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This paper explores the idea of thermally cracking ammonia via shock waves to produce a 
blend of ammonia-hydrogen as a ‘carbon neutral’ aviation fuel, reducing global carbon 
dioxide emissions. The method is based on wave rotor technology utilizing the energy 
contained in the combustor burned gas to compress and heat ammonia to temperatures at 
which high conversion rates can be achieved on short timescales. Then, the resulting 
ammonia-hydrogen mixture is fed into the burner as reactant which leads to hydrogen, 
nitrogen, and water vapor as primary gas products. The shock wave process has been modeled 
numerically using an in-house quasi-one-dimensional code by Tüchler and Copeland that has 
been experimentally validated for non-reacting wave rotors. A single-reaction, global kinetic 
model was developed to approximate the NH3 pyrolysis reaction chemistry across the 
temperature and pressure conditions of interest, thereby enabling the incorporation of 
chemistry in the numerical simulations. The computational results provide data used in the 
prediction of flow fields inside the channels of the wave reformer and at the inflow/outflow 
ports of the reactor. The data confirm production of a mixture of ammonia and hydrogen 
using energy harvested from the engine burner exhaust. This study introduces a new 
application of the shock-wave reforming process as well as another step in the realization of 
ammonia as an aviation fuel without carbon content.  

I. Introduction 
The evidence of environmental damage caused by consumption of carbon-based fossil fuels is overwhelming. The 

aviation sector is among important transportation segments that contribute to environmental emissions and 
deterioration. While the aviation industry primarily utilizes petroleum-based fuels, hydrogen and ammonia offer 
interesting pathways for achieving sustainable and green aviation. Both fuels have been extensively explored as 
alternative fuels in ground vehicles and gas turbine engines [1].  

The potential of using hydrogen fuel for a jet engine as a long-term energy solution has received significant 
attention recently [2]. As a clean fuel, combustion of hydrogen with air does not release any harmful, carbon-
containing green-house gases contributing to global warming. Additionally, (liquid) hydrogen contains 2.8 times more 
energy than conventional aircraft kerosene fuel [3]. Ammonia, as another zero-carbon fuel, offers an energy density 
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even higher than compressed hydrogen [4]. It can be easily stored in relatively low-pressure tanks (e.g., pressure of 
8.8 atm at 210C). Ammonia is also a well-known hydrogen carrier, thus, producing hydrogen from ammonia is also 
possible. 

Even though these carbon-free fuels have the potential to replace hydrocarbon fuels, there are a number of barriers 
that must be overcome before such fuels can be commercially used for both transport and power applications. For 
instance, the use of hydrogen is compromised by the fact that the space required to store liquid hydrogen is 4 times 
the volume needed to store kerosene; due to its lower density. This introduces significant challenges associated with 
the design of fuel tanks for airborne applications. Meanwhile, high NOx emissions associated with ammonia oxidation 
[5], along with its low flame speed [6], have hindered the use of ammonia as a sustainable fuel in aviation. Results 
have shown positive power production, but this power production comes at a cost of high NOx emissions due to the N 
atom in ammonia molecules that is not present in conventional hydrocarbon fuels [7]. The NOx emissions challenge 
for ammonia-fueled turbine engines has been recognized as one the of main limitations of this fuel [1-6, 8]. New 
findings show that addition of hydrogen can improve flame stability and reduce NOx emissions [9]. In addition, co-
combustion of ammonia and hydrogen has been shown to enhance the flame speed [10]. These results encourage 
further tests and research for deployment of ammonia-based propulsion systems. 

Here, a new pyrolysis method is proposed that uses a wave-rotor reformer to generate and provide a zero-carbon 
fuel blend of ammonia and hydrogen on a continuous basis, benefiting from both fuels and effectively reducing 
emissions. Although wave rotor technology has already been shown to enhance the performance of aircraft engines 
[11, 12], this work illustrates a completely new application of wave rotors to produce gaseous ammonia-hydrogen fuel 
blend that can be used for aviation or for power-generation applications. This study will describe how a wave-rotor 
reformer uses shock waves to compress preheated ammonia by direct utilization of the energy from hot, high-pressure 
combustion products. The shock-compression raises the ammonia temperature sufficiently high to achieve thermal 
decomposition and the partial cracking of ammonia into hydrogen, thereby resulting in a zero-carbon, ammonia-
hydrogen fuel mixture for a burner of an engine, fuel mixture for a burner of an engine.   

New Wave Hydrogen, Inc. (New Wave H2 or NWH2) has recently introduced a rotary wave reformer using the 
wave rotor technology for methane-pyrolysis processing [13, 14]. The goal is to achieve a rapid and homogeneous 
temperature amplification sufficient to thermally decompose (i.e., crack) hydrocarbons entering the rotor channels. 
The shock heating splits methane into hydrogen and solid carbon in the absence of oxygen, i.e., CH4 → C + 1.5 H2. A 
main characteristic of this process is the absence of oxygen, which eliminates CO2 and CO by-products. This is an 
important distinction relative to competing methods of methane pyrolysis, i.e., the gas is not heated using electrical or 
plasma powered sources, it is heated by the rapid compression wave cycle. More details can be found in the references 
above.  

It is now envisioned to use the rotary wave reforming concept to compress and heat ammonia until it breaks apart 
into its constituent species (i.e., NH3 → 0.5 N2 + 1.5 H2). This is an endothermic reaction requiring 46 KJ/molNH3 
which can be provided by a hot, high-pressure driver gas source. The wave reformer benefits from energy transfer in 
the shock wave and the use of the energy embodied in the burned gas. With regard to ammonia reforming onboard a 
wave reformer, the process is equivalent to ammonia thermal cracking using shock waves in a shock tube. Ammonia 
thermal decomposition using shock waves has been demonstrated in previous shock tube studies [15-17]. By adjusting 
the rotor speed, channel length, and optimizing port arrangements, it is possible to thermally crack ammonia in a wave 
reformer on timescales similar to those seen in a shock tube.   

II. Pyrolysis of Ammonia by Shock Waves  
The combustion kinetics of ammonia has been the focus of many research activities, due to the high potential of 

ammonia as a fuel for internal combustion engines as well as gas turbines [4, 5]. Many studies on the combustion 
properties of ammonia-air or ammonia-oxygen mixtures utilizing shock heating in shock tubes have been reported 
[18-20], but only a select few studies have been conducted to characterize the decomposition of ammonia in the 
absence of air/oxygen [15-17]. To verify formation of hydrogen through shock-heating of ammonia, numerical 
modeling was first conducted to simulate dissociation of ammonia in a conventional shock tube.  

