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1 Introduction

With the increased role of hydrogen as contemporary and future energy carrier the growing demand in understanding of different aspects of industrial safety is coming into light. Since the major hazards are connected with the destroying potential of blast waves resulting from combustion and explosion of burnable gases, in particular hydrogen-air mixtures, understanding of potential to provide conditions for high-speed deflagrations is of major importance. Intensive studies performed by different authors during last two decades permitted to determine conditions necessary for flame acceleration and detonation onset in confined volumes. To approach more realistic geometrical conditions, which are largely expected in industrial environment, systems with transverse venting were studied. These studies formulated extensions of criteria valid for confined systems; however the potential of partially confined and unconfined configurations to support flame acceleration, onset of detonation and detonation propagation is still poorly understood. The aim of the presented work is to study hydrogen-air mixture deflagration in one of such configurations and obtain critical conditions defining the possibility of the self-sustained detonation in flat mixture layers.

In the presented work two series of experiments with high-speed deflagrations in flat hydrogen-air mixture layers are described. Preliminary experiments were performed in a small scale facility with the dimensions 1.5 x 0.5 x 0.4 m (L x W x H) while the main experiments were conducted in a wide rectangular channel with the dimensions 5.7 x 1.6 x 0.6 m. Both channels were opened from below and in both cases two sets of tests were performed. The first preliminary experiments were conducted without any channel obstructions while in later experiments an acceleration section, consisting of a large number of thin metal grids piled up in longitudinal direction, was installed close to the ignition end of the channel. The main experiments were either performed in the unobstructed channel or with the channel being equipped with an acceleration section and further obstacles with an effective blockage ratio equal to 60%. Both presented series included variations of the hydrogen concentration in H2-air mixtures, whereas only in the main experiments additionally the layer thickness was altered. Hydrogen concentration was maintained uniform throughout the facilities at the level of non-uniformity not more than 1 Vol.-% H2. The experiments were equipped with pressure transducers (only main experiments), ion probes, light sensors, and high-speed photography. The sequence of frames obtained from high-speed photography was processed using 'background-oriented schlieren' method with the aim to provide visualization assistance of the flame propagation process. 

Depending on the conditions of the test, various regimes of flame propagation were observed: slow flame, fast deflagration up to one identified as 'choked' regime and steady-state detonation. In one main experiment the propagation of a self-sustained detonation was proved by registration of detonation cells on sooted metal sheets allocated over the whole facility. It was found that to maintain a detonation, a minimum layer thickness has to be provided. Preliminary assessments give a value for the critical layer thickness in the range 8 – 15 detonation cell widths. 
This work was performed in the frames of internal project HyTunnel carried out in EC NoE HySafe.
2 Experimental setup
Preliminary experiments

The preliminary experiments were conducted in a small scale facility, sketched in figure 1, installed by Pro-Science in the safety vessel A1 of the FZK (Forschungszentrum Karlsruhe). 

[image: image2]
Fig. 1: Sketch of the small scale facility for the preliminary experiments.

The small scale facility consisted of a rectangular channel with a length of 1.5 m, a width of 0.5 m and a height of 0.4 m that ended at a tilted (45°) wall, enclosing a volume of 0.370 m3. Its frame was built of metal bars, while the side and top faces of it were made of Plexiglas to allow optical observation of the experiments. The channel had one open face at its bottom that was sealed by a thin plastic film during the filling procedure. This film was not removed or destroyed before the mixture inside the channel was ignited in an experiment. The ignition source (spark plug) was mounted in the centre of the vertical end wall of the channel which was fabricated of sheet metal. In all experiments a flame distributor, made of perforated sheet metal was used, consisting of a cylindrical body covering the ignition source and a plate that covered the whole cross section of the channel. It was employed to obtain an almost planar flame front travelling through the channel. The facility was equipped with a row of photodiodes and ionisation probes, located in the middle of the top wall of the channel. In later experiments, to obtain higher flame propagation velocities, additional obstacles, consisting of 64 metal grid layers, were introduced between flame distributor and position 400 mm from the ignition end of the channel. Figure 2 shows photographs of the facility.

