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Introduction
The combustion of fossil fuels in transportation and stationary applications produces harmful emissions. Alternative
fuels including natural gas, ammonia and hydrogen, along with appropriate blends of these fuels can provide promising
solutions for reducing carbon dioxide emissions and reaching zero carbon emissions for power generation and
transportation applications. Natural gas and hydrogen impose problems related with distribution and storage at very
high compression pressures, whereas ammonia as an alternative fuel which has no carbon content can be utilised and
distribute easier. In the literature, there is limited published data for the modelling and simulation of injection process
of pure natural gas, hydrogen and ammonia or their mixtures. Limited research work has been carried out using natural
gas or ammonia for internal combustion engines injection and mixing processes modelling and simulations ([1], [2],
[3]). The modelling and simulation of natural gas injection was investigated in [1] using large eddy simulations (LES)
of a gas injector employed in direct injection engines. There is difficulty in the preparation of the air/gas fuel mixture,
because of the low volumetric energy density of gas fuels [1], as well as the required high injection pressures of the
gas fuel which create supersonic speeds of the gas into the cylinder injected, which are accompanied with the creation
of a Mach disc [1]. It is noted that existing engine designs are optimized for using liquid fossil fuels including gasoline
and diesel, thus the use of natural gas or ammonia in internal combustion engines is required to be further investigated.
In addition, for stationary applications of natural gas and ammonia, high re-circulation combustion systems of cyclonic
type burners can be used for achieving low temperature combustion [4],[5] and [6]. For cyclonic type combustion
systems, it is necessary to achieve sufficient mixing of fresh gas and air mixed with the produced burned gases [4].
Further insight is required for low temperature combustion or Moderate or Intense Low-oxygen Dilution Combustion
(MILD), in order to achieve stable combustion and reduced pollutant emissions [5], both for experimental and
computational investigations for gas fuels with specific emphasis in ammonia in recent research work [6].
The main objective of the present work is to investigate the injection of pure natural gas and pure ammonia
and their mixtures using computational fluid dynamics (CFD) simulations, in order to predict the mixture prior to
combustion, for a quiescent constant volume chamber (CVC) and a cyclonic type combustion system. The simulations
of methane, ammonia and ammonia/methane mixtures are carried out in order to assess the resulting mixture quality
for various test gas fuels, and identify any similarities and differences in the resulting mixture patterns prior to
combustion.

Materials and Methods
For the CFD investigations of the present work, three test fuels were examined, namely 100% ammonia, 100%
methane and a mixture of 50% ammonia and 50% methane. A typical direct-injection natural gas injector was
assembled with a CVC as it is presented in Fig. 1, in order to simulate the gas fuel injection for the three test fuels.
The gas injector has a nozzle diameter of D = 1 mm and a ratio of nozzle length to nozzle diameter L/D = 10 and was
assembled with orthogonal CVC with dimensions 12x12x24 mm. The computational mesh of the injector consists of
4.5 million tetrahedral cells. For the simulations or the gas and air mixing in the cyclonic type combustion system, a
cyclonic burner taken from literature [6] was designed with dimensions 20x20x5 cm, as it shown in Fig. 1, with a
mesh of 1 million tetrahedral cells. The CFD code STAR-CD was employed for the investigations of injection in the
CVC and the cyclonic burner. The Eulerian modelling methodology for multi-fluid flow was adopted for gas injection
flow. The conservation equations for mass, momentum and energy were solved for the two-fluid problem, namely gas
(methane or ammonia) and air. The RNG high Reynolds number k-ε model was used for modelling turbulence. For
the numerical solution, the MARS differencing scheme was employed and the SIMPLE algorithm was used. The
physical properties of the fuels were defined from the database of the code. At the gas inlet boundaries, the fuel
volume fraction was set to 1, with uniform gas inlet velocity, and the supply pressure of gas was set to 4 bar for
stoichiometric air/gas-fuel mixtures.

Fig. 1. Gas injector computational mesh (left), photograph of the cyclonic burner (centre) and computational mesh.

Results and Discussions
From the injection simulations, the pattern of the produced air/fuel mixtures is predicted for the three test fuels. For
the CFD simulations, the mesh size was examined and the mesh providing independent solution was used. Fig. 2
presents the unsteady gas injection at 0.1 ms after the start of injection (ASOI). It can be observed that the gas jet has
a symmetrical velocity profile and widens downstream, emerging at an angle of approximately 10° for gas injection.
The injector CFD simulation provides the initial conditions for CVC CFD simulation. Fig. 4 compares the resulting
composition of the three test fuels from the CVC CFD simulations at 2.5 ms ASOI.

Fig. 2. Internal gas injector and chamber velocity flow field, at 1ms ASOI.
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Fig. 3. Velocity and concentration fields in the cyclone for pure methane and pure ammonia.

Conclusions
Both pure ammonia and pure methane cold flow simulations result in similar mixture patterns, and the flow field
structure can be characterised partially premixed at the vicinity of the inlet nozzles. It is essential to use the detailed
gas injector geometry in order to estimate the injection conditions for simulation of combustion systems utilising

ammonia, and carry out validation studies against experimental measurements. Detailed and validated/reduced
chemical kinetics mechanisms will be used in future work, in order to investigate ammonia combustion processes.
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Introduction
De-carbonization of fuels is one of the key objectives of the combustion community to reduce the emission of
pollutants and greenhouse gases. Ammonia (NH3) is a valid candidate to substitute traditional fossil fuels because of
the absence of carbon in its molecular composition, as well as its low boiling temperature at atmospheric pressure,
which allows its storage in liquid phase at a relatively low pressure while guaranteeing a rapid vaporization that is
mainly driven by flash-boiling [1] On the other hand, due to the presence of nitrogen in the molecular composition
of ammonia, the combustor operative conditions must be carefully selected, in terms of pressure and temperature, to
minimize the generation of NOx and N2O [2,3]. Moreover, the ammonia burning rate is significantly lower,
compared to hydrogen or hydrocarbon fuels, thus it may be necessary to blend ammonia with another gaseous fuel
such as hydrogen or methane to stabilize the flame inside the burner [4]. Although considerable advances have been
made towards liquid ammonia combustion recently, most research efforts have focused on finding a solution to
practical issues such as the flame stabilization or the control of pollutant emissions. However, there is a lack of
understanding of fundamental aspects of the spray formation and evolution, which can be affected by flash-boiling
and a large latent heat of vaporization. A characterization of the unique features of the ammonia evaporating sprays
is needed to gain deeper physical insights.In this context, this work aims at providing a comprehensive analysis of
the effects of the surrounding gas temperature on the evaporation and dispersion through direct numerical simulation
(DNS). The adoption of DNS to investigate the spray dynamics allows to understand phenomena occurring at scales
that are not observable by the traditional experimental facilities, such as the role of mass and heat exchange and the
dispersion patterns [5] . Such phenomena become crucial to design liquid ammonia combustors, where the large
latent heat is responsible for the cooling effect on the combustion [6].

Materials and Methods
A Eulerian-Lagrangian approach is employed to describe the two-phase flow. With the small size of the initial
ammonia droplets injected into the domain, and the subsequent small Weber number, the point-droplet
approximation is suitable to describe the evolution of the ammonia sprays without employing any further collision
and breakup models [7]. Inflow velocity is generated by a fully turbulent periodic pipe of diameter d = 0.01m with
bulk velocity U0 = 8.1m/s, corresponding to a Reynolds number of 8640. The temperature of the carrier (Tg,0) and
dispersed phases (Td,0) is 220K, which lies below the saturation temperature of ammonia (Tsat = 239.47K) at the
atmospheric pressure. The carrier phase consists of 45.2% ammonia and 54.8% methane, corresponding to the
saturation mass fraction of ammonia at the given pressure. In this way, the droplets in the inflow pipe are in
thermodynamic equilibrium with the surroundings and no phase change occurs in the pipe. The dispersed phase is
represented by pure ammonia droplets at a temperature of 220K, with radius rd,0 = 6m, and injected at a rate of
55.4 million droplets per second, having the same velocity of the gas phase (Ud,0 = 8.1m/s). The no-slip wall
boundary condition is adopted for the pipe walls and lower plate. Droplets are removed from the computational
domain when the 99% of the mass is evaporated. Three simulations are performed, each of them at a different
temperature of the quiescent environment (air) as follows: case (a) with Ta = 220K, case (b) with 300K, and case (c)
with 600K. The computational domain was discretized with a stretched mesh having 64 million cells. The maximum
ratio of the cell size to the Kolmogorov length / is 4.54 in the far field region. The simulations were carried out
using the OpenFOAM framework, version 7. More specifically, a modified sprayFoam solver that includes
condensation was utilized. A second-order centered scheme was adopted for the spatial discretization and a secondorder backward Euler method was employed for the time integration of the governing equations.

