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1. Introduction 

Ammonia (NH3) has gained attention as a promising carbon-free fuel due to its high energy density 

[1] and the ability to be stored in liquid form at 1.1 MPa under normal temperature conditions. 

Despite its relatively low calorific value of 18.8 MJ/kg, NH3 has found applications as a fuel in 

various industrial settings such as gas turbines [2]. This makes Ammonia a potential alternative to 

clean fuels like hydrogen. Researchers have focused their efforts on investigating combustion 

properties of Ammonia, including its fundamental combustion characteristics, chemical kinetics 

modeling, and utilization in internal combustion engines and gas turbines, either as a single-

component fuel or in multi-component fuel blends [1,3,4]. However, the combustion intensity of 

Ammonia is notably low, with its laminar flame speed being an order of magnitude lower than that 

of hydrocarbons at ambient temperature and pressures [2,5]. Improving flame stability is a critical 

challenge that needs to be addressed for the practical application of ammonia as a fuel. 

Several experimental and simulation studies have explored methods to enhance the stability of 

ammonia flames [2,6–9], with the addition of hydrogen, methane, and carbon monoxide to 

ammonia-air mixtures proving effective in increasing flame speed and improving flame stability. 

Pessina et al. [6] developed LFS correlations for NH3/H2/Air at elevated pressures (40 – 130 bar), 

temperatures (720 – 1200 K), and equivalence ratios ranging between 0.4 – 1.5. The results 

suggested that the increasing mole fraction of hydrogen results in a higher laminar flame speed. 

Goldmann and Dinkelacker et al. [7] developed an empirical equation capable of predicting LFS 

under elevated thermodynamic conditions. Li et al. [10] conducted LFS for NH3/H2/air mixtures 

with various volume fractions and equivalence ratios using a Bunsen burner at ambient conditions. 

Similarly, Han et al. [11] obtained LFS using the heat flux method for NH3/air mixtures blended 

with CO, H2, and CH4 at 298 K, and 0.1 MPa. Lhuillier et al. [12] experimentally investigated the 

LFS of NH3/H2/air mixtures at different equivalence ratios, hydrogen contents, and temperatures 

at 0.1 MPa, observing a gradual increase in LFS with increasing H2 content and initial temperature. 

Shrestha et al. [13] analyzed the LFS of NH3/O2 and NH3/H2 mixtures at high temperature and 

pressure, concluding that elevated initial temperatures could enhance the LFS.  

Nonetheless upon reviewing the existing literature, a comprehensive understanding of the 

combustion characteristics (such as autoignition and laminar flame speed) of NH3/H2 blends at 

engine operating conditions is lacking, hindering its real-world application. Thus, the primary 
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objective of this investigation is to provide high-fidelity LFS measured data for stochiometric 

NH3/H2 at compressed gas pressures of 5 and 10 bar, across broad spectrum temperatures. 

Furthermore, a comparison between experimental and simulated results using a kinetic mechanism 

(Chen et al. [14]) was conducted, providing valuable insights for future fuel development and 

application and improvement in existing kinetic mechanism. 

2. Experimental set up 

Laminar flame speed (LFS) experiments were carried out at the Combustion Physics Lab of Wayne 

State University using the Rapid Compression Machine – Flame (RCM-Flame). The RCM-Flame, 

designed to emulate the compression stroke of an internal combustion engine, compresses gas 

mixtures through a pneumatically driven piston, which is hydraulically stopped. The combustion 

was initiated via spark ignition. This device features a combustion chamber with a 10-inch stroke 

and 2-inch internal diameter. A 0.75-inch thick and 2-inch diameter sapphire optical window was 

fitted to its front, allowing view into the chamber, and recording of flame propagation. Two 

opposing horizontally oriented electrodes, separated by 0.8 mm, facilitated spark ignition. Figure 

1 graphically depicts the experimental set up for this work. 

 

Figure 1. Schematic of the RCM-Flame experimental arrangement 

Flame propagation events were captured using a high-speed camera (Vision Research, Phantom 

VEO-410L) paired with a 50 mm lens (Navitar, DO-5095) was aligned with the sapphire window 

of the RCM-Flame. Spark ignition was achieved through a 12V DC powered spark energy system, 

comprising of a variable generator (TekPower, TP3015E), a solid-state relay (VB Controls, 

PE0630), an ignition coil (MSD Ballast 2), and an ignition capacitor (Duralast, URS1502). The 

spark was initiated using a laser trigger system (Calpac Lasers, CP-TIM-201-1D-650, 630-680nm 

and a photodiode, Hamamatsu Silicon Photodiode, S1787-08). The timings for spark ignition and 

camera recording were governed by a delay generator (Stanford Research Systems, DG646). 