[image: image3]
Fig. 2: Photographs of the unobstructed channel (left) and the flame distributor and the acceleration section (grid layers) installed in later experiments (right). 

Main experiments

All main experiments were performed in a channel with the dimensions 5.7 m x 1.6 m x 0.6 m (L x W x H) designed and assembled by Pro-Science GmbH in the safety vessel A1 of the FZK. A photograph and a sketch of the channel are shown in figure 3.

[image: image4]
Fig. 3: Photograph and sketch (with obstacles) of the main experimental facility.

The channel, opened on its bottom and on one end, was made of wooden walls, covered by thin metal sheets and fastened to metal bars (Bosch-Profile 90 x 90 mm), connected to holders inside the safety vessel. In its interior the channel was stabilised by vertical (only edges and ignition wall) and horizontal beams (Bosch-Profile 45 x 45 mm) to realise different channel heights. The channel heights used in the experiments were 0.6 m, 0.3 m and 0.15 m, producing internal volumes of 5.472 m3, 2.736 m3 and 1.368 m3 respectively. 
As shown in figure 4, through the top wall of the channel three rows of sensors were installed to observe the combustion process during an experiment. In total 13 photodiodes, 16 ion-probes and 5 pressure gauges were used inside the channel; up to 6 further pressure gauges were installed to positions on the floor and the walls of the safety vessel A1. Furthermore optical observation of the combustion process was possible due to two sets of windows at positions close to the ignition and the open end of the channel. A high-speed-camera was used for the optical observations, recording a view through the entire width of the channel against a background with an irregular pattern to allow a later processing of the movie via ‘background-oriented-schlieren’ method. This method allows the visualisation of density gradients within fluids and was used to observe the flame propagation process.
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Fig. 4: Sketch of the instrumentation of the channel (PD: photodiode, IP: ion-probe, P: pressure sensor).

Before every experiment the open faces of the channel were sealed by a thin plastic film to provide a closed chamber during the filling procedure. The channel was then filled with hydrogen air-mixtures of a given concentration through a gas injection pipe close to the ignition end of the channel. After the filling procedure was over, the film on the bottom of the channel was destroyed by heating wires to avoid any influence on the flame propagation. Immediately after the destruction of the film the mixture was ignited. In all experiments a flame distributor was used to spread the flame at the ignition end over the whole width of the channel. It consisted of an open-ended tube (di = XX cm) that was fixed in horizontal direction parallel to the ignition end wall of the channel and was equipped with a row of holes pointing backwards in the direction of the wall. In the middle of the tube the ignition source (electrodes) was located. 

[image: image6]
Fig. 5: Internals of the channel.
Additionally, to achieve higher flame velocities, a booster section and obstacles were placed into the channel in later experiments. In the booster section XX layers of a thin metal grid were piled in longitudinal direction over a length of 70 cm. At the end of this section the first obstacle was installed. Further obstacles, all with a blockage ratio of 60%, were mounted in a distance of 50 cm to each other along the channel.
2.1 Test Matrix
Preliminary experiments

In total nine experiments were conducted in the small scale facility. Two experiments without hydrogen were performed to check the experimental procedure and the triggering of the data acquisition system, while seven experiments with hydrogen concentrations of 15, 20 and 25 Vol.-% H2 were conducted in the channel. Table 1 summarises the initial conditions for all preliminary experiments.

Table 1: Test matrix for the preliminary experiments.

	Experiment

Number
	c(H2)

[Vol.-%]
	Acceleration section

	HT01
	0
	-

	HT02
	0
	-

	HT03
	15
	-

	HT04
	15
	-

	HT05
	20
	-

	HT06
	25
	-

	HT07
	15
	+

	HT08
	20
	+

	HT09
	25
	+


Main experiments

Ten main experiments were performed in the large channel, using layer heights of 0.15, 0.3 and 0.6 m and hydrogen concentrations in the range from 15 to 25 Vol.-% H2. One additional experiment was conducted in advance to check the experimental procedure with the destruction of the film and the subsequent ignition, as well as the triggering of the data acquisition system. The test matrix used for the main experiments is shown in table 2.

