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1 Introduction

The world has reached a point where immediate measures to limit carbon emissions are imperative due
to the alarming increase in global warming and the catastrophic change in the climate. Having exhausted
a substantial amount of fossil fuels, the focus shifted towards alternative, clean fuels over the past few
decades. Hydrogen has been deemed the most efficient alternative fuel to address the current global
energy crisis, owing to its high energy density (i.e., 120M.J/kg ) [1] on a mass basis compared to
other conventional fuels like propane or gasoline (i.e., 44M J/kg), absence of a carbon footprint, and
abundance.

Despite its high gravimetric energy density, hydrogen has a very low energy content by volume [2]. Lig-
uid hydrogen has a volumetric energy density of 8 M/ .J/L, which is significantly lower than gasoline’s
volumetric energy density of 320/ .J/L. Pure hydrogen as a fuel is debatable since onboard vehicular
hydrogen storage systems need extremely high pressures and low temperatures to store hydrogen com-
pactly. Furthermore, the high reactivity and broad flammability limits of hydrogen present a major stor-
age challenge and, thus, a transportation difficulty. Numerous hydrogen carriers have been investigated
to address this issue, with ammonia being one of the most promising fuel because it is carbon-free and
contains 17.8% [3] hydrogen by mass. Additionally, as ammonia has been used in the fertiliser industry
for more than 100 years, it has a well-established transportation and storage infrastructure, requiring
little initial investment when utilized as the primary fuel. Pure ammonia combustion faces a number of
difficulties that restrict its usage as a pure fuel, such as low laminar burning velocity (LBV) and NOx
emissions at high temperatures. Numerous researchers have made various attempts to improve the burn-
ing velocity of ammonia. According to Okafor et al. [4], a 50 — 50 mix of N Hs / C Hy results in an
increase in laminar burning velocity of about 114% when compared to pure ammonia fuel, which has
a burning velocity of 7em/s at stoichiometric condition. In 2023, Berwal et al. [5] investigated lami-
nar burning velocity of premixed N Hs/Hy/C H,/air mixture and noted that blending ammonia with
hydrogen and methane improved fuel performance in addition to producing low carbon emissions.

Blends of hydrogen and ammonia have also been investigated in an effort to totally eliminate carbon
emissions in gas turbines at engine relevant conditions [6] [7]. According to Rocha et al. [8], the addi-
tion of hydrogen prompts the flame speed to increase exponentially, but NO,, emissions were also seen
to increase due to the production of OH and O radicals that result from the addition of hydrogen. Os-
ipova et al. [9] performed ammonia oxidation experiments using various hydrogen fractions and found
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laminar burning velocity for N Hs/Hs in 50/50 volume fraction under stoichiometric condition at stan-
dard temperature and pressure to be 24.7cm/s, which is comparable to the commonly used fuels. By
varying the hydrogen fraction from 0 to 30% in the N Hs/H> fuel blend, Wang et al. [10] examined the
engine performance. They found that adding just 5% hydrogen to the mixture significantly improved
the ignition performance of N Hs. Laminar burning velocity of the mixture rose as hydrogen was added,
culminating at about ¢ = 1.1, and the trend was steeper for large hydrogen fractions. Additionally, it
was found that flame temperature rose with the addition of hydrogen, peaking at about 2200K for 40%
hydrogen [10].

Mei et al. [11] has suggested that partial cracking of ammonia into hydrogen and nitrogen is a feasible
option to enhance the performance of ammonia based fuel blends. To imitate the partial cracking of
ammonia, Ho/No were used in 3 : 1 ratio. LBV was found to peak at equivalence ratio 1.1 with a
value of 38.1¢m/s, which is close to the LBV of a C Hy/air mixture, at standard temperature and
pressure. Because nitrogen causes lower flame temperature and have a detrimental impact on laminar
flame propagation, LBV of the employed blend were found to be lower than the burning velocities of
pure N H3/H, mixture. In the similar studies conducted by Ji et al. [12], partial dissociation of ammonia
was studied in which nitrogen is added to simulate the cracking of ammonia in ratio Hy : No :: 1:1/3.
At 303K and 0.1M Pa pressure, the laminar burning velocity of completely dissociated ammonia was
found to be 228¢cm/s. LBV was found to be higher at ammonia dissociation degree of 0.6 than it was
for C Hy/air under the same initial conditions.The Lewis number changes as a result of the change
in the mixture’s diffusion characteristics due to the increased hydrogen content in the fuel blend with
increment in N Hs cracking. In opposition to lean fuel conditions, laminar burning velocity was seen to
significantly increase under rich fuel conditions because Lewis number was more than unity.

