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Starting with a detailed-chemistry description involving 20 elementary steps for hydrogen oxidation and 40
elementary steps for ammonia oxidation, it is shown that systematic application of sensitivity analyses of
premixed flames under typical gas-turbine combustion conditions reduces the description to 12 elementary
steps for hydrogen oxidation, 4 of them being reversible, and an additional 19 steps for ammonia oxidation,
6 of them being reversible, yielding reasonable predictions for auto-ignition and deflagration processes. Sub-
sequent introduction of steady-state approximations for chemical intermediates, afforded by the high-pressure
conditions existing in gas-turbine combustion chambers, effectively reduces the fuel-oxidation description in
systems utilizing H,-NH; fuel mixtures to two global steps for deflagrations, namely, 2H, + O, = 2H,0 and
4NH; + 30, = 2N, + 6H,0. Analytical expressions for the associated overall rates, involving the local
temperature and the O,, H,, NH;, N,, and H,O concentrations, are derived through selective truncation of
the steady-state expressions, resulting in a simplified chemistry description that can facilitate future numerical
analyses based on direct-numerical and large-eddy simulations.

Novelty and significance statement

A new short mechanism involving only 31 elementary reactions between 16 reactive species has been
derived for hydrogen-ammonia oxidation under conditions of pressure, temperature and dilution typically
found in gas-turbine burners. Introduction of steady-state assumptions for all intermediate species leads to a
two-step mechanism that is shown to predict burning rates with sufficient accuracy. The proposed mechanism
can significantly reduce computational times in future direct-numerical and large-eddy simulations.

1. Introduction methods make it a promising candidate for employment in alternative
fuels. A critical need therefore exists for simple and efficient means
for describing the chemical kinetics of hydrogen-ammonia combustion

under gas-turbine conditions. The use of detailed-chemistry descrip-

The continued necessity of large-scale on-demand power generation
and propulsion, in the face of mushrooming environmental needs for

reducing emissions of carbon dioxide and dependence on fossil fu-
els, focuses attention on gas turbines as essential components of any
system [1]. This has generated thorough investigations of reduction
techniques, including both pre-combustion and post-combustion carbon
capture and sequestration [2]. Manufacturers are moving from systems
fueled by natural gas to new designs involving alternative fuels, such
as hydrogen, to support carbon-free energy-production [3]. The high
reactivity of hydrogen can necessitate substantial modifications in de-
signs of gas-turbine combustion chambers [4]. Mixtures of hydrogen
with ammonia, however, exhibit burning velocities closer to those of
natural gas, making them attractive alternatives [5]. Ammonia addition
also can be helpful in enhancing safety of hydrogen transport through
transmission lines, and its low storage cost and mature production
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tions in numerical simulations at high Reynolds numbers or in complex
configurations excessively taxes computational capabilities, thereby
motivating the present analysis, focused on the development of a sys-
tematically reduced chemical-kinetic description for H,-NH; oxidation
that has sufficient accuracy to yield reliable computational results.
Thorough up-to-date reviews of research on detailed and reduced
chemical-kinetic mechanisms for the oxidation of ammonia and hydro-
gen are available in the literature [6-10]. We would call the reader’s
attention to [6,10] for especially informative discussions. Since there
seems to be no reason to repeat those discussions here, this very exten-
sive work is not cited in the present introduction. While these previous
studies addressed both detailed and reduced mechanisms (emphasizing
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the important computational benefits of mechanism reduction [6]),
with few notable exceptions, such as [11], even the shortest reduced
mechanisms previously considered are appreciably longer than the
short mechanism considered herein for beginning our reduction. We
thus focus on the possibilities of developing greater reductions to
achieve further computational convenience for the decreased ranges of
conditions expected in foreseeable gas-turbine applications. Consistent
with that objective, we shall not address NOx production, presuming
that flame temperatures are to be kept low enough to reduce such
problems, nor shall we consider pure hydrogen without ammonia ad-
dition, which has been analyzed similarly in previous work by us
and others [12]. The pioneering work of Lindstedt and Selim [11]
on ammonia-oxygen chemistry identified mechanisms as short as four
steps, through methods of the same type that are to be employed herein.
Their results, however, are quite different from ours, since they apply
at lower pressures and higher temperatures than will be considered
here. The results to be derived below may be considered to have been
obtained by employing the methods of Lindstedt and Selim to the
higher-pressure conditions that pertain to present-day and future gas
turbines in which chamber temperatures are purposely kept low enough
to prevent excessive NOx formation.

