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Abstract: Reported in the article is further progress in the development of the novel pulsed detonation
gun (PDG) technology for the conversion of organic wastes into syngas in a two-component gasifying
agent (GA) containing ultra-superheated steam and carbon dioxide obtained by pulsed detonations
of a natural gas—oxygen mixture at a frequency of 1 Hz. Experimental studies were carried out on
a waste converter with a 40 dm?3 flow reactor and two PDGs with a total volume of 2.4 or 3.2 dm?,
which is approximately a factor of 6 and 4.5 less than in previous studies, respectively. The objective
of the research was to find the design and operation parameters of the waste converter that provide a
minimum amount of CO; in the gasification products. Waste machine oil was used as a feedstock.
It is shown that, compared with the earlier experiments with a higher average temperature of the
reactor wall and with a PDG of a much larger volume, the contents of Hy, CO, CHy, and CO; in the
syngas remained virtually unchanged, whereas the efficiency of the gasification process increased
significantly: the use of 1 g of natural gas made it possible to gasify up to 4 g of the feedstock. It
is also shown that the determining role in the gasification process of liquid feedstock is played by
the feedstock residence time in the PDG rather than in the reactor. The minimum ratio between the
flow rates of the GA and liquid feedstock, the minimum ratio between the flow rates of combustible
gas and liquid feedstock, as well as the actual GA consumption in the gasification process are
determined experimentally.
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1. Introduction

Thermal processing of liquid/solid organic waste with superheated water or steam [1-4]
and/or CO; [5] is considered a competitive and economically attractive technology for
converting waste into energy [6,7], into hydrogen [8,9], into fuel [10], and into plastics [11],
especially when the process heat is obtained using environmentally friendly sources [12-14],
other than direct combustion of feedstock. The current state, problems, and prospects of
the industrial thermal processing of organic wastes were discussed elsewhere [15].

The use of H,O and/or CO; as gasifying agents has a number of advantages [16,17].
H,0O and CO; consist only of H and O atoms and C and O atoms, respectively; therefore,
the syngas obtained by organic waste gasification is not diluted with other gases. Waste
gasification with H,O and/or CO; requires less gasifying agent (GA) due to its high
enthalpy. The use of the combined H,O/CO,; gasifying agent allows controlling the
composition of the syngas. The use of H,O as a GA increases economic efficiency [18,19].
Finally, the syngas obtained by waste gasification in the absence of free oxygen does not
contain toxic compounds such as dioxins and furans [20]. The amount of H; obtained
during the steam gasification of biomass is about three times greater than during its air-
assisted gasification. CO, for the gasification of organic waste can be taken from the
flue gases of power plants, which will reduce greenhouse gas emissions and reduce the
carbon footprint.
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Depending on the heat source used, all gasification technologies are divided into
autothermal and allothermal [21,22]. Autothermal technologies use the gasification heat
generated in the gasifier itself by adding oxygen or air to partially burn the feedstock. The
share of the burned feedstock can be essential [23,24]. Allothermal technologies use heat
for gasification supplied from an external source, such as heat exchangers, electric heaters,
heat carriers, plasma arcs, etc. [25].

Depending on the process temperature, all gasification technologies are divided into
low-temperature and high-temperature ones. Low-temperature gasification is usually
carried out at temperatures below 1000 °C and results in the production of syngas, char,
and slag. Syngas is usually contaminated with tar (aromatic organic compounds heavier
than C¢Hg), CO;, and particulate matter, as well as alkali metal-, chlorine-, and sulfur-
containing compounds. Therefore, the removal of impurities from syngas is one of the
necessary stages of all low-temperature gasification technologies. Char, the solid residue of
organic waste, consists mainly of carbon, but may contain some hydrogen and oxygen, as
well as inorganic ash. Slag, the glassy by-product of gasification, is considered safe and can
be used as road construction, roofing material, etc.

The main disadvantages of existing low-temperature gasification technologies are the
low quality of the product syngas due to the high content of tar and CO,, the low process
efficiency due to the large amount of residual char, the difficulty in controlling the quality
of syngas due to the long stay of the feedstock in the reaction zone, as well as the low yield
of syngas due to the high content of tar and char and the partial use of syngas and char for
producing the process heat. Current research and development are mainly focused on the
pretreatment of feedstock and increasing its reactivity [26].

High-temperature gasification is carried out at temperatures above 1200 °C. Such tem-
peratures are reached during combustion, in plasma, and in concentrators of solar radiation.
Gasification products are high-quality syngas and slag, and syngas consists mainly of Hp
and CO, the content of hydrocarbons higher than C;-C; is negligible, and compounds
containing alkali metals, chlorine, and sulfur take on the simplest chemical structures.

The main advantages of high-temperature gasification technologies are the production
of high-quality syngas with low tar and CO, content, high process efficiency due to
negligible tar and char residues, ease of syngas quality control due to the short residence
time of feedstock in the reaction zone, and potentially high syngas yield due to the use
of external energy sources for producing the process heat. Despite these advantages,
high-temperature plasma and solar-assisted technologies have certain disadvantages that
limit their wide application. Industrial microwave and electric arc technologies require
tremendous amounts of electricity to obtain plasma with local temperatures from 5000 to
10,000 °C, which are not in demand because the typical average operation temperatures
in plasma gasifiers are 1300-1700 °C. Due to such a high average operation temperature,
the walls of the gasifiers must be water-cooled and made of special materials with a
refractory lining. The service life of arc electrodes is only hundreds of hours. The efficiency
of microwave gasification depends on feedstock properties. The main disadvantage of
solar-assisted gasification is its intermittent nature.

