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Abstract. Hydrogen (H2) is increasingly viewed as an attractive carbon-free fuel due to its potential 
compatibility with the existing transportation and conversion infrastructure. However, one of the major 
challenges facing large-scale deployment is the fundamentally different combustion properties it has 
in comparison to commonplace hydrocarbon fuels such as natural gas. For example, the laminar 
burning velocity (LBV) of a combustible mixture has a direct impact on how it can be used in internal 
combustion engine or gas turbines; the LBV of hydrogen is over 7 times greater than that of natural 
gas when combusted in air. Carbon dioxide (CO2) can be used as a working fluid, as opposed to 
nitrogen (in air), to reduce the flame speed of hydrogen combustion. A mixture of hydrogen, oxygen, 
and carbon dioxide as a working fluid can provide LBVs comparable to natural gas in air, which po-
tentially enables existing conversion architectures. Furthermore, by replacing nitrogen (N2) with CO2 
in the mixture, NOx emissions are avoided and opportunities for carbon sequestration or closed-cycle 
processes are possible. This study experimentally explores fundamental premixed oxy-combustion 
properties of H2/CO2 mixtures in a constant volume combustion chamber (CVCC) across a range of 
initial pressures (1, 1.5 and 2 bar) and equivalence ratios (0.4, 0.6, 0.8, 1). The spherically expanding 
flames are examined to determine the flame speed, LBV, and lower flammability limits (LFL) with 
respect to different CO2 concentrations (40%, 60%, 65%). Furthermore, it was identified that the flame 
speed of the 65% CO2 case at an equivalence ratio of 1 and initial pressure of 1 bar matches the 
closest with methane-air stoichiometric combustion. 

 
Nomenclature 
 

LBV Laminar burning velocity 
CVCC Constant volume combustion chamber 
FL Flammability limit 
Pi Initial pressure 
MIE Minimum ignition energy 

1. Introduction 
 The transportation sector requires approximately 5.6 × 1020 J of energy per year, primarily de-
pendent on fossil fuels by consuming around 11 billion liters of fuel every day to power approximately 
380 million commercial vehicles and 1.2 billion passenger cars worldwide [1-4]. Light-duty vehicles, 
especially gasoline-fueled passenger cars, supply 44% of global transport energy demand and gasoline-
based spark-ignition engines power around 80% of the total passenger cars worldwide [5,6]. 
 
