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Abstract: Interest in alternative and renewable energy sources has risen significantly in recent years.
Biogas is a prime example of a promising, alternative fuel that might be a possible replacement for
fossil fuels. It is a mixture consisting mainly of CH4 and CO, with various additions. Biogas is easily
storable and as such is a more reliable and stable source of energy than solar and wind sources, which
suffer from unreliability due to their dependence on weather conditions. In this paper, the authors
report experimental results of detonation of a biogas-oxygen mixture. The composition of the biogas
was 70% CHy + 30% CO, and the experiments were carried out for a range of equivalence ratios
(® = 0.5 = 1.5) and initial pressures (0.6 < 1.6 bar). The aim of the research was to analyze the cellular
structure of detonation. The soot foil technique was used to determine the width of the detonation
cells (A). The conducted experiments and subsequent analysis of the detonation cell size confirm
that both the increase in the initial pressure of the mixture or move away from stoichiometric ($ = 1)
composition is accompanied by a decrease in the width of the detonation cell. The authors also argue
that due to the unstable cellular structure of the detonation, it is insufficient to report only the average
cell size. Instead, the researchers propose more detailed statistical description assured values.

Keywords: detonation; detonation cell; biogas; combustion

1. Introduction

Climate change concerns have been very much in the forefront in the international
scientific community for a number of years. This is reflected in growing research efforts in
the field of alternative and renewable fuels and energy production with low or no impact on
the environment. Moreover, research is strongly driven by regulatory and climate policies
such as the Kyoto Agreement (1997) [1] and the following Paris Agreement (2015) [2] and
Katowice Climate Package (2018) [3] of the United Nations Framework Conventions on
Climate Change (UN FCCC). At the same time, energy is vital for achieving economic
development and higher standards of living across the planet. It is well known that living
standards are high in countries with high industrial output and intense energy use, but
for this to happen energy is needed, and most of it is obtained from fossil fuels (coal,
oil and natural gas) [4]. It is therefore evident that the world is in dire need of securing
alternative and renewable energy sources to fulfill international agreements and reduce
the global emissions of carbon dioxide if it wishes to achieve the goals set out in the Paris
Agreement [2].

One possible solution is to utilize biogas produced from bio-waste or bio-residues
obtained from, e.g., agriculture, forestry or similar sources [5]. Biogas is usually obtained
in the process of anaerobic digestion in the presence of bacteria or anaerobic degradation
in landfills. During this process, bio-waste is converted into a mixture consisting mainly
of CH4 and CO; [6]. However, it can also contain other gases and contaminants such as
water, hydrogen sulfide (H,S), nitrogen (N;), ammonia (NHjz), oxygen (O,), siloxanes and
solid matter [7]. Typical volume percentages in biogas range from 35% to 70% for CH, and
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15% to 50% for CO;. Those values depend on the composition of the substrate from which
the gas was produced [7,8]. Some impurities may have seriously negative impacts on the
utilization system, such as corrosion, increased emissions and health hazards [8]. However,
in the reported research, we used synthetic biogas consisting only of CHy and CO,.

Biogas is seen as a promising, alternative source of energy for a number of reasons.
First and foremost, as it is produced from biomass, the net balance of CO, emitted into
the atmosphere is close to 0. Moreover, using bio-waste as an energy source is more
cost-effective than producing new biomass [9]. Biogas is also easily storable, meaning
it is a more reliable and stable energy source than solar and wind, which are weather
dependent [5].

Nevertheless, despite its advantages, biogas has some drawbacks. The most im-
portant one is its low Lower Heating Value (LHV), ranging between 16 MJ/ Nm? and
23 MJ/Nm? [5,8]. Approximately 40-60% lower than the natural gas LHV (33.5 [5] or
39 MJ/Nm? [8]) and the pure methane (35.8 MJ/ Nm? [5]). Low LHV means that a gas
turbine powered by biogas requires increased fuel flow to maintain efficiency at an ac-
ceptable level [10]. However, this in turn decreases the compressor surge margin [10-12]
and leads to overheating of the turbine blades [12,13], shortening their useful life. One
solution to these problems is to use detonative instead of deflagrative combustion. The
main advantage of detonation combustion is its higher thermal efficiency compared to
the isobaric or isochoric cycle [11,12]. It can also occur in a wide variety of equivalence
ratios: lean, stoichiometric [13] and rich mixtures [14,15]. Burning a lean mixture has the
advantage of lower flame temperature [16], which could solve the problem of the turbine
overheating. It was also shown that, especially for lean mixtures, detonation engines will
have significantly lower NOx emissions [17] which in connection with low emission from
biogas [10] is even more promising.