Fig. 1: Snapshot of
temperature field for the
three cases at different
ambient temperature. Black
dots represent the
Lagrangian droplets.

Results and Discussions
Figure 1 shows the temperature field of the different cases together with the droplet distribution represented by the
black dots for the first 15 nozzle diameters downstream the nozzle exit. In case (a), corresponding to Ta = 220 K, the
temperature of the inflow is the same as the temperature of the environment. The high mass diffusivity combined
with a large latent heat of evaporation are responsible of a fast temperature drop in the jet region, by around 15 K,
from the initial temperature in the far field. This effect is peculiar of ammonia sprays which exhibit a larger
temperature drop compared to, for example, Dalla Barba and Picano [5] who reported a temperature drop of less
than 6 K for the acetone sprays. Such a large evaporative cooling effect generates a considerably colder
environmental condition that allows a large number of droplets to sustain for all the length of the computational
domain and provoke a subsequent condensation. Furthermore, the droplet patterns qualitatively follow the turbulent
structures generated by the entrainment of the cold air. In the near-field region, droplets are mainly clustered along
the mixing layers, while after 10 diameters from the nozzle exit, droplet dispersion is more pronounced. In case (b),
corresponding to Ta = 300 K, because of the entrainment of warmer dry air, fewer droplets survive. The strong
evaporation results in a cooling of the jet region where highly clustered particles are observed along the thermal
mixing layer. Some droplets are present in the hot air region, suggesting that the effect of heat conduction may be
negligible and the gradient of mass concentration is still the main driving force of evaporation. In case (c),
corresponding to Ta = 600 K, the effect of the environmental temperature becomes more important. From a visual
inspection of the Q-criterion field (not reported for the sake of brevity), the turbulent structures are considerably
stretched due to the lower density of the gas. Droplets are clustered along the center-line in the core jet region where
the temperature is significantly lower than the environment. A small number of droplets, immersed in a cold gaseous
ammonia cloud, is found in the hot air region, suggesting that the evaporation of dense parcels lowers the
temperature of the surrounding gas to a level sufficient to survive through downstream.

Conclusions
Three cases of direct numerical simulations of liquid ammonia spray jet with different ambient temperature were
performed and the effects of the hot air entrainment on the spray dynamics were investigated, highlighting the
unique characteristics of the ammonia droplet dynamics due to the large latent heat. First, the low temperature case
shows a strong cooling effect of the spray, resulting in a long penetration length, while increasing the surrounding
temperature drastically reduces the penetration length. Second, for all the conditions considered, droplets never
experienced boiling, implying that the cooling caused by the large latent heat is dominant over the heat conduction
of the droplets even in a significantly hot environment where the temperature is several times higher than the boiling
temperature. Third, at low surrounding temperature conditions, ammonia droplets experience condensation due to
the effect of the NH3-CH4-air mixing. This effect allows the droplets to survive along the center-line for a longer
distance compared to the warmer environments. Fourth, increasing the environmental temperature brings a higher
level of preferential segregation along the mixing layer. These clusters can survive longer downstream thanks to the
cold evaporated cloud resulting from the large latent heat of evaporation.
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Introduction
The present expansion in hydrogen application as a source of clean chemical energy replacing other forms of fossil
fuels would require the establishment of pipe networks both in urban and rural areas. The well-known hydrogen wide
flammability and high burning speed is known to result in pressure rise rates of devastating impact in case of accidental
or arson incidents. The objective of this study is to demonstrate the reduction of rates of pressure rate rise and flame
front propagation through the reversible blending of hydrogen streams by ammonia, which may be transformed back
to Hydrogen and Nitrogen at the gas delivery stations. The numerical model ANSYS is used to determine a blending
ratio of H2/NH3 that would reduce the pressure rate from that of hydrogen to rates close to those which would be
produced in case of natural gas deflagration. Previous experimental studies at Sydney university collected data on
deflagrating sets of fuels including hydrogen, natural gas and LPG at different equivalence ratios. This set of data is
used to validate the numerical tool and the applicability of such approach. Ammonia is well-known from the
combustion prospect to have low burning velocity, reactivity and higher ignition energy when compared with most
hydrocarbon fuels and hydrogen. Another aspect would be the infrastructure that could accommodate for ammonia,
which is already available in most countries. The approach would be filling the combustion chamber with a mixture
of hydrogen and ammonia and allow that mixture to sit in the enclosed chamber with and without obstacles. These
obstacles are located at different positions from the ignition source to investigate their effect on the generated
overpressure and flame speed. In the experimental setup, the flame front is tracked to determine the flame position
and hence the flame front. While the overpressure is measured using the piezoelectric pressure sensor.

The Combustion Chamber
The cases under consideration here involve the University of Sydney combustion chamber used which is of volume
of 0.625L having a square cross-section of 50 mm and a length of 250 mm as shown in Fig. 1.a. Details of the chamber
configuration and measuring instruments can be found in [26]. A typical computational domain, superimposed with
the numerical combustion chamber and obstacles is shown for clarity in Fig. 1.b. The combustion chamber has
dimensions of 50 x 50 x 250 mm. The flame propagates over the turbulence generating baffles and solid obstacle
surrounded by solid wall boundary conditions. To ensure that the pressure wave leaves the chamber smoothly, without
reflections, the open end of the domain is extended to 250 mm in the 𝑧 -direction with a far-field boundary condition.
Similarly, the domain is extended to 325 mm in the 𝑥 and 𝑦 directions with large expansion ratios approximately equal
to 1.25 outside the combustion chamber. The numerical model has been employed with a computational grid size of
0.7 mm (2.4 million grid for the whole Domain). It should be noted that any further grid refinement beyond this grid
has no significant impact on the results [22], [25].
Results and Discussions
This section should provide a brief description of the experimental results and their interpretation as well as the For
the current work the BBBS configuration is used, where the pure hydrogen-air, CNG-air and the different mixtures
of hydrogen and ammonia would be modelled.
It is worth mentioning here that the maximum overpressure is reported after the flame has crossed the square obstacle
for all the fuels, and this is due to the significant amount of unburnt fuel/air mixture trapped around the obstacle. The
square obstacle is not a turbulence-inducing device but works to increase the blockage ratio and hence changes the

development of the flame front [2]. Rapid acceleration of the flame is recorded past this obstruction followed by the
wrapping of the flame in the recirculation region, which enhances the mixing and distortion at the flame front [6]. It
should be noticed here that the discrepancies (time shift and peak overpressure) between the experimental data and
the simulations could be due to many reasons. For example the ignition model, as LES combustion models based on
flame surface density assume equilibrium between turbulence and flame wrinkling which is generally not reached as
the flame is laminar at early stages [7].
However, and as shown in Fig 2, the increase of ammonia concentration will tend to decrease the overpressure values
generated as well as the flame front position and hence the flame speed. This is mainly due to the low reactivity of
ammonia and with the higher concentration will end up to match with almost matching with the CNG. This will
emphasis on the fact that ammonia and hydrogen blends could be used as a mean for transporting hydrogen, safely
and minimizing the problems that may arise if explosion happened.
Conclusions
This work is focusing on the blending and usage of hydrogen and ammonia, mainly to enable the safe use of
hydrogen and hence the wide usage to help to achieve the targets of decarbonization. Where we will have the both
options either to separate the hydrogen from ammonia and use both separately or if burnt directly. For the former
method the technology of separation is already there, mainly by cooling and compression causing the ammonia gas
to be condensed from the mixture.