Table 2: Test matrix for the main experiments.

	Experiment

Number
	Height of layer  [m]
	c(H2)

[Vol.-%]
	Obstruction

BR [%]

	HLT00
	
	0
	-

	HLT01
	0.30
	15
	-

	HLT02
	0.30
	17.5
	-

	HLT03
	0.30
	25
	-

	HLT04
	0.30
	15
	60

	HLT05
	0.30
	20
	60

	HLT06
	0.60
	15
	60

	HLT07
	0.15
	15
	60

	HLT08
	0.15
	20
	60

	HLT09
	0.15
	25
	60

	HLT10
	0.30
	25
	60


2.2 Filling procedure
Preliminary and main experiments

Prior to any experiment the open faces of the channels were closed with a thin plastic film to provide a closed chamber during the filling procedure. The channels were filled with hydrogen/air mixtures of a given concentration that were generated in a mixing chamber. Hydrogen was provided by gas cylinders, while the air required for the mixtures was taken from the compressed air system of the facility. For the mixture preparation the flow of the two gases, controlled via two needle valves in the Gas-Container, was conducted into the mixing chamber. Samples were taken from the chamber and analysed by a gas analysis system to control the mixture quality. Until a stable mixture quality was reached, the mixture was piped from the mixing chamber through a bypass leading to the ambience outside safety vessel A1. When the correct mixture composition had established the valves of bypass and gas injection were switched and the mixture was piped into the channel. In the main experiments an injection pipe, located at the top of the channel close to the ignition end inside the channel, was used to provide an injection of the mixture over almost the whole width of the channel. Figure 6 sketches the gas filling system (main experiments) used.
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Fig. 6: Sketch of the gas filling system (main experiments).
During the filling procedure the injected mixture accumulated below the top of the channel, while the heavier air inside it was displaced through the gas outlet located close to the bottom (main experiments) or in the bottom (preliminary experiments) of the channel at its opposite end. The exhaust atmosphere was piped to the ambience outside the vessel A1, with a small amount of it being used as a specimen for the gas analysis system now controlling the filling status. During the filling procedure, which lasted up to 1 h, the composition of the injected gas was checked several times by switching the valves at the gas analysis system. Figure 7 shows the time history of the hydrogen and oxygen concentrations inside the channel during the filling procedure of main experiment HLT10, with the blue bars indicating the time span when the gas analysis system was used for the mixture control inside the mixing chamber. When the concentration in the exhaust atmosphere was equal to the one of the injected gas mixture, the filling procedure was completed and all valves were closed. 

[image: image8]
Fig. 7: Hydrogen and oxygen concentration during the filling procedure of main experiment HLT10.
In the preliminary experiments the mixture was ignited after the completion of the filling procedure, while in the main experiments the plastic film, covering the bottom face of the channel, was destroyed by three sets of heating wires to avoid any influence of the film on the combustion propagation conditions (Fig. 8). Then, immediately after the destruction of the film, the mixture was ignited. 
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Fig. 8: Destruction of the thin plastic film prior to the ignition of the mixture inside the channel (only main experiments).

2.3 Gas analysis system

To control the mixture quality and to analyse the exhaust atmosphere displaced from the channel during the filling procedure, a gas analysis system (Fisher-Rosemount, Series MLT) with a measuring range from 0 to 100 Vol.-% H2 and 0 to 100 Vol.-% O2 was used.
2.4 Ignition source

Preliminary experiments

In the experiments with the small scale facility a commercially available spark plug was used to ignite the mixtures.
Main experiments

A high frequency spark generator was used to ignite the mixture inside the large scale facility. The spark was generated between two electrodes in a distance of 3 mm to each other. A stable current and high voltage discharge at 60 kV with a frequency of 20 kHz produces an almost stable electric arc between the electrodes of the ignition device. This spark igniter allows producing spark discharges with energies from 10 to 20 J per second using the control unit.
2.5 Dynamic pressure measurements (only main experiments)
Combustion overpressure measurements were performed using up to eleven piezoelectric pressure gauges (PCB, Models 112A22, 113A24 and 113A31). Five of these sensors were installed in the top wall of the channel; two were located on the floor below the channel and up to four at positions on the inner walls of vessel A1. 
2.6 Data acquisition

