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Abstract: Ammonia (NH3) is an attractive carbon-free energy carrier alternative to hydrogen with
substantially easier storage requirements and higher volumetric energy density. Consequently, NH3
has been studied as a fuel in the oncoming decarbonized energy economy. A potential application
for NH3 is the ammonia-fueled gas turbine for aviation or electricity generation (the latter as a peaker
or emergency plant to generate high-value electricity). However, the inherently low flame speeds of
NH;-Air mixtures result in a narrow flammability range and combustion instabilities, which make
ammonia challenging to implement in conventional gas turbines. One potential solution is to reform
part of the ammonia into hydrogen and add it to the main ammonia fuel stream to increase the flame
speed. With this motivation, a novel Swiss-roll style heat-recirculating fuel reformer is proposed as
an upstream fuel cracker for an ammonia-fueled gas turbine system. The Swiss-roll geometry
effectively recuperates and transfers the thermal enthalpy from the exhaust stream back into
reactants, which enables superadiabatic reaction temperatures in the central reaction core. This
elevated temperature accelerates chemical reactions, thus causing the reactants to proceed more
quickly toward the chemical equilibrium state. In addition to the kinetic benefit, the superadiabatic
reaction temperature provides the thermodynamic benefit by enabling ultra-rich NH; partial
oxidation. Consequently, substantial amounts of hydrogen can be generated. The hydrogen-rich
product stream would then be combined with the neat ammonia supply providing a fuel-air mixture
with higher flame speeds compatible with gas turbine applications. The idea has been investigated
numerically via 0D Perfectly Stirred Reactor (PSR) and 2D Computational Fluid Dynamics (CFD)
studies at elevated pressures. Furthermore, an initial experimental approach has been performed,
where an optimized Swiss-roll design, additively manufactured in Inconel 718, was tested under
different flow rate conditions. The produced reformate has been characterized and investigated as a
fuel additive for ammonia-operated gas turbines.

Keywords: ammonia combustion, gas turbine, fuel reforming, heat recirculation

1. Introduction

The movement towards net-zero emissions has highlighted the need for power generation
technologies utilizing carbon-free fuels such as hydrogen (H>). However, ammonia (NH3) is a
promising energy source for future power generation or used as an H» carrier. Ammonia’s
relatively high volumetric energy density (15.6 MJ/L) is significantly higher than difficult-to-
handle cryogenic Hz> (9.1 MJ/L) and nearly three times that of compressed Hz (5.6 MIJ/L).
Combined with acceptable gravimetric energy density (22.5MJ/kg), relative ease of production,
transport, and storage makes it a favorable candidate as a fuel for the next generation of green gas
turbines for aviation and power generation [1]. The net-zero carbon economic analysis by Cesaro
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et al. [2] shows that ammonia-based gas turbine energy generation offers the most economic value
for low-capacity factor operation characteristic of peaking power plants. Furthermore, NH3 is
currently in use commercially as a commodity chemical, refrigerant, and fertilizer. Hence the
infrastructure for its production, transportation, and distribution is already established.

Despite desirable economic characteristics, direct air-ammonia combustion in gas turbines has
proven challenging to implement. Several technical factors contribute to troubled ammonia
implementation in gas turbine systems. First, the chemical reaction rates of ammonia combustion
are relatively slow, leading to substantially lower laminar flame speed than common hydrocarbon
fuels. Hence a much larger combustor is required for a self-sustaining Damkohler number range.
Meanwhile, the lower volumetric heat release than hydrocarbon fuels requires higher flow rates,
further intensifying the slow reaction rates issue. Low laminar flame speed combined with reduced
residence time dictated by the lower calorific value of ammonia leads to significant flame-holding
issues. Additionally, the adiabatic flame temperature is usually 100-200 K cooler than popular
natural gas fuel. This is important for meeting the turbine inlet temperature requirements upon
mixing combustion products with secondary air. Finally, NH3-air combustion emits substantially
more NOyx pollution than current state-of-the-art hydrocarbon burners. Despite the listed
difficulties, there are ongoing efforts to develop direct ammonia combustors for gas turbines, such
as NH3-CHs-H> fuel mixing [3], swirl-stabilized burners [4], or rich-quench-lean (RQL) staged
combustion approaches [5].

