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Abstract: Power-to-gas technology can be used to convert excess power from renewable energies
to hydrogen by means of water electrolysis. This hydrogen can serve as “chemical energy storage”
and be converted back to electricity or fed into the natural gas grid. In the presented study, a leak
in a household pipe in a single-family house with a 13 KW heating device was experimentally
investigated. An admixture of up to 40% hydrogen was set up to produce a scenario of burning
leakage. Due to the outflow and mixing conditions, a lifted, turbulent diffusion flame was formed.
This led to an additional examination point and expanded the aim and novelty of the experimental
investigation. In addition to the fire safety experimental simulation of a burning leakage, the resulting
complex properties of the flame, namely the lift-off height, flame length, shape and thermal radiation,
have also been investigated. The obtained results of this show clearly that, as a consequence of
the hydrogen addition, the main properties of the flame, such as lifting height, flame temperature,
thermal radiation and total heat flux densities along the flame, have been changed. To supplement
the measurements with thermocouples, imaging methods based on the Sobel gradient were used
to determine the lifting height and the flame length. In order to analyze the determined values, a
probability density function was created.
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1. Introduction

Mixtures of hydrogen and natural gas are particularly interesting regarding the cli-
mate targets of the German government [1]. One reason is that no CO, emissions are
produced when hydrogen is used to generate energy [2]. In addition, hydrogen can be pro-
duced in a climate-neutral way using power-to-gas technologies [3]. Renewable electricity,
which is in surplus, can be converted into hydrogen by electrolysis and stored in the gas
grid [4,5]. The hydrogen addition is considered a quick solution to decarbonize the heat
sector. However, the cost-intensive underutilization of high-quality hydrogen is sometimes
viewed critically [6].

According to the rules and regulations of the German Technical and Scientific Associ-
ation for Gas and Water (DVGW), an admixture of up to 10% hydrogen into the natural
gas network is permissible. However, this percentage is to be further increased [4,7]. The
Chairman of DVGW, Prof. Dr. Gerald Linke, assumes that a percentage of 20% hydrogen
is technically feasible and that transport of more than 50% of green gases is possible [2].
First laboratory tests show that the addition of hydrogen up to 30% can be realized [8,9].
The consequences of higher hydrogen feeds are under investigation in various projects.

One example is the project by E.ON, Avacon and DVGW with a test on the addition of
hydrogen to the natural gas network in the Flaming test region. Prior to the start, the gas
appliances of the end users were checked and recorded for their hydrogen compatibility.
Only four unsuitable appliances were identified among those checked and replaced. During
the 2021-2022 heating period, the proportion of hydrogen was gradually increased to 20%.
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The functionality of the appliances and emissions were investigated. Of the approximately
350 appliances, 342 were found to have unrestricted functionality. The addition of hydrogen
resulted in reductions of CO, NOx and CO, emissions at both full and partial loads.
For example, the average reduction in CO emissions was 39% at full load and 5.5% at
partial load [8,10].

For further investigation of the hydrogen addition to natural gas, research on the
changing properties of methane flames due to hydrogen admixture will be carried out
in this work. Aspects relevant to safety and fire protection will also be considered. For
the experimental investigation, a testing device was designed, set up and commissioned
to simulate an assumed burning leakage within a standard household gas line. The
investigated flame was a lifted, turbulent diffusion flame according to the flow and mixture
boundary conditions. The resulting flame shape and properties led to an expansion of the
aim of the presented study, namely the experimental investigation of the lift-off height,
flame length and temperature of the resulting flame at different hydrogen admixtures up to
40%. Experiments were then carried out in order to determine the maximum temperatures
and heat flux densities along the vertical burner axis. In addition, two image-based methods
are used to determine the lift-off height and the flame length. For this purpose, the recorded
videos were evaluated by a human observer and an algorithm. Temperatures along the
simulated pipe were also recorded to assess effects that might be relevant to fire protection.
While fires/explosions of gas pipes are rather rare, they still occur, as recently observed
in Stuttgart, Germany. A gas pipe in front of a building was damaged by the failure of a
nearby cable. The subsequent explosion brought the building to a point where it collapsed.
Sadly, one person lost his life [11]. It is vital for gas companies and firefighters to Know
what they are dealing with. This work will serve as the basis for further investigations on
methane-hydrogen flames. Further attention will be paid to fire protection-related aspects
in the future.

2. Literature Review on Hydrogen-Natural Gas Mixtures (Summary)

Adding hydrogen to the existing natural gas network is seen as a way to quickly
reduce CO, emissions from the heating sector [6]. For this reason, this topic is a current
subject of research and is being considered in various projects.

