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Executive Summary 
In the framework of safety of explosions in nuclear power plants, more precisely during the late 
phase when the interaction of the corium with concrete lead to the release of hydrogen (H2) and 
carbon monoxide (CO) among other different gases. The risk of explosion of such mixtures may 
lead to pressure loads that would threaten the integrity of the containment. It is paramount to 
minimize the occurrence of such phenomena through the implementation of Severe Accident 
Management Guidelines as well as dedicated mitigation measures to limit this risk. The evaluation 
of this potential risk relies on numerical simulations using computer codes which need to include 
specific features of mixtures of hydrogen and carbon monoxide as combustible gases. The 
European project AMHYCO main objective is to propose innovative enhancements on the 
combustible gases' management procedures in case of a severe accident by addressing open 
issues related to the understanding of hydrogen and carbon monoxide phenomena involved in 
such accident. In this context, WP3.1 objective is to investigate experimentally phenomena related 
to H2/CO/H2O combustion that are difficult to predict numerically. 

To achieve this goal, an extensive experimental study has been conducted addressing different 
combustion phenomena: 

 Flammability limit in a spherical vessel coupled to a central ignition and measured with a 
high-speed imaging and overpressure measurements, 

 Laminar and turbulent flame speed measurements in well-defined initial conditions. To do 
so a large spherical vessel was used in which a well-defined initial turbulence can be 
created. High speed imaging and high frequency piezoelectric pressure transducers 
permitted to characterize, both in laminar and turbulent conditions, the flame propagation 
speed and the combustion overpressure. The experimental flame speeds were compared 
to simulated ones using different detailed kinetic mechanisms from the literature. From 
this comparison, a mechanism was selected based on its ability to reproduce the 
experimental fundamental flame speed determined in this work. 

 Fundamental combustion parameters have been simulated using the chosen detailed 
mechanism. Equilibrium calculation to determine (i) the combustion pressure for an 
adiabatic isochoric complete combustion, (ii) the adiabatic flame temperature and the 
densities for the fresh and burnt conditions for an adiabatic isobaric complete combustion. 
Detailed chemical (iii) the global activation energy, assuming the chemistry as one step 
overall reaction from which the Zel'dovich number is derived as well as effective Lewis 
number 

 Combustion regimes have been identified by conducting experiments in a large closed 
cylindrical vessel, named ENACCEF-II for different initial conditions in terms of initial 
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1 Introduction: Purpose and Target Group 

This report describes the experimental work conducted at CNRS-ICARE laboratory concerning 
the combustion properties of H2/CO mixtures in conditions typically encountered in the late 
phase of a nuclear accident in a nuclear power plant. 

WP3.1 objective is to investigate experimentally phenomena related to H2/CO/H2O 
combustion that are difficult to predict numerically. Three main phenomena are addressed in 
this report: (i) the flammability limits which define the domain or which a mixture is flammable, 
(ii) the laminar flame dynamics that will shed light over the over the fundamental properties 
of premixed flames, determine the domain of complete combustion from incomplete one due 
to buoyancy forces, be used to select a suitable detailed chemical kinetic mechanism that will 
be used to simulate the fundamental parameters needed for the combustion regime analysis 
and to generate the engineering correlations in WP4.1, (iii) the flame acceleration process in 
two different configurations, the first one is a well-define initial turbulence and the second one 
in a closed vessel laden with obstacles. Each of these phenomena have been studied in 
dedicated facilities with a variety of diagnostics. 

1.1 Contribution Partners 
This work has been conducted by the "shock wave" group at CNRS-ICARE laboratory in France. 
This task has benefited from discussions with the project partners and specifically CIEMAT, 
Julich, IRSN and UPM for the boundary conditions. 

1.2 Relation to Other Activities in the Project 
The objectives of WP 3.1 are to experimentally investigate the combustion phenomena under 
realistic accidental conditions that are difficult to predict using numerical codes. Then, this task 
relies on WP 2 to obtain the realistic initial and boundary conditions for different accidental 
scenarios. 

The major output of this task related to (i) flammability domain, (ii) laminar and turbulent flame 
speed, (iii) fundamental flame parameters and (i) combustion regimes of H2/CO mixtures in air 
or in oxygen starvation conditions and with or without diluents, mainly water vapor and carbon 
dioxide. 

The extensive experimental data generated in this task will serve as the basis to derive 
engineering correlations by WP 4.1, that will be implemented in different simulation 
approaches: LP, 3D and CFD codes. 
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2 Flammability Limits 

Flammability limits are defined as the lowest and highest fuel molar fractions for which a self-
sustained flame is obtained at fixed initial temperature and pressure. A slight composition 
change in one direction renders the mixture flammable; in the other direction the mixture 
becomes non-flammable. In this chapter, the study performed at CNRS-ICARE laboratory is 
summarized. After a description of the experimental facility dedicated to flammability limits 
studies, the methodology is detailed. Finally, the results on the lower flammability limits (LFL), 
upper flammability limit (UFL) and the inerting by carbon dioxide are presented for different 
thermodynamic and O2/N2 ratios conditions. 

2.1 Description of the Experimental Facility 
The spherical bomb method has been chosen to study the behavior of flame and to determine 
the flammability limits of H2/O2/N2 mixtures. It consists of a spherical stainless-steel vessel of 
8 liters of volume (internal diameter 25 cm) equipped with two quartz windows (70 mm optical 
diameter, 50 mm thickness) (Figure 1). The maximum operating pressure and temperature are 
50 bar and 150°C respectively. 

 

Figure 1. Schematic diagram of the experimental setup for Z-type Schlieren 
visualization. 

Two tungsten electrodes were located along a diameter of the sphere. They are linked to a 
controlled high voltage discharge device consisting of a given capacitor and a voltage of 1.3 kV 
able to store 1.31 J. The voltage and intensity discharge were measured via a high voltage 
(Tektronix, P6015A) and a current (Bergoz, CT-D1.0) probes (Figure 2). The adjustable gap 
between the electrodes was usually between 1 mm and 5 mm depending on the molar fraction 
of H2 in the mixtures, it was fixed to 3 mm near the flammability limits. As shown by Kumamoto 
et al., (Kumamoto et al., 2011), a variation of the distance between the electrodes will increase 
or decrease the energy delivered by the spark. In this study, the ignition energy was measured 
for a separation distance of 3 mm. 
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Figure 2. Schematic of the Ignition system coupled with the spherical vessel. 

The current (I) and voltage (U) are acquired by a digital oscilloscope (Agilent DSO-100MHz, 
2Gsa/s). The estimation of the delivered energy to the spark is based on the time integration 

of the product of U*I. The spark energy depends on many factors such as the mixture 
composition, the initial pressure, the nature and surface quality of the electrodes, and the 
electrodes gap. For this study, the ignition energy, for a separation distance between the 
electrode tips of 3 mm, was found to be 265 ± 38 mJ. 

The ignition and the flame propagation are visualized through a classical Z-type 
Schlieren setup with a high-speed camera (Phantom V5 or V1610). These cameras can 
be used at 500 frames/s and 25000 frames/s, respectively. The light source was a DC 
150 Watts Xenon lamp (Lot Oriel, Compact 150W Xe model). The temporal behavior 
of the induced overpressure following the ignition is measured with a fast piezoelectric 
pressure transducer (Kistler 601A). The overpressure signal is recorded on a second 
oscilloscope (Teledyne LeCroy Wavesurfer 3024. 4Gsa/s). A digital delay generator 
(Stanford Instrucemnts, DG645 model) is used to trigger the electric spark and the 
acquisition of the two oscilloscopes. The initial gas temperature inside the bomb is 
monitored via a thermocouple before each run. 

The gases were introduced in a magnetically fan-stirred reservoir using the partial pressure 
method to obtain the desired mixture. Hydrogen, carbon monoxide, air, nitrogen, and carbon 
dioxide were supplied by Air Liquide with a purity higher than 0.9999. The pressure was 
measured using capacitive manometers (MKS) of different full scales according to the desired 
pressure (103 Torrs and 104 Torrs). Based on the precision of the capacitive manometers, the 
mixtures were obtained with an accuracy of 0.2 %.  

Before each test, the chamber is vacuumed and the residual pressure is lower than 3 Pa. The 
premixed mixture is then fed into the spherical bomb at the desired initial pressure. The 
mixture inside the bomb is let to rest for 5 min before a spark is created at the center of the 
vessel. The camera and the oscilloscopes are subsequently triggered by the digital delay 
generator. The experimental maximum pressure observed for each test is compared to the 
theoretical value that is estimated based on the assumptions of: (i) adiabatic, (ii) isochoric, (iii) 
complete combustion. This theoretical maximum pressure is calculated using the Cosilab code 
(Combustion Simulation Laboratory, COSILAB, 2021). 

Electrodes

High Voltage Probe

Current ProbeElectrodes

Pressure Transducer

Thermocouple



 

  

DX.X Report Title 

26 

2.2 Methodology 
Following our previous studies and according to the literature (Biet et al., 2014; Cheikhravat et 
al., 2015), a mixture is considered as flammable when, following the flame kernel formation 
due to the spark plasma, a visible flame propagates away from the ignition location in the 
vessel. It may or may not induce a visible pressure increase inside the spherical bomb. Once 
the mixture is introduced inside the vessel, a spark is created: (i) if the ignition is obtained, the 
mixture will be labelled as flammable and a value of 1 is attributed to the test; (ii) if no ignition 
is observed, the mixture will be labelled as non-flammable and a value of 0 is attributed to the 
test. In the case where no ignition is obtained, the spark creation is repeated 10 times before 
emptying the chamber and filling again with the same mixture. In case of no ignition, this is 
repeated 3 to 4 times. In case of ignition, when the combustion phenomenon is completed, 
the gases are vacuumed, a new mixture is introduced in the vessel and the spark is created. In 
total, more than 100 runs are performed to scan the vicinity of the flammability limit. 

 

Failed ignition 

 

Successful ignition 

Figure 3. Examples of experiments with and without ignition. 

For each condition of initial temperature and pressure, at least 100 individual runs are 
conducted. For each run, I the ignition is obtained, it will be given a value of "1" and if no 
ignition is recorded then it will be attributed a value of "0". This series of "0" and "1" constitutes 
a dataset that will be analysed by statistical tools to derive a probability of ignition and hence 
derive a flammability limit. To derive this probability of ignition, a logistic regression method 
is used on the dataset(Bane et al., 2013). An example of a probability density function is plotted 
(Figure 4) using a logistic function. From this probability of ignition versus the fuel content, it 
is possible to derive the fuel molar content corresponding to a given probability of ignition. In 
this study, since the en-goal is to assess the flammability domain for safety purposes, the 
flammability limit is defined at a probability of 1 %.  o from which the lower flammability limit 
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Figure 9. Probability of ignition for {50H2+50%CO}/air/CO2 mixtures initially at 1 bar 

and 22±0.92°C. 

 

The different flammability limits at different initial conditions are summarized in the 
following table. 

 Pini (bar) Tini (°C) LFL UFL 

Air (O2/N2=0.264) 

1 23 6.3±0.4% 72.4±0.6% 

2 23 6.9±0.4% 70.8±0.2% 

3.5 23 6.6±0.5% 69.3±0.4% 

1 90 5.8±0.3% not measured 

O2-Starved (O2/N2=0.11) 1 22 6.5±0.6%. 45.7±0.9 

CO2 Inerting in Air (O2/N2=0.264) 

 1 22 52±1 % 

 

Table 1: Summary of the flammability limits and the CO2 inerting point measured in 
this work. 
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3 Laminar and Turbulent Flames 

This chapter is dedicated to the description the experimental study of expanding spherical 
flames in quiescent as well as in presence of an initial turbulence. First, detailed descriptions 
of the facility and of the methodology are given. Then, the results obtain for different initial 
conditions in terms of mixture composition, initial temperature and oxygen over nitrogen ratio 
corresponding to normal air and to oxygen starvation conditions. 

3.1 Description of the Experimental Facility BSIII 
The BSIII facility (Figure 10), having an internal volume of 95 l, consists of two concentric 
spheres made of 316L stainless steel. The inner sphere has an internal diameter of 566 mm 
and a thickness of 42 mm. The outer sphere has an internal diameter of 694 mm and a 
thickness of 3 mm. A thermal fluid circulates between these two spheres, raising the 
temperature of the enclosure to 573 K and keeping this temperature constant. The chamber 
has been tested to an absolute pressure of 300 bar with a safety factor of 1.5, enabling it to be 
used safely up to 200 bar. 

 

Figure 10. Different views of the spherical enclosure of BSIII 

For optical measurements, the sphere is equipped with four openings on the equatorial plane, 
enabling portholes of different sizes or plugs to be fitted (Figure 11). The optical window 
diameter is chosen based on the maximum pressure: 200 mm in diameter and 75 mm 
thickness (for a diameter of 240 mm) for a maximum pressure of 50 bar and 100 mm diameter 
with a thickness of 50 mm (140 mm in diameter) for a maximum pressure of 100 bar. A plug 
will be used for pressures between 100 and 200 bar. Also, the maximum volume of a sphere 
that can be observed in the chamber is 4.5% of the total volume for the 200 mm porthole and 
0.6% of the total volume for the 100 mm porthole. 
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Figure 11. Different types of portholes: 200 mm aperture diameter rated for 50 bar 
(left), 100 mm diameter rated to 100 bar (middle), and plug rated for 200 bar. 