A number of mechanisms have been developed to investigate the ammonia/hydrogen mixture’s com-
bustion properties. Shrestha et al. [13] developed a mechanism for oxidation of ammonia and ammo-
nia’hydrogen mixture and measured the laminar burning velocity of oxy ammonia when oxygen content
in the oxidizer was increased from 21% to 30% and compared it with the LBV of N Hs/H, mixture
when 30% hydrogen by volume was added to ammonia. According to the study, adding 30% hydrogen
increased the LBV of N H3 by a factor of 2.9 whereas adding 9% more oxygen to the oxidizer in-
creased the LBV of IV H3 by a factor of 2.8, demonstrating that both values were comparable. Otomo et
al. [14] proposed an improved mechanism to simulate N Hs/Ho/air combustion in practical combustor
application. Model predicted that under rich fuel conditions if N H3/H> ratio is regulated optimally in
accordance with the equivalence ratio, low NO and N H3 concentration can be found in flue gases while
high H> content can be detected [14].

Present study deals with the measurement of laminar burning velocity of N H3/Ho mixture using exter-
nally heated diverging channel technique for varying Hy concentration up to 40% by volume in fuel at
elevated temperatures up to 750K . The current experimental data is also compared with kinetic models
by Otomo [14] and Shrestha [13] and sensitivity analysis is conducted for better understanding of the
major participating reactions and species.

2 Experimental Set-up

Experiments were conducted in a mesoscale diverging channel to test the laminar burning velocity of
N Hs/Hs mixture in a premixed configuration [15].The planar flames produced by the homogeneous
flow field and high aspect ratio are used to determine the laminar burning velocity in a variety of oper-
ating conditions. A quartz diverging channel with 25mm x 2mm intake dimensions, a 15° divergence
angle, and a 12.5 starting aspect ratio was used to carry out the experiments. In order to prevent flame
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flashback, the divergence creates a negative velocity gradient in the flow direction of the premixed mix-
ture. An external heater is used to heat the channel at the open end of the premixed mixture flow in order
to create a positive temperature gradient. As the aspect ratio of the channel grows, the flame velocity
drops, but this is balanced by the positive temperature gradient in the flow direction, creating a stable
planar flame. The flame becomes practically adiabatic because the external heater compensates for heat
losses from the flame. To produce a premixed mixture with a particular equivalence ratio, a precise
volumetric flow rate of fuel and air is supplied using mass flow controllers. This mixture is permitted
to pass through the diverging channel and ignited at open end. Following ignition, the flame starts to
travel towards the unburnt gaseous mixture and stabilizes inside the channel when the flow velocity ap-
proaches the local flame propagation velocity. K-type thermocouple is used to measure the temperature
of unburned mixture. Laminar burning velocity is calculated using mass continuity equation:

Tf Ainlet
SL LGlet <Tu0> ( ]f ) ( )

Where Uiy and T is inlet velocity and inlet temperature of the fuel mixture respectively. A;pjes, Ay
and T'is inlet area ,area at flame location and temperature at flame location respectively.
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Figure 1: Schematic of the experimental set-up