The current study concentrated on an alternative method, where NHj3 is pre-cracked upstream of
the gas turbine. In such case, the dedicated reforming device can be optimized for sustaining
ammonia chemistry without the need for extensive modifications to the gas turbine itself. The
resulting reformate can be combusted directly in an Hz-optimized gas turbine or mixed with
supplemental NHj3 to increase energy density, Figure 1A, while retaining the benefit of improved
flame speed by blending with H> [1,6]. The control over mixing H»-rich reformate and NHj3 allow
fine-tuning of the mixture combustion characteristics, as represented by laminar flame velocity in
Figure 1B [7]. Experiments performed by the Valera-Medina [8] identified 70-30% NHs-Hz blend
as optimal for stable combustion in gas turbines. More recently, SINTEF Energy reported a wide
operating range for NH3-reformate mixtures in unmodified Siemens SGT-750 gas turbines [9]. In
both cases, stable operation was achieved with the 70-30% fuel blend, even though direct NHj3
combustion was impossible. Additionally, the reformate introduces a well-incorporated water
vapor, which slows down the HNO kinetics, a major NOx precursor in the NHz-air oxidation path
[10,11].

(A) (B)

Figure 1: (A) Simplified system schematic (B) Laminar flame speed for Ammonia/Hydrogen-Air
at equivalence ratio (®) = 1 for a range of hydrogen molar fraction in fuel [7].
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Most methods considered for NH3 reforming are based on thermodynamics, where the ultimate H»
output is limited by either kinetic or chemical equilibrium, given a sufficient residence time. A
summary of chemical equilibria for a range of temperatures and pressure is shown in Figure 2. The
high operating pressure required for integration with gas turbines makes low-temperature catalyst-
based solutions thermodynamically limited in conversion efficiency, as shown in Figure 2A.
Therefore this work studies the use of a novel heat-recirculating Swiss-roll non-catalytic thermal
reformer as an ammonia pre-cracker for a gas turbine application. Such a device has no inherent
pressure limitations as the conditions in the reaction site are usually sustained above 1000 K.

(A) (B)

Figure 2: Chemical equilibrium for: (A) NH3; <> H»> + N reaction at range of temperatures and
pressures [12] (B) NH;3 + air <> H,O + H + N for a range of equivalence ratios ®; arrows show
predicted H> molar fraction

(A) (B)
Figure 3: (A) Schematic diagram of the Swiss-roll reformer. (B) Temperature profile for reaction
with and without heat-recirculation.

The concept of a heat-recirculating combustor was originally proposed by Weinberg [13,14]. The
Swiss-roll configuration is a combustion chamber inside a spiral heat exchanger, shown
schematically in Figure 3A. The cold reactants (fuel-rich mixtures of NH3 and air) flow into the
center reaction zone, where the partial oxidation reforming process occurs, while the hot products
(reformate) flow out from the center through the adjacent outlet channel. The heat transfer from
the hotter outlet channel to the cooler inlet channel through the spiral heat exchanger significantly
increases the reactants’ temperature, thus combustion temperature and reaction rates. Figure 3B
further illustrates the temperature increase resulting from heat recirculation. Without heat
recirculation, the reaction temperature increase is due to the exothermic reaction only, whereas
with heat recirculation, the reaction zone temperature is increased by both chemical reaction and
heat recirculation. The resulting reaction temperature can be higher than the adiabatic flame
temperature, called “superadiabatic” flame temperature. This extends the flammable range of a
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variety of fuels and enables the achievement of equilibrium state concentrations. The anticipated
operating range for the ammonia reformer is in the ultra-rich regime, where the thermodynamic
equilibrium predicts H» yields of up to 50% molar fraction, as shown in Figure 2B.