Preliminary experiments

In the preliminary experiments a fast data acquisition system, based on 12-bit ADC boards (IMTEC, Model T-112-8) installed to IBM PCs, was used.
Main experiments

Due to the large number of sensors in the main experiments, it was necessary to use two independent fast data acquisition systems: The first, also used in the preliminary experiments, recorded the signals of the photodiodes and pressure sensors, while the second, a transient recorder (KRENZ, Model PSO 9080) was used for data recording of the ionisation probes during the experiments.
The trigger signal for all data acquisition systems in both experimental series was an electrical impulse provided by the ignition system when the mixture was ignited.
2.7 High speed photography

The high speed movies of the experiments were recorded through the Plexiglas side walls of the small scale facility or the windows of the large channel using a Weinberger camera (Model SpeedCam Visario 1500) with a maximum resolution of 1536 x 1024 Pixel and a maximum framing rate of up to 10000 fps at a reduced resolution of 512 x 192 Pixel. To observe the whole window width with the high-speed camera maximum framing rates of 4000 fps (Resolution 768 x 512 Pixel) were used in the main experiments. In both experimental series an irregular pattern was posted behind the opposite end of the channel/window to allow processing of the movies via “background-oriented-schlieren” method.
Due to crowded spatiality inside vessel A1 in the main experiments it was necessary to record the movies via a mirror located beside the channel, so the optical path of the high-speed observation went parallel to the channel side wall. Two sets of windows were installed to the channel, but only the one closer to the ignition proved to be suitable, since the hot combustion products were pressed through the open bottom face of the channel and then moved upwards beside the channel. With the use of the farther window set, these hot combustion products would enter the optical path of the high speed observation before the flame front reaches the channel section under observation and thereby spoil the analysis of the movie recorded. Due to this fact only the window set located between 1.050 and 1.850 m from the ignition wall was used. In the experiments with the obstructed channel this part is still affected by the flame acceleration section, and so for this configuration in most cases higher flame velocities were determined using the high-speed movies compared to the velocities determined using the records of the sensors. 
3 Results
3.1 Preliminary experiments
3.1.1 Experiments in the unobstructed channel

Four experiments in the unobstructed small scale facility were conducted with hydrogen concentration of 15, 20 and 25 Vol.-% H2. Two tests were performed with 15 Vol.-% H2 (HT003 and HT004) at the beginning of the series since the “prototype” flame distributor, made of Plexiglas, was destroyed in the first experiment and had to be replaced by the more solid one described in chapter 2. Figure 9 shows the x-t- and v-x diagrams of the experiments in the final configuration (HT004-006).

[image: image10]
Fig. 9: x-t- and v-x diagrams of preliminary experiments HT004-006 in the unobstructed channel.
In the x-t diagram (Fig. 9, left) the slope of a linear fit through the measured data points was used to determine the mean flame propagation velocity in the experiments. In all experiments slow mean flame propagation velocities of maximum 51 m/s (HT006, c(H2) = 25 Vol.%) were determined. With increasing hydrogen fraction an increase of the flame velocity was observed. The v-x diagram of the experiments, depicted in the right part of figure 9, shows that there is no strong flame acceleration over the whole length of the channel.
It was also possible to determine the flame velocity using the processed “BOS”-high-speed-movies, since the positions of the sensors inside the channel are known and the arrival time of the flame at the sensors can be read from the movies. The photographs taken from the movie of experiment HT004 and the corresponding v-x diagram of all experiments in the unobstructed small scale facility are shown in figure 10.


[image: image11]
Fig. 10: Photographs taken from the processed “BOS”-high-speed-movie of experiment HT004 and the corresponding v-x diagram of all experiments in the unobstructed channel.
Both methods produce similar flame propagation velocities for the three experiments performed in this configuration.

