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1. Introduction

The issue of detonation initiation in fuel-air mirés is of principal importance for practical

applications of detonation combustion, includingnboistion in detonation engines [1,2]. It was

demonstrated [3-5] that the detonation-initiatiorergy can be reduced to 0.1 J owing to formation of
a special vortex flow [6,7] of the hydrogen-air toise, and even self-ignition with a transitional

regime within tenths of a millisecond can be endufgepending on the combustor geometry and its
purpose, the primary detonation wave can be usedet@lop continuous spin detonation in this
chamber or to initiate detonation in another fuettare outside the combustor. The objective of the
present work was an attempt to initiate both palsd continuous spin detonation in hydrogen-air
mixture flows generated in a flow-type annular wgtical combustor with the help of a detonation
wave formed in a plane-radial vortex chamber.

2. Experimental setup

A sketch of the experimental setup is shown in BigThe setup consists of a flow-type annular
cylindrical combustorl and a plane-radial vortex chamber (initiat@r)The combustorl had the
following parameters: diameter,d= 306 mm, length L, = 520 mm, and channel widt; = 23 mm.
The vortex chambe? has a diameter.g= 204 mm, the distance between the flat walla s= 15
mm, and there is an output coaxial charelhich is 255 mm long and is formed between thierou
wall (@ 70 mm) and the shaft (@ 40 mm). The ind@ra2 is connected to the combustbrby the
coaxial channeB and by a directed channé] with a length of 200 mm and a distance of 20 mm
between the curved walls. The distance from thefeoel of the combustdrto the channed (L;) was
varied, and the values used weres127, 15.5, or 2 cm. The structure of the combukis completely
identical to that where stable regimes of contirsuspin detonation of the hydrogen-air mixture were
obtained [8], and the structure of the vortex chanZbensured fast initiation of detonation after self-
ignition or the action of a low-energy heat pul8e5]. The fuel injected into chambetsand2 was
hydrogen.

Air was fed into the combustdras a continuous flow through the annular Slétom the manifoldb,
and the fuel was injected through inject@rsniformly distributed over the chamber circumferen
from the manifold8. The fuel and air mixed with each other and ckatedetonable flow of the
mixture. The width of the sId for air wasd = 2 mm, and the sizes of the injectors used (Fd)isted

in Table 1.

Air was fed into the initiato2 through the tangentially directed chanr@fsom the manifoldlLO, and
hydrogen was fed through the chanrEldirected at an angle to the air channels, fronntheifold

12. The channels in the initiator for air (A2) andefuF2) were uniformly distributed over the
circumference; their sizes are indicated in Table 1
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The components of the mixture were injected from tbceivers with the following volumes (not
shown in Fig. 1) and initial pressures: for air fatb the combustot, V,a; = 79.8 liters and Ry =
231G Pa; for air fed into the vortex chami&rV,,, =3.2 liters and R, = 93-10 Pa; for hydrogen
fed into the combustat, V,; = 13.3 liters and B, = (35 — 50)-1?) Pa; for hydrogen fed into the
vortex chambe®, V, = 1.75 liters and B, = 78-10 Pa. The following initial flow rates of air were
provided: Gio = 2.8 kg/s into the combustarand Gy, = 2.5 kg/s into the vortex chamb&rDuring
the test, which lasted approximately 0.4 s, the ftate of air decreased by a factor of 1.8, andl tha
into the vortex chambe decreased by more than tenfold. The initial flaterof hydrogen into the
combustorl was G, = 0.095 — 0.067 kg/s and decreased by a fact@rdoby the end of the process,
and that into the vortex chamb2rwas G, = 0.044 kg/s and decreased by a factor of 7.5. The
products exhausted into a tank 6Dwith a pressure, = 10 Pa.
The detonation in the initiator was excited by btasa wire with an energy of ~5 J. The process in
the combustofl was recorded in a manner similar to that describg#]. To illuminate the process, a
small acetylene jet and a coaxial oxygen jet wejected above the first window (in the vicinitytbe
slot for air injection). The exit of the channklvas located on the chamber surface opposite to that
where the windows were located. The pressures énrélaeivers, air manifol® (Pn.), and fuel
manifold 8 (P.y), and the pressures in the combustqr, R, P.3) at a distance of 1.5, 10, and 52 cm
(at the exit of the annular channel) and the moneémwire blasting were recorded by a computer-
aided system. The flow rates of the gaseous conmpeneere determined by the method described in
[5] in the transitional regime and by the methodadied in [9] in the steady-state regime.

