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Abstract 

The combustion properties of hydrogen are very different from those of conventional hydrocarbons. 

One of these is the high burning velocity of hydrogen flames. In addition, high diffusion rates in the 

flame region lead to very short reaction zones and to thermo-diffusive flame instabilities. These reasons 

lead to the fact that hydrogen is usually not combusted premixed in technical systems due to operational 

safety. On the one hand, this causes locally high temperatures and thus promotes the formation of 

increased nitrogen oxide contents in the exhaust gas, and on the other hand, this severely restricts the 

operating ranges and controllability of technical applications. 

In the premixed system, there is also a risk of flashback, which increases when pure hydrogen is used 

as fuel due to the increased diffusivity and flame speed combined with a reduced quenching distance. 

To avoid flashback and to meet the necessary operational safety requirements, suitable mixing concepts 

must be used. Fuel gas and air are fed separately into the mixing module and are mixed. The 

requirements for the mixing module are to ensure a high mixing quality with short residence times and 

short mixing distances, in order to avoid local formation of layers and thus changes in the stoichiometry. 

In addition, the pressure loss during mixing must be kept as low as possible so that no complex blower 

equipment is required for operation and thus conventional peripherals can be used. 

The object of the presented research is the premixed combustion of hydrogen-air flames mixed with 

cooled recirculated exhaust gas, which leads to increased flame stability. In addition, the reaction zone 

is stretched by the intelligent flow control in order to generate a homogeneous, extended heat release 

zone as a basis for heat extraction from the combustion system in technical systems, especially for 

industrial applications. For the investigations, a model burner is developed and parametrically 

investigated with respect to premixing, exhaust gas recirculation rate and combustion staging. 

From these fundamental studies, mixing and combustion concepts are derived that allow safe premixed 

hydrogen combustion similar to operation with burner technologies for conventional hydrocarbons. In 

addition to stabilizing and stretching the combustion process, the focus is on minimizing nitrogen oxide 

emissions.  

As part of the research, a modular model burner was developed to investigate turbulent, premixed 

hydrogen-air combustion at high exhaust gas recirculation rates. The model burner consists of a central 

primary nozzle surrounded by a secondary nozzle and an outer co-flow jacket. The hydrogen-air and 

exhaust gas mixture is injected through the primary nozzle, which is designed to form a flat flow profile. 

The secondary nozzle allows fuel staging with and without swirl. The outer co-flow jacket avoids 

recirculation areas of hot flue gas. 

The experimental work was performed using laser spectroscopic methods to determine velocity flow 

fields for selected operating points with air under Reynold’s law of similitude assumptions. In this case, 

the high-speed particle image velocimetry (PIV) was used to experimentally determine the global 

velocity field. This information was used to validate the numerical model in the non-reactive case. To 

select the operating range in the reactive case, the laminar burning velocity of hydrogen-air with 

different content of exhaust gas admixture was studied using the heat-flux-method. Based on these 

results, the reaction regions of the model burner setup were investigated. 
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Introduction 

With the ongoing decarbonisation of the energy market, it can be assumed that hydrogen will be widely 

available in the near future and will play an important role in end-use applications [1]. In addition to the 

use of synthetic hydrocarbons produced from "green" hydrogen, the combustion of carbon-free chemical 

energy sources is an attractive option for avoiding CO2 emissions. In this context, hydrogen produced 

by water electrolysis for the storage of excess renewable electricity can be used as a primary energy 

carrier [2]. However, conventional burner systems are often not suitable for operation with pure 

hydrogen due to its combustion characteristics. There is therefore a need for new developments that are 

designed for operation with pure hydrogen when process heat is required. In current studies, the focus 

is on hydrogen-enriched methane flames [3,4] and is slowly shifting towards pure hydrogen combustion. 

The combustion properties of hydrogen differ greatly from those of conventional hydrocarbons. In this 

context, the high burning velocity of hydrogen-air flames of about 320 cm/s with an air factor of 0.6 

should be mentioned [5]. Furthermore, high diffusion rates in the flame area lead to very short reaction 

zones and to thermo-diffusive flame instabilities [6]. 