When looking at the combustion properties, it became clear that the addition of
hydrogen primarily affects the density and calorific value of the fuel gas mixture [12]. It
has also been shown that as the hydrogen content increases, the flame length shortens
while the combustion temperature increases [12-16]. It has also been shown that the
proportions of CO, CO, and NOx emissions change with the addition of hydrogen in
contrast to pure methane [13,17,18]. The trend of NOx emissions is therefore consistent
with Zhan et al. [13] and Pignatelli et al. [18]. On the other hand, the development of CO
emissions in Pignatelli et al. [18] differs significantly from Zhan et al. [13]. Zhan et al. [13]
found an increase in CO emissions significantly below the initial value of pure methane
reported by Pignatelli et al. [18]. In El-Ghafour et al. [17], CO emissions initially increase
and then decrease from a hydrogen concentration of 30% by volume. One reason for
this difference could be the different equivalence ratio. Pignatelli et al. [18] found that
as the equivalence ratio increases, the CO concentration decreases in hydrogen-enriched
methane flames while increasing in pure methane flames. Furthermore, Pignatelli et al. [18]
considered the equivalence ratio for hydrogen-enriched methane flames only up to a value
of 0.6, and the further trend of CO emissions is unknown.

The studies considered mainly examined the effect of hydrogen addition on the
combustion properties of various burner systems. For the most part, laminar premixed
flames were considered. To date, only a few basic studies have been carried out in the
area of turbulent diffusion flames. However, in these studies, the focus was mainly on
the end use.

This work differs from the presented studies in that it is intended to be a study that
is as realistic as possible. It is intended to provide the basis for applied research in the
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field of fire protection. For this reason, a burning leakage within a low-pressure pipeline is
assumed, which is to be investigated experimentally. In order to investigate this, a testing
facility was designed with real boundary conditions regarding mass flow and pressure.
The changes in properties such as flame length, heat release, and combustion temperatures
are observed in a simulated leak with a lifted, turbulent, non-premixed flame. This means
that the focus is more on the question of what changes occur in terms of fire protection
and flame properties as a result of adding hydrogen to natural gas than on testing the
functionality of the end application [19].

3. Experimental Method
3.1. Scenario

In order to set up a realistic testing device, a scenario was created: a single-family
house with a 13 KW heating device had a leak in the pipe—caused, for example, by
accidentally drilling into a pipe. The pipes as well as the peripheral devices represented a
typical German standard gas system. The gas has an overpressure of 23 mbar in comparison
to the environment. The gas pipe had been equipped with a leakage shut-off valve, as has
been mandatory in Germany since 2002.

3.2. Experimental Setup

Figure 1 shows a schematic configuration of the experimental setup. A steel plate with
gas feed from below is used instead of a pipe so as to simplify measurements. The plate
has a length of 1500 mm and a width of 40 mm, roughly half the circumference of a 1-inch
gas pipe. The burner is located in the center of the plate and consists of a plenum with a
diameter of 30 mm and a length of 100 mm and a nozzle with a diameter of 5 mm. This
structure is mounted on an experimental cart made of item profiles. The plate is placed
on a small gypsum fiberboard to isolate the item profiles. This permitted free air intake by
the burner during the experiments. From below, a pipe leads into the burner. The pressure
inside this pipe is measured by a pressure sensor. This pipe is also the outlet pipe of the
static mixer. To study the effects caused by the hydrogen addition to natural gas, an ideal
premixing (of the two gases) must be performed by the mixer. The methane feed pipe has
been inserted into the mixer from the bottom, while the hydrogen pipe has been led in from
the bottom side. This arrangement is supposed to create a jet-in-crossflow to mix methane
and hydrogen in addition to the static mixer. Right at the mixer, there is a check valve in
the methane pipe and one in the hydrogen pipe. These ensure that an operation with only
one fuel gas is possible; otherwise one fuel gas could flow into the line of the other fuel
gas. The check valves are followed by the respective mass flow controller (MFC) for the
fuel gases and, furthermore, by a T-fitting in both lines; the T-fitting allows purging with
nitrogen to inert the system. The T-piece is followed by a magnetic valve in each of the gas
lines. To prevent the fuel gas from flowing into the nitrogen line, check valves have been
installed after the T-pieces. To connect the two nitrogen pipes, another T-piece is used. At
the inlet of this T-piece, another magnetic valve has been installed.

During the ignition process, an electric circuit must be bypassed so that the magnetic
valves of methane and hydrogen open and the magnetic valve of nitrogen closes. Then, the
nitrogen purge is interrupted, and the fuel gases can flow to the burner. A UV flame detector
is used to check the ignition. As soon as a flame can be detected, the magnetic valves in the
fuel gas pipes remain permanently open, and the magnetic valve in the nitrogen line closes.
Table 1 lists the measurement and control equipment used for the investigations.

In order to measure the temperature distribution along the plate, a total of 10 type K
thermocouples (TE 1-10) have been attached. Additionally, a heat flux (WF) sensor with a
Gardon Gage sensor from Medtherm Corporation has been installed in the plate to record
the total heat flux density or a heat flux related to an area [21]. The horizontal distance
to the exit nozzle amounts to 10 cm. In addition, another heat flux sensor and a type S
thermocouple are placed near the flame (WF 2 and TE 15). The position of the measuring
devices can be changed on this holder in a vertical direction in the range of 2.5 cm to
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62.5 cm above the outlet so that the temperature and the heat flux density can be recorded
over the length of the flame. To record the distance of the thermocouple as well as the
heat flux sensor of the nozzle, an additional wire sensor has been installed. The type S
thermocouples can be moved horizontally, too. TE 13 and TE 14 observe the temperature
of the heat flux sensors. A schematic overview of the location of the thermocouples (red x)
and the heat flux sensors (orange) can be found in Figure 2.

