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A B S T R A C T

Ammonia is a promising future energy carrier because of its carbon-free nature and high volumetric energy
density compared to hydrogen. However, implementing ammonia as a fuel appears challenging due to its low
reactivity. This can be improved, inter alia, by cofiring with a highly reactive fuel like hydrogen. A fuel mixture
of ammonia, hydrogen, and nitrogen with favorable thermochemical properties can be produced by partially
cracking ammonia. To assess the combustion behavior of ammonia and partially cracked ammonia at engine
conditions, this study performs experiments on an optical engine test rig. Ammonia cracking ratios of 0, 7.5,
and 10%, fuel-air equivalence ratios of 0.7 to 1.2, and different turbulence conditions at variable engine speeds
are investigated at a compression pressure of 7 MPa. A turbulent flame speed approach is determined from
high-speed schlieren imaging in the combustion chamber. The corresponding laminar flame properties and
effective Lewis number are calculated numerically and the combustion regimes are assessed. The results show
that ammonia/air flames propagate significantly faster under turbulent, engine-like conditions than expected
from results at laminar, ambient conditions. Additionally, the partial cracking of ammonia further improves
the turbulent combustion behavior. With lean fuel/air mixtures, a cracking ratio of 10% is sufficient to achieve
flame speeds close to that of methane under highly turbulent flow conditions. The observed stronger influence
of turbulence on the flame speed of ammonia and partially cracked ammonia compared to methane is due to
the lower effective Lewis numbers and higher Karlovitz numbers of these fuels.
1. Introduction

Ammonia is a promising energy carrier due to its carbon-free nature
and higher volumetric energy density than hydrogen. Before ammonia
may be implemented as a fuel for combustion engines, its challenging
thermochemical properties need to be studied thoroughly. In the de-
velopment of combustion systems, not only long ignition delay times
and low laminar burning velocities but also ammonia slip and poten-
tially high emissions of nitrogen oxides and nitrous oxide must all be
considered. The state of the art in large engine applications of gaseous
fuels is represented by natural gas engines operating at lean condi-
tions. Introducing new fuels to combustion systems challenges current
storage methods, material and oil compatibility, injection strategies,
and aftertreatment systems; it also impacts fundamental characteristics
of the combustion process including mixture formation, ignition, and
flame propagation. This has significant effects on the development
of efficient, robust, and low-emission combustion processes, as well
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as on the simulation methods and models as an integral part of the
development process.

To compensate for the challenging properties of ammonia as a fuel,
a highly reactive fuel can be admixed. Hydrogen appears to be an
attractive candidate since it is also carbon-free and can be directly
produced from ammonia. For this, ammonia (NH3) is separated into
its components hydrogen (H2) and nitrogen (N2) by dissociation - so-
called cracking. The cracking process can potentially be performed
in situ [1,2]. The fuel mixture resulting from partial NH3 cracking,
NH3/H2/N2, is called partially cracked NH3 and will be investigated
in this study along with pure NH3 and CH4.

With NH3 and H2, particular attention must be paid to the turbulent
flame propagation. Hydrogen in particular exhibits a high molecu-
lar diffusivity. The effects of differential diffusion on turbulent flame
propagation are extensively discussed in the literature, e.g. in [4,5].
Mixtures with an effective Lewis number below unity are subject to
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Fig. 1. Optical engine test rig ‘‘Flex-OeCoS’’, detailed view of the cylinder head including the optical access to the combustion chamber, inlet and outlet valves, and spark plug
insert; for details, see [3].
increased flame propagation under turbulent conditions which is po-
tentially caused by an enlargement of the flame surface area through
thermodiffusive instabilities and an increase in local burning rates. This
applies to both low turbulence and high turbulence flames [6]. Addi-
tionally, the low laminar burning velocity of ammonia corresponds to
a large flame thickness, which enables turbulence to strongly influence
flame propagation. The turbulence-related combustion behavior can
therefore differ considerably from that of conventional fuels.

In recent years, several research groups have made progress in an-
alyzing the fundamental phenomena governing the turbulent combus-
tion of NH3 and NH3/H2 blends [6–14]. Fan et al. [7] observed a linear
increase of turbulent to laminar flame speed of NH3/air flames with in-
creasing turbulence intensity on a burner setup at high Karlovitz num-
ber conditions. Cai et al. [6] extended those results, emphasizing the
significant role of differential diffusion in highly turbulent NH3/H2/air
flames. Using fan-stirred constant volume combustion chambers, the
results of Wang et al. [8], Dai et al. [14], and Xia et al. [9] support
these findings and extend them to NH3/air flames. Lhuillier et al. [10]
found the enhancing effect of H2 addition on turbulence response to
decrease above a volumetric H2 content of 10%. Zitouni et al. [11]
link this behavior to a change in combustion regime from thin reac-
tion zones to corrugated flamelets. These fundamental studies were
all performed on burners or fan-stirred constant volume combustion
chambers. While their relevance to engine applications is assured,
these investigations are limited in initial temperatures and pressures
or turbulence intensities.