3.1.1 Turbulence Generation 
The turbulence inside the vessel is generated using 8 fans that are commercial impellers with 
4 backward-curved blades with a diameter ranging from 20 to 130 mm. For their installation, 
eight 80 mm-diameter ports are used. The fans are distributed at the apexes of a cube 
inscribed in a sphere equivalent to the inner diameter of the enclosure.  

The maximum fan speed achievable is 12,000 rpm. At these rotational speeds, the use of 
through shafts would pose a sealing problem, especially since the studied fuel contains both 
hydrogen and carbon monoxide. To eliminate any risk of leakage, the fans have been designed 
so that the propeller inside the enclosure is driven by magnetic coupling using permanent 
magnets. The system is shown in detail in Figure 12. The motor on the outside of the enclosure 
drives a wheel containing 4 magnets, which are aligned with alternating polarity. This external 
wheel drives an identical wheel containing the same magnets placed in opposition inside the 
enclosure. In this way, no shaft needs to pass through the enclosure wall. 

 

Figure 12. Magnetic drive system for propeller rotation. 

Eight driving systems were built and tested. No phase shift or deceleration was observed at 
speeds ranging from 1,000 rpm to 10,000 rpm. This measurement was carried out in the 
absence of propellers. 

With regard to propeller shape, the literature review carried out by Ravi et al. (Ravi et al., 2013) 
and discussions with Birouk and Fabbro (Birouk & Fabbro, 2013) highlighted the need for a 
curved shape to obtain more intense turbulence, while remaining homogeneous and isotropic. 
The propellers used are four-bladed, 80 mm in diameter (Figure 13). They are curved at an 
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angle ranging from 45° at the base to 30° at the tip. The blades face to the left and rotate 
clockwise, so that air is drawn through the propeller towards the wall. These fans are placed at 
85 mm from the vessel wall. Thus, the distance between two opposite fans is equal to 393 mm. 

 

Figure 13. Different propeller sizes for different integral lengths of turbulence. 

3.1.2 Ignition System 
The mixture is ignited using a pair of tungsten electrodes mounted on the equatorial plane of 
the chamber, coupled to a high-voltage generator. During discharge, the voltage and current 
delivered across the electrodes are measured using a Tektronix P6015A high voltage probe 
and an AMS Technologies CT-D1.0-B current probe respectively. 

3.1.3 Diagnostics 
3.1.3.1 Temperature and Pressure 

Four 26 mm-diameter ports are located on either side of the sphere. Two of these ports are 
used to accommodate two piezoelectric pressure sensors. The two sensors are positioned at 
40° to the equatorial plane, one on the upper part and the other on the lower part of the 
sphere. The sensors used are a Kistler 601A and a Kistler 6001 with a natural frequency of 150 
kHz, and can measure overpressures due to combustion up to 250 bar. 

Several openings are used for introducing gases, pumping the chamber, draining and adding 
thermocouples. For example, two thermocouples (TC 12-K-125-176-2.0-2I-3P6M-CLASS1) are 
mounted in a thermowell to measure the temperature of the gases inside the chamber before 
ignition, with an accuracy of ± 1.5 K. 

Similarly, gas pressure in the vessel is measured with a high-precision MKS Baratron pressure 
transducer, type 690ARBTRB, featuring a dynamic range of 106 over the full scale of 
15,000 Torr. The manometer is calibrated using a U-shaped mercury manometer coupled to a 
secondary vacuum pump. 
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3.1.3.2 Particle Image Velocimetry 

The principle of particle image velocimetry (PIV) is to record the displacement of solid or liquid 
particles added to a gaseous fluid. The size and mass of these particles are small enough to 
be considered as faithfully following the gaseous fluid without altering its properties. 
Stroboscopic illumination of the flowing fluid by a sheet of light formed from pulsed laser 
beams enables a camera positioned perpendicular to the sheet to photograph the position of 
the particles through the light they scatter (Figure 14). The camera records a pair of time-
shifted images. Knowing the displacement in pixels and the time between light pulses, it is 
possible to calculate the speed of the particles and therefore of the fluid. Detailed image 
processing methodology is described in the following chapter. This section only describes the 
device used to acquire the pairs of images needed to measure velocities. 

 

Figure 14. Schematic diagram of particle image velocimetry 

Velocity field measurements were carried out using a dual-cavity Nd:YAG pulsed laser (Quantel 
EverGreen 200), generating two 200 mJ pulsed laser beams at wavelength 532 nm and 6 mm 
in diameter. An optical system consisting of a convex spherical plane lens with a long focal 
length (f = 1 m) and a divergent semi-cylindrical lens with a focal length of -25 mm produces 
a laser sheet bursting in the vertical plane at an angle of 14° and 0.5 mm thick at the center of 
the chamber. The width of the sheet increases slightly as it is closer to the portholes. The 
camera used is a TSI PowerView Plus 16MP, with a resolution of 4,920 x 3,288 pixels2 with a 
pixel size of 5.5 µm2 and an image depth of 12 bit. The lens used is a Nikon AF Nikkor 50 mm 
focal length with a maximum aperture of f/1.8. Before each experiment, a ruler is 
photographed to convert the pixel size into millimetres. The average size measured on the 
image is 3,000 pixels, corresponding to a distance of around 150 mm so that the obtained 
resolution was of 50 µm/pixel. 

Laser pulses and camera aperture time are synchronized using Insight 4 software developed 
by TSI. For each fan speed, a minimum of 800 image pairs were recorded, enabling good 
convergence of speed field statistics. The time interval between pulses is adjusted according 
to fluid speed, so that the average fluctuation displacement is around 4 pixels on the images. 

Di-ethyl-hexyl-sebacat (DEHS) is used to generate particles on the velocity field. The particle 
size was measured in our laboratory using laser diffraction particle analyser instrument (Helos 
System from Sympatch). The average particle size is 3 µm. The particle size distribution is 
shown in Figure 15 and  

Table 2. 
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Figure 15. Discrete and cumulative distribution of the particles diameter. 

 

 

Table 2. Particle diameter as a function of time after injection. D10: diameter at 10% of 
cumulative distribution. D50: diameter at 50% of cumulative distribution. D90: diameter 

at 90% of cumulative distribution. DSMD: Sauter mean diameter. 

3.1.3.3 Imaging using the Schlieren Technique 

Flame propagation inside the enclosure is observed using a Z-type Schlieren imaging device 
coupled to a high-speed camera (Figure 16). The Schlieren technique enables high-contrast 
observation of gas refractive index gradients. Since the refractive index of a gas depends on 
its temperature and concentration, at the interface between fresh and burnt gases, the 
difference in index between the two zones deflects the photons from their trajectory. Weinberg 
(Weinberg, 1963) has shown that, in the case of CH4/air flames, the maximum gradient observed 
using the Schlieren corresponds to a temperature of approximately 488 K, which is in line with 
the observation of the evolution of fresh gases. 

t 
D (µm)  

+30 s +60 s +90 s +120 s +150 s +180 s 

D10 (µm) 0.87 0.87 0.87 0.87 0.87 0.86 

D50 (µm) 2.51 2.51 2.51 2.52 2.49 2.48 

D90 (µm) 5.52 5.52 5.52 5.54 5.47 5.43 

DSMD (µm) 1.76 1.76 1.76 1.77 1.75 1.74 
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Figure 16 : Diagram of the Schlieren-type optical device coupled to the enclosure. 

The system consists of a 300-watt Lot-Oriel xenon lamp, a pair of 1.50 m spherical concave 
mirrors, a pellet and a screen. The light from the light source is focused by a 200 mm 
achromatic lens at the center of a 3 mm diameter iris diaphragm placed at the focal point of 
the first mirror. The light rays emanating from the latter are reflected on the first mirror, 
resulting in a parallel beam passing through the bomb. This beam is in turn reflected on the 
second spherical mirror and, at its focal point, an opaque disc with a diameter equivalent to 
that of the iris blocks most of the rays not deflected by the flame. Only the deflected rays then 
illuminate the screen. The image of the flames contour is projected onto a tracing screen using 
an ultra-fast camera. A high-speed camera was used: Vision Research Phantom V16110 (768 
pixels x 768 pixels at 25 kHz).  

   
Figure 17 : Examples of Schlieren images of the evolution of a turbulent flame at 14% 

H2-CO and 11% O2/N2 for turbulence with u'=0.83 m/s. 

Thanks to the high gradient level of the images, this optical device enables excellent detection 
of the flame contour. With this device, it is also possible to observe the structure of cells on 
the flame surface (Figure 17). The main disadvantage of such a technique is that the image 
observed is in fact a projection of a volume onto a flat surface, rather than a cross-section of 
that volume. The depth of the folds in the flame surface cannot be revealed by the Schlieren 
device. Consequently, the flame contour highlighted by this optical device underestimates the 
flame surface. Figure 18 shows schematically three successive cross-sections (red, blue and 
green) of the same flame projected onto a plane. The contour induced by these three cuts is 
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3.2.2 Data Acquisition 
At the end of each individual run, the images of the flame acquired by the camera are recorded 
using the camera's acquisition software. The movie of the expanding flame is saved, along with 
the images. The camera's parameters are decisive for good image acquisition. This is the 
reason for a resolution of 728×728 pixel and an exposure time of 10 µs. The number of images 
per second varies from 5000 Hz to 25000 Hz depending on flame speed, 5000 Hz being for 
the slowest flames and 25000 Hz for the fastest. 

The camera trigger output signal, pressure, current and voltage signals delivered by the 
ignition system are acquired by an oscilloscope. The data are saved in the form of Excel files, 
with each channel recorded separately. The time synchronization is ensured via a STANFORD 
digital delay/pulse generator, DG535, which delivers a specific signal (a positive voltage set to 
+5 V and with a duration of 20 ms) on the voltage signal produced at the onset of the spark 
created by the ignition system. Consequently, the time recorded by the oscilloscope and the 
camera are identical. 

3.2.3 Post-Processing 
Flame velocity measurements are based on the time evolution of the flame radius, which is 
obtained by digitally processing the obtained images. Home-made codes based on the 
MATLAB library are used, along with the Image Processing Toolbox. Two different codes are 
used for laminar and turbulent flames, due to the different flame contours in both regimes. 
One is smooth and spherical, while the other is wrinkled. Another home-made MATLAB code 
is used to determine the maximum pressures reached for each experiment, as well as the rate 
of pressure increase. COSILAB (Combustion Simulation Laboratory, COSILAB, 2021) code and 
Cantera code (Cantera, 2023) are used to determine the fundamental flame parameters. 

3.2.3.1 Laminar Flames 

The special feature of the laminar flame is that its shape remains spherical as the flame 
expands. It is therefore very easy to define a unique contour and radius to follow for each 
flame. An in-house MATLAB code for laminar flames is therefore used to extract the temporal 
evolution of the flame radius from the images, Figure 19-(a). 

The first step in image processing is to subtract each image from its background. In this way, 
the edges of the porthole are no longer considered, and only the flame is displayed by 
readjusting the image intensity. 

The code tracks the expansion of the flame radius of the subtracted images using the Canny 
method (Canny, 1986). By means of the derivative of a Gaussian filter that detects grey 
gradients, the code is able to define a flame contour for each image. The tolerance of this filter 
to grey levels is determined via a threshold to be defined for each image. A mask is also applied 
to the images to remove any interfering elements, such as electrodes.  
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Once the images have been subtracted and the contours defined for each image, Figure 19-
(b), an ellipse can be fitted to the points detected on the flame contour. The flame contour 
considered will therefore be a circle whose radius is the mean between the semi-major axes 
of the ellipse, Figure 19-(c). The evolution of the flame radius as a function of time is then 
deduced. Figure 20 illustrates the radius versus time obtained by the image processing. 

In the case of laminar flames, it is important to characterize the shape of the flame during the 
propagation to ensure that no deformation is occurring due to either a misalignment of the 
electrodes or the beginning of buoyancy effects. Thus, for each processed image, a ratio is 
calculated to evaluate the shape of the detected flame contour when compared to an ideal 
circle. This ratio is called the sphericity and is defined as the ratio between the smallest radius 
and the largest radius of the flame contour, for each individual frame. When the flame contour 
matches a perfect round circle, this ratio is equal to 1 (Barone et al., 2016; Nativel et al., 2016). 
However, since the optical setup uses spherical mirrors, the image of an ideal circle is an ellipse 
due to optical aberrations. This deformation is assessed by using the contour of the window 
as a reference. The image of the window contour is an ellipse and the ratio of the largest and 
the smallest radius of the window contour is used as a reference. The sphericity of the flame 
is then compared to the window contour. 

    
(a) raw images 

    
(b) Contour obtained after filtering and background subtraction using the Canny method 

    
(c) Ellipse superimposed on the flame corresponding to the flame contour 

Figure 19: Example of flame images processing. The mixture is constituted of 65% 
{50%H2-50%CO} initially at 1 bar and 22.6°C. 
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(a) 

 
(b) 

Figure 23. Burning Speed (a) and Markstein length (b) obtained for a different ranges 
of flame radii domain for a mixture constituted of 65% {50%H2-50%CO} +35% Air 

initially at 1 bar and 22.6°C. 
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(a) 

 
(b) 

 
Figure 24. Distribution of the solutions for the burning Speed (a) and Markstein (b) 

obtained for a different ranges of flame radii domain for a mixture constituted of 65% 
{50%H2-50%CO} +35% Air initially at 1 bar and 22.6°C. 

