26" ICDERS July 30" — August 4", 2017 Boston, MA, USA

The Methods of Control of Stabilized Detonation Loation
in a Supersonic Gas Flow in a Plane Channel

V.A. Levin
Institute of Mechanics, Lomonosov Moscow State ldrsity
Moscow, Russia;
Institute of Automation and Control Processes,BEastern Branch of the RAS
Vladivostok, Russia

T.A. Zhuravskaya
Institute of Mechanics, Lomonosov Moscow State @rsity
Moscow, Russia

1 Abstract

Using a detailed kinetic model of chemical intei@tt detonation stabilization in a stoichiometrical
hydrogen-air mixture flowing at a supersonic veipdnto a symmetric plane channel with constriction
the outflow section of which is more than the imflmone, and possibility of control of stabilized
detonation location in the flow have been studied.

In case of detonation initiation by energy inphg tnvestigation of conditions of formation in ttleannel
of a thrust developing flow with a stabilized dedtion wave was carried out. The effect of variadiof
the inflow Mach number, the dustiness of the inflayygas mixture and the width of the outflow chdnne
cross section on stabilized detonation location @smined with the purpose of thrust increase. Béve
methods of controlling of detonation location ie flow have been proposed. The possibility of faiora
of the thrust developing flow with stabilized dedtion in the channel under consideration withowt an
energy consumption has been detected.

2 Introduction

One of the main branches of research concerneddsitbnation waves is the investigation of detomatio
combustion in a supersonic gas flow [1], in paticuthe determination of conditions that guarantee
detonation stabilization in the flow. So, the mettud detonation stabilization in a supersonic daw fin

a plane channel with parallel walls by means ofkadiacharges has been proposed in [2, 3]. However,
the possibility of detonation stabilization in al without any expenditure of energy is preferabighis
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case a specially selected channel shape can prstdabdization of a detonation wave. The overvidw o
studies devoted to detonation stabilization in pessonic gas flow is given in [4]. So, the conditcof
detonation stabilization in a hydrogen-air mixtdil@ving at a supersonic velocity into a plane chalnn
with constriction the outflow section of which imaller than the inflow one were investigated in [Ehe
stability of the formed gas flow with detonationstivong disturbances excited by an energy inpubkas
examined in [5].

In the present research the study of conditiongoohation of the thrust developing flow with the
stabilized detonation wave in the channel with tactgon the outflow section of which exceeds the
inflow one, is carried out, and the methods of igul detonation location control in the flow are
proposed.

3 Mathematical Model

Similarly to [2, 5], detonation combustion of a miged stoichiometrical hydrogen-air mixture flowiag
a supersonic velocity into a symmetrical plane aeawith constriction (inflow cross-section and ftaw
one are perpendicular to the incoming flow diret}its studied. The schematic of the upper parhef t
channel is shown in Fig. 1. The inflow boundaryxis X, , the outflow boundary i< = 0; the channel
width is a continuously differentiable function @flongitudinal coordinate. As opposed to the mewetib
researches a flow in the channel, the outflow saadf which exceeds the inflow one, was investigate
that is | >1;. The combustible gas mixture under the normal itmms (pressurep, =1 atm and

temperaturel, = 298 K) is incoming into the channel at a supeiseelocity that exceeds the velocity of

self-sustaining detonation propagation in the gqugas mixture with incoming flow parameters: that is
My, >M,;, (here, M, is the inflow Mach numberM ,, is the Mach number of the self-sustaining
detonation wave). Flowing into the channel the costible gas mixture is considered as the mixture of
the H, O,, N, and Ar gases in the volumetric relation 42 : Z8: 1, respectively.

As the initial condition the steady plane flow betgas mixture obtained by the marching to stetate s
method is used. As the zeroth approximation foerheining the initial condition the incoming gasvilds
taken. It should be noted that using a series ofigrical calculations the geometric parameters ef th
channel were chosen so that the formed in the etateady flow was supersonic everywhere.

The initial instantaneous supercritical energy infigy in a domain in the shape of a thin layér,in
thickness, located near the= x; section (shaded region in Fig. 1) with the Gaussiependence of the
energy input density on the transverse coordinate wged for detonation initiation.

A set of Euler gas dynamics equations, describimgain two-dimensional nonstationary flow of the
inviscid reactive multi-component gas mixture, dedpwith detailed chemical kinetics equations [8kh
been solved using a numerical method based on tuur®v's scheme [7]. The used detailed kinetic

Figure 1. The schematic of the upper channel pae.arrow shows to flow direction
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mechanism of hydrogen oxidation consists of twemetyersible reactions. The adaptive computational
mesh was used for numerical simulation of studiedd with detonation waves. The size of mesh was
selected so that the flow behind the detonationtf{on particular, the flow in the induction zoneas
represented correctly. Thus, the computational nveigh cell size 0.02 mm- 0.04mm was used in
numerical calculations. The numerical modeling wagformed using the software package developed by
the authors. The hybrid MPI/OpenMP parallelizatadrthe computations was applied to reduce the time
expenditures.

In this research the plane channels with constricthe geometrical parameters of which differ from
channel parameters of [5] by the value lofwere considered, that ix;, =0.125m, x, = 0.25m,

X; =0.375m,x, =0.5m,l, =0.0175mJ; =0.035m, and > ;.