2. A short mechanism for H,/NH; oxidation

The chemistry reduction starts from a detailed mechanism devel-
oped recently [5], which includes 20 hydrogen steps from the San
Diego mechanism [13] along with 40 ammonia steps, developed by
adding 6 additional steps and a new reactive species (H,NO) to the
original nitrogen-chemistry component of San Diego mechanism. The
predictive accuracy of the resulting 60-step scheme has been tested
through comparisons with experimental measurements of ignition de-
lay times, laminar velocities of freely propagating deflagrations, ex-
tinction strain rates of counterflow back-to-back premixed flames, and
NO profiles in burner-stabilized flat flames [5]. Sample comparisons,
additional to those presented earlier in [5], are given in Fig. 1, where
the symbols represent experimental measurements of flame propaga-
tion velocities (upper plot) and ignition delay times (lower plot), while
the curves are results of numerical calculations. The flames are com-
puted with a multicomponent transport description including thermal
diffusion [14,15], while the ignition time is determined in constant-
pressure homogeneous computations using peak H-atom concentrations
to identify ignition. As can be seen, although there is some variance in
the experimentally measured flame speeds [16,17], the detailed mech-
anism, represented with a solid curve, correctly predicts the increase in
burning rate with increasing hydrogen content. Similarly, the ignition
delay computed numerically compares well with the values measured
in rapid-compression-machine experiments [18].

A systematic sensitivity analysis based on computations of one-
dimensional steady H,/NH;/N,/O, deflagrations was performed to
identify and eliminate elementary chemical reactions and intermediate
species that contribute negligibly to the overall fuel-oxidation process
under conditions of pressure, temperature and dilution typically found
in gas-turbine combustors. Specifically, the study considered combus-
tion at 20 and 40 atmospheres with an upstream temperature of 7, =
700 K over a wide range of equivalence ratios
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with r = Xyy,/Xy, representing the ammonia-to-hydrogen mole-
fraction ratio. The computations presented below correspond to four
different fuel mixtures, including pure ammonia, for which (1) takes
the limiting form ¢ = 3XNH3/(4X02), along with 25%-75%, 50%-—
50% and 75%-25% hydrogen-ammonia fuel mixtures. To approximate
effects of exhaust-gas recirculation, commonly used in gas turbines to
lower the adiabatic flame temperature, the mixture is diluted with extra
nitrogen. The nitrogen-to-oxygen mole-fraction ratio selected in the
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Fig. 1. The upper plot compares the variation with the mole fraction of hydrogen in
the fuel mixture Xy j of the laminar burning rate S, computed numerically with
the detailed chemistry (solid curve) and short chemistry (dashed curve) with that
determined experimentally ([16]: black squares; [17]: red diamonds) for an H,/NH;-
Air stoichiometric mixture at pressure p = 4.9 atm and temperature T = 298 K. The
lower plot compares ignition delay times ¢, at p = 42.8 atmospheres as obtained
from numerical integrations with detailed (solid curves) and short (dashed curves)
chemistry, and from rapid-compression-machine measurements [18], using maximum
rate of pressure rise to identify ignition, for NH;-air (black) and NH;-H,-air (75%—-25%,
red) mixtures with equivalence ratio ¢ = 0.35. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

computations Xy, /Xo, = 5.515, larger than that of air Xy, /X, = 3.76,
is chosen so that the adiabatic temperature of the stoichiometric flame
is approximately 2200 K, as needed to keep emissions of thermal NOx
manageable.