In [21,22,27,28], we proposed a new technology referred to as the pulsed detonation
gun (PDG) technology for the high-temperature gasification of organic wastes by the
combined GA containing H,O and CO, heated to temperatures above 2000 °C in pulsed or
continuous detonations of fuel-oxygen mixtures diluted with low-temperature steam. The
ability of such a GA to gasify liquid and solid organic wastes without adversely affecting
the environment is well known [21,22]. At temperatures above 1500 °C, the tar and char
formed at the initial stages of the gasification process are completely converted into syngas
ideally consisting only of H; and CO in a ratio depending on the feedstock, while the
condensed solid and liquid residues consist of safe simple oxides and aqueous solutions of
simple anoxic acids such as HCI, HE, H;S, and ammonia NHj3 [29-31]. Mineral residues
can be used as additives in building materials, while acids can be separated, concentrated,
and marketed. In other words, the gasification of organic waste with such a GA potentially
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allows complete conversion of waste into useful products without emissions into the
atmosphere, into the ground, and into water bodies.

This work is aimed at the further development of the PDG technology for the conver-
sion of organic wastes into syngas by a two-component (H,O/CO,) GA obtained by pulsed
detonations of a natural gas—oxygen mixture [32-34]. In [32,33], the PDG technology was
used for autothermal high-temperature conversion of natural gas and allothermal oxygen-
free gasification of liquid/solid organic wastes in a waste gasifier (WG) at atmospheric
pressure using a PDG with a volume of 15 dm?, operating at a frequency of 1 Hz, and flow
reactors with a volume of 100 [32,33] and 40 dm? [33]. It turned out that the measured
concentrations of Hy, CO, and CO; in the syngas obtained by the conversion of natural
gas and the gasification of liquid/solid organic wastes were virtually independent of the
feedstock and the volume of the flow reactor, which is explained by the high values of the
local instantaneous temperature in the reactor (above 2000 °C).

In this work, similar studies are carried out on a WG with a flow reactor 40 dm? in
volume, but instead of a PDG of 15 dm? in volume, we use two PDGs with a total volume
of approximately a factor of 6 and 4.5 less: 2.4 and 3.2 dm>. The main goal of the research is
to find the design and operating parameters of the WG such that the gasification products
contain the minimum amount of CO; when the WG operates at a frequency of 1 Hz. The
main tasks of the research are: (1) to determine the minimum ratio between the mass flow
rates of the GA and liquid feedstock to achieve the maximum conversion of feedstock into
syngas, (2) to determine the influence of the location of feedstock supply on the syngas
quality, and (3) to determine the effect of the feedstock residence time in the PDG and flow
reactor on the syngas quality.

2. Materials and Methods
2.1. Properties of Feedstock and Fuel

Tables 1 and 2 show the proximate and ultimate analyses of the waste machine oil
used as a feedstock in this work. Table 3 shows the composition of natural gas used in the
PDGs as a fuel. Technical oxygen (99.7%) was used as an oxidizer for the PDGs. Table 4
shows the typical composition of the GA—the mixture of ultra-superheated steam and
carbon dioxide—measured in the experiments without feedstock supply.

Table 1. Proximate analysis of waste machine oil.

Waste Density, kg/m3 HHYV, * M]/kg Moisture, ** % Ash, *** %

Waste machine oil 900 45.74 5 0.7

* Calorimeter ABK-1V (Russia). ** Moisture was measured by gravitational phase separation. *** Ash content was
determined according to the method of the State Standard GOST 33106 (Russia).

Table 2. Ultimate analysis of waste machine oil *.

Waste C H N X, %

Waste machine oil 86.34 13.44 trace 99.78
* CHNS/O PE 2400 Ser. II analyzer (Perkin Elmer, USA); CHN determination accuracy < 0.30% abs.

Table 3. Composition of natural gas.

Species %vol.
CHy 96.1
CyHg 21
C3Hg 0.6
C4Hyo 0.2
N, 1.0*

* By difference.
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Table 4. Typical composition of the gasifying agent.

Species %vol.
H,O 65
CO, 32
cO 2

H, 1

Remark: measured by flow gas analyzer MRU VARIO SYNGAS PLUS (Germany), the measurement error of
volume fractions is estimated at 5%.

2.2. Waste Gasifier and Principle of Its Operation

Figure 1 shows a schematic and a photograph of the WG. The WG consists of two
coaxial identical PDGs (PDG-1 and PDG-2) connected from different sides to a flow reactor.
Liquid waste is supplied from a single tank in the PDGs in the form of sprays under the
pressure of nitrogen. The location of waste supply to a PDG can change: either at the end
of the PDG before entering the flow reactor, or in the central part of the PDG. A detailed

description of the design and operation principle of PDG, flow reactor, and WG as a whole
is given below.

Figure 1. Waste gasifier with two PDGs: (a) valveless scheme; (b) valved scheme; and (c) photograph.