3.2.3.2 Turbulent flames 

3.2.3.2.1 Turbulence characterization 

As described in §3.1.1, the spherical bomb is equipped with 8 fans that are commercial 
impellers with 4 backward-curved blades. For this work, the diameter of the blades was chosen 
to be 80 mm, they are labelled F4S80L (4 blades, 80 mm blade diameter, Left rotation). They 
are propelled using 8 motors with a variable speed from 0 to 3 000 rpm. The flow, with these 
blades is directed towards the vessel wall. The symmetrical positioning induces a turbulent 
flow field characterized by several features:  

 a mean velocity close to zero,  

 a homogeneous and isotropic turbulence within a central region inside the spherical 
chamber. 

For each rotation speed of the fan, a minimum 800 couples of images are acquired in order to 
ensure of the validity of the statistical data processing. The time interval between the 2 pulses 
was chosen accordingly to the flow velocity to ensure that the displacement between 2 
successive images is around 4 pixels in average. With this system, it was possible to measure 
the instantaneous velocity, U(x,z), V(y,z) and W(x,z) and W(y,z) of the flow within a radius of 
100 mm. All PIV measurements have been conducted for 2 cross plans (XZ and YZ plans) and 
results compared each other in order to better assess the symmetry of the velocity fields in 
3D. 

From the averaging of the instantaneous velocity over more than 800 vector maps, the average 
velocity components Umean(x,z), Vmean(y,z) for the horizontal plane and Wmean(x,z) and Wmean(y,z) 
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(a) Urms, (X,Z) 

 
(b) Wrms, (X,Z) 

 
(c) Vrms, (Y,Z) 

 
(d) Wrms, (Y,Z) 

Figure 29. Maps of the rms velocity field, Urms, Vrms, Wrms¸ in both orthogonal plan, plan 
inside the bomb obtained for a rotation speed of 2000 rpm for the F4S80L fans. The 

circles in white solid line indicate the diameter from the vessel center. 

 
(a) Urms, (X,Z) 

 
(b) Wrms, (X,Z) 

 
(c) Vrms, (Y,Z) 

 
(d) Wrms, (Y,Z) 

Figure 30. Maps of the rms velocity field, Urms, Vrms, Wrms¸ in both orthogonal plan, plan 
inside the bomb obtained for a rotation speed of 3000 rpm for the F4S80L fans. The 

circles in white solid line indicate the diameter from the vessel center. 
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As in (Bradley et al., 2003; Galmiche et al., 2013; Goulier, Chaumeix, et al., 2017; Goulier, 
Comandini, et al., 2017; Sick et al., 2001; Weiß et al., 2008), the turbulent intensity, u', was found 
to be proportional to the rotational fan speed and the integral length scale LT independent of 
the fan speed as illustrated in Figure 36. For this configuration, the integral length scale, 
average over the different rotation speeds was found to be 26.1 mm with a standard deviation 
of 0.6 mm. 

 
(a) 

 
(b) 

Figure 36: Turbulence intensity, u', and average turbulent integral length scale 

 

3.2.3.2.2 Image processing 

The acquisition of the flame images synchronized with the recording of the evolution of the 
pressure inside the vessel is identical as the one of the laminar flames. The difference lies in 
the image processing of the turbulent flame images and the establishment of the turbulence 
prior to ignition. After the mixture is introduced in the vessel to desired composition and initial 
pressure, the fans were activated and the rotation speed set to the chosen value in order to 
achieve the target u'. Once the steady state is reached, the ignition is obtained using the spark 
generator and all the recording equipment are triggered on the onset of the electric spark. 

The image processing of laminar flames to determine the flame contour is not directly 
applicable to turbulent flames: The Canny method will also detect all flame wrinkles, making 
contour detection impossible. This makes it difficult to automatically differentiate between 
usable and false contours. A different procedure (Goulier, 2015) is used, which consists in 
binarizing the flame into a burnt gas section and a fresh gas section. Binarization (Figure 37b) 
is performed on the subtracted flame by applying a threshold to the image gray level (Figure 
37a). A set of morphological filters (deletion of solitary pixels, closure of the binary area where 
the electrodes are present, filling of holes, dilation, erosion) is then applied to the binarized 
image (Figure 37c). This filtered binary is then added to the previous binarization to obtain the 
burnt gas zone (Figure 37c). The contour of the binarized area is detected to obtain the flame 
contour (Figure 37d) and checked to ensure that the contour correctly follows the flame (Figure 
37e).  
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Run017: 5%H2+5%CO+90%Air, 1 bar and 20°C 

     
Run015: 6%H2+6%CO+88%Air, 1 bar and 20°C 

     
Run049: 7%H2+7%CO+86%Air, 1 bar and 20°C 

     
Run053: 8%H2+8%CO+84%Air, 1 bar and 20°C 

     
Run051: 10%H2+10%CO+80%Air, 1 bar and 20°C 

     
Run043: 12%H2+12%CO+76%Air, 1 bar and 20°C 

     
Run041: 14%H2+14%CO+72%Air, 1 bar and 20°C 

     
Run041: 25%H2+25%CO+50%Air, 1 bar and 20°C 

     
Run023: 32.5%H2+32.5%CO+35%Air, 1 bar and 20°C 

Figure 42. Snapshot of flames at different radii for different mixtures. 
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The evolution of the flame radius as a function of time has been deduced from the acquired 
images, following the procedure presented in §3.2.3.1. For a binary fuel molar percent ranging 
from 11% to 16% and a mixture initially at 1 bar and 20±1.5°C, several experiments have been 
performed for each mixture. A certain variability can be observed mainly due to the changes 
in the flame shape (buoyancy or onset of thermo-diffusive instabilities). For mixtures 
containing less than {7%H2+7%CO}, the flame is dominated by buoyancy (Figure 42), the time 
of propagation is very slow and only partial combustion occurs as the flame is not able to 
propagate to the full volume of the fresh gases. For mixtures containing a minimum of 
{7%H2+7%CO}, the buoyancy is not an important factor anymore as the flame propagates 
faster, as it is illustrated in terms of propagation time in Figure 43. However, for these 
conditions, the flame surface is not smooth but wrinkled due to the thermo-diffusive 
instabilities. 

 
5.5%H2+5.5%CO+89%air, 20±1.5°C, 1bar 

 
6%H2+6%CO+88%air, 20±1.5°C, 1bar 

 
6.5%H2+6.5%CO+87%air, 20±1.5°C, 1bar 

 
7%H2+7%CO+86%air, 20±1.5°C, 1bar 

 
7.5%H2+7.5%CO+85%air, 20±1.5°C, 1bar 

 
8%H2+8%CO+84%air, 20±1.5°C, 1bar 

Figure 43. Evolution the experimental flame radius as a function of time for different 
mixtures {50%H2+50%CO}/ air initially at 1 bar and 20°C. The molar percent of the 
binary fuel is varied from 11 to 16%. The mixture is initially at rest, the fan speed = 

0 rpm. Mxyz: Run number xyz. 
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(a) 

 
(b) 

Figure 54. Measured temporal overpressure measured in BS-III (a) and the ratio 
Pmax/PAICC as a function of the fuel molar fraction. The mixtures were initially at 1 bar 

and 60°C. 

For O2-starved conditions, the measured evolution of the pressure inside the combustion 
chamber led to similar results as previously described in case of normal air, see Figure 55. The 
maximum pressure reached as well as the maximum time of combustion are not significantly 
modified from the ones observed at normal air conditions. This is not surprising as there is still 
enough oxygen to burn the hydrogen and the carbon monoxide in the mixture. 

 
(a) 

 
(b) 

Figure 55. Measured temporal overpressure measured in BS-III (a) and the ratio 
Pmax/PAICC as a function of the fuel molar fraction in O2-starved conditions (O2/N2 = 

0.11). The mixtures were initially at 1 bar and 20°C. 
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The studied flames are reported in the Borghi-Peters diagram plot in Figure 56. For this study, 
the studied flames span over mainly the corrugated flamelets domain and the thin reactions 
domain. At the exception of the mixture containing 10% {50%H2 + 50%CO} at a u'/SL

0 = 45 
which is located in the broken zone regime. 

 

(a) 

 

(b) 
Figure 56. Borghi-Peters diagram. Symbols represent the investigated experimental 

flame in this study with normal (a) and O2-starved air (b). The initial pressure is 1 bar 
and the initial temperature, 20 and 60°C. 
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Figure 57, Figure 58, Figure 59 illustrate different flames recorded for the different conditions 
reported in Figure 56 and the corresponding laminar flames. The texture of the flame is clearly 
modified by the initial turbulence and has common features according to the classification of 
the Borghi-Peters diagram. 

 
Figure 57. Snapshots of recorded flames corresponding to a 50 mm average diameter. 

The mixture contains {50%H2-50%CO}/air initially at 1 bar and 20°C. 
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Figure 58. Snapshots of recorded flames corresponding to a 50 mm average diameter. 

The mixture contains {50%H2-50%CO}/air initially at 1 bar and 60°C. 
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Figure 59. Snapshots of recorded flames corresponding to a 50 mm average diameter. 

The mixture contains {50%H2-50%CO}/O2-reduced air (O2/N2=0.11) initially at 1 bar 
and 20°C. 

 

3.3.2.2 Turbulent Flame Speed 

Following the procedure describe in §3.2.3.2.3, the equivalent radius and the turbulent flame 
speed have been determined for different combustible mixtures ranging from 10 to 16% of 
{50%H2+50%CO}. The turbulent intensity characterized in this study by u' was varied from 
0.31±0.01 m/s to 1.05±0.01 m/s. The evolution of the flame radius as a function of time is 
plotted in Figure 60 and the burning speed versus the flame radius in Figure 61. As one can 
see, increasing u' leads to a larger spread of the flame radius and subsequently of the burning 
speed. Increasing u' led to much faster flames by several folds. The same behaviour is observed 
when increasing the temperature to 60°C (Figure 62) or reducing the oxygen content in air 
(Figure 63). 
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3.3.2.3 Combustion Pressure 

The temporal pressure profile as the combustion progresses inside BS-III is reported in 
Figure 64. For the mixtures containing 11% and 12% binary fuel mixed with normal air, in a 
quiescent mixture, the combustion is incomplete as the combustion proceeds mainly in the 
upward direction. Thus, the combustion pressure remains below substantially below the AICC 
pressure, see Figure 65. Adding turbulence accelerates drastically the speed of combustion 
(Figure 64) and leads to a more complete combustion (Figure 65). 

For mixture containing 13% or more of the binary fuel, the combustion is already rather 
complete (Figure 65), thus turbulence only has a marginal effect on the maximum 
overpressure. However, the introduction of turbulence still noticeable accelerates the 
combustion process (Figure 64). The same observations are made for an initial temperature of 
60°C (Figure 66 and Figure 67) and in O2-starvation conditions (Figure 68 and Figure 69). 

 

 
Figure 64. Combustion overpressure as a function of time for {50%H2+50%CO}/ air 

mixtures initially 1 bar and 20°C for different u'. 
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Figure 65. Combustion pressure ratio, Pmax/PAICC, as a function of time for 

{50%H2+50%CO}/ air mixtures initially 1 bar and 20°C for different u'. 

 

 
Figure 66. Combustion overpressure as a function of time for {50%H2+50%CO}/ air 

mixtures initially 1 bar and 60°C for different u'. 
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Figure 67. Combustion pressure ratio, Pmax/PAICC, as a function of time for 

{50%H2+50%CO}/ air mixtures initially 1 bar and 20°C for different u'. 

 

 
Figure 68. Combustion overpressure as a function of time for {50%H2+50%CO}/ O2-

reduced air (O2/N2=0.11) initially at 1 bar and 20°C, for different u'. 
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Figure 69. Combustion pressure ratio, Pmax/PAICC, as a function of time for 
{50%H2+50%CO}/ O2-reduced air (O2/N2=0.11) initially at 1 bar and 20°C, 

for different u'. 
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4 Flame Acceleration in H2+CO Mixtures 

A combustion within the containment of a nuclear power plant can endanger the containment 
integrity in two separate ways: a slow combustion causes quasi-static pressure and 
temperature loads, and a fast combustion / detonation introduces high dynamic loads. 
Therefore, an acceleration of a flame, possibly reaching the deflagration-to-detonation 
transition shall get avoided as far as reasonably possible. While the previous chapters mainly 
dealt with slow combustion, this chapter addresses the flame acceleration in H2+CO mixtures. 
To examine flame acceleration, the ENACCEF-II facility was employed. 

4.1 Description of the ENACCEF-II Facility 
In this section, ENACCEF-II Facility and the different associated diagnostics are described.  

4.1.1 Description of the Modules 
The ENACCEF-II facility is a 7.65 m long vertical cylinder, comprising of 9 sections having each 
a length of 850 mm and an internal diameter of 230 mm. These sections are classified into two 
separate modules and the structure supporting the facility was designed to allow flexibility in 
module locations. 