 With the increasing energy demand and decarbonization technology transition, it is imperative 
to reduce the usage of fossil fuels by utilizing cleaner alternative fuels that can leverage the existing 
internal combustion engines and gas turbines to ensure efficient combustion with low anthropogenic 
carbon emission. Hydrogen is one of the cleanest fuels with lower minimum ignition energy (0.017 mJ) 
[7], lower volumetric energy density [8], higher diffusivity [9], and a wider flammability range (4–75 vol%) 
[10] in comparison to traditional alternative fuels. These intrinsic properties of hydrogen result in a highly 
energetic rapid/instantaneous burning and propagation velocity, which is ten times higher than methane 
[11] and poses challenges to a potential drop-in replacement strategy. One method to address the rapid 
combustion is to add inert gases that suppress the rapid combustion event. Depending on the dilutant 
type and dilutant ratio, a different predominant effect is observed during the combustion process [12-
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14]. One of the critical metrics to quantify this difference is the laminar burning velocity (LBV), a key 
parameter in premixed combustion measured as the normal component of flame velocity relative to 
unburned gas. It contributes to understanding the mixture diffusivity, reactivity, and exothermicity [15-
17]. Numerous experimental efforts demonstrated the effect of inert gas addition such as argon, helium, 
nitrogen, carbon di-oxide and water vapor on hydrogen premixed combustion [18, 13, 19]. Duan and Liu 
[20] investigated premixed laminar flame of a H2-air mixture with diluted N2+H2O and concluded a 64.3% 
decrease in flame propagation velocity with a dilution ratio from 10-40% at an equivalence ratio of 1, an 
initial pressure of 0.1 MPa and an initial temperature of 393K. Morovatiyan et al. [21] utilized argon as a 
working fluid in a H2/O2/N2 premixed flames for 0.2–0.6 bar initial pressure, 298 K initial temperature 
and a broad range of equivalence ratio (0.2–3.0) and concluded that with the increasing argon content 
in the mixture, the flame speed and burning velocity increased while extending the lean flammability 
limit. Wang et al [22] examined the flame characteristics under sub-atmospheric pressure and room 
temperature with a wide range of equivalence ratios of H2/air pre-mixtures diluted with Ar, N2, and CO2. 
Their experiments indicated that maximum pressure rises, and deflagration index are primarily depend-
ent on dilutant type, and fraction while CO2 was mentioned as a most effective inert gas for decreasing 
the speed associated with flame front expansion followed by the N2 and Argon. Zhang et al. [18] con-
ducted a computational study in terms of the efficacy of combustion suppression for N2, He, Ar, and CO2 
and indicated Ar < N2 < He < CO2 in terms of effectiveness. When CO2 is mixed with H2 for ignition, [23] 
additional energy is required to raise the mixture temperature compared to nitrogen due to the higher 
specific heat capacity [24]. Li. et al. [25] investigated laminar combustion characteristics of N2/ H2/air 
and CO2/ H2/air and summarized that CO2 has a more substantial dilution effect than N2 in reducing LBV 
owing to both chemical effect and thermal effect. Katsumi et al. [26] studied the effects of CO2 and water 
vapor mixture on hydrogen/air premixed flames and concluded that the addition of CO2 or H2O advances 
the unstable motion of hydrogen flames, and the reason was explained by the increment of diffusive-
thermal behaviors of the flames. One standard method to intake CO2 or H2O vapor into the engine 
cylinder is utilizing the exhaust gas recirculation [27,28]; however, different CO2 reformer methodology 
is still under research which can be implemented and incorporated into the future mobile transportation 
system [29].  
 
             Considering all the above, using CO2 as the working fluid has the potential to balance the high 
LBV and make the use of H2 more compatible with existing systems. Furthermore, replacing nitrogen 
eliminates the potential NOx emissions and may be used with carbon sequestration and closed-loop 
cycles. This experimental work investigated premixed hydrogen oxy-combustion with CO2 as a working 
fluid, varying equivalence ratios ranging from 0.6 to 1.0 under different initial pressure conditions. The 
experiments were carried out in an optically accessible constant volume combustion chamber and a z-
type schlieren technique was utilized to capture the flame morphology and a dynamic pressure sensor 
to measure chamber pressure. 

2. Methodology 
 Flame speed, laminar burning velocity (LBV), and the lower flammability limits (LFL) are calcu-
lated for hydrogen gas combustion under a matrix of experimental conditions of varying the percentage 
of CO2 in the mixture (CO2%), initial pressure (1.0 bar, 1.5 bar, 2.0 bar), and equivalence ratio (1.0, 0.8, 
0.6). Figure 1 shows the experimental setup, including the constant volume combustion chamber 
(CVCC), gas tanks, pressure transducers, and Schlieren imaging used to acquire data for the analysis. 
 
 The stainless-steel CVCC has an internal diameter of 140 mm and a volume of 1.93 L. Two 127 
mm thick quartz viewing windows are supported by flanges. Proper sealing of the chamber is required 
for filling the chamber with the gas mixtures, ensuring constant volume during combustion, and for suf-
ficient vacuuming after combustion; therefore, a high temperature O-ring is planted between the quartz 
windows and flanges. In order to generate a spark ignition, two electrodes are inserted from symmetri-
cally opposite sides of the chamber, leaving a 1.36 mm gap where the spark occurs. The spherically 
expanding flame is observed using the optically accessible CVCC and a Z-type Schlieren imaging setup. 
The optical system uses a halogen light source (FSI-1060-250, 250 watt) that passes through a pinhole, 
two condensing lenses, the CVCC itself, a knife edge, two concave mirrors (internal diameter of 152.4 
nm, focal length of 1524 nm), and a complementary metal oxide semiconductor (CMOS) Edgertronic 
SC2+ camera. Figure 1 shows the route of light path starting at the halogen source and ending at the 
high-speed camera. Table 1 includes all the characteristics of the optical system in use.  
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Figure 1: Schematic diagram of the experimental setup 