The PDG is a tube 50 mm in diameter with one end open and the other closed. The
open end of the tube communicates with the flow reactor. The closed end of the tube is
equipped with a spark plug and ports for the supply of fuel and oxygen from manifolds
with control valves. The operation cycle of the PDG starts from supplying fuel and oxygen
to the tube. Once the tube is filled with the combustible mixture, the spark plug is triggered
to ignite the flame, which rapidly accelerates in the tube and transitions to a detonation
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via deflagration-to-detonation transition (DDT). The resulting detonation wave propagates
through the combustible mixture at a speed above 2300 m/s, converting the mixture into the
detonation products, consisting mainly of H,O and CO, at very high values of temperature
(above 3400 °C) and pressure (above 20 bar). After the detonation wave enters the flow
reactor as a strong shock wave, the detonation products expand into the flow reactor in
the form of a high-speed (above 1000 m/s) dense jet with the temperature reduced to
about 2000 °C [21,34]. When the pressure in the PDG drops to a value slightly exceeding
the atmospheric pressure, a new portion of combustible mixture is supplied to the tube
through the ports at the closed end. After the PDG is filled with the mixture, the spark plug
is triggered to ignite the flame, and the next operation cycle starts. To avoid uncontrolled
ignition of the combustible mixture of the new cycle by the hot detonation products of
the previous cycle, a short advance in fuel supply is used for creating a plug between
them. The PDG operates in a pulsed mode with a pulse frequency mainly determined by
the characteristic fill and exhaust times, as these times are an order of magnitude greater
than the time taken for flame ignition, DDT, detonation propagation along the tube, and
outflow of detonation products. Note that waste supply to the PDG can affect both DDT
and developed detonation. Depending on the location and the mass flow rate of waste
supply, they can fail or decay, respectively.

The PDG as a generator of ultra-superheated GA (a mixture of H;O and CO,) has a
number of advantages [28]. Firstly, it can be made of conventional construction materials,
since it is effectively cooled internally during the fill process, and can be water cooled exter-
nally. Secondly, it is capable of operating on any available gaseous or liquid hydrocarbon
fuel as fuel-oxygen mixtures commonly exhibit high detonability. Moreover, the PDG can
efficiently operate on the syngas obtained from organic waste gasification if the syngas
is not much diluted with incombustible gases (nitrogen, CO,). Thirdly, the simplicity of
design and operation principle of the PDG allow its scaling for industrial applications.
Fourthly, the energy consumption for the cyclic operation of the PDG is negligible.

The flow reactor is based on the standard 40-L gas cylinder (241 mm in diameter and
997 mm long). It has a compact shape to avoid the formation of long-lived gas-dynamic
stagnation zones leading to feedstock accumulation and slagging. Two PDGs are connected
to the flow reactor coaxially opposite to each other to induce strong colliding shock waves
and powerful vortex structures, increasing the residence time of feedstock particles in
the flow reactor. Pulsed shock waves emanating from the PDGs possess a tremendous
destructive power. They effectively crush the feedstock. Moreover, feedstock particles
are subject to multiple acts of fragmentation not only by pulsed incident shock waves,
but also by shock waves reflected from reactor walls. The shock waves also prevent
the agglomeration of feedstock particles and their adhesion to the reactor walls. As for
the powerful vortex structures, they repeatedly deliver feedstock particles in the zones
with high-temperature GA far from reactor walls, thus promoting the gasification process.
The flow reactor is equipped with outlet ports for continuous outflow of syngas and
continuous/periodic removal of mineral residue. To avoid suction of atmospheric air, the
average operation pressure in the flow reactor is kept slightly higher than the atmospheric
pressure. The issues of operation safety are discussed in detail in [28].

In general, the operation principle of WG includes three transient stages preceding
the nominal operation mode. The first and second stages are used to reach the steady
thermal states of all structural elements without and with feedstock supply to the flow
reactor, respectively. At these two stages, the WG operates on the available starting fuel
(herein, natural gas). At the third stage, the starting fuel is gradually replaced with the
product syngas to reach the steady-state nominal operation mode. In this latter mode, the
composition of the product syngas is appropriate for use as a fuel in the PDGs. Due to the
extremely high temperatures of the GA entering the flow reactor from the PDGs and the
sufficient residence time of feedstock particles in the flow reactor, the product syngas must
mainly contain H, and CO, whereas volume fractions of CO,, CHy, and CyHy must tend to
zero [28]. In the nominal operation mode, only a part of syngas is used as fuel [28].
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2.3. Experimental Conditions

The experiments were conducted using the WG of four schemes indicated in Table 5.

Table 5. Configurations of waste gasifier.

Scheme Valve PDG PDG Feedstock Supply
No. Length Volume Location, Ly, *
1 No Short (0.63m) 2.4 dm?3 545 mm 295 mm
2 Yes Short (0.63m) 2.4 dm? 545 mm 295 mm
3 No Long (0.82 m) 3.2dm? 295 mm -
4 Yes Long (0.82 m) 3.2dm? 295 mm -

* Feedstock supply locations, Ly, are measured from the PDG closed end.

In valveless schemes 1 and 3, the feedstock was supplied to the WG continuously,
whereas the product syngas was taken from the end zones of the flow reactor through steel
tubes 8 mm in diameter (see Figure 1a). In valved schemes 2 and 4, the feedstock was
supplied to the WG in batches, whereas the product syngas was taken from the central
outlet port of the flow reactor equipped with a periodically opened pneumatic valve (see
Figure 1b). The valve was used to increase the residence time of the feedstock in the
flow reactor: it opened after three successive detonation pulses and closed before the next
detonation pulse. When the valve was opened, the supply of feedstock to the WG was
interrupted. In schemes 1 and 2, the feedstock was supplied either through the port at the
end or in the central part of each PDG. In schemes 3 and 4, the feedstock was supplied only
through the port located in the central part of each PDG.