3 Results and Discussions

The laminar burning velocities of N Hs/Hs /air flames were measured as shown in Figure 2 for equiv-
alence ratios 0.9, 1, and 1.1 at elevated temperatures up to 750K . Pressure and temperature at the inlet
were kept at 1atm and 300K respectively. Mole fraction of hydrogen was varied up to Xy, = 0.4 and
comparisons between the LBVs of Xy, = 0.3 and Xg, = 0.4 are shown to understand the variation
in burning velocities. Experiments for Xz, > 0.4 were not conducted due to the occurrence of cellu-
lar instabilities [11] with the increment in hydrogen addition as above X g, = 0.4 mixture. LBV was
observed to increase with the increasing temperature ratios at all mixture conditions and the results are
plotted in comparison with the results obtained using the mechanism developed by Shrestha et al. [13]
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and Otomo et al. [14]. Mechanism developed by Shrestha has shown good consistency with the experi-
mental values with the accuracy of £5% for both the fuel compositions. As the hydrogen fraction was
increased from X7, = 0.3 to Xy, = 0.4, approximately 54% increment was observed at standard inlet
condition.

At lean fuel conditions, temperature exponent value was high for X g, = 0.4 which suggests the higher
dependency of the LBVs on the temperature as compared to Xz, = 0.3. This phenomena reverses
for stoichiometric and rich fuel conditions. Current study suggest the viability of using an ammonia
reformation system in conjunction with a practical engine to reduce carbon emissions.
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Figure 2: Laminar Burning Velocity vs Temperature ratio at equivalence ratios 0.9, 1 and 1.1 for Xg, =
0.3and Xp, = 0.4

To comprehend the effects of major participating reactions on the laminar burning velocity of N H3/ Hy / air
mixture, sensitivity analysis has been performed using the mechanism given by Shrestha et al. [13]. The
normalized sensitivity of the laminar burning velocity (Su) with respect to the rate constant (k) is defined
as:

2

Sensitivity(Sy, k) = (%iu) ((9];)

29" ICDERS - July 23-28, 2023 — SNU Siheung, Korea 4



Shawnam LBV
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Figure 3: Normalized sensitivity coefficient variation of N H3/Hs /air at 650K for Xp, = 0.3, Xp, =
04andp =1

It can be deducted from the analysis that the major burning velocity enhancing reactions are R1 (O2 +
H = OH + 0O)and R4 (O + H2 = H + OH). For Xy, = 0.4, H and OH radical pool is high by
2% for R1 and by 40% for R3 which can be deemed as the reason for high burning velocities at high
hydrogen fractions. R801 (NNH 4+ 02 = N2+ HO2) and R808 (HNO + H = NO + H2) are major
inhibiting reactions in case of X f7, = 0.3 and are missing for the case of X, = 0.4. Hence, lower LBV
for lower molar fractions of hydrogen. In case of R808 and R801, there is a formation of NO and N»
by HNO and NN H radicals respectively for X, = 0.4. Radical H NO utilizes H radicals and act as
a competing species which in turn reduces burning velocity for low hydrogen fractions in N H3.When
hydrogen fraction was increased from Xg, = 0.3 to Xg, = 0.4, due to the dominance of hydrogen
chemistry, H and O3 radicals are readily consumed by R1 and R3 hence diminishing the formation of
Ny and NO radicals.

4 Conclusions

Present study measure the LBV using Externally heated diverging channel method for varied hydrogen
fraction in ammonia by volume. The increased amount of hydrogen atoms causes a significant increase
in laminar burning velocities with hydrogen substitution, especially under fuel-rich scenarios. Major
conclusion from the study are as follows:

* Increment of approximately 52% was observed when hydrogen fraction was increased from X g, =
0.3 to Xg, = 0.4 at equivalence ratio 1.

» Current experimental data is in good consistency with the model developed by Shrestha et al. [13]
while model proposed by Otomo et al. [14] needs improvements

e HNO and N N H radical are major species responsible for lower burning velocity at low hydro-
gen fraction in ammonia.

* This study suggests that an ammonia reformation system, which breaks ammonia and produces
30% to 40% hydrogen at the exhaust stream, could be used in conjunction with a practical engine
to reduce carbon emissions.
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