The analysis revealed that only 12 of the starting 20 elementary
steps describing H, oxidation need to be considered in describing
deflagrations, in agreement with previous results pertaining to pure
hydrogen [12]. These 12 reactions are listed in Table 1, along with their
corresponding reaction-rate parameters. Backward rates are unimpor-
tant for most reactions, the only exceptions being the shuffle reactions
1-3, whose backward rates moderate the radical-pool composition,
and the hydroperoxyl-consumption step 6, whose backward rate, al-
though entirely unimportant for flame propagation [12], is key in
enabling autoignition processes [19]. Regarding the nitrogen chem-
istry, it was found that N, N,O, and NO, do not play a major role in the
fuel-oxidation process and can be correspondingly removed from the
mechanism - along with their associated elementary reactions — with-
out deteriorating burning-rate predictions. Additional elimination of a
number of elementary reactions, motivated by their negligibly small
associated rates, led to the subset of 19 steps for nitrogen oxidation
listed in Table 1, 6 of them being reversible.

The predictive capability of the short mechanism is illustrated in
Fig. 1, where corresponding results are represented by dashed curves.
As can be seen, the comparison of the flame speed predicted with the
short mechanism with the detailed-chemistry results indicates that the
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Table 1

Rate coefficients in Arrhenius form k = AT" exp(-T,/T) for the 31 steps of the short
mechanism with rate parameters in mol, s, cm?, and K (the sum of two Arrhenius terms
is employed to represent the complex temperature dependence of the rate constants of
reactions 7/ and 11f). The nonunity Chaperon efficiency factors in reaction 4f are
ey, = 2.5 and ey,0 = 16 with Troe falloff F, = 0.5, while ¢, = 2.5, ey,0 = 6 and

€n,0, = 6 in reaction 10/ and €ey,0 =5 in reaction 28.

Reaction A n T,
1.H+0,=0H+O0 3.52x 101 -0.7 8590
2. H,+0O=0H+H 5.06 x 10* 2.7 3165
3. H,+OH=H,0+H 1.17 x 10° 1.3 1829
4f. H+0,+M — HO, +M ke 4.65x 102 0.44 0

ko 5.75x 10" -1.4 0
5f. HO, + H - OH + OH 7.08x 103 0 148
6. HO, +H=H, + 0, 1.66 x 1013 0 414
7f. HO, + OH —» H,0 + 0, 7% 10" 0 -550.9

45%x 10" 0 5500

8f. H+ OH+M - H,0+M 4 x10% -2 0
9f. H+H+M — H, + M 1.3 x10'8 -1 0
10f. H,0, +M — OH+ OH+M ke 2.63x 10" -1.3 25704

ko 7.6 % 10% -4.2 25704
11f. HO, + HO, - H,0, + O, 1.03x 10" 0 5557

1.94 x 10" 0 -709

12f. HO, +H, — H,0, + H 7.8%10'° 0.6 12046
13f. NH+OH — HNO + H 4.0x 108 0 0
14f. NH+ 0, — HNO + 0O 4.6x10° 2 3272
15f. NH+NO — N, + OH 22x 10" -0.2 0
16. NH, + H = NH + H, 4% 101 0 1838
17f. NH, + O — HNO + H 6.6 x 10 -0.5 0
18f. NH, + 0, - H,NO+ O 2.6x 10" 0.5 14619
19f. NH, + OH — NH + H,0 4% 10° 2 504
20f. NH, + NO = N, + H,0 2.8 x 10% -2.7 633
21f. NH, + NO — N,H + OH 3.1x 107 -0.5 594
22. NH; +M = NH, +H+M 22x10'° 0 47029
23. NH; +H=NH, + H, 6.4x10° 2.4 5124
24f. NH; + O — NH, + OH 9.4x10° 1.9 3254
25. NH; + OH = NH, + H,0 2.04 x 10° 2 285
26f. N,H+ O, - N, + HO, 2% 10 0 0
27. NH4M =N, +H+M ke 6.5% 107 0 0