Cameras IC Flux
Sensor

[H2 Igniter []—

magnetic valve check valve magnetic valve
— MFC-2 <
MFC-1
o I—I ‘ check valve
check valve
check valve
magnetic valve
Methane Hydrogen

Nitrogen

Figure 1. Schematic configuration of the experimental setup.

x
TE11

TE14 TE 15

WF2

TE10 TES TES TE7 TES TE3 TE1
x a " ™

X x A o
TE6G TE4 TE 2 —_—
WF 1

Figure 2. Positions of thermocouples and heat flux sensors.
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Table 1. Measurement and control equipment.

Parameter Measuring and Control Devices Calibration Range Position/Exp. Procedure

Pressure PrimAtii 10 0-120 mbar S. Figure 1—PI-1/pressure monitoring

steel plate, S. Figure 2/temperature

Temperature Thermocouple Type K (NiCr-Ni) —40-+1200 °C [20] distribution along the plate

in the flame, S. Figure 2/flame
Temperature Thermocouple Type S (Pt10%Rh-Pt) 0-+1600 °C [20] temperatures over the length of the
flame, flame length and lift-off height

steel plate, S. Figure 2 (WF1)/heat flux

Medtherm Corporation Gardon

. = AT e —2
Heat flux density Gage Sensor 0-5W-cm near the leakage

. Medtherm Corporation Gardon ) near the flame, S. Figure 2 (WF2)/heat
Heat flux density Gage Sensor 0-10 W-cm flux density over the length of the flame

S. Figure 1/volume flow control

Volume flow rate Bronkhorst F-201AV-50K-RGD-33-V 0-60 L-min~! H, and monitoring

Bronkhorst .1
Volume flow rate F-112AC-M20-RGD-33-V 0-100 L-min~" CHy4

S. Figure 1/volume flow control
and monitoring

To get an impression of the size of the whole setup, refer to Figure 3a. Figure 3b is a
photo taken during an experiment.

Figure 3. Photos of the Experimental Setup. (a) Overview, (b) Perspective.

3.3. Experimental Procedure

The volume flow rates of 48 L-min~! and 60 L-min~! are analyzed. The volume flow
rate of 60 L-min ! is the shut-off point at which a leakage in the scenario would be present.
So, in the worst case, the flow rate is just under the maximum flow rate and the valve will
not shut off the gas supply. As these shut-off valves have a varying shut-off point, a lower
flow rate of 48 L-min~! was tested as well.
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Using the measurements with the movable thermocouples and the heat flux sensor, the
temperature and the heat flux density over the flame length will be determined. During this
process, the temperatures and heat flux densities at the thermocouples, heat flux sensors on
the fixture and in the plate, as well as the pressure and position of the measuring equipment
on the movable traverse, are recorded in the measuring program. These experiments will
be used to determine the temperature distribution along the plate over the complete mea-
surement period and the average heat flux density on the plate over the various hydrogen
contents. The temperature profile as well as the heat flux density profile over the height of
the flame will also be measured. In addition, the lift-off height is determined. For this pur-
pose, the thermocouple is continuously moved upwards. The point where the temperature
gradient is greater than 25 K is defined as the flame start. The temperature measurements
are affected by inaccuracies due to the influence of radiation and the heating and cooling in
the course of the scenario and were therefore found unsuitable for determining the flame
length. For this reason, imaging methods are used to determine the lift-off height and the
flame length.

For this purpose, the ignition and setting of the operating point to be investigated are
carried out first. Then, the desired hydrogen content is added. After the pressure stabilizes,
the camera recording starts. In addition, the flame is also captured by an infrared camera.
The operating point is recorded for 1 min. The hydrogen content is increased gradually.
This experiment is repeated for all operating points and hydrogen fractions. The cameras
are set up at the beginning of the experiments so that the entire flame can be captured on
video. This setting is then maintained for all further operating points and not changed to
ensure the same camera position as well as the same camera angle for all videos.

Additionally, for the fire safety aspects investigated in this study by a simulation of a
leakage in a household pipe, with the installed measurement technique, it was possible
to observe the influence of the hydrogen admixture on the main flame properties such as
flame shape, length, lift-off height, heat flux, thermal radiation and flame temperature. To
supplement the measurements with thermocouples and heat flux density sensors, imaging
methods based on the Sobel gradient were used to determine the lifting height and also
the flame length of the resulting lifted, turbulent diffusion flame. In order to analyze the
determined values, a probability density function was created. An overview of the imaging
methods is given in Section 3.4.

3.4. Imaging Methods

The described MATLAB®-algorithm uses a set of functions that will not be discussed
in detail, as they are part of MATLAB® itself.