Deflagration and detonation are two known combustion modes. For the former, the
pressure wave and the combustion front are separated whereas, for the latter, the combus-
tion zone is attached to the shock wave. Typical detonation parameters involve a pressure
peak of 20-50 bar and velocity of about 2000 m/s. Mixture composition and its initial con-
ditions are the parameters on which those values depend. Three main parameters describe
the detonation process: peak pressure, detonation wave velocity and the detonation cell
size—A. Detonation cells are a product of the three-dimensional, unstable structure of the
detonation wave. They are created by the collision of Mach stems, transverse waves and
incident shocks, which form triple points. Triple points move not only in the direction of
the detonation front but also perpendicularly, creating a very well-known diamond-shaped
pattern called the cellular structure of detonation [18]. The detonation cell width A is the
most often used parameter in quantifying the ease with which a given mixture can detonate.
It is called detonation sensitivity or detonability. The detonation cell size strongly depends
on the equivalence ratio and the mixture initial pressure [19-21]. It reaches its minimum
near the stoichiometric ratio and significantly increases near the lean fuel limit [15]. This
primary parameter is used in safety analysis in places where there is a risk of gas leaks.
Power stations and chemical plants are prime examples. Another usage of A is in the
design of the rotating detonation combustion chamber of a Rotating Detonation Engine
(RDE). As Xie et al. [13] noted, the detonation wave in the chamber tends to be stable
when the detonation cell is smaller than the width of the combustion chamber. Bykovskii
et al. [19,22,23] noted the connection between flow conditions, geometry, detonation cell
size and the detonation wave’s stability in the RDE. Since the RDE concept is not the main
topic of this paper, the interested reader is referred to the works of Wolanski [12] and Zhou
et al. [22] for a broad overview and to the research of Kindracki et al. [23,24] for more
specific examples.

Detonation cell size, the key parameter describing the gaseous detonation process,
has been well investigated and described for a range of combustible mixtures such as
hydrogen—oxidizer or simple hydrocarbon—oxidizer. The Detonation Database [20]
neatly aggregates a large number of results. However, few studies deal with low-calorie
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biogas. Most of them were carried out in Malaysia at the University of Technology and
concerned fueling a Pulsed Detonation Engine with biogas. Wahid et al. [25] conducted
experimental research in a tube of inner diameter 100 mm with synthetic biogas consisting
of 65% CHy and 35% CO, mixed with oxygen and diluted at various percentages with Nj.
All the experiments were conducted at the initial pressure of 1 atm and room temperature
of 300 K. They showed that the detonation cell size increases as percent of N in the mixture
increases. Saqr et al. [26] performed chemical equilibrium calculations of ideal detonation
characteristics of biogas-H; and biogas-H,O, mixtures with air. They researched the
influence of the additional fuel on CJ velocity, pressure rise and temperature, but they did
not calculate the detonation cell size. Dairobi et al. [27] provided a general feasibility study
of fueling the PDE with biogas. They discussed possible problems with lower flame speed
and the biogas impurities with their potentially damaging influence on the environment
and the engine itself. In 2020 Elhawary et al. [28] reported an experimental study of PDE
fueled by biogas with hydrogen enrichment and O, as an oxidizer. They investigated
the influence of H;, addition on the detonation cell size together with other detonation
characteristics. Stable operation of PDE at a frequency of 10 Hz using a hydrogen-enriched
mixture was also presented.

As described above, there is minimal research on biogas detonation available. The
authors, however, are convinced that burning biogas in detonative mode is a very en-
couraging direction and, as such, needs to be investigated more deeply. In this paper, the
authors report the results of experimental research on the detonation cell size of purified
biogas—oxygen mixture for different initial pressures and equivalence ratios. The mixture
used is called “purified biogas” because it is a 70% CHy + 30% CO, mixture and as such,
its CHy content is at the top limit of what is considered biogas [7,8].

