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Abstract An investigation into influence of obstructions on premixed flame propagation has been
carried out in a semi-open tube. It is found that there exists flame acceleration and rising overpressure
along the path of flame due to obstacles. According to the magnitude of flame speeds, the propagation
of flame in the tube can be classified into three regimes: the quenching, the choking and the detona-
tion regimes. In premixed flames near the flammability limits, the flame is observed first to accelerate
and then to quench itself after propagating past a certain number of obstacles. In the choking regime,
the maximum flame speeds are somewhat below the combustion product sound speeds, and insensi-
tive to the blockage ratio. in the more sensitive mixtures, the transition to detonation (DDT) occurs
when the equivalence ratio increases. The transition is not observed for the less sensitive mixtures.
The dependence of overpressure on blockage ratio is not monotonous. Furthermore, a numerical study
of flame acceleration and overpressure with the unsteady compressible flow model is performed, and
the agreement between the simulation and measurements is good.
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The study of flame propagation in the tube with obstructions was pioneered by Chapman and
Wheeler in 1926. From then on, flame acceleration with turbulence-producing obstacles have
been observed by various authors. For example, in tubes open at one end and filled with repeated
obstacles, flame speeds greater than 500m/s have been recorded in the relatively insentive mix-
ture of stoichiometric methane and air'') . Turbulent flame acceleration in closed tubes with sever-
al kinds of fuels including H,, C,H,, C,H,, CH, and C3;Hg has been carried out by Lee et
al .27} Their results demonstrated that for sensitive mixture such as Hy-air or C,H,-air, transi-
tion from deflagration to detonation can be observed under certain conditions. However, the ex-
perimental data of flame propagation in open tubes are insufficient for various fuels. There is no
lack of applications of vented vessel in reality, for instance, a new type of ash-cleaning facility
widely used in energy power system is a semi-open system burning gaseous fuels!”? . From a prac-
tical point of view, it is of importance to explore the mechanism of unsteady state flame accelera-
tion in the semi-open tube.

In a closed vessel, irrespective of the different possible modes of combustion (deflagration,
detonation, etc. ), the final equilibrium overpressure increases are more or less the same, corre-
sponding to the constant volume explosion pressure Ap., which is the property of fuel-air mixture.
But for explosions in vented vessel, there is no equilibrium overpressure. The transient pressure
rise depends on the vessel geometry, vent area, and burning velocity of mixture. Laminar burning
velocities depend on the transport and chemical-kinetics properties of the gas mixture and are typ-
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ically less than 1m/s for most stoichiometric hydrocarbon-air mixtures. However, propagation of
flame is intrinsically unstable in tubes or channels filled with obstacles, and the rate of burning is
strongly influenced by the gas-dynamic flow structure in the unburned gases because of the cou-
pling between the combustion process and the flow ahead. In the present paper, the influence of
turbulence on flame propagation in a semi-open tube is studied by changing the configurations of
obstacles, the numerical simulations of the development of flame speeds and transient overpres-
sure are performed using the unsteady compressible flow model, and the predicted values are
compared with measuremental data.

1 Experimental details

As shown in fig. 1, the flame tube used in the experiments was a semi-open obstructed tube
which had a 80 mm inner diameter and was 5 m long. Circular orifice plates spaced 200 mm apart
with blockage ratios of BR =0.212, 0.315, 0.438, 0.609 and 0.75 were used as flow obstruc-
tives. The blockage ratio is defined as BR = 1 — (d/D)* where d and D denote orifice and tube
inner diameter, respectively. The fuels include H,, C - 2H,, water gas (58.5%H,, 30%CH,,
5.4%N, and 6.1%CO), and CH,.
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Fig. 1. Schematic diagram of the flame tube and obstacle arrays.

When the tube was fully filled with a premixed gas mixture, the inlet valve was closed, and
ignition was initiated by an electrical spark. Now the initial flame was formed. The flame acceler-
ated through the tube from the closed end to the open end due to the turbulence produced by the
obstacles. In order to monitor the development of flame speeds and overpressure, ionization
probes and pressure transducers were installed at different positions along the tube. When the
flame passed, the signals were recorded on a 8 channel high speed digital recorder with top sam-
pling frequency 400 kHz, so that the flame speeds and transient pressure in the tube could be
measured .