Before the actual algorithm is presented, we’ll discuss some of the basics of digital
imaging. In this case, the images are saved in the common JPG/JPEG-format, which offers
an 8-bit color range, often described as a 24-bit color range or RGB color, as the colors red,
green and blue are represented by a value from 0 to 255 each.

The commonly used term ”Black-White-Image” usually describes a grayscale image,
which has an 8-bit range. An actual “Black-White-Image” features only one bit per pixel.
That means pixels only have two states, either 0 (black) or 1 (white).

Below, the algorithm will be described using a highly non-stationary diffusion flame
consisting of an 85% methane/15% hydrogen mixture. In this case, the recording was about
one minute at 50 frames per second, resulting in at least 3000 frames. The video has a
resolution of 3840 x 2160 pixels, which was then cropped to 3840 x 1000 pixels to remove
some part of the background to improve the performance of the algorithm. To achieve a
high contrast, the recording was made at minimum ambient light. The LEDs in the lower
part of the picture are necessary to specify the reference length that is necessary for the
algorithm. To describe the algorithm, a single frame of a video will be used. Figure 4 shows
the steps of the algorithm.
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(b) (©) (d)

Figure 4. Images of the processing; (a) Original; (b) Converted to grayscale; (c) Edge Detection;
(d) Detected Shape; (e) Original Image overlaid with the findings of the Algorithm.

After the images or video are read by the algorithm, it will convert them to grayscale
images because the following calculations are easier to perform in grayscale. To represent
all parts of brightness, the algorithm performs the grayscale transformation for every pixel
with the following coefficients [22]:

G = 0.2989 % R 4 0.5870 % G + 0.1140 * B 1)

That results in Figure 4b.

To further remove potential background effects, the algorithm sets pixels below a
specific threshold to 0. Depending on the source image or video, this threshold has to be
tweaked by the user.

Now the outer edge of the flame should be recognizable. This is characterized by a
gradient, which in this case is from an intensity of 0 to an intensity greater than 0. However,
depending on the contrast with the background, a minimum gradient must be specified.
This is represented by an image, and thus a two-dimensional intensity matrix, i.e., a two-
dimensional gradient, should be used. The decision was made in favor of the Sobel gradient,
because it also considers the areas around the respective pixel and gives more weight to
the pixels in the respective coordinate direction.

If A is the value of the grayscale image, the values of the gradient for the x-direction
and y-direction are given by the following equation [23]:

+1 0 -1 +1 42 41
Ge= |42 0 —2[*A, Gy=|0 0 0|xA @)
+1 0 -1 -1 -2 -1

The elements of the resulting matrix are now summed up, and the maxima are sought
in the image. The matrix obtained in this way now represents a binary image, in which
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the recognized edges (maxima of the Sobel gradient) are assigned 1 and everything else
is assigned 0. The figure shows many edges because the local maximum is considered in
each case and no minimum gradient is specified, which, however, is irrelevant for further
processing (Figure 4c).

The algorithm will expand the found edges even more, in this case with one per mil
(one percent for low-resolution images) of the resolution in the respective coordinate direc-
tion. Due to the high resolution of the images, the overall rather high flame and the small
extent of the extension, there is hardly any influence on the edges and thus on the actual
shape of the flame. The dilation was implemented as a line for each coordinate direction.
This process makes the edges even thicker, which is necessary for the following steps.

Then, the “holes” are filled by setting the areas with the value 0, which are completely
surrounded by 1, to 1. This results in connected areas (Figure 4d).

There can still be a few individual fragments of the background. By eroding the image,
the edges of the large areas are smoothed, and the small areas disappear. When eroding,
the pixels at the edges of the surfaces with a diamond-shaped element of one pixel in each
coordinate direction are overwritten with zeros. This step can be repeated several times
but should only be taken as often as necessary because the flame in the image will become
smaller with each step. Due to the low ambient light here, only two steps were necessary,
which resulted in a high accuracy.

Now the object with the greatest circumference can be determined, which, however,
does not co-determine the detachment of the flame. The latter must therefore be determined
separately by searching for the object or the area with the highest y-value in terms of its
extent. If a reference length (blue), in this case the LEDs, is Known, a length-to-pixel ratio
can be calculated and used to determine the flame length with (red) and without (yellow)
detachments. The reference length also marks the position of the nozzle, and therefore the
distance between the nozzle and the flame can be calculated (green) (Figure 4e).

A series of images or a video result in distributions that will be discussed later. To
further validate the lift-off height, the lower area of the flame is recorded. For this purpose,
an additional ruler has been placed next to the flame so that it can be read off afterwards.
During these tests, the lighting was switched on.

4. Results and Discussion
4.1. Temperature

In all tests, the hydrogen content is varied in the range between 0 vol.-% and 40 vol.-%
in steps of 5 vol.-%. The ignition was carried out at a volume flow of 10 L-min~! of pure
methane for all measurements. Then, the volume flow was increased stepwise to the
desired volume flow.