2. Materials and Methods
2.1. Experimental Setup

The experimental setup included four subsystems: the ignition device, the detonation
tube, the data acquisition system and the system used to fill and empty the tube. The
scheme of the experimental apparatus is shown in Figure 1. The main element of the test
stand was a stainless-steel detonation tube with an inner diameter of 122.2 mm, a total
length of 4718 mm and a volume of 54.7 dm3. On one end of the tube, an initiator was
placed that was filled with the hydrogen-oxygen stoichiometric mixture. It was 485 mm
long and had an inner diameter of 30 mm and volume equal to 0.343 dm>. The pressure
used in the initiator ranged from 3 to 4 bars depending on the initial pressure in the
detonation tube (higher pressure in the tube meant higher pressure in the initiator). The
initiator was separated from the rest of the tube by a foil diaphragm. Additionally, to
ensure a smooth detonation transition between the two mixtures, a conical section was
mounted between the initiator and the main part of the tube. The initiator and the conical
part of the tube are marked as the driver section in Figure 1. The driven section consisted
of two two-meter-long tubes with seven slots for pressure transducers and one for the
temperature sensor. The purpose of this section was to stabilize the detonation wave
passing from hydrogen-oxygen (in the initiator section) to the biogas-oxygen mixture (in
the driven and test unit). Downstream of the driven section was the 350 mm long test
section separated from the dumping section by a foil membrane. The dumping section had
a length of 500 mm and was filled with densely packed circles of steel mesh of different
mesh sizes. Their purpose was to attenuate the detonation wave and prevent the reflected
shock wave from blowing out the detonation cell pattern recorded on the smoked foil.
Additionally, the dumping section was evacuated before every experiment to enhance the
attenuation effect.
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Figure 1. (a) Chart of the experimental setup; (b) positions of the pressure sensors; (c) test stand in
the laboratory.

Seven pressure sensors (PCB model 113A24) were employed to record the time of
arrival of the detonation and the detonation peak pressure. The sensors were placed
400 mm apart in each tube. The distance between the 3rd and 4th sensor was 800 mm
and between the first and last one the distance was 2800 mm. They were used to monitor
and ensure that the detonation occurred and was stable, and to calculate the propagation
velocity. A National Instruments data acquisition card (model PCI 6133) with in-house
software was used to collect the data with the frequency of 2 MHz. A simple temperature
sensor was used to control the temperature of the fresh mixture inside the tube and the
temperature of the tube itself. Based on the researchers’ previous experience and on the
literature [29], it may be assumed that temperature fluctuations with an amplitude below
5 °C are negligible for the final results.

Smoked foils cut from aluminum sheets (0.5 mm thickness) were used to record the
cellular structure of the detonation. They were covered with soot from a mixture of paraffin
oil and toluene and carefully inserted into the test section before each experiment. During
the experiment, propagating detonation left a cellular pattern visible on the foil. After
the experiment, the foil was carefully removed and photographed using a camera at a
resolution of 25 megapixels. A special frame was used to ensure the photos were taken from
the same distance and perspective. The detonation cell size distribution was then obtained
by marking the width of all recognizable and visible cells using AutoCAD software. The
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lengths of the drawn lines were then exported from AutoCAD and scaled using the paper
scale that was placed on the foil when taking the photo.

In this study, the “purified” biogas: 70% CHy + 30% CO, was tested for a range of
different equivalence ratios and initial pressures. Each mixture was prepared in a gas
cylinder using the partial pressures method at least 24 h before the experiment to ensure
homogeneity. The pressure of the mixture in the cylinder was always set to 10 bar abs. Prior
to the experiment, the mixture was fed into the detonation tube to the desired pressure and
left for 2 min to stabilize. Table 1 presents the ranges of initial pressures and equivalence
ratios researched in the reported work. In some cases, the experiments were repeated 2 or
3 times to gather more data, as the cells were of considerable size.