2 Results and discussion

In the paper, the equivalence ratio is defined as @ = fuel to air ratio/stoichiometric ratio.

The results of the present study indicated that, according to the magnitude of final quasi-
steady state flame speeds, the propagation of flame in the tube can be classified into three regimes
due to flame acceleration by turbulence. The quasi-steady state flame speeds depend not only on
the fuel and mixture composition, but also on the obstacle configuration (i.e. orifice inner diam-
eter, blockage ratio and obstacle spacing). One propagation regime is typically separated from

another by an abrupt jump in the magnitude of the flame velocity. In premixed flames near the
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flammability limits, the flame speeds are very low and the flame fails to propagate along the tube
and quenches itself because of pressure losses across the obstacles. This is referred to as “the
quenching regime” . Thibault et al.'® showed that there exists a critical orifice diameter below
which the flame cannot pass forward. This critical orifice diameter was found to depend on the
pressure ratio across the orifice plate, the mixture composition and initial conditions. In the fol-
lowing figures, zero terminal velocity is used to represent the quenching regime. When the flame
propagation transits from quenching to chocking regime, the transition of flame speed appears,
and the flame speed corresponds roughly to the sound speeds of combustion products. The second
transition from deflagration to detonation is observed when equivalence ratio increases, and the

flame speeds are greater than 1000 m/s.

2.1 Influence of obstacles on flame propagation in the tube

2.1.1 Flame acceleration in the tube. The variation of the flame speed with distance along
the flame tube (blockage ratio BR = 0.438) is shown in fig. 2 for different equivalence ratios.
Owing to the positive feedback mechanism between burning rate of flame and gas-dynamic flow

structure, and combining effect of wall friction and heat release, the flame continuously acceler-
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fuels ( BR =0.438) . m/s. In addition, the flame accelerating rate de-
pends on the fuel. For the same obstacle configu-

ration and blockage ratio (BR =0.438, @ =0.58), the distances to quasi-steady state for hy-
drogen, water gas and methane are x =0.48, 0.64, 0.8 L, respectively, and the maximum

flame speed corresponds to 800, 450, and 200 m/s, respectively.

2.1.2 The different regimes of flame propagation. ~When flame propagates along the obstruct-
ed tube, for sensitive gases such as hydrogen or acetylene, the propagation of flame can be clas-
sified into three regimes according to the magnitude of the maximum flame speeds. In the quench-
ing regime, although the initial flame is formed, the flame eventually extinguishes itself after
propagating across a little distance and cannot go forward any more because of turbulence induced
by obstacles. If the equivalence ratio is raised, the flame accelerates continuously and no longer
quenches, the final flame speed is close to the sound speed of burnt combustion products. When

this happens, the flame propagation gets into the choking regime. With the increasing equiva-
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lence ratio, the second sudden jump in the flame speed occurs, transition from deflagration to
detonation is observed, and the flame speed approaches the normal C-J value. However, for rela-
tively insensitive gases, such as water gas or methane, there is no transition to detonation in the

present experiment, as shown in fig. 3.
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Fig. 3. The maximum flame speeds vs. fuel and equiva-  Fig. 4. Influence of blockage ratio on the regime of flame

lence ratio ( BR = 0.315) . propagation ( hydrogen-air) .

Fig. 4 shows the influence of blockage ratio on the regime of hydrogen-air flame propaga-
tion. Although the lean limit of hydrogen-air is @ ~0.1, there is no flame signal for @ <0.32
due to the strong turbulence by obstacles. It is indicated that the flame quenches itself soon after
ignition. In the choking regime, according to compressible flow theory, friction and heat addition
will eventually drive the flow to move at the sound speed. In fact, the flame speed is lower than
the sound speed of the combustion products computed on the basis of an isobaric combustion pro-
cess due to the momentum deficit and heat losses induced by the blockage effect of obstacles. The
measured value is about 100m/s below the isobaric sound speed curve and follows the trend of the
curve in this way as a function of mixture composition. The flame speed is also insensitive to the
blockage ratio, which is consistent with the flow behavior of the choked conditions. For detonative
combustion, a decrease in maximum flame speed is found with increasing blockage ratio due to
higher pressure loss across the obstacle. It is found that at @ =1.02, the maximum flame speeds
are 1900, 1800 and 1480 m/s for different blockages of 0.315, 0.438 and 0.609, respectively.
The velocity deficit is as high as 420 m/s. The range of detonation also reduces with the increase
in blockage. It is shown that at BR = 0.609, transition to detonation is suppressed. Thus it is
reasonable to expect that there exists a critical blockage ratio above which transition to detonation

fails to occur for any given mixture composition.