3. Test results

To determine the effect of the location of the gdint of the initiating detonation wave;)lon the
efficiency of initiation of spin detonation in theydrogen-air mixture in the combustds the
experiments were performed for three values optrameter | = 2, 15.5, and 27 cm.

Figure 2 shows the oscillograms of pressures inr¢loeivers and manifolds (Fig. 2,a) and in the
combustorl (Fig. 2,b) for a typical test with an exlistance L; = 15.5 cm The pressure of hydrogen
injection was R, = 35-10 Pa. This experiment involved the formation of spitonation waves
whose fronts first did not pass down to the chamhdbut then partly crossed the channel. Thus,
situations were observed, which were more clea@nsn tests with;Ll= 27 or 2 cm described below.
When electromagnetic valves are opened, the tranait process of exhaustion begins, which
involves filling of the manifolds and the combusidpy the mixture components. When the maximum
pressures in the manifolds for both componentsreaehed, the process of exhaustion from the
injection system can be conventionally consideredtaady, because the flow rates level off in the
transitions mentioned above. As the componentsnggeted from finite-volume receivers, the flow
rates and pressures in the injection system arntiedncombustor decrease, but their values do not
change as fast as in the transitional regime.

The time of initiation;{ (moment of wire blasting) is illustrated in Figa2During the time of about
0.2 ms, the detonation wave formed in the vorteandber2 (see [4,5]) enters the combusfowith a
jumplike increase in pressure (see Fig. 2,b). DilewWing flow rates of the components were reached
at the moment of detonation initiation: into themtmstorl, Ga; = 2.02 kg/s and &= 0.059 kg/s ¢

= 1); and into the chamb@r G,, = 2.53 kg/s and &= 0.041 kg/s ¢= 0.56). The probe located at a
distance of 10 cm from the slot showed the maxinstatic pressure: P~ 4-10 Pa; the minimum
pressure B~ 2-10 Pa was recorded at the chamber exit.

The photographic records in Fig. 3 show the begigrof the transitional process of formation of
continuous spin detonation in the combustor anéuither evolution. The first wave observed in the
windows was the detonation wave propagating overntixture accumulated in the combustor; the
wave moved in the direction defined by the chadhfdee Fig. 1). After passing the chandethe
wave covered half of the combustor circumferenceenl 0.1 ms later, a smeared shock wave
appeared. This is the image of the degenerate atghorwave that started from the chan#éeh the
opposite direction. After these waves traveled sdu@nes over the combustor circumference, there
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appeared tangential instability in the form of ataudisturbances on the background of combustion
of the mixture entering the chamber. This instabilvas developed into continuous spin detonation
during a rather significant time: about 10 ms. Bgtttime, the fuel-to-air equivalence ratio became
= 0.74 and decreased only slightly by the end ef ékperiment:ip = 0.63. Three spin detonation
waves formed had a velocity D = 1423 m/s (BYB 0.84, where B, is the velocity of the ideal
Chapman-Jouguet detonation for the mixture witls tomposition [10]). As the flow rates of the
components decreased, the detonation velocitydaseased. In 40 ms, there occurred a rapid change
in the number of waves (n =-3 2), and the detonation velocity had a jump: D 844 1207 m/s
(D/D¢y = 0.65— 0.71). The two-wave regime lasted approximatety2@0 ms, and then it suddenly
transformed to the one-wave regime (in figure Bdsshown): n = 2»1 and D = 1170- 1345 m/s
(D/D¢; = 0.68— 0.8). The one-wave detonation regime was obsearagbthe end of the process with
the detonation velocity decreasing to D = 1160 (@/®¢; = 0.7).