3.1.2 Experiments in the channel with flame acceleration grids
Three experiments with 64 grid layers between the flame distributor and position 400 mm were carried out with hydrogen concentrations of 15, 20 and 25 Vol.-% H2. The results are summarised in figure 11.

[image: image12]
Fig. 11: x-t- and v-x diagrams of preliminary experiments HT007-009 in the obstructed channel.

In the x-t diagram (Fig. 11, left) the slope of a linear fit through the measured data points at positions farther than 400 mm from the ignition source (end of acceleration section) was used to determine the mean flame propagation velocity in the experiments. The v-x diagram of the experiments (Fig. 11, right) shows that in experiment HT007 (c(H2) = 15 Vol.-%) slow flame propagation velocities were determined in- and outside the acceleration section of the channel, while in HT008 (c(H2) = 20 Vol.-%) fast flame velocities were calculated from the signals of the sensors in the obstructed region. In both experiments the flame velocity decreased after the flame had left the acceleration section of the channel. In contrast to this, in experiment HT009 (c(H2) = 25 Vol.-%) the flame further accelerated after having left the obstructed region of the channel, reaching detonation velocity at position ca. 500 mm from the ignition source. This velocity then remained almost stable over the whole length of the channel.
The high-speed-movies recorded during the experiments with the obstructed channel were also used to determine the flame propagation velocity. Figure 12 shows a comparison of the flame velocity determined according to the sensor signals and the high-speed-movies, with the brighter coloured dots in the graph corresponding to the velocities derived from the movies. Good agreement can be observed, but it has to be stated, that in HT008 the video method reaches its borders, since in between two frames the flame travels the whole distance between two sensors. In the right part of Figure 12 unprocessed photographs taken from the movie of experiment HT009 are depicted to show the reason why no flame velocity could be gained from this movie: Only one photograph shows the flame front inside the channel. 

[image: image13]
Fig. 12: Comparison of the determined flame velocities in the experiments HT007 and 008 (obstructed channel) and photographs taken from the high-speed-movie of experiment HT009.

HT009 was the last experiment conducted in the small scale facility. Due to the large loads of a detonation inside the channel it was completely destroyed as it is shown in figure 13.


[image: image14]
Fig. 13: Small scale facility after experiment HT009.

3.2 Main experiments
3.2.1 Experiments in the unobstructed channel

Three experiments without acceleration section and obstacles were performed in the large scale facility with a layer height of 0.3 m and hydrogen concentrations of 15, 17.5 and 25 Vol.-% H2. Figure 14 (left) shows the x-t-diagram of the three experiments HLT01-03, generated with the values of the arrival time of the flame front at the ion-probes. The velocity of the flame front was estimated by the slope of a linear fit through the measured data points. The right part of figure 14 shows photographs taken from the high-speed movie recorded during experiment HLT03. This movie was recorded with a framing rate of 4000 fps but only every 8th image is depicted in figure 14, leading to time step of 2 ms between two photographs.

[image: image15]
Fig. 14: x-t-diagram of experiments HLT01-03 ( = 0.3 m) in the unobstructed channel and sequence of photographs taken from the processed "BOS"-high-speed movie of experiment HLT03. 