In addition, the first studies investigating the flame propagation
of NH3 and NH3 blends on optical engines have been published re-
cently [15–17]. Zhang et al. [15] compared the flame propagation of
NH3 and CH4, showing the lower combustion stability and thermal
efficiency of NH3. They found that while CH4 combustion is mainly
driven by temperature, NH3 combustion is mainly driven by turbulence.
Extending the investigations to hydrogen blends, Li et al. [16] found
optima in H2 blending content for thermal efficiency and combustion
stability. Uddeen et al. [17] investigated ethanol and methane blending
effects and found that ethanol blending caused higher flame propaga-
tion but also higher emissions. To the authors’ knowledge, no studies
have been published that present optical results to assess the effect
of turbulence intensity on the flame speeds of ammonia and partially
cracked ammonia at engine-like thermodynamic and flow conditions.

The effect of H2 admixture on emission characteristics has been
studied by Lhuillier et al. [18] on a spark-ignition engine with vol-
umetric H2 contents of 0–60%. They found a monotonic decrease
in unburned NH3 and a monotonic increase in NOx emissions with
increasing H2 fuel fraction. Mercier et al. [19] extended these results
by investigating H2 admixture through NH3 dissociation and confirmed
the NH3-NOx trade-off with increasing NH3 dissociation degree. Beyond
that, they found N2O and H2 emissions to increase with the NH3
dissociation degree increasing between 0–15%. These effects of H
2

2 
admixture on the emission characteristics must be considered when
assessing NH3/H2 fuel blends.

Given the aforementioned state of the art, this study focuses on the
following objectives:

(1) Provide optical results of turbulent flame propagation of NH3/air
and partially cracked NH3/air mixtures at engine-like compression tem-
peratures, compression pressures, and flow and turbulence conditions.

(2) Determine the dominant combustion regimes of NH3/air and
partially cracked NH3/air mixtures at the given engine conditions.

(3) Assess the flame propagation of NH3/air and partially cracked
NH3/air mixtures in comparison to CH4/air mixtures.

(4) Evaluate the turbulence effect on the different fuel/air mixtures
and discuss the main causes.

(5) Determine the required NH3 cracking ratio for flame speeds
comparable to corresponding CH4/air mixtures.

2. Methodology

2.1. Experimental setup

The flame propagation of the investigated gas mixtures is captured
on the ‘‘Flex OeCoS’’ optical test rig, see Fig. 1. Based on a four-cylinder
engine block with a driven crankshaft, one cylinder of 1990 cm3

displacement is equipped with a cylinder head specifically designed
to provide optical access to the initial flame propagation zone and a
fully variable valve train. The optical access to the combustion chamber
is provided by two windows of 60 mm diameter in the main optical
axis. A detailed description of the test rig is found in [3]. The test rig
is designed to reach engine-like thermodynamic, flow, and turbulence
conditions while ensuring excellent optical access.

Simultaneous high-speed schlieren and chemiluminescence imaging
is applied in the main optical axis. The temporal resolution is set to
0.1 ◦CA at engine speeds 𝑛 of 400 and 600 min−1 and 0.2 ◦CA at engine
speeds of 800 and 1000 min−1. The spatial resolution of the schlieren
imaging is 9.24 pixel/mm in this setup. The chemiluminescence of var-
ious species can be visualized by using interchangeable optical filters.
In this study, a 308 nm narrowband filter for OH∗ radical radiation
is applied. The optical setup shown in Fig. 2 is identical to the setup
in [20,21].

The flow and turbulence conditions in the combustion chamber at
engine speeds of 400, 600, and 800 min−1 have been studied previously
using planar high-speed particle image velocimetry (PIV) measure-
ments in air [3]. The following considers the results of the crank-angle
resolved, ensemble-averaged (N = 200 cycles), and spatially averaged
mean flow velocity 𝑢 and turbulence intensity 𝑢′. The turbulence inten-
sity is defined as the root mean square value of the turbulent fluctuation
velocity. Fig. 3 shows 𝑢 and 𝑢′ at different engine speeds in the relevant
crank angle range. At all engine speeds, considerable flow velocities
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Fig. 2. Sectional view of optical combustion chamber in main optical direction and
overview of optical setup for simultaneous schlieren and chemiluminescence imaging
including light source, collimating lens, experimental area, dichroic mirror, converging
lens, pinhole, bandpass filter, image intensifier, two high-speed cameras; light beam in
blue. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
Source: Figure adapted from [21].

are present within the evaluation range. The pressure level has been
shown to have no significant influence on 𝑢 and 𝑢′; the determining
factor is engine speed [3]. Therefore, the PIV results obtained at a
compression pressure 𝑝c of 10 MPa are applied to the 7 MPa cases
in this study. To obtain single characteristic values at each engine
speed, the data are also averaged temporally. The crank angle range
of the corresponding flame speed evaluation is applied. Measurements
at an engine speed of 1000 min−1 are not characterized for mean flow
velocity and turbulence intensity.

