referential diffusion effects occurring at small equivalence ratios 

o be suited for H 2 and mixtures of NH 3 /H 2 ( Fig. 9 ). 
ig. 10. Variation of laminar unstretched flame speed s 0 L , Zel’dovich number β , and exp

ottom: Variation of initial pressure P for different NH 3 fuel ratios at equivalence ratio φ

9 
.4. Impact of Zel’dovich number and expansion ratio 

To assess the impact of ammonia addition on other global flame 

arameters, and understand its stabilizing effect seen in Section 3, 

ig. 10 presents the values obtained from one-dimensional Cantera 

imulation for the unstretched laminar velocity, Zel’dovich num- 

er, and expansion ratio -defined Section 2 - to measure the im- 

act of these global parameters on the instabilities. We consider 

oth cases at 1 and 10 bar. The laminar flame speed increases with 

quivalence ratio up to stoichiometry and increases with the hy- 

rogen content in the fuel. At φ = 0 . 5 , the pressure increase re-

ults in a decrease of s 0 
L 
. Lower values of the Zel’dovich number 

ndicate a stronger reactivity. Higher H 2 contents lead to a lower 

el’dovich number: ammonia addition lessens the reactivity of the 

ixtures. Zel’dovich number decreases with increasing equivalence 

atio indicating higher reactivity towards stoichiometry as captured 

y higher adiabatic temperatures. The similar Zel’dovitch number 

t φ = 1.0 for all fuel blends can explain the collapse of the peak 

rowth rate observed Fig. 7 . The higher pressure leads to a thinner 

ame thickness and a lower flame speed, leading to more instabil- 

ties. However, based on the δ0 
L 

evolution with pressure, compared 

ith the evolution of λc from Fig. 7 with pressure, we can con- 

lude that the pressure effect on the flame thickness and flame 

peed is not the only reason for the instability increase (if it had 

een, the evolution for both quantities would have been propor- 

ional, which it is not the case here for both H 2 and NH 3 /H 2 ).

herefore, there are two mechanisms due to pressure: the insta- 

ilities increase due to the thinner flame, but the domination of 

hain termination reaction and the increase of reactivity also leads 

o larger instabilities. Indeed, the Zel’dovich number increases as 

e shift towards high pressure for both the pure H 2 case and the 

0% of NH 3 case. Increasing the Zel’dovich number for increasing 

ressure is found for H 2 and NH 3 /H 2 flames due to chain termi- 

ation reactions becoming more important at high pressure than 

hain branching reactions. The domination of chain termination re- 

ctions leads to a higher temperature at higher pressure, as seen 

n Table 1 and to a more reactive mixture. This was also found 

or pure methane by Attili et al. [51] . The fuel mixture does not 

trongly affect the expansion ratio at a given equivalence ratio, but 

 larger difference appears at stoichiometry. Indeed, as the equiv- 

lence ratio increases, H 2 O formation increases, leading to a large 

ifference in density between burned and unburned gases. And as 

he ammonia content increases in the fuel, NO formation increases, 

eading to a larger unbalance between burned and unburned gas 
ansion ratio σ . Top: variation of equivalence ratio φ for different NH 3 fuel ratios. 

= 0 . 5 . 
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Fig. 11. Fit for ω max τ based on φ and X NH 3 . 

d

i

s

b

t

p

e

c

a

d

3

c

ω
r

a  

D

r

s

L  

m

T

i

ω

w  

r

l

l

4

p

m

t

r

i

o

f

u

m

c

f

e

D

c

i

A

N

t

f

H

m

r

H

n

g

w

b

a

c

k

a

l

S

f

1

ensities. The influence of pressure on the expansion ratio is min- 

mal. 

Overall, ammonia addition in the fuel leads to a higher expan- 

ion ratio due to more products exacerbating the density difference 

etween burned and unburned gases. Furthermore, ammonia addi- 

ion reduces reactivity, reducing the Zel’dovitch number. The dis- 

ersion relation and peak growth rate are impacted by these differ- 

nt parameters, as well as by the effective Lewis number, as they 

hange with mixture composition, equivalence ratio, and pressure 

nd impact the reactivity, hydrodynamic stability, and preferential 

iffusion. 