These reasons mean that hydrogen is not premixed in today's technical systems for reasons of 

operational safety. On the other hand, non-premixed combustion leads to locally high peak temperatures 

and thus promotes the formation of nitrogen oxides in the exhaust gas, which also severely restricts the 

operating ranges and controllability of technical applications. In a premixed system, there is also the 

risk of flame flashback [7,8], which increases greatly when pure hydrogen is used as fuel due to the 

increased diffusivity and flame velocity in combination with a reduced quenching distance. Due to the 

reduced quenching distance, hydrogen-air flames propagate closer to the walls before extinguishing than 

other fuels. In automotive engines, this significantly increases the tendency to misfire, as the hydrogen-

air mixture passes closer to the intake valve than hydrocarbon flames [9]. Hydrogen engines are also 

characterised by higher NOx concentrations compared to hydrocarbon fuels [10]. 

To solve these problems in the context of hydrogen-air combustion, dilution with steam or nitrogen is 

often used [11]. The experimental and numerical results of Lu et al. [12] showed that NO emissions 

from steam dilution are about 20-50% of those from N2 dilution at the same equivalence and dilution 

ratio, which is due to the direct chemical and third-body effects of steam that reduce the formation of 

NO mainly in the NNH pathway. 

Another way to better control the combustion of premixed hydrogen is to recirculate exhaust gas. 

Currently, the concept of exhaust gas recirculation (EGR) is mainly used in spark ignition engines 

[13,14] or turbines [15]. It is one of the key technologies for pure hydrogen combustion as it can reduce 

NOX emissions [16,17]. EGR acts as an additional diluent in the unburned gas mixture and lowers peak 

combustion gas temperatures and NOX formation rates [18], provided an adequate amount of heat is 

removed from the exhaust gases. Furthermore, measurements on a spherically expanding flame at 

constant pressure carried out by Duva et al. [19] showed that the flame velocity and adiabatic flame 

temperature decrease almost linearly with increasing degree of dilution by EGR. This effect was 

demonstrated by Wang et al. [20]. 

Turbulent H2-flame configurations are usually in co-flow configuration and different stabilisation 

concepts such as piloting, use of bluff bodies or swirl are applied. Established and well-studied H2 (+ 

blends) non-premixed model flames can be found e.g. in [21],[22],[23] and are collected in the TNF 

workshop. 

The length of non-premixed hydrogen jet flames LF was given by Molkov and Saffers in [24]. 

Depending on the nozzle diameter d, the ratio LF/d was between 100 and 200 for Reynolds number 

above 10,000. For premixed hydrogen jet flames, however, a much smaller flame length is expected. 

Kwon et al. [25] showed the dependency of Reynolds number and equivalence ratio on the LF/d ratio, 

which is between 1.9 and 11.7. In this work, the development and design of a model burner for turbulent 

premixed hydrogen-air flames at high exhaust gas recirculation (EGR) rates are presented. Furthermore, 

the turbulent flow fields are investigated experimentally and numerically. 

 

Preliminary study for design 

The numerical study was carried out using ANSYS ChemkinPro 21 package to investigate premixed 

hydrogen-air flames with EGR. In the parametric study of freely propagating 1D flames, the equivalence 

ratio (0.3 < Φ < 3.0), inlet temperature (300 K to 673 K) and EGR (0 to 1) were varied over a wide 
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range. The simulations were conducted using the Konnov mechanism from 2019 [26]. Equation (1) 

shows the definition of the exhaust gas recirculation rate EGR as the fraction of the mass flows.  

 

 𝐸𝐺𝑅 =  
�̇�1

�̇�2
 (1) 

 

The first calculation series investigates the pure influence of recirculation rate using as a maximum 

estimation that the temperature of the recirculated flow is reduced to the preheating temperature Tin. 

Figure 1 illustrates for this assumption the generation of inlet conditions for the laminar flame 

calculations with maximum heat loss. In a first stream, fresh H2-air mixture is used with air factor λ, 

pressure p and the inlet temperature Tin. The composition of a second stream is calculated using the 

equilibrium code of ANSYS Chemkin Pro for the same mixture, but restricting the possible species-set 

to the components H2, O2, N2 and H2O. The resulting mixture composition and temperature Teq of this 

pseudo-equilibrium is then artificially set to the inlet temperature Tin of the first mixture. The inlet 

conditions for the 1D hydrogen flame calculation is then calculated by a mass flow weighted mixture of 

the two described streams. 