In addition, the longitudinal integral length scales 𝐿I are determined
from the integral of the spatial autocorrelation function of the fluctu-
ation velocity in accordance with [22]. The mean values for 𝐿I on the
investigated 2D plane are estimated to be 12.0, 13.8, and 14.8 mm at
engine speeds of 400, 600, and 800 min−1, respectively.

The thermodynamic conditions are characterized by in-cylinder
pressure measurements in the present study and gas temperature mea-
surements under cold flow conditions in earlier studies [3,20]. The
gas temperature is reconstructed from fine wire thermocouple mea-
surements with sensor wire diameters ≤ 25 μm. The determined
temperature profiles are used for the numerical calculation of fuel
properties at the given engine conditions, see Section 2.3.

The investigated fuels are ammonia (NH3), partially cracked ammo-
nia (crNH3), and methane (CH4). In this study, the degree of dissocia-
tion of NH3 is referred to as the cracking ratio 𝛾. It defines the molar
fraction 𝜒 of NH3 that is dissociated into H2 and N2 and is calculated
by Eq. (1). Table 1 indicates the investigated NH3 cracking ratios and
corresponding molar fractions in the fuel mixture. Low cracking ratios
are targeted since an excessive increase of 𝛾 can reduce the global
system efficiency and increase emissions of NOx, N2O, and H2 [18,19].
CH4 serves as a reference as it is the main component in natural gas.
The fuel gas mixture is supplied by two injectors per intake port with
one feeding NH3 and one feeding a 3:1 mixture of H2 and N2 into
the intake port. The fuel mixture of a specific NH3 cracking ratio is
achieved by adjusting the energizing times of the two injectors.

𝛾 =
𝜒H2

3∕2 ∗ 𝜒NH3
+ 𝜒H2

(1)

Table 2 lists the investigated fuel-air mixtures and boundary con-
ditions. Equal operating conditions for all fuels are targeted for com-
parability. However, restrictions on the operability of the engine test
rig cause restrictions or deviations in the operation conditions with
3 
Fig. 3. Ensemble-averaged (N = 200 cycles) and spatially averaged mean flow velocity
𝑢 and turbulence intensity 𝑢′ as functions of crank angle; 𝑛 = [400, 600, 800] min−1,
𝑝c = 10 MPa; 𝑇in = 473 K; for details, see [3].

Table 1
Investigated NH3 cracking ratios 𝛾 and corresponding molar fractions 𝜒 in fuel.
𝛾/(%) 𝜒NH3

/(%) 𝜒H2
/(%) 𝜒N2

/(%)

0.0 100.0 0.0 0.0
7.5 86.1 10.5 3.5
10.0 81.8 13.6 4.6

the different fuels. The fuel-air equivalence ratios 𝜙 are limited to a
minimum of 0.7 due to the flammability limit of NH3. The compression
pressure 𝑝c, which refers to the peak combustion chamber pressure
with motored engine operation, is set to 7 MPa for all cases as this
offers engine-relevant conditions regarding in-cylinder temperature and
pressure and limits knocking in the CH4 cases. For this, the inlet air
pressure is set between 0.19 and 0.34 MPa dependent on the engine
speed. The inlet air temperature 𝑇in in CH4 cases is set to 323 K to limit
knocking. To account for the high autoignition temperature of NH3, the
inlet air temperature with NH3 and crNH3 is set to 373 K. The corre-
sponding gas temperatures at ignition timing are given in Table 3. The
engine speeds of 400–1000 min−1 are chosen to reach flow conditions
similar to typical engine operation conditions. As presented in Fig. 3,
the mean flow velocity and the turbulence intensity reach magnitudes
comparable to literature references of spark-ignition engines [23,24].
The fuel injection timing is set to −470 ◦CA after the fired top dead
center (aTDC) at 400 and 600 min−1 and is advanced to −570 ◦CA
aTDC at 800 and 1000 min−1 to ensure homogenization of the fuel/air
mixture. The ignition timing 𝐼𝑇 is fixed for all gas mixtures to −15 ◦CA
aTDC for stable combustion of NH3/air mixtures. With CH4 operating
points, this early ignition timing causes knocking at low engine speeds
of 400 min−1, which prevents measurements in these cases. All of the
fuel/air mixtures are reliably ignited by spark ignition.