Figure 1: (a) cross section of the combustion chamber (b) dimensions of the baffle plates. All dimensions
are in mm. (c) computational grids in the Combustion Chamber.
160

Flame position (mm)

H2 [20]
Y_NH3 = 0.3
Y_NH3 = 0.4
Y_NH3 = 0.5
N.G [20]

Pressure (mbar)

1000
900
800
700
600
500
400
300
200
100
0
-100 0

H2 [20]
Y_NH3 = 0.3
Y_NH3 = 0.4
Y_NH3 = 0.5
CNG [20]

140
120
100
80
60
40
20
0

5

10

15

Time (ms)

20

25

0.0

5.0

10.0

15.0

20.0

Time (ms)

Figure 2: Pressure history and Flame front propagation of different NH3/H2 mixture compared with Exp
H2 and CNG.

25.0

References

[2]
[3]
[4]

[5]

[6]
[7]

[8]
[9]
[10]

[11]

[12]
[13]

[14]
[15]

[16]
[17]
[18]

[19]

[20]

[21]
[22]

[1]
A. Karabeyoglu, B. Evans, J. Stevens, and B. Cantwell, “Development of ammonia based fuels for
environmentally friendly power generation,” 2012. doi: 10.2514/6.2012-4055.
G. Students, P. Kumar, and K. Redfern, “Department of Mechanical Engineering Ammonia Combustion with NearZero Pollutant Emissions,” 2010. [Online]. Available: www.me.iastate.edu
A. Valera-Medina et al., “Ammonia, Methane and Hydrogen for Gas Turbines,” in Energy Procedia, 2015, vol. 75,
pp. 118–123. doi: 10.1016/j.egypro.2015.07.205.
O. Kurata et al., “Performances and emission characteristics of NH3–air and NH3CH4–air combustion gas-turbine
power generations,” Proceedings of the Combustion Institute, vol. 36, no. 3, pp. 3351–3359, 2017, doi:
10.1016/j.proci.2016.07.088.
O. Mathieu and E. L. Petersen, “Experimental and modeling study on the high-temperature oxidation of Ammonia
and related NOx chemistry,” Combustion and Flame, vol. 162, no. 3, pp. 554–570, Mar. 2015, doi:
10.1016/j.combustflame.2014.08.022.
A. Valera-Medina, H. Xiao, M. Owen-Jones, W. I. F. David, and P. J. Bowen, “Ammonia for power,” Progress in
Energy and Combustion Science, vol. 69, pp. 63–102, Nov. 2018, doi: 10.1016/j.pecs.2018.07.001.
A. Hayakawa, T. Goto, R. Mimoto, Y. Arakawa, T. Kudo, and H. Kobayashi, “Laminar burning velocity and
Markstein length of ammonia/air premixed flames at various pressures,” Fuel, vol. 159, pp. 98–106, Nov. 2015, doi:
10.1016/j.fuel.2015.06.070.
A. Valera-Medina et al., “Ammonia, Methane and Hydrogen for Gas Turbines,” Energy Procedia, vol. 75, pp. 118–
123, Aug. 2015, doi: 10.1016/j.egypro.2015.07.205.
C. Zamfirescu and I. Dincer, “Ammonia as a green fuel and hydrogen source for vehicular applications,” Fuel
Processing Technology, vol. 90, no. 5, pp. 729–737, May 2009, doi: 10.1016/j.fuproc.2009.02.004.
F. J. Verkamp, M. C. Hardin, and J. R. Williams, “Ammonia combustion properties and performance in gas-turbine
burners,” Symposium (International) on Combustion, vol. 11, no. 1, pp. 985–992, Jan. 1967, doi: 10.1016/S00820784(67)80225-X.
J. F. Grcar, P. Glarborg, J. B. Bell, M. S. Day, A. Loren, and A. D. Jensen, “Effects of mixing on ammonia oxidation
in combustion environments at intermediate temperatures,” Proceedings of the Combustion Institute, vol. 30, no. 1,
pp. 1193–1200, Jan. 2005, doi: 10.1016/j.proci.2004.08.018.
A. Karabeyoglu, B. Evans, J. Stevens, B. Cantwell, and D. Micheletti, “Development of Ammonia Based Fuels for
Environmentally Friendly Power Generation,” Jul. 2012. doi: 10.2514/6.2012-4055.
H. Xiao, A. Valera-Medina, R. Marsh, and P. J. Bowen, “Numerical study assessing various ammonia/methane
reaction models for use under gas turbine conditions,” Fuel, vol. 196, pp. 344–351, May 2017, doi:
10.1016/j.fuel.2017.01.095.
R. C. da Rocha, M. Costa, and X. S. Bai, “Chemical kinetic modelling of ammonia/hydrogen/air ignition, premixed
flame propagation and NO emission,” Fuel, vol. 246, pp. 24–33, Jun. 2019, doi: 10.1016/j.fuel.2019.02.102.
T. Honzawa, R. Kai, A. Okada, A. Valera-Medina, P. J. Bowen, and R. Kurose, “Predictions of NO and CO
emissions in ammonia/methane/air combustion by LES using a non-adiabatic flamelet generated manifold,” Energy,
vol. 186, Nov. 2019, doi: 10.1016/j.energy.2019.07.101.
T. Meyer, P. Kumar, M. Li, K. Redfern, and D. Diaz, “Department of Mechanical Engineering Ammonia Combustion
with Near-Zero Pollutant Emissions Motivation for NH 3.” [Online]. Available: www.me.iastate.edu
M. Yehia, F. Abdel-Aziz, and H. O. Haridy, “NUMERICAL ANALYIS OF AMMONIA/HYDROGEN FLAMES IN
A SWIRL AND BLUFF-BODY STABILIZED BURNER,” 2020. [Online]. Available: http://www.eijest.zu.edu.eg
A. Yapicioglu and I. Dincer, “Performance assesment of hydrogen and ammonia combustion with various fuels for
power generators,” International Journal of Hydrogen Energy, vol. 43, no. 45, pp. 21037–21048, Nov. 2018, doi:
10.1016/j.ijhydene.2018.08.198.
N. A. Hussein, A. Valera-Medina, and A. S. Alsaegh, “Ammonia- hydrogen combustion in a swirl burner with
reduction of NOx emissions,” in Energy Procedia, 2019, vol. 158, pp. 2305–2310. doi:
10.1016/j.egypro.2019.01.265.
M. A. Yehia, F. Abdel-Aziz, M. M. A. Hassan, and H. O. Kayed, “LES Analysis of Equivalence Ratio Effect on
Turbulent Premixed Characteristics of LPG Flame Front Propagation,” 2020. [Online]. Available:
http://www.eijest.zu.edu.eg
A. E. Dahoe, “Laminar burning velocities of hydrogen-air mixtures from closed vessel gas explosions,” Journal of
Loss Prevention in the Process Industries, vol. 18, no. 3, pp. 152–166, May 2005, doi: 10.1016/j.jlp.2005.03.007.
H. Xiao, A. Valera-Medina, P. Bowen, and S. Dooley, “3D Simulation of Ammonia Combustion in a Lean Premixed
Swirl Burner,” in Energy Procedia, 2017, vol. 142, pp. 1294–1299. doi: 10.1016/j.egypro.2017.12.504.