 
Table 1. Optical System Configuration   

 
Camera type Complementary metal oxide semicon-

ductor (CMOS) 
Field of view 14 cm 
Frame rate 8000 fps 
Exposure 1/8500 seconds 
Spatial resolution 4 mm/pixel 

 
 
The start of a trial begins with vacuuming the CVCC and gas supply lines to <300 millitorrs to 

ensure the absence of undesired gases. The hydrogen gas, oxygen, and carbon dioxide are added to 
the chamber in ascending order of partial pressures. The gas supply lines are vacuumed in between the 
addition of each gas. Once all gases are loaded into the chamber, the mixture is allowed to mix for 3 
minutes before spark. The spark is then triggered, and the data acquisition system records the image 
of the flame propagation, pressure, and time data. Each experimental condition, found within the exper-
imental matrix, is repeated three times to guarantee repeatability and a >95% confidence level. 

2.1 Flame Speed and Laminar Burning Velocity (LBV) 

 The images recorded using the Schlieren setup are digitally processed for flame speed calcula-
tions. Equation 1 is used: 

 
𝑆! =	

𝑑𝑟"
𝑑𝑡  

                                              (1) 
 

 where 𝑑𝑟" is the change of flame radius (cm) and 𝑑𝑡 is the change in time (s). The flame radii of 
interest are analyzed within upper and lower limits; the lower limit is set to 14 mm, or about 10x the 
distance of the 1.36 mm electrode gap, and the upper limit is set to 40 mm which is the maximum 
distance the flame can travel before making physical contact to the chamber walls. The laminar burning 
velocity is measured through two different methods. The first method uses the Schlieren images. This 
method is based on an experimental approach to calculate the flame speeds from Schlieren imaging. 
The images are converted into greyscale and then binarized to detect the edge of the expanding flame. 
Image processing and edge detection was performed with the image processing toolbox in MATLAB. 
The equivalent diameter of the propagating flame was calculated for each frame assuming the captured 
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region to be a complete circle. After identifying the region where the flame was expanding in a quasi-
steady state, the instantaneous flame speed and stretch rate were calculated within that range for two 
consecutive images from the sequence. The flame stretch rate is defined as the time rate of the change 
of the flame surface area normalized by the area itself [30], as shown in Equation 2. 

 
𝐾 =	

1
𝐴
𝑑𝐴
𝑑𝑡 = 	

2
𝑟"
𝑑𝑟"
𝑑𝑡 = 2

𝑆!
𝑟"

 
                                              (2) 

 
 
 The unstretched flame speed was then measured by applying a linear fit to the stretch rate 

versus flame speed curve. The laminar burning velocity of the gas mixture was determined by multiplying 
the average unstretched flame speed with the expansion factor, i.e., density ratio of the burned and 
unburned gases which was determined by the free flame function in CANTERA for each of the mixture 
configurations tested. Hence, each experiment yielded a single value of laminar burning velocity and 
burned gas Markstein length.  
 
 The second method in which the LBV is calculated shows its correlation with the unburned gas 
temperature using a thermodynamic multi-shell model that relies on the experimental pressure data 
obtained during the flame propagation. Considering conservation of mass and energy, and employing 
ideal gas laws, the multi-shell model divides the chamber into different shells: the burned and unburned 
gas shells, which are divided by a negligibly thick flame front, and a third shell located between the wall 
of the chamber and the unburned gas shell. Further details regarding the fundamentals of the Metghalchi 
and Keck multi-shell model are expanded on in past literature [31] and more thorough mathematical 
details of converting pressure data to LBV are outlined in previous works [32]. Despite having instabilities 
on the flame surface, no self-acceleration was observed during the flame front propagation inside the 
CVCC. This allows us to use the multi-shell model for the laminar burning velocity calculations.     