A. Chemical Kinetic Modeling 
A single-step, global reaction mechanism was developed to facilitate efficient, realistic modeling of the shock-

wave reforming process. Ammonia pyrolysis is a complex, multi-step mechanism [16] and development of detailed 
chemical kinetic models to accurately describe the pyrolysis of ammonia is an active area of study (e.g., [15]).  In the 
current work, we seek to leverage existing knowledge of ammonia pyrolysis reaction pathways to identify a single-
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step, three-species, global reaction mechanism that can be used in the place of a detailed model, thereby reducing 
computational complexity and time.   

First, a detailed chemical kinetic model developed by Glarborg et al. [21] was used in conjunction with the 
Chemkin-PRO (ANSYS, Inc. [22]) software package to simulate ammonia pyrolysis at temperatures and pressures 
representative of post-reflected shock conditions in a wave reformer (i.e., six conditions across 1900-2300 K and 70-
80 atm – see Section IV). The system was simulated as a 0-D, constant-enthalpy, constant-pressure (constant-HP) 
reactor; the reactant was assumed to be 100% NH3; and the simulated test time was 5 milliseconds (the wave reformer 
residence time, post-reflected shock, is estimated to be approximately 4 milliseconds). The modeled NH3 and H2 
species time-histories are plotted in Fig. 1.  

 

         

Figure 1: Estimated NH3 (left) and H2 (right) time-histories at six conditions of interest, simulated using a detailed 
kinetic model developed by Glarborg et al. [21]. Theoretical limit designates the expected H2 mole fraction if 100% 

of the hydrogen contained in NH3 was converted to H2. 
 
At the lowest temperature and pressure condition (1905 K, 70 atm), nearly 40% NH3 conversion is achieved after 

5 milliseconds; at the highest temperature and pressure condition (2299 K, 81 atm), approximately 75% NH3 
conversion is achieved after 5 milliseconds. As expected, NH3 decomposition correlates with H2 formation: at the 
highest temperature and pressure condition, the most H2 is formed, approaching nearly 60% mole fraction after 5 
milliseconds. The wide range of NH3 conversion efficiencies observed across the six conditions is encouraging, as it 
indicates this process could be used to generate NH3/H2 mixtures with varied NH3-to-H2 ratios; a specific NH3-to-H2 
ratio in this range could be desired for optimal combustion behavior, for example.   

Reaction pathway analysis of the Glarborg et al. [21] model confirms that ammonia pyrolysis is primarily 
dominated by the following reactions: 

 
NH3 = NH2 + H   (R1) 

NH3 + H = NH2 + H2   (R2) 

NH2 + NH2 = various products (R3) 

Here, R1 serves as an initial unimolecular decomposition step, R2 is a propagation step characterized by ammonia 
attack by H-atoms, and R3 is a propagation step responsible for the formation of intermediate species that eventually 
degrade to H2 and N2. Closer inspection of the intermediate species formed during NH3 pyrolysis confirms this 
observation. Figure 2 shows the estimated species time-histories of the 10 most significant species formed during NH3 
pyrolysis at 2211 K, 80 atm, simulated using the Glarborg et al. kinetic model. 
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 4 

 

Figure 2: Simulated intermediate and final species formed during the pyrolysis of 100% NH3 at 2211 K, 80 atm; 
simulated using a detailed kinetic model developed by Glarborg et al. [21]. 

As can be seen in Fig. 2, significant amounts of NH2 and N2H2 are formed within the first microsecond. However, 
these species are soon consumed, dropping 1-2 orders of magnitude by 1 millisecond. The significant presence of 
these intermediate species at early times suggests this pyrolysis system cannot be modeled accurately across the entire 
time domain using a single, global reaction. However, the trends in Fig. 2 also show that at late times (e.g., time > 1 
millisecond), the intermediate species no longer play an important role.  

The following one-step reaction was chosen to approximate the thermal decomposition of NH3 to H2 and N2 at late 
times: 

2NH3 → 3H2 + N2 (R4) 

This reaction is assumed to take a standard Arrhenius form, where the bimolecular reaction rate, kR4, is defined as: 
 

𝑘𝑘𝑅𝑅4 = 𝐴𝐴 exp �−
𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅

� 

(1) 
Here, A is a pre-exponential factor, Ea is the activation energy, R is the ideal gas constant, and T is temperature.   

A grid search was performed to determine the optimal pre-exponential A-factor and activation energy needed for 
the global, single-step reaction mechanism to approximate the simulation results generated using the full, detailed 
kinetic model of Glarborg et al. at times between 1.2 and 5 milliseconds. A wide range of Ea and A values was 
interrogated, and for each combination, a value for k was calculated and used to simulate time-resolved NH3 , H2 , and 
N2 mole fractions at the six temperature and pressure conditions of interest. The H2 mole fraction traces were then 
compared to the corresponding traces simulated using the detailed Glarborg et al. model, and a mean, relative 
difference between the two sets of results was calculated. The optimal values for A and Ea correspond to the values 
for which the mean relative difference between the two sets of model results is minimized. The results of this grid 
search can be seen in Fig. 3. 
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 5 

 

Figure 3. Results of grid search performed to identify the combination of A and Ea needed to minimize the mean, 
relative difference between H2 mole fraction results simulated using our single-reaction model and the detailed 

model developed by Glarborg et al. [21]. 

The optimal values for the pre-exponential A-factor and activation energy were found to be 6×1019 cm3/mol-s and 
124,000 cal/mol, respectively, yielding the following expression for kR4: 

 

𝑘𝑘𝑅𝑅4 = 6 × 1019 exp �−
124000
𝑅𝑅𝑅𝑅

�     
𝑐𝑐𝑚𝑚3

𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑠𝑠
 

(2) 
 The performance of the optimized, single-reaction model is shown in Fig. 4. 

 

Figure 4: Simulated H2 mole fraction results predicted using the optimized, single-reaction model, compared to the 
H2 mole fraction results predicted using the detailed kinetic model of Glarborg et al. 