The following parameters were measured in the experiments: the mass flow rates of
fuel and oxygen to the PDG, the mass flow rate of waste machine oil; the composition of
the product syngas; the pressure in the flow reactor; and the temperature of the wall of
the flow reactor. The mass flow rate of fuel varied from 0 to 0.6 g/s and was measured by
the pressure drop in the fuel receiver over the measurement period. The mass flow rate
of oxygen varied from 0 to 3 g/s and was measured by the pressure drop in the oxygen
receiver over the measurement period. The relative error in measuring the mass flow
rates of gases was 15%. The error in measuring the mass flow rate of feedstock did not
exceed 10%. The composition of detonation products and syngas was measured using
gas analyzers VARIO plus “Syngas” (measurement error 5% abs.) and Kristall 2000M
Thermotech (measurement error £0.0001% abs.). The temperature of the walls of the
flow reactor was measured using Oven DTPN286M +1200C thermocouple (measurement
error £5 °C). The pressure in the flow reactor was measured using a Courant-DI 60 atm
sensor with a natural oscillation frequency of 10 kHz (measurement error 1.0%). The
locations of the thermocouple and pressure sensor are shown in Figure 1a,b. The changes
of these locations on the surface of the flow reactor did not affect essentially the measured
temperature and pressure.

Pulsed detonation guns in all experiments operated at a frequency of 1 Hz. The
main variable in the experiments is the mass flow rate of feedstock: it varied from 0 to
3.2 g/s. The composition of the combustible mixture in the PDG was close to stoichiometric
(slightly fuel-rich). The total measured content of CO; in the dry detonation products of
such a mixture reached 91.5%vol., and the remaining species were CO (5.8%vol.) and Hj
(2.7%vol.).

Figure 2 shows typical time histories of the overpressure in the flow reactor, P,
and temperature of the wall, T;, of the flow reactor in two experiments with the WG of
valveless (Figure 2a) and valved (Figure 2b) schemes. The instantaneous overpressure
in the WG of both schemes is seen to pulsate. In the WG of the valveless scheme, the
overpressure pulsates in a single pulsation mode from approximately 0.2 to 0.7 bar, whereas
in the WG of valved scheme, it pulsates in a double pulsation mode from approximately
0.1 to 1.2 bar. The first mode includes 1-Hz detonation pulses, while the second mode
includes three successive detonation pulses followed by the gradual pressure drop caused
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by valve opening. The pulsations of the first mode result in the pressure build-up. Despite
these differences, the average pressure, Py, in the flow reactor in both examples remains
approximately constant and close to 0.3 and 0.4 bar, respectively. The temperature of
the reactor wall in both examples is maintained as approximately constant at a level
of 550-600 °C.
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Figure 2. Typical records of the wall temperature T, and overpressure P, in the flow reactor of
valveless (a) and valved (b) WG schemes. Curves Py, correspond to the average overpressure in the
flow reactor. Zero time approximately corresponds to the conditions when the second transient stage
of WG operation comes to an end.

Figure 3 shows typical records of the VARIO gas analyzer in experiments on the WG
of valveless (Figure 3a) and valved (Figure 3b) schemes when reaching a steady operation
mode with a subsequent shutdown of the PDGs. The approximate moments of entering the
steady mode and turning off the PDGs are shown by arrows. In both cases, the duration
of WG operation in the steady mode exceeded 10 min. It can be seen that the content of
free oxygen in the product syngas in the steady operation mode is zero, and the content
of CO; tends to 6-8% (vol., dry). The content of combustible gases reaches 92-94% (vol.,
dry), while the contents of H, and CO reach 28 and 38% (vol., dry) in the WG of valveless
scheme and 32 and 40% (vol., dry) in the WG of the valved scheme, respectively. Since the
VARIO gas analyzer does not measure nitrogen and hydrocarbons other than CHy, these
compounds are presented in Figure 3 as No+CyHy. The sharp increase in the contents of
N>+CyHy and O after the shutdown of the PDGs corresponds to the displacement of the
product syngas by atmospheric air in the gas analyzer. The use of the Kristall 2000M gas
analyzer made it possible to determine the composition of N»+CyHy during WG operation:
mainly CoHy (up to 51%), CoHg (up to 36%), and CzHg (up to 13%). No other compounds,
including nitrogen, were found.
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Figure 3. Typical records of the gas analyzer for experiments with the WG of valveless (a) and valved
(b) schemes. Arrows indicate approximate time instants of reaching a steady operation mode and
PDG shutdown. Zero time approximately corresponds to the start of the second transient stage of
WG operation.

3. Results
3.1. Effect of Feedstock Supply Location

To determine the effect of the feedstock supply location on the gasification process, the
WG of valveless scheme 1 and valved scheme 2 was used. The feedstock supply port was
located at a distance of either L, = 545 mm or L, = 295 mm from the closed end of the PDG
(see Table 5). If one counts the distance from the PDG open end, then the feedstock supply
ports were located at distances of 85 mm or 335 mm, respectively. Table 6 shows the results
of experiments in terms of the feedstock mass flow rate, Gy, the mass flow rate of fuel
(natural gas), G s the mass flow rate of oxygen, Gox, the ratio 6 = G 7 / Gy characterizing
the energy efficiency of the gasification process, the temperature of the wall of the flow
reactor, T;, and the contents of CO,, CO, Hp, CHy, O,, and CyHj, in the dry syngas. Figure 4
compares the measured compositions of the syngas. Based on the data in Table 5 and
Figure 4, the following conclusions can be drawn.