The diagram shows that in all three experiments slow flame propagation velocities with a maximum mean value of approx. 33 m/s for HLT03 (c(H2) = 25 Vol.-%) were determined using the linear fits. These velocities correspond to the combustion regime of a slow deflagration. With approx. 9 m/s the velocity derived from the analysis of the high-speed-movie of experiment HLT01 (15 Vol.-% H2) lies very close to the one calculated using the sensor signals. For experiment HLT03 (25 Vol.-% H2), possibly due to a non-planarity of the flame front, two fronts travel through the visible part of the channel with velocities of approx. 33 and 60 m/s. The lower flame velocity is almost the same as the mean velocity calculated using the linear fit through all data points, while the higher one corresponds well with the calculated velocity using the sensor signals for the region observed by the high-speed camera (v = 52 m/s in between positions 600 and 2200 mm from the ignition). Due to trigger problems in experiment HLT02 (17.5 Vol.-% H2) no movie of this experiment is available.
3.2 Experiments in the channel with acceleration section and obstacles
In total seven experiments with the obstructed channel were performed. For the layer heights of 0.15 m and 0.3 m experiments with three hydrogen concentrations (15, 20 and 25 Vol.-% H2) were conducted, whereas only one experiment with a layer height of 0.6 m was performed (15 Vol.-% H2).
The left part of figure 15 shows the results of two experiments with a layer height of 0.15 m and hydrogen concentrations of 15 and 20 Vol.-% H2. Again, in this figure, the flame propagation velocity was estimated by the slope of the linear fit through the measured data points of the ion probes. With respect to the acceleration section close to the ignition end of the channel only the data points with a distance of more than 2 m from the ignition source were taken into account for the determination of the velocity. 

[image: image16]
Fig. 15: x-t-diagram of experiments in the obstructed channel with a layer height of  = 0.15 m and hydrogen concentrations of 15 and 20 Vol.-% H2 (left) and a hydrogen concentration of 25 Vol.-H2 (right). 

Again both experiments show slow flame propagation velocities of 10 and 33 m/s. The analysis of the high speed movies of these experiments leads to higher velocities of 16 and 188 m/s, which is due to the position of the windows that were used for the recording. These windows were located between 1.050 and 1.850 m from the ignition wall and therefore the propagation velocity is still affected by the acceleration section. The velocities calculated from the sensor signals in this region lie in the range of 8 to 13 m/s for HLT07 and 57 to 270 m/s for HLT08. The experiment with 25 Vol.-% H2 and a layer height of 0.15 m (HLT09) shows a different behaviour, as the x-t-diagram with all sensor signals in figure 15 (right) demonstrates.
A v-x-diagram of experiment HLT09 is depicted in figure 16 (left). This diagram shows that the flame further accelerates after it has left the acceleration section of the channel. The calculated maximum velocity is close to 1600 m/s. After this maximum, with increasing distance from the ignition source, the velocity slowly decreases to a value of approx. 600 m/s close to the end of the channel. The pressures measured along the top of the channel vary from 9 to 13 bar. This behaviour indicates that a detonation occurred in the region of 2 m from the ignition, but the detonation then decayed to a deflagration with increasing distance.

[image: image17]
Fig. 16: v-x-diagram of experiment HLT09 in the obstructed channel with a layer height of  = 0.15 m and a hydrogen concentration of 25 Vol.-% H2 (left) and sequence of photographs taken from the high-speed movie of the same experiment. 

Due to the obstacles installed to the channel the width of region that was observable by the high-speed camera was reduced to 0.4 m. As shown in the images taken from the movie (Fig. 16 right) only one photograph with a clear flame front in the channel was taken. Under the assumption that the flame had not exceeded far the right end of the observable region, a flame velocity of approx. 1300 m/s, corresponding well with the calculated values for the sensor signals in this region, was determined. (Has to be recalculated)
Three experiments with a layer height of 0.3 m and hydrogen concentrations of 15, 20 and 25 Vol.-% H2 were conducted in the obstructed channel. The left part of figure 17 shows the x-t-diagram derived from the signals of the ion probes in these experiments. Again, with respect to the acceleration section, a linear fit through the data points recorded in a distance of more than 2 m from the ignition was used to estimate the flame propagation velocities.

[image: image18]
Fig. 17: x-t- and v-x-diagram of experiments in the obstructed channel with a layer height of  = 0.30 m and hydrogen concentrations of 15, 20 and 25 Vol.-% H2. 