 T1 (module without large optical access) 

o  This part is a cylindrical tube having following dimensions: 850 mm in length, 
230 mm inner diameter and 273 mm external diameter (21.5 mm thickness).  

o A total of 9 ports at three elevations are equally spaced and distributed along 
the height of the module. First set of three equipped with sapphire windows 
are dedicated for mounting photomultipliers to detect the flame as a function 
of time and the second set for pressure transducers to monitor the pressure in 
the tube during combustion. The final set of 3 are multi-purpose ports and can 
be used to fill and vacuum the facility. 

o 1 port is dedicated to sample the gas mixture to assess the initial and final gas 
composition 

 

Figure 70 :Schematic of the module T1. 
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 T2 (module with large optical access) 

o This part is constituted of a cylindrical tube, 850 mm long (391 mm external 
diameter, 230 mm internal diameter). It is equipped with several ports with 
different dimensions and characteristics depending on their end-use. 

o 4 rectangular ports diametrically opposed at 2 perpendicular planes. The 
window size accessible for the measurements is 282 mm x 50 mm for a 
thickness of 30 mm. 

o 3 ports equally spaced and distributed along the height of the module are 
dedicated to the implementation of small sapphire windows. Across these 
ports, photomultipliers (PM) are mounted to detect the flame location as a 
function of time; 

o 3 ports equally spaced and situated at the same height of the small sapphire 
windows are used to mount pressure transducers (PT) in order to monitor the 
pressure in the tube as the combustion proceeds. 

o 1 port is dedicated to sample the gas phase to assess the initial and final gas 
composition 

o 2 ports can be used to fill and vacuum the facility 

 
Figure 71: Schematic of the module T2. 

 Lower End Flange 

o This part is constituted of a flat flange, 77 mm width. The upper face of this 
flange is machined in order to mount an O-ring for the sealing. It is equipped 
with several ports with different dimensions and characteristics depending on 
their end-use. 

o 1 port (46 mm) is used to mount a spark plug at the center of the flange to 
ignite the mixture. 

o 1 port (18 mm) to aid in to draining the liquid (for experiments water vapor and 
water spray). 
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 Upper End-Flange 

o This part is constituted of a flat flange, 77 mm width. The lower face of this 
flange is machined in order to mount an O-ring for the sealing It is equipped 
with several ports with different dimensions and characteristics depending on 
their end-use. 

o 1 port (46 mm) is used to mount (i) a pressure transducer transducers (PT) in 
order to monitor the pressure in the tube as the combustion proceeds, or (ii) to 
mount a water spray injection system. 

o 2 NPT ports. 

 
Figure 72: Schematic of the lower End-Flange. 

4.1.2 Facility Configuration for the Present Work 
The modules of the facility can be easily moved and positioned depending on the objective of 
the study. The set-up of the facility for the combustion experiments in the AMHYCO framework 
is shown in Figure 73(a). The resulting positioning of the sensor port locations and placement 
of the modules are given in Table 8. 

 A photograph of the part of assembled facility and cross-sectional views of the module 
configuration in the present work are given in Figure 73(b) and Figure 73(c), respectively. 
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Figure 73: Photograph and cross-sectional view of the ENACCEF2 facility 
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the separation between obstacles was maintained at 220 mm, increase in its thickness resulted 
in minor change in obstacle distances from the point of ignition. 

For experiments described in Section 4.3.1, annular obstacles with 5 mm thickness as shown 
in Figure 75(a) were used inside ENACCEF-II to obtain flame acceleration. First obstacle 
deformation (Figure 75(b)) was observed as a result of strong shock obtained in the 
experiments described in Section 4.3.1.3. 

 
Figure 74: cross-section of ENACCEF-II showing obstacle placement 
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(a) 

 
(b) 

Figure 75: Photograph of 5 mm thick annular obstacles (a). Deformed obstacles after 
experiments at 3 bar and 7.5% H2 + 7.5%CO (b) 

For experiment described in sections 4.3.3 and 4.3.4, the first obstacle assembly from the 
bottom had a 5 mm thick annular rings while the second was fitted with 10 mm thick annular 
rings. A photograph of the 10 mm obstacle assembly is shown in Figure 76(a). Unlike previous 
case, as a result of strong shocks from experimental conditions described in section 4.3.4, 
deformations were observed in the screw rods and the tubes supporting and separating the 
obstacles. A photograph of the deformation in the supporting elements is shown in 
Figure 76(b). To resolve this issue, further experiments (section 4.3.1) were carried out using 
10 mm obstacles assembly with reinforced structure elements, shown in Figure 76(c). 

 
Figure 76: (a) Photograph of 10 mm thick annular obstacles. (b) Deformed obstacle 

separators after experiments at 1 bar 12.5%H2 + 12.5%CO. (c) Photograph of 10 mm 
thick annular obstacles with reinforced structure.  

To better illustrate the position and thickness of each obstacle, their positions from the point 
of ignition are tabulated in Table 9 to Table 11 , corresponding to the experiments described 
in sections 4.3.1, 4.3.3, and 4.3.4, and sections 4.3.2, 4.3.1, and 4.3.5 respectively. 
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Obstacle 1 2 3 4 5 6 7 8 9 

Distance from 
ignition point (mm) 625 850 1080 1305 1530 1700 1930 2155 2380 

Thickness 5 10 5 5 5 10 5 5 5 

 

Table 9: Obstacle distance from ignition point for experiments described in Section 2.1 

 

Obstacle 1 2 3 4 5 6 7 8 9 

Distance from 
ignition point (mm) 

625 850 1080 1305 1530 1700 1930 2160 2390 

Thickness (mm) 5 10 5 5 5 10 10 10 10 

 

Table 10: Obstacle distance from ignition point for experiments in Sections 2.2-2.3 

 

Obstacle 1 2 3 4 5 6 7 8 9 

Distance from 
ignition point (mm) 

625 850 1080 1310 1540 1700 1930 2160 2390 

Thickness 5 10 10 10 10 10 10 10 10 

 

Table 11: Obstacle distance from ignition point in Section 2.5 and thereafter 

4.1.4 Ignition System 
The ignition point is located at the bottom flange of the facility. The ignition system is 
composed of a spark plug which is linked to a high voltage source (primary voltage of about 
10 kV) which produces a spark at the axial center of the flange. 

For experiments described in §4.3.1, a dedicated high voltage box having an adjustable 
discharge voltage was used. Current and voltages were measured using respective probes. 
Over 100 runs operated in ENACCEF2 facility, the calculated average energy delivered is 6.4 mJ. 

For experiments described in §4.3.1 (PWR LOCA) and §4.3.5, a glow-plug connected to 12 V 
battery through a switch replaced the above-mentioned system.  
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For the remaining experiments, a high voltage discharge box with a fixed discharge voltage 
peaking at 100 mJ was used. 

For the flame propagation in a facility of the size of ENACCEF-II, the flame kernel formation 
following the ignition does not affect the flame propagation speed, since the ignition energies 
used are still well below the joule. 

4.1.5 Gas Manifold 
A photograph and a 3D isometric view of the gas manifold are shown Figure 77. The gas 
manifold has five mass flow meters and one Coriolis flow meter. In the present work, the five 
mass flow meters had following purposes: 2 for fuel, 1 for air, 1 for diluent (nitrogen/carbon 
dioxide) and 1 for oxygen. The Coriolis flow meter has a water tank before and heating system 
behind it. The outlet of the mass flow meters and water vapor after passing through the 
heating system are then made to flow in a single tube out of the manifold unit. This in turn is 
fed into the ENACCEF-II column at three distinct locations. 

 
Figure 77: Gas flow meter manifold 
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4.1.6 Temperature Control 
The desired temperatures were achieved by separately controlling temperature of each 
modules using a STATOP model 48-30. An image of the controlling system is shown in 
Figure 78. Each row in the system correspond to controllers for top flange, tube section and 
bottom flange of a module, respectively. Top and bottom row of the controller have extra 
controllers for top and bottom end flange, respectively. As far as the tubes of the ENACCEF 
are concerned, each module has 5 RVI ribbon for heating while the flanges were fitted with 
mica heating collars. 

The temperature regulation of each module-tube is done using a thermocouple flush mounted 
to the inner wall of the tube while it is done externally for the flanges. The thermocouples used 
for regulating the tube and flange temperatures are shown in Figure 79(a) and (b), respectively. 
Apart from these, two thermocouples were externally are fixed to each tube to monitor the 
external wall temperature of the tube and is shown in Figure 80. All thermocouples are of K-
type. In Figure 80, rock wool used for insulation of the tube can also be seen. Examples of 
temperature distribution recorded prior to the run are given in Table 12. Here, the sections 
refer to Module T1 or Module T2 and numbering is done from the ignition end of the 
ENACCEF-II. 

 
Figure 78: Picture of temperature controller used in the study 
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Figure 79: Thermocouples used for the regulation. (a):  tube, (b): flange. 

 
Figure 80: Thermocouples used to measure external temperature of a section. 

 

Temperature 
(Run #) 

Section 

1 

Section 
2 

Section 
3 

Section 
4 

Section 
5 

Section 
6 

Section 
7 

Section 
8 

Section 
9 

25°C 
(Exp # 756) 

25.0 25.3 24.9 25.3 25.0 25.3 25.2 25.2 25.0 

87°C 
(Exp #836) 

87.3 86.9 87.1 87.0 87.2 87.9 87.9 87.6 87.8 

100°C 
(Exp #789) 

100.5 100.6 99.5 99.6 100.6 100.8 100.2 100.7 99.3 

 

Table 12: Examples of temperature distribution for different experiments. 
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Figure 84: (a) Example of a chromatogram showing H2, O2, N2, CO, Air, and CO2 peaks, 
(b) Sampling valve on ENACCEF-II, (c) Photograph of the MicroGC, (d)Sample cylinder 

 

For oxygen starvation experiments performed in ENACCEF-II, oxygen concentrations were 
measured using two columns in the microGC system (Figure 84). Channel B is more sensitive 
to oxygen, nitrogen, and CO than Channel A, but in order to provide the maximum information 
concerning the mixture composition and the related uncertainties, both Channel A and 
Channel B measurements will be provided. The uncertainty in the measured molar fraction 
values described in section were 0.2 %. 

 

For the experiments described in the present work, four locations, given in Table 13, were 
chosen for sample extraction to determine the gas distribution along the tube.  

 

Sampling Position (m) 

0.5775 

3.2835 

4.0515 

7.227 

 

Table 13: Sampling port location 
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Pini  (bar) H2 (mol %) CO (mol %) aFG (m/s) aBG (m/s) 

1 

5.50±0.04 5.50±0.04 356.33±0.06 676.55±1.48 

6.16±0.01 6.15±0.03 357.54±0.02 702.00±0.74 

6.30±0.03 6.34±0.03 357.81±0.05 708.31±0.92 

7.25±0.04 7.25±0.08 359.57±0.07 741.63±2.01 

2 

5.46±0.08 5.45±0.10 356.26±0.14 674.74±3.41 

6.45±0.03 6.43±0.04 358.08±0.05 712.69±1.11 

7.35±0.03 7.30±0.05 359.74±0.06 744.19±1.34 

3 

6.38±0.06 6.35±0.03 357.95±0.10 709.98±1.52 

5.41±0.07 5.41±0.12 356.17±0.12 673.01±3.76 

7.21±0.09 7.25±0.15 359.49±0.17 740.72±3.78 

 

Table 15: Speeds of sound in the in fresh, aFG, and burnt gases, aBG, for {50% H2 + 
50% CO}/ air mixtures initially at 1 bar and 25°C. 
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Pini  (bar) H2 (%) CO (%) LeH2 LeO2 LeCO LFuel Leff 

1 

5.50±0.04 5.50±0.04 0.314 1.254 1.226 0.770 1.037 

6.16±0.01 6.15±0.03 0.318 1.273 1.244 0.781 1.069 

6.30±0.03 6.34±0.03 0.319 1.277 1.248 0.785 1.077 

7.25±0.04 7.25±0.08 0.325 1.303 1.273 0.799 1.121 

2 

5.46±0.08 5.45±0.10 0.314 1.253 1.225 0.769 1.032 

6.45±0.03 6.43±0.04 0.320 1.281 1.252 0.785 1.081 

7.35±0.03 7.30±0.05 0.326 1.305 1.276 0.799 1.123 

3 

6.38±0.06 6.35±0.03 0.320 1.279 1.250 0.784 1.077 

5.41±0.07 5.41±0.12 0.314 1.252 1.224 0.769 1.027 

7.21±0.09 7.25±0.15 0.325 1.301 1.272 0.800 1.119 

 

Table 16: Lewis numbers of H2, CO, O2, of the fuel and effective Lewis for {50% H2 + 
50% CO}/ air mixtures initially at 1 bar and 25°C. 
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Tini (°C) Pini (bar) H2 (%) CO (%) CO2 (%) aFG (m/s) aBG (m/s) 

25 

1 

4.29±0.01 4.26±0.02 0 354.20±0.03 624.83±0.03 

4.73±0.03 4.69±0.02 0 354.97±0.05 644.10±0.16 

7.75±0.09 7.890.10 46.86±0.59 313.34±0.40 600.29±1.83 

2 4.33±0.03 4.31±0.03  354.25±0.06 626.63±1.58 

3.5 4.35±0.01 4.32±0.01 0 354.30±0.02 627.55±0.02 

90 

1 
4.200.05 4.210.06 0 390.180.11 638.083.24 

7.46±0.01 7.56±0.04 45.70±0.06 344.13±0.06 608.23±1.29 

2 4.20±0.02 4.21±0.02 0 390.19±0.02 637.55±1.86 

3.5 4.26±0.01 4.25±0.01 0 390.29±0.02 639.89±1.69 

 