Figure 5 shows the temperature profiles along the nozzle axis of both volume flows
for different hydrogen contents. The curves for both volume flows are basically similar.
The only difference is that the temperatures are higher at 60 L/min than at 48 L/min. For
both volume flows, it is evident that the measurement with 0 vol.-% hydrogen does not
record any significant temperature increase up to a certain height. In this range, the flame
burns in a lift-off position. From a certain position, a strong increase in temperature can
be seen. In the range of 40 cm to 60 cm in height, the temperature reaches its maximum.
After that, it starts to decrease again. As the hydrogen content increases, the lift-off height
decreases. At 40 vol.-% hydrogen, the flame no longer burns lifted off and the temperature
starts to rise right at the beginning. It can also be seen that the maximum temperature
is at higher hydrogen concentrations. For this reason, Figure 6 shows the maximum
temperatures.

In Figure 6, the maximum temperatures are plotted against the hydrogen fraction.
First, the volume flow rate of 48 L-min ! has been analyzed. The maximum temperatures
of the three measurements performed are plotted in gray, and the average value of these
three measurements is plotted in black. Figure 6a shows that the maximum temperature
initially decreases slightly as the hydrogen content increases. At a hydrogen content of
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Temperature

10 vol.-%, the maximum temperature reaches the lowest value of 1456 K. Then, at 15 vol.-%
hydrogen, a local maximum of 1500 K can be observed. With further increases in hydrogen
content, the maximum temperature remains in the range of about 1490 K. Between a
hydrogen content of 30 vol.-% and 35 vol.-%, the maximum temperature rises again and
reaches the maximum of 1531 K. Even at a hydrogen content of 40 vol.-%, the maximum
temperature remains at this level. In general, an increasing tendency can be seen with
increasing hydrogen content. The difference in the maximum temperature between the
hydrogen contents of 0 vol.-% and 40 vol.-% is about 40 K, which corresponds to an increase
of about 3%. In Figure 6b, the maximum temperature is plotted versus concentration
at a volumetric flow rate of 60 L-min~!. Upon closer inspection, it can be observed that
the temperature initially decreases with increasing hydrogen content, starting from about
1540 K at 0 vol.-% hydrogen to a minimum of 1499 K at a content of 20 vol.-% hydrogen.
As the hydrogen content continues to rise, the maximum temperature also increases. The
maximum is reached at a proportion of 40 vol.-% and amounts to approximately 1556 K.
Only the temperature at 10% hydrogen by volume is an exception to this trend and is
about 5 K higher than the temperature at 5% hydrogen by volume. In general, however,
an increasing trend in maximum temperatures between 0 vol.-% and 40 vol.-% hydrogen
can also be observed. The difference between these two fractions is about 10 to 15 K (about
0.9%), which is much lower than at a volume flow rate of 48 L-min~'. However, the
recorded maximum temperatures for all measured volume fractions are significantly higher
at the larger volume flow rate. Basically, the trend is similar for both volume flows. The
temperature initially drops to a certain volume fraction before rising further. The adiabatic
combustion temperature, which also increases, is cited as the cause of the rising combustion
temperature [17].

(a) 48 I/min (b) 60 I/min

X
g
=
E
Q
o
£
j| 1
X
X
%
%%j o 40Vol-% H2 °00 X o 40 Vol.-% H2
X o 20Vol.-% H2 4007 o 5 20 Vol-% H2
a < 0Vol.-% H2 300 | R % 0Vol.-% H2
| |
20 40 60 80 100 120 299 20 40 60 80 100 120
Position [cm] Position [cm]

Figure 5. Gas temperature profiles along the nozzle axis.

In addition, the temperatures along the plate were recorded. The duration considered
was 25 min, which corresponds to 1500 s. Figure 7 shows the temperature trend along
the plate at 60 L-min~! and 0 vol.-% hydrogen as a representative for all measurements.
The tendency shown can, in principle, be transferred to all other concentrations. It is
particularly noticeable that the temperatures increase especially at thermocouples TE 1 and
TE 3. Furthermore, an increase can be detected at TE4. Temperatures seem to stagnate and
approach a steady state starting at a time of about 1200 s. In comparison, there was little
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to no increase in temperatures at the other thermocouples. The maximum temperature
increase of 29.2 K was observed at TE3. The temperature change is negligible at most of the
positions of the plate. In general, the temperature increase recorded here does not result in
a risk of pipe breakage.

(a) 48 I/min (b) 60 I/min
1600 1600
15751 1575 1
= 1550 | 1550 { g A
© 1525 /‘_ 15251 ‘i~.~_{_ v
= -
& 1500 i_. _!.._{’ 1500
8 147 ~ /l ‘*— 147
c 5 \.__{ 5
¥ 1450 1450 1
—e— single values —e— single values
14251 14251
—e-  average values —e=  average values
1400 T T T — 1400 T T T T
0 10 20 30 40 0 10 20 30 40
Volume fraction Hz [Vol.-%] Volume fraction Hz [Vol.-%]

Figure 6. Maximum temperatures for various hydrogen concentrations.