ko 5% 101 0 0
28. H+NO+M = HNO+M ke 1.5x 10 -0.4 0

ko 43x 10" 0.206 -783
29f. HNO +H — NO + H, 4.4x10" 0.7 327
30f. HNO + OH — NO + H,0 3.6 x 107 0 0
31f. H,NO + HO, — HNO + H,0, 29x 10* 2.7 -805

differences between both descriptions are on the order of variances
observed between different experimental data. It is also noteworthy
that, although the development of the short mechanism was based on
laminar-deflagration computations, the mechanism retains its predic-
tive capability regarding autoignition processes, as can be seen by the
comparisons shown in the lower plot of the figure.

To further illustrate the level of accuracy of the short mechanism,
Fig. 2 compares temperature and reactant mole-fraction profiles, along
with mole-fraction profiles of radicals representative of the hydrogen
and nitrogen reactant pools, for a condition illustrative of those of
interest. It can be seen from this figure that the agreement is excellent,
the largest difference, on the order of a factor of two, appearing in the
NH and NO profiles. These differences, including the overprediction in
the NO equilibrium value, which do not affect the predictive capability
of the short mechanism regarding burning rates, suggest that additional
elementary reactions must be included in the short mechanism to
enable accurate computations of NO production.

Results of predictions of laminar burning rates are shown in Fig. 3
for various fuel mixtures and two different pressures. The departures
between the detailed-chemistry results, represented by solid curves, and
the short-chemistry results, represented by dashed curves, are typically
smaller than 5% over the whole range of flammability conditions
(dotted and dot-dashed curves, corresponding to results of the two-
step chemistry, are to be discussed later). The curves are practically
indistinguishable for the 50%-50% H,-NH; mixture, an attractive fuel
replacement in retrofit efforts involving natural-gas systems, since the
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Fig. 2. Temperature and mole-fraction distributions of main species and selected
intermediates (H, NH,, NH, and NO) across a 50%-50% H,-NH; lean flame with
¢ =038 and Xy, /X, =5.515 as obtained numerically (solid curves: detailed chemistry;
dashed curves: short chemistry; dotted curves: two-step reduced mechanism) for an
initial temperature 7, = 700 K and a pressure p = 20 atmospheres. For each chemical
intermediate, the corresponding bottom panel shows the distributions of production
and consumption rates (solid curves) and transport rates (dashed curves) found in the
detailed-chemistry computations.

resulting burning rates are comparable to those of methane. For the
fuel mixtures with significant ammonia content, the curves display
a pronounced increase in slope as the equivalence ratio rises above
¢ ~ 0.9—1, a feature of high-pressure ammonia combustion captured in
previous computations (see, e.g., the results shown in Fig. 5c of [20]).
Because of the reduction in the number of chemical species and elemen-
tary reactions, the computations using the short chemistry were found
to be about 30% faster than those using detailed chemistry.

The performance of the short mechanism in connection with
strained flamelets was investigated in computations of twin premixed
flames in axisymmetric counterflow mixing layers at p = 40 atm, with
results shown in Fig. 4. The opposed streams contain a preheated lean
mixture of H,, NH;, N,, and O, with ¢ = 0.6 and T = 700 K. The plots
represent the variation of the peak temperature over a wide range of
strain rates A for three different fuel compositions, with Xy,/Xo, =
5.515 in all cases, as is consistent with the premixed unstrained defla-
grations shown earlier in Fig. 3. In the computations, the value of A
was increased until extinction was observed at a given critical value,
higher for higher hydrogen content. This increased burning capability
is consistent with the flame-speed results of Fig. 3. The curves show
the expected superadiabatic temperature associated with preferential
diffusion effects [21], more pronounced for fuel mixtures with a higher
hydrogen content. The comparison of the results of the detailed chem-
istry (solid curves) with those of the short chemistry (dashed curves)
reveals that the latter mechanism predicts with sufficient accuracy the
flame response to stretch, including the critical value of the strain rate
at extinction.