D
ow

nl
oa

de
d 

by
 3

7.
98

.1
08

.4
0 

on
 D

ec
em

be
r 

30
, 2

02
1 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

2-
20

48
 



 6 

As can be seen in Fig. 4, the single-reaction model closely captures the H2 mole fraction trends predicted by the 
full, detailed kinetic model of Glarborg et al.  At 4 milliseconds, the average relative difference between the H2 mole 
fraction results simulated using the two modeling approaches was found to be 4.6%. The lowest relative difference at 
4 milliseconds was observed in the 2063 K case (1.0%), and the highest relative difference at 4 milliseconds was 
observed in the 1905 K case (11.5%). 

Overall, at the residence time of interest in this work (4 milliseconds), and across the temperature and pressure 
conditions of interest, the single-reaction mechanism is expected to approximate the results of a more detailed kinetic 
model within 1-11.5% and is expected to perform better at the higher temperature/pressure conditions. 

B. Shock-Wave Heating    
To investigate the influence of the driver gas initial 

temperature on shock heating, the one-dimensional Riemann or 
Sod shock-tube problem is considered. The problem represents 
an initial value problem (IVP) and is solved exactly assuming that 
the working medium behaves as an inviscid and calorically 
perfect gas. 

The resulting x-t schematic shown in Fig. 5 outlines the wave 
patterns and respective states within the shock tube in a steady-
state manner. This represents one particular solution to the IVP 
problem , where the driver gas (State 4) features a higher pressure 
than the driven section (State 1). 
 Solving the shock tube problem for a wide range of pressure 
ratios between the driver and driven sections, enables the 
computation of the subsequent temperature rises across incident 
and reflected shock waves. Figure 6 (left) shows the temperature rise across the incident shock wave (T2 /T1) as a 
function of pressure ratios in the shock tube (P4  /P1) by varying the driver gas initial temperature (T4) in increments 
of 200 K from 1300 K to 2100 K. The pressure in the driven section is assumed to be at ambient conditions of 1 atm 
and 300 K. Both sections are initially at rest. It is seen that by increasing the driver gas initial temperature, greater 
temperature rise across the incident shock wave is obtained. Similarly, Fig. 6 (right) illustrates the temperature rise 
across the combination of the incident-reflected shock waves (T5 /T1) as a function of pressure ratio in the shock tube 
by varying the driver gas initial temperature. The behavior of this temperature rise is similar to that in Fig. 6 (left). It 
is seen that temperature rises beyond 3 can be attained for the pressure ratio above 30 in the shock tube, confirming 
the potential of shock heating to achieve sufficiently large temperatures to initiate ammonia cracking even with 
relatively moderate initial driver and driven temperatures provided the shock compression is sufficiently strong. 

 

    
 

Figure 6: (Left) temperature rise across an incident shock wave, (Right) temperature rise across both incident 
and reflected shock waves as functions of pressure ratio between driver and driven sections and initial temperature 

of the driver gas. 

C. Numerical Modeling of Ammonia Pyrolysis in a Shock Tube    
The numerical tool used to predict ammonia pyrolysis in a shock tube is a quasi-one-dimensional wave rotor code 

developed and experimentally validated by Tüchler and Copeland at University of Bath, UK [23-25] for non-reacting 
wave rotors. The model solves the laminar one-dimensional Navier-Stokes equations using a two-step Richtmyer TVD 
scheme with minmod flux limiter. The code follows a single wave rotor passage of constant cross section as it passes 

 

 
 

Figure 5: Wave propagation in a shock tube. 
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 7 

ports along the circumference and accurately computes unsteady wave action in the rotor channels as well as steady 
conditions in the ports. To account for pyrolysis of reactants, the model has been modified to employ the simple, one-
step reaction rate described in the previous section, which turns the reactant (ammonia) into products (e.g. hydrogen 
and nitrogen).  

The equations are as follows: 
∂𝑈𝑈��⃗
∂𝑡𝑡

+
∂𝐹⃗𝐹
∂𝑥𝑥

= 𝑆𝑆 
(3) 

 
The state vector 𝑈𝑈��⃗ , flux vector 𝐹⃗𝐹 and source term vector 𝑆𝑆 are: 

 

𝑈𝑈��⃗ =

⎝

⎜
⎛

𝜌𝜌
𝜌𝜌𝜌𝜌
𝜌𝜌𝜌𝜌
𝜌𝜌𝑌𝑌𝑖𝑖..
𝜌𝜌𝑌𝑌𝑛𝑛⎠

⎟
⎞

, 𝐹⃗𝐹 =

⎝

⎜
⎛

𝜌𝜌
𝜌𝜌𝜌𝜌
𝜌𝜌𝜌𝜌
𝜌𝜌𝑌𝑌𝑖𝑖..
𝜌𝜌𝑌𝑌𝑛𝑛⎠

⎟
⎞

, 𝑆𝑆 =

⎝

⎜
⎛ 0

0
𝜔̇𝜔𝑇𝑇
𝜔̇𝜔𝑖𝑖..
𝜔̇𝜔𝑛𝑛 ⎠

⎟
⎞

 

(4) 
 

Where 𝜌𝜌 denotes the density of the mixture, 𝑢𝑢 the velocity in x-direction, p the static pressure and E the total 
energy per unit volume. The quantity 𝑌𝑌𝑖𝑖 represents the mass fraction of each chemical species, while the source terms 
accounting for reaction contain the mass reaction rate 𝜔̇𝜔𝑖𝑖 and the endothermic heat absorption 𝜔̇𝜔𝑇𝑇 . 

The production rate and the heat absorption follow: 
 

ω̇ = ν𝑘𝑘𝑅𝑅4ρ𝑌𝑌 
(5) 

 
𝜔̇𝜔𝑇𝑇 = −𝑄𝑄ω̇ 

(6) 
 
where ν represents the stoichiometric coefficient and Q the heat absorption per unit mass of reactant. 

In addition, the mass fraction and mass reaction rate satisfy the following equation: 
 

�𝑌𝑌𝑖𝑖

𝑛𝑛

𝑖𝑖=1

= 1,�𝜔̇𝜔𝑖𝑖

𝑛𝑛

𝑖𝑖=1

= 0 

(7) 
 
It is also assumed that each species follows the ideal gas law: 
 

𝑝𝑝 = ρ𝑅𝑅𝑅𝑅�
𝑌𝑌𝑖𝑖
𝑊𝑊𝑖𝑖

𝑛𝑛

𝑖𝑖=1

 

(8) 
with R used as the universal gas constant. 