Table 19: Speeds of sound in the in fresh, aFG, and burnt gases, aBG, for {50% H2 + 
50% CO}/ air mixtures initially at 1 bar, 25°C and 90°C. Condition near flammability 

limits. 
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Tini (°C) Pini (bar) H2 (%) CO (%) CO2 (%) LeH2 LeO2 LeCO LFuel Leff 

25 

1 

4.29±0.01 4.26±0.02 0 0.307 1.220 1.190 0.747 0.971 

4.73±0.03 4.69±0.02 0 0.271 1.130 1.120 0.758 0.995 

7.75±0.09 7.890.10 46.86±0.59 0.309 1.230 1.210 0.699 0.844 

2 4.33±0.03 4.31±0.03  0.307 1.220 1.193 0.749 0.973 

3.5 4.35±0.01 4.32±0.01 0 0.307 1.220 1.197 0.750 0.975 

90 

1 
4.200.05 4.210.06 0 0.307 1.210 1.190 0.749 0.966 

7.46±0.01 7.56±0.04 45.70±0.06 0.271 1.110 1.100 0.688 0.827 

2 4.20±0.02 4.21±0.02 0 0.307 1.210 1.190 0.749 0.964 

3.5 4.26±0.01 4.25±0.01 0 0.308 1.210 1.190 0.749 0.964 

 

Table 20: Lewis numbers of H2, CO, O2, of the fuel and effective Lewis for {50% H2 + 
50% CO}/ air mixtures initially at 1 bar, 25°C and 20°C. Condition near flammability 

limits. 
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Pini (bar) H2 (%) CO (%) O2 (Column B) (%) aFG (m/s) aBG (m/s) 

1 
6.38±0.02 6.35±0.01 6.69±0.04 361.14±0.03 718.64±0.55 

7.38±0.01 7.34±0.01 6.65±0.05 362.95±0.02 731.42±1.76 

2 
6.47±0.01 6.43±0.01 6.55±0.02 361.36±0.02 721.94±0.29 

7.5±0.01 7.44±0.02 6.57±0.03 363.19±0.01 729.38±0.84 

3 
6.50±0.02 6.46±0.02 6.59±0.02 361.40±0.04 723.11±0.69 

7.52±0.02 7.48±0.01 6.58±0.03 363.23±0.02 729.57±0.85 

 

Table 23 Speeds of sound in the in fresh, aFG, and burnt gases, aBG, for {50% H2 + 
50% CO}/ O2-starved air (O2/N2=0.11) mixtures initially at 25°C and different initial 

pressures from 1 to 3 bars. 

 

Pini (bar) H2 (%) CO (%) LeH2 LeO2 LeCO LFuel Leff 

1 
6.38±0.02 6.35±0.01 0.322 1.256 1.254 0.787 1.059 

7.38±0.01 7.34±0.01 0.328 1.283 1.280 0.803 1.070 

2 
6.47±0.01 6.43±0.01 0.322 1.259 1.256 0.788 1.061 

7.50±0.01 7.44±0.02 0.329 1.286 1.284 0.804 1.064 

3 
6.50±0.02 6.46±0.02 0.322 1.260 1.257 0.788 1.062 

7.52±0.02 7.48±0.01 0.329 1.287 1.284 0.805 1.067 

 
Table 24: Lewis numbers of H2, CO, O2, of the fuel and effective Lewis for {50% H2 + 
50% CO}/ O2-starved air (O2/N2=0.11) mixtures initially at 25°C and different initial 

pressures from 1 to 3 bars. 
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Tini (°C) H2Ovap (%) H2 (%) CO (%) aFG (m/s) aBG (m/s) 

100 5 12.48±0.01 12.49±0.02 416.9±0.0 900.3±0.1 

100 5 9.75±0.08 9.75±0.07 410.7±0.2 835.3±2.4 

80 25 11.00±0.05 10.95±0.05 418.3±0.1 878.9±0.1 

100 30 12.60±0.03 12.58±0.02 438.6±0.1 864.4±0.2 

 

Table 27: Speeds of sound in the in fresh, aFG, and burnt gases, aBG, for {50% H2 + 
50% CO}/ H2Ovap/ air mixtures initially at 1 bar, 80°C and 100°C. 

 

Tini (°C) H2Ovap (%) H2 (%) CO (%) LeH2 LeO2 LeCO LFuel Leff 

100 5 12.48±0.01 12.49±0.02 0.350 1.400 1.380 0.865 1.311 

100 5 9.75±0.08 9.75±0.07 0.336 1.340 1.313 0.825 1.198 

80 25 11.00±0.05 10.95±0.05 0.329 1.310 1.300 0.813 1.213 

100 30 12.60±0.03 12.58±0.02 0.333 1.33 1.327 0.829 1.075 

 

Table 28: Lewis numbers of H2, CO, O2, of the fuel and effective Lewis for {50% H2 + 
50% CO}/ H2Ovap/ air mixtures initially at 1 bar, 80°C and 100°C. 
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 {50% H2 / 50% CO} with obstacles and water spray, 22°C and 1 bar 

Results from will be given in the following sections. 

4.3.1 H2/CO in Air, 8.5 to 15% of Fuel 
In this section, the experiments performed in ENACCEF-II are reported for the following 
conditions: 

 Binary fuel mixture {50% H2 / 50% CO} 

  Tini = 25 ± 0°C, 

 Pini = 1 bar, 2 bar and 3 bar, 

  Fuel molar percent = 8.5 % to 14.5 %., 

 Blockage ratio, BR = 0.63 

 Obstacle number: 9 

4.3.1.1 Experiments at 1 bar  

The experiments carried out at 1 bar will be described in this section. The fuel (H2+CO) content 
varied from 8.5% to 14.5%. This range was chosen to obtain a complete spectrum of flame 
velocities. For the above-mentioned fuel molar percentage, the maximum measured velocity 
varied from 13.4 m/s to 506 m/s. The measured velocity profile, H2 and CO molar content 
along the tube, pressure profiles along the facility during combustion, and flame trajectories 
are given in Figure 85 to Figure 92. 

The velocity profile and H2 and CO content distribution along the facility (four sampling 
positions as in Table 13) are given in Figure 85 and Figure 88. As seen in Figure 85 and 
Figure 88(a) to (c), the composition of the mixture is homogeneous along the tube and the 
flame velocities profiles are quite repeatable. The uncertainty for the measured concentration 
described in this section is 0.16 %. The results are summarized in Table 30 

It is to be noted here that the standard deviation in concentration given in the table are within 
the uncertainty of the concentration measurement. The maximum measured velocity increases 
with increase in the concentration of the fuel.  

For 8.5% {H2+CO} in air, the flame velocity increases in the region equipped with obstacles and 
reaches the maximum speed, Vmax, of 13.9±0.9 m/s, see Figure 85(a). Past the obstacles, the 
flame speed decreases as it propagates further up the facility and reaches a value below 
2.8 m/s at about 3.6 m height. Then it propagates further up to the end of the facility at a 
flame speed of 0.8 m/s. Hence, the flame propagates at a flame speed that is always well below 
the speed of sound in the fresh gases aFG. The observed pressure increases profiles as seen in 
Figure 86 are characteristics of a subsonic combustion. In the figure, also the flame trajectory 
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along the ENACCEF-II facility is reported. The maximum pressure reached in the vessel, Pmax, is 
1.76 bar which is well below the maximum PAICC value which in this case is equal to 4 bar. 

 

 
Figure 85: Velocity profiles for (a) 8.5% and (b) 11% {H2+CO}/ air mixtures initially at 

1 bar and 25°C. 

 

 
Figure 86: Pressure profiles and flame trajectory for 8.5% {H2+CO}/ air mixtures 

initially at 1 bar and 25°C. 

At a fuel concentration of 11%, an excessive acceleration of the flow, leading to high local 
stretch rate and curvatures, causes the flame to extinguish followed by re-ignition from the 
hot burnt gases. The process and the velocity profiles are repeatable. From Figure 85(b) and 
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Figure 87 we can see the reignition of the flame after extinction. The pressure profiles in 
Figure 87 clearly show the oscillations clearly indicating of acoustic effect, onset of which 
causes reduction of the velocity. This could be seen in flame trajectory, which is overlapped 
with the pressure profiles in Figure 87. 

 
Figure 87: Pressure profiles and flame trajectory for 11% {H2+CO}/ air mixtures initially 

at 1 bar and 25°C. 

At {H2+CO} concentrations greater than 12.4%, the behaviour of the flame, in terms of 
acceleration and sudden drop in velocity, show similar profile along the tube from. This is 
evident in the velocity profiles in Figure 88 (d). 

At 12.6 % {H2+CO}, see Figure 88(b), the velocity reaches a maximum value and begins to 
gradually reduce before a sudden drop around 5.7m. The maximum velocity is nearly sonic 
and an incident shock is formed which is visible in Figure 89 where the flame trajectory is 
plotted versus time with the measured pressure profiles at different locations along the tube. 
This abrupt change in the velocity is due to the interaction of a shock wave and the flame. 
Indeed, as it is shown in (Figure 89), an incident shock wave is created which travels ahead of 
the flame, reflects at the upper end-flange wall, then propagates as a reflected shock wave in 
the opposite direction. The reflected shock wave path crosses the upward propagating flame 
path at a height of 5.7 m (Figure 90). The collision between the reflected shock wave 
(propagating downward) and the flame (propagation upward), abruptly reduces the velocity 
of the flame. The reflected shock wave continues its propagation and reflects at round 2.4 m 
high leading to the formation of a second reflected shock wave which propagates in the 
upward direction. Several reflections at both ends occur. 

The same behaviour as in the case of 12.6 % {H2+CO} is observed when the fuel content is 
fixed to 14.4 % {H2+CO} with higher velocities as illustrated in Figure 88 (c). The flame 



 

  

DX.X Report Title 

128 

propagation speed reaches values that are higher than the speed of sound leading to the 
formation of a strong incident shock wave (Figure 91) and hence the same phenomena of 
shock reflection and interaction with the flame take place (Figure 92). 

A comparison of the velocity profiles is given in Figure 88(d) for different molar percent of 
{H2+CO} illustrating the effect of the increase of the fuel content on the velocity profile versus 
the height in the facility: higher fuel content lead to higher velocities and a supersonic regime 
is reached for 14.4 %of {H2 + CO}. 

 
Figure 88: Velocity profiles for {H2+CO}/ air mixtures initially at 1 bar and 25°C. (a) 
12.4% {H2+CO}, (b) 12.6% {H2+CO}, and (c) 14.5% {H2+CO}, (d) comparison of the 

observed average velocity profiles. 
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Figure 89: Pressure profiles and flame trajectory for12.6% {H2+CO}/ air mixtures 

initially at 1 bar and 25°C. 

 

 
Figure 90: Pressure profiles and flame trajectory for 12.6 % {H2+CO}/ air mixtures 

initially at 1 bar and 25°C. (a) Full profiles, (b) zoomed area. 

 

(a) (b) 
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Figure 91: Pressure profiles and flame trajectory for 14.5% {H2+CO}/ air mixtures 

initially at 1 bar and 25°C. 

 
Figure 92: Flame and reflected shock trajectories for 14.5% {H2+CO}/ air mixtures 

initially at 1 bar and 25°C. 
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A summary of the experimental conditions and the important results are tabulated in Table 30. 
In this table, each condition corresponds to a minimum of 3 individual runs, hence the values 
reported correspond to the average values and the standard deviation. 

 

Mixture 
Pmax (bar) Vmax (m/s) Pmax/PAICC aFG (m/s) aBG (m/s) Vmax/ aBG 

H2 (%) CO (%) 

4.29±0.01 4.26±0.02 1.76±0.03 13.9±0.9 0.44±0.00 354.20±0.03 624.83±0.03 0.022±0.001 

4.73±0.03 4.69±0.02 2.18±0.03 14.3±1.3 0.51±0.01 354.97±0.05 644.10±0.16 0.022±0.002 

5.50±0.04 5.50±0.04 2.44±0.08 76.2±26.5 0.50±0.01 356.33±0.06 676.55±1.48 0.113±0.032 

6.16±0.01 6.15±0.03 4.36±0.17 230.3±9.2 0.83±0.03 357.54±0.02 702.00±0.74 0.328±0.010 

6.30±0.03 6.34±0.03 7.09±0.74 294.8±6.0 1.33±0.14 357.81±0.05 708.31±0.92 0.416±0.066 

7.25±0.04 7.25±0.08 11.96±0.51 480.1±26.5 2.06±0.09 359.57±0.07 741.63±2.01 0.647±0.028 

 

Table 30: Summary of experimental results for {H2+CO}/ Air mixtures initially at 1 bar 
and 25°C. 