10"

B. Li et al. Combustion and Flame 269 (2024) 113698
141 30
100%NH; 0%H, 75%NH; 25%H,
12
10
2 gl
g
S,
S 6
wn
al
ol
0 ‘
10° 10" 10° 10'
50 50%NH;  50%H, 120 25%NH;  75%H,
100
@ 80|
~
g
< 60T
wn
40t
20t
] o [ L ]

10° 10°

Fig. 3. The variation with equivalence ratio of the laminar burning rate S, of NH;/H,/N,/O, mixtures with Xy,/X,, = 5515 and 7, = 700 K as obtained numerically using
the 60-step detailed mechanism (solid curves), the 31-step short mechanism (dashed curves), the two-step reduced mechanism (dotted curves) and the two-step mechanism with

truncated steady-state expressions (dot-dashed curves) for p = 20 atmospheres (black) and p = 40 atmospheres (red).
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Fig. 4. The variation with strain rate A of the peak temperature of twin premixed
flames in axisymmetric counterflows of opposed streams of H,, NH;, N,, and O, with
¢ =06, Xy,/Xo, =5.515, and T =700 K at p = 40 atm as obtained numerically using
the 60-step detailed mechanism (solid curves), the 31-step short mechanism (thin solid
curves), and the two-step reduced mechanism (dotted curves).

3. The two-step reduced mechanism

Additional simplification can be achieved through introduction of
steady-state approximations for chemical intermediates that exhibit
transport rates that are small compared with their corresponding pro-
duction and consumption rates [22], so that in the first approximation

(For interpretation of the references to color in this figure

one can replace the species transport equation (a partial differential
equation) with an algebraic equation expressing the local production—
consumption balance [23]. For ammonia oxidation, this kind of ap-
proach has been shown to produce reduced mechanisms that pro-
vide reasonable accuracy in computations of laminar deflagrations at
ambient pressure [11]. The simplest previously available description
involved four overall reactions, with NO and H as the only intermedi-
ates not following a steady-state approximation. The present analysis
focuses on high-pressure combustion at temperatures low enough to
avoid appreciable thermal NO production, for which the steady-state
approximation will be seen to apply to these two intermediaries as well,
with accuracy sufficient for predicting overall rates, thereby reducing
the description to two global reactions involving only the reactants
(H,, NH; and O,) and the main products (N,, H,0). Similar ideas
have been recently applied to the description of high-pressure hydrogen
oxidation, resulting in a simple one-step reaction with an explicit rate
expression [24].

To illustrate the applicability of the steady-state approximation
for H,/NH; combustion at high pressure, Fig. 2 includes four panels
showing the variation across the flame of the rates of production,
consumption, and transport of H, NH,, NH, and NO. As can be seen,
in all cases the transport rate is everywhere much smaller than the
chemical rates. Similar steady-state agreements apply also for O, OH,
HO,, H,0,, N,H, HNO, and H,NO, not shown in the figure. From
these results it can be concluded that for eleven of the sixteen species
present in the short mechanism of Table 1 transport equations can be
replaced by the steady-state algebraic equations resulting from the local
balance between consumption and production. The associated balance
equations are listed for convenience in Table 2, where w; denotes the
rate of elementary reaction i (mols per unit volume per unit time).
With five species remaining in the description, application of atom
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Table 2
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The steady-state equations involved in the derivation of the two-step reduced chemistry. The terms in bold

remain after truncations.

