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Abstract The possibilities of reducing the energy consuoptn transformation
of chemical energy into heat and mechanical onestddundamentathange of
technologies of fuel combustion are considered Isyngs the methods of
combustion of gases being under development.
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1. INTRODUCTION

The method of gas combustion directly in water wsparate supply of
combustible gas and oxidizer by using linear sipédtors for direct heating of
heat carrier was realized in [1, 2]. A separatehmetof injection is necessary
primarily for safety. The mixture of combustiblesga in water was formed by
injection of two bubbles (combustible gas and oxyge a dynamical regime in
the form of quasi-cylindrical bubble. Cyclic regisef combustion of acetylene,
hydrogen, and propane are performed with frequepcy 2.5 Hz.

This work deals with the possibilities to apply tmeethods of pulse
combustion of hydrocarbons and hydrogen in wateddweelop technologies of
direct transformation of chemical energy of hydrbeoes into kinetic energy of
the body immersed into a liquid (open system). Tilsmake it possible to avoid
losses during the momentum transfer from enginéhéomover. Moreover, the
development of pulsing movers based on the comdusid hydrocarbons on the
thrust wall directly in water is in the planningge.



2. EXPERIMENTAL SET-UP

The scheme of device is presented in Fig. 1. Imdgks 1 and 2 the slots 3
were cut. Each slot is 70 mm long and 0.2 mm w@eygen was injected from
one slot and combustible gas was injected frombamnaine. Gases were supplied
to the slots through inlet tubes 5. The flow rafegases was controlled by
changing the cross-sectional area of nozzles anel ¢f opening the valves (gas
injection time) mounted in gas-supply system. Dgirihe process of injection of
gases from slots, two quasi-cylindrical bubblesenvtarmed. Then coalescence
with mixing of supplied gases and forming of onélble 4 took place (in Fig. 1, it
is shown in grey color). Near the slots of cylilldrand 2, isolated conductors
were mounted. Between the ends of conductors, ik siiecharge was generated.
A spark discharge initiated combustion inside tlutie 4. The combustion of
mixture in a bubble was performed with specifigddiintervals from the moment
of gas supply commencement.

The investigations of hydrodynamic processes imsp supply of two gases
through the slot injectors were performed in Plasgcuvette with dimensions of
280x280x500 mm. Calorimetric investigations werearied out in five-liter
polycarbonate bottle. The time of gas supply thtougbes 5 varied in the
intervals 3, 5, and 8 ms. The initiation of comitiet mixture in bubbles was
performed by a spark discharge with energy up do Bhe delay time of mixture
combustion after gas supply commencement was 1,820, 25, 30, 35, 40 ms.
The moment of opening the gas valves was takelneagrigin of time.

Figure 1. The scheme of linear-slot injector for gacombustion in water in
separate supply of gases into water. 1, 2 - coppdinders; 3 — slots; 4 — quasi-
cylindrical bubble with combustible mixture (it ishown in grey color); 5-tubes
for separate gas supply.

This work presents the results for lean hydrogeyger ratio and rich ratios
of acetylene and propane with oxygen. In all cdsedeviation of stoichiometric
compositions was so that it had no influence orsthbility of combustion.



All necessary parameters, including flow rate, icygl of supply of gas and
spark discharges and time between them were spadify using the automated
system of multifunctional pulse detonation systel@DS-2000 developed in
Lavrentyev Institute of Hydrodynamics SB RAS. FiguR demonstrates a
principal scheme of the set-up with functions ofoaated gas supply through a
slot injector.

Figure 2. Principal scheme of the experimental sgi: 1 — Plexiglas or
polycarbonate cuvette; 2 — inlet gas tubes; 3 -ettjon device for combustion of
gas fuels in water (Fig.1); 4 — electrode for iration of combustion; 5 — high-
speed video camera; 6 — oscilloscope; 7 — contesigd; B, B, — gas bottles; M
M, — manometers; i K, — valves of speed gas supply into water; T — etatt
switchboard.

For more detailed investigations of hydrodynamiogaisses in combustion of
gases in water, the experiments were performedgeiies mixed beforehand. The
bubble was placed in horizontal plane into cylindti(30-70 mm long) or circular
(30-60 mm in diameter) groove on the metal walt t@respond to the scheme
shown in Fig. 1 if the set-up is turned through 1@&€grees. Initiation of
combustible mixture in bubbles was performed byarls discharge of energy up
to4J.

A high-speed record of gas combustion in bubblesdymamics of expansion
of bubbles after gas mixture combustion was takée. record was taken in both
front and sidewise projections. Measurements afefguulses F(t) acting on the
wall were made synchronously. Registration of fomédses on the wall was
carried out with digital oscilloscope TDS-210 byings lead-zirconate-titanate
piezometers (with diameter of 40 mm and height I8)rmand emitter follower
with constant time componefit 10 s.

3. EXPERIMENTAL RESULTS



Figure 3 presents the example of shadow recordingh® processes of
injection and dynamic mixing of gases in watertiion and expansion of quasi-
cylindrical bubble. The record is taken along Zsa(kig.1).
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Figure 3. The example of shadow record of injectioimitiation and expansion
of quasi-cylindrical bubble. The speed of recordirgy5000 frames per second.

