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Abstract

Ammonia has been identified as a promising energy carrier that produces
zero carbon dioxide emissions when used as a fuel in gas turbines. Although
the combustion properties of pure ammonia are poorly suited for firing of
gas turbine combustors, blends of ammonia, hydrogen, and nitrogen can be
optimized to exhibit premixed, unstretched laminar flame properties very
similar to those of methane. There is limited data available on the turbu-
lent combustion characteristics of such blends and important uncertainties
exist related to their blow-out behavior. The present work reports experi-
mental measurements of the blow-out limits in an axisymmetric unconfined
bluff-body stabilised burner geometry of NH3/Hs/No-air flame, comprised of
40% NHs, 45% Hs,, and 15% Ny by volume in the “fuel” blend. Blow-out
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flames. Furthermore, two large-scale Direct Numerical Simulations (DNS)
of temporally evolving turbulent premixed jet flames are performed to in-
vestigate differences in the turbulence-chemistry interaction and extinction
behaviour between the NH;3/Hy/Ny-air and methane-air mixtures. The ex-
periments reveal that the blow-out velocity of NH3/Hs/No-air flames is an
order of magnitude higher than that of methane-air flames characterized
by nearly identical unstretched laminar flame speed, thermal thickness and
adiabatic flame temperature. Results from the DNS support the experimen-
tal observation and clearly illustrate that a methane-air mixture exhibits a
stronger tendency towards extinction compared to the NH3 /Hy/No-air blend
for identical strain rates. Furthermore, the DNS results reveal that, even in
the presence of intense sheared turbulence, fast hydrogen diffusion into the
spatially distributed preheat layers of the fragmented and highly turbulent
flame front plays a crucial role in the enhancement of the local heat release
rate and, ultimately, in preventing the occurrence of extinction.

Keywords: turbulent combustion, premixed flames, extinction, blow-out,

ammonia-hydrogen-nitrogen fuel blending

1. Introduction

A potential shift to hydrogen as a clean energy carrier is one of the most
promising strategies to significantly reduce CO, emissions in the face of in-
creasing energy demand. This is particularly relevant for large-scale power
generation combined with pre-combustion carbon sequestration, where large
quantities of hydrogen are produced from natural gas with CO4 capture and

storage [1], as well as large-scale energy-storage schemes, where hydrogen



is produced from electrolysis by harnessing intermittent, excess power from
unsteady renewable energy sources [2]. In order to simplify its transport and
storage, refining hydrogen to ammonia as a carbon-free energy carrier, is a
convenient alternative to liquefied hydrogen [3, 4].

The use of ammonia as a fuel for gas turbines has been explored in the past
but was supplanted by conventional hydrocarbons due to its poor reactivity
[5]. However, recent studies with rich-lean fuel staging have shown some
promising results [4, 6]. In principle gas turbines are fuel flexible, however
in reality, burner design becomes tuned to specific fuels like methane. In
this paper we consider mixtures of ammonia and hydrogen, as a carbon
free fuel blend, in the context of a larger industrial demonstration effort
(BIGH2/Phase IIT - See acknowledgments). We specifically consider the
partial cracking of ammonia, to form selected mixtures of ammonia, hydrogen
and nitrogen that give combustion properties close to methane.

A recent numerical study, using an updated nitrogen-chemistry subset
of the short San Diego mechanism in conjunction with Direct Numerical
Simulation (DNS) with the S3D code [7], revealed that for nominally similar
adiabatic flame temperature, thickness and propagation velocities, premixed
laminar NHj3/Hs/No-air flames are significantly more resilient to extinction
by strain (by a factor of five) compared with laminar CHy-air flames in a
counterflow twin-flame configuration [8].