2.2. Image evaluation method

The flame speed is determined from the optical schlieren data. The
image evaluation method is based on the time and crank angle-resolved
detection of the flame contour on the schlieren images. Due to the
density gradients in the unburned gas caused by the high turbulence
levels, detection of the flame contour based on threshold values leads
to errors. Thus, the detection is based on predefined probability density
functions for the burned and unburned zones with which pixel values
are assigned to one of the zones. The projected flame area is determined
from the detected flame contour. The assumption of a spherical flame
is not valid under the given engine conditions, so the flame speed
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Table 2
Fuel-air mixtures and boundary conditions investigated on the engine test rig.

Parameter/(unit) Value

NH3 cracking ratio 𝛾/(%) 0.0; 7.5; 10.0
Fuel-air equivalence ratio 𝜙/(–) 0.70–1.20
Compression pressure 𝑝c/(MPa) 7.0
Inlet air temperature 𝑇in/(K) NH3, crNH3: 373

CH4: 323
Engine speed 𝑛/(min−1) 400; 600; 800; 1000
Fuel injection timing/(◦CA aTDC) 400–600 min−1: −470

800–1000 min−1: −570
Ignition timing 𝐼𝑇 /(◦CA aTDC) −15
Compression ratio 𝜀/(–) 13.27
Displacement volume/(cm3) 1990

may not be determined as the time derivative of an area-equivalent
radius. Instead, the projected flame area difference per time step is
determined and divided by the actual flame front circumference to
obtain an average propagation distance. The time derivative of this
distance is referred to as flame speed.

To determine the characteristic turbulent flame speeds of the differ-
ent fuel mixtures and boundary conditions, firstly a temporal average
is calculated for each cycle of a measurement point. For this, the
evaluation range is limited to a minimum area-equivalent flame radius
of 5 mm. This excludes the initial flame propagation that is significantly
influenced by the ignition energy. The maximum flame radius is limited
to 20 mm to limit the influences of pressure rise and chamber interac-
tion on flame propagation. Using the temporally averaged flame speeds
of each cycle, 20 cycles per measurement point are ensemble-averaged
to obtain the characteristic turbulent flame speed of this measurement
point. The standard deviations are given as error bars in the results.

The resulting flame speed is hereafter referred to as apparent tur-
bulent flame speed 𝑠a

T. Due to the given thermodynamic and flow
conditions, the captured flame propagation is specific to the test rig.
In particular, the significant background flow influences the magni-
tude of the acquired flame speed. By this, the effect of flame stretch
cannot be compensated for by extrapolation to zero stretch either.
Thus, the results do not represent the gas mixture-specific turbulent
burning velocity 𝑠T, and literature results from different test rigs may
vary. The potentially higher flame speed determined from line-of-sight
integrated schlieren images compared to 2D-cut laser tomography has
to be considered further [25]. Therefore, a qualitative comparison of
the response of the various fuel mixtures to the thermodynamic and
flow conditions will be made and fundamental combustion behavior
can be observed.

The apparent turbulent flame speed 𝑠a
T refers to the burned gas.

Analogous to the determination of the laminar burning velocity, 𝑠a
T is

transposed to the unburned side by the burned to unburned gas density
ratio 𝜌b∕𝜌u, see Eq. (2). This gives the unburned apparent turbulent
flame speed 𝑠a

T,u.

𝑠a
T,u =

𝜌b
𝜌u

𝑠a
T (2)

This study uses OH∗ chemiluminescence optical data solely to visu-
lize OH∗ radicals formed during the combustion process; the following
esults do not include them. In further studies, the OH∗ data will be
sed to derive ignition delay times.

.3. Numerical evaluation of fundamental fuel/air mixture properties

All the following properties of the gas mixtures are determined
y applying the chemical kinetics solver Cantera [26]. For fuel/air
ixtures containing NH3 and H2, the latest NH3 reaction mechanism of

tagni et al. is applied [27]. According to a recent study by Szanthoffer
t al. applying a large collection of experimental data on laminar
urning velocity, ignition delay time, and species concentrations [28],
4 
his mechanism is one of the best-performing mechanisms for NH3 and
H3/H2 combustion. Additionally, the mechanism is compared to four
ther well-performing mechanisms [29–32] at the conditions of the
resent study in the supplementary material S4 and is considered suit-
ble for the present study. For CH4/air mixtures, the well-established
RECK high-temperature C1–C3 mechanism is applied [33].