[23]

[24]
[25]
[26]
[27]

[28]
[29]
[30]
[31]
[32]

[33]

[34]

E. C. Okafor et al., “Towards the development of an efficient low-NOx ammonia combustor for a micro gas turbine
Colloquium Stationary Combustion Systems and Control of Greenhouse Gas Emissions,” 2018. [Online]. Available:
https://www.elsevier.com/open-access/userlicense/1.0/
J. F. Grcar, P. Glarborg, J. B. Bell, M. S. Day, A. Loren, and A. D. Jensen, “Effects of Mixing on Ammonia
Oxidation in Combustion Environments at Intermediate Temperatures,” 2004.
D. Veynante, A. Trouvé, K. N. C. Bray, and T. Mantel, “Gradient and counter-gradient scalar transport in turbulent
premixed flames,” Journal of Fluid Mechanics, vol. 332, pp. 263–293, Feb. 1997, doi: 10.1017/S0022112096004065.
B. E. Launder, G. J. Reece, and W. Rodi, “Progress in the development of a Reynolds-stress turbulence closure,”
Journal of Fluid Mechanics, vol. 68, no. 3, pp. 537–566, Apr. 1975, doi: 10.1017/S0022112075001814.
X. Han, Z. Wang, M. Costa, Z. Sun, Y. He, and K. Cen, “Experimental and kinetic modeling study of laminar burning
velocities of NH3/air, NH3/H2/air, NH3/CO/air and NH3/CH4/air premixed flames,” Combustion and Flame, vol.
206, pp. 214–226, Aug. 2019, doi: 10.1016/j.combustflame.2019.05.003.
P. Flohr † A N and D. H. Pitsch, “A turbulent flame speed closure model for LES of industrial burner flows,” 2000.
A. Valera-Medina et al., “Ammonia, Methane and Hydrogen for Gas Turbines,” in Energy Procedia, 2015, vol. 75,
pp. 118–123. doi: 10.1016/j.egypro.2015.07.205.
C. Duynslaegher, F. Contino, J. Vandooren, and H. Jeanmart, “Modeling of ammonia combustion at low pressure,”
Combustion and Flame, vol. 159, no. 9, pp. 2799–2805, Sep. 2012, doi: 10.1016/j.combustflame.2012.06.003.
A. A. KONNOV and J. de RUYCK, “Kinetic Modeling of the Thermal Decomposition of Ammonia,” Combustion
Science and Technology, vol. 152, no. 1, pp. 23–37, Mar. 2000, doi: 10.1080/00102200008952125.
J. Li, H. Huang, N. Kobayashi, Z. He, Y. Osaka, and T. Zeng, “Numerical study on effect of oxygen content in
combustion air on ammonia combustion,” Energy, vol. 93, pp. 2053–2068, Dec. 2015, doi:
10.1016/j.energy.2015.10.060.
A. Hayakawa, Y. Arakawa, R. Mimoto, K. D. K. A. Somarathne, T. Kudo, and H. Kobayashi, “Experimental
investigation of stabilization and emission characteristics of ammonia/air premixed flames in a swirl combustor,”
International Journal of Hydrogen Energy, vol. 42, no. 19, pp. 14010–14018, May 2017, doi:
10.1016/j.ijhydene.2017.01.046.
P. F. HENSHAW, T. D’ANDREA, K. R. C. MANN, and D. S.-K. TING, “PREMIXED AMMONIA-METHANEAIR COMBUSTION,” Combustion Science and Technology, vol. 177, no. 11, pp. 2151–2170, Nov. 2005, doi:
10.1080/00102200500240695.

NS04 - QUANTIFICATION OF INTERPOLATION ERROR IN
FLAMELET GENERATED MANIFOLD TABULATION IN AN
UNNORMALIZED PROGRESS VARIABLE SUBSPACE–
EXTENDED ABSTRACT
Kovaleva Ma, b*, Rieth Ma, Crayford Ab, Valera-Medina Ab, Chen J Ha
a

Combustion Research Facility, Sandia National Laboratories, Livermore, California, USA
b
College of Physical Sciences and Engineering, Cardiff University, Cardiff, UK

NS05 - Simulation study on ammonia/COG burning in the two-stage
burner and basic combustion characteristics of ammonia/hydrogen –
EXTENDED ABSTRACT
An Lua,b, Jiawei Yanga, Mohamed Morsya, Junfeng Yanga*
a

School of Mechanical Engineering, University of Leeds, Leeds LS2 9JT, United Kingdom
b
School of Automobile, Chang’an University, Xi’an 710064, PR China

Introduction
As a zero-carbon fuel, ammonia (NH3) is easy to obtain and has great potential in replacing fossil fuels [1]. Coke oven
gas (COG) as a by-product in industry and hydrogen (H2) as a clean energy have attracted great attention [2, 3].
NH3/COG burning in a two-stage burner is expected to reduce nitrogen oxide (NOx) emissions. In this paper,
computational fluid dynamics (CFD) software Fluent was used to simulate NH 3/COG non-premixed combustion in a
two-stage burner at the inlet temperature of 300 K, initial pressure of 1 bar and equivalent ratio of 0.8-1.3. The existing
results in reference [4, 5] were used to verify the reliability of established model. Then the established two-stage burner
was used to calculate the heat transfer rate and NOx emissions with different ratios of NH 3/COG (100%NH3, 80%NH3
+ 20%COG, 60%NH3 + 40%COG, 40%NH3 + 60%COG, 20%NH3 + 80%COG). In addition, Chemkin software was
used to study the effects of adding H2 to NH3 on the laminar burning velocities at an initial temperature of 360 K,
pressures of 1, 3 and 5 bar, and equivalent ratios of 0.6-1.5. The effects of adding H2 to NH3 on the ignition delay times
(IDT) were studied at the equivalent ratio of 1, pressure of 10, 20 and 30 bar, and temperature of 1000-2000 K. The
mole ratios of H2 were 10%, 30%, 50%, 70% and 90%, respectively.

Materials and Methods
The objective of this paper is to observe NOx emissions and combustion efficiency by non-premixed combustion with
ammonia and COG in a two-stage burner at an equivalent ratio of 0.8-1.3. Curved axial swirler has eight blades, a blade
angle of 45-60° and a height of 10 mm and diameter of 26 mm was designed with a secondary combustion chamber
and a fuel injector. The ammonia is injected into the combustion chamber at 50° through the injector. The mesh
convergence operation was carried out to optimise the mesh size at the fuel inlet by setting the element size to 0.004
and maintaining the Orthogonal Quality value above 0.01. CFD simulation results were used to compare the data with
existing models to verify the NOx content and combustion chamber exit temperature of the ammonia-air mixture at 1
bar pressure, 300 K inlet temperature and 0.8-1.3 equivalence ratios [4, 5]. The combustion efficiency and NOx
emissions for ammonia-COG fuel with different blending ratios at 1 bar pressure and 300 K inlet temperature in the
range of 0.8-1.3 equivalence ratios were analysed. In addition, Chemkin software was used to study the effects of adding
H2 to NH3 on the laminar burning velocities at an initial temperature of 360 K, pressures of 1, 3 and 5 bar, and equivalent
ratios of 0.6-1.5. The effects of adding H2 to NH3 on the ignition delay times (IDT) were studied at the equivalent ratio
of 1, pressure of 10, 20 and 30 bar, and temperature of 1000-2000 K. The mole ratios of H2 were 10%, 30%, 50%, 70%
and 90%, respectively.

Results and Discussions
The two-stage burner sketch is shown in Fig. 4. Fig. 5 is the static temperature of 80%NH3+20%COG at equivalence
ratio of 1.0. It can be seen that the maximum of static temperature is not more than 1800 K. The mole fraction of NO2
of 80%NH3+20%COG at equivalence ratio of 1.0 is shown in Fig. 6. And Fig. 3 shows the total heat transfer rate of
80%NH3+20%COG at equivalence ratio of 1.0. The results show that at the equivalent ratio of 1.0, the total heat transfer
rate of 80%NH3 + 20%COG can reach 12000 w, which is 1.99 times than that of pure ammonia. Fig. 1 shows the
laminar burning velocities of NH3/H2 with different blending ratio. And Fig. 2 shows the laminar burning velocities of
NH3/H2 at the pressure of 1, 3 and 5 bar. The results show that with the increase of H2, the laminar burning velocities
of mixture gradually increases, especially when the H 2 exceeds 50%. When the mole ratio of H2 is 90%, the laminar
burning velocity of mixture reaches the maximum (2.857 m/s) at the pressure of 1 bar and equivalent ratio of 1.5. The
laminar burning velocities of all mixtures decreased gradually with the increase of initial pressure. Blending H2 is
beneficial to increase the laminar burning velocities of NH3.