Table 6. The results of experiments on the gasification of waste machine oil in the WG of valveless (1)
and valved (2) schemes, when feedstock is supplied near (85 mm) and at a distance (355 mm) from
the PDG open end.

Scheme

GWI

T [CO,] [CO] [Hp] [CH4l [0-] [CyHy ]

No. mm ofs gG/f;’ ié}’:’ 0 °C %vol. %vol. %vol. %vol. %vol. %vol.
Dry Dry Dry Dry Dry Dry
545 2.70 0.53 2.12 0.20 580 13.4 36.0 26.2 12.7 0 114
1 295 3.24 0.55 2.20 0.17 600 9.0 39.5 27.9 145 0.35 8.7
545 1.90 0.32 1.28 0.17 550 12.3 38.0 274 11.6 0.10 10.7
2 295 1.35 0.36 1.44 0.26 570 10.0 43.0 30.6 10.2 0 6.2

1.  Increasing the residence time of feedstock in the flow reactor due to the use of valve
(the mean residence time is expected to increases by a factor of about 3) leads to an
increase in the yields of target gasification products (H; and CO) and a decrease in
the yields of CO,, CHy, and CyH,,. In the valved schemes, the contents of H, and
CO reach 31 and 43% (vol., dry), respectively, and the contents of CO,, CHy4, and
CyHy decrease to 10, 10, and 6% (vol., dry), respectively, i.e., the maximum content of
combustible gases reaches 90% (vol., dry);

2. The supply of feedstock to the PDG through the port located farther from the inlet to
the flow reactor increases the yields of target gasification products (H, and CO) and
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reduces the yield of CO,. As for CHy and CyHy, the displacement of the feedstock
supply location from the flow reactor has a multidirectional effect on their yields: the
yield of CHy increases, while the yield of CyH, decreases. The obtained results are
apparently explained by the fact that the supply of feedstock to the PDG farther from
the inlet to the flow reactor leads to an increase in the feedstock residence time in the
high-temperature GA behind a propagating detonation wave and a greater progress
in the gasification reaction, resulting in a decrease in the yields of CO, and CyHy;

3. In the WG with short PDGs, a minimum Gf/ Gy ratio of 0.17 was achieved in the

experiments.
50
a7
- |2
_E' 40 03
I |4
=30+
2
°
«
= 20
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o 10~
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0, CO, CO H, CH, CH,
Figure 4. The measured composition of dry gasification products of waste machine oil obtained
in the WG of valveless scheme 1 (columns 1 and 2) and valved scheme 2 (columns 3 and 4) when
feedstock is supplied near (85 mm) (columns 1 and 3) and at a distance (355 mm) (columns 2 and 4)

from the PDG open end.

3.2. Effect of Length (Volume) of the Pulsed Detonation Gun

To determine the effect of the length (volume) of the PDG on the gasification process,
the WG of valveless schemes 1 and 3 and valved schemes 2 and 4 was used. Remember that
these pairs of schemes differ by the lengths (volumes) of PDGs equal to 0.63 cm (2.4 dm?)
and 0.82 cm (3.2 dm?®), respectively. The feedstock supply port was located at a distance
Ly =335 mm or Ly, = 525 mm from the closed end of the PDG, respectively (see Table 5). If
one counts the distances from the PDG open end, then the feedstock supply ports were
located at a distance of 295 mm in all cases. Table 7 shows the results of experiments in
terms of Gy, G fr Gox, 0 =G f / Guw, Ty, and the composition of dry syngas. Figure 5 compares
the measured compositions of the syngas. Based on the data in Table 6 and Figure 5, the
following conclusions can be drawn:

Table 7. The results of experiments on the gasification of waste machine oil in the WG of valveless (1,
3) and valved (2, 4) schemes with PDGs of different lengths, when waste machine oil is supplied at a
distance of 295 mm from the closed end of the PDGs.

Scheme Gy, Gy, Gox, 0 T,, E)/C‘?zll g/co: EHZ]I E)/CH41] 050211 [&H{]
No. g/S g/S g/S °C oVOl. oVOl. oVOl. oVOl. oVOl. oVOl.
Dry Dry Dry Dry Dry Dry
1 3.24 0.55 2.20 0.17 600 9.0 39.5 27.9 14.5 0.4 8.7
2 1.35 0.36 1.44 0.26 570 10.0 43.0 30.6 10.2 0 6.2
3 1.98 0.71 2.84 0.36 620 8.5 428 34.5 8.7 0 5.5
4 2.18 0.36 1.44 0.16 490 72 40.6 33.2 10.4 0.3 8.3
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Figure 5. The measured compositions of dry gasification products of waste machine oil obtained in
the GW of valveless schemes 1 and 3 and valved schemes 2 and 4 with PDGs of different lengths
(1 and 2—short PDGs; 3 and 4—long PDGs), when supplying feedstock at a distance of 295 mm from
the closed end of the PDG.

1.