A one-dimensional freely propagating flame model of Cantera is
pplied to obtain the laminar burning velocity 𝑠0

L,u of the gas mixtures.
he laminar flame thickness 𝑙F is determined by Eq. (3). The thermal
onductivity 𝜆 and the specific heat capacity 𝑐p are evaluated at the
emperature of the maximum gradient in the temperature profile of
he one-dimensional flame. The density 𝜌 and 𝑠0

L,u are evaluated at the
nburned gas conditions [34]. To determine the density ratio 𝜌b∕𝜌u
equired for calculating 𝑠a

T,u, the burned gas density is evaluated at the
diabatic isobaric equilibrium in Cantera.

F =
(𝜆∕𝑐p)0
(𝜌𝑠0

L)u
(3)

Several approaches have been suggested for deriving the effective
Lewis number 𝐿𝑒eff of a premixed flame from the Lewis number val-
ues of each present species, e.g., [35,36]. Bechtold and Matalon [35]
introduce a formulation of 𝐿𝑒eff based on the Lewis numbers of the
deficient reactant 𝐿𝑒D and the excessive reactant 𝐿𝑒E, see Eq. (4).
This formulation is applied in the present study since it is also valid
with fuel/air mixtures close to stoichiometry. Here, 𝐴 is a weighting
coefficient based on the parameter 𝛷BM and the Zeldovich number 𝛽
of the mixture. 𝛷BM is equal to the equivalence ratio 𝛷 for rich and
stoichiometric mixtures and equal to the reciprocal of the equivalence
ratio for lean mixtures. Thereby, 𝛷BM is defined as equal or larger than
unity. 𝛽 is evaluated following the approach of Beeckmann et al. [37].
For fuel mixtures, the fuel Lewis number is determined by volumetric
fraction weighting of the Lewis numbers of the individual fuels [38].

𝐿𝑒eff = 1 +
(𝐿𝑒E − 1) + (𝐿𝑒D − 1)𝐴

1 + 𝐴
,

ith 𝐴 = 1 + 𝛽(𝛷BM − 1),
{

𝛷 ≥ 1 ∶ 𝛷BM = 𝛷
𝛷 < 1 ∶ 𝛷BM = 1∕𝛷

(4)

The in-cylinder conditions at the time of ignition are taken as
the initial conditions for the calculation. The initial pressure and gas
composition are set according to the present experimental results.
The initial temperature has been determined using an in-house 0D
simulation tool. The results of the simulations are validated against
temperatures derived from previous fine wire thermocouple measure-
ments of air and NH3/air mixtures in the combustion chamber of the
test rig [3,20].

3. Discussion of results

This section presents and discusses the results of the experiments
and numerical calculations performed. The data set is available in the
supplementary material S1–S3. For the following fuel comparisons, the
inlet air temperature difference between 323 K with CH4 and 373 K
with NH3 and crNH3 affects the flame speeds mainly by the influence
on the laminar burning velocity. While deviating initial conditions limit
direct comparability, the results are more significant in the application
of these fuels in combustion engines as they respect the operation
limitations due to ignitability and knocking. For reasons of readability,
this difference will not be stated for each comparison.

3.1. Laminar burning velocity and effective Lewis number results

Fig. 4 presents the reaction kinetic results of 𝑠0
L,u and 𝐿𝑒eff as a

function of the equivalence ratio of NH3/air, crNH3/air (𝛾 = 7.5% and
10%), and CH /air mixtures. The initial conditions for the calculations
4
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Fig. 4. Laminar burning velocity 𝑠0
L,u and effective Lewis number 𝐿𝑒eff as a function

f the equivalence ratio 𝜙 with NH3, crNH3 (𝛾 = 7.5% and 10%), and CH4; initial
conditions according to ignition conditions, see Table 3.

Table 3
Initial temperature 𝑇IT and pressure 𝑝IT at ignition timing conditions for numerical
alculation of fuel/air mixture properties.
Fuel 𝑇IT (K) 𝑝IT (MPa)

CH4 750 5.0
NH3 794 4.8
crNH3, 𝛾 = 7.5% 786 4.8
crNH3, 𝛾 = 10% 784 4.8

are set to the thermodynamic state at ignition timing of −15 ◦CA aTDC.
Due to the different inlet conditions and mixture properties of the fuels,
the initial conditions also differ as presented in Table 3.