2.2 Influence of obstacles on overpressure in the tube
2.2.1 Overpressure development in the tube. When flame accelerates in the tube, it pushes
forward and compresses the unburnt gas resulting in a rise in overpressure, as shown in
fig. 5(a).

In the condition of BR =0.438 and & = 0.58, the maximum flame speed of methane-air is
only 200 m/s (fig. 2), which is far lower than the corresponding sound speed ~ 800m/s. In
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Fig. 5. Influence of obstacles on overpressure in the tube ( P, is atmosphere) . (a) Maximum overpressure of 4

kinds of mixtures at various positions in the tube with BR = 0.438 and @ = 0.58; (b) variation of maximum

overpressure with blockage ratio for various mixtures.

this case, the flow in the tube can be considered as incompressible, so that the overpressures a-
long the tube are more or less the same. However, the trend of development of overpressure is
very similar to that of flame acceleration for hydrogen and acetylene. Fig. 4 shows that the flame
speeds are close to the sound speed within the choking regime; thus the influence of flow com-
pressibility on pressure fluctuation cannot be neglected, and a one-way characteristic appears in
the pressure transmission. With the movement of pressure wave, the overpressure goes up contin-
uously and finally reaches a quasi-steady state.

2.2.2 Influence of obstacles on the maximum overpressure. Fig. 5(b) illustrates the varia-
tion of the maximum overpressure with blockage ratio. The influence of blockage ratio on the max-
imum overpressure changes with different fuels (fig. 5(b)). An increase in overpressure with in-
creasing blockage ratio is observed in the case of methane. Nevertheless, there exists similar be-
havior for other three fuels, i.e. the maximum overpressure goes up with the increasing blockage
ratio when blockage ratio is less than 0.5, but when of blockage is larger than 0.5, the maximum
overpressure goes down with rising blockage ratio. The overpressure reaches an extreme top value
at about blockage ratio of 0.5.

3 Numerical simulation

From the above discussion, it can be concluded that under appropriate conditions of equiva-
lence ratio and obstacle configuration, transition to detonation occurs. When this happens, the
combustion wave is accompanied by shock wave in the tube. As a result, the propagation mecha-
nism of detonation is so different from that of deflagration that they cannot be studied using a uni-
fied theory. Thus the effect of shock wave on combustion process is not involved in the following

numerical study, and prediction is limited to the development of flame in the condition of subson-
ic deflagration.

3.1 Turbulence model

In the present paper, the numerical study of flame acceleration and development of overpres-

sure due to turbulence-producing obstacles was performed using the unsteady compressible flow
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model. The calculation was limited to the two-dimensional axisymmetric condition. Owing to the
high Mach number of turbulent flow in the flame propagation, the influence of turbulence Mach
number on viscosity-dissipation and pressure-dilatation had been considered on the basis of previ-

ous work'®, and the correction of the existing compressible k-e turbulent model was performed.

3.1.1 The compressible correction of k-¢ turbulent model. The equation of turbulent kinetic

energy k is expressed as
a(pk)  9(puk) p'u dp
£ + : =Dij+Pij+Hij—€ij—_—p
dt axj

where the detailed expressions of the various terms on the right-hand side are as follows:

= , (1
p 9% :

The stress-divergence

n._on_n

a 1 ' ’ ”
Dy = 5}:[5 puwy + (p'uy) &y - Ti/’ui] ’ (2)

. - . | ——— . ——
which includes turbulent kinetic energy divergence Epu’éu’@u’j'» , pressure-divergence (p'u’}) 0y,
and viscosity-divergence — 'ju’;.

