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In the paper numerically investigated flows of hydrogen-air gas mixes in channels with obstacles with purpose
to define conditions of deflagration initiation. Preference of hydrogen as a fuel is detonation fuel cycle which is
more energetic preferable in comparison with ordinary fuel cycle. In laboratory experiments deflagration initi-
ation appears as result of energy and temperature grows by successive triggering of electric discharges or near
obstacles in channels. Numerical simulation was provided on the basis of k£ —& model of turbulent viscous flows.
For numerical simulation of kinetic process two algorithms where used: the first one is based on numerical
decision of fool system of kinetic equations. The second one consists of dividing fool system of kinetic equations
into three subsystems. This algorithm is based on theory of branching chain reactions, introduced by Semenov.
Results of two examples of flows calculations demonstrate reliability of branching chain reactions algorithm for
numerical simulation of deflagration initiation in hydrogen-air mixes fluxes.

Introduction

For many years idea of detonation engine was in center of atten-
tion of researchers. The detonation fuel cycle is more energetic pref-
erable than the Briton cycle used in aviation and rocket engines. So,
simplicity of construction and energetic effectiveness make the devel-
opment of detonation engine constructions very perspective. Detona-
tion initiation can be achieved by different ways, namely by focusing
of pulse jet inside sphere-shape resonator (Fujiwara, et al. [1]) or spin
detonation engine, in which detonation waves propagate inside axis
-symmetrical region in radial direction (Zhdan, et al. [2]), by electric
discharges or by specification of region inside engine: channels with
obstacles, ring or U-tube form of channels (Frolov, et al. [3]). Progress
in the construction of detonation engines partly consists of develop-
ing numerical algorithms of high order of accuracy which can produce
precisely results of numerical simulation of gas flow inside the en-
gine. This numerical algorithm demands also using of sophisticated
mathematical models.

Numerical Simulation of Reactive Gas Mixes Flows

During numerical simulation of deflagration appearance, it is nec-
essary to take into account influence of viscous turbulence effects,

dissipation of energy and diffusion between mix components. In this
work k — g model of turbulence was used for viscous flows with tak-
ing into account dissipation effects and diffusion. The system of the
equations of viscous turbulent gas mix in the integral form for two
dimensional flows with source terms can be presented as follows:

d/dt[ Qdv+ [nFdS+® =0 8

where O =(p,m, pe, pk, pe,,pc,) ,i=1,..n | vector of con-
servative unknowns, ¢; = 0; /,0 - mass concentration of mix com-
ponent., M =(pu, pv) - vector of impulse, Tensor of flows consist
of sum of in viscid and viscous ones I} = f’m—Flm . Tensor of viscid
flows take form: I:“mv =(m,m-m/ p+PI,m(e+P)/ p,mk,me,,mc,)"
. Tensor of viscous turbulent flows take the next form:
E, = (O,T,]—’ + ZhiDl.grad(pc,), grad(a), grad(B), D,grad(pc,))”

1
where D, - diffusion coefficients and hi enthalpies of formation for

1]

components of mix,
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Here k is the kinetic energy of turbulence and &, is the solenoidal
dissipation of turbulence kinetic energy. The dissipation rate is de-
composed as follows: & = & + &,,where &, is the dilatation dissi-
pation of turbulence kinetic energy. Sarkar’s model is employed to take
into account the effects of compressible: €, = Mt2 - &, ,Mt2 =2k/a’
. The system of equations is closed by the equation of state for a per-
fect gas:

P=p-(y=Dle-(u’+v*)/2-k]

7=<fX,fY>T,fX

fy = 61y+(fxy+fxy) u+(t, +7,)v+a,

=qy+(, +7 ) u+(,+7,) v+a,,

(3)

The heat flow takes form:

(u/ Pry+ 1y /Prr) /(7 D,gq, =

(4)