The laminar burning velocity of all fuels peaks with slightly rich
mixtures and strongly decreases with increasingly lean mixtures. Under
laminar conditions, CH4 propagates around 75% to 135% faster than
NH3 at ignition conditions. Despite this substantial difference, ammonia
performs significantly better at engine-like temperatures and pressures
than expected from the frequently cited ambient results, which yield
a 𝑠0

L,u of CH4 five times higher than of NH3. This is in agreement
with literature that shows a smaller pressure exponent and larger
temperature exponent of NH3 compared to CH4 in correlations for
𝑠0

L,u [39]. A partial NH3 cracking of 10% increases the 𝑠0
L,u by at least

20% and up to 25% with very lean mixtures.
The 𝐿𝑒eff of CH4 is close to unity with all equivalence ratios; the

effect of the equivalence ratio on the 𝐿𝑒eff of CH4 is weak. While
the effect on NH3 is more pronounced, the 𝐿𝑒eff of NH3 is generally
ower than that of CH4, indicating a stronger differential diffusion. With
ery lean mixtures, the effective Lewis number approaches the Lewis
umber of the fuel. Partially cracked ammonia contains hydrogen with
high mass diffusivity. This causes a rapid decrease of the effective

ewis number with increasingly lean mixtures of crNH3.

.2. Turbulent combustion regimes

To characterize the interaction of the turbulent flow with the flame
ront, the turbulent combustion regimes present in the combustion
hamber are estimated using the turbulence scales 𝑢′ and 𝐿I, which
re determined from previous PIV investigations, and the flame scales
0
L,u and 𝑙F, which are determined numerically. Representative measure-
ent points are displayed on a Borghi–Peters diagram in Fig. 5 by the

elocity ratio 𝑢′/𝑠0 and the length scale ratio 𝐿 /𝑙 . The turbulent
L,u I F

5 
Fig. 5. Borghi–Peters diagram of premixed turbulent combustion regimes with ignition
conditions of representative measurement points in this study (NH3/air, crNH3/air
(𝛾 = 7.5% and 10%) and CH4/air mixtures; 𝑛 = [400, 600, 800 min−1]; 𝜙 = [0.7,
.0, 1.2]; 𝑝c = 7 MPa; 𝑇in,CH4

= 323 K; 𝑇in,NH3
= 𝑇in,crNH3

= 373 K).

eynolds number 𝑅𝑒T = (𝑢′∕𝑠0
L,u) ⋅(𝐿I∕𝑙F) and Karlovitz number 𝐾𝑎T =

(𝑢′∕𝑠0
L,u)

3∕2 ⋅ (𝐿F∕𝑙I)1∕2 are indicated by isolines.
All measurement points are located in the central right area of

the regime diagram due to the high 𝐿I of 12.0–14.8 mm on this
est rig and the low 𝑙F of all fuels at ignition conditions. The CH4

measurement points are located between the regimes of corrugated
flamelets and thin reaction zones with a Karlovitz number around unity.
Here, turbulence interacts with the thin flame by corrugating the flame
surface. However, even the smallest turbulent scales are of a similar
size to the flame thickness and barely enter and perturb the flame
structure [34].

The NH3 measurement points are shifted to higher Karlovitz num-
ers by a higher 𝑙F and lower 𝑠0

L,u compared to CH4. They are all located
in the thin reaction zone, indicating that the smallest eddies enter and
widen the preheat zone of the flame. The reaction zone remains too
thin to be perturbed in this regime [34]. Increasing the NH3 cracking
atio and thereby the H2 content yields results closer to the corrugated
lamelets regime, which is in agreement with the findings of Zitouni
t al. [11].

An increased flame-turbulence interaction of NH3 is evident from
he qualitative difference of combustion regimes of the CH4 and NH3
lames. The effect on turbulent flame propagation is discussed in the
ollowing sections.

.3. Schlieren imaging results

Fig. 7 shows schlieren imaging sequences of exemplary combustion
ycles with (a) CH4/air, (b) NH3/air, (c) crNH3/air (𝛾 = 7.5%), and (d)
rNH3/air (𝛾 = 10%) at 𝜙 = 1.00 and 𝑛 = 600 min−1. The corresponding
ideos are provided in the supplementary material S5. The ignition
t an 𝐼𝑇 of −15 ◦CA aTDC is followed by an ignition delay phase
ithout observable flame propagation and a subsequent rapid flame
ropagation. The long ignition delay of NH3 is apparent at −13 ◦CA

aTDC. While an initial flame kernel has developed with CH4, NH3
has not ignited visibly. Partial NH3 cracking shortens the ignition
delay as visible in (c) and (d). Similarly, the significantly slower flame
propagation of NH3 compared to CH4 at 𝑛 = 600 min−1 is observable
comparing (a) and (b). Although partial NH3 cracking accelerates the
flame propagation, crNH3 (𝛾 = 10%) propagates significantly slower
than CH4 at the given equivalence ratio and engine speed.