H,NO @31 = D15
NH, D165 + D175 + O1g5 + O19p + Wy + Wy p + Brpp + D3, + D355 =
D16y + Oppp + D35 + Oyyp + D5y
NH D137 T Oy + 0157 + Orp = G165 + D195
HNO @ygp + W9 + W30, = W37 + By + @17, + Wygp + @3y
NO D155 + Dgp + Oy1 5 + Wpgp = Drgp + D295 + D3
N,H Wyep + W77 = By + Wy,
H @y + wy, + @3 +w4f +(05f +wﬁf +w2€f +2w9f +wl6f + @y +wz3f + wyy, +w23f +w29_f =
@+ @y + @3p + Wy + W1pp + 037+ Orgp + @175+ Dppp + B35 + W77 + Bagp
[¢] @+ @y + Oy + Bryp = @1 + Wy + @14y + Org
OH @), + @y +ﬂ)3f +a)7f +ﬂ)“f +w,3f +0)19f +a)25f +(D30f =
@1 + @y + @3, +2a)5f +2("lﬂf +®5p + 0y + Oy + B3y
HO, O5p + gy + 07 + 200 + Oy + 031 = Oyp + W, + 0y
H,0, Bgp = Oy + Oy + 03

conservation effectively reduces the chemistry to two overall steps,
which can be conveniently cast in the form

I
2H, + 0, = 2H,0

4NH; + 30, i 2N, + 6H,0

with overall rates given by

O =Wy + gy +Wgp = W) p — Wy = Bygp = Wy — Wz F (2
% (wzs + Wy + w30f) ,

Wy =% (w15f +w20f+w21f). 3)

Note that the proposed two-step description is not unique, in that
any linear combination of the two global reactions could be used to
replace one of them. Also, the assigned rates could be expressed as
a different combination of elementary reactions by using the steady-
state algebraic equations in Table 2. The specific form shown above
has been selected to express separately the oxidation of the two fuel
components. With this selection, for combustion of pure hydrogen, for
which nitrogen chemistry is negligibly slow, one can simply discard
the second overall reaction, and write the overall hydrogen-oxidation
rate in the form o = @y + wg; + wg; — @11, — @55, which further
reduces to w; = wy, + wg, + g, if H,O, is neglected, as was done in
our previous one-step reduced mechanism for high-pressure hydrogen
combustion [24].

4. Flame computations with the two-step mechanism

Numerical computations using the two-step reduced chemistry in-
volve in general the integration of the transport equations for the
five reactive species H,, NH; and O,, N,, and H,O along with the
conservation equations of mass, momentum and temperature. The con-
centration of the eleven steady-state species Cy, Cyy,, .., Needed
to evaluate the overall oxidation rates in Egs. (3) and (3), can be
computed in terms of the concentration of the main species Cy,, Cny,»

. and the temperature 7 with use of the eleven nonlinear algebraic
equations given in Table 2. Because of their complexity, closed-form
analytic expressions for the concentrations of the intermediates, which
are available for the oxidation of pure hydrogen [24], cannot be
easily derived, so that a numerical solver is in general required. For
the steady laminar flames computed with the reduced mechanism, a
Newton method was implemented for the solution at a given grid
point, with extrapolation of the concentrations at grid points located

immediately upstream used to define the initial guess to initialize
the iteration. No convergence problems were found with mixtures of
hydrogen and ammonia. However, the proposed steady-state equations
do exhibit convergence issues with pure hydrogen flames. This is likely
due to the inclusion of H,O, which is necessary for the description of
hydrogen-ammonia mixtures. For pure hydrogen chemistry, the rates
and corresponding elementary reactions must be explicitly reduced to
the one-step mechanism for high-pressure hydrogen combustion [24],
as discussed previously. In fact, the two-step reduced mechanism con-
verges even with a very small initial mole fraction of ammonia, down
to less than 10~3, although with some deviations in the laminar burning
velocity from the detailed and short mechanisms for cases with minus-
cule amounts of ammonia. With the steady-state approximation, the
associated computational times were found to be about a factor of 10
smaller than those involved in the corresponding computations using
the detailed chemistry.

The accuracy of the two-step description is illustrated in Fig. 2, with
dotted curves used to represent the associated numerical results. The
reduced kinetics is seen to provide an accurate description of the flame
structure, including profiles of temperature and main chemical species
across the flame, which are depicted in the upper panel. The results in
the bottom panels for different chemical intermediates reveal that the
steady-state approximation is sufficiently accurate for the H, NH,, and
NH, the main radicals controlling the fuel-oxidation rate. In contrast,
the departures shown by the NO profile indicate that the steady-state
approximation results in errors that are much too large, implying that a
reduced mechanism with NO out of steady state, involving a minimum
of three overall reactions, would be needed for computations of NO
emissions.