4  Control of Stabilized Detonation Location in a Spersonic Flow

As a result of the initial supercritical energy impE, two detonation waves are formed: one of which

travels downstream and is carried away from thencbla whereas the other travels upstream. The
conditions that provide stabilization of the lattgave, so that the formed flow develops thrust,ewer
studied. In the case under consideration thfustas defined as follows

T= 2T p(X, y(x),t)ctga (x)dx,
0

here y(x) is the function defining the form of the upper ohal wall, a(x) is theangle between the
outer normal to thepperwall and the longitudinak axis

It has been established that for some inflow Maamiver M , the value ofl may be selected so that the

thrust developing flow with detonation stabilizedthe divergent channel part is formed. In par&cuit
was obtained that in thi1, = 5 case the sufficient condition for efficientaleation stabilization is the

use of the channel with =0.04 m (Fig. 2). Let us note, for the detailegresentation of the flow in
Fig. 2 (and in the following figures) the pressfiedds only in the channel part containing the deton
wave are plotted. In the case under consideratierdetonation wave initiated by energy input néar t
X =0.125 m section moves upstream and is stabiliddtime nearx = 0.143 m section (close to the
symmetry plane).

The control of stabilized detonation location ie tas mixture flow in the channel by means of Vianie
of the inflow Mach number, the dustiness of thdoinfng gas mixture and the width of the outflow
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Figure 2. Formation of the flow with the stabilizeetonation wave in the channel with constrictiorcase of
Mo =5andl =0.04m:a—-t =0.0ms;b—-t =1.0ms;c—t =3.1ms
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Figure 3. Formation of the flow with the stabilizeetonation wave in the channel with constrictiorcase of
Mg =4.9,1 =0.04m, and pyy = 0.1kg/m* a—t =0.0ms;b—t =0.5ms;c—t =3.9ms
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Figure 4. Formation of the flow with the stabilizddtonation wave in the channel with constrictiorcase of
Mg =4.9,1 =0.04m, and pyy = 0.06kg/m* a—t =0.0ms;b—t =0.5ms;c—t =6.5ms

channel section was studied with the purpose afrdé¢ton combustion efficiency increase. The adafed
multi-component mixtures [5] the one-velocity anteegiemperature model [8] was used for dusty gas
mixture flow simulation. This model describes thewf of gas with very small inert particles. In the
investigations the dust particles with specificthea= 800 J/(kgK) were used.

So, the decreasM, (M, = 4.9) leads to the situation in which the detmmatvave moves through the

channel and leaves it in the counterflow directitbrhas been established that the addition of ifivest
dust particles into the gas flow may be used fdpomkgtion stabilization due to decrease of detonatio
velocity in the dusty gas mixture. Thus, in casewst densityp,, =0.1 kg/ni in the incoming flow of the

dust gas mixture (the flow Mach numbier, = 4.9) the detonation wave is stabilized (FiguB$tream of
detonation location in the pure mixture in case Mf =5 and thrust increases more than 3 times.

Moreover, variation of a dust density in the incoghflow makes it possible to control the locatidn o
stabilized detonation. So, the decreasef (p, = 0.06 kg/m) leads to transfer of the stabilized

detonation location in the divergent part closeth® channel throat (Fig. 4) and more than 5 tithasst
increase as compared to the considered above tasg o 5.

Another mechanism of detonation location controthie variation of a width of the outflow channel
section. So, in case of the pure combustible méxflowing into the channel at a velocity corresgogd
to M, = 4.9, a width of the outflow channel section nteyselected so that the formed in the channel

flow with the detonation wave develops thrust thateeds the one in case bf, = 5. Thus, the small
increase ofl (I =0.045m) in case oM, = 4.9 provides more than 2.5 times increase afsthas
compared to the considered casevf = 5.
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Figure 5. Formation of the flow with stabilized deation in case of using the barrier (with height
h, =0.005m located on the plane of symmetry near %) = 0.1375 m section for a period of time

t, = 0.05 ms) for detonation initiation in case Mf, = 4.9, =0.045ma—-t =0.01 msp—-t =0.05 msg —
t=0.06msd-t=05mse-t=1.0msf—-t =2.5ms
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The possibility of detonation initiation and forrnmat of the thrust developing flow with the stabéliz
detonation wave in the channel without any enengui has been detected. In these cases the obstacle
(barrier) was used for detonation initiation. Thimsthe latter considered casg, = 4.9 andl =0.045 m

a detonation wave may be initiated by means obtreier with heighth, = 0.005 m located on the plane

of symmetry near thex, = 0.1375 m section for a period of tinte = 0.05 ms (Fig.5). The detonation

wave, formed in front of the barrier (Figeb b), is stabilized with time in that particular plaedere
detonation initiated by initial energy input waalsitized. So, in this case the thrust developiogyfivith
detonation is formed without any energy consumption

5 Conclusions

Using a detailed kinetic model of chemical intei@tt detonation stabilization in a stoichiometrical
hydrogen-air mixture flowing at a supersonic veipdnto a symmetric plane channel with constriction
the outflow section of which exceeds the inflow pard possibility of control of stabilized detomati
location in the flow have been studied.

The possibility of formation of the thrust develogiflow with a stabilized detonation wave in thechel

has been established. The influence of variatidhshe inflow Mach number, the dustiness of the
inflowing gas mixture and the width of the outflahannel cross section on the stabilized detonation
location has been examined with the purpose ofthnerease. The methods of controlling of detamati
location have been proposed. The possibility ofodation initiation and formation of the thrust
developing flow with the stabilized detonation wavighout any energy consumption in the channel with
constriction has been detected.
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