Conditions for lean extinction or blow-out of premixed, bluff-body sta-
bilised flames are typically characterised by the Damkohler number which
relates the characteristic time-scale of the flow 7y, to a chemical kinetic

time scale Tepem [9, 10]. However, there is a clear lack of consensus surround-



ing the appropriate choice of chemical time-scales reflecting an incomplete
understanding [11]. There is more agreement that 7y, scales with D/U,
where D and U are characteristic length and velocity respectively, either
based on residence time or strain rate [11-13] although Reynolds number
effects are not well understood. A number of recent studies [12-15] have
presented strong experimental evidence that along with changes to the flame
topology, the frequency of localised extinction events increases as blow-out
is approached.

The objective of this paper is to extend previous investigations showing
the increased resilience to strain that NHz/Hy/Ny-air flames exhibit relative
to CHy-air flames to turbulent flames. The present study provides both ex-
perimental evidence of increased resilience and fundamental insights provided
by DNS. The fuel blend investigated is comprised of 40% NHs, 45% H, and
15% N3 by volume which approximately matches the adiabatic flame tem-
perature, laminar flame speed and thermal thickness of CHy-air flames under
fuel-lean conditions [8]. Laboratory experiments are conducted to measure
the extinction limits and planar flame topology using a simple bluff-body
burner whereas two large-scale three-dimensional DNS of a temporally evolv-
ing turbulent planar jet are performed. This enables the underlying mecha-
nisms behind the increased resilience of NH3/Hj /No-air flames to high-levels
of strain to be elucidated.

The paper is organized as follows; Sec.[2 describes the experimental meth-
ods and the DNS configuration, Sec.3 presents the results highlighting the
observed increase in blow-out limits and quantitatively illustrates the dispar-

ities in the turbulence-chemistry interactions for the different fuels followed
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Figure 1: Sketch of burner geometry with dimensions in mm.

by conclusions in Sec. 4.

2. Experimental methodology and DNS configuration

2.1. Ezxperiments

A schematic of the axisymmetric bluff-body burner geometry is shown in
Fig. [1] that illustrates the straight injector tube with an inner diameter (d;) of
19 mm. This is fed by a plenum comprising an expansion, a straight section
with an inner diameter of 100 mm, and a contraction. Fuel and oxidant are
mixed more than 2 m upstream of the plenum. The lip of the bluff-body is
raised 0.5 mm above the dump plane, providing optical access to the flame
base. The characteristic flow velocity, denoted Uy, is the average velocity
at the burner lip, estimated as V/Aa,m,, where V is the volume flow rate of
reactants at standard conditions and Ag,, = 7(d? — d3)/4.

Air, methane, hydrogen, nitrogen and ammonia are supplied using Alicat
mass flow controllers (MFCs) with full scale ranges from 10 slm to 2000 slm
and fed into a mixing chamber upstream. The accuracy of the MFCs are
0.8% of the reading plus 0.2% of the full scale flow. For each experiment,

MFCs are selected based on the required range to minimise uncertainties.



Maximum uncertainties in ¢ and U, are estimated to be £0.02 and 2%
respectively.

Blow-out curves are measured by fixing the fuel flow rate and increasing
the air flow rate. Flames are stabilised for five minutes at 90% at the esti-
mated blow-out point. The air flow is then increased in velocity increments

of 0.25% until blow-out occurs.

2.1.1. Diagnostics

A diode-pumped, frequency-doubled Nd:YAG laser (Edgewave IS 400-2-
L) with a pulse energy of 10 mJ is operated at 10 kHz to pump a Sirah Credo
dye laser using Rhodamine 6G dissolved in ethanol. A frequency conversion
unit is used to generate a wavelength of approximately 283.55 nm with a
pulse energy of 0.3 mJ.