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Conclusions
In this paper, computational fluid dynamics (CFD) software Fluent was used to simulate NH 3/COG non-premixed
combustion in a two-stage burner at the inlet temperature of 300 K, initial pressure of 1 bar and equivalent ratio of 0.81.3. The established two-stage burner was used to calculate the heat transfer rate and NOx emissions with different
ratios of NH3/COG (100%NH3, 80%NH3 + 20%COG, 60%NH3 + 40%COG, 40%NH3 + 60%COG, 20%NH3 +
80%COG). The results show that at the equivalent ratio of 1.0, the NOx emissions of 80%NH 3 + 20%COG is the lowest,
the peak temperature in the burner is 1795 K, and the total heat transfer rate can reach 12000 w, which is 1.99 times
than that of pure ammonia. In addition, Chemkin software was used to study the effects of adding H 2 to NH3 on the
laminar burning velocities at an initial temperature of 360 K, pressures of 1, 3 and 5 bar, and equivalent ratios of 0.61.5. The effects of adding H2 to NH3 on the ignition delay times (IDT) were studied at the equivalent ratio of 1, pressure
of 10, 20 and 30 bar, and temperature of 1000-2000 K. The mole ratios of H2 were 10%, 30%, 50%, 70% and 90%,
respectively. The results show that the IDT of mixture decreases with the increase of pressure. Blending H 2 can shorten
the IDT of NH3 and significantly improve the laminar burning velocities of NH 3. With the increase of H2, the laminar
burning velocities of mixture gradually increases, especially when the H 2 exceeds 50%. When the mole ratio of H2 is
90%, the laminar burning velocity of mixture reaches the maximum (2.857 m/s) at the pressure of 1 bar and equivalent
ratio of 1.5. The laminar burning velocities of all mixtures decreased gradually with the increase of initial pressure.
Blending H2 is beneficial to improve the ignition characteristics of NH 3 and increase its laminar burning velocities.
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Introduction
Ammonia, a carbonless fuel, draws attention as an alternative fuel [1]. Recently, it has been the subject of scientific
studies in many fields since it does not contain carbon and is a hydrogen carrier. One reason for the interest in alternative
fuels is the harmful emissions of fossil fuels such as coal, oil, and natural gas and the concerns about the detrimental
effects of these emissions on the universe. Carbon dioxide (CO2), Methane (CH4), Carbon monoxide (CO), Nitrogen
oxides (NOx), Sulfur dioxide (SO4) and particulates are the primary emission of fossil fuels and mainly depend on the
fuel type. On the other hand, CO2 is one of the vast majority greenhouse gas emissions, but smaller amounts of CH4
and N2O are also emitted [2].Since severe environmental damages occur during the extraction, transportation, and
consumption of fossil fuels, these damages cause direct negative consequences on local communities [3]. Moreover,
most air pollution deaths are caused by fossil fuels: it is predicted that this pollution costs more than 3% of global
GDP,[4] and that fossil fuel decommissioning would save 3.6 million lives each year [5]. In this study, the levels of
NOx emissions emitted during the combustion of methane, ammonia, and their mixtures (4.3 kW-4.3 kW) at various
combustion chamber lengths under lean combustion conditions (θ=0.25) were investigated at a thermal load of 8.6 kW.

Numerical Method
The computational Fluid Dynamics (CFD) technique is used for numerical combustion calculation of target fuels. It is
known that the CFD technique provides several advantages, such as shortening the computation time, allowing the
model to be re-designed, and being relatively low cost compared to other methods [6]. ANSYS Fluent 18.2 software
solves RANS equations such as continuity, momentum, energy, radiation, turbulence, and pollutant transport equations.
Non-premix combustion with the Steady Diffusion Flamelet model has been utilized for solving chemical reactions.
Gri-mech 3.0 is used for the chemistry of target fuels [7]. Realizable is used for turbulence prediction [8]. DO is selected
for the prediction of radiation.

Results and Discussions
In a combustion chamber where methane, ammonia, and mixtures are used as fuel, combustion simulations have been
carried out with equal thermal capacities by adjusting the combustion chamber length to be 0.75m, 1m, 1.25m, and
1.5m, respectively. The flame temperatures and NOx emissions distribution is visualized at the shortest and longest
combustion chamber lengths for each fuel. When the distribution of flame temperatures is examined, as shown in Fig.
1a-f, it is seen that the flame temperatures of the ammonia are the highest than other fuel combinations as about 1834K,
while methane has a relatively low flame temperature of approximately 1790K. The flame temperature of the mixture
is estimated at 1829K. The maximum level of flame temperatures is related to flame lengths and widths, and adiabatic
flame temperatures. Because the flame diameter of ammonia fuel is large, the flame length is short, while the flame of
methane gas is relatively thin and more extended. When the NOx distribution graphs are examined, as shown in Fig.
1g-l, it is seen that the highest amount of NOx is released in ammonia combustion, while the lowest amount of NOx is
released in methane combustion. The NOx results are similar for all combustion chamber lengths. When methane was
added to ammonia or vice versa, in the case of mixing, the amount of NOx released decreased since the flame
temperature dropped. But the flame form became thinner and more extended than ammonia combustion, as shown in
Fig 1b-e. Exciting results are encountered when the NOx levels measured at the combustion chamber exit are examined,
as shown in Fig. 2. Although the highest NOx emission occurs in the ammonia flame, the NOx level measured in the
flue gas in the combustion exit is minimum. The main reason for this is the location of the reaction zone in the
combustion chamber, where effective intermediates such as OH, NH, NH 3, CH, CH2, HCN, and CN appear and
participate in the formation of NO, NO2, N2O emissions in the reaction chain. In methane combustion, the reaction zone
is spread along with the flame and close to the exit zone, while in ammonia combustion, it is closer to the inlet of the
combustion chamber. Moreover, the NOx emission occurring in the reaction zone can be converted to N2, OH, O, and
H2O intermediates via NO reduction. For these reasons, it is seen that ammonia gas emits lower NOx emissions than
methane. The lowest NOx emission levels are obtained by burning a mixture of ammonia and methane. This situation
was observed not only for short combustion chamber lengths but also for all combustion chamber lengths, as shown in
Fig. 2. In addition to the explanations above regarding the location of reactions, flame lengths and diameters,
intermediate species, and NOx reduction ways, this situation may result from the relatively low flame temperature of
the mixture combustion, which suppressed the formation of NOx emission. It has been observed that NOx emissions

measured at the exit of the combustion chamber, regardless of fuel type, are maximum when the combustion chamber
length is 0.75 m and minimum when it is 1.5 m. In addition, the increase in the length of the combustion chamber from
0.75 m to 1 m lead to a significant reduction in NOx emissions. As a result, it has been determined that the length of
the combustion chamber is essential for the completion of the forward and reverse reactions and affects the emission
levels at the combustion chamber outlet regardless of the fuel type. Moreover, the addition of ammonia fuel to methane
has the effect of reducing NOx emissions.
(d)
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Fig. 1. Flame Temperature and NOx Emission Variation of Studied CH4, M50A50 and Ammonia Fuels

Fig. 2. NOx Emission Variation of Studied Fuels depends on combustion chamber lenght

