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1 Introduction

The criterion for the shift of lamellar flame to turbulent flame is very important in engineering. So far,
the research works of these fields are not perfect. In this paper, the Lyapunov stability theory is used to
obtain a criterion for the stability of flame propagation. It is known that, under the certain condition,
deflagration can be transformed into detonation. The detonation of the combustible gas is the most
devastating gas explosion. In the early stage of the combustion accident, it needs to avoid the
destruction of effect of the shift of the deflagration to the detonation. So, the research on DDT has
been widespread concerned. It is shown experimentally [1-4] that detonation waves can originate in the
vicinity of the flame zone. Some authors [5-8] modeled the onset of detonation numerically
considering one-dimensional models and simplified one-stage reactions. Eder A [9] derived the
mechanism of deflagration, detonation state and deflagration detonation transition. Although, the study
about the deflagration detonation transition involved theoretical studies, numerical studies and
experimental studies, until now, the theoretical research on criterion for the transition from
deflagration to detonation study are also lacking. In this paper, we specifically conduct a study for the
combustible gas of carbon monoxide, use linear stability analysis methods to propose the criterion of
the deflagration to detonation for carbon monoxide.

2. Criterion for the stability of flame propagation

For unsteady combustion, the heat conduction, the gravity and thermal diffusion effect are neglected.
Take a straight pipe, the right side of the pipe is opening, the left is closed. Discuss a single reaction
channel and a single reaction medium in case of A—B. Then the unsteady flow of the combustion
flame meets N-S equations [10] :
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Where, ¥ = @0Lo€ . B, is the reaction activation energy, Do is the constant greater than zero,

Po is the density of the reactants. > % P- T. 7. Amy h\ Po, w respectively signify
density, velocity, pressure, temperature, specific heat ratio, unit reaction degree, the density of the fluid
viscosity coefficient, reaction medium, chemical reaction rate, gas enthalpy of the reaction medium
density and chemical reaction rate.

Reynolds number is a dimensionless number, which can be used to characterize fluid flow situation.
According to the definition of Reynolds number and the relationship between Reynolds number and

the N-S equation, we can know that local Reynolds number (Re) is defined as: Re = puD/n’ D is

the characteristic length. Take the critical Reynolds number for steady spread of flame is Rel, stability
analysis is carried out on the Reynolds number. If adding a small disturbance to the system, after a
long enough time, flame propagation is still spreading in the form of laminar flow. In other words, any
point on the surface of the flame array at any time, the Reynolds number is not more than the critical

1
Reynolds number Re , the stability is proved. Take any point on the surface of the flame array as the
research object, the Reynolds number after total differential and transformation can be obtained that:

dRe_D[ (a(pu)+ua(pu))_pu(an+ua77)]

d  n? at ax at  ox

(2)

Suppose 0 is incremental, the perturbation equations of the unsteady combustion flame one-
dimensional unsteady navier-stokes equations are:
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Reynolds number on the time derivative adds perturbation incremental can be obtained:
d6Re _ D [ o 6(5p5u)+ oud(S5pdu ) _ Spéu 96y dudon
dr (o) ot ax ot ax (1)

In order to guarantee the stability of flame propagation, according to Lyapunov stability theory, we get:

[ 02 S 8(6p5u)+5u6((5p(5u)) 5&‘((35;7 oudon
(6m7) ot ox ot ox s)

In this case, the lamellar flame is stable. Eq. (5) is the theoretical criterion of the stability of flame
propagation under the critical Reynolds number.

)]dt <Re'—ouD/n
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!
When oRe > Re _p”D/n, the flame fronts will be unstable, front instability speed up the flame.
Further instability of the flame forms turbulent flame.

3.The criterion of deflagration detonation transition

The following specific works is to analyze the chemical kinetics of carbon monoxide and oxygen and
obtain the stability condition for the spread of flame. Consider a closed pipeline enclosed a mixed gas
of carbon monoxide and oxygen. Igniting at one end of the pipeline, then the deflagration detonation
transition (Fig.1).