In combustion cycle (a), the flame shape is close to spherical. Due
to the cyclic fluctuations of the flow conditions in the combustion
chamber, the shape can strongly diverge from spherical as apparent
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Fig. 6. Unburned apparent turbulent flame speed 𝑠a
T,u as a function of the equiva-

lence ratio 𝜙 with NH3/air, crNH3/air (𝛾 = 7.5% and 10%), and CH4/air mixtures;
𝑛 = 600 min−1; 𝑝c = 7 MPa; 𝑇in,CH4

= 323 K; 𝑇in,NH3
= 𝑇in,crNH3

= 373 K.

in cycles (b), (c), and (d). Therefore, a spherical flame front may not
be assumed. Strong interaction with the background flow influences
the apparent flame propagation speed results. The flame-turbulence
interaction is evident in the small-scale wrinkled flame front.

3.4. Turbulent flame propagation results

Fig. 6 shows the unburned apparent turbulent flame speed as a func-
tion of the equivalence ratio with NH3/air, crNH3/air (𝛾 = 7.5% and
10%), and CH4/air mixtures. The displayed engine speed of 600 min−1

corresponds to an approximate turbulence intensity of 3.7 m/s.
The maximum flame speed of the fuels shifts from slightly rich

mixtures under laminar conditions to stoichiometric or slightly lean
mixtures under turbulent conditions. With increasingly lean mixtures,
the decrease in 𝑠a

T,u is significantly less pronounced than in 𝑠0
L,u with all

fuels. While 𝑠0
L,u decreases from 𝜙 = 1.0 to 𝜙 = 0.7 by 45–49% with all

fuels, the decrease in 𝑠a
T,u remains within 9–16%. Specifically, the 𝑠a

T,u
of crNH3 (𝛾 = 7.5% and 10%) decreases by only 9–11%, which shows
improved relative flame speeds of crNH3 compared to NH3 and CH4
with lean mixtures under turbulent conditions. The flame propagation
of CH4 remains around 50% faster than that of NH3 at an engine
speed of 600 min−1. Partial NH3 cracking of 10% increases 𝑠a

T,u by
approximately 10% to 20% compared to NH3. All these observations
indicate an increasing turbulence effect on the flame speed of fuel/air
mixtures with a decreasing effective Lewis number.

In stoichiometric mixtures, a cracking ratio of 7.5% shows no signif-
icant increase in 𝑠a

T,u compared to NH3. Partial cracking increases the
reactivity through the contained H2 as evident from the 𝑠0

L,u. However,
partial cracking also increases the 𝐿𝑒eff of stoichiometric and rich
mixtures, see Fig. 4. Additionally, the 𝐾𝑎T of NH3 is slightly higher
than that of crNH3. As a result, the stronger turbulence effect on NH3
compensates for the enhanced reactivity of crNH3 (𝛾 = 7.5%). As
mixtures become increasingly lean or rich, the increase in 𝑠a

T,u from
partial cracking of NH3 becomes more distinct. In rich mixtures, the
𝑠a

T,u of crNH3 is nearly constant, which is caused by a decreasing flame
speed of the contained NH3 with increasingly rich mixtures but an
increasing flame speed of the contained H2, whose 𝑠0

L,u peaks at an
equivalence ratio of 1.6 to 1.8 [32].

Fig. 8 shows the unburned apparent turbulent flame speed as a
function of turbulence intensity at equivalence ratios of 0.8 and 1.0
with NH3/air, crNH3/air (𝛾 = 7.5% and 10%), and CH4/air mixtures.
The turbulence intensity is varied by an engine speed variation of 400,
600, and 800 min−1. With CH4, knocking at 400 min−1 limits the engine

speeds that can be investigated. Depending on the flame speed, the

6 
evaluated crank angle range and thus the flow and turbulence condi-
tions vary slightly as indicated by the differing turbulence intensities
in Fig. 8.

𝑠a
T,u increases monotonically as turbulence intensity increases with

all fuel/air mixtures. Under stoichiometric conditions, the difference in
𝑠a

T,u between CH4 and NH3 decreases from approximately 50% to 35%
between 𝑢′ = 3.7 and 𝑢′ = 4.4. This supports a stronger turbulence effect
on NH3/air flames at the respective operation conditions, as expected
from the lower 𝐿𝑒eff and higher 𝐾𝑎T. This is also consistent with the
findings of Zhang et al. [15] that NH3 combustion is mainly driven by
turbulence while CH4 is mainly driven by temperature through its 𝑠0

L,u.
Furthermore, partial NH3 cracking of 10% yields an increase in 𝑠a

T,u of
around 10%.