.5. Fit for ω max τ for atmospheric conditions 

DNS data can be used to suggest a fit based on the mixture 

omposition for atmospheric conditions to estimate the value of 

 max τ for various NH 3 /H 2 compositions at different equivalence 

atios. This is similar to what Berger et al. [21] did for pure H 2 

nd Attili et al. [51] for CH 4 . Eq. (22) is derived from the observed

NS results to assess the impact of fuel content and equivalence 

atio and can be used to estimate criterion for thermo-diffusive in- 

tabilities importance such as the ones suggested by Chomiak and 

ipatnikov [57] and Chaudhuri et al. [58] . It can also be useful for

odeling purposes to suggest such an empirical fit [21,50,59,60] . 

he fit is based on the composition φ and fuel content X NH 3 
, and 

s suited only for atmospheric conditions: 

 max , f it τ = ω max ,re f τ

(
φ

φre f 

)a (
(1 − X NH 3 ) 

(1 − X NH 3 ) re f 

)b 

(22) 

ith a = −1 . 01 and b = 0 . 31 . Results ( Fig. 11 ) show the fit’s accu-

acy and indicate that an equivalence ratio increase will lead to a 

ower peak growth rate while an increase of X NH 3 
will lead to a 

ower peak growth rate. 

. Conclusion 

The dispersion relations of an extensive dataset of NH 3 /H 2 /air 

remixed flames, with varying fuel ratios of hydrogen and am- 

onia, equivalence ratio, and pressure were numerically computed 

hrough high fidelity Direct Numerical Simulations. The dispersion 

elations were extracted from growth rate computation for varying 

nitial wavelength perturbation. This allowed studying the effects 

f intrinsic instabilities on the flame front. The study leads to the 

ollowing findings: 

• Darrieus–Landau instabilities were found to dominate mixtures 

at stoichiometry, and the computed relation dispersion relation 

was equal to or below the Darrieus–Landau dispersion relation 

for all wave numbers: the thermo-diffusive mechanisms has 

no impact on the mixture. On the other hand, for leaner mix- 

tures, the computed dispersion relation is above the Darrieus–

Landau dispersion relation at small wave numbers: the thermo- 

diffusive mechanism has a positive impact on the mixture. 
10 
• An investigation of slightly strained flames has been performed 

to select a Lewis number definition that can be used in theo- 

retical relations. We find the volume-based Lewis number (Le V ) 

to be best suited for NH 3 /H 2 mixtures. 

• Comparisons with theoretical dispersion relations showed the 

theory’s difficulty in fitting the stabilizing effects at large wave 

numbers for lean mixtures. This indicates a need for new the- 

oretical relations to capture lean flames behavior. This was 

known for pure hydrogen but is now extended to mixtures of 

ammonia and hydrogen. 

• Within the investigated range of operating points, we use quan- 

titative arguments to show that ammonia addition leads to 

more stable mixtures. The impact of ammonia dissociating into 

hydrogen and leading to an increase of instabilities has not 

been captured in this work, but it would be interesting to in- 

vestigate a larger amount of operating conditions to see if, in 

some cases, ammonia addition might actually lead to more in- 

stability. However, the investigation of more operating condi- 

tions is outside of the scope of this study. 

• Higher peak growth rates were computed for leaner mix- 

tures, indicating that leaner flames are more unstable, even for 

NH 3 /H 2 mixtures. 

• A pressure increase resulted in a higher growth rate as chain 

termination reactions became more important for both NH 3 /H 2 

mixtures and pure H 2 . 

Concluding, the present study contributes to the fundamental 

nderstanding of ammonia/hydrogen combustion and the develop- 

ent of thermo-diffusive effects. Furthermore, it provides unique 

orrelations and datasets that could be used for modeling purposes 

ollowing what is proposed for pure hydrogen-air flames by Berger 

t al. [21,59] and Aniello et al. [60] . 
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