Sheet forming optics are comprised of a pair of cylindrical lenses with
focal lengths -8 mm and +100 mm. The laser sheet has a height of 35 mm
at the burner axis and focuses to a width of approximately 0.2 mm at the
burner axis by a plano-convex lens with a focal length of 1 m. Images are
acquired at 10 kHz with a Phantom V2012 camera equipped with a LaVision
IRO and a 100 mm focal length Cerco 2178 UV lens with the aperture at
f/2.8. A D20-VG0035942 bandpass filter is used with a centre wavelength
of 310 nm and 10 nm width (FWHM). A gate width of 80 ns is used. A
frame resolution of 800x 768, corresponding to a FOV of 39.6 mm by 38 mm,
and a pixel resolution of 50 pum/pixel are used. Images are corrected for the
background and the vertical laser sheet profile.

In order to provide an estimate of the turbulent length-scales, PIV mea-

surements of the non-reacting flow for velocities up to 130 ms™—! are con-



ducted. The flow is seeded with olive oil particles. Vector calculation is
done using standard correlation based methods in Davis 8.4.0 with multiple
passes using 64 x 64 reducing to 32 x 32 windows with a 75% overlap. The

interrogation window size is 0.896 mm.

2.2. DNS configuration

The DNS configuration corresponds to a temporally evolving turbulent
planar jet flame [16-18] where two initially planar laminar flames propagate
towards a temporally developing planar jet of premixed reactants at atmo-
spheric conditions. The planar jet width is set to H=7.5 mm and the peak
jet velocity to U;=150 m/s with an initial velocity profile varying in the tran-
verse direction. The domain size is 16H x 10H x 12H in x (streamwise), y
(transverse) and z (spanwise) directions, respectively. The grid is stretched
in the y direction (only beyond £+3H which is beyond the flame and shear
layer) and is uniform in the x- and z-directions. Initially, the flames are
placed at y==+(H + 107;s;), where 7; is the jet time defined as 7, = H/U;
and s; is the laminar flame speed. The initial mean jet velocity (without
velocity fluctuations) (Eq.(1) in [16]) and temperature profiles are presented
in Fig. 2.2. The initial mean jet velocity profile is perturbed by velocity fluc-
tuations obtained from a synthetic Passot-Pouquet spectrum characterized
by rms velocity fluctuations equal to 4% of the jet velocity and by an integral
length scale of H/3. The initial flames are obtained from an auxiliary 1-D
flame simulation evolved for several flame times and initialized by taking a
1-D steady freely propagating flame solution obtained with Cantera. The
DNS cases are initialized with an equivalence ratio ¢ of 0.45 in the reac-

tants and with a reactants’ mixture temperature 7, of 750 K for both the
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NH;/Hy /Ny (40%/45%/15% by volume) fuel blend and the CH, mixture.
At these conditions, the laminar flame thickness (§;), laminar flame speed
(s1), laminar flame time (7;) are, respectively: 524 pm, 0.8568 m/s, 612 us
for the NH;/Hy/No blend and 540 pm, 0.8622 m/s, 626 us for methane.
Identical values for H and U, are used for both cases, leading to slightly
different Reynolds numbers of 13800 (NH3/Hs/Njy) and 14800 (CH4) and
jet Damkéhler numbers (Daye, = t;/(8;s; ")) of 0.082 (NHz/Hy/Ny) and 0.08
(CHy). The resolution is set such that there are at least 14 grid points within
the laminar thermal flame thickness (i.e., A=37.4um). This leads to a grid
of 3456 x 1280 x 2560 points with approximately 11 billion grid points. The
simulations are performed on 900 heterogeneous nodes on the Oak Ridge
National Laboratory Summit supercomputer, employing Nvidia Volta GPUs
(6 on each node). The simulations require wall times of approximately 79 h
(NH3/H5/N3) and 67 h (CHy) for 10 ¢;. The S3D-Legion DNS code [19, 20] is
employed in the present study. This is a portable high-performance version
of the S3D DNS code [7] based on the asynchronous dynamic task-based Le-
gion programming system and runtime [21]. The recently updated nitrogen-
chemistry subset of the San Diego mechanism [8] is ported to the S3D-Legion
framework and used for the DNS of the NH3/H,/No-air turbulent premixed
flame flame while the short mechanism by Smoke and Giovangigli [22] is used

for the methane-air flame.