The RCM-Flame’s gas temperature was monitored using a high-accuracy thermocouple (Omega 

K-type KMQSS-125G-6, ± 1.1K). Five K-type thermocouples (Omega, KMQSS-062G-6, 

associated uncertainty ± 2.2K) were attached to the RCM-Flame’s combustion chamber walls to 

monitor temperature homogeneity. The gas mixture was prepared with a high-precision static 

pressure sensor (Omega, PX409-050A10V-EH). The pressure inside the combustion chamber 

during the compression event was measured using a piezoelectric transducer (Kistler 6045B with 
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0.56% uncertainty). NI LabVIEW software was used to monitor and record the pressure and 

temperature data from these sensors. 

Gas mixtures were meticulously prepared using NH3, H2, O2, He, Ar, and N2 (ultra-high purity, 

99.9999%) gases sourced from Airgas. Prior to introducing each new gas mixture into the tank or 

conducting a test in the RCM-Flame, gas residuals were evacuated using a vacuum pump (Agilent, 

DS202), reaching a pressure of 2 mbar. Once the residual gases were evacuated, the mixture was 

produced by adding each gas sequentially based on their partial pressure (see, Table 1). To ensure 

the mixture homogeneity, a minimum of four hours was allotted for mixing, prior to conducting 

the experiments. 

The gas mixtures used in this study are summarized in Table 1. Each experiment was conducted 

at a fixed equivalence ratio of 1.0. The initial set of mixtures (#1 to #4) consisted of 

70%NH3/30%H2 blend as fuel, while the mixture #5 consisted of 50%NH3/50%H2 and finally 

mixtures #6 to #8 consisted of pure H2 as fuel. 

Table 1: Mixture composition (partial pressure, bar) 

Mixture: 
Composition 

H2 NH3 O2 N2 He Ar 

1 0.0712 0.1661 0.1602 0 0.6025 0 

2 0.0712 0.1661 0.1602 0 0.3013 0.3013 

3 0.0712 0.1661 0.1602 0 0.1506 0.4519 

4 0.0712 0.1661 0.1602 0 0 0.6025 

5 0.1258 0.1258 0.1572 0 0.5913 0 

6 0.2958 0 0.1479 0.5563 0 0 

7 0.2958 0 0.1479 0.2782 0.2782 0 

8 0.2958 0 0.1479 0 0.5563 0 

 

Spherical flame speeds were measured using image analysis of experimental recordings, as 

detailed in this section. The frame rate and exposure time of the recordings were 20,000 fps and 

30µs for NH3/H2 flames and 50,000 fps and 10µs for pure H2 flames. Recordings were segmented 

into frames and processed in MATLAB [15], employing in-house algorithms to ascertain flame 

dimensions and positions at each interval, as illustrated in Figure 2. Once the flame radius was 

determined for each time step, the burning velocity was computed using second order finite 

difference formulas for numerical differentiation. This methodology has been comprehensively 

detailed in our previous publications [16]. 

 

Figure 2. Image processing operations to determine flame location, size, and speed. 

To mitigate the effect of spark energy release, confinement effects due to chamber walls, and 

ensure isobaric conditions, a data processing interval was instituted on the acquired burning 
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velocities ( b). The flame radius (𝑅) versus stretch rate plot (Figure 3, left) revealed three distinct 

regions: initial turbulent propagation fueled by spark energy, a quasi-steady state of flame 

movement, and a deceleration due to the confinement influence [17]. The focus was on the quasi-

steady section for determining the unperturbed burning velocity  b
0. However, to preserve quasi-

isobaric conditions, a 7% pressure rise limitation, from the time of spark ignition, was imposed. 

As an example, the data under quasi-steady segment analyzed for extrapolation is illustrated in the 

pressure trace of Figure 4.  

 

Figure 3. Region of interest for flame speed extrapolation (mixture #5 at 5 bar 666 K) 

 

Figure 4. Pressure trace and corresponding flame images (mixture #5 at 5 bar and 666 K) 

The data in the propagation region of interest was then fit to the Karlovitz’s mo el: 

  b= b
0     (1) 

where    is a constant to which the stretch response is attributed, and K=(2/R)/(dR/dt) is the stretch 

rate. Lastly, the laminar flame speed  u
0 was calculated from  b

0 using the continuity equation: 

 ρ
u
 u
0=ρ

b
 b
0 (2) 

where 𝜌 is the  ensity an  the subscripts ‘u’ an  ‘b’  enote the unburne  an  burne  states, 

respectively. The densities of the burned and unburned mixture were acquired from simulation as 

detailed in the next section of this work. 
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3. Computational Framework 

A homogenous charge compression ignition (HCCI) model was utilized to determine gas 

temperatures during the post-compression and spark initiation, with its accuracy well documented 

in a previous work [18].  The correlation between initial conditions and properties at the time of 

spark initiation for the RCM-Flame is presented as: 

 ln (
Ps
P 
)= ∫

γ T 

γ T -1

Ts

T 

dT

T
 (3) 

where γ is the speci ic heat ratio o  the gas at temperature   and the subscripts  ∙ s and  ∙ i denote 

spark time and initial properties, respectively. 