With the lean mixtures at 𝜙 = 0.8, these trends are more pro-
nounced. The difference between CH4 and NH3 decreases from 50%
to 30% between 𝑢′ = 3.7 m/s and 𝑢′ = 4.4 m/s. The crNH3 (𝛾 = 10%)
case shows a rather constant increase of around 15% compared to NH3;
a difference in 𝑠a

T,u of only 10% remains between CH4 and crNH3 (𝛾
= 10%) at 𝑢′ = 4.4 m/s. This shows that in highly turbulent engine
applications, a cracking ratio as low as 10% can be sufficient to achieve
flame speeds close to CH4. Several investigations of engine applications
confirm this range of required hydrogen addition [16,40,41]. This is in
strong contrast to the results of experimental investigations on laminar
burning velocities of crNH3 at ambient conditions, suggesting cracking
ratios of 40% for similar 𝑠0

L,u of CH4 and crNH3 [42,43].
With crNH3 (𝛾 = 10%), there is no significant difference in 𝑠a

T,u
between 𝜙 = 0.8 and 𝜙 = 1.0. This implies that the enhanced turbulence
effect can compensate for the equivalence ratio effect on the flame
propagation of the lean mixture.

It should be noted that on the present test rig, the magnitude
of 𝑠a

T,u is influenced not only by the turbulence intensity as engine
speed increases but also by the mean flow velocity, as discussed in
Section 2.2. The interaction of the flame front with the background flow
is apparent in Fig. 7. Therefore, correlations for 𝑠T from the literature
(e.g., [6,8,10,14]) do not apply to 𝑠a

T,u. However, the influence of the
mean flow velocity on flame speed remains unchanged with different
fuels and equivalence ratios. The aforementioned relative behavior of
the fuel/air mixtures is thus caused by the differing turbulence-flame
interaction.

Existing studies have shown that the turbulence response of NH3
and crNH3/air flames is stronger than that of CH4/air flames in fun-
damental investigations, e.g., on constant volume combustion cham-
bers [8,10]. The results in Fig. 8 show that this differing turbulence
response is also significant at engine-like conditions and that the tur-
bulence response contributes significantly to the absolute flame propa-
gation speed of NH3 and crNH3 at engine-like conditions.

4. Conclusions

The turbulent flame propagation of NH3/air, partially cracked
NH3/air, and CH4/air mixtures under engine conditions is captured on
an engine test rig with an optically accessible combustion chamber by
applying schlieren imaging. The experimental results are compared to
numerical results of the laminar burning velocity and effective Lewis
number and the combustion regimes are assessed. The main conclusions
are as follows:

(1) NH3/air flames propagate faster under turbulent, engine-like
conditions than expected from results at laminar, ambient conditions.
This is due to a favorable response to high temperature, pressure,
and turbulence levels. Partial cracking of NH3 further improves the
turbulent combustion behavior.

(2) With lean fuel/air mixtures, an NH3 cracking ratio of 10% is
sufficient to achieve flame speeds close to CH4 under highly turbulent
flow conditions.

(3) The observed stronger influence of turbulence on the flame
speed of NH and cracked NH compared to CH is caused firstly by
3 3 4
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Fig. 7. Schlieren image sequences of exemplary combustion cycles: (a) CH4/air, (b) NH3/air, (c) crNH3/air (𝛾 = 7.5%), (d) crNH3/air (𝛾 = 10%); 𝜙 = 1.00; 𝑛 = 600 min−1;
𝑝c = 7 MPa; 𝑇in,CH4

= 323 K; 𝑇in,NH3
= 𝑇in,crNH3

= 373 K; videos are provided in the supplementary material S5.
Fig. 8. Unburned apparent turbulent flame speed 𝑠a
T,u as a function of turbulence

intensity 𝑢′ with NH3/air, crNH3/air (𝛾 = 7.5% and 10%), and CH4/air mixtures; 𝜙 =
0.8 and 1.0; 𝑝c = 7 MPa; 𝑇in,CH4

= 323 K; 𝑇in,NH3
= 𝑇in,crNH3

= 373 K.

the lower effective Lewis numbers of these fuels and secondly by the
higher Karlovitz numbers, which place them in the thin reaction zones
regime.

The findings regarding the turbulence effect obtained from research
conducted on the present engine test rig are in agreement with the
7 
findings from fundamental investigations on burners and constant vol-
ume combustion chambers and extend their validity to engine-like
thermodynamic and flow conditions. Future complementary CFD simu-
lation will help to gain a deeper understanding of the turbulence-flame
interaction and the influence of background flow on flame propagation
at engine conditions.

For implementing ammonia as a fuel, the findings imply that ammo-
nia and especially partially cracked ammonia are promising candidates
for fueling internal combustion engines due to their favorable response
to high temperature, pressure, and turbulence levels. Improvements
in efficiency and stability of ammonia combustion are achievable not
only through higher compression ratios, for example, but also by an
engine design with increased turbulence generation. The remaining
challenges in implementing ammonia as a fuel beyond the scope of
this study include carbon-free synthesis, cost-competitiveness, safety
regulations, material compatibility, engine system optimization, and
emissions mitigation.
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