330

375 | TE4 - - TE7 - - TE9
—— TE2 - - TES TES - - TE10

3201 — TE3 - - TEG6

0 200 400 600 800 1000 1200 1400
Time [s]

Figure 7. Temperatures at the plate: 60 L-min~!, 0% H,.
4.2. Heat Flux

In Figure 8, the maximum heat flux densities are plotted on the vertical axis versus
the hydrogen concentration. The values are measured along a single vertical line with a
horizontal distance of 10 cm. The vertical position of the sensor has been continuously
recorded. As shown in Figure 6, the values of the three measurements are plotted in gray
and the average values in black.

The volume flow rate of 48 L-min~! in Figure 8a will be discussed first. Generally, the
maximum heat flux density decreases with increasing hydrogen content. For example, the
difference between the values of 0 vol.-% and 40 vol.-% hydrogen is about 0.03 W-cm 2,
which corresponds to a decrease of >7%. Beginning with a hydrogen concentration of
0 vol.-%, the maximum heat flux density decreases up to a concentration of 10 vol.-% hy-
drogen. At this point, the maximum heat flux density is 0.35 W-cm~2. For the remaining
hydrogen fractions, the maximum heat flux density reaches a value of about 0.36 W-cm 2

7
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with the exception of the maximum heat flux density at 35 vol.-% hydrogen. In this case, a
maximum heat flux density of about 0.33 W-cm ™2 has been determined on average. The
decreasing tendency can be identified more clearly at a volumetric flow rate of 60 L-min~!
in Figure 8b. At this point, the maximum heat flux density decreases by approximately
18% from about 0.49 W-cm~2 at 0 vol.-% hydrogen to 0.4 W-cm~2 at 40 vol.-% hydrogen.
Comparing the two volumetric flows shows that the measured values are significantly
higher at the larger volumetric flow rate. Wu et al. [24] found that the total heat flux density
increases with increasing hydrogen content due to the higher combustion temperature.
However, it was noticeable that the radiative heat flux density decreased due to the higher
proportion of hydrogen. The reduced soot concentration and the reduction in CO, emis-
sions were cited as the reasons for this [24]. In previous studies at the Karlsruhe Institute
of Technology, it was observed that the values recorded by the heat flux sensors that were
used agreed very well with the measured values of a radiometer on the same flame [25].
Therefore, it can be assumed that the decreasing heat flux density is due to a reduction of
the radiative heat flux density at increased hydrogen contents.

(a) 48 I/min (b) 60 I/min
0.50 0.50
= 0.48 —e— single values 0.481 I\\ —e— single values
E 0.46 —e averagevalues | .| "--!\ —e average values
= 0.44 0.44 1 ""--.h
20.42 0.42 *t—-}.__.
5 -4
c 0.40 ‘ 0.40 1
v ~
© 0.38 \!‘ 0.381
b ~
Bosel pod-demaf 4] 03]
4 \ ’
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Figure 8. Maximum heat flux densities at the nozzle axis.

4.3. Flame Length

To determine the flame length, a probability density function was created based on the
evaluation of the algorithm. For this purpose, the determined flame lengths were divided
into 2.5 cm intervals. This is shown in Figure 9.

The corresponding cumulative distribution is shown as a continuous line. The figure
shows that with an increased hydrogen content, the probability density function shifts to
higher values while also decreasing in wideness. The upper limit of the interval in which
the cumulative distribution corresponds to a value of 0.5 then corresponds to the value for
the flame length with the related hydrogen content.

Figure 10 shows the optically determined flame lengths. The difference between the
two volume flow rates amounts to a maximum of 7.5 cm. Basically, it has been observed
that the flame length also increases with the increasing volume fraction of hydrogen. At
48 L-min~!, a slight decrease in flame length can be seen starting at 30 vol.-% hydrogen,
but the flame length at 40 vol.-% hydrogen is still 7.5 cm higher than that at 0 vol.-%. The
difference in flame lengths between 40 vol.-% and 0 vol.-% hydrogen amounts to 17.5 cm at
a volume flow rate of 60 L-min~!. Looking at the video footage, it has been found that the
total height from the nozzle to the flame tip decreases with increasing hydrogen content.
However, this does not allow any conclusions about the flame length since the lift-off height
has been disregarded. The videos show that the lift-off height decreases with the increasing
volume fraction of hydrogen. Therefore, it can be determined that the decrease in the lift-off
height is greater than the decrease in the total length from the nozzle to the flame tip. This
observation partially coincides with the results of El-Ghafour et al. [17]. In this study, it was
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generally found that the visible flame length decreases with increasing hydrogen content,
but an increase was recorded in the range up to 20 vol.-% compared to the pure methane
flame. It also cannot be excluded that a further increase in the hydrogen content results in a
shortening of the flame. The shortening of the flame results from the increasing burning
speed. Kasabov [26] describes that in this case, the required combustion chamber length
was dependent on the flame length, which decreased as a result of the increasing burning
speed. From this, it can be deduced that an increase in burning speed leads to a decrease in
flame length, which could be observed in our measurements.
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Figure 9. Probability density function of visually determined flame lengths.
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Figure 10. Visually determined flame lengths.
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For illustration, Figure 11 shows images of the flames at a volume flow rate of
60 L/min at different hydrogen contents. When comparing the flames shown in Figure 11,
it is also evident that the flame diameter becomes smaller as the hydrogen content increases.
According to Schumacher and Waldmann [27], the flame diameter depends on the fuel
mass flow. As the mass flow rate increases, the diameter also increases. Due to the addition
of hydrogen, the density of the fuel mixture decreases. Thus, the fuel mass flow decreases
with the hydrogen admixture even though the volume flow remains constant, which then
results in a reduction of the flame diameter.