Conclusions
In this study, NOx emissions during the combustion of methane, ammonia, and their 50%-50% mixtures under lean
combustion conditions in a combustion chamber with various chamber lengths have been investigated. According to
the numerical results obtained in this study, ammonia gas, which has a higher flame temperature than methane under
the lean condition, releases higher NOx species than methane in the combustion chamber during combustion. However,
it emits lower NOx emissions than methane in the flue gas. Furthermore, in the case of mixing, the minimum NOx
emission has been predicted. This is considered to be related to the location of the reaction zones, flame temperatures,
flame lengths, flame diameters, intermediate species, and NOx reduction reactions. Increment in the length of the
combustion chamber from 0.75m to 1m results in a significant decrease in NOx level. Furthermore, a gradual diminish
is observed in the NOx level at other lengths.
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Introduction
The replacement of fossil fuels; coal, oil and gas as source of chemical energy in the field of power generation by
cleaner substitutes revolving around ammonia and its blends is becoming a technical engineering concern rather than a
scientific research inspiration. Power generation community, whether designers, operators or trouble shooters are used
to relate technical combustion details from specific well known scaled-down laboratory facilities. BERL, (Burner
Engineering Research Laboratory) is a 300 KW swirl-stabilized combustor which has traditionally been selected to act
as means of transaction between scientific and engineering communities.
The number of recent studies dealing with the aspects of using ammonia as a fuel is large [1]–[10], [11]–[20], [21]–
[30], [31]–[40], [41]–[50], [51]–[60], [61]–[70] and [71]–[78]. Most of the previously believed to be formidable
challenges preventing the economical use of ammonia as a clean substitute have been resolved in more than single
method.
The specific problem of burning ammonia with its narrow flammability range, relatively long ignition delay time, high
activation energy, low heating value, slow laminar flame speed and high NOx content in the combustion products have
all been treated in studies like [23], [31], [51], [79]–[84].
Though the previous studies have presented scientifically how to resolve each of the challenges proposed by the
industrial and engineering communities, it is the case that a process of convincing key players and decision makers is
still requiring effort. This present study is thus important as it reflects previous findings on the paradigm of the BERL
combustor on details of burning ammonia and ammonia blends under various conditions. The authors of the present
work have recently numerically studied the performance of another fuel, the syngas on the BERL combustor and
demonstrated its performance on different parameters including quarl angle, swirl, flue gas recirculation, staging, and
fuel composition. It is the objective of the present study to report the effect of same parameters when firing ammonia
and ammonia blends on the BERL environment.
As the nature of the study is more of engineering impact and comparative with other fuels, namely methane and
syngas, the RANS analysis rather than LES was adopted.
The parametric study of flame characteristics and emissions compared the combustion performance of a blend of 70%
NH3/H2 to syngas under the same conditions. The combustor is fired with a conical furnace hood as shown in Fig 1.
The burner is installed in a vertical position with a cylindrical exhaust duct. The water cooling system and refractory
lined walls are considered to be suitable for this furnace. The burner is equipped with 24 radial fuel swirl holes and a
bluff body at the center. Air enters from annulus body and passes through movable swirl blocks to introduce swirl to
the flow. Due to the axisymmetric configuration, only 15 degrees from the burner angle is studied with periodic
boundary. Simulation of three dimensional model via ANSYS R20 [85] performed for turbulent flame on RANS
including a realizable k-ɛ turbulent scheme with the aid of reduced chemistry mechanism [86] were performed under
various conditions.

Materials and Methods
The study discusses the effect of various parameters on the flame stability and emissions. Modifying the burner shape
has an impact on its performance and efficiency, as does changing the recirculation zone and its placement. The quarl
angle of the burner is traditionally known to be one the main design features of the burners. In this parametric study it
has been changed using angles of 5,10, 20, 30, 50 and 60 degrees, with same swirl number of 0.56. When the quarl
angles are small enough, narrow long flame length is observed to emanate and the flame thickens becomes much wider
through increasing quarl angles. This obviously leads to a more stable flame. In addition, the swirling effect and
transverse directions of air and fuel streams play an important role in increasing the temperature via enhancement of
mixing of air and fuel stream near the burner tip and promotes a recirculation motion for product gases along the
centerline of the combustor. The study of the effect of swirl number is performed through using a wide range of swirl
numbers, such as Sn = 0, 0.1, 0.4, 0.56, 0.8 and 1 to modify the swirl angle of the incoming stream of inlet air. Staged
combustion is acknowledged as a useful technique to reduce NO when burning ammonia especially in combustion

chambers used for gas turbine applications when both the reduction of NOx and exiting flue gas temperatures are aimed
for. It is used in this work to investigate the possibility for further lowering nitrogen oxide emissions in a coaxial, nonpremixed combustor using a swirling flame fed by either syngas or NH 3/H2 mixture. One of the most common ways,
which designers use to reduce NOx formation resulting from combustion process, is that they try to recirculate part of
flue gases back into the recirculation zone to generate a mixture of vitiated air via reducing concentration of oxygen in
the combustion air thus reducing the resulting flame temperature.

Figure 1: 2-D BERL Combustor and Close up of the Burner.
Utilizing meshing of about 1,100,000 tetrahedral cells and
special meshing technique with fine resolution in locations of
special interest including the near burner quarl, inlet streams
and the expected region of the internal recirculation zone as can
be observed in Fig. 2.
Figure 2: Meshing of BERL Furnace

Results and Discussions
The results from CFD model of NH3/H2 oxidation are compared with syngas. Internal recirculation zone created via
swirling flow and bluff body effect is responsible for this growth in temperature at these points. The influence
recirculation zone generated due to introducing of bluff body in the burner inlet is demonstrated in previous studies
[87]. Due to the dilution of the incoming air stream, the temperature begins to drop as expected until it reaches the
external recirculation zone that is formed via sudden expansion in the burner. The temperature begins to rise and then
remains constant as it moves away from the burner centerline and recirculation zones in the direction of the walls of the
burner as shown in figure 4

Figure 4: Radial temperature comparison between syngas and
NH3/H2 fuel.

Conclusions
This work demonstrated the combustion technicalities required to burn efficiently a blend of NH3 and H2 in the
environment of the BERL configuration. The performance of the clean fuel was compared to that of syngas at various
parameters including quarl angle, swirl number, equivalence ratio as well as various cases of staging combustion, partial
recirculation of combustion products and changing the fuel composition. In all cases the NO was deduced. The study
is of special importance to technical operators of industrial combustion chambers who could relate the results directly
to their own combustion tools.
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Introduction
Ammonia is a potential alternative fuel [1] since its carbon neutrality and relatively easy storage. However, the NOx
emission is substantial due to the fuel-bonded nitrogen, which can be mitigated by CH4 dilution [2]. The mixing is
beneficial since ammonia could be easily added to traditional natural gas-based systems. Furthermore, the two reaction
pathways are separated [3]. Computational Fluid Dynamics, CFD, highly fosters ammonia utilization in industrial or
domestic applications. Previous studies mainly focused on the emission and reaction zone characteristics [4,5].
However, the fluctuations in the system are critical. This study aims to evaluate the fluctuating components of NH3/CH4
combustion in a swirl burner by transient numerical simulations. The results were validated by Particle Image
Velocimetry (PIV) and OH* chemiluminescence measurements.

Materials and Methods
The simulated cases are listed in Table 1, where Case F means the cold flow condition with 50-50% volume
concentration. The equivalence ratio was fixed in Cases A-F near the lean flammability limit of NH3, and the ammonia
share was altered. The atmospheric swirl burner and the experimental setup with the numerical mesh can be seen in
Fig.1. The entire simulation process was solved in ANSYS Fluent 2021 R1 software environment, using the scale
adaptive simulation viscosity model. Chemistry is considered via Okafor’s mechanism [6] with 42 species and 130
steps.
Table 1. Simulated cases.
Cases
A
B
C
D
E
F

NH3:CH4 (V/V%)
50:50
20:80
0:100
100:0
80:20
50:50

global

0.74

Power (kW)
5.6
0

Fig. 1. Experimental setup (left) and volumetric mesh of the swirl burner and the combustion chamber (right).

Results and Discussion
The validation was performed for Case A, shown in Fig. 2, showing the unsteady mean axial and radial velocity profiles
up to 40 mm from the burner outlet along the x-axis. The peaks match well up to 20 mm, while the inner recirculation
zone is smaller in the case of PIV downstream, caused by the lower particle density. Furthermore, in the case of the
radial component, the uncertainty of the measurement technique is comparable with the maximum 1 m/s value, which
could cause discrepancies.

Fig. 2. Axial (top) and radial (bottom) velocity components along the x-axis at different heights for Case A.
Figure 3 shows the mean and Root Mean Square, RMS, profiles of Cases A and B integrated by mass on the axial
surfaces in the combustion chamber, while Fig 4. presents the RMS distribution on the middle plane. The RMS values
start to increase from the ignition, meaning that the fluctuation is negligible before the reaction zone. Case A also
verifies this statement, where the 50% NH3 content results in halved RMS velocity values.

Fig. 3. Mean-RMS temperature (left) and velocity (right) profiles along the combustion chamber.

Fig. 4. RMS temperature (left) and RMS velocity (right) distributions on the middle plane of Cases A and B.