Hence, using the reactive quasi-one-dimensional model, a solution of the one-dimensional Riemann or Sod shock-
tube problem for ammonia decomposition was studied as described in the following.  

Referring to Fig. 5, in this study NH3 at 1 atmosphere pressure and 400 K temperature was considered in the driven 
section (State 1), and N2 at 38 atm and 2000 K in the driver section (State 4) was introduced. Both driver and driven 
gas are assumed to be at rest at the start of the simulation. The simulation ran for 15 milliseconds and the total shock 
tube length was chosen to be 2 m with the diaphragm located at the center (i.e., at x = 0 m). The rupture of the 
diaphragm generates a right-running incident shock wave followed by a contact discontinuity and a left-running 
expansion fan or rarefaction wave. The right-running incident shock wave changes NH3 properties from State 1 to 
State 2. Meanwhile, the left-running expansion fan changes N2 properties from State 4 to State 3. NH3 properties 
behind the left-running reflected shock wave generated at the right wall are represented by State 5.  

Figure 7 shows color contours of pressure, temperature, Mach number, and velocity in the shock tube, as functions 
of time, i.e. in the distance-time space. The horizontal axis of each contour represents non-dimensional distance along 
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 8 

the tube (x/L). The vertical axis represents time. Due to the relatively high pressure differences between the driver and 
driven gases (i.e. P4 >> P1), the pressure contours are given in logarithmic form to enhance the visibility of shock and 
expansion waves. The pressure plot shows compression of NH3 by both incident and reflected shock waves. In 
addition, the attenuation of the shock waves due to viscous effects can be seen as time progresses. The temperature 
plot indicates a temperature rise for NH3 from its initial 400 K as expected through shock heating. However, the 
highest-temperature zone is not near to the right wall (e.g., State 5). In fact, the highest-temperature region is offset 
from the end wall, and starts at the contact surface separating the compressed NH3 and the N2 and continues in the hot 
N2 region after the reflected shock wave travels to the left and compresses N2 . This is different from a typical shock 
tube where the driver and driven gases usually have equal or near-equal initial temperatures. The Mach number and 
velocity plots show the flow directions. The incident shock wave has induced a supersonic region in the post-shock 
gas.  

 
 

 
 

Figure 7: Contours of pressure, temperature, Mach number, and velocity in a shock tube as functions of time. 
 

The species contours shown in Fig. 8 outline the temporal and spatial evolution of molar fractions for NH3 , N2 , 
and the resulting H2 . The NH3 concentration plot shows the gas is pushed by the incident shock wave towards the 
right wall where it starts to partially decompose to N2 and H2 . The N2 concentration plot indicates the gas penetrates 
into the driven section of the tube, and after about 1 millisecond the (first) reflected shock wave stops the gas 
penetration. The H2 concentration plot shows formation of hydrogen far away from the wall and near to the contact 
surface between the compressed NH3 and the N2 . There is still some fuel-to-hydrogen conversion taking place next 
to the wall, but much less than further away from the wall. 

 

 
 

Figure 8: Mole fraction contours of NH3 (left), N2 (middle), and H2 (right) in a shock tube as functions of time. 
 

To show the temperature range of each species, Fig. 9 is presented where the temperature field for each species is 
shown. In this layout, the peak temperature of each species along with the location and time of its occurrence can be 
determined. For NH3 (left) a maximum temperature up to 1700 K can be obtained, which is sufficient for ammonia 
decomposition. The N2 (middle) temperature increases beyond 2000 K and the H2 temperature exceeds 1800 K in 
some locations which is a temperature suitable for hydrogen production.     

 

Incident 
Shock Wave

Reflected 
Shock Wave

Expansion 
Fan
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 9 

 
 

Figure 9: Temperature range for NH3 (left), N2 (middle), and H2 (right) in shock tube as functions of time. 
 

To explore the impact of the temperature drop due to the endothermic effect on H2 production, Fig. 10 is presented 
which predicts the difference in hydrogen molar fraction produced with and without the endothermic effect.  This was 
achieved by setting the heat source term accounting for 
the endothermic heat absorption to zero. The plot shows 
that without the endothermic effect there would be almost 
10% greater mole fraction of hydrogen  

Finally, Fig. 11 shows the effect of initial temperature 
of the driver gas and pressure ratio between driver and 
driven sections on molar fraction of hydrogen generated 
through the ammonia cracking process. Clearly, both 
parameters have positive influence on hydrogen 
production. Residence time between the reflected shock 
wave and the right running expansion fan ranges between 
5.1 milliseconds at the highest pressure ratio and 5.4 
milliseconds at the lowest pressure ratio. This indicates 
that the relationship shown in Fig. 11 is driven primarily 
by shock heating effects rather than residence time. 

III. Wave Reformer Description  
The wave rotor is a direct energy-exchange device that 

utilizes one-dimensional pressure wave action for the 
transfer of mechanical energy between two compressible 
fluid flows which are at different pressure levels. Wave 
rotors are an established and experimentally verified 
technology [26-29]. A detailed historical review of wave 
rotor programs and their applications (until 2006) can be 
found in Ref. [30].  

The wave rotor typically consists of a cylindrical rotor 
with a number of long axial channels arrange uniformly 
around its periphery. The rotor spins between two 
stationary endplates through which the flow enters and 
exists. Each endplate has a number of ports to 
accommodate the incoming and outgoing fluids. Each of 
the rotating channels operates similar to an individual 
shock tube. The entry and exit endplates function as the 
valves and resemble the shock tube diaphragm rupture, 
initiating a series of unsteady compression and expansion 
waves in the channels as they periodically rotate past the 
inlet and exit ports and regions of closed endplates. To 
generate compression waves, the channels are exposed to 

 

 
 

Figure 11: Hydrogen molar fraction as a function of 
pressure ratio between driver and driven sections and 

initial temperature of the driver gas. 
 

 

 
 

Figure 10: Change in hydrogen mole fraction  
due to endothermic effect. 
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 10 

a high-pressure port of a driver gas which enters the channels and compresses the gas within it. To generate expansion 
waves, the channels are exposed to a low-pressure port and the gas in the channels discharges. By using a large number 
of channels on the rotating drum, the pulsed process occurring in a single shock tube is translated to a continuous 
process [26]. Therefore, the wave rotor can be considered the steady-flow, cyclical analogue of the pulsed shock tube. 
In a typical design, the channels are designed axially and arranged parallel to the drive shaft driven by a motor. In 
such a configuration, the only power input to the rotor is that necessary to overcome bearing friction. However, if the 
tubes are not axial (e.g. curved channels), net power can even be extracted from the rotor similar to that of a turbine 
in addition to the work exchange between the fluid streams [23].   