For experiment HLT04 (15 Vol.-% H2) a slow mean velocity of 21 m/s was calculated, for the experiment with 20 Vol.-% H2 (HLT05) a fast mean velocity of 554 m/s was determined, and for experiment HLT10 (25 Vol.-% H2), an even faster mean velocity of 1665 m/s was calculated. The right part of figure 18 shows the v-x-diagram of the experiments HLT05 and HLT10 in which the velocities, calculated for all centric sensors are plotted. As this diagram shows, in experiment HLT05 (20 Vol.-% H2) the flame further accelerates after it has left the acceleration section, but the velocity remains stable at a value of approx. 550 m/s for the region from about 3 to 4.5 m. In experiment HLT10 (25 Vol.-% H2) a stable flame propagation velocity of approx. 1700 m/s had established soon after the flame had left the acceleration section of the channel. This velocity is very close to the calculated Chapman-Jouguet detonation velocity of DCJ = 1680 m/s for this mixture. Figure 18 compares the measured velocities and pressures of experiment HLT10 with the calculated Chapman-Jouguet values for the tested mixture. 

[image: image19]
Fig. 18: Velocities calculated and pressures measured in experiment HLT10 ( = 0.30 m, c(H2) = 25 Vol.-%).

At the beginning and the end of the channel the pressure values are significantly higher than the calculated Chapman-Jouguet detonation pressures, while in between 1.8 and 3.8 m they are close to the calculation.

A further evidence for the existence of a detonation in this experiment is that flame front and pressure wave are coupled as can be seen from the x-t-diagram shown in figure 19.
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Fig. 19: x-t -diagram of experiment HLT10 ( = 0.30 m, c(H2) = 25 Vol.-%).

In addition to the pressure, light and ionisation sensors that were used in all main experiments, sooted steel plates were used in HLT10 to record the detonation cell size of the tested mixture. These plates were installed to the top and the side walls of the channel as shown in the sketch of figure 20.
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Fig. 20: Sketch of the positions of the sooted plates used to record the detonation cell size in experiment HLT10 ( = 0.30 m, c(H2) = 25 Vol.-%).

A detonation front passing a sooted plate leaves its characteristic pattern, the detonation cells, engraved in the plate. Different colours in figure 20 represent areas where different cell sizes were determined after the experiment. Figure 21 shows two examples of the patterns observed on the sooted plates.
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Fig. 21: Photographs of the sooted plates with the characteristic pattern (experiment HLT10,  = 0.30 m, c(H2) = 25 Vol.-%).

With 15 - 17 mm, the size of the detonation cells recorded with the sooted plates correspond very well with the calculated cell size of 13 mm for a mixture of 25 Vol.-% H2 in air as used in the experiment.
Unfortunately the channel did not survive experiment HLT10 ( = 0.3 m, c(H2) = 25 Vol.-%), as figure 22 illustrates. 

[image: image23]
Fig. 22: Photographs of the channel before and after experiment HLT10 ( = 0.3 m, c(H2) = 25 Vol.-%). 

Only one experiment was performed with a layer height of 0.6 m (HLT06: c(H2) = 15 Vol.-%). Figure 23 shows the x-t- and v-x-diagram generated with the signals of all sensors in the channel for this experiment.

[image: image24]
Fig. 23: x-t- and v-x-diagram of experiment HLT06 in the obstructed channel with a layer height of  = 0.60 m and a hydrogen concentration of 15 Vol.-% H2. 

Both diagrams indicate that the flame front reaches its maximum velocity in the region of approx. 4 m from the ignition. The velocities calculated from the signals reach a maximum of 300 – 450 m/s, indicating that flame acceleration occurred in the experiment.
In the next experiment with  = 0.6 m it was intended to use a hydrogen concentration of 20 Vol.-% H2. Since the corresponding experiment with a layer height of 0.3 m (HLT05) had produced flame velocities of approx. 550 m/s, it was found to be too dangerous to destroy the channel before all experiments with smaller layer heights were completed. So it was decided to complete the experiments with  = 0.15 and 0.3 m first, before the series with a layer height of 0.6 m was continued. Since the channel was destroyed in experiment HLT10 ( = 0.3 m, c(H2) = 25 Vol.-%), no further experiments with a layer height of 0.6 m could be conducted.
In the diagrams depicted so far only the influence of the hydrogen fraction in the mixtures on the combustion behaviour was discussed. To show the influence of the other parameter, the layer height, in figure 24 the mean velocities, represented by the slope of a linear fit through the measured arrival times of the flame front at the ion-probes, for all experiments with a hydrogen concentration of 15 Vol.-% H2 (left) and 20 Vol.-% H2 (right) are compared. The black curves in the diagrams represent experiments in the unobstructed channel, while the other curves stand for experiments with acceleration section and obstacles.