2. Methods

The presented study encompasses numerical modeling and experimental examination of a Swiss-
roll ammonia reformer. The modeling work concentrates on a near full-scale 1ft device, sized to
integrate with a MW, power range gas turbine. It is complemented by a small-scale experimental
approach on a 6in sub-scale device.

Modeling Work

The modeling approach utilizes a 0-dimensional perfectly-stirred reactor (PSR) combined with a
2-dimensional study Computational Fluid Dynamics (CFD) study of Swiss-roll geometry
performance. The PSR calculations determine the important parameters affecting the reforming
yield over a range of temperatures and residence times. A 0D adiabatic PSR is simulated via
CHEMKIN employing GRI-Mech III detailed chemistry model [15]. The CFD study explores the
fuel-reforming capabilities of Inconel-718 Swiss-roll heat-recirculating combustors. The model
setup includes the effects of temperature-dependent gas and solid properties. The viscous effects
are modeled using Reynolds Stress Model (RSM). Surface-to-surface radiation was modeled via
discrete ordinates with an Inconel wall emissivity of 0.35. GRI-Mech III, Otomo’s and Song’s
models [16] were used for the ammonia-air chemistry model, generally producing agreeable
results. The outermost surface heat loss to ambient (300K) is modeled via natural convection with
a 10 W/m?K heat transfer coefficient and 0.8 external emissivity. The out-of-plane volumetric heat
sink’s thermal resistance model, as shown in Figure 4, mimics the typical experimental insulation
configuration. The inlet boundary is a fixed mass-flow inlet with ambient temperature reactants.
The calculations were carried out with Ansys Fluent, and the out-of-plane heat loss model was
applied via a user-defined function (UDF). Reasonable measures were taken to ensure
grid/timestep-independence results, and conservation of mass, species, and energy were verified
for all results.
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Figure 4: (Left) Swiss-roll base geometry and (Right) 1-dimensional heat loss resistance model.

The baseline geometry is a 1-ft scale, 3.5 turns cylindrical combustor with 1.25 cm channel width,
0.25 cm wall thickness, and 9.25 cm core diameter. A finned-wall variation is also included in the
study, with the fin thickness comparable to that of the wall’s, and the heights were scaled such that
the effective flow’s channel width becomes uniform. The combustor has a single inlet and a single
outlet. The inlet boundary condition is a fixed mass-flow inlet, and the outlet is a specified pressure
of 10 atm to represent conditions required to interface with gas turbine.
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Experimental Work

The experiment aims to establish the operating range, measure the reforming efficiency and
validate the numerical model at pressures of 1 bar and 10 bar. A sub-scale 6in outer diameter
Swiss-roll reformer has been 3D printed in Inconel 718. Inconel was selected to maximize the
operating temperature while maintaining sufficient strength for elevated pressure operation in the
future. A 2.5-turn swirl heat exchanger comprises 2.5 mm wide channels separated by 1.5 mm
wide walls. The core section is 4in wide and 6in tall, with a profiled inlet at the bottom and a
simple outlet at the top. The preheated reactants enter radially and are diverted into an axial
direction by a flow straightener. This increases the residence time and helps to stabilize the
ammonia combustion in the core. The block diagram of supporting equipment is presented in
Figure 5A, while a cross-sectional view of the Swiss-roll device is shown in Figure 5B. The
extensive safety equipment required for this work is not pictured. Figure 6 shows the pictures of
the partially assembled experimental setup. The assembled equipment can supply up to 80 SLPM
of NH3 combined with 100 SLPM of air and 10 SLPM of propane fuel used to preheat the device
at the startup. The liquid ammonia is kept at desired saturation pressure by resistive heaters placed
around the circumference.