The production of turbulent kinetic energy

o Wi
Py = — puiuj axj. (3)
The pressure-dilatation
du"
LT
The turbulent kinetic energy dissipation
_ !
€i~ = ‘06 = T’i' . (5)
v J axj
Using gradient modeling, we have
1 ——  —r Hi Ik —— _ P 9p
- 5 puuu; — uﬁg = = 5 - ;= = T .
2 I J p y oy, axja P axi
From the hypothesis of Boussinesq, we obtain
— du; Jdu;\ 2- duy,
[ ¢ _J)_ = —r
_(Ouz,uj - #t(axj'l"axl) 3(pk+/lt axk).

4

8xt is included in the pressure-dilatation IT; and the turbu-
{

lent kinetic energy dissipation ¢;. The compressibility of flow is chiefly reflected as the density

The fluctuation-dilatation d' =

fluctuation which is related to the fluctuation-dilatation d’ .

For high Reynolds number compressible turbulence, in the case of homogeneity, the turbu-

lent kinetic energy dissipation can be expressed ast1*

E)e = /z(w,;wi + %/x(ﬁ) = ((_)es + ,Z)ed, (6)
4
3

where w; =V x v and d' =V *u}, pe, = p ww; is the incompressible dissipation, and pey =
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pd'd’ the compressible dilatation dissipation .

[11—13]

According to the discussion of previous works , a plausible parametric relationship is

e, = 0.15H(M,)«,, (7)

(M2t_ M%O s M, = My,
H(M,) = 8
) = | o (8)

where the turbulence Mach number M, = v/ 2k/¢, c¢ is the sound speed, and M, equals 0.25.

The pressure-dilatation p’d’ can be derived from the following relationship[m’m :

du,

p'd =0.2 Mipe, - 0.4 Mz, P (9)

In all the equations above, a signal superscript / represents fluctuation with respect to the
Reynolds average, while a double superscript # signifies fluctuation with respect to the Favre aver-
age.

3.1.2 Control equations. The modified control equations are as follows:

%, Aew) (10)
at dx; ’
I pu;) a(@ﬁii) ap a3 _
+ o2 + —(ry - 0;), (11)
at axj ax& axj
I(ph) I(ouh) 3[ P ahn] - du; _  dp - Ip 4 dp Ip
+ = 5 —+ PTG A E S o
T ax;  Inlp, "oy Jond T Tan T T 00 T Y ay T 2 as; 0,
_ - (12)
(oY)  (puY,) 2 w1 Y
. ICA—— +——t~——£+Rfu, (13)
at ax} axj Oy xj
a(,l_)f) a(puf) d e\ df
nw+ |1, (14)
dt d x; 3x of )Ix;
a(pk) puk) 3 s ak] _ 9,
+ - — + — |—| = i 3
at axj axj O} x]. X
u dp Ip
cFR(M) - 2L e ey, (15)
p® 9% Ix;
I(pe) pug) 2 w ) de e(. dui w3 Ip o2
+ = ——|lp+— |7 |- Ci—|oy +;__—C2pz,
(16)
where
h = CPT + Yij, (17)
_ Y,
= Y - _"l, (18)
f~ f~ /9 .
_ aui auj 2 3uk
Z'ij = #(axj ax,)_ 3/“ axkaij’ (19)
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. du; du;\ 2 _ (- du,
==l v sale Fofer v T). 20
- k2
M = CMO :’ (21) ’
F(M,) =1-0.4M,, (22)
1+ 1.5(M> - M%) - 0.2M2, M, = My,
G(Mt) _ { , 0 t t t0 } (23)
1-0.2M3, M, < My.

i/f is mass fraction of fuel, f/oz mass fraction of oxygen, f mixture fraction, Q; heat of reaction

per unit mass, and 3 is a measure coefficient where the combustion equation based on the mass is
assumed to be | F| + /3{ 02} - (1 + B){P} . F(M,) and G(M,) are given functions. The
symbol ~ signifies Farve-averaged quantities, and overbar “—” designates Reynolds average.

The constants used in the model are shown in table 1.