In the calculation series, the pure influence of the recirculation rate was investigated, assuming as 

a maximum assumption that the temperature of the recirculated stream is reduced to the preheating 

temperature Tin. Figure 1 illustrates for this assumption the generation of inlet conditions for the laminar 

flame calculation with maximum heat loss. In a first stream, �̇�1 fresh H2-air mixture with air factor λ, 

pressure p and inlet temperature Tin was used. The composition of a second stream �̇�2 was calculated 

using the equilibrium code of ANSYS Chemkin Pro for the same mixture, limiting the possible species 

to the components H2, O2, N2 and H2O. The resulting mixture composition and temperature Teq of this 

pseudo-equilibrium was then artificially set to the inlet temperature Tin of the first mixture. The inlet 

conditions for the 1D hydrogen flame calculation were then calculated by a mass flow weighted mixture 

of the two flows described. The calculation scheme is illustrated in Figure 1. 

 

 
Figure 1. Sketch illustrating the generation of inlet conditions for laminar flame calculations with 

maximum heat loss. 

Figure 2 shows the laminar flame speed of hydrogen-air flames in cm/s as a function of the air 

factor λ for an inlet temperature of 300 K on the left and for an inlet temperature of 673 K on the right. 

The results show the laminar flame burning velocity versus air factor between 0.3 ≤ λ ≤ 3.0 when 

varying the EGR rate from 0 (in black) to 1.0 (in red) in 0.2 steps. In addition, the fresh gas inlet 

temperatures were varied (300 K, 373 K, 473 K, 573 K and 673 K). The diagrams show the inlet 

temperatures of 300 K and 673 K as examples. 

The maximum laminar burning velocity for both diagrams at an EGR ratio of 0.0 is about 320 cm/s 

for an air factor of λ = 0.6 in the left diagram and about 1140 cm/s for an air factor of λ = 0.55 in the 

right diagram. After reaching the maximum, the laminar burning velocity decreases with increasing air 

factor. For both inlet temperatures it results that laminar burning velocity decreases with increasing EGR 

rate and the maximum is shifted towards higher air factors. For an EGR rate of 1.0 and an inlet 

temperature of 300 K, the maximum flame speed of about 60 cm/s is reached at an air factor of λ = 0.75. 

For an inlet temperature of 673 K and an AGR rate of 1.0, the maximum flame speed of about 480 cm/s 

is achieved with an air factor λ = 0.65. The shift to higher air factors with increasing EGR rate is more 
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pronounced at lower inlet temperatures, and at higher inlet temperatures the maximum flame speed shifts 

slightly to lower air factors. 

 

 
Figure 2. Flame speed of hydrogen-air flames in cm/s as function of the air factor λ for inlet 

temperature of 300 K (left) and 673 K (right) for different EGR rates (0, 0.2, 0.4, 0.6, 0.8, 1.0) 

(p0 = 1 bar). 

In the present study, the concept of combustion with EGR is to keep the laminar flame speed almost 

constant. As a results, the air factor λ must be reduced with increasing EGR. In the case of pure hydrogen 

air combustion (EGR = 0), the air factor is λ = 2.0. This condition is mainly used for the design of the 

burner characteristics.  

 

Model Burner Design  

The burner consists of three circular inlets in co-flow configuration: the inner inlet, the inner ring and 

an outer co-flow. The inner inlet is design as a contracting nozzle according to DIN ISO EN 5167-3 to 

create a flat velocity profile at the outlet. One outlet diameter before the contraction, a coarse mesh 

(mesh size = 1.7 mm, wire thickness = 0.4 mm) was placed to induce turbulence. The inner ring (gap 

width = 10 mm) also contracts constantly with its flow through area to achieve same effect. In addition, 

a swirl body can introduced into this flow. However, it was not used in the present study. Both nozzle 

design features lead to a suboptimal inflow of the co-flow. Here, a sintered plate with a thickness of 

6 mm and low porosity (about 25%, pore size = 1.1 µm) is placed to force homogenous distribution due 

to high pressure losses. The combustion chamber is designed rectangular with a width of 160x160 mm 

and a height of 300 mm, allowing full optical access as well seven ports for invasive measurements. The 

burner design is shown in Figure 3 and the burner setup in Figure 4. 

 

 
Figure 3. Design of the nozzle burner. 
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Inlet diameter of the primary jet is 40 mm and contracts to 20 mm at its exit. The secondary jet 

shows an inner diameter of 24 mm and an outer diameter of 34 mm. The co-flow has a total diameter of 

150 mm. The length of the combustion chamber (see Figure 4) is 300 mm. 

 

 
Figure 4. Design of the combustion chamber (left: CAD, right: photo). 