Fig. 3 clearly demonstrates that it is necessamjitme formally the process
of cyclic gas combustion in water into 3 main stage
l)injecting gases into water until the bubble becornésequired size with
specified gas proportion;

2)initiation of gas combustion in a bubble with sffieci delay;

3)expansion of the bubble after gas combustion withssquent pulsations and
disintegration.

According to results of high-speed recordings afrbgdynamic processes, the
velocity of propagation of light fronts was estiedt During the injection of
acetylene and oxygen into water (injection time3ims, initiation time is in 15
ms), visible velocity of light fronts was within @hinterval of 200-400 m/s. For
propane, visible velocity of light fronts was 60018V/s.

Table 1 presents the results of calorimetric mesamants of burnt-gas heat
transfer in three-liter volume of water for expeeims with gas injection time of 8
ms and ignition time in 15 ms. The error of expenal measurements was 8-
22%. The error of gas flow rate was 15 %. The cyedigime was provided with
frequency 2.5 Hz http://www.swsl.newmail.ru/video/MVI_1779.flv.htil
Experiments were carried out in series from 406oup990 combustion cycles.

Tablel
Heat value of Volume of Volume of Burnt-gas heat
combustible gases injected injected oxygen | transfer in three -
Gas [dlen?], combustible gas for one cycle liter volume of
reference data for one cycle [cm®] water
[em?] [J/cn?]
Acetylene 56.9 5.1 8 17-25
Hydrogen 10.8 12.6 8 9.3
Propane 93.4 3.55 10.44 21

Figure 4a presents separate frames of shadow iegoad hydrodynamic
processes in combustion of stoichiometric propangen mixture in a circular



bubble with diameter of 40 mm and volume 3*docated on the end of the
cylinder 59 mm in diameter. Figure 4b presentsraesponding schematic pattern
of hydrodynamic processes near the end of the agttinvhere T is the period of
bubble pulsation.

It is seen from the experiment that the bubbleag@és in the direction to the
cylinder axis and forms opposite jet flow along thés. On the record, at stages t
> T, the liquid flow directed from the cylinder &en in the form of jet flow
forming a circular vortex consisting of small buedl The jet that is directed to the
cylinder can be found in the form of lateral flogimf bubble sheet over the
cylinder end and the motion of cylinder if it is tndixed (Fig. 4a).
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Figure4. Frames of shadow recording (a) and corresuling schematic pattern (b)
of hydrodynamic processes during the gas combustiora circular bubble with
diameter of 40 mm on the end of the cylinder 59 nmdiameter.

Figure 5 shows the oscillogram of pulses of forcackng on the fixed cylinder in
combustion of stoichiometric propane-oxygen mixt@rent by volume. On this
oscillogram, two main pulses are shown. The fisls@ (k) corresponds to the
process of bubble expansion caused by gas combustid the second pulse,F
corresponds to the moment of collapse of the forimedble. It is seen that the



second pulse is proportionate to the first oneetHBr= [F,dt = 0.077 kg-s, = [F.dt
=0.075 kg-s.
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Figure 5. Oscillogram of pulses of force F causeg bubble expansion
and collapse.

4. ANALYSISOF EXPERIMENTAL RESULTS

Both for dynamic mixing of combustible gas and oayd1] and for the mixture
made beforehand, visible velocity of combustiomfren bubbles did not succeed
400 m/sec. Thus, we deal with deflagration mechmanid gas combustion in a
bubble.

The observed dynamics of jet flows in a liquid kpanding and pulsing of a
bubble near the rigid wall is qualitatively similéo the processes of jet flows
described in monograph [3] for cases of bubblegiidas caused by explosions of
condensed explosives near the free surface ofuidlidt is necessary to note the
following difference taking place in explosionsaafindensed explosives and those of
gases in water: in the second case, the detonatamesses of explosion source are
absent. Hence, energy redistribution between kirertergy of liquid caused by gas
bubble expansion and shock wave energy will oatdavor of the bubble.

From the results of synchronous registration ofrbglginamic processes and
measurements of force acting on the cylinder enfibliows that the first pulse
corresponds to the process of bubble expansiorttendecond one corresponds to
bubble collapse and forming of two axial flows igfuid bordering to inner boundary
of toroidal bubble. Note that in cases of closifigadoroidal bubble on the axis, the
tore becomes an oblate ellipsoid and the processrpaemains unchanged except
for that the liquid bordering to the outer perimmedé ex-tore is focused to the axis.
This process qualitatively corresponds to cumuteimbcesses.

5. CONCLUSIONS

1. It is shown experimentally that combustion ofemin water near the rigid wall
makes it possible to transform chemical energyushbgas mixture into mechanical
energy due to force pulses caused by expansioatgmbustion products in water
and bubble collapse. Here, due to forming of aképlid flows during the bubble
collapse near the wall, an additional secondargefquuise proportionate to the first
one is provided.

2. By using the considered methods of gas combustina rigid wall, it is possible
to exclude energy losses in a complex chain of tiegis technologies of
transformation of chemical energy into mechanicak olcompression ignition
engine, gear reduction, propeller) by changingrttethods of combustion of fuels
for water movers with direct pulse combustion cdegmin water.
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