(a) 60 Imin 0 Vol.-% H, (b) 60 I/min 20 Vol.-% H, (c)60 Imin 40 Vol.-% H,

Figure 11. Flame images at a volume flow rate of 60 L/min. (a) 0 Vol.-% Hj, (b) 20 Vol.-% Hj,
(C) 40 Vol.-% Hz.

4.4. Lift-Off Height

In Figure 12, the visually determined lift-off heights are plotted against the hydrogen
content and compared with the lift-off heights determined with the thermocouple. The
determined lift-off heights for both volume flow rates decrease with increasing hydrogen
content. The lift-off heights at a volume flow of 60 L-min ! are about 2 to 3 cm higher than
at 48 L-min~!, except for the lift-off height at 25 vol.-% hydrogen. Beyond this hydrogen
content, the lift-off height at 48 L-min~! can no longer be detected by the algorithm,
resulting in a value of 0 cm. The last lift-off height at 60 L-min~! could be detected at
a volume fraction of 35 vol.-%, at which the lift-off height is also 0 cm. Comparing the
measured lift-off heights with the visually determined ones, it is noticeable that the decrease
is almost identical up to a certain concentration. In particular, for a volume flow rate of
48 L-min~! the difference between the two lift-off heights is at most 0.75 cm, up to a volume
fraction of 20%. The linear decrease of the lift-off height with increasing hydrogen content
is also almost identical up to this point. Only the lift-off height at a hydrogen content
of 25 vol.-% is not comparable. Due to the flickering of the flame in this range, the lift-
off height cannot be determined exactly by the algorithm, resulting in a value of 0 cm.
Considering the volume flow of 60 L-min~!, it is noticeable that the difference between the
visually determined and the measured lift-off heights is larger than at 48 L-min~—!. Up to a
hydrogen content of 25 vol.-%, the trend is basically the same. Both lift-off heights decrease
quite linearly with increasing volume fractions. The maximum difference in this range
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amounted to 3 cm. Similar to the volumetric flow rate of 48 L-min~! the algorithm can
no longer correctly determine the lift-off height above a certain hydrogen content due to

flickering. From this point on, the lift-off height decreased more than before until it finally
reached 0 cm at 35 vol.-%.
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Figure 12. Lift-off heights.

Therefore, measurements were made in which the lift-off height was estimated with
the help of a ruler. This is shown in Figure 13. For this purpose, the flame was filmed next
to a ruler at 50 frames per second. Ten frames were taken from each of these videos, and
the lift-off height was determined for each of these frames. The mean value of these lift-off
heights can be found in Table 2.

(a) 60 I/min O Vol.-% H, (b) 60 I/min 20 Vol.-% H, (c) 60 I/min 40 Vol.-% H,

Figure 13. Lift-off heights for different hydrogen fractions at a volume flow rate of 60 L/min.
(a) 0 Vol.-% Hy, (b) 20 Vol.-% Hj, (c) 40 Vol.-% Hy.

Basically, the read-off lift-off heights agree quite well with the lift-off heights deter-
mined with the help of the thermocouples and optical measurements. Above the area
in which the algorithm had problems determining the lift-off height, the lift-off height
amounted to a maximum of 1 cm. However, a strong flickering of the flame at the nozzle
could be detected.

For the flame to lift off, a certain lift-off velocity has to be exceeded [26,28]. A higher
volume flow rate results in a higher flow velocity for the same diameter and parame-
ters. This is why the lift-off height is higher for flames with 60 L-min~!. According to
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Sedlmaier [28], the lowering of the lift-off height can be inferred from the increase in turbu-
lent burning velocity. The addition of hydrogen increases the turbulent burning velocity of
the flame [29].

Table 2. Lift-off heights estimated with the help of the ruler.

Lift-Off Heights at Lift-Off Heights at
PH, 48 L-min—1in cm 60 L-min—1 in cm
0.00 11.1 15.7
0.10 9.9 12.0
0.20 6.2 8.9
0.30 1.0 4.7
0.40 0.3 0.5

5. Visibility/Color

Contrary to expectations, the flame with an increased hydrogen concentration was not
less visible, but shone brightly in the range of 30 vol.-% to 40 vol.-% hydrogen admixture.
This circumstance was also observed with a further increase in the hydrogen content beyond
50 vol.-% hydrogen (compare also Figure 11). The turnover to a phenomenon resembling
the hydrogen flame is in the range of 60 vol.-% to 80 vol.-% hydrogen. Hydrogen emits
mainly in the UV range at 300 nm and in the visible range at about 590 nm [30,31]. The
radiation in the wavelength range of 500 to 600 nm appears green, yellow and orange,
and [31] results from C2 compounds [32]. Due to the increase in the yellow content of
the flame, it could be concluded that an increased proportion of C2 compounds has been
formed by the hydrogen admixture, up to about 60 to 80 vol.-%. A possible explanation for
this phenomenon is that, due to the higher diffusivity and combustion velocity of hydrogen
in the lower part of the flame, mainly hydrogen is oxidized.