1.0 ST

e

0.8

0.6

ammonia methane

0.4

L e i

0.2

0.0

y/H; [

Figure 2: Initial normalized temperature and mean velocity profiles (excluding fluctua-
tions). The left side shows the profile for NHs/Hs/No, the right side shows the profile
for CHy (both profiles are symmetrical). Grey dashed lines: locations of the initial shear

layer £H/2. Red dashed lines: initial flame locations +(H + 10t;s;).
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Figure 3: Measured blow-out curves for the NH;/Hs/Nyblend (triangles) and CHy (cir-

cles). Labelled points are discussed in the text.

3. Results

3.1. Blow-out curves and Damkohler criteria

Figure 3 plots the measured blow-out curves for both CHy-air and NH3/Hy /Ns-
air flames. The experimental results very clearly reveal that the blow-out

velocities of the NH3/H,/Ny-air flames are much greater than the CHy-air
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flames for all equivalence ratios investigated in this study. The maximum ¢
at which the blow-out velocity could be measured for the NH3/H; /N, flames
is limited by the maximum air flow rate available in the laboratory. We now
focus on a comparison between the flames at points Al and M1 (marked in
Fig. 3) at ¢ = 0.6 which have approximately matched laminar flame prop-
erties, Spo, 0s, and T4 and flames A2 and M2 which blow-out at the same

velocity, Uy, = 40 ms™!.

Table 1 shows the laminar flame properties and
chemical kinetic time scales for the four flames obtained from Cantera sim-
ulations. The time-scales are for a perfectly stirred reactor, 7., inverse
of the extinction strain rate, 7.,y = 1/Key, and the laminar flame time,
Tpf = O0n/Sro. An estimate of the effective Lewis number was evaluated

using a heat release weighted formulation (Le,) [23] and a diffusion-weighted

formulation (Lep) [24]. The flames at M1 and Al show an order of magni-

Case M1 Al M2 A2
St (cm/s) 11.8 12.6 21.5 1.8
St (mm) 0.98 1.02 0.67 3.6
Toa (K) 1667 1633 1875 1350
Tpsr (M8) 0.34 0.13 0.13 1.48
Teat (MS) 1.75 0.46 0.75 4.46
Tps (ms) 8.32 8.19 2.87 370.8

Leg(Lep) 098 0.86 (0.53) 0.98 0.82 (0.50)

Table 1: Computed reaction mixture properties for the points indicated in Fig. 3.

tude difference in the blow-out velocity even though the unstretched laminar
flame properties are all within 10%. Although 7., and 7.4 = 1/kKeye differ
by up to a factor of 4, it does not explain a factor of 12 difference in Up,.

On the other side, flames A2 and M2 both blow-out at the same velocity,
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Figure 4: OH PLIF images of flames 1 s before blow-out.

Us, = 40 ms™! and, therefore, approximately at the same Reynolds numbers.
However, values for 7,s, Tezt, Or 7,5 for M2 in Table 1] are an order of mag-
nitude lower than for A2 suggesting, contrary to the present observation, a
much greater resistance to blow-out.

Clearly, laminar flame properties, conventionally used in similar contexts,
seem unable to explain the present observations. Further information can be
obtained by considering the flame topology close to blow-out, as shown in
Figure Fig. 4. The left panels shows flames M1 and Al. It is evident that
the flame surface of Al (the NHj3/Hs/Ny-air flame) is visibly more turbu-
lent than M1, as shown by the degree of wrinkling at the flame edge. The
estimated turbulent Reynolds numbers are Re; = u/l;/vg = 97 and 1100,
respectively. A closer inspection shows that for the methane-air flame, M1,
the intensity of the OH signal has minimum values close to the bluff-body, a
qualitative indication of reduced heat release rate most likely due to relatively
high levels of strain at the burner exit. The magnitude of the heat release
increases downstream reaching a maximum near the top of the flame. This
is consistent for flames with Le > 1 where the consumption speed and the
flame temperature decrease in response to strain, eventually leading to local
extinction. In contrast, the NH3/Hy/No-air flame, Al, has a much greater
Re; = u/'l; and is much more broken-up and fragmented, yet everywhere