In the test series with L, = 2 cm detonation was initiated when the flow in thetesrchambeP was
steady and the flow in the combusfowas unsteadyThe initial pressure of hydrogen in the receiver
of the combustofl was Ry, = 50-10 Pa. The remaining parameters of injection of thegonents
into both chambers were unchanged. The propagafitime primary detonation and shock waves in
the combustod was similar to that considered above €.15.5 cm). Yet, the time needed for the
tangential instability to be developed into statpen detonation waves increased to 80 ms. Four svave
were formed; their velocity was D = 1422 m/s (R{B 0.75); after 45 ms, the structure transformed to
three waves: n = 4> 3 and D = 1233- 1363 m/s (D/R; = 0.65— 0.71). The three-wave regime
lasted for 175 ms, after which the number of waagsin decreased, and the wave velocity changed: n
=3— 2 and D = 1333> 1520 m/s (D/R; = 0.7— 0.8). The two-wave regime existed until the end
of the process, with a monotonic decrease in walecity and flow rates of the components, whose
ratio remained close to the stoichiometric valube Tlow rates of the components in the vortex
chamber2 during the process was similar to that considateue.

In the test series with L. = 27 cm detonation initiation was performed both withagtg injection of
the initial components into the combuslioand in the transitional regime. Some cases wesergbd
with self-ignition of the vortex flow of the mixtarwith a rapid transition to detonation in the eart
chamber2. In the oscillogram, the self-ignition was accompdrby an abrupt increase in pressure in
the combustoll before wire blasting in the vortex chamieDetonation regimes where the initiating
detonation wave entered the combustdrefore the components were injected were alsoireita
The following flow rates were reached in the vort&iamber2 at the moment of detonation initiation:
Gaz = 2.04 kg/s and B~ 0.036 kg/s ¢= 0.61). In the combustdr, the initiating detonation wave
degenerated into a shock wave, but the detonatiodupts ignited the acetylene-oxygen jets. The
flow rate of the acetylene-oxygen mixture was ested as approximately 20 g/@€ 1). As the
components were fed into the combustoffirst air and then hydrogen), hydrogen ignitedd ahe
tangential instability transformed to stable spitothation waves 7 ms after hydrogen ignition. Dgirin
this time, the flow rates of the components in¢bebustor acquired the following valuesi,G 2.6
kg/s and @ ~ 0.095 kg/s = 1.26), and the static pressures in the comb®&std?.,, and R; were 3.5,
2.5, and 2.4-10Pa, respectively. The spin detonation regime hadfollowing sequence: the four-
wave spin detonation regime with D = 1405 m/s (§/80.74); 100 ms later it transformed into the
three-wave regime (D = 126¥1345 m/s and D/p = 0.64 —0.71); after that, 140 ms later, it
transformed into the two-wave regime (D = 1258460 m/s and D/B, = 0.67-0.78), which lasted
until the end of the experiment.

4. Analysis of experimental results

In all tests, the detonation of the hydrogen-aixtore was transferred from the vortex chambarto

the combustorl. An input of a small amount of energy (wire blastiog even self-ignition) was
capable of initiating detonation in the initiatoitiin fractions of a millisecond and transferririga