An increase in the residence time of the feedstock in the WG of valveless scheme
due to the use of longer PDGs leads to an increase in the yields of target gasification
products (Hy and CO) and a decrease in the yields of CO,, CHy, and C H,,. In the
WG of valveless scheme 3, the yields of H, and CO reach 35 and 43% (vol., dry),
respectively, and the yields of CO,, CHy, and CyHy decrease to 8, 8, and 5% (vol., dry),
respectively, i.e., the maximum yield of combustible gases reaches 92% (vol., dry);
Increasing the residence time of the feedstock in the WG due to the use of both longer
PDGs and valves leads to a decrease in the yield of CO, to 7% (vol., dry) and an
increase in the maximum combustible gas yield to 93% (vol., dry) (compare schemes
3 and 4). At the same time, the yields of the target gasification products (H; and CO)
somewhat decrease (to 34 and 40% (vol., dry)), while the yields of CH, and C,H,
slightly increase (to 10 and 8% (vol., dry)) compared to those in the valveless schemes.
The latter could be explained by the larger relative loading of the reactor with the
feedstock (G to G r+ Gox ratio 0.56 vs. 1.21) and possibly incomplete gasification of
feedstock;

The use of the valve in the WG with short PDGs leads to an increase in the yields of
both the target gasification products (H, and CO) and CO,, but also to a decrease in
the yields of CH4 and CyH,. The yields of H, and CO increase from 27 and 39% (vol.,
dry) to 31 and 43% (vol., dry), respectively, the yield of CO, increases from 9 to 10%
(vol., dry), and the yields of CH4 and C,H; decrease from 15 and 8% (vol., dry) to 10
and 6% (vol., dry), respectively. The maximum yield of combustible gases reaches
90% (dry vol.);

In contrast to the WG with short PDGs, the use of the WG of the valved scheme
with long PDGs leads to a decrease in both the yields of target gasification products
(Hz and CO) and CO,, but also to an increase in the yields of CHy and CyHy. The
yields of H, and CO decrease from 34.5 and 43% (vol., dry) to 33 and 41% (vol., dry),
respectively, the yield of CO, decreases from 8 to 7% (vol., dry), and the yields of CHy4
and CyH, increase from 8 and 5% (vol., dry) to 10 and 8% (vol., dry), respectively. The
maximum yield of combustible gases reaches 93% (vol., dry);

As in the case of the WG with short PDGs, the minimum ratio0 = G b /Gy = 0.16 was
achieved in the WG with long PDGs.
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3.3. Effect of Feedstock Residence Time in the Pulsed Detonation Gun

The use of PDGs of different length with different locations of feedstock supply
makes it possible to trace the influence of the feedstock residence time in the PDG on the
characteristics of the gasification process in the WG of valveless schemes. Obviously, the
minimum residence time of the feedstock in the PDG is achieved in the WG of scheme 1
with short PDGs and with feedstock supply near the inlet to the flow reactor. The maximum
residence time of the feedstock in the PDG was achieved using the WG of scheme 3 with
long PDGs and with feedstock supply far from the inlet to the flow reactor. Finally, some
intermediate residence time of the feedstock in the PDG was achieved in the WG of scheme
1 with short PDGs and with feedstock supply far from the inlet to the flow reactor. Figure 6
shows the measured compositions of dry gasification products of the waste machine oil in
the WG of three valveless schemes with different residence times of the feedstock in the
PDG: minimum, intermediate, and maximum. It can be seen that with an increase in the
feedstock residence time in the PDG the content of CO, in the product syngas decreases.
The yields of target gasification products (H; and CO) increase, while the yields of CHy
and CyHy decrease. The increase in the yield of CHy when changing from minimum to
intermediate residence time could be explained by incomplete gasification of feedstock
(see below).

50
O/
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3
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Figure 6. The measured compositions of dry gasification products of waste machine oil obtained in
the WG of valveless schemes with different residence times of feedstock in the PDG: 1—minimum;
2—intermediate; and 3—maximum.

3.4. Effect of Feedstock Residence Time in the Flow Reactor

Since the residence time of the feedstock in the PDG is much shorter than in the flow
reactor, the use of the WG of valveless and valved schemes makes it possible to reveal the
effect of the feedstock residence time in the flow reactor on the characteristics of the gasifi-
cation process. Contrary to the WG of valveless schemes, in which the gasification products
outflowed freely from the flow reactor (see Figure 2a), in the WG of valved schemes, the
gasification products outflowed from the flow reactor after each three operation cycles of
the PDGs (see Figure 2b), i.e., the feedstock residence time in the flow reactor was much
longer (approximately by a factor of 3). Figure 7 compares the influence of the feedstock
residence time in the flow reactor on the measured composition of dry syngas obtained
in the WG of valveless and valved schemes for six different cases. Based on the data in
Figure 7, the following conclusions can be drawn.
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Figure 7. The measured compositions of dry gasification products of waste machine oil in the WG
of valveless and valved schemes for six cases: case 1—scheme 1 with the feedstock supply to the
PDG near the open end; case 2—scheme 1, feedstock supply far from the open end; case 3—scheme 3,
feedstock supply far from the open end; case 4—scheme 2, feedstock supply near the open end; case
5—scheme 2, feedstock supply far from the open end; and case 6—scheme 4, feedstock supply far
from the open end.