Burning rates obtained with the two-step mechanism are shown
as dotted curves in Fig. 3. Satisfactory results are obtained for the
four fuel mixtures considered. The two-step description is particularly
accurate in describing the lean and stoichiometric flames prevailing
in most practical systems. For fuel mixtures containing ammonia, the
steady-state approximations tend to magnify the rapid rise of burning
rate occurring as the mixture transitions from lean to rich, leading
to predictions of peak velocities that exceed those of the detailed
chemistry by about 15%. The performance of the two-step chemistry
in describing flames under stretch is tested in Fig. 4. The level of
accuracy is seen to be similar to that encountered in the computation
of unstrained flames. As can be expected from the introduction of the
steady-state approximations, the extinction strain rates of NH;/H,-air
flames predicted with the two-step mechanism are larger than those
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Table 3
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The truncated steady-state equations used in the two-step computations of Fig. 3.

Cy (klfco2 + k3yCu,0 + k4 s Co, Cy, + ks Crio, + Koy Cro, + K16y O, + ka2pCm, Cu, + kz:stNHJ) =

ks Cu, Co + k37 Cy, Con + k16 CnuCr, + Ka2p O, Oy, + K238 Cxi, i, + Koy Ciino Oy

(b* - dac)'? — b
2a

Con = with

kg skas s Cnm,

a=

Crilkigy + ko Cy,,) + ki Co, + kp3pChy, + Kasy Crio —

Kisrkaiy Co, Oxiry
Koy Cury +hasy Co,

b =ky,Cyy + ks, Cyy, + Ky, Cuio, + kg CuuCu, + kas; Cr, +

ki9rCnu, <k22fCM22 +ky3 Cu +

ki kaas CuCo,

kg Cugy +hoas Cxny

) — kas s Cxn, (Kasp Cu,0 + ki1g, Co,)

Cu(kigr + kppCw,,) + kigs Co, + ka3 Cur, + ko5 Ciyo —

Kisrkauy Co, Oy
ks Cuyy +hayr Cpry

¢ ==2k;;CyCo, = k3;Cyy,0C = k4y CyCo, Cy, — Crio, (k125 Cy, + Crilksy — kos))—

ki kst CuCo,
G kys, G + kg, C, kyp Oy, + k3, Cy + —————
NH, (K25pCa,0 + Kigy o)( 27Cm,, T K30y k:/Cnﬁky/C.\m)

Culkygy + kapC,,) + kigy Co, + kp3pChy, + Kasp Criyo —

kisy kaay Co, Cxig
Koy Cuy +haay Cung

ki kagr CuCor
c Cin, ("22/CM22 +ky3 Cy + m + k25/C0H>
NH, = kiss a4y Co, Cnig
[Culkigs + kanyCr,) + kisy Co, + ka3 Cit, + ka5, Ciao] — Ty O +Fs o
| 12
)
Cho, = . {—Cﬂ(k,s/ +kes) = kiapCu, + |(Culksy + keg) + kiopCy,)” + 8kypkyy CHCOQCM,] }
1y
c ky ,fcgoz + k127 Cio, Cu, ki CyCo, + kisyCm, Co,
,0, = s o=
102 ki07Cwm,, ki Cy, + Koy s Cnu,
Co = ki Cor(kigrCu + ki Con) kg, Co,
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obtained with the short mechanism from which it is derived, although
the resulting overpredictions, comparable to those found in strained
hydrogen flames [24], are acceptable for most computational purposes.