Figure 5: (A) Experimental setup used for reforming study (B) Cross-section of Swiss-roll
reformer

Figure 6: Picture of the experimental setup. Arrows indicate the major flow path. The Swiss-roll
device (right) is shown without ceramic insulation for a better overview.
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Temperatures are recorded using K-type thermocouples in an Inconel sheath connected to National
Instruments CDAQ equipment. Upon reaching a steady state, a sample is collected and analyzed
using the SRI Instruments 8610C Gas Chromatography system configured for measuring Ho, No,
02, and COs. Under nominal conditions, the O, and CO, are not detected, while the H2:N» ratio
and reactant supply flow rates allow the calculation of the unreacted NH3 content in the exhaust.
Knowledge of H2 and NH3 contents can be converted to the reforming efficiency

3. Results and Discussion

Modeling Work

The results from the 0D adiabatic PSR via CHEMKIN employing GRI-Mech III detailed chemistry
are shown in Figure 7. The results suggest increased hydrogen favorability with increasing
ammonia concentration, temperature, and corresponding residence time at such temperature. With
an ammonia-rich mixture, the conversion rate becomes significant starting from 1300 K and
eventually reaches maximum yield corresponding to equilibrium with increasing temperature,
provided sufficient residence time. Otomo’s and Song’s detailed chemistry models also produce
similar results except for the additional effect of ammonia decomposition, which becomes
significant at impractically large residence time for Swiss-roll reformer. Within a reasonable high-
temperature timescale for the flame inside the Swiss-roll combustor (tres ~ 1x107 sec - 1x107! sec),
the results imply high-temperature flame of approximately ~2000 K will have to be sustained to
achieve significant hydrogen yield.

Figure 7: Perfectly-stirred reactor H-atom percentage in hydrogen form at outlet at varying
temperature and residence time for (Left) ® = 1.5 and (Right) ® = 5.0 with GRI-Mech 111

For Swiss-roll combustors, excess enthalpy [EE = (Tymax — Tintet)/(Taq — Tinter) — 1] is a
commonly-used design parameter, quantifying the amount of recirculated thermal enthalpy.
The value can be increased by employing combustors with recirculation-favored designs (added
turns, fins, etc.) at the expense of increased pressure drop. Aside from hydrogen yield favorability
with increasing temperature, the yield also increases with the equivalence ratio ®. However, it
becomes increasingly challenging to operate with fuel-rich mixtures due to the temperature rise
from combustion becoming progressively smaller. The effect of residence time is emphasized
through Figure 8, where for shorter available residence time, the hydrogen yield always increases
with increasing temperature up to 2500 K. With increased available residence time, the yield
saturates at a specific temperature value, which decreases with increasing residence time.
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Figure 8: Hydrogen yield at varying temperatures, residence time and required excess enthalpy
values corresponding to different equivalence ratios.

Figure 9: H-atom distributions between (Left) NH3, (Right) H> at combustor outlet of 1-ft scale
(Top) plain-wall, and (Bottom) finned Swiss-roll with double internal surface area, 3.5 turns
Inconel-718 combustors (1.25 cm channel, 0.25 cm wall, 9.25 cm approximated core diameter)
operating with NH3-air mixture at 10 atm pressure with GRI-Mech III.

Figure 9 above shows 2D simulation results for Swiss-roll combustors at a 1-ft scale operating
with fuel-rich ammonia-air mixtures at 10 atm across high flowrate cases and two different Swiss-
roll designs. The primary H species composition at combustor outlet mainly includes H>O (not
shown), H> and unprocessed NH3. The amount of H>O forms correspondingly to the amount of
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available O atoms (solely dependent on ®@). The H» yield dependency on ® follows the expected
trend following the OD PSR results. The initial rise in Hz yield going from stoichiometric to slightly
fuel-rich (1 < ® < 2) is attributed to the composition effect since the temperature is sufficiently
high in this region. The following drop in H; yield as fuel is increased further (® > 2) is due to
insufficient temperature, in which the temperature becomes the primary factor determining the
yield. Most of the results shown are out-of-center flames, as the combination of flowrate and
composition generally produces exceedingly flammable mixtures such that the flame does not
require the full recirculation benefits from the combustor. Hence the flame retreats outward along
the inlet channels. The yield favors higher flow rate cases (high Re) due to increasing temperature
as overall enthalpy flux is increased, and the effect of heat loss becomes less significant as the flow
rate increases. With the increased heat-recirculation provided by finned walls, the results produce
improved extinction limit and yield compared to the plain-wall Swiss-roll device.