[image: image25]
Fig. 24: Comparison of all experiments with a hydrogen concentration of 15 Vol.-% H2 (left) and a hydrogen concentration of 20 Vol.-% H2 (right). Black curves representing experiments in the unobstructed channel, HLT02 in right diagram only 17.5 Vol.-% H2.

As can be seen from both diagrams, the use of the acceleration section and additional obstacles led to higher flame velocities. More important is that an increase of the layer height produced faster combustion regimes. While the flame propagation velocities are low for the experiments with 0.15 m and slightly higher with 0.3 m layer height, fast mean velocities were calculated for the experiments with  = 0.6 m. For experiment HLT01 (15 Vol.-% H2) a mean velocity of 195 m/s, with a maximum velocity of more than 300 m/s, and for experiment HLT02 (only 17.5 Vol.-% H2) a mean velocity of 512 m/s was determined.
The mean velocities for all experiments with a hydrogen concentration of 25 Vol.-% are compared in Figure 25. 

[image: image26]
Fig. 25: Comparison of all experiments with a hydrogen concentration of 25 Vol.-% H2 (black curve represents experiment HLT03 in the unobstructed channel) (left), and v-x-diagram for the experiments HLT09 and HLT10 (right). 
Again with the acceleration section and the additional obstacles higher flame speeds were generated than in the unobstructed channel. The two experiments in the obstructed channel show, that with increasing layer height the flame speed also increases: In experiment HLT09 ( = 0.3 m) a decaying detonation with a maximum velocity of approx. 1600 m/s was observed, while in experiment HLT10 ( = 0.3 m) stable detonation velocities of approx. 1650 m/s were determined over the whole length of the channel.
4 Summary

In total ten combustion experiments have been performed in the facility. Three of these were conducted in the unobstructed channel, while seven were done with acceleration section and obstacles. All experiments in the unobstructed channel led to slow flame propagation regimes, with a maximum flame velocity of approx. 33 m/s. In the experiments with the obstructed channel three different combustion regimes could be distinguished according to the records of the sensors installed to the facility. The results are summarised in table 3.

Table 3: Summary of the experiments conducted in the obstructed experimental facilities.

	Small scale
	
	Large scale

	
	
	Layer height  [m]
	
	
	
	Layer height  [m]

	
	
	0.40
	
	
	
	0.15
	0.30
	0.60

	c(H2) [Vol.-%]
	15
	slow

Deflagration
	
	c(H2) [Vol.-%]
	15
	slow

Deflagration
	slow

Deflagration
	fast

Deflagration

	
	20
	fast

Deflagration
	
	
	20
	fast

Deflagration
	fast

Deflagration
	(fast

Deflagration)

	
	25
	Detonation
	
	
	25
	decaying

Detonation
	Detonation
	(Detonation)


Two fields in the matrix above could not be covered by experiments since the facility was destroyed in experiment HLT10 with a layer height of 0.3 m and a hydrogen concentration of 25 Vol.-% H2. But following the trend detected during the experiments one can assume that for a layer height of 0.6 m and a hydrogen concentration of 20 Vol.-% H2 a fast Deflagration and for a layer height of 0.6 m and a hydrogen concentration of 25 Vol.-% H2 a detonation would have been observed.
Preliminary assessments gave a value for the critical layer thickness for a DDT (Deflagration-to-Detonation-Transition) event in the range of 7 - 20 detonation cell widths. With the results obtained from the experiments in the facility described, this value can be identified in the closer range from 7.5 to 15 times the detonation cell width.
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High-speed-movie HLT09 (c(H2) = 25 Vol.-%)
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High-speed-movie HLT03 (c(H2) = 25 Vol.-%)


4000 fps, depicted is only every 8th frame (t = 2 ms)
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