5. Truncated steady-state expressions

Further simplification to the reduced mechanism follows from intro-
ducing truncations to the steady-state expressions [23]. The procedure
involves the selective removal of elementary reactions that do not
change significantly the solution to the nonlinear algebraic equations of
Table 2, leading to a simpler system that requires shorter computational
times. While reaction 6b was found in the present computations to
be entirely unimportant for flame propagation under all conditions,
consistent with previous results [12], other truncations depend on the
specific combustion conditions considered. For the example presented
below, the focus was on conditions that result in burning rates that
are not too dissimilar from those of natural-gas/air mixtures, of in-
terest for retrofitting of natural-gas turbines. Substantial truncations
were applied in this case to greatly simplify the expressions while
maintaining reasonable burning velocities. The reactions needed for the
description of combustion under those conditions are written in bold
font in Table 2.

The truncation procedure continued by using algebraic manipula-
tion to further simplify the solution. Although explicit expressions for
the different radical concentrations as a function of the reactants and
products concentrations and temperature could not be found, the set
of truncated steady-state equations, given in Table 3, is organized in
a way that effectively reduces the problem to the solution of a single

non-linear equation. The development is based on the observation that
all intermediates can be expressed as explicit functions of Cy. For
example, the OH concentration can be obtained as a function of Cy
by substituting the expressions for Cyp, into the expressions for the
coefficients b and ¢ that appear in the steady-state expression for Cy.
Similarly, the concentration of NH, appearing in Table 3 can be written
in terms of Cy by expressing Cyy as a function of Cy. These explicit
expressions can be used in the steady-state equation for H (the top entry
in Table 3) to generate a single non-linear equation for Cy that can be
trivially solved computationally for given values of T, Cy,, Cy,, Cyp;,»
Cy,0 and Cy,. Once Cy; is known, the result can be substituted into the
remaining explicit equations to obtain the concentration of the other
intermediates.

The truncated expressions in Table 3 were used in the computa-
tions of laminar-flame propagation velocities shown by the dot-dashed
curves in Fig. 3. As can be seen, the accordance with the detailed
and short chemistry results is reasonably good, departures remaining
smaller than 20% under all conditions explored in the figure. The
results indicate that the truncated two-step mechanism can provide suf-
ficient accuracy for describing oxidation of certain ammonia-hydrogen
blends at high pressure while significantly reducing computational
times.

6. Discussion and conclusions
Starting with a recently derived 60-step mechanism [5], reduced-

chemistry descriptions have been developed for combustion of
ammonia-hydrogen blends at conditions of pressure, temperature and
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dilution typically found in gas-turbine combustors. A short mechanism
involving only 16 reactive species and 31 elementary reactions, 10
of them being reversible, has been shown to predict ignition delay
times and burning rates with accuracy comparable to those of much
larger mechanisms. Furthermore, because of the existing high pressure
placing the system not far from the crossover temperature of hydrogen-
oxygen combustion, in deflagrations all intermediates are shown to
follow a good steady-state approximation, enabling the derivation of a
reduced mechanism in which the oxidation process is described by two
overall reactions featuring O,, H,, and NH; as reactants and N, and
H,0 as combustion products. The evaluation of the associated global
rates, involving a number of elementary reactions, requires the solution
of the nonlinear algebraic equations resulting from the production-
reaction balances of the 11 steady-state species. The two-step reduced
description, and the simplified version obtained after truncation of the
steady-state expressions, are tested through computations of burning
rates of preheated mixtures at high pressure.

The accuracy achieved by the reduced descriptions developed here
is likely to be sufficient for use in many investigations based on
computational fluid dynamics, thereby facilitating modeling efforts for
guiding designs of robust, reliable, and safe gas-turbine combustors
employing ammonia-hydrogen blends. To investigate the ability of the
reduced mechanisms to describe flow-chemistry interactions, future
computational tests should consider nonpremixed strained flamelets
as well as partially premixed conditions. Steady-state approximations,
which have been shown here to apply with reasonable accuracy to the
description of freely propagating flames, might be applicable for some
intermediates during autoignition processes, thereby motivating further
investigations of reduced mechanisms containing more than two overall
reactions.
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