2.3 Flammability Limit (FL) 

 The FL of the hydrogen gas mixtures is determined by a trial-and-error approach that gradually 
alters conditions until the mixture does not ignite. For example, at a constant initial pressure, CO2% was 
gradually increased in increments of 1% until the hydrogen gas ceases to ignite. In all experiments, the 
distance between the electrodes was always kept constant.  

3. Result and Discussion 

3.1 Flame morphology 

Figure 2 and 3 illustrate the Schlieren images of spherically expanding flames inside the CVCC 
for H2-O2-CO2 combustion at different initial pressures (1 bar and 2 bar, respectively) and fractions of 
CO2 (40%, 60%, 65%) at stoichiometric conditions. These images give a qualitative validation to the 
assumption that increasing the CO2 concentration in the mixture allows for the reduction of the flame 
speed for hydrogen oxy-combustion. From Figure 2, it can be seen that the spherically propagating 
flame takes only 3 ms to reach a radial value of 4.6 cm from the onset of ignition. The time to reach a 
similar radial value increases to 13.63 ms and 29.88 ms for the cases where CO2 concentration was 
increased to be 60% and 65% respectively. Figure 4 exhibits a comparison of the flame speed between 
the 65% CO2 case and methane-air stoichiometric combustion. It shows that the flame speed of hydro-
gen has become slower than that of methane-air combustion which took 18.63 ms to reach a radial 
value of 4.6 cm inside the CVCC.  

 
Figure 3 shows another interesting in trend that, at 40% CO2 conditions, the flame front propa-

gates faster as the initial pressure is increased from standard pressure to an elevated pressure (2 bar). 
A similar trend was observed for hydrogen-air combustions by Ijima and Takeno [33]. However, as the 
percentage of CO2 was increased above 40%, this trend changed and the flame speed started to de-
crease with increasing initial pressures. At this stage, the hydrogen oxy-combustion started showing 
characteristics similar to that of natural gas combustion, where the flame speed decreases with increas-
ing initial pressures [32]. This can be attributed to the high thermal heat capacity of CO2 compared to 
N2 (~35 times greater), where the working fluid acts like a heat sink and decreases the net reaction rate, 
thereby reducing the flame speed. Increasing the CO2 concentration of the mixture lowers the mixture’s 
ability to overcome the activation energy for several reactions relevant to ignition [34]. Upon increasing 
the concentration of CO2, the flame speed is lower than that of methane-air stoichiometric combustion. 
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Figure 2: Schlieren images of H2-O2-CO2 flame fronts at Ф = 1 and Pi = 1 bar. 

 

 
Figure 3: Schlieren images of H2-O2-CO2 flame fronts at Ф = 1 and Pi = 2 bar.  
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              Figure 4: Schlieren images of H2-O2-65% CO2 and CH4-O2-N2 flame fronts at Ф = 1 and Pi = 1 bar. 

3.2 Flame speed and laminar burning velocity from Schlieren imaging method 

 Figure 5 shows the flame speed versus stretch rate curve for stoichiometric hydrogen oxy-com-
bustion at different CO2 concentrations (40%, 60%, 65%). The same line generated from the schlieren 
images for stoichiometric methane-air combustion falling between the H2-O2-60%CO2 and H2-O2-
65%CO2 lines prove that reduced flame speed of hydrogen oxy-combustion was achieved by gradually 
increasing the concentration of CO2 in the mixture. 

 
Figure 5: (a) Flame speed vs stretch rate curve for premixed H2-O2-65%CO2, H2-O2-60%CO2, H2-O2-40%CO2 and 
methane-air combustion at Ф =1 and Pi = 1 bar and (b) linear fit applied to measure the unstretched flame speed.  