A

U

def det

M M

v

> ¢
Fig.1 Deflagration detonation transition

In the system of 200+0, , complete chemical reaction is extremely complex, the reaction
mechanism is generally considered 7-step reaction[15]:

(1) CO+0,——C0, +0
(2y CO+0—"—CO;

3y CO; +0,—5—CO0, +20
(4y O+0, + M —+—=0,+ M
5y CO+0,—5—=C0, +20
6) CO+0+M—"—CO,+M
7y CO; +M—"—CO, +M

Where, k; ( i=123,...7 ) represents the Z -step reaction rate constant. M represents the third
body of the three-molecule reactions, which only play a role of energy transfer.

i, A=1C0] B=[0,] X, =[0] X; =[0,] X, =[CO}] m =[M]

2

, then the kinetic equations are

as follows:
(0.,
= AB = (ko Ak Ky B+ e Am) X, + 2k, AX, + 2K BX, + DIAX,

X
] 0, _ k,BmX, —k,AX, + D,AX,

0X, _ k,AX, — (k,B + k,m)X, + D,AX,

ot (6)
Where, D,(i=123) represents the diffusion coefficient of 0 , 0, and co, in the system, A

represents the Laplace operator.
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90X, =0, =12,3) o )
If, ot , then the kinetic equations (6) become:
(kyAB — (k, A+ k,Bm + kgAm) X, + 2k, AX, + 2k;BX, =0
<k4BmX1 —kSAXz =0
(ks AX, = (kB + k,m)X, =0 7
So the steady-state solution of eq. (7) as follows:
(v _ ksks AB(kyB + k,m)
Y kg (kyA + Amk, — k,Bm Xk B + k,m)—2mbk,k k,B
| sk, B*m(kyB + k,m)
> ko(k, A+ Amk, — k,Bmk,B + k,m)—2mk,k,k,B
X - ke k,k, AB>m
* "k (ky A+ Amk, — k,Bm \k,B + k,m)— 2mk,k,k,B ()

Xs XZS, X3s)

We assume that in the steady-state solution ( “"ls, , there is a small perturbation
(X, Xy X3 .MakeXl =X, +X; X, =X, +X, Xy =X, +x,

(where, ¥<<X,,i= 1,2,3)

We introduce the above formulas into the corresponding kinetic equation combined with the steady-
state solution of the equations, we can get that:

[ 0x,
ot

0.
X2 _ k,Bmx, —k,Ax, + D,Ax,
t

= —(kyA+ k,Bm + kgAm)x, + 2k ;Ax, + 2k, Bx, + D, Ax,

B kydx, — (kB + kym)x, + DyAx,
ot (9
That is:
X, —(k, A+ k,Bm + k,Am) + DA 2k A 2k, B X,
9 X, | = k,Bm —ksA+ D,A 0 X,
o Xy 0 k,A — (kyB + k,m)+ D,A X5 (10)
The Fourier components of the perturbed solution is:
X G
x, | =|e¢, [e™™ (k = 0)
*3 G (1)
Introducing eq. (9) into eq. (8), we can get that:
¢ -k, A=k,Bm-k,Am- Dk’ -w 2k, A 2k,B q
wlc,|= k,Bm -k, A-DJ’ -@ 0 ¢,
G 0 k,A -k,B-k,m-DJk’ -w||c, 1)
The necessary and sufficient condition of non-zero solution of the above equation is:
—k,A=k,Bm-k,Am-Dk* -w 2k, A 2k,B
k,Bm -k, A-D,k* -w 0 =0
0 k,A -k,B-k,m-D,k’ -@ (13
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That is:

(sz +k,Bm+k,Am + D k* + kaSA + D,k + ka3B +k.m+ Dk* + w)