Where Pr; and Pr; are respectively the laminar and turbulent

7=(9.9,) 4y = (el P+ g P2 F» Lir-n

Prandtl numbers. The diffusion term g = (a,a,)" for turbulence ki-
netic energy and the dissipation rate ﬁ =(By. By ) have forms:

ok Ogg Oeg
)Fy’ﬂx =(utp /o) 5By = (u+p log)—*

Ox oy .

ok
ay =(u+plo)—.ay,=(u+p /o,

Ox

The tL}(rpulent viscosity is expressed in terms of k and 3

=C, =
g
The source terms has form:
®=(0,0,0,0,R, +D,,P.+D,,dpc,/dt,,,), where
E)u ou Ov ov £ &l
Pk:Tu g(* 7) }yarpg:Cm;Pk:Dk:p“:»Ds:ngpfl

The coefficients in (2)--(4) take the following values:
C, =144,C,,=1.92,C, =0.09,0, =10, =1.3, Pr, = 0.89

Common feature of non-linear difference methods is calculation
of the in-viscid flows on the border of finite volume on the basis of

approximate-state Riemann solvers. In this paper those approxi-
mate-state Riemann solvers where defined (initially find in [4]) for
arbitrary number of gas mix components (and pk, € unknowns)
on the basis of Roe-Pike method. TVD difference scheme of Chacra-
varthy - Osher [5] of third order of accuracy was used. Modification
of numerical method [5] consist of using pure upwind variant of this
scheme. This variant of scheme made it possible to avoid oscillations
of values of radicals concentration.

For calculation of the derivatives on the boundaries of grid cells
for terms of viscous flows calculations Gauss theorem was used:

of 1
T meds o

The calculations of those integrals can be done by introducing ad-
ditional volume based on centers and vortex of cells. In this paper the
other way was choose for integrals (5) evaluation. During calculation
of in--viscid flows with using Roe-Pike procedure we already found all
unknowns on the bound of the cells, so derivatives in (5) for viscous
flows can be found in the centers of cell. After that we use simple up-
wind choice for defining viscous flows on the boundary of the cells.

Kinetic Model

Process of deflagration appearance in hydrogen-air mixes can be
treated as transition from slow chemical reactions to fast branching
chain reactions. Theory of these reactions was developed by Semenov
[6]. Equations of chemical reactions can be presented as follows:

Da, 4= B,B,j=1...M -
i=1 i=1

Where M, n -number of reactions and components of the mix, «;
, B; - coefficients of direct and inverse reactions. Arrhenius low is
predicted for calculating of speeds of changing of mix components
concentration ¢;:

dc,

dt

M=

2 (B —ay)w;(e.T) )

~.
Il
—_

w(e,T) =k (D[] -k, D[], ®)
i=1 i=1

k,,=A f’lef'b exp(-E,, /RT)) (9

In present paper gas mix of 9 component: H,, 0,, H, 0, H,0, OH,
HO,, H,0,, N, was treated. For present investigation the next 11 the

272
most widespread reactions where choose:
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Two algorithms were used for numerical solving of system (7)-
(9). The first one was solving of fool system of stiff ODE (7)-(9) on the
basis of numerical Gear method. The family of implicit Gear methods
is one of the BDF methods (backward differential function), which use
meanings of unknowns from m previous time steps. In connection
with number m of previous time steps one defines the Gear meth-
od of m accuracy. Every method of m accuracy poses its own area of
stability. For m greater than 7 area of stability is empty. In this paper
the next modification of Gear method for solving system of stiff ODE
equation ;' = ?(t, ;) of forth degree of accuracy was used:

— —n=2 — —n-1 —n — =
Vorea = =10y ) /32y +6y +4h- f(yye);

—n+l — —n —n-1 —n-2 (10)
y =48y, —36y +l16y -3y )/25.
Where )y calculated by Runge-Kutta method:

k=)= f @+ k12,0 +h/2-F), (1)

fo= F 01 2,3 +h) 2 Fa) s = F (" + R,y +heks)
Vo = +h16- (ki + 2K +2Ks +Ka).