In this study, the mechanism proposed by Chen et al. [14] was used to derive simulated flame 

speeds and intermediate radical concentrations for NH3/H2 blends under varying conditions. Flame 

speeds were predicted using PREMIX module [19] available in Chemkin-Pro. A 150mm-long tube 

was used to calculate burning velocity. The tube was discretized in 3000 grid point, while 100 

points were adaptive points in the mesh along the tube. The maximum gradient allowed between 

grid points was set to 0.1, while for the maximum curvature allowed was set to 0.5. Finally, the 

initial grid points were based on temperature profile. This numerical setup allowed a fast 

calculation of a converged burning velocity. 

Following the recommendations of Da et al. [20] and Mathieu and Petersen [21], the evaluation of 

key intermediate species mole fraction was crucial for accurately determining the density ratio of 

burned to unburned states. Utilizing the top 10 predicted species, alongside gas pressure and 

temperature at the time of spark initiation, calculations were made for burned and unburned 

densities, as well as adiabatic flame temperatures for each experiment. These computations were 

facilitated by the Equilibrium module in Chemkin-Pro [22]. The obtained density ratio was then 

applied to the unstretched, burned flame speed, as determined by Eq. (2), to derive the laminar 

flame speed in the unburned condition. Soret effect was considered for all simulations with 

mixtures composed of hydrogen. 

Uncertainties have been calculated for both measured and simulated data. Those uncertainties 

include: ±1.1K from thermocouple and ±0.05% from the static pressure sensor for the initial 

temperature and pressure of the gas mixture before compression. Uncertainty from the 

piezoelectric transducer has been counted (0.56% uncertainty). The mixture uncertainty has also 

been considered which changes the equivalence ratio (±0.001). A post compression temperature 

uncertainty of ±2.5K has been taken into account. An uncertainty of ±3 pixels has been set for the 

footage recorded with the high-speed camera. The Gaussian blur value has an uncertainty of ±1%. 

The average uncertainty has been found to be around 5% for the measurements and 2% for the 

simulations. 

4. Results and Discussion 

This study aimed to further our knowledge of alternative fuel blends by acquiring experimental 

NH3/H2 flame speed data under elevated thermodynamic conditions. The experiments assessed 

three stoichiometric NH3/H2 blends, conducted at gas pressures of 5 and 10 bar, with gas 

temperatures ranging from 592 to 706 K. 

4.1 Flame speeds of hydrogen-ammonia blends 

Figure 5 shows the effect of hydrogen mole fraction in NH3/H2 blends on flame speed. An increase 

in hydrogen concentration (within the total fuel mixture) increases the flame speed. In addition, as 

the mole fraction of hydrogen in the blend increases (i.e., 30% to 100%), a rise in compressed gas 
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temperature (659 to 685 K at 5bar and 668K to 701K at 10bar) was observed. The measured data 

was further compared with simulated data and showed excellent agreement at all studied 

conditions. An equation of correlation from the simulated data is shown in Figure 5. The equation 

shows that laminar flame speed increases exponentially with H2 concentration in the fuel mixture 

which confirms previous publications [23,24]. 

 

Figure 5. Measured and simulated flame speeds of NH3/H2 blends at an equivalence ratio of 1.0. 

The x-axis shows the hydrogen concentration in the fuel mixture. Simulations using mechanism 

proposed by Chen et al. [16] were shown. Mixture #1 temperature was 659K and 668K at 5 and 

10bar. 665K and 676K were the temperatures at 5 and 10bar for mixture #5 from Table 1. 685K 

and 701K at 5 and 10bar for mixture #6 from Table 1. Measured laminar flame speed uncertainty 

of 8.7% and 8.5% at 5 and 10bar respectively. Simulated data has uncertainty of 2.1% and 3.2% 

at 5 and 10bar respectively. 

4.2 Flame speeds of hydrogen flames 

Three mixtures of hydrogen were used to study flame speed of hydrogen (mixtures #6, #7 and #8 

from Table 1). Different mixtures were used to alter the gas temperature, as shown in Fig. 6. As 

temperature increases, there is a linear rise of flame speed. At both 5 and 10 bars, simulation 

slightly overpredicts the flame speed.    

 

Figure 6. Measured and simulated flame speeds of hydrogen mixture at an equivalence ratio of 

1.0. Simulations using mechanism of Chen et al. [16] is shown. At 593K and 599K, mixture #7 

from Table 1, at 634K and 642K, mixture #8 from Table 1, and at 685K and 701K, mixture #6 

from Table 1 were used. Measured laminar flame speed uncertainty of 8.7% at 5 and 10bar. 