Table 1. Ranges of initial pressure and equivalence ratio used in the experiments.

o [bar]

@[] 0.6 0.7 0.8 0.9 1.0 1.2 1.4 1.6
0.5 / / / / / / / /
0.75 / / V / / / / /
1.0 / / / / / / / /
1.25 / / / / / / / /
15 / / u / v/ / / v/

2.2. Experimental Uncertainty

The experimental measurements are exposed to uncertainties from three sources:
(a) preparation of the combustible mixture using the partial pressure method, (b) detonation
tube initial pressure measurement and (c) determination of the detonation cell size. The
digital pressure manometer Keller LEO 2 was used in the processes of preparing the
mixture and filling the detonation tube. It has an accuracy of <0.1% FS, which in the
case of manometer’s scale of 0-30 bar gives an accuracy of 0.03 bar. Table 2 presents the
equivalence ratio uncertainty of the prepared mixtures.

Table 2. The uncertainty of the equivalence ratio of the prepared mixtures.

(o 0.5 0.75 1.0 1.25 1.5
AD +0.01 +0.01 +0.02 +0.02 +0.03

The third source of the uncertainties was, as mentioned above, the measurement of
the recorded detonation cell size. To reduce the influence of subjectivity on the processes of
preparing the mixture and measuring the cell sizes, each of those activities were carried
out by only one person from the team. However, it is important to note that this kind
of mixture has a very irregular cellular pattern. The observed detonation wave structure
strongly resembles the irregular cell shapes presented by Ng [30] and Pintgen et al. [31].

3. Experimental Results

Figure 2 shows an exemplary pressure course from one of the experiments. Those
kinds of pressure traces showing a rapid, twenty-fold plus increase in pressure suggest that
detonation occurred. Additionally, the velocities of the wave between each sensor were
calculated and compared to the theoretical Vy. In Figure 3a, velocities between consecutive
pressure transducers for an initial pressure of 1 bar and different equivalence ratios are
presented, showing excellent agreement between the calculated detonation velocities and
theoretical values. Figure 3b illustrates an average detonation velocity calculated using
the velocities between pressure transducers P4-P5, P5-P6 and P6-P7 compared to the
theoretical Vy. This plot covers the whole range of researched pressures and equivalence
ratios. Most of the points differ by no more than 2% from the V¢j, showing very good
agreement throughout all the experiments. As expected, detonation velocity increases with
the increasing initial pressure of the combustible mixture and equivalence ratio.



Energies 2021, 14, 6605 60f 13

~ N N oW
(=] B - N

Pressure [bar]
- -
N [}

0.1312 0.1314 0.1316 0.1318 0.132 0.1322 0.1324 0.1326 0.1328 0.133 0.1332
Time [s]

Figure 2. Exemplary pressure traces from an experiment.

200 - — —pr — — — — i — — — — — - — - - - — — - — - -~~~

250 £ - o= = = o s - - A — = — - o s| @ Vv, forp=05
z 1 | I | I I
T 22004 - - -~ — — - +- - - — - - — - = - + - - - -~ o | & Vafore=07s
g 2150 } — — - — — — — — |- . _ _ B L — _ _ _ + V. for=1.0
c
8 ! ‘ ‘ ‘ I | A V,_for=1.25
B35 2100 & — g0 — — — — 4 — — — — - - - — - L L mforo
) - * v, for $=1.5
SE 0 - D T Tl BPEIP o ! =
§ g I | \ | | | | —— v for$=0.5
8> 2000 + — — |- — — — — — - == == + - - === F-- === - = = = = ! V.. for $=0.75
g [y [ ] ‘ [ ) \ Py o or
I S - - - - . - - L S | | —— Vg fordLo
& w00 f - - - —— - l— == — = 4 — e m— - - [ —~ | —— v, forp=1.25
w

1350;77: 777777 :77777%77777:7 ,,,,, : ,,,,,, : V, for §=1.5

1800 1 | | | ! |

Vl,z

$=1.5
$=1.25
$=1.00
$=0.75
$=0.5

— Vg, /Ve=1

Experimental detonation velocity - Ve [m/s]