Conclusions
This study investigated the combustion of CH4/NH3 blends by CFD, focusing on the unsteady behavior through the
evaluation of fluctuating parameters. The results were validated by PIV and OH* measurements with a reasonable
match. The velocity and temperature RMS profiles showed that significant fluctuations occur downstream ignition, and
the main reaction zone encompasses smaller values. It was found that ammonia dilution mitigates the fluctuations.
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Introduction
Ammonia has the potential to be an alternative zero-carbon fuel for green long-haul shipping and remote electricity
generation. While neat ammonia has a low reactivity compared to conventional fuels (e.g., natural gas), its reactivity
can be improved by partially cracking ammonia to hydrogen and nitrogen, thus obtaining a blend of ammonia, hydrogen
and nitrogen whose properties can be tuned to match unstrained laminar flame behavior of that of natural gas. However,
due to the presence of hydrogen and its diffusive nature, turbulent ammonia/hydrogen/nitrogen-air flames may exhibit
very different behavior than corresponding methane-air flames. Subsequent DNS studies showed that molecular
diffusion effects leading to thermo-diffusive instabilities persist even at high Karlovitz numbers and are amplified with
pressure for lean ammonia/hydrogen/nitrogen-air mixtures, while molecular diffusion effects were also found to have
an effect on NO and N2O formation. Both aspects are discussed in this presentation.

Conclusions
Five large scale Direct Numerical Simulations (DNS) of highly turbulent premixed ammonia/hydrogen/nitrogen-air
flames at different equivalence ratios and pressures are presented. An analysis of the combustion and emission
characteristics reveals thermo-diffusive instabilities to significantly affect the overall combustion behavior at lean
conditions, especially at high pressure. Molecular diffusion effects, responsible for thermo-diffusive instabilities,
similarly lead to flame topology-dependent NO and N2O formation, in particular leading to lower NO but higher N2O
formation rates in the turbulent high-pressure flame compared to laminar conditions.
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Introduction
Recently, combustion devices, such as gas turbine engines, in which ammonia is used as a fuel, have been developed.
To efficiently develop such combustion devices, the application of numerical simulation is useful. However, threedimensional numerical simulations, in which several hundreds of reactions are directly solved, are computationally
expensive, especially for realistic combustors. Therefore, the application of the combustion model is inevitable.
Especially for premixed combustion, the flamelet generated manifold (FGM) approach is widely used as a combustion
model.
The FGM approach assumes that the turbulent flame is a collection of laminar flamelets, and to represent the reaction
instead of directly solving several hundreds of reactions a flamelet database, in which characteristics of laminar
flamelets are tabulated, is used. In the conventional FGM approach, one-dimensional (1D) numerical simulations of
unstretched propagating premixed flames are solved, and the characteristics of these flamelets are tabulated in terms of
control variables, such as the reaction progress variable. Therefore, it is unable to include the effect of the strain on the
flamelets in the database. To overcome this disadvantage, Knudsen et al. proposed a strained premixed flamelet (SPF)
approach, in which flamelets of laminar counter premixed flame are used for the tabulation. In the SPF approach, an
additional control variable that corresponds to the flame strain rate is required. Knudsen et al. used the mass fraction of
H as an additional control variable and validated the applicability of the SPF approach to the high Karlovitz number
methane premixed flame. However, the applicability of the SPF approach to the ammonia premixed flame has not been
investigated, although ammonia flames seem to be strongly affected by flame stretch because of their low flammability.
For ammonia combustion, suitable additional control variables should be different from that for methane combustion.

Therefore, in this study, the applicability of the SPF approach to the ammonia premixed flame is investigated by
performing two-dimensional (2D) numerical simulations of a propagating premixed ammonia flame in a quasi-twodimensional isotropic homogeneous turbulence. A 2D numerical simulation, in which reactions in a detailed chemical
reaction mechanism (31species, 204 reactions) are directly solved (called as “direct approach” in this study), is also
performed for the comparison.

Conclusions
In this study, the applicability of the SPF approach to the ammonia premixed flame was investigated. The 1D numerical
simulations of laminar counter ammonia premixed flame revealed that a suitable control variable for the SPF approach,
which represented the flame strain, was the mass fraction of N2 for the ammonia premixed flame. The 2D numerical
simulations of a propagating ammonia premixed flame showed that the accuracy of the flame propagation speed was
improved by employing the SPF approach compared to the conventional FGM approach. However, it overestimated
the flame propagation speed obtained by using the detailed approach because the SPF approach could not treat the flame
quenching due to the flame stretch.
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Introduction
Using carbon free energy sources is one key to mitigate climate change. Hydrogen promises to be one of these carbon
free energies but its storage remains difficult and expensive. Ammonia, an efficient hydrogen carrier, can be directly
considered as a fuel for internal combustion engines or gas turbines. One step will be the injection of ammonia itself in
the combustion chamber, as the injection process plays an important role on the control of local air/fuel ratio, which
affects the combustion development and therefore the pollutant emissions [1]. The liquid ammonia spray is little
described in the literature. Only Pelé et al. [2] characterized the spray geometry as a function of ambient density.
However, the phenomena occurring during the vaporization process are difficult to access experimentally, especially
for flash boiling one. Numerical studies can complete the macroscopic description of the spray at microscopic scale.
This study aims to focus on the numerical work of the ammonia spray and its comparison to the experimental ones. An
exploration of main spray parameters is carried out in order to build a predictive Lagrangian model for ammonia based
on the comparison with experiments in terms of liquid and vapor tip penetration, local values of Sauter mean diameter
and global spray morphology.

Materials and Methods
Experimental set-up
A constant volume 2.5 l chamber was used to follow the spray
development. The ammonia is pressurized up to 120 bar thanks to
pressurized Helium. The injector is a current Bosch gasoline direct injector
(7 holes of 150 μm diameter). The temperature and injection duration were
controlled. The Schlieren technique was set up to follow the liquid and
vapor spray development. This high sensitivity to refractive index
gradients makes it possible to identify the limit of the line of sight between
the vaporized fuel and the ambient gases [3]. The sensitivity is a function
of the light intensity and is adjustable by a diaphragm in front of the
camera; a small diaphragm opening increases the sensitivity. Postprocessing of 100 raw images was performed. All details of the
experimental setup and image post-processing can be found in [2]. In
addition, droplet size measurement with a Malvern droplet size analyzer
was done at different locations in the spray: in the central point, and on the
spray boundary close and far of the injector nozzle as indicated in Fig. 1.

Fig. 1. Example of the position of the
measurement of the droplet size
distribution for ammonia spray at
Tamb=20°C and P=2bar in the chamber

Numerical set-up
A numerical model has been build with the CONVERGE v3.0 CFD code,
for transient analyses using the U-RANS approach and the standard k-ε turbulence model. Numerical schemes accuracy
is second-order in space and first order in time. Mesh resolution
is controlled by a combination of prescribed and adaptive Table 1. Sauter diameter D32 [µm] at different
refinements, to maximize computational efficiency. The finest positions of ammonia spray for different pressures
resolution of 0.25 mm is reached around the injector nozzle, at T = 20 °C in the chamber.
while a resolution of 0.5 mm is used in the spray region. Position 2 bar 4 bar 7 bar 10 bar 15 bar
Ammonia spray is modeled with the Lagrangian particle
0
8.6
14.4 20.4 26.3 33.6
approach [4], paying attention to cell and parcel counts for
1
8.5
12.6 17.7 22.2 30.3
discretization independent results. The blob model is used for
2
12.0 18.5 26.9 31.5 39.2
the injection, the breakup can then occur upon parcels
3
11.5 17.2 28.6 37.7 48.5
introduction following the competing Rayleigh-Taylor and
4
8.4
14.5 15.8 28.2 41.0
Kelvin-Helmholtz (KH-RT) models. In addition, appropriate
sub-models for droplet turbulence dispersion, collision and
phase change are included. Particular attention is paid to the phenomenon of flash boiling, easily experienced with
ammonia at relative low ambient pressures, adopting the model developed by Price et al. [5]. For the sake of