 A schematic of a typical wave rotor is shown in Fig. 12. Here, a high-pressure driver gas exchanges its energy 
with a low-pressure driven gas within the rotating channels. The figure shows the two stationary endplates (green and 
red colors) each of which has a few ports or manifolds that control the fluid flow through the channels. Between the 
rotor and the endplates faces there is no contact, but to minimize leakage, the gap is kept very small, or the endplates 
are built with sealing material that contact the rotor.  

 

 
 

Figure 12: Schematic of a four-port wave rotor. 
 
The wave rotor configuration shown in Fig. 12 uses two inlet ports and two outlet ports and thus, it can be referred 

to as a four-port wave rotor. The driven (low-pressure fluid) enters the rotor from an inlet port at one end of the rotor 
and after it is compressed it leaves at the opposite end of the rotor as a high-pressure driven gas using an outlet port 
(labeled “high-pressure driven gas.”). A driver fluid (high-pressure fluid) enters and leaves at the opposite end of the 
rotor as a low-pressure driver gas. Thus, the rotor experiences a through-flow pattern internally. The driver fluid 
expanded by expansion waves leaves the rotor at a pressure lower than that at which it came in. Thus, the energy gain 
in the driven gas is made up by a corresponding energy loss in the driver gas. By carefully selecting port locations and 
their widths, a significant and efficient transfer of energy can be obtained between flows in the connected ducts with 
minimum mixing between flows. The generated waves replace energy-exchange processes conventionally 
accomplished with compressors and turbines.  

Figure 13 illustrates a wave reformer configuration using a four-port wave rotor architecture for ammonia 
pyrolysis. The device uses burned gas leaving a burner at a high pressure (driver gas) connected to the rotor by an 
inlet port. This incoming high-pressure gas compresses the preheated ammonia (driven gas) entering the rotor channels 
from a secondary inlet port. Due to the pressure difference between the driver and driven gases, a shock wave is 
generated in the channels. This transfers the driver gas energy to the driven ammonia gas. Under appropriate 
conditions, the temperature rise from the supersonic shock-wave compression heats up the driven ammonia gas to a 
temperature sufficient to thermally crack ammonia into hydrogen and nitrogen. The high-pressure products and 
expanded, driver gas separately exit the rotor from two exit ports as the labels demonstrate. It is helpful to note that 
the rotor channels are alternately exposed to relatively cooler driven gas at high frequencies; thus, the metal 
temperature of the rotor is expected to remain at a mean temperature significantly lower than the burned (post-
combustor) gas temperature during the ammonia thermal decomposition. 
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 11 

 

Figure 13: Schematic of a through-flow four-port wave reformer.  
 

In the four-port wave rotor shown in Figs. 12 and 13, the inlet ports are located on one side of the rotor, and the 
outlet ports are located on the other. This is often known as a through-flow configuration. Alternatively, it is possible 
to design a reverse-flow device where each gas stream enters and leaves the channel from the same end. These two 
configurations may provide similar overall performance, but they differ substantially in their internal processes. Figure 
14 shows a reverse-flow wave reformer.  

 

 

Figure 14: Schematic of a reverse-flow four-port wave reformer.  
 

A. Inner Working Principles of a Through-Flow Wave Reformer 
To better understand how a wave reformer operates, it is useful to investigate the physical phenomena occurring 

in the channels. This is traditionally studied by unrolling the rotor channels in a time-distance domain, often termed 
the ‘wave diagram’. Figure 15 schematically illustrates an unwrapped through-flow reformer (shown in Fig. 13) with 
the rotor channel moving upward. In this fashion, the circular motion of the rotor channels is represented by straight 
translatory motion. The wave diagram portrays the position of the ports, the wave fronts, and the gas interfaces during 
each phase of the cycle, which is useful for visualizing the processes that occur in a single cycle of a wave machine. 
In the wave diagram, the horizontal axis represents the rotor axial length and the vertical axis is time (or rotational 
angle). The top of each wave diagram is looped around and joined to the bottom of the diagram since the journey of a 
channel of the wave rotor is periodic. The vertical black rectangles on each side of the diagram represents temporal 
locations of an endplate during 
which the inlet and outlet ports are 
closed. The diagonal lines are 
either the propagation lines 
(trajectories) of the waves or 
contact surface boundaries 
between the fluids (as labelled). In 
Fig. 15, the blue or lighter gray 
area represents the driven or 
reacting gas (ammonia) and the red 
or darker gray area represents the 
driver gas. Each cycle employs 
two inflow ports where ingress of 
the fresh, high-pressure driver and 
reacting fluids are fed into the 
moving channels, and two outflow 
ports where high-pressure fuel 
product and deenergized driver gas 
are discharged from the rotor 
channels. In the proposed cycle 
where the reacting gas is chosen to 

High-Pressure Product  
(e.g., H2+N2+NH3)

Driver Gas In

Preheated Ammonia
Driver Gas Out
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Figure 15: Wave diagram of a through-flow wave reformer. 
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 12 

be preheated ammonia, a mixture of ammonia and hydrogen is formed and extracted as a high-pressure fuel product 
leaving the rotor channels. In the following, the events occurring in a channel during one complete cycle will be 
described and it will be described in detail how shock and expansion waves are neatly employed to transfer the energy 
directly between the gases and generate hydrogen in the wave reformer. 

Each cycle consists of two processes: a high-pressure part and a low-pressure part. The purpose of the former is to 
compress and heat up ammonia and deliver it to a combustion chamber. The latter is devised to discharge the burned 
gas, cool and fill the channel with a through-flow of fresh ammonia again. 