1900
1900 1950 2000 2050 2100 2150 2200 2250 2300
Chapmann-Jouguet velocity - V, [m/s]
(b)
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calculated between consecutive pressure sensors, initial pressure py = 1 bar; (b) average detonation velocity from all the
cases compared to theoretical Chapman—]Jouguet detonation velocity V.
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As mentioned above, the main result expected from the experiments was to record the
cellular structure of the detonation wave on the sooted foil inserted in the test section of the
detonation tube. The width of the detonation cell depended on the initial pressure, mixture
composition and equivalence ratio. It ranged from around 2 mm up to 40 mm, resulting
in a different number of recorded cells in each experiment. Additionally, the detonation
wave structure was very unstable, resulting in a wide range of measured cell sizes from
one experiment. What is more, during some experiments, the not fully attenuated shock
waves reflected from the dumping section blew away all or part of the soot from the foil,
fully or partially destroying the results. Figure 4 presents some examples of different
cell sizes, successful and unsuccessful experiments, as well as the unstable structure of
the detonation recorded on the foil. Parts (a) and (b) of Figure 4 presents the differences
between the number of cells obtained from different experiments. As expected, when a
low initial pressure was used a lower number of cells were obtained due to their bigger
size. On the other hand, when the initial pressure was raised, the number of obtained cells
increased as well due to the cells being smaller. Figure 4c shows soot partially blown out
by the reflected shock wave; this kind of result made it very hard to obtain a reasonable
number of cell measurements and usually forced the authors to repeat the experiment.
Finally, Figure 4d presents an unstable cellular structure of the detonation: it can be seen
that the cells differ in both size and shape. Some cells have a regular diamond-like shape
while others are more elongated, thereby confirming that the structure of the detonation is
unstable.

Figure 4. Examples of recorded cellular structure: (a) low pressure, big cells; (b) high pressure, small
cells; (c) partially blown out soot; (d) unstable cellular structure.

Figure 5a,b show the dependency of average cell size on the initial pressure and
equivalence ratio ®, respectively. Average cell size ranges from around 4 mm to about
32 mm depending on the ® and pg. Figure 5a shows that when the equivalence ratio is kept
constant, cell size decreases with as initial pressure increases. At the same time, when the
initial pressure is fixed and the equivalence ratio is varied, it can be seen that the smallest
widths are found for @ = 1. It is also evident that for constant initial pressure, when the
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equivalence ratio decreases or increases, the detonation cell’s width increases. This general
trend agrees with previous, reported research for many different mixtures, showing that
the detonation cell size decreases with increasing initial pressure and reaches minimal
size while being stoichiometric [20]. Additionally, Table 3 presents the equations and the
coefficients of determination R? of the fitted curves shown in Figure 5.

40
30

20

Cell size - A [mm]
(TR T, W N Y. =]

36

32

28 1

24 1

20

16

12

Cell size - A [mm]

05 06 07 08 09 1 11 12 13 14 15
Equivalence ratio - ¢

(b)

Figure 5. Average cell size dependence on: (a) initial pressure py; (b) equivalence ratio ®. Symbols
represent experimental results, and continuous lines represent fitted power and polynomial function,
respectively, in (a,b).



Energies 2021, 14, 6605 90f 13

Table 3. Equations and R? of the fitted curves from Figure 5.

Figure 5a: A = A + B x In(pg)

@ A B R?
0.50 2.794 —0.881 0.96
0.75 2.517 —1.101 0.95
1.00 2412 —0.852 0.89
1.25 2.490 -1.137 0.95
1.50 2.776 —1.164 0.79
Figure 5b: A= A+ B x @ + C * ®2
po [bar] A B C R?
0.6 47.750 —62.099 34.199 0.82
0.8 35.212 —40.801 20.248 0.62
1.0 27.560 —33.417 16.351 0.78
1.6 19.251 —21.461 9.466 0.95