Table 1 The Model constants
C " C 1 CZ (243 Oy

of a; o,

0.09 1.44 1.92 0.7 0.7 0.7 1.0 1.3

3.2 Combustion model
The source term related with rate of combustion is included in the species conservation. The
time mean rate of combustion is treated by Eddy-Break-Up model as the following relation-

ship“ﬁ] :

Rfu == CEBUK_) %ylim ’ (24)
Where ?minzmin[?f, ?02/5’ ~Yp:|, CEBU=4'O-
3.3 Domain of calculation

The calculation domain is divided into 502 x 22 = 11044 grid points in the x-direction and
the radial direction, respectively ( fig. 6 ). The |

Sm {
staggered grid has been used in the calculation. In the FFeT =T —F—=FTT——F ‘JI
initial condition, the tube was fully filled with premixed ELE 02 m — R }
combustible mixture, and ignition was initiated by a pla- 2N I;n;i(;] ________ \__Bb_st”“_a_;e“;

nar source at the closed end. The flow was treated as
being in the turbulent regime from the start ¢t =0 and no Fig. 6. Domain of calculation.

attempt was made to model the laminar to turbulent flow transition. We say that the ignition was
accomplished when 20 percent of fuel at the closed end of the tube was burnt. The reaction rate

and effective viscosity were dependent on the initial value of the dissipation rate €.

3.4 Boundary conditions
(1) At axial center line: The axisymmetric condition is adopted. This means that the axial
velocities, turbulent kinetic energy and radial gradient of dissipation rate of turbulent kinetic en-

ergy are set at zero, and radial velocities are set at zero, too.
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(2) At wall: The wall function is adopted.

(3) At outlet: It is assumed that the first derivatives of normal velocities at the outlet points
are constant. According to the total mass conservation principle, the velocities at the outlet points
can be obtained from the contribution of velocities of inner points.

(4) At obstacles:It is presumed that the thickness of obstacles is negligible, the flow vis-

cosity at obstacles is infinite, and the velocities at the boundary are set at zero.

3.5 Computational results

The computed flame contours of acetylene-air at different time are depicted in fig. 7 with e-
quivalence ratio 0.58 and blockage ratio 0.315. The flame becomes deformed when it passes
through the obstacles. With the flame moving forward to the outlet, the turbulence gets stronger
because of obstacles, and the flame is so distorted that the leading front at the axial centerline ac-

celerates continuously, which is consistent with the measurement of ref. [17].

1.0m 2.0m 3.0m 4.0m 50m

Fig. 7. The computed flame contours at the different time.

The comparison of predicted maximum flame speeds and maximum overpressure in the tube
with the experimental data in fig. 8 shows good agreement. It is reasonable to use the above tur-
bulent flow model to analyze the development of premixed flame in the obstructed tube. However,
neither prediction of transition to detonation nor that of the composition range of flame quenching
can be made by the present model, in that the effect of shock wave on the combustion or chemical

kinetic effects at quenching are not involved in the model.
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Fig. 8. A comparison of calculated values with experimental data for acetylene-air premixed flame. (a) The

maximum flame speed vs. equivalence ratio; (b) the maximum overpressure vs. equivalence ratio.
4 Conclusions

The influence of turbulence produced by obstacles on flame propagation in a semi-open tube

has been studied with 4 kinds of fuels. It can be concluded that there exist three distinct regimes
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of flame propagation in the obstacle-filled tube. In premixed flames near the flammability limits,
the flame extinguishes itself after propagating some distance. This is referred to as the quenching
regime. When the equivalence ratio is so high that quenching does not occur, the flame acceler-
ates continuously and the overpressure goes up along the tube, ultimately reaching a quasi-steady
state. This regime is called the choking regime. With the increasing equivalence ratio, the tran-
sition from deflagration to detonation is observed for sensitive mixtures, the sudden jump in the
flame speed occurs from one regime to another. However, there exists no transition to detonation
for relatively insensitive mixtures in the present condition.

In the choking regime, the maximum flame speed is insensitive to the blockage ratio, and
somewhat below the sound speed of burnt products. Nevertheless, in the detonation regime, the
maximum flame speed decreases with the increasing blockage ratio due to the severe momentum
losses induced by the blockage effect of the obstacles, and at the same time, the detonative range
is observed to become narrower. The effect of blockage ratio on overpressure is not monotonous,
and the overpressure reaches its maximum at about blockage ratio of BR =0.5.

By the correction of viscosity-dissipation and pressure-dilatation, the modified k-e¢ two-di-
mension turbulent model has been used to predict the flame acceleration and the development of
overpressure in the tube, the calculated overpressure and flame speeds are in good agreement with
experimental data. However, a great deal of attempts must be made to predict the transition to
detonation .
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