The velocity gradients at boundary were used to determine the operating range to avoid flashback 

and blow-off. A hydrogen-air flame with an equivalence ratio of Φ = 0.5, which corresponds to a laminar 

burning velocity of sL = 50 cm/s, contains about 17 % hydrogen by volume. For this boundary 

conditions, the velocity gradient must be g > 2,000 s-1 to avoid flashback and g < 100,000 s-1 to avoid 

blow-off according to von Elbe and Menster [27]. 

 

Table 1. Theoretical operation limits. 

 Based on Flash back Operation Blow-off 

g in 1/s H2 + air, Φ = 0.5 2,000 28,700 100,000 

Re H2 + air, Φ = 0.5 2,300 10,000 20,000 

umean in m/s H2 + air, Φ = 0.5 3.6 15.8 31.6 

uexp in m/s air 1.8 7.9 15.8 

P in kW H2 + air, Φ = 0.5 1.9 8.5 16.9 

 

Wu et al. reported flame lengths for turbulent premixed hydrogen/air flames at high Reynolds 

number in [25]. The length depends highly on equivalence ratio and the Reynolds number and showed 

values of 1.9 < Lf/d < 11.7 for the investigated boundary conditions. For the suggested operation case 

(see Table 1), the expected flame length is about 4 to 5 times the nozzle diameter of the jet. In [22], Wu 

et al. have given flame lengths for turbulent premixed hydrogen/air flames at high Reynolds numbers. 

The length strongly depends on the equivalence ratio and the Reynolds number and resulted in values 

of 1.9 < Lf/d < 11.7 for the investigated boundary conditions. For the proposed operating case (see Table 

1), the expected flame length is about four to five times the nozzle diameter of the jet. The investigated 

cases are shown in Table 2. The study focuses on the both central jets and the co-flow was not used. 

 

Table 2. Investigated cases. 

 Jet 1 Jet 2 

Case Re  u in m/s �̇� in kg/s Re  u in m/s �̇� in kg/s  

1 10,000 7.9 0.002936735 10,000 16 0.002936735 

2 10,000 7.9 0.008625044 5,000 8 0.004312522 
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Numerical Approach 

Computational fluid dynamics simulations were performed by Reynolds-averaged Navier–Stokes 

(RANS) equations numerical calculations using the rhoSimpleFoam solver of OpenFOAM 5.0. The 

computational domain was discretized as a finite volume mesh consisting of 522,521 cells. The cell size, 

in terms of the cube root volume, varies between approximately 0.136 mm and 4.786 mm, ensuring 

sufficient resolution of geometrical features. The domain includes the combustion chamber and the 

nozzle up to 52 mm upstream of combustion chamber. The mean cell size in the combustion chamber 

was 4.463 mm consisting of mainly hexahedra cells.  

The calculations were carried out with a k-ε model. The turbulent boundary conditions were set to 

a turbulence intensity of 10 % for kinetic turbulent energy (k) and mixing length (0.4 mm for the central 

jet and 0.28 mm for the secondary inlet) based estimation for the dissipation rate (ε). Mixed wall 

functions for low- and high-Reynolds number were applied for k and ε and for turbulent viscosity a 

velocity-based wall function using Spalding’s law was applied. 

The fluid was modelled as a perfect gas with a molar weight of 28.96 g/mole and a heat capacity 

of 1.006 J/g/K. Transport coefficients were calculated based on the Sutherland transport model with a 

reference viscosity of 1.4584*10-6 kg/m/s and a reference temperature of 110.33 K. 

The simulations were carried out for two different operating conditions as shown in Table 2. The 

calculations were performed until stationary results were achieved at residuals for momentum, k and ε 

below 1*10-4 where no significant changes in pressure and velocity were observable between iterations. 

 

Experimental Approach 

Two-dimensional flow fields for the different inlet boundary conditions were determined using 

particle imaging velocimetry (PIV). The basics of the measurement technique are described in detail in 

[28].  