Figure 6 presents the distribution of the data points from the case of & = 1.25. Figure 6a
shows the box and whiskers plots. The whiskers mark the minimum and maximum values
of the measured detonation cell size while the box shows the interquartile range and the
horizontal line inside the box shows the mean value of the detonation cell size in each
presented case. Figure 6b illustrates the histograms of the data. To produce the histogram,
the entire range of values is divided into a series of intervals, and then the data points
falling into each interval or “bin” are counted. In the histograms, the Y-axis shows the
percentage of all the data points falling into each bin. The data is also offered in tabular
form in Table 4 with some additional information: the number of data points, standard
deviation, variation and the standard error of the mean. Analyzing Figure 6a, it appears
that cell size variation is increasing as initial pressure decreases. However, the spread of
measured values is always in the order of its mean, and the value of the coefficient of
variation (CV) oscillates around 0.19. The CV is a standardized measure of dispersion
that shows the extent of variability in relation to the mean. It is defined as the ratio of
the standard deviation to the mean. In the presented results, the average value of CV
from all experiments was 0.191, and the standard deviation was 0.027. These results
indicate that although absolute variation increases with increasing cell size, the relative
variation stays roughly the same throughout the different cases, meaning that the increase
in variation comes only from the increase in detonation cell and it is not caused by any
kind of methodological error or interaction between experiment’s parameters.

Table 4. Statistical description of the equivalence ratio ® = 1.25 case presented in Figure 6.

“f:r] N Min  Max Mean Median Std Var SEM Ccv
06 89 1317 3341 2338 2313 495 2453 053 0.21
0.7 201 1043 2414 1643 1631 347 1202 024 0.21
0.8 119 1143 2187 1682 1707 245 6.00 0.22 0.15
0.9 104 826 1862 1206 1170 263 6.93 0.26 0.22
1.0 160 735 1710 1126 1119 222 491 0.18 0.20
12 445 630 1435 1003  9.94 2.02 4.07 0.10 0.20
14 321 612 1208 887 8.77 1.43 2.03 0.08 0.16

1.6 369 4.63 10.20 7.05 6.89 1.40 1.95 0.07 0.20
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Figure 6. Experimental results for a case of equivalence ratio ® = 1.25. (a) box plots showing the IQR, min, max and mean
for each initial pressure; (b) histogram showing the data distribution.

4. Discussion

The prospect of a highly effective combustion process utilizing eco-friendly fuel
presents a very promising alternative to burning fossil fuels, especially in the context of
climate change concerns. The future combustion chamber of the RDE will need to be
designed with optimal geometry to effectively harness detonative combustion. Thus, in
light of the high variability encountered in cell sizes, providing only the average value
will not suffice. Consequently, the authors postulate that a more comprehensive, statistical
description of the experimentally obtained cell sizes, especially for mixtures with a very
unstable cellular structure, should be provided when reporting the results. At least the
mean and standard deviation should be provided, preferably a minimum, maximum,
median and the coefficient of variation as well. Providing this kind of data will help in
future design efforts regarding the RDE combustion chamber. This is even more important



Energies 2021, 14, 6605

11 0of 13

when one considers the biogas-air mixture, as the presence of nitrogen in the air will render
the cellular structure even more unstable [31].

5. Summary and Conclusions

In the research presented in this paper, the authors conducted a series of experiments
to determine one of the basic parameters of the detonation wave—the detonation cell—for
the biogas—oxygen mixture. It was shown that when the equivalence ratio is held constant
and the initial pressure rises, the detonation cell size decreases. On the other hand, when
the initial pressure is fixed, the cell width increases when the equivalence ratio moves
further away from stoichiometry, either towards a lean or rich composition. This is in
accordance with the experimental results broadly reported in the detonation database [20],
not only for biogas-oxygen mixtures but many others as well. The results recorded on the
sooted foil also showed that the detonation cellular structure of the biogas-oxygen mixture
is very unstable. Based on this, the authors decided to calculate not only the average
value of the measured detonation cell size in each case but to provide a more detailed,
statistical description of the gathered samples. Consequently, it showed that indeed the
absolute variability of the cell size was high, but at the same time, relative variability
stayed roughly constant throughout all the researched cases. Authors of this article believe
that this research is crucial in the context of the future development of the biogas fueled
Rotating Detonation Engine (RDE).
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Nomenclature

Po initial pressure in the detonation tube [bar]
o} equivalence ratio [-]

A detonation cell size [mm]

Ccv Coefficient of Variation

@] Chapman-Jouguet

FS Full Scale

LHV Lower Heating Value [M]/ Nm?3]

PDE  Pulsed Detonation Engine

RDE Rotating Detonation Engine

Std Standard Deviation

SEM  Standard Error of Mean

Var Variation

Vexp  Experimental detonation velocity [m/s]
Ve Chapman-Jouguet detonation velocity [m/s]
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