along the flame edge there are local regions of high heat release rate, even
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at the base of the flame near the bluff body. The observed high levels of
OH concentration are consistent with Le < 1 flames, as aerodynamic strain
increases the consumption speed and burned gas temperature [25, 26]. It is
conjectured that, in this case, the observed flame behavior is caused by fast
hydrogen diffusion towards the hot regions of the flow. Similar comparisons
can be drawn between flames M2 and A2 shown in the right panels of Fig. 4.

In summary, the present experimental observations show that laminar
flame properties, even if scaled to take into account the presence of turbu-
lence, are unable to account for the measured order of magnitude increase
in the blow-out velocity for NH3/Hy/No-air flames. Analysis of DNS data
for highly-strained, turbulent premixed NHj3/Hjy/Ny-air and CHy-air flames
in the next section provides a more detailed understanding of the underlying

physical mechanisms that may underly the different blow-out behaviors.

3.2. Turbulence-chemistry interaction and extinction behavior

The two DNS cases were analyzed and compared at a time t/t; ~ 21
which is close to the time of maximum turbulent flame surface area gen-
erated by the interaction of the laminar premixed flames with the sheared
turbulence. At this time, the flames appear highly wrinkled, and whereas sig-
nificant amounts of flame-flame interaction due to self propagation and strain
rate have occurred on both sides of the planar jet, significant interaction with
flames from opposite sides of the jet has not occurred yet, particularly for
the methane-air flame. Figure 5 shows the instantaneous heat release rate,
and the OH mass fraction in a representative xy-plane, normalized by the

maximum values observed in the laminar unstrained NH;3/Hs/Ny-air and
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Figure 5: Normalized heat release rate and OH mass fraction at ¢/t; ~ 21 for the
NH3/Hy/Naoblend (upper) and CHy (lower). The maximum values of laminar unstrained
flames are used for normalization. The region of the domain shown is truncated in the x

and y directions.

CHy-air flames, respectively, at a time of t/t; ~ 21. The NHj/H;/No-air
flame is burning much more strongly than the methane-air flame as indi-
cated by larger values of the nondimensional heat release rates. In addition,

the NH3/Hy/No-air flame exhibits a greater degree of flame wrinkling and
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Figure 6: Heat release rate versus progress variable at ¢/t; ~ 21. Laminar unstrained

flame solutions are shown for reference.

a much larger flame surface area, whereas the CHy-air flame exhibits local
extinction or partial-extinction appearing as disruptions (or significant de-
crease in intensity) to the OH and heat release rate layers. The increase in
the burning rate is further substantiated by examining the conditional mean
of the heat release rate conditioned on the progress variable shown in Fig. (6.
The progress variable C is based on the mass fraction of HyO, normalized by
the burnt and unburnt values in the respective laminar unstrained flames. In
the figure the conditional mean of the turbulent heat release rate profile for
the turbulent CHy-air flame shows a lower peak compared with unstrained
laminar conditions and a shift towards higher values of the progress variable
characteristic of highly strained laminar flames [27]. The peak heat release
rate of the NH3/Hs/Ny-air flame significantly exceeds the peak at laminar
conditions, and significant heat release rate extends far towards low values of
the progress variable. This is in accordance with observations, from strained
laminar premixed flames, in which the NH3/Hy/Ns-air flame shows a strong
correlation between the peak heat release rate and high values of strain rate.

Though not shown here, a stronger increase in heat release rate with strain

14
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Figure 7: Temporal evolution of the normalized fuel consumption speed and flame surface
area ratio (top), and ratio of turbulent to laminar burning rate per unit area (bottom) for

NHj3/Hs /Noblend and CHy.

is found for the NH3/H5/Ny-air flame compared to pure ammonia-air or pure
hydrogen-air flames.