conciseness, in this work only the results of 2 CFD conditions are presented: chamber pressures set at 2 bar (flashing)
and 15 bar (evaporating), with air temperature and injection temperature at 20 °C.
2 bar
15 bar
CFD
EXP
CFD
EXP
Table 1 summarizes the measured Sauter
mean diameter as a function of the chamber
pressure at the ambient temperature of 20 °C.
The droplet diameter increases with the
ambient pressure and also at positions 2 and 3,
peripheral and furthest from the injector.
Fig. 2 shows the simulated spray morphology
obtained for the liquid phase, at 1 ms after the
start of injection. From the numerical point of Fig. 2. Spray morphology comparison at 1 ms.
view, droplet dimension is scaled with the
droplet diameter and the color code indicates the droplet mass. Overall, the experimental spray shape is satisfactorily
reproduced.
The liquid (solid lines) and vapor (dotted lines) penetrations are compared in Fig. 3 against experimental spray data.
The 15 bar case is characterized by a lower penetration
compared to the 2 bar case due to the increased ambient
90
density. This comparison clearly shows the good
80
agreement between simulations and experiments in terms
70
of liquid spray tip penetration.
60
Lastly, the Sauter mean diameter comparison is shown in
50
Fig. 4, with experimental results reported in black and
40
CFD results in red. The D32 experimental data are
usefull to calibrate and optimize the model, and this is
30
confirmed by the good agreement between numerical and
20
experimental results. In particular, it was necessary to
10
adapt the coefficients of the KH-RT breakup model
0
moving from the flash boiling regime to the non-flashing
0
0.0005
0.001
0.0015
0.002
one. This suggests that capturing spray local details
Time [s]
across all the regimes with a single model is still
2 bar - EXP liquid
2 bar - EXP vapor
challenging, especially with a new fuel such as ammonia.
2 bar - CFD liquid
2 bar - CFD vapor
15 bar - EXP liquid
15 bar - EXP vapor
Nevertheless, analyzing the five positions, trend-wise
15 bar - CFD liquid
15 bar - CFD vapor
preditions indicate larger droplets on the external
Fig. 3. Comparsion between experiments and simulation
locations 2 and 3, as observed in the measurements.
in terms of liquid penetration.
Penetration [mm]

Results and Discussions

Conclusions
60.0
50.0
40.0

D32 [µm]

In this work, results of CFD simulations of ammonia spray and
the comparison with experimental data are presented. Two
different conditions are explored in order to compare flash boiling
and non-flashing regimes. A predictive calibrated CFD setup has
been defined for ammonia spray. Global spray parameters are
relatively easy to reproduce, while local features and atomization
levels will require further theoretical development for calibrationfree models. Future work will include the exploration of
additional operating conditions for a full assessment of the flash
boiling phenomenon of ammonia sprays.
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Introduction
The combustion of green hydrogen, produced through the electrolysis of water powered by renewable energy sources,
is a promising technology with a high potential for a low carbon economy. However, issues related to hydrogen storage,
transportation, and distribution network are the barriers to its implementation. Hence, ammonia is currently gaining
importance in the power generation sector as a carbon-free energy carrier of hydrogen and improved fundamental
insights will facilitate its application. This work aims at investigating the complex interactions between turbulence and
chemistry for ammonia/hydrogen jet flames under high-pressure conditions using large eddy simulation (LES) with a
modeling approach relying on principal component analysis (PCA) along with deep neural networks (DNN).

Conclusions
This study demonstrates the suitability of the data-driven PCA-based approach to model the complex interactions
between turbulence and chemistry for turbulent non-premixed ammonia/hydrogen flames under high-pressure
conditions in the context of LES simulations. This approach is further enhanced by coupling it with the non-linear
regression utilizing deep neural networks to find an optimal mapping of the thermo-chemical state space into the
reduced manifold. Overall, the results are in good agreement with the experimental data for most state-space variables
using only two principal components as transported variables. Future work will focus on including differential diffusion
effects.
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Introduction
Ammonia, a carbon-free fuel, is considered a promising replacement for fossil fuels in internal combustion engines,
especially in compression-ignition (CI) engines for decarbonised maritime transportation. CI engines have high
compression ratios and low engine speeds, which are preferable for ammonia combustion. However, pure ammoniafueled CI engine suffers from misfire due to the higher autoignition temperature and low laminar flame speed (𝑆𝐿 ) of
ammonia, e.g., autoignition temperature of 924 K and 𝑆𝐿 = 0.07 m/s for ammonia as compared to 527 K and 0.8 m/s
for diesel under atmospheric conditions. The dual-fuel combustion concept has been recognized as a feasible solution
for ammonia utilization in CI engines, e.g., ammonia is fueled in the intake manifold and premixed with air before the
direct injection of a small quantity of pilot fuel. In most dual-fuel engines, diesel is served as the pilot fuel as it has a
short ignition delay time and may ignite the compressed ammonia/air mixture. To properly utilize ammonia in CI
engines, it is of great importance to study the flame dynamics in ammonia-fueled dual-fuel spray combustion.
Dual-fuel spray combustion involves several combustion modes, e.g., pilot fuel auto ignition, premixed flame
propagation, and autoignition of premixed fuel/air mixture. Direct numerical simulation (DNS) is desirable to
investigate those combustion modes and a fine mesh is required to resolve the premixed ammonia/air flame structure
as its laminar flame thickness decreases at elevated pressure. Recently, Yang et al. [6] performed two-dimensional (2D)
DNS of ammonia/hydrogen/air premixed combustion under elevated temperature and pressure conditions (445 K and
0.54 MPa). It was reported that the fuel-lean flames exhibit strong wrinkled structures at the flame front compared to

stoichiometric and fuel-rich flames. Krisman et al. carried out 2D DNS of n-dodecane spray combustion under engine
conditions (800-1100 K and 4-8 MPa). A complex ignition process with overlapping stages of low-temperature ignition,
rich premixed ignition, and non-premixed ignition was observed in a single fuel spray flame. In dual-fuel spray
combustion, the interaction of pilot fuel and premixed fuel/air mixture may further complicate the flame dynamics as
it introduces back-supported flame propagation. It has been reported that back-supported flames could locally accelerate
the laminar flame speed. Although ammonia has attracted researchers’ attention, the DNS of ammonia-fueled dual-fuel
combustion has been rare.
To this end, 2D DNSs are carried out in the present study to investigate the flame dynamics of lean premixed
ammonia/air mixtures ignited by n-heptane (diesel surrogate) gas jet in a constant volume chamber under dual-fuel
engine conditions. Combustion mode analysis is employed and eight combustion modes are identified to study the nheptane autoignition and ammonia/air premixed flame propagation. The emphasis lies in the back-supported flames,
which form in the mixing layer of ammonia and n-heptane. The back-supported flame is favorable to ammonia-fueled
combustion as it increases heat release rate (HRR) and fuel consumption rates to avoid incomplete combustion and
emission of unburnt ammonia.

Conclusions
The ammonia/n-heptane dual-fuel spray combustion in a constant volume chamber was investigated using 2D DNS.
Eight combustion modes are defined and analyzed to identify n-heptane autoignition and ammonia/air premixed flame
propagation. It is found that the high temperature burnout mixture from the n-heptane autoignition assists the lean
ammonia/air premixed flame propagation and forms a back-supported flame, which dominates the HRR after n-heptane
is burnt out.
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Introduction
Ammonia as a fuel has gathered recent interest due to the absence of carbon atoms and as an efficient chemical storage
method for Hydrogen. Within the flexible fuel concept, there is interest in utilizing methane and hydrogen blends of
ammonia to be used in gas turbine power generators. As an additive hydrogen is especially attractive due to its lack of
carbon based pollutants and the higher enhancement of flammability limits as compared to methane. Fundamental
studies of these blends using DNS are needed to design highly efficient combustors, while also ensuring that NOx levels
remain low, as with NH3, fuel borne NOx becomes especially challenging. DNS with detailed chemistry however leads
to very expensive computations. To this end this paper showcases the tabulated chemistry method, Flamelet Generated
Manifold (FGM) [1], applied to a spherically expanding turbulent flame kernel.

Conclusions
The FGM method was studied and validated to show that although flame shape was predicted well, certain species were
not predicted accurately. Further improvements to the method will be needed for a robust and accurate implementation.
As a start, enthalpy will be added as a 3rd dimension in order to capture enthalpy variation due to preferential diffusion,
with the assumption that the discrepancies are because of insufficient capture of stretch effects.