 

4.3.1.2 Experiments at 2 bars 

Results from the experiments carried out with {H2+CO} in Air at 25°C and at 2 bars will be 
discussed in this section. The fuel {H2+CO} concentration varied from 8.6% to 14.6%. As for 
the experiments with 1 bar initial pressure, see Section 4.3.1.1, the range of concentrations was 
chosen to obtain a complete spectrum of flame velocities. For the above-mentioned fuel 
concentrations, the maximum measured velocity varied from 10.0 m/s to 493.6 m/s. The 
measured flame speed trajectories, hydrogen, and CO concentrations along the tube, 
measured pressure profiles, flame trajectories are given in Figure 93 to Figure 95. As an 
example, the pressure profiles and the flame trajectory along the ENACCEF-II for 2 bar and 
14.6 % of {H2+CO} are given in Figure 94.  

Overall, the velocity profiles and the flame trajectories are similar to those obtained at 1 bar. 
A comparison of the velocity profiles for various {H2+CO} concentration at 2 bar and 25°C is 
given in Figure 95(c).  
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Figure 93: Velocity profiles for {H2+CO}/ air mixtures initially at 2 bar and 25°C. (a) 

8.6% {H2+CO}; (b) 10.9% {H2+CO}. 

 

 
Figure 94: Pressure profiles and flame trajectory for 14.6% {H2+CO}/ air mixtures 

initially at 2 bar and 25°C. 
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Figure 95: Velocity profiles for {H2+CO}/ air mixtures initially at 2 bar and 25°C. (a) 
12.9% {H2+CO}; (b) 14.6%{H2+CO}; (c) Comparison of the average velocity profiles. 

 

A summary of the experimental conditions and the results is given in Table 31. In this table, 
each condition corresponds to a minimum of 3 individual runs, hence the values reported 
correspond to the average values and the standard deviation. 
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Figure 96: Velocity profiles at (a) 10.8%, (b) 12.7% and (c) 14.5% {H2+CO} in air (3 bar, 

25°C), (d) Comparison of the average velocity profiles 
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Figure 97: Pressure profiles at 10.8% H2+CO in air (3 bar, 25°C) along with flame 

trajectory 

 

 
Figure 98: Recorded pressure profiles at 12.7% H2+CO in air along with flame 

trajectory. P= 3 bar and T=298.15 K. 

 

A summary of examined fuel concentrations and corresponding experimental results are listed 
in Table 32. In this table, each condition corresponds to a minimum of 3 individual runs, hence 
the values reported correspond to the average values and the standard deviation. 

  

 



 

  

DX.X Report Title 

137 

Mixture 
Pmax (bar) Vmax (m/s) Pmax/PAICC 

Vmax/aBG 
(m/s) 

aFG (m/s) aBG (m/s) 
H2 (%) CO (%) 

5.41±0.07 5.41±0.12 7.84±0.14 71.4±7.5 0.55±0.02 0.11±0.01 356.17±0.12 673.01±3.76 

6.38±0.06 6.35±0.03 12.59±1.65 300.5±42.3 0.81±0.11 0.42±0.06 357.95±0.10 709.98±1.52 

7.21±0.09 7.25±0.15 29.21±0.54 484.5±19.1 1.72±0.03 0.65±0.02 359.49±0.17 740.72±3.78 

 

Table 32: Summary of experimental results for H2+CO in Air (3 bar, 25°C) 

 

4.3.1.4 Impact of the Initial Pressure on the Combustion 

To understand the effect of pressure on {H2+CO} flames in air, the velocity profiles for similar 
concentrations are compared in Figure 99 for the three pressures, 1 bar, 2 bar, and 3 bar for 
combustible gas concentrations of 11%, 12.3-12.9%, and 15%.  

For fuel concentrations around 11%, see Figure 99(a), the flames undergoe extinction and re-
ignition. While experiments are quite repeatable at 1 bar (see the details in Figure 85(b)), the 
scattering becomes more important at 2 bar (Figure 93 (b)) and 3 bar (Figure 96 (a)) where the 
flame extinction does not occur systematically. This makes the comparison challenging, but 
we can observe that the maximum velocities reached at 1 bar are in general higher than at 2 
and 3 bars.  

For fuel concentrations between 12.3% and 12.9%, Figure 99(b), the profiles at 1 bar and at 
2 bar are very similar, except for the acceleration process between the 4th and 7th obstacle, 
where the speeds at 1 bar are lower than at 2 bar. Slightly decreasing the fuel concentration 
to 12.3% leads to an overall reduction of the propagation velocities at 1 bar. Finally, as 
mentioned in the previous paragraphs, the profile at 3 bar follows the trend at 2 bar for the 
acceleration phase, but in this case the flame experiences extinction and re-ignition.  

The profiles at higher fuel concentrations, Figure 99(c), are nearly superimposed except in 
correspondence once again of the acceleration process between the 4th and 7th obstacles. In 
this region, the higher the pressure, the higher the propagation velocity. 



 

  

DX.X Report Title 

138 

 
Figure 99: Comparison of average velocity profiles for three different pressures (1 bar, 

2 bar, 3 bar), (a) 11% {H2+CO}, (b) 12.3-12.9%, and (c) 15% 

A summary of experimental results at different initial pressures are compiled in Table 33. In 
this table, each condition corresponds to a minimum of 3 individual runs, hence the values 
reported correspond to the average values and the standard deviation. 
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Pin 
(bar) 

Mixture 
Pmax (bar) Vmax (m/s) Pmax/PAICC Vmax/aBG (m/s) aFG (m/s) 

H2 (%) CO (%) 

 4.29±0.01 4.26±0.02 1.76±0.03 13.9±0.9 0.44±0.00 0.02±0.00 354.20±0.03 

1 

4.73±0.03 4.69±0.02 2.18±0.03 14.3±1.3 0.51±0.01 0.02±0.00 354.97±0.05 

5.50±0.04 5.50±0.04 2.44±0.08 76.2±26.5 0.50±0.01 0.11±0.04 356.33±0.06 

6.16±0.01 6.15±0.03 4.36±0.17 230.3±9.2 0.83±0.03 0.33±0.01 357.54±0.02 

6.30±0.03 6.34±0.03 7.09±0.74 294.8±6.0 1.33±0.14 0.42±0.01 357.81±0.05 

7.25±0.04 7.25±0.08 11.96±0.51 480.1±26.5 2.06±0.09 0.65±0.03 359.57±0.07 

2 

4.33±0.04 4.31±0.03 3.43±0.06 11.0±1.3 0.43±0.01 0.02±0.00 354.25±0.06 

5.46±0.08 5.45±0.10 5.00±0.09 71.7±23.0 0.53±0.01 0.11±0.03 356.26±0.14 

6.45±0.03 6.43±0.04 11.36±2.10 268.4±6.8 1.08±0.20 0.38±0.01 358.08±0.05 

7.35±0.03 7.30±0.05 20.83±1.61 481.9±10.0 1.84±0.14 0.65±0.01 359.74±0.06 

3 

6.38±0.06 6.35±0.03 12.59±1.65 300.5±42.3 0.81±0.11 0.42±0.06 357.95±0.10 

5.41±0.07 5.41±0.12 7.84±0.14 71.4±7.5 0.55±0.02 0.11±0.01 356.17±0.12 

7.21±0.09 7.25±0.15 29.21±0.54 484.5±19.1 1.72±0.03 0.65±0.02 359.49±0.17 

 

Table 33: Summary of results for {H2+CO} in Air (25°C), at pressures of 1 to 3 bar. 
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Figure 100: Flame speeds near flammability limits at 25°C for three different pressures; 
(a) 8.6% {H2+CO} at 1 bar, (b) 9.5% {H2+CO} at 1.0 bar, (c) 8.6% {H2+CO} at 2 bar, and 

(d) 8.6% {H2+CO} at 3.5 bar. 
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Figure 101: Pressure profiles versus time and flame trajectory for 8.5% {H2+CO} in air 

initially at 1 bar and 25°C. 

 

 
Figure 102: Pressure profiles versus time and flame trajectory for 8.6% {H2+CO} in air 

initially at 1 bar and 25°C. 
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Figure 103: Pressure profiles versus time and flame trajectory for 8.7% H2+CO mixture 

in air initially at 3.5 bar and 25°C. 

 

4.3.2.2 Experiments at 90°C 

Results from the experiments at a nominal composition of 8.6% (H2+CO) + 91.4% Air at 90°C 
(90°C) are presented in Figure 104 - Figure 107. The profiles in Figure 104 show a gradual rise 
of the flame speed in the obstacle region and a subsequent decrease in the flame speed after 
the flame exits that region. The maximum flame speed obtained for this series of experiments 
is for an initial pressure of 1 bar and does not exceed 23 m/s. The flames are subsonic with 
velocities well-below the speed of sound in the fresh gases. This also confirmed with the 
pressure profiles plotted in Figure 105-Figure 107. 

The characteristics of the pressure profiles in are similar to the ones obtained at 25°C 
(Figure 101-Figure 103). 
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Figure 104: Flame speeds near flammability limits with 8.6% {H2+CO} in air (90°C) for 

different pressures: (a) 1.0 bar, (b) 2 bar, (c) 3.5 bar 
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Figure 105: Pressure profiles versus time and flame trajectory for 8.4% {H2+CO} in air 

initially at 1 bar and 90°C. 

 

 
Figure 106: Pressure profiles versus time and flame trajectory for 8.4% {H2+CO} in air 

initially at 2 bar and 90°C. 

In these experiments, the concentration of hydrogen and CO were in the range of 4.16% to 
4.27%, the measured maximum flame velocities were within the range of 13 m/s to 22.4 m/s 
and the post-combustion pressures were within the range of 1.7 bar to 5.8 bar. A summary of 
the experimental conditions, maximum average measured flame velocities and pressures are 
given in Table 34. 
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Figure 107: Pressure profiles versus time and flame trajectory for 8.6% {H2+CO} in air 

initially at 3.5 bar and 90°C. 

4.3.2.3 Dilution with CO2 

This section presents the experimental study on the behaviour of flames with a stoichiometric 
fuel-air mixture, diluted with CO2 near the flammability limit. The experiments were carried out 
at two temperatures? 25 and 90°C, for an initial pressure of 1 bar. For this, the stoichiometric 
mixture of {H2+CO} in air was chosen as fuel/oxidizer with fixed dilution by 46.7% CO2. This 
results in the following nominal composition: 7.65% H2 + 7.65% CO + 46.7% CO2 + 38% Air.  

Results from this study are presented in Figure 108 to Figure 110. As seen in Figure 108, at 
25°C, flame extinction and re-ignition were observed while at 90°C a continuous propagation 
was obtained for all the experiments. Similar oscillations in the pressure profiles near the first 
maxima of the flame speed for both 25°C and 90°C are visible in Figure 109 and Figure 110, 
although more pronounced in the latter case. These oscillations are once again related to 
acoustic effects on the flame. 

For the experiments of diluted stoichiometric mixtures, the ranges of H2, CO and CO2 mole 
fractions were 7.45%-7.85%, 7.52% -8.00%, and 45.66%-47.53%, respectively. The measured 
maximum flame velocities and pressures were within the range of 61.5 m/s to 137.9 m/s, and 
2.2 bar to 2.4 bar, respectively. A summary of the experimental conditions, maximum average 
measured flame velocities and pressures are given in Table 34. 
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Figure 108: Flame velocities for stoichiometric H2/CO mixtures with 46.7% CO2 dilution. 

(a) 298.15 K, (b) 90°C 

 

 
Figure 109: Pressure profiles versus time and flame trajectory for stoichiometric 

{H2/CO}/ air/ 46.7% CO2 mixture initially at 1 bar and 25°C. 
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Figure 110: Pressure profiles versus time and flame trajectory for stoichiometric 

{H2/CO}/ air/ 46.7% CO2 mixture initially at initially at 1 bar and 90°C. 

 

4.3.2.4 Impact of Pressure and Temperature on Combustion Regimes 

Effect of pressure and temperature on the velocity of the flame for near H2+CO flammability 
limit are given in Figure 111 and Figure 112, respectively. For concentrations considered in this 
section both, pressure and temperature, affect the experimentally observed parameters: 

 For a given initial temperature, the increase of the initial pressure induced a decrease 
of the flame propagation speed from 13.9±0.9 m/s at 1 bar to 9.0±0.4 m/s at 3.5 bars 
for example at 25°C (Figure 111) 

 For a given initial pressure, the increase in the initial temperature led to an increase of 
the flame speed (Figure 112(a, c, d)). Moreover, in the case of the addition of CO2, the 
increase of the initial temperature promoted the combustion and no extinction was 
observed (Figure 112(b)), 
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Figure 111: Comparison of average flame speeds for H2/CO concentrations near 
flammability limits at three different pressures at two different temperatures: 

(a) 298.15 K, (b) 90°C. 

 
Figure 112: Comparison of flame speeds for concentrations near LFL at two different 

temperatures for (a) 8.6% {H2+CO} + air at 1 bar, (b) Stoichiometric {H2+CO} + 46.7% 
CO2, (c) 8.6 % {H2+CO} + air at 2 bar, (d) 8.6 % {H2+CO} + Air at 3.5 bar. 
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A summary of the experimental conditions, maximum measured flame velocities and pressures 
are given in Table 34 and Table 35. In this table, each condition corresponds to a minimum of 
3 individual runs, hence the values reported correspond to the average values and the standard 
deviation. 