Figure [7 presents the fuel consumption rate and the flame surface area
ratio calculated as Sc fuel = (Pu(Yeuelb — Yeuelu)) foLy (Wiuel) dy, with p, being
the density in the unburnt gas, Yep and Yieu the fuel mass fraction in
the burnt and unburnt gas, respectively, and (w,e) the net fuel production
rate averaged in the homogeneous x- and z-directions. The flame surface
area ratio is calculated as o = fOLy (3)dy, with (¥') being the averaged flame
surface density ¥’ = |VC|. The turbulent NH3/Hy/Ns-air flame shows a
much stronger increase in fuel consumption speed compared to the methane-
air flame. In addition, the fuel consumption speed increases more strongly
than the flame surface area ratio for the NH3/Hy/Ny-air flame, and less

strongly for methane-air flame. This is further illustrated in Fig. [7] (bottom)
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Figure 8: Joint PDF of heat release rate and progress variable for the NH3/Hs/Nyblend
(left) and CHy (right) DNS cases. Lines: laminar unstrained flame (black), strained
laminar flame near extinction (red), progress variable at unstrained maximum laminar

heat release (gray).

showing that the ratio of the turbulent to laminar burning rate per unit
area increases for the NHz/Hy/No-air flame and decreases for the methane-
air flame. This, ultimately indicates that while the methane-air flame is
weakened by the strong turbulence, the NH3/Hjy /Ny-air flame is strengthened
by it.

Figure § illustrates the joint probability density functions of the heat
release rate and progress variable at t/t; ~ 21. In addition, profiles for
laminar unstrained and strained flames close to extinction are shown. The
heat release rate for the NHz/Hy /No-air flame is significantly broader, which
is consistent with the laminar behavior under the influence of strain. The
NH;/Hs/Ny-air flame shows very low probabilities for heat release rates lower
than that of the laminar unstrained flame, whereas the methane-air flame
shows a significant probability of low heat release compared to the laminar
solutions, further indicating the occurrence of localized partial-extinction. As
anticipated in the previous section, a viable hypothesis that can explain why
the NH3/Hs/Ns-air flame is much more resilient to strain is the occurrence of

fast hydrogen diffusion (preferential diffusion), locally increasing the burning
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Figure 9: Ratio of H to N element mass fractions and OH mass fraction for the ammonia-

hydrogen blend case.

intensity and amplified by turbulent stretch. The DNS results support this
hypothesis, and this is is shown in Fig. 9, where high H to N elemental mass
ratio, i.e., regions of preferential hydrogen diffusion, coincide with regions of
high values for the OH mass fraction, a clear consequence of intense burning

and high heat release rate (not shown).

4. Conclusions

A joint experimental and numerical study was conducted of the blow-out
behaviour of NHs/Hy/Ny-air flames, blended such that the flame exhibits
similar premixed, unstretched laminar flame properties as lean methane-
air flames. In the experiment, blow-out curves for the ammonia blend and
methane-air flames were measured in an axisymmetric, unconfined, bluff-
body stabilised burner, showing an order of magnitude difference in blow-
out velocity. DNS in a temporally-evolving slot jet configuration provide
further understanding of the differences in behavior of NHz/Hy/Ny-air and
methane-air flames in highly strained turbulent conditions. The NH;z/Hy/No-
air flame exhibits a much stronger increase in flame surface area and fuel

consumption rate than the methane-air flame. The analysis revealed that
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the NH3/Hs/No-air flame exhibits strongly enhanced heat release rates com-
pared to a methane-air flame and points towards preferential diffusion of
hydrogen as the main reason for increased burning rates. Future work will
focus on understanding the effects of pressure on the resilience of flames with

ammonia blends and on nitric oxide generation.
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