 
The unstretched flame speed was calculated by extrapolating these fitted lines for different equiva-

lence ratios at initial pressures of 1 and 2 bar. The average unstretched flame speed was utilized to 
calculate the laminar burning velocity for these conditions which is presented in Figure 6. It is evident 
from this plot that regardless of the initial pressure and CO2 concentration, the LBV showed a reducing 
trend from stoichiometric to the flame lean conditions. Both 60% and 65% CO2 cases exhibited an in-
verse relation of LBV with initial pressure of the gaseous mixture. This trend was also observed in me-
thane-air combustion [32] at different equivalence ratios.  

(a) (b) 



A Fundamental Investigation of Premixed Hydrogen Oxy-combustion in Carbon Dioxide 7 

 
Figure 6: LBV of hydrogen oxy-combustion with CO2 as the working fluid at different concentrations and  

equivalence ratios. 
  
An opposite trend was observed for the LBV of H2-O2-40% CO2 combustion where the LBV tends to 

rise with the increasing initial pressure. This trend matches with the observations made by Ijima and 
Takeno [33] for hydrogen-air combustion, which indicates that as the CO2 percentage in the mixture 
starts to decrease, the data set begins to replicate the conditions seen in standard hydrogen combustion. 
From the Schlieren images shown in Figures 2 and 3, it is quite evident that at higher pressures, insta-
bilities start to appear quite early in the flame development for H2-O2-40%CO2 combustion. Since these 
self-accelerating cellular structures, commonly characterized by the Darrieus-Landau instability [35], 
[36], become more dominant at higher pressures, the flame propagates at a much faster rate. 
 
 The sources of error in this method can be classified into two categories: error in mixture prep-
aration and error in data analysis. The first one can be attributed to the purity of the gases used and the 
accuracy of the pressure transducers in determining the partial pressures of the reactant gasses while 
filling up the chamber. Since all the gases used in this study had the purity level of 99.999% and the 
pressure transducer in use had an uncertainty level of ≤ ± 0.3%, this type of error was deemed extremely 
small and were not presented in Figure 6. The error from data analysis is the compilation of the errors 
made during the flame radius calculations. These were mitigated by repeating each experiment three 
times and then applying a linear fit to the flame speed vs stretch rate curve. This error is listed in the Y-
axis direction of Figure 6 for each of the cases tested. 

3.3 Laminar burning velocity from timed pressure data 

 Figure 7 shows a positive correlation between the measured laminar burning velocity, 𝑆# from 
the timed pressure data and the unburned gas temperatures of all the conditions of premixed H2-O2-
CO2 combustion experiments. By means of extrapolation, the LBV at 298K can be calculated which can 
be compared with the measured LBV from the schlieren images.  

 The LBV has a steeper climb with increasing unburned gas temperatures for cases with 60% 
CO2 compared to the 65% cases. Just like the LBV measurements from the schlieren images, the 65% 
data matches the closest with the stoichiometric methane-air combustion observed by Baghirzade et. 
al. [32]. It is also interesting to note that the measured LBV from the Schlieren images (Figure 6) turned 
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out to be almost identical with the extrapolated LBV from the pressure rise method at 298K for 65% 
cases, whereas the values for 60% cases were slightly lower.  
 

 
Figure 7: Effect of unburned gas temperature on the laminar burning velocity,	𝑆!, of premixed H2-O2-CO2 com-

bustion experiments at different equivalence ratios and initial pressure 
 
 The error in the velocity measurements can be attributed to multiple factors: calibration of the 

pressure transducers and data analysis errors. Numerical modelling shows that a 1% error in pressure 
measurements will result in a 1% error in the burning velocity measurements since the fractional pres-
sure rise is not quite proportional to the burned mass fraction [37]. This effect is more dominant in the 
cases where the CO2 concentration in lower (60%, 40%), resulting in the measured LBV values from 
two methods not being identical in the presented 60% CO2 cases. 
 
3.4 Flammability limit in terms of Maximum CO2  allowed 

 The flammability limit of each of the mixture configuration was obtained in accordance with the 
procedure mentioned in Section 2.3. Table 2 exhibits the maximum allowed percentage of CO2 as a 
function of equivalence ratio and initial pressure of the mixture.     