 

Pi 

(bar) 
H2(%) CO (%) CO2 (%) 

Vmax 
(m/s) 

Pmax 
(bar) 

Pmax/PAICC aFG (m/s) aBG (m/s) 

1 

4.29±0.01 4.26±0.02 0 13.9±0.9 1.76±0.03 0.44±0.00 354.20±0.03 624.83±0.03 

4.73±0.03 4.69±0.02 0 14.3±1.3 2.18±0.03 0.51±0.01 354.97±0.05 644.10±0.16 

7.75±0.09 7.89±0.10 
46.86±0.59 

66.1±7.3 2.27±0.06 0.48±0.01 313.34±0.40 600.29±1.83 

2 4.33±0.03 4.31±0.03  0 11.0±1.3 3.43±0.06 0.43±0.01 354.25±0.06 626.63±1.58 

3.5 4.35±0.01 4.32±0.01 0 9.0±0.4 5.7±0.0 0.40±0.00 354.30±0.02 627.55±0.02 

 

Table 34: Summary of experimental conditions and for near flammability limits series 
at 25°C. 

Pi 

(bar) 
H2 (%) CO (%) CO2 (%) Vmax (m/s) 

Pmax 
(bar) 

Pmax/PAICC aFG (m/s) aBG (m/s) 

1 
4.20±0.05 4.21±0.06 0 20.9±1.7 1.77±0.06 0.51±0.02 390.180.11 638.083.24 

7.46±0.01 7.56±0.04 45.70±0.06 127.8±11.5 2.33±0.06 0.59±0.01 344.13±0.06 608.23±1.29 

2 4.20±0.02 4.21±0.02 0 17.1±0.4 3.65±0.07 0.53±0.01 390.19±0.02 637.55±1.86 

3.5 4.26±0.01 4.25±0.01 0 13.4±0.5 5.73±0.06 0.48±0.00 390.29±0.02 639.89±1.69 

 

Table 35: Summary of experimental conditions and for near flammability limits series 
at 90°C. 
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4.3.3 Combustion under Oxygen Starvation 
Experiments in case of oxygen starvation, where the concentration of oxygen is reduced below 
half the {H2+CO} concentration, were carried out to understand the flame properties at these 
conditions. The preparation of the necessary mixtures was achieved by introducing additional 
nitrogen with the {H2+CO} and air. 

Since the aim of the study was to carry out experiments with oxygen concentrations lower than 
half the {H2+CO} concentration, then for a nominal fuel concentration of 11%, 13%, and 15% 
the oxygen level should be lower than 5.5%, 6.5%, and 7.5%, respectively. 

Attempts to carry out experiments at O2 level < 5.5% were unsuccessful. As the concentrations 
of oxygen and fuel were too low to be ignited. Hence the experiments were carried out at only 
two {H2+CO} nominal concentrations, 13% and 15%. For both concentrations, the target O2 
concentration was 6.2%, however, the measured oxygen concentrations varied from 6.2% to 
6.75%. 

For this series, the experiments are reported for the following conditions: 

 Binary fuel mixture {50% H2 / 50% CO} 

  Tini = 25 ± 0.5°C  

 Pini = 1 bar, 2 bar and 3 bar, 

  Fuel molar percent = 12.7 % to 15 %., 

 Oxygen molar percent = 6.25 ± 0.05% 

 Blockage ratio, BR = 0.63 

 Obstacle number: 9 

4.3.3.1 Experiments at 1 bar 

The experiments with nominal fuel concentrations of 13% and 15% {H2+CO} were carried out 
for oxygen concentration ranging from 6.2% to 6.75%. As expected, the maximum observed 
velocity is considerably lower than those described in Section 4.3.1.1 for similar {H2+CO} 
concentration, pressure, and temperature conditions, but without oxygen depletion. The 
maximum measured flame speed varied from 163.2 m/s to 231.0 m/s. The experiments were 
found to be repeatable and the concentration of H2 and CO was uniformly distributed 
throughout the experimental facility. The velocity profiles at 12.7% and 14.7% {H2+CO} as well 
as comparison of average profiles at these conditions are given in Figure 113. 
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Figure 113: Flame velocity profiles for {H2+CO} mixture in oxygen starvation 

conditions (nominal O2 concentration of 6.2%, 1 bar, 25°C): (a) 12.7% {H2+CO} and (b) 
14.7% {H2+CO}; (c) comparison of the average velocity profiles. 

The pressure time-histories and the flame trajectories for the two {H2+CO} content, 12.7% and 
14.7%, are shown in Figure 114 and Figure 115, respectively. As observed in previous 
experiments, the flame velocity suddenly reduces in speed when colliding with the pressure 
shock, reflected from the top flange. When compared with the pressure profiles at normal air 
conditions, the strength of the shock is much weaker in oxygen deficient conditions. A 
summary of the experimental results is given in Table 36. 
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Figure 114: Pressure evolution versus time at different locations for 12.7 % {H2+CO} 

and O2 concentrations of 6.4%, at 1 bar and 25°C. For comparison, pressure histories in 
normal air, is also given (Exp 737). 
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Figure 115: Pressure evolution versus time at different locations for 14.7 % {H2+CO} 

and O2 concentrations of 6.4%, at 1 bar and 25°C. For comparison, pressure histories in 
normal air, is also given (Exp 722). 
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4.3.3.2 Experiments at 2 bar 

Oxygen deficient experiments at 2 bar and 25°Chas been carried out for similar concentrations 
as in section 2.3.1 where the initial pressure was set at 1 bar. The profiles obtained at 2 bar and 
at 1 bar are similar. In the former case, the maximum measured velocity varied in the range 
153.2 m/s - 208.9 m/s depending on the fuel concentration. The measured oxygen 
concentration was in the range between 6.2% and 6.6%. The velocity profiles for two H2+CO 
concentrations and the comparison of the average velocities are given in Figure 116 (a), (b) 
and (c), respectively. The pressure histories and flame trajectories for two concentrations, 
12.9% and 15% {H2+CO}, are presented in Figure 117. The summary of the results obtained 
with an initial pressure of 2 bar, including the concentrations of H2, CO, and O2 (the latter 
obtained in both micro-GC channels), are given in Table 36. 

 
Figure 116: Flame velocity profiles for {H2+CO} mixture in oxygen starvation 

conditions (nominal O2 concentration of 6.2%, 2 bar, 25°C). (a) 12.9 % {H2+CO} and (b) 
14.9 % {H2+CO}; (c) comparison of the average velocity profiles.  
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Figure 117: Pressure-time history for {H2+CO} mixture in oxygen starvation conditions 

(nominal O2 concentration of 6.2%, 2 bar, 25°C). a) 12.9 % {H2+CO} and (b) 14.9 % 
{H2+CO}. 

4.3.3.3 Experiments at 3 bar 

Oxygen deficient experiments at 3 bar and 25°C has been carried out for similar concentrations 
as in the previous two cases. The results obtained at 3 bar were similar to those at 1 bar and 
2 bar. The maximum measured velocity varied from 126.6 m/s to 212.7 m/s depending on the 
fuel concentration. The oxygen concentration was in the range between 6.2% and 6.6%. The 
velocity profiles for two {H2+CO} concentrations and the comparison of the average velocities 
are given in Figure 118 (a), (b) and (c), respectively. The results, as in previous cases, are also 
tabulated in Table 36. 
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Figure 118: Flame velocity profiles for {H2+CO} mixture in oxygen starvation 

conditions (nominal O2 concentration of 6.2%, 2 bar, 25°C). (a) 13 % {H2+CO} and (b) 
15 % {H2+CO}; (c) comparison of the average velocity profiles. 

 

4.3.3.4 Initial Pressure Effect on Combustion under Oxygen Starvation 

Average flame speed trajectories of similar H2+CO concentration at three initial pressures are 
compared in Figure 119. Contrary to experiments performed in air, the results with reduced 
oxygen concentrations display a considerable reduction in the measured flame velocities with 
the increase in the pressure from 1 bar to 3 bar. This could be clearly seen in Figure 119 (a) 
and (b) for {H2+CO} nominal concentrations of 13% and 15%, respectively. Despite the 
reduction in the absolute propagation speeds, the velocity profiles are similar 
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Figure 119: Velocity profiles for similar gas concentrations for different pressures. 

A summary of the results and the experimental conditions are tabulated in Table 36. In this 
table, each condition corresponds to a minimum of 3 individual runs, hence the values 
reported correspond to the average values and the standard deviation. 

 

Pi 
(bar) 

H2 
(%) 

CO 
(%) 

O2 

(%)# 
O2 

(%)* 
Vmax 

(m/s) 
Pmax (bar) Pmax/ PAICC 

Vmax/aBG 
(m/s) 

aFG (m/s) aBG (m/s) 

1 
6.38 6.35 6.35 6.69 169.6 3.3±0.1 0.64±0.01 0.24±0.01 361.14±0.03 718.64±0.55 

7.38 7.34 6.27 6.65 223.2 4.1±0.1 0.77±0.02 0.31±0.01 362.95±0.02 731.42±1.76 

2 
6.47 6.43 6.20 6.55 155 6.1 ± 0.0 0.59 ± 0.0 0.21 ± 0.00 361.36±0.02 721.94±0.29 

7.5 7.44 6.22 6.57 200.3 7.4±0.1 0.7±0.02 0.27±0.01 363.19±0.01 729.38±0.84 

3 
6.50 6.46 6.24 6.59 131.2 8.3 ± 0.1 0.54 ± 0.00 0.18 ± 0.01 361.40±0.04 723.11±0.69 

7.52 7.48 6.21 6.58 190.2 10.1 ± 0.4 0.64 ± 0.02 0.26±0.03 363.23±0.02 729.57±0.85 

 

Table 36: Summary of results for combustion experiments under oxygen starvation 
conditions. #: column A; *:Column B. 
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4.3.4 H2/CO/air Diluted with H2Ovap 
In this section the results from experiments based on high concentrations of hydrogen and 
CO in air in the presence of water vapor were selected as target mixtures. 

For this series, the experiments are reported for the following conditions: 

 Binary fuel mixture {50% H2 / 50% CO}, 

  Tini = 80 ± 0.5°C and 100 ± 0.5°C, 

 Pini = 1 bar, 

  Fuel molar percent = 19.4 % to 25.2 %, 

 Water vapor percent = 5%, 25% and 30%, 

 Blockage ratio, BR = 0.63 

 Obstacle number: 9 

These experiments were carried out at 1 bar. The experimental conditions are listed in Table 37. 
In particular, the x%H2+x%CO+z%H2Ovap+(100-2x-z)% air mixtures were studied at two 
temperatures, 373.15 K and 353.15 K. Three nominal water vapor concentrations (5%, 25% and 
30%) were also selected in the experiments. As in previous cases, the concentrations of H2 and 
CO in the fuel were maintained equal. The fuel concentration varied from 19.4% to 25.2%. The 
measured flame velocity varied from 590 m/s to 818 m/s depending on the specific 
experimental condition. 

The velocity profiles for the above-mentioned conditions are given in Figure 120 while the 
comparison of average velocity profiles of the four experimental conditions in Table 37 in 
Figure 121. In addition, the pressure histories in ENACCEF-II at different locations are 
presented in Figure 122 to Figure 124. 

As seen in Figure 121 to Figure 124, the velocity trends and pressure profiles are similar to the 
ones obtained for 7.5%H2+7.5%CO+ 85% air mixture at 25°Cand 1 bar, except for the case 
12.5% H2+ 12.5%CO+5% H2Ovap +70% Air, see Figure 120(d). This mixture has a peculiar flame 
propagation trend, not seen in previous experimental conditions. In fact, the mixture appears 
to auto-ignite behind the incident shock. This alters the flame trajectory, in particular the flame 
is accelerated to very high velocities close to the ones of detonation waves. The flame 
trajectory in Figure 124 can be clearly divided into two parts, one before auto-ignition (black) 
the other after the auto-ignition (red). The rise in pressure observed in the profiles of sensors 
K14 and K26 after the arrival of incident shock indicate the auto-ignition event. The flame 
started at the conditions behind the incident shock wave can be considered as a different 
flame, i.e. the classical flame traveling upward vs the auto-ignited flame. When considering the 
maximum velocity for this specific case, only the flame propagation before auto-ignition is 
considered. The saturation in the pressure signal from the end-wall pressure sensor, which 
depends on the sensor amplification value and oscilloscope settings, was observed for all three 
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experiments with 12.5%H2+12.5%CO+5%H2O+70% mixture. Saturation is also observed in the 
pressure signal in another location, as shown in Figure 124. 

Apart from the mixture 12.5% H2 + 12.5% CO+5% H2Ovap+70% air, the reduction in the flame 
velocity and change in its trajectory for other three conditions reported in Table 37 are similar 
to experiments described in Section 4.3.1.  

 
Figure 120: Velocity profiles {H2+CO}/air diluted with H2Ovap. (a) 20% {H2+CO} with 5% 
H2Ovap, (b) 25.2% {H2+CO} with 30% H2Ovap, (c) 22% {H2+CO} with 25% H2Ovap and (d) 

25% {H2+CO} with 5% H2Ovap. Pini = 1 bar, Tini = 100°C. 
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Figure 121: Comparison of average velocity profiles for {H2+CO}/air diluted with 

H2Ovap. (a) 20% {H2+CO} with 5% H2Ovap, (b) 25.2% {H2+CO} with 30% H2Ovap, (c) 22% 
{H2+CO} with 25% H2Ovap and (d) 25% {H2+CO} with 5% H2Ovap. Pini = 1 bar, 

Tini = 100°C. 