1.  Bothin the WG of valveless and valved schemes, an increase in the feedstock residence
time in the PDG generally leads to a decrease in the yield of CO; and increase in the
yields of target gasification products (H; and CO). Nevertheless, some inconsistencies
must be noted, e.g., the irregularity between the contents of CO for cases 5 and 6 in
Figure 7. Case 5 corresponds to the short and valved PDG with feedstock supply at a
distance of 295 mm from the closed end (see Table 7, scheme #2). Case 6 corresponds
to the long and valved PDG with the feedstock supply at the same distance from the
closed end (see Table 7, scheme #4). The expected residence time in case 6 must be
longer, and the yields of H; and CO must be higher. However, Table 7 and Figure 7
show that despite the yield of H; being higher indeed (30.6% vs. 33.2%), the yield of
CO is somewhat smaller (43% vs. 40.6%). The possible reason for this is the incomplete
gasification of feedstock in case 6 due to a larger relative loading of the reactor with
the feedstock as compared with case 5 (G, to Gf + Gox ratio is 1.21 vs. 0.75);

2. An increase in the feedstock residence time in the flow reactor due to the use of
valved schemes leads to a slight decrease in the yields of CO; (by a maximum of 2%
(vol.,, dry)) and a slight increase in the yields of H, and CO (by a maximum of 3%
(vol., dry.));

3.  The feedstock residence time in PDGs shows a significantly greater influence on
the composition of the product syngas than the feedstock residence time in the flow
reactor. This is due to the fact that both the instantaneous and the average temperature
of the ultra-superheated GA in a propagating detonation wave are much higher than
in the flow reactor.

3.5. Efficiency of the Gasification Process

To indicate the efficiency of the gasification process, it is proposed to use the following
three parameters:

ﬂ'éz Wst*Wsr.nzli Wsr
G{U’ Wwo - WZU’ WSt

where Wy; is the theoretical amount of water obtained during the detonation of a stoichio-
metric fuel-oxygen mixture in the PDG during the entire duration of the operation process
(determined by the empirical formula for the complete oxidation of such a mixture and
by the operation time of the WG); W, is the amount of water remaining after the process
(determined visually by the height of the water column in the sump after cooling of the

0 =
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gasification products); Wy, is the total mass of the feedstock supplied to the WG; Wy, is the
mass of ungasified feedstock in the condensate (determined visually by the height of the oil
layer above the water column in the sump after cooling of the gasification products). The
parameter 6 characterizes the energy efficiency of the gasification process. The parameter
is the specific amount of the GA required for the gasification of a unit mass of feedstock.
The parameter 7 is the degree of utilization of the GA in the gasification process.

To estimate the values of the proposed parameters, we used experiments on the WG of
valveless schemes 1 and 3. In the experiments, we varied the mass flow rates of feedstock
Gy and fuel G r and measured the total mass of supplied feedstock W,y and the mass of
unreacted feedstock in the condensate Wy,. It turned out that in the absence of feedstock
supply (Gy = 0), the mass of water condensed from the detonation products approximately
corresponded to its mass calculated by the empirical formula, i.e., Ws; =~ Wy and 7 = 0. The
supply of feedstock to the PDGs led to the decrease in the mass of condensate and increase
in the parameter 7. Ideally, the parameter # must tend to 1, i.e., the entire GA formed in
detonation waves must participate in the gasification process. The presence of condensate
indicates the imperfection of the operation process in the WG. In addition to water, the
condensate may contain residues of unreacted or partly reacted feedstock with mass Wy,
which enter the exhaust system of the flow reactor due to insufficient residence time.

Tables 8 and 9 show the values of the efficiency parameters 6, ¢, and # for the gasifica-
tion process in the WG of valveless schemes 1 (Table 8) and 3 (Table 9). It can be seen that
in the valveless scheme 3, the efficiency indicators of the gasification process turned out to
be higher: for the gasification of a unit mass of feedstock, it was required to use less fuel
(6 = 0.17-0.28 instead of 0.20-0.40) and less GA ({ = 0.24-0.26 instead of 0.35-0.70), and
the degree of steam utilization was generally higher: # = 0.40-0.58 instead of 0.33-0.49.

Table 8. Experimental values of the efficiency parameters for the gasification process in the WG of
valveless scheme 1.

Test GWI Gfl GOXI W”LUOI Wstl Wsrr Wu)l 0 g
No. g/s g/s g/s g g g g T
1 1.63 0.51 2.04 1440 1275 750 0 0.31 0.36 0.41
2 2.17 0.53 2.12 1800 1125 550 400 0.24 0.41 0.49
3 2.70 0.53 2.12 2200 940 200 1150 0.20 0.70 0.79
Table 9. Experimental values of the efficiency parameters for the gasification process in the WG of
valveless scheme 3.
Test Guw, Gf/ Gox, Wuwo, Wet, W, W, 0 7
No. g/s gls gls g g g g U
1 1.60 0.55 2.20 1000 660 400 0 0.28 0.26 0.40
2 1.43 0.55 2.20 1200 620 330 0 0.23 0.24 0.47
3 3.24 0.55 2.20 2500 950 400 400 0.17 0.26 0.58

The value of sum Gy + G + Gox and the process time (~600 s) can be used to estimate
the amount of the produced wet syngas in the WG of valveless schemes 1 and 3. For the
cases with the absence of unreacted feedstock (W, = 0) in Tables 8 and 9, this amount
ranges from 2.5 to 2.6 kg. Taking into account the residual water, Ws;, the amount of the
produced dry syngas ranges from 1.8 to 2.2 kg. This means that the yield of dry syngas
per unit mass of feedstock ranges from 1.8 to 2.5 kg syngas/kg feedstock. Knowing the
syngas composition, this gives the volumetric yield of syngas ranging from 2.1 to 3 Nm3/kg
feedstock. The gasification process provides the volumetric hydrogen production ranging
from 0.63 to 0.90 Nm? H,/kg feedstock or mass-based hydrogen production ranging from
50 to 72 g Hy /kg feedstock.
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4. Discussion