— ke, B2k, Allk, B + kym + Dk + )+ 2k, Bk, A]= 0 (14>
Then we get the following equation:

@ +aw’ +bw+c=0 (15)
Of where:

(@ =k, A+ k,Bm+k,Am + D,k*> + k,A+ D,k> + k,B + k,m + D, k>
b =(kyA+k,Bm +kyAm + D k> ks A+ D,k> )+

(kB + kym + D,k Ny 4 + k, B + ko Am + D,k )+

V(ksd + Dk Niey B + kym + Dyk? )= 2k, Ak, Bm

¢ =(kyd + k,Bm + ko Am + Dk ks B + kym + Dyk? ks A+ Dyk?)
— ey Bm[2k Ak, B + k,m + D,k )+ 2k, Bk, A

(16)

According to the linear stability theory [11], if all of the three roots (where,wi,l - 1'2'3) of the
above characteristic equation are zero-negative (or have negative real parts), then

disturbance (xl’xz’x3 ) will decay over time index, thus the equations of the steady-state solution is

linearly stable; if there is a zero solution and the rest of the solution is negative, the steady solution is
marginally stable.
According to the theory of a cubic equation, the necessary and sufficient condition of eq. (15) has three
negative roots (or has negative real parts) is as follows:

a=>0

ab—-—c >0

c.>0

a17)

The value of a,b, € determined by eq. (16) shows that a>0,ab-c> 0, thus the necessary and
sufficient condition for the eq. (15) has a zero root and the rest of the root is negative is¢ = 0,
By¢ = 0 , We can get:
(k, 4 + k,Bm + ko Am + D, k> Nk, B + kym + Dyk> Jles A+ D,k )
— ke, Bm[2k Ak, B + kym + Dyk* )+ 2k, Bk, A]= 0 (18)
That is:
D,D,D.k° +[(ky A4+ k,Bm + k, Am)D, D, + (k,B + k,m)D,D, + k,AD,D, J*

(kyA+k,Bm + ko Am kB + k,m)D, + (kyB + k,m)k, AD, +
N [kSA(kZA + kyBm + ko Am)D, — 2k, Ak, BmD,
ko A(k, A+ k,Bm + k,Am kB + k,m)— k,Bm|2k, A(k, B + k,m)+ 2k Bk, A]= 0 (19)
X, , X , X

k* +

Now the steady solution ( 3s ) is in the state of marginally stable.

6 7.4 72
We know that, K=0, S0, k. k" k 20, the above equation can be expressed as a cubic

equation which the k is the unknown, according to eq.(17):
ko(ky A+ k,Bm + kyAm Yk, B + k,m)— k,Bm| 2k (k,B + k,m)+ 2k, Bk, | = 0

200
Thus, when
ko(k, A+ k,Bm + kyAmYk,B + k,m)— k,Bm| 2k (k,B + k,m)+ 2k, Bk, |= 0 D
the system is stable. Thus, the deflagration detonation transition inevitable condition is:
k,(ky A+ k,Bm + k Amk,B + k,m) -k, Bm[2k(k,B + k,m) + 2k, Bk, |< 0 (22)
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PR k ks Bm(k,k + kokgm)— k, Bm|2k, (kyB + k,m)+ 2k, Bk, |
That is : (kyB + keym Nk, ks + kkom) 23)
So, only when the carbon monoxide concentration meets the above (eq.25) conditions the system
becomes unstable.
Through experiment and calculation [12, 13] we know that DDT needs the methane concentration is

more than 12.5%. By the calculation of eq. (23), only when A reach a critical value (the right side of
eq.12), the DDT happen. Thus, the validity of eq. (23) is proved to some extent.

4. Conclusions

By above analyses, the criterion for the stability of flame propagation is obtained by using the
Lyapunov stability theory; the criterion of the deflagration detonation transition for carbon monoxide
is proposed by using the linear stability theory. The criterions can be used as a theoretical support for
the prevention and control of gas explosion.
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