Simulated data has uncertainty of 3.2% and 2.3% at 5 and 10bar respectively. 
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Four initial temperatures were used to study flame speed of hydrogen (mixture #6 from Table 1). 

Initial temperatures of 298K, 308K, 318K and 328K were used to alter the compressed gas 

temperature, as shown in Fig. 7. The compressed gas temperatures varied from 593.2K to 645.4K 

at 5bar and from 598.7K to 651.6K at 10bar. As expected, when the temperature increases, there 

is a linear rise of flame speed. Chen et al. mechanism was used to simulate the measured data, as 

shown in Fig. 7. The selected mechanism slightly overpredicts the flame speed, especially at 5bar. 

 

Figure 7. Laminar flame speed of hydrogen depending on compressed gas temperature at spark 

timing. Mixture #6 from Table 1 at 5 and 10bar. Measured laminar flame speed uncertainty of 

16.2% at 5 and 10bar. Simulated data has uncertainty of 2.29% and 2.28% at 5 and 10bar 

respectively. 

4.3 Effect of inert mixture on flame speed 

To determine the impact of inert composition on flame speed, mixtures #1 to #4 were used for 

experiments. The initial mixture includes NH3/H2, helium and oxygen, exhibiting the highest flame 

speed. However, as the proportion of argon increased (at 50%, 75%, and 100%), a slight decrease 

in flame speed was observed at both 5 and 10 bar as shown in Figure 8. The mechanism of Chen 

et al. [15] was used for simulation and agrees well with the measurements.  

 

Figure 8. Flame speeds of stoichiometric NH3/H2 (70%/30%) blends at 5 and 10 bar. At 659K and 

668K, mixture #1 from Table 1, at 667K and 675K with mixture #2, at 673K and 677K with the 

mixture #3, and at 675K and 680K, mixture #4 from Table 1 were used. Measured laminar flame 

speed uncertainty of 8.7% and 7.6% at 5 and 10bar respectively. Simulated data has uncertainty of 

2.1% and 2.4% at 5 and 10bar respectively. 

As shown in Fig. 8, laminar flame speed decreases while the argon concentration increases in the 

inert mixture. It is worth noting that the temperature of the compressed gas increases with argon 
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concentration. The increase of temperature is due to the specific heat capacity difference between 

argon an  helium, the latter is aroun  a tenth o  the argon’s  alue  

The simulated mechanism matches well the measurements, especially at 10bar except for pure 

helium mixture which it overpredicts the flame speed. At 5bar, the mechanism is also 

overpredicting the laminar flame speed except with pure helium mixture. The maximum 

uncertainty found for the measured data was equal to 8.7% at 5bar and 7.6% at 10bar. For the 

simulated data, the calculated uncertainty was 2.1% at 5bar and 2.4% at 10bar. 

5. Summary 

The study presented in this paper offers insights into the combustion characteristics of NH3/H2 

blends under various thermodynamic conditions, emphasizing their potential as sustainable fuel 

alternatives. Key findings from the experimental and simulation analyses can be summarized as 

follows: 

• Increased Flame Speed with Hydrogen Addition: The incorporation of hydrogen into 

ammonia markedly increases the laminar flame speed, highlighting the synergistic effect of 

hy rogen in enhancing ammonia’s combustion properties   his e  ect is particularly 

pronounced as the hydrogen mole fraction within the fuel blend increases, corroborating the 

potential of NH3/H2 blends in achieving higher combustion efficiencies. 

• Temperature’s Role in Flame Dynamics: The experimental results underscore the critical 

impact of temperature on the flame speed, especially for pure hydrogen flames. The study 

reveals a direct correlation between increased temperatures and increased flame speeds, which 

is further validated by the simulation data. 

• Effect of Inert Gases: The study also delves into the effect of different inert gases on flame 

propagation, with helium and argon serving as primary examples. The results indicate that 

helium, due to its superior transport properties, facilitates higher flame speeds compared to 

argon. This observation is crucial for designing fuel blends and combustion systems, where 

the choice of diluent can significantly impact flame behavior. 

• Agreement between Experimental and Simulated Data: The close alignment between 

experimental findings and simulation results, using the mechanism proposed by Chen et al., 

validates the reliability of this kinetic model in predicting flame behaviors of NH3/H2 blends. 

However, discrepancies observed at specific conditions suggest areas for further refinement in 

kinetic modeling. 

In conclusion, this investigation not only enriches the understanding of NH3/H2 blend combustion 

but also highlights the critical factors influencing flame speed and stability. The promising 

outcomes affirm the potential of NH3/H2 blends as a viable, clean combustion fuel, particularly for 

applications demanding high efficiency and reduced environmental impact. Future research efforts 

should aim at refining kinetic models based on these findings and exploring the practical 

applications of NH3/H2 blends in real-world combustion systems. 
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