Figure 10: H-atom distributions between (Left) NH3, (Right) H> at combustor outlet of 1-ft scale
(Top) plain-wall, and (Bottom) finned Swiss-roll with double internal surface area, 3.5 turns
Inconel-718 combustors (1.25 cm channel, 0.25 cm wall, 9.25 cm approximated core diameter)
operating with NH3-air mixture at 10 atm pressure with flame suppressed from inlet channels.

Figure 10 shows the results from a similar setup to prior results but with the reaction artificially
suppressed from the inlet channels as a thought experiment. This represents solutions in which
flashbacks are suppressed, and the flame is allowed to reap the full recirculation benefit from the
Swiss-roll combustor, allowing the flame to reach even higher temperatures. The resulting H yield
behavior, in the same manner as free-flame cases shown in Figure 10, follows a bell-shaped curve
with composition effect dominating for slightly-rich mixtures and temperature effect ruling the
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ultra-rich mixtures. However, the yield instead favors low Re cases as the solution moves away
from insufficient residence-time extinction limit characteristics to Swiss-roll combustors operating
at a high flow rate. Additionally, for ultra-rich mixture cases (4.5 < ® < 6) for finned Swiss-roll,
the maximum gas temperature is practically the same (~2000 K for ® = 4.5, ~1860K for @ = 6.0)
across different Re values at the same ®. This shows the secondary effect of high-temperature
residence time, favoring lower flowrate cases provided sufficiently high temperatures.

Experimental Work

The early atmospheric pressure experiments succeeded in stabilizing the reactions at two inlet
conditions. The flow configuration and related temperature profiles across the | Swiss-roll are
presented in Table 1. In agreement with numerical predictions, the flame containment within the
core section proved challenging. For example, based on the high Swiss-roll inlet temperature at
® = 2.8, it is apparent that the flame front flashed back and established itself within the inlet
channel. The more fuel-rich ® = 3.7 case shows temperatures increasing through the core, although
the reaction front is stretched into the outlet channel.

Table 1: Experimental data: steady-state temperature profiles

Equivalence Channel Temperature [°C]
Ratio Velocity Swiss-roll | Core Core Core | Swiss-roll
Ny [m/s] inlet inlet | center | outlet outlet
2.8 7.5 964 892 910 875 807
3.7 11.7 190 861 882 890 712

The GC data has been at ® = 2.8 (EE =4.75, 0.18s residence time) measured 21.3% H> and 60.4%
N> with only a trace CO» signal below the instrument accuracy level. The missing 18.3% can be
accounted for by the unreacted NH3 and H>O vapor, both outside the capabilities of the installed
GC column. The measured H> is below the equilibrium prediction (31.5% H2 equilib), supporting the
importance of reaction temperature and residence time identified by the numerical study. The
experiments are ongoing, with more results to follow.

4. Conclusions

Mixing hydrogen-rich reformate with ammonia is studied as a combustion augmentation method
for enabling ammonia utilization in gas turbines. A novel Swiss-roll combustor has been proposed
to provide the required reformate by an ultra-rich partial oxidation process. The numerical study
identified the importance of Swiss-roll’s excess enthalpy (EE) parameter, reaction temperature Tr,
and core residence time ts on expected H> yield. The best results are predicted for EE >2,
TR > 2000 K, and tres > 0.01 s. Notably, very high EE values can degrade reforming efficiency for
severely insufficient Tr or tes cases. The 2D study of Swiss-roll geometry supports the non-
dimensional PSR findings while identifying the new issue of flame holding in the reactor core.
The modeling results are further supported by early experimental results in a 6” Swiss-roll device
successfully achieving steady-state operation at high equivalence ratios. The amount of generated
hydrogen is sufficient to augment the burning properties of ammonia for gas turbines. The
performed work supports the efficacy of the Swiss-roll reformer concept as a fuel pre-cracker for
gas turbine applications.
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