The meanings of on the first three-time steps calculated by explic-
it Runge-Kutta method (11), This predictor-corrector algorithm al-
lows one to avoid iteration procedure on every time step as necessary
for initial implicit Gear method. Additional improvement of method
convergence achieved by Runge procedure for defining value of time
step (by defining maximum error on every time step):

—n —n-1
max yk - yk
. <¢&
k E, . t&. v
abs re yk (12)

where &, &, are absolute and relative error respetively. If
inequality (12) is not valid value of time step h should be reduced.
Idea of the second one [6] is the next. Deflagration in hydrogen-air
gas mix appears as sudden explosion after long period of induction
(for more low initial temperature the period of induction is longer).
In this induction period concentrations of radicals H, O and OH are
grows. Mass of radicals, nevertheless stay small and velocity of their
changing are negligible, and one radical component transverse to the

others. This explosion mechanism is branching chain reaction in-

troduced by Semenov [6]. In this case system of kinetic equations is
divided into three subsystems. Systems of two differential equations
for concentration of H, and H,0, are solved separately. The concen-
trations of radicals H, O, OH and HO, are found from algebraic system
with assumption of “quasi stationary” concentration, and for “large
unknowns” system of three differential equations is solved after some
time steps of solving first and second subsystem with bigger time
step.

Examples of Numerical Simulation of Flows with
Deflagration Appearance in Hydrogen-Air Gas Mix

Numerical simulation of two-dimensional flows of hydrogen-air
mixes with deflagration appearance were provided for two configura-
tions of asymmetrical channels.

Flow in Channel with Parabolic Form Obstacles

Axe- symmetrical calculation region consists of channel with par-
abolic form obstacles. Shock wave of intensity M =1.5 spreading
from the left boundary of the region. Initiation of deflagration appears
at the ferst corner boundary point near axe of symmetry. After this
moment intensity of deflagration grows in this area. On Figures la-
1d level lines of temperature and meanings of temperature (in write
column, multiplied by 0.01) in consequent time moments are drown.
On Figures le & 1f graphics of temperature (e) and concentration of
H, (f) along bottom boundary of the channel in consequent time mo-
ments are drown.

Flow in Channel with Central Body

Axe- symmetrical calculation region consists of channel with cen-
tral body. Formulation of the problem is similar to the previous one.
Shock wave of intensity M, =1.5 spreading from the left boundary of
the region. Initiation of deflagration appears at the corner boundary
points on up and down border. After this moment intensity of def-
lagration grows in these areas. On Figures 2a-2d level lines of tem-
perature and meanings of temperature (in write column, multiplied
by 0.01) in consequent time moments are drown. On Figures 2e & 2f
graphics of temperature (e) and concentration of 7, (f) along bottom
boundary of the channel in consequent time moments are drawn. For
calculation performing structured curvilinear calculation grids were
constructed by author’s algorithm, based on decision of system of
PDE equation of parabolic type [7].
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Figure 1:

consecutive time moments.
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(e), (f) - graphics of temperature (e) and density (f) along bottom boundary of the channel in consequent time moments.

(@), (d) - vectors of velocity, level lines of temperature and in write column corresponding to level lines meanings of temperature in
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(c)

(e)

Figure 2:

(d)

(D

. (@), (d) - vectors of velocity, level lines of temperature and in write column corresponding to level lines meanings of temperature in

consecutive time moments.

. (), (f) - graphics of temperature (e) and density (f) along bottom boundary of the channel in consequent time moments.

Flow in Non-Reflecting Nozzle

Axe symmetrical channel with non-reflecting nozzle (calculation
grid drown in Figure 1) initially filled with hydrogen-air mix with lit-
tle amount of water (it involved as collision partner in reaction 5 and
7 of Table 1) with atmosphere meanings of gas dynamics values. At
the initial moment shock wave of intensity M =1.9 began to move
from the right side of the region. During the spreading of shock waves
on the top and bottom bounds of the region deflagration of gas mix
appears. On Figures 3a-3d level lines of temperature and meanings of
it (in write column) in consequent time moments are drown. Change

of H, concentration inside the flow demonstrates deflagration ap-
pearance. On Figures 3e & 3f graphics of concentration of hydrogen
H, (e) and temperature (f) along bottom boundary of the channel in
consequent time moments are drown.