In Fig. 15, the high-pressure part of the cycle begins at the bottom of the wave diagram where the flow within the 
channel is entirely filled with the low-pressure driven gas (ammonia). At this instance, the end ports are closed and 
the driver gas entry port (left side of diagram) suddenly opens. When the driver gas port opens, the high-pressure 
driver (burned gas from the burner) enters the channel and a primary shock wave (SW1) is generated that travels into 
the channel. SW1 travels rightward (solid line), compressing the driven gas. SW1 runs through the channel at a speed 
faster than the speed of sound and causes an abrupt rise of pressure. Behind the wave is the gas contact surface (GCS1) 
separating the driver gas (red/darker area, region II) from the compressed driven gas (blue/lighter color, region I) 
represented by a dotted line. This contact surface GCS1 follows SW1 to the right but at a rate that is slower than the 
shock wave. SW1 arrives at the right end of the channel and is reflected from an end wall. The reflected shock wave 
(SW2) propagates toward the left, further increasing the temperature of driver gas by converting the kinetic energy 
into heat in the reflection (or reaction) zone behind the wave. This immediately initiates pyrolysis of the reactant gas. 
SW2 continues propagating to the channel’s left end, stopping the motion of the doubly compressed driven gas and 
the driver gas. This is indicated by turning the contact surface GCS1 into a vertical line. The peak temperature in the 
reaction zone is a function of the initial temperature of the reacting gas and the Mach number of the primary shock 
wave, SW1. With sufficient compression by the primary (SW1) and reflected (SW2) shock waves, the peak 
temperature, and consequently the thermal dissociation of ammonia to hydrogen, occurs in the reflection (or reaction) 
zone (yellow mark) prior to opening the exit port for exhausting the high-pressure fuel product. The reaction zone is 
maintained until the opening of the exit port. When the right end of the channel opens (i.e., outlet port for exhausting 
the high pressures fuel product), an expansion wave (EW1) is generated from the lower corner of the exit port, 
propagating to the left (dashed-dotted line). EW1 expands and expels the decomposed gas to the exit port, heading to 
the burner. Closing of the driver gas inlet port is timed with the arrival of EW1 front to the channel left end. Meanwhile, 
by closing the high-pressures fuel product exit port, a very small amount of ammonia will be retained in the channel 
and a compression wave (CW1) is generated from the upper corner of the exit port propagating to the left (doubled 
solid line) and stopping the channel flow. This is the end of the high-pressure part. At this moment, the fluid trapped 
in the channel consists primarily of burned gas and a small portion of the doubly compressed ammonia, preventing 
the hot gas from reaching the outlet port or contacting the right end wall.  

The low-pressure part of the cycle starts when the entire driver gas is discharged by opening the exhaust-gas port, 
thereby generating another expansion wave (EW2) from the leading corner of the exhaust port. By opening the driven 
gas entry port, the pre-heated ammonia enters the channel while the expanded burned gas is leaving the channel from 
right, i.e., an overlap process. The two gases are separated from each other by a contact surface (GCS2). While the 
overlap process continues, the scavenging of gas through the exit port is stopped by closing the exhaust port. The 
closing of the exhaust port is timed with the arrival of the driven gas to the right end of the channel. Closing the 
exhaust port generates another compression wave (CW2) propagating to the left, stopping the flow of ammonia and 
increasing its pressure and temperature slightly. When CW2 meets the upper corner of the inlet port, the port closes, 
leaving the channel fully filled with ammonia and the next cycle can be initiated. 

B. Inner Working Principles of a Reverse-Flow Wave Reformer 
It is also possible to decompose the reactant gas in a different wave cycle introduced as the reverse-flow cycle. 

The ammonia pyrolysis is again achieved through shock compression by both incident and reflected shock waves, 
similar to that described in Fig. 15, but here the reactant fuel (ammonia) and processed fuel enter and leave from the 
left endplate. This is illustrated in Fig. 16. Likewise, the high-pressure and expanded driver gases enter and leave from 
the right endplate, as described in Fig. 14.  

It is important to acknowledge that to achieve maximum yield of hydrogen during ammonia decomposition in the 
reaction zone, the peak temperature and residence time need to extend to their maximum values. In practice, the peak 
temperature in the reaction zone decreases because the ammonia-pyrolysis reaction is endothermic, with energy 
consumed and temperature decreasing as the reaction proceeds. Thus, at a lower temperature, a longer residence time 
is required to achieve high ammonia conversion. Ideally, this reaction time can be changed by adjusting the rotor 
speed, the rotor length, and port conditions. However, the rotor speed and the position and width of the ports are 
already set by the speed of the propagating waves to avoid undesired flow phenomena in the device, leading to a 
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favorable, well-tuned wave pattern 
[31]. Therefore, it is beneficial to 
increase the residence time by 
allowing the processed gas to remain 
longer in the channel instead of 
expanding the gas quickly. NWH2 has 
developed several reformer designs 
[14] that produce alternative wave 
cycles promoting longer residence 
time for a higher fuel-to-hydrogen 
conversion.  

IV. Application: Jet Engine 
In this section, it will be described 

how the through-flow wave reformer 
can be adapted for cracking ammonia 
into a hydrogen gas mixture for 
obtaining sustainable aviation turbine 
power. First, it is envisioned that pure 
liquid ammonia is stored in the 
airplane fuel tank as a fuel. The fuel is 
then reformed or cracked by a shock 
wave reformer to produce ammonia/hydrogen blends in the engine. Note that this section is intended to provide the 
reader with a preliminary test-case of the concept that is first being reported in this work. This is not intended to 
provide an exhaustive analysis across different applications or flight conditions, but merely an indicative example of 
the viability of performing on-board ammonia reforming using a wave rotor.   

A conceptual diagram of the system to reform ammonia to hydrogen in a jet engine is illustrated in Fig. 17. In this 
proposed arrangement, a typical inlet (diffuser) decelerates the incoming air (State a). The low-speed air enters a 
compressor (State 0) where its pressure is increased by the compressor blades. The compressed air is directed to a 
burner or combustor (State 1) where it is mixed with the fuel injected into the combustor. After the combustion process, 
the high-pressure burned gas splits into two lines and a small portion of it is delivered to the wave reformer (State 2) 
through the opening of the first port of the reformer. It must be kept in mind that bleeding gas from the combustor to 
the wave reformer would reduce the power produced in the turbine, thus, the amount of hot gas bled from the 
combustor should be as low as possible. The combustor gas bleed is used to compress preheated ammonia, residing 
in the channels, that has entered from a second port of the reformer (State 6). The incoming high-pressure gas (driver 
gas) triggers a shock wave in the rotor channel, which compresses the ammonia (driven gas) within the rotating 
channels. Such a shock compression can amplify the temperature of the ammonia high enough for thermal 
decomposition to take place, yielding a product mixture of primarily ammonia, hydrogen, and nitrogen. After the wave 
rotor spins and the channel aligns with a third port in the end plate, the channel end opens, and the produced blend of 
hydrogen, ammonia, and nitrogen. This fuel mixture is injected into the combustor (State 7). After further rotation of 
the channels, the fourth port opens and trapped, burned gas within the channels expands and flows to the surroundings 
(State 3). Alternatively, it is possible to use a heat exchanger to preheat the compressed air at State 1 before it enters 
the combustor, using the low-pressure, burned gas at State 3 (not shown). The efficacy of recovery this heat in State 
3 will depend on its temperature and the percentage bleed flow required for the application. 