 

 
Figure 122: Evolution of pressure profiles at different locations for 19.4% {H2+CO}/air 

diluted with 5 % of H2Ovap. Pini = 1 bar, Tini = 100°C. 
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Figure 123: Evolution of pressure profiles at different locations for 25.2% {H2+CO}/ air 

diluted with 30 % of H2Ovap. Pini = 1 bar, Tini = 100°C. 

 

 
Figure 124: Evolution of pressure profiles at different locations for 25.2% {H2+CO}/air 

diluted with 5 % of H2Ovap. Pini = 1 bar, Tini = 100°C. 
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A summary of experimental condition and results is listed in Table 37. In this table, each 
condition corresponds to a minimum of 3 individual runs, hence the values reported 
correspond to the average values and the standard deviation. 

 

Tini 
(°C) 

H2Ovap 
(%) 

H2 (%) CO (%) Vmax (m/s) 
Pmax 
(bar) 

Pmax/PAICC 
Vmax/aBG 

(m/s) 
aFG (m/s) aBG (m/s) 

100 30 12.60±0.03 12.58±0.02 611.0±30.1 11.6±0.4 2.30±0.08 0.71±0.03 416.9±0.0 900.3±0.1 

100 5 12.48±0.01 12.49±0.02 798.3±21.7   0.89±0.02 410.7±0.2 835.3±2.4 

100 5 9.75±0.08 9.75±0.07 627.8±6.1 6.0±0.0 1.1±0.0 0.75±0.01 418.3±0.1 878.9±0.1 

80 25 11.00±0.05 10.95±0.05 660.0±10.5 13.8±0.2 2.42±0.03 0.75±0.01 438.6±0.1 864.4±0.2 

 

Table 37: Summary of experimental results for {H2+CO}/air diluted with H2Ovap at an 
initial pressure of 1 bar and at. 

4.3.5 Combustion Experiments with Water Spray 
This section describes experiments performed in order to determine the effect of water spray 
on H2/CO flames. 

For this series, the experiments are reported for the following conditions: 

 Binary fuel mixture {50% H2 / 50% CO}, 

  Tini = 25 ± 0.5°C, 

 Pini = 1 bar, 

  Fuel molar percent = 10 % to 15 %., 

 Nozzle size 100 µm, 

 flow rate 50 ml/min, 

 typical duration from the start of the water spray to ignition: 50 s, 

 Blockage ratio, BR = 0.63 

 Obstacle number: 9 

As the pressure port is replaced with the nozzle port, the pressure at the end-section could 
not be measured. This often corresponds to the maximum pressure. For this reason, in this 
study with spray, the maximum pressure values are determined using the sensors along the 
side wall of ENACCEF-II.  
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For nominal fuel concentrations equal to 5.0% H2 + 5.0% CO and 6.0% H2 + 6.0% CO, the spark 
plug was used as ignition source. For 6.4% H2 + 6.4% CO and 7.2% H2 + 7.2% CO, the glow 
plug was used as ignition source. The maximum measured flame velocities and the maximum 
pressures were in the range 24.7 m/s - 426.1 m/s and 2.0 bar to 4.0 bar, respectively. 

For similar concentrations, the trends in velocity profiles and pressure histories are similar to 
the ones described in Sections 4.3.1 and 4.3.3. The flame speed profiles are given in Figure 125. 
For 5.0% H2 + 5.0%CO, flame extinction and re-ignition were obtained (Figure 125 (a)), while 
for 6.0% H2 + 6.0%CO complete flame extinction was observed (Figure 125 (b)) despite the 
initial acceleration to relatively high speeds compared to the former case. Examples of pressure 
evolution inside ENACCEF-II at three H2+CO concentrations are given in Figure 126, 
Figure 127, and Figure 128. Finally, the comparison of the average velocity profiles for four fuel 
concentrations is given in Figure 129.  

  
Figure 125: Flame velocity profiles with water spray for H2+CO in air. Nozzle size 

100 µm, flow rate 50 ml/min. Pini = 1 bar, Tini = 25°C. 
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Figure 126: Typical pressure evolution inside ENACCEF-II during combustion of 
5.0%H2+5.0%CO in air with water spray through 100 µm nozzle and flow rate of 

50 ml/min. Pini = 1 bar, Tini = 25°C. 

 

 
Figure 127: Typical pressure evolution inside ENACCEF-II during combustion of 
6.4%H2+6.4%CO in air with water spray through 100 µm nozzle and flow rate of 

50 ml/min. Pini = 1 bar, Tini = 25°C. 
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Figure 128 Typical pressure evolution inside ENACCEF-II during combustion of 

7.2%H2+7.2%CO in air with water spray through 100 µm nozzle and flow rate of 
50 ml/min. Pini = 1 bar, Tini = 25°C. 

 
Figure 129: Comparison of average velocity profiles at different concentrations in 

water spray experiments. Pini = 1 bar, Tini = 25°C. 
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Figure 130: Experimental velocity profiles for three H2/CO concentrations in air. (a) 

5.34% H2+5.34% CO, (b) 6.24%H2+6.24% CO (c) 7.25%H2+7.5%CO and (d) comparison 
of average velocity profiles. Pini = 1 bar, Tini = 25°C. 
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Figure 131: Evolution of pressure profiles inside ENACCEF-II from an experiment with 

7.22%H2+7.27%CO. 

 

  
Figure 132: Evolution of pressure profiles inside ENACCEF-II from an experiment with 

5.31%H2+5.32%CO. Pini = 1 bar, Tini = 25°C. 
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A summary of the experimental conditions and the results is given in Table 39. In this table, 
each condition corresponds to a minimum of 3 individual runs, hence the values reported 
correspond to the average values and the standard deviation. 

 

Tini (°C) Pini (bar) H2 (%) CO (%) Vmax (m/s) Pmax (bar) Pmax/PAICC 

25 1 

5.34±0.06 5.37±0.11 1.9±0.2 2.7±0.1 0.57±0.01 

6.22±0.01 6.24±0.02 2.2±0.1 3.0±0.2 0.58±0.03 

7.23±0.02 7.28±0.02 3.4±0.1 2.3±0.1 0.41±0.01 

 

Table 39: Summary of results for {H2+CO} in air initially at 25°C and 1 bar for a smooth 
tube (BR = 0). 

4.3.1 Scenarios 
WP2 identified scenarios corresponding to 

This section has been omitted in order to participate to the benchmark exercises organized 
with ETSON. 

This will be added as an annex, once the Benchmark is closed. 

4.3.1.1 PWR SBO 

4.3.1.2 PWR LBLOCA 

4.3.1.3 PWR SBLOCA 

4.3.1.4 KWU SBLOCA 

4.3.2 Comparison between the different studied series 
In this experimental work on the characterization of the flame propagation in a closed vessel 
to determine the combustion regimes, different configurations have been studied in terms of 
normal air, oxygen starvation, water spray and the level of confinement.  

To assess the importance, the average velocities profiles, corresponding to at least individual 
runs for each condition, are reported in Figure 133 for a mixture containing 12.6 % of {H2 + 
CO} initially at 1 bar and 25°C. In the absence of any obstacle, the flame speed remains around 
2 m/s over the entire height of the facility. When the facility is equipped with 9 repeated 
obstacles with a blockage ratio of 0.63, the flame speed increases drastically to reach maximum 
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value of 284 m/s. The presence of obstacles led to a velocity that is 160 times higher than the 
case of a smooth tube. In the configuration with obstacles, reducing the O2 content led to a 
decrease of the maximum flame speed by a factor of 1.7 when compared to normal air. When 
water spray is activated, the flame speed is also decreased by a factor 2.3 in the second half of 
the facility. 

The same behavior is observed when the fuel content is fixed to 14.4 %. In the absence of 
obstacles, the maximum flame speed is around 2.2 m/s and reaches 476 m/s when the facility 
is equipped with 9, repeated obstacles of 0.63 blockage ratio (Figure 134). The obstacles led 
to an increase of the maximum flame speed by a factor of 216. When the spray is activated, in 
presence of obstacles diminishes to reach 202 m/s. The drop induced by the spray activation 
is about a factor of 2. Finally, the O2-starvation led to a drop in the maximum flame speed by 
also a factor of 2 

From these comparisons, one can deduce that although water spray reduces the flame speed 
it is not very effective as the flame still propagates at velocities greater than a 100 m/s. Oxygen 
starvation is also not efficient in inhibiting the flame propagation as the velocity remains high 
with maximum flame speed higher than 167 m/s.  

 

 
Figure 133: Comparison of average velocity profiles for experiments with nominal fuel 

concentration of 6.3%H2 + 6.3%CO. Pini = 1 bar, Tini = 25°C. 
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(a) 

 

(b) 
Figure 137. Evolution of the ratios Vmax/aBG (a) and Pmax/PAICC (b) versus for {H2 + CO}/ 

air / H2Ovap mixtures. Tini = 80°C & 100°C, Pini=1 bar. 

 

When spray is activated, the velocities of the flame remains high as for a mixture constituted 
of 14.37 ±0.06 of {50% H2 + 50% CO} in air, it reaches a maximum of 384 m/s (Figure 138-(a)). 
In the absence of water spray, for the same mixture, Vmax reaches 480 m/s (Table 33). Based 
only on Vmax, water spray does not seem to be very effective in mitigating the severity of the 
explosion. However, the pressure ratio, Pmax/PAICC drops drastically as it is only 0.7 when spray 
is activated compared to a ratio of 2 (Table 33) in the case of the absence of water spray. Based 
on the criterion from the flame propagation velocity, the fast regime is reached for mixtures 
containing at least 14.4 % of {50% H2 + 50% CO}, but considering the pressure increase and 
hence the pressure load, the limit between fast and slow regimes would be reached for higher 
concentrations of fuel in air. 

 

(a) 

 

(b) 

Figure 138. Evolution of the ratios Vmax/aBG (a) and Pmax/PAICC (b) versus for {H2 + CO}/ 
air / H2Ospray mixtures. Tini = 25°C, Pini=1 bar. Spray flowrate = 50 ml/mn. 

When, the facility is used without the presence of obstacles (smooth tube corresponding to 
BR=0), the flame velocities are very low compared to the speed of sound in the burnt gases. 
The combustion occurs in the slow regime (Figure 139-(a)). Even if the flame velocities are very 
slow compared to the speed of sound in the burn gases, Pmax/PAICC is below 0.6 (Figure 139-



 

  

DX.X Report Title 

175 

(b)) which is comparable to the ratio obtained when spray is activated and much smaller than 
the ones, for the same mixtures, with a BR=0.63 (Figure 135-(b)). 

 

(a) 
 

(b) 
Figure 139. Evolution of the ratios Vmax/aBG (a) and Pmax/PAICC (b) versus for {H2 + CO}/ 

air mixtures for a smooth tube. Tini = 25°C, Pini=1 bar. 
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The study on the turbulent flames expanding spherical flames were performed in the 
expanding flame configuration. Several turbulent intensities were created inside the spherical 
vessel prior to the mixture ignition. The turbulent combustion regimes investigated cover the 
corrugated flames up to the broken reaction zone, most of them lying within the thin region 
regime. The molar percent of the mixture was varied from 11 to 15 % in air and in oxygen-
starved conditions. The initial pressure was fixed at 1 bar and 2 different initial temperatures 
were investigated, 20 and 60°C. In a turbulent medium, the flame speed increased substantially 
when the turbulent intensity, u', is increased. Another important result is that the enhancement 
of the turbulent flame speed depends on the size of the flame. The analysis of the measured 
combustion overpressure showed that, in air, for conditions were the combustion was 
incomplete and with very low increase of the pressure, the presence of turbulence led to a 
complete combustion in the volume even for the lowest investigated u' of 0.31 m/s. In oxygen-
starved conditions, for a given u', the completeness of the combustion decreased with 
increasing the fuel molar percent. 

The study related to assessment of the combustion regimes of H2/CO mixtures has been 
conducted for different conditions covering the late phase accident in a nuclear power plant. 
Different fuel compositions, including the possible presence of carbon dioxide and/or water 
vapor, the depletion of oxygen as well as the utilization of water spray as a mitigation measure 
have been considered. This work was performed in a large facility, ENACCEF-II. From this study 
several important conclusions can be drawn. The effect of obstacles led to a very large increase 
of the maximum flame speed by a factor between 160 and 216 depending on the fuel 
composition ranging from 10.6% to 14.4 %. The oxygen depletion led to a reduction in the 
maximum flame speed by about a factor ranging between 1.7 and 2. Similarly, when water 
spray is activated the reduction, by a factor 2 to 2.3, in the maximum flame speed was achieved. 
The addition of up to 30 % of water vapor did not inhibit sufficiently the combustion to lead 
to a change in the combustion regime. The analysis of the results showed that to consider only 
the criterion on the ratio Vmax/aBG< 0.5 can be misleading as there are cases for which the ratio 
would have led to the classification of the mixture as "slow regime" while Pmax/PAICC is higher 
than 1 which indicates that the combustion cannot considered be as an adiabatic and 
isochoric, but hints at the formation of shock waves. In fact, the criterion for the combustion 
regime should be revised to better account for these types of combustion. 

  