Consider now the most important results obtained experimentally. The first one
is related to the gasification process efficiency. Remember that in [22,23], the measured
average temperature of the wall of the flow reactor in the steady-state operation mode
reached 700 °C. In the present study, the average temperature of the wall of the flow reactor
was reduced to 490-570 °C (see Tables 6 and 7). Despite such a considerable decrease in the
wall temperature, the contents of Hy, CO, CHy, and CO; in the product syngas at the same
flow rates of liquid feedstock and the same operation frequency of 1 Hz remained virtually
unchanged. This is explained by the fact that both in [22,23] and in the present studies,
the value of the gasification temperature (the maximum temperature of the detonation
products of the natural gas—oxygen mixture after expansion to 1 bar) remained at the same
level (above 2000 °C). Thus, the reduction in the mass flow rate of the combustible mixture
by a factor of 6 (WG with short PDGs) and 4.5 (WG with long PDGs) had virtually no effect
on the syngas quality, but significantly increased the efficiency of the gasification process:
with the use of 1 g of natural gas, it was possible to gasify up to 4 g of waste machine oil
without any unreacted residues of feedstock in the condensate. If one takes into account
that natural gas is supposed to be used only as a starting fuel for the WG, and after the WG
enters the nominal operation mode, natural gas will be replaced by the product syngas,
then the share of syngas used in the PDGs will be at a level of 25% of the total produced
syngas. This result agrees satisfactorily with the thermodynamic calculation [30], in which
the proportion of syngas used in the PDGs is estimated at 10%, taking into account the total
heat recovery.

Another important result obtained experimentally is that the determining role in the
process of gasification of waste machine oil is shown to be played by the time during
which the feedstock stays in the PDG rather than in the flow reactor. This is explained
by the fact that the temperature of the AG in the propagating detonation wave is much
higher than after expansion in the flow reactor, and the reactions of gasification of feedstock
microdroplets proceed in the PDG much faster than in the flow reactor.

It is worth to comparing the obtained results with the available literature data. Despite
there being many articles on the gasification of such organic wastes as plastic, biomass,
tires, etc. (see, e.g., [12,35,36]), there is unfortunately little data on the gasification of waste
machine oil [37,38]. Reported in [37] are the results of gasification of fresh synthetic engine
oil with steam and supercritical water at a temperature ranging from 500 to 800 °C and a
high pressure ranging from 50 to 500 bar. At the optimal conditions (750 °C, 250 bar, reaction
time 1.9 min) found by the authors, over 85% of the feedstock was gasified and produced
1.6 kg syngas/kg feedstock and 60 g Hj/kg-feedstock. The obtained results look also
comparable with the literature data on the gasification of organic feedstock. Experiments
on H,O, CO,, and mixed H,O/CO, gasification of rice straw in an electrically heated
reactor at temperatures 750-950 °C and pressure 1 bar were reported in [39]. In general,
experiments showed that substitution of HyO with 30 and 60% vol. CO, in the GA lowered
the H; yield and enhanced the CO yield. Thus, in gasification tests at 950 °C the yield of
H; decreased with the addition of CO, from 82 to 1 g H, /kg feedstock, and the yield of CO
increased from 560 to 900 g CO/kg feedstock. The thermal efficiency of gasifier was higher
at a higher CO; blending ratio. The authors of [40] reported the results of thermodynamic
calculations on the gasification of rice straw with steam and CO; as gasifying agents at
900 °C and 1 bar. Calculations were made for the composition of syngas at various CO,-
to-feedstock ratios (from O to 0.87) when temperature and steam-to-feedstock ratio were
kept constant at 900 °C and 0.3, respectively. The yield of H; decreased from 54 to 34%
vol., while that of CO increased from 37 to 40% vol. The conclusion was made that the
selection of a proper CO,-to-feedstock ratio could result in attaining the highest gasification
efficiency. These findings are well comparable with our results presented in Section 3.5.
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5. Conclusions

This work continues the development of the new technology for the gasification of
organic wastes into syngas using a two-component H,O/CO, ultra-superheated gasifying
agent obtained by pulsed detonations of a natural gas—oxygen mixture. The following
conclusions can be formulated:

(1) Compared with the experiments carried out earlier at a higher average temperature
of the reactor wall and when using a PDG of a much larger volume, the contents of
H,, CO, CHy; and CO; in the product syngas remained virtually unchanged;

(2) The efficiency of the gasification process increased significantly: with the help of 1 g
of natural gas, it was possible to completely gasify up to 4 g of feedstock. This is
explained by the fact that the value of the gasification temperature (the maximum
temperature of the detonation products of the natural gas-oxygen mixture after
expansion to 1 bar) remained as high (above 2000 °C) as in earlier experiments;

(8) The determining role in the process of gasification of liquid feedstock is played by the
time during which the feedstock stays in the pulsed detonation gun rather than in
the flow reactor. This is explained by the fact that the temperature of the gasifying
agent in a propagating detonation wave is much higher than after expansion in the
flow reactor, and the reactions of gasification of feedstock microdroplets in the pulsed
detonation gun proceed much faster than in the flow reactor;

(4) The study defines the minimum ratio between the mass flow rates of the gasifying
agent and liquid feedstock, the minimum ratio between the mass flow rates of fuel
and liquid feedstock, and the degree of utilization of the gasifying agent in the
gasification process.

Future work will be focused on the effect of the operation frequency of the pulsed
detonation guns on the composition of the product syngas. It is expected that the increase
in the operation frequency will increase the mean process temperature in the reactor and
improve the quality of the product syngas.
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