 
Table 2. Maximum Percentage of CO2 at which ignition occurred for each oxy-combustion equivalence ratio 

Ф 
Initial Pressure, Pi (bar) 
1 1.5 2 

1 76% 76% 75% 
0.8 80% 80% 79% 
0.6 82% 82% 82% 

 The equivalence ratio in Table 2 is that of oxy-combustion, i.e., the ratio of stoichiometric H2-O2 
to the mixture’s H2-O2 molar ratio, with the working fluid (CO2) varied separately as a percentage of the 
total mixture. Varying the two independently leads to an interesting observation, wherein decreasing the 
equivalence ratio at a fixed pressure allows for more CO2 in the mixture before the FL is reached. For 
example, with Ф = 1 at an initial pressure of 1 bar, the mixture can be up to 76% of CO2 before it stops 
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igniting. However, with the same pressure, when the equivalence ratio was decreased to 0.8 and 0.6, 
the maximum amount of CO2 which results in ignition was 80% and 82% respectively. This means that 
more CO2 can be added to the mixture, despite the fuel being more diluted. There are several factors 
that could be contributing to this phenomenon. The minimum ignition energy (MIE) is affected by the 
mixture’s properties if all other factors pertaining to the energy source are kept constant. The properties 
that are relevant to this current case (where only the fraction of the working fluid is changing) include 
the initial values of the mixture’s density (ρ), specific heat at constant pressure (cp), thermal diffusivity 
(α), and the associated laminar-flame propagation velocity [38]. Cp and thermal conductivity (k) are 
greater for H2 compared to O2 and CO2. While both properties have the opposite effect on the thermal 
diffusivity, the higher density of O2 and CO2 means that hydrogen ultimately has a much higher thermal 
diffusivity. Therefore, as the ratio of hydrogen in the mixture decreases, the effective thermal diffusivity 
of the mixture becomes low enough to significantly reduce the MIE and allow for the addition of more of 
the working fluid (CO2). However, the interplay between these factors could be more complicated and 
warrants a more detailed investigation. It is also worth noting that the flame at such extremely lean 
equivalence ratios with higher CO2 percentages experience a noticeably increased buoyancy as well. 

4. Conclusions 

 The effect of using CO2 as a working fluid for hydrogen oxy-combustion at different initial pres-
sures and equivalence ratios in an optically accessible CVCC was studied in terms of the flame struc-
ture, stretched and unstretched flame speed, laminar burning velocity, and flammability limit. The differ-
ent observations from all the tested cases can be summarized by the following, 

- The highest flame speed and laminar burning velocity was achieved at stoichiometric conditions 
for all the tested cases (different CO2 concentrations and initial pressures). The flame speed de-
creased gradually as the mixture got leaner.  

- Increasing the concentration of CO2 in the mixture lowers the flame speed. After comparing the 
varying CO2 concentrated cases, it was shown that the flame speed of the methane-air stoichio-
metric combustion falls between the unstretched flame speed range for mixtures containing 60% 
and 65% CO2. 

- At 40% CO2 concentration, the flame front propagated faster as the initial pressure was increased. 
The opposite trend was observed for 60% and 65% CO2, which resembles CH4-air combustion.  

- A positive correlation was seen between the laminar burning velocity and the unburned gas tem-
perature irrespective of equivalence ratio and initial mixture pressure. Furthermore, decreasing 
the CO2 percentage in the gaseous mixture resulted in the LBV vs unburned gas temperature 
curve exhibiting a steeper rise.   

- A leaner H2-O2 mixture allows for CO2 in the total mixture, albeit with increased buoyancy. 
 

       The inclusion of carbon dioxide as a working fluid in hydrogen oxy-combustion provides the op-
portunity to achieve flames with LBVs that are appropriate for practical combustion applications. It also 
eliminates the production of NOx emissions and enables carbon separation or closed-cycle processes. 
It also opens up opportunities for future studies to pinpoint the mixture configuration where the relation 
between the LBV and initial mixture pressure inverts. Additional studies will be conducted to determine 
the parameters that enable the extension of LFL for H2-O2-CO2 combustion as the mixture gets leaner. 
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