the flow of the mixture in the annular cylindricadmbustor. In the experiments, the energy of the
electric discharge on the wire was deliberatelyeéased to 5 J to ensure detonation initiation @ th
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vortex chambel2 in a wide range of equivalence ratios. If the ¢hin of the mixture into the
combustorl is accurately synchronized with the initiation éinthe discharge energy can be reduced,
and even self-ignition in the vortex chamBeran be achieved [5].
It was found that the primary detonation wave oo fwimary waves (for L= 2 cm) developed in the
annular cylindrical channel and moving toward eatfer do not involve direct initiation of spin
detonation waves. Note that a similar delay wagesl in initiation of the continuous spin regime i
the annular combustor by means of an electric @ton8]. There may be only one reason: the
detonation of the combustible mixture formed in toenbustorl and outside it affects (via the shock
wave and the flux of products) the system of inggcbf the components and violates their nominal
injection into the combustor. This primarily refeosair injection, which enters the combustor tigtou
the annular slot.
Detonation in the combustdr was accompanied by exhaustion of the products filoenvortex
chamber2. This circumstance affected the value of presgutbe combustod and the dynamics of
formation of continuous spin detonation. It turnedt that continuous spin detonation becomes
established most rapidly if the exit of the chanhe located at a distance £ 27 cm, and the time of
the transitional process approaches that obtamé®].iIn this variant, the upper edge of the creddn
was always located below the TDW front even indhe-wave regime, where the height was 24
cm. In the case of a greater number of waves, B\ Tront height became even smaller: 12, 6, and 4
cm, respectively, for the number of waves n = 4] 4. Therefore, the detonation products arriving
from the vortex chambe did not reach the mixing zone in the combudtofhe emergence of the
fourth wave at the beginning of the process igeel&o the pressure increase in the combustor &lmo
by a factor of 2), as compared with the situation8], without additional injection of the products
from the vortex chambeR. When the flow rate of the products from the vertehamber2
significantly decreased (&~ 0.6 kg/s, G =~ 0.01 kg/s after 0.2 s), the height of the TDW frstarted
to correlate with the data obtained in [8]. Neveltiss, the influence of the products generatetén t
chambel2 was manifested as an increase in pressure in tkiegmegion.
In the variant with L ; = 15.5 cm the products from the chamidzdid not enter the mixing region at
the stage of the spin detonation regime with tlaee two waves; at n = 1, however, they entered the
mixing region, at least, in the vicinity of the cimel4. This did not produce any noticeable changes in
the process; moreover, the one-wave regime emertgiheé end of the process with reduced flow rates
of the products from the chambiar
At L; = 2 cm, the beginning of the process revealedoagtinfluence of the products escaping from
the chambe® on the mixing in the combustar because the exhaustion of the products always®ccu
in the region of propagation of the TDW front. lasvonly when the flow rates of the products
decreased by a factor of 2 {G= 1.1 kg/s and ¢~ 0.028 kg/s for hydrogen) that the spin detonation
in the combustot became stabilized. It should be mentioned thatethgth of the air manifold of the
combustorl in this case was = 21 cm, instead of 7 cm in the previous casess Ticrease,
however, did not affect the stable detonation pgece
The presence of a long transitional process ofl&tation of the continuous spin detonation regiime
the case of initiation by the detonation wave sstggéhat combustion products can be used for this
purpose. This method has gained wide applicationsfartup of rocket and aircraft engines. Our
experiments also confirm that the jet of hot praduaitiates continuous spin detonation, and the
duration of the transitional process is not longen that in the case of direct initiation by the
detonation wave. Ranque tubes seem to be fairbpaldai for generation of the jet of the products;
these tubes can operate even on a kerosene-aiurenidt regimes admitting self-ignition [11].
Possibly, a powerful electric discharge can alsaded, which can ignite the fuel-air mixture in the
main chamber with a further transition to continsi@pin detonation. The most “soft” and reliable
conditions of initiation are provided thereby.
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5. Conclusions

1. Detonation transfer into a flow of a hydrogen-aixture is ensured by means of an initiating
detonation wave formed within fractions of a méki®nd with addition of a small amount of
energy or self-ignition of the hydrogen-air mixtumea plane-radial vortex chamber.

2. The formation of continuous spin detonation of thalrogen-air mixture in a flow-type
combustor by this method involves a transitionacpss that lasts for several milliseconds,
which is due to the action of the initiating wavet® the injection system and violation of
injection of the components of the mixture, esgbca air.

3. The transitional process displays conventional agstibn of the mixture and evolution of
tangential instability with a transition to a staldetonation regime. Therefore, “soft” jet-
induced initiation of continuous spin detonation tbke fuel-air mixture by combustion
products can be provided in a flow-type combustor.
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Figure 3. Photographic records with the beginnihthe transitional process and further developnoént
continuous spin detonation in the combustor.

Table 1. Parameters of injectors.

Injector Cross-sectional area pf Number of Total cross-sectional
the orifices, mrh orifices area of the orifices, m
F1 1.0x1.0 200 200
F2 0.25x0.3 180 13.5
A2 1.0x4.0 50 200
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