6. Conclusions

In order to reduce CO; emissions while using renewable fuels or CO,-neutral fuels, an
admixture of hydrogen in the natural gas pipelines can be considered a quick solution to
decarbonize the heat sector. In this case, hydrogen should be produced in a climate-neutral
way while using power-to-gas technologies and renewable electricity to produce hydrogen
by electrolysis. Nevertheless, adding hydrogen to natural gas changes the main properties
of the reacting gas. It is well Known that hydrogen tends to detonate, while its ignition
energy is very low. Considering this, aspects relevant to safety and fire protection should
be investigated and taken into account.

The literature overview in Section 2 made it obvious that there is a lack of studies
dealing with these aspects. While the combustion behavior of hydrogen is well investigated,
regarding main properties like temperatures, emissions and burning velocities, there are
only a few publications investigating turbulent, non-premixed flames with hydrogen and
methane. Regarding the fire safety aspects of adding hydrogen to natural gas, there are
only investigations and tests regarding the functionality of the end applications. The focus
of this work is on the question of what changes occur in terms of fire protection and flame
properties as a result of adding hydrogen to natural gas.

In the present study, a leak in a household pipe in a single-family house with a 13 KW
heating device has been experimentally investigated. An admixture of up to 40% hydrogen
was set up to produce a scenario of burning leakage. Due to the outflow and mixing
conditions, a lifted, turbulent diffusion flame was formed. A steel plate with gas feed from
below was used instead of a pipe so as to simplify measurements. In order to measure the
temperature distribution along the steel plate, a total of 10 type K thermocouples have been
attached. In addition to the fire safety aspects, including temperatures on the steel plate
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near the leakage and flame temperatures by adding hydrogen, flame properties like the
flame shape were also an object of investigation.

With the experimental set-up used and especially due to the outflow and mixing
conditions, a lifted, turbulent diffusion flame was formed. It was noticeable that the lifting
height and the flame length depended on the hydrogen admixture. In the course of the
experimental investigations, various combustion properties were investigated, with the
main focus being on the effect of hydrogen admixture. The main results of this study are
summarized in the subsections below.

Flame temperature

According to the rise in the adiabatic combustion temperature of hydrogen-methane
mixtures, the maximum flame temperature increased slightly with an admixture of hydro-
gen up to 40%. This is also in agreement with other studies cited in Section 2. Furthermore,
it has been shown that the maximum measured heat flux densities along the flame axis
decreased with an increasing volume fraction of hydrogen. The reason for this can be
traced back to the decreasing heat radiation with increasing hydrogen content due to the
reduction of soot concentration and CO, emissions.

Steel plate temperature and heat flux densities at the nozzle axis

According to the aspects relevant to safety and fire protection, the temperature dis-
tribution along the plate as well as the heat flux densities at the nozzle were measured
at different hydrogen admixtures. Due to the outflow and mixing conditions, resulting
in a lifted flame, the temperature rise as well as the heat flux densities near the nozzle
are negligible at most of the positions of the plate. In general, the temperature increase
recorded here does not result in a risk of pipe breakage.

Lifting height and flame length

To supplement the measurements with thermocouples, imaging methods were used
to determine the lifting height and the flame length. Videos of the various flames were
recorded, and 3000 images were evaluated using an algorithm implemented in MATLAB
2024a. The determined values were analyzed using a probability density function. The
optical method and the values determined with the thermocouples are in good agreement
with each other. It was obvious that an increase in the hydrogen content led to a smaller
distribution width. When looking at the flame length, the distribution shifted towards
larger values with a higher hydrogen content, while the opposite trend was observed at the
take-off height.

Due to the increasing burning rate, a shortening of the flame with increasing hydrogen
content was expected. However, it has been shown that the flame length increases in the
concentration range of hydrogen, as investigated in this study. This results from the fact
that the decrease in the total length from nozzle to flame tip is less than the decrease in
the lifting height. With a further increase in the hydrogen content beyond the investigated
40 vol.-%, it can be assumed that the flame length decreases, since the pure hydrogen flame
has a very low height.

Emissivity

Contrary to expectations, the flame with an increased hydrogen concentration was not
less visible but shone brightly in the range of 30 vol.-% to 40 vol.-% hydrogen admixtures.
Due to the increase in the yellow content of the flame, it could be concluded that an
increased proportion of C2 compounds has been formed by the hydrogen admixture, up to
about 60 to 80 vol.-%. A possible explanation for this phenomenon is that, due to the higher
diffusivity and combustion velocity of hydrogen in the lower part of the flame, mainly
hydrogen is oxidized.

The results of this study lead to a basic understanding of the changes that come with
a hydrogen admixture. It can be used to determine designs for future experiments, for
example, the testing of materials.
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