 The remaining (majority) of the high-pressure burned gas is delivered to the engine turbine (State 4). After work 
extraction in the turbine, the exhaust gas from the turbine exits the system (State 5). The exhaust gas enters a 
conventional heat exchanger that heats up the liquid ammonia entering the heat exchanger from a fuel tank (State 6’). 
The liquid ammonia vaporizes across the heat exchanger and is directed to the second port of the wave rotor (State 6). 
The cooled exhaust gas leaving the heat exchange enters a nozzle (State 5’) where it is accelerated and exhausted to 
the surroundings (State 8), producing the engine thrust in the case of aircraft engine. Here, in this novel system 
arrangement, the wave reformer provides zero-carbon fuel for the combustor using the energy contained in the burned 
gas. This arrangement could enhance the combustion process and it is a new application of wave rotors in propulsion 
systems, where the production of a dual-fuel blend of hydrogen and ammonia fuel is an integrated part of the aircraft 
engine. 

 

 

Figure 16: Wave diagram of a reverse-flow wave reformer. 
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Figure 17: Schematic of a jet engine using a dual-fuel mixture of ammonia and hydrogen produced using  
a wave reformer. 

To predict flow properties in and out of the wave reformer, it is required to conduct mass and energy balance 
calculations for an example engine application. A take-off condition of standard atmosphere, sea level was chosen as 
the design point. The design parameters of the baseline engine selected for this study include a compressor pressure 
ratio of 39, turbine total inlet temperature of 1830 K, and air flow rate of 1200 kg/s. A compressor isentropic efficiency 
of 87% was assumed for the compressor. Note the purpose of this example is not to propose a definitive 
implementation of this concept, but simply to use a case study with representative boundary conditions to conduct a 
preliminary wave rotor reformer analysis.   

Figure 18 represents a numerical modeling of a wave reformer using the baseline engine. For this specific design, 
the rotor length is considered 0.5 m rotating at 7000 RPM. The channel height and width of each channel is selected 
as 8.5 cm and 5.7 cm, respectively. The port numbers (2, 3, 6, 7) correspond to those used in Fig. 17. The contour 
plots show pressure, temperature, Mach number, and velocity as a function of time or azimuthal position (vertical 
axis) and position (horizontal) over one complete cycle of operation. A color scale bar is provided to the immediate 
right of each contour plot. Axial distance is non-dimensionalised by channel length, L, and azimuthal position is 
represented by angular displacement, θ , and is non-dimensionalised by maximum angular displacement, θmax , which 
corresponds to one full rotation of 360 degrees. To facilitate the detection of shock and expansion waves, the pressure 
contours are shown on a logarithmic scale. The velocity contours indicate flow in positive x-direction in red and flow 
along the negative x-axis in blue. This highlights where undesired backflow regions occur and can guide adjustment 
of the port timing accordingly. 

The flow field contours are accompanied by the species contours in Fig.19 outlining the distribution of reactants 
(NH3) and products (N2 and H2) expressed by the mole fraction X. Starting from the pressure plot, the wave reformer 
cycle can roughly be divided into a high-pressure zone starting at θ/θmax = 0 until approximately θ/θmax =0.4−0.5 and 
is followed by a low-pressure zone for the remainder of the cycle until θ/θmax =1. The high-pressure zone is dominated 
by a shock wave system consisting of an incident and a reflected shock wave, which account for peak pressures and 
temperatures within the cycle. In addition to the incident/reflected shock wave system, the plots also show a relatively 
weak shock wave is generated upon closure of port 3 to the channel. This left travelling wave collides with the stronger 
incident shock wave forming a colliding shock wave pattern. In the wake of this, the induced supersonic flow is slowed 
down to near sonic and subsonic conditions, the static pressure increased as a consequence and the static temperature 
in the driver gas raised by approximately 100 K.  
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Figure 18: Contours of pressure plotted in logarithmic scale, temperature, Mach number and velocity in a four-

port through-flow wave reformer. 
 
 

 
Figure 19: Species contour plots showing mole fraction of ammonia (NH3), nitrogen (N2) and hydrogen (H2). 

 
The mole fraction plots of the reactant and product species in Fig. 19 show that - in contrast to the shock tube 

simulations – the colliding shock waves initiate thermal decomposition of the incoming driven gas along the contact 
surface to the driver gas where driver and driven gas mix. This takes place approximately 0.30 millisecond prior to 
the incident shock wave is reflected from the right endplate and the outline reaction zone. Only upon exposure to the 
reflected shock wave the center portion of the ammonia stream with the highest concentration starts to decompose 
into its products. Overall, the gas mixture remains in the main reaction zone for around 1.0 millisecond. Downstream 
of the reflected shock wave, the peak temperature is approximately 800 K lower than in the rest of the channel to the 
left, where higher temperature driver gas dominates. This temperature difference is a combination of two factors; first 
and foremost, the driven gas enters the channel at approximately 1000 K and thus at considerably lower temperature 
compared to the driver gas, where static inlet temperatures range at around 1600 K. Secondly, the reaction taking 
place within the reaction zone is endothermic in nature, as shown in the shock tube tests, and further drives the 
temperature difference across the channel, effectively slowing the reaction down. 

The high-pressure process generated by the shock wave system between ports 2 and 7 is then gradually expanded 
by the low-pressure port 3. A sufficiently long port width ensures the pressure within the channel can decrease in time 
for the low-pressure inlet at port 6 to inject the driven gas into the channel. In general, the greater the residual pressure 
within the channel, the greater the required inlet pressure for the driven gas to reach a desired penetration length 
becomes. In the shown example, the ammonia driven gas reaches approximately x/L=0.75 into the channel. From the 
temperature and Mach number plots, a discernable contact surface and a (weak) shock wave are visible.  
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To examine the effect of the driven gas inlet pressure, the mass flow split between driver and driven inlet mass 
flow rates is defined as: 

λ =
𝑚̇𝑚2

𝑚̇𝑚6
 

(9) 
 

which can be directly linked to the penetration length into the channel and the required driven inlet pressure. The plots 
exhibited in Figs. 18 and 19 denote the flow field for a value of 𝜆𝜆 = 10. Figure 20 presents pressure, temperature and 
species mole fractions for two limiting cases of 𝜆𝜆=2.5 and 𝜆𝜆=30, respectively.  
 