Table 1: Chemical reactions.

H,+0,-k,--20H | H,+OH-k -H+H,0 | H+O,-k,-O+OH

H,+O-k,-H+OH | HO,+M-k,-H+O,+M | H+H,0 -k, - H,+ OH

2H+M-k,-H,+M | 2HO,-k,-H,0,+0, |H,O,+M-k, -20H+M

20H+M - k,, -H, O,+M | H+H,0,- k,, -OH+H, O
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Figure 3:
. (a)-(d) - vectors of velocity, level lines of temperature and in write column corresponding to level lines meanings it in consecutive time
moments.
. (e), (f) - graphics of temperature (f) and molar concentration of H, (e) along top boundary of the channel in consequent time moments.

Flow in Channel Consist of Combination of Cylinders and
Cones

Axe- symmetrical calculation region consists of combination of
cylinders and cones. Formulation of the problem is similar to the
previous one. Shock wave of intensity M,  =2.7 spreading from the
left boundary of the region. Initiation of deflagration appears at the

boundary point between secondary cone and secondary cylinder. On
Figures 4a-4d level lines of temperature and meanings of tempera-
ture (in write column) in consequent time moments are drown. On
Figures 4e & 4f graphics of temperature (f) and concentration of H,
(e) along bottom boundary of the channel in consequent time mo-
ments are drown.
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(e)

Figure 4:

consecutive time moments.

Axial Flow in Channel Between Two Coaxial Cylinders

Calculation region is situated between two coaxial cylinders. For-
mulation of the problem in main is similar to the previous ones. Shock
wave of intensity M,  =5. spreading along the cylinders surfaces from
the left boundary of the region. Initiation of deflagration appears near
outside surface at the beginning of shock spreading and later near

(@), (d) - vectors of velocity, level lines of temperature and in write column corresponding to level lines meanings of temperature in

(e), (f) - graphics of temperature (f) and concentration of H, (e) along bottom boundary of the channel in consequent time moments.

upper point of the graphic. On Figures 5a-5d level lines of tempera-
ture and density and meanings of temperature (in write column) in
consequent time moments are drown. On Figures 5e & 5f graphics of
temperature (f) and density (e) along outside bottom boundary of the
channel in consequent time moments are drown. This flow in some
aspects similar to flow on rotating detonation region.
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Figure 5:

(b)

. (@), (d) - vectors of velocity, level lines of temperature and in write column corresponding to level lines meanings of temperature in

consecutive time moments.

. (), (f) - graphics of temperature (e) and density (f) along surface of the outer cylinder in consequent time moments.

Summary

Algorithm for calculation of deflagration initiation for viscous
turbulent flows of hydrogen-air mixes was provided. In--viscid flows
were calculated by using pure upwind variants of Chakravarthy-Os-
her difference scheme This variant of scheme made it possible to
avoid oscillations of values of radicals concentration near points of
deflagration appearance. Calculations of viscous turbulent flows in
the center of cells were made with using values of supplementary un-
knowns defined on the border of cells as part of Roe-Pike method of
approximation of Riemann problem for in--viscid flows calculations.
After that pure upwind meanings of viscous turbulent flows where
used. So, in-viscid and viscous flows are calculated from the same
meanings of supplementary unknowns. Calculations of some exam-
ples of flows with initiation of deflagration in hydrogen-air mixes in
two-dimensional channels by this algorithm were provided. For de-
cision of system of kinetic equation two algorithms where used: the
first one is decision of fool system of kinetic equation for multistage

hydrogen-air reaction, and the second is algorithm based on Semen-
ov’s theory of branching chain reaction. Both algorithms used non
iterative variant of Goer methods for solving stiff system of ordinary
differential equations. For calculation performing structured curvilin-
ear calculation grids were constructed by author’s algorithm, based
on decision of system of PDE equation of parabolic type [7].
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