Using an Nd:YLF double cavity laser (Litron LDY304),  two green laser beams two green laser 

beams were sent through the cylindrical optical system with variable delay to create a light sheet with a 

height of 130 mm and a thickness of 600 µm (1/e2 radius) at the waist. The experiments were performed 

at repetition rates at 200 Hz. Each of the two inner streams was seeded with di-ethyl-hexyl-sebacat 

(DEHS) using a seeding generator (Palas AFG 10) with an average droplet size of approximately 

0.5 µm. The scattered light was recorded with a 12-bit CMOS camera (Vision Research Phantom v1212) 

with a resolution of 1280 x 800 pixels. A Nikon 50 mm f/1.4 lens in combination with narrow-band 

green filter was used for the recording. The resulting field of view was 120 x 80 mm2. The camera was 

aligned perpendicular to the illuminated area. Commercial software (LaVision Davis 10) was used for 

image acquisition, parameter setting, perspective correction and image correlation. The time delay 

(Δt = 60 µs) between the double images was determined as a function of the size of the correlation 

window (32 x 32) and the velocity range of the experiment. A window overlap of 75% was chosen. The 

independence of the resulting velocity fields from the size of the interrogation window and the time 

delay Δt was verified in preliminary investigations. As a rule, each measurement series consists of about 

1000 vector fields. A statistical analysis was performed near the nozzle exit and showed a statistical 

error of less than 3 % for the main velocity component and less than 15 % for the rms values (3 σ 

confidence). The procedure is described in [29]. 

All streams of the burner were operated with air at ambient temperature and atmospheric pressure. 

In inlet velocities were set with thermal mass flow controllers.  

 

Results and Discussion 

The numerical and experimental results of axial velocity fields are compared in Figure 5 for both 

cases investigated. The numerical results include the two velocity streams inside the nozzles. Upstream 

the burner exit, the maximum velocity in the first case is found to be about 16 m/s in the centre of the 

second jet and almost 8 m/s in the second case. The total length of the jets is between 220 mm and 

300 mm, where the flow homogenises. Here, the experiments show a smaller jet length than the 

simulations, but the main jet structure agrees well with the numerical results. 
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Figure 5. Numerical and experimental results of the axial velocity fields for case 1 (left) and case 2 

(right). 

Different heights above the burner were selected for further investigations (5 mm, 40 mm, 100 mm 

and 200 mm respectively, based on the diameter of the inner jet with D0 = 20 mm); the results are 

presented in Figure 6 for case 1 and in Figure 7. Numerical and experimental results of the axial 

velocities for case 2 at different heights above the burner.. Near the burner exit, the velocity profiles of 

the inner and second jet show a constant outlet velocities. Here, the numerical and experimental results 

agree well. Further upstream, the velocity profiles show a greater difference, resulting in different jet 

lengths.  

The experimental results of the Reynolds stress components (constant density) in axial and radial 

direction at a height of 10 mm above the burner are shown in Figure 8 for case 1. The results show a 

symmetric pattern of the jets. For the axial velocity component ua, the highest values of variations (about 

2 m2/s2) are found in the centre of the second jet at a radial position of ± 18 mm.  

Two peaks are found for the radial component ur. The inner peak between the first and the second 

jet show a higher value (about 1.2 m2/s2) than the outer peak between the second jet and the outer layer 

(about 0.7 m2/s2). The shear stress component shows opposite behaviour with larger values on the outer 

side. The inner jet, assuming symmetry in radial direction, indicating isotropic turbulence with a 

turbulence intensity of about 5 % was observed.  
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Figure 6. Numerical and experimental results of the axial velocities for case 1 at different heights 

above the burner. 

 
Figure 7. Numerical and experimental results of the axial velocities for case 2 at different heights 

above the burner. 
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Figure 8. The experimental results of the Reynolds stress components (constant density) in axial and 

radial directions and the shear stress component for case 1 at a height of 10 mm above the burner. 
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Conclusions 

In this paper, a model burner for turbulent premixed hydrogen-air combustion at high exhaust gas 

recirculation (EGR) rates was presented. In a preliminary study, the laminar burning velocities of 

hydrogen air flames with high EGR were investigated to identify the operating range in EGR cases. The 

burner design with two nozzles and a co-flow was presented and expected flame lengths were estimated. 

The flow field was experimentally and numerically investigated for non-reactive conditions. The 

numerical and experimental results agree well, especially the expected outlet velocities of the designed 

nozzles near the burner exist: the results shows that the nozzle design of the inner jet and second jet lead 

to a constant velocity profile at the burner outlet. The analysis of the Reynolds stress and shear stress 

component revealed an almost isotropic turbulence with an intensity of about 5 % in this region. In 

addition, the two shear layers between the inner and second jet as well the second jet and the outer layer 

were determined. The total lengths of the jet are between 220 mm and 300 mm, with the experiments 

showing shorter results than the numerical simulations. 
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