 

 
 

Figure 20: Flow field comparison between two different inlet mass flow splits 𝜆𝜆. 

For fixed driver inlet conditions, a decreasing 𝜆𝜆 requires an increased driven inlet pressure to match the required 
mass flow rate. This can be seen in the pressure distribution around the opening of the channel to port 6. In concert 
with the increased inlet pressure, the driven gas exhibits a greater penetration length into the channel, as indicated by 
the NH3 species contour. In the shown example the driven gas covers well above 90% of the total channel length by 
the time port 6 closes for 𝜆𝜆=2.5. This decreases considerably to approximately 50% for 𝜆𝜆=30. As a consequence of 
the increased channel pressure downstream of port 6, the pressure ratio between port 2 and average channel pressure 
at θ/θmax =0 decreases and results in significantly reduced penetration length of the driver gases into the channel. 
Consistent with the previous examples, at 𝜆𝜆=10 and the shock tube tests, the high-temperature driver initiates the 
conversion to H2 at the contact surface. However, the lower the flow ratio, the more the start of conversion shifts 
towards the left and the inlet side of the reformer. This has significant consequences for the H2 content in the outlet 
stream through port 7. As shown, in the mole fraction contours of Fig. 20, an excessive reduction in the mass flow 
ratio yields increased blockage to the driver port flow effectively depriving it of the means to direct the driven gas 
well into the target reaction zone and subsequently out of the reformer through port 7. 

This can be summarized by plotting the cycle-averaged mole fraction of H2 through the high-pressure exhaust port 
7 against the flow ratio 𝜆𝜆, as done in Fig. 21. It becomes clear that the H2 content in the stream of port 7 experiences 
an initially linear increase with flow ratio before reaching a plateau at approximately 47.6%. Since the flow ratio also 
has an influence on the percentage of post-combustion gas that is bled off to the wave rotor reformer, there may be a 
trade-off between cycle efficiency and ammonia conversion.  
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Figure 21: Variation of the average mole fraction in the high-pressure outlet stream through port 7 plotted against 
the inlet mass flow ratio 𝜆𝜆. 

The results of the calculations are shown in Table 1. For each state point at inlets and outlets of the wave reformer, 
the mass flow rate, static pressure, and static temperature are reported. Consistent with results observed in the wave 
diagrams, it is seen that by increasing 𝜆𝜆 , intake port pressure reduces (P6). Additionally, a reduction of NH3 penetration 
length and an increase in the N2 penetration length in the channel characterized by 𝑚̇𝑚6 and 𝑚̇𝑚2 variations are seen.   

 
Table 1: Calculated wave reformer port thermodynamic properties according to the state numbering in Fig. 17.  

 
λ 

𝑚̇𝑚2/𝑚̇𝑚6 
𝑚̇𝑚2 

(kg/s) 
𝑚̇𝑚6 

(kg/s) 
𝑚̇𝑚3 

(kg/s) 
𝑚̇𝑚7 

(kg/s) 
Bleed % 

𝑚̇𝑚2/(𝑚̇𝑚1+𝑚̇𝑚7) T2 (K) T6 (K) T3 (K) T7 (K) 
P2 

(kPa) 
P6 

(kPa) 
P3 

(kPa) 
P7 

(kPa) 
5 108.6 21.7 102.5 27.8 8.84 1600.4 1028.7 1258.8 1459.6 2193.2 805.8 101.3 2026.5 
10 114.7 11.5 99.2 26.9 9.35 1601.6 1043.1 1344.4 1591.7 2188.9 557.7 101.3 2026.5 
15 117.0 7.8 96.2 28.7 9.52 1602.6 1049.2 1393.7 1632.6 2194.1 455.0 101.3 2026.5 
20 118.3 5.9 95.5 28.7 9.63 1603.2 1052.7 1422.5 1664.4 2197.1 400.8 101.3 2026.5 
25 119.2 4.8 95.7 28.3 9.70 1603.0 1054.9 1442.7 1688.8 2197.3 367.5 101.3 2026.5 

 

V. Conclusion 
An innovative method for in-flight pyrolysis of ammonia to produce a zero-carbon fuel blend of ammonia and 

hydrogen for jet engines is described. The basis of the innovation is the wave rotor technology that uses shock 
(pressure) waves to exchange energy between two fluids in direct contact. The shock waves travel along channels 
arranged in an array around the circumference of the rotor. A reformer adopts a wave rotor to harnesses energy 
contained in the engine burner exhaust-gas to compress and heat gaseous ammonia until it partially decomposes and 
forms hydrogen and nitrogen. This process uses shock-wave heating to efficiently achieve the high temperatures 
required for ammonia cracking; it does not require any external heat source and instead utilizes a low percentage of 
the hot, high-pressure exhaust gas bled off from the burner. To investigate the potential of shock waves to heat up a 
gas to temperatures sufficiently high to initiate decomposition of ammonia, a single reaction model was developed 
and compared to a more detailed kinetic model - confirming good agreement for the residence time of interest. A 
shock tube study was then carried out that could highlight trends in shock compression and hydrogen formation in the 
driven section of the tube. Temperature rises above 3 times the initial value demonstrated sufficiently large shock 
heating for ammonia cracking. Incorporating the kinetic model demonstrated the influence of the initial temperature 
of the driver gas and pressure ratio between driver and driven sections on hydrogen production. Shifting focus to a 
four-port wave rotor integrated into an aviation engine, it was found that hydrogen was also formed in the channels of 
the reformer through cracking of onboard ammonia as fuel. The simulation demonstrated it is possible to achieve 
significant rates of ammonia thermal dissociation that varied in relation to the mass flow split between driver and 
driven inlet. In conclusion, this work demonstrated the viability of utilizing a shock wave reformer to achieve 
substantial rates of ammonia-hydrogen conversion. Future work should include expanding this concept to encompass 
a range of different applications and cycle conditions. In addition, more detailed modelling of the complete system is 
needed to research system-level optimization and combustion modelling. 
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