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Complicated interaction of a flame front with a turbulent flow

induced by venting is studied during combustion of the stoichiometric

propane=air mixture in a relatively large vented cylindrical vessel.

Flame position, its shape, and combustion pressure were measured

as a function of time and vent parameters. The experimental data

were used to verify numerical simulation of the combustion process.

The proposed numerical model satisfactorily simulates the main fea-

tures of combustion in a closed and vented vessel such as flame con-

figuration, flow and temperature fields, and pressure variation pattern.

Simulated velocity and temperature distribution are very useful pieces

of information because they are not available from experiments.
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INTRODUCTION

The venting technique is a popular and effective prevention method to

reduce explosion hazard in industrial containers of flammable gases,

liquids, and powders (Eckhoff, 1991). Important parameters of venting

design include venting position, its cross-sectional area, and venting

pressure. Determination of these parameters requires understanding of

venting processes for a given vessel geometry under considered boundary

conditions. Especially important is to understand the interaction process

of the flame front with turbulent flow induced by venting.

The most advanced venting design methods so far applied in safety

engineering are those based on so-called heat balance models (Canu et al.,

1991; Eckhoff, 1991; Nagy and Verakis, 1983; Swift and Epstein, 1987).

In these methods, pressure variation and venting flow are inferred from

calculation of heat, mass, and momentum balances between burned and

unburned regions (Canu et al., 1991; Cooper et al., 1986; McCann et al.,

1985). However, many key issues remain open to further solutions.

Besides, relevant experimental data are mostly limited to small-

aspect-ratio vessels usually spherical in shape (Cooper et al., 1986;

McCann et al., 1985). A special deficiency of experimental observations

exists for elongated large-aspect-ratio vessels, which are typical for

industrial applications. Flame propagation in such vessels has been

proved to be very different from those with small-aspect-ratio spherical

vessels (Markstein, 1964; Pu, 1987; Starke and Roth, 1989).

The present study reports some direct measurements of flame propa-

gation and pressure variation in a vented cylindrical tube characterized

by an aspect ratio equal to 5.6. Observed phenomena are analyzed from

the point of view of interaction between venting induced flow and

ongoing combustion process. Numerical simulation applied to analysis

of the observed processes appeared quite satisfactory in reproducing

the main features of experimentally observed phenomena. It is expected

that the observations, measurements, and simulations presented in the

present paper will improve our understanding of the combustion mech-

anism in vessels with venting.

EXPERIMENTAL DETAILS

The experimental apparatus used in the present study is shown in Figure 1.

Experimental facilities include a cylindrical venting tube, mixture feeding

system, igniter and its controller, vent opening system, pressure transducer,
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high-speed charge-coupled device camera, and data transmission system

(data storage system, signal amplifier, and process timer).

Both constant volume and venting combustion experiments were

conducted in a cylindrical tube 1m long and 0.18m in diameter. The

tube was built of transparent perplex glass to make visualization possible.

A circular vent was located at the center of the top plate of the tube,

opposite to its bottom plate with igniter. Vents with three different dia-

meters —50, 80, and 100mm—were tested. The corresponding vent ratio

d (the ratio of a vent area to the cross-sectional area of a vessel) is 7.7,

19.7, and 30.8%, respectively. A thin membrane made of plastic foil cov-

ered the vent. To ensure an immediate venting at designed time and

pressure, a copper wire was stuck on the membrane surface so that

signaled electric current can melt the membrane and vent the tube.

The fuel=air mixtures were carefully prepared by blending fuel and

air. The output of each gas was measured by means of rotameter-type

Figure 1. Schematic of the experimental apparatus: 1, cylindrical vessel; 2, vent foil or cover

of flange plate; 3, venting detector; 4, outlet; 5, pressure transducer; 6, venting control

system; 7, amplifier; 8, venting detecting system; 9, igniter; 10, ignition control system;

11, inlet; 12, computer.
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flow meters. Before each experiment at least 10min were allowed for

ensuring the quiescent state of the gas mixture in the vessel at the ambi-

ent pressure of 101,325Pa.

A piezoelectric transducer with a sensitivity of 207mv=MPa was set

on the sidewall of the vessel to measure pressure history. The transducer

signal was amplified and recorded by a multichannel recorder at a sam-

pling rate of 2ms.

To record the flame propagation history, a high-speed camera sys-

tem was employed. The camera recorded 500 color frames per second,

sufficiently fast to register the flame propagation process.

A computer program controlled experimental procedures. It started

with pressure and visualization recording systems. Then ignition was

triggered by a program signal. The earlier designated value of pressure

inside the tube (venting pressure) gave out a signal to the electrical cir-

cuit and vented the tube.

Stoichiometric mixtures of methane and propane with air were used

in experiments. Experimental parameters are listed in Table 1. In the

present study, the experiments are concentrated on combustion of the

propane=air mixture.

RESULTS AND DISCUSSION

Closed-Tube Combustion

From a safety consideration standpoint, the combustion experiments in a

closed tube were conducted up to a pressure not higher than 0.46MPa

(the tube was made of perplex glass). Such pressure was high enough

to reveal the most characteristic features of closed-tube combustion

before its venting. Data from observation of flame behavior during its

propagation in a closed vessel were used for comparison with experi-

ments in a venting vessel.

Usually engineering venting pressure is designed below 0.1MPa

(e.g., is much lower than 0.46Mpa).

Table 1. Experimental parameters

Mixtures Initial pressure (Pa) Vent diameters Venting pressure (MPa)

9.5% CH4=Air 101,325 /50, /80, /100 0.01–0.10

4.1% C3H8=Air 101,325 /50, /100 0.005–0.460
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History of flame propagation in propane=air mixture with concen-

tration 4.1% C3H8 is shown in Figure 2. An axial propagation velocity of

the flame leading point deduced from this record is shown in Figure 3.

Measured pressure history is shown in Figure 4. It is seen from this figure

that the pressure variation curve is cut off at the venting instant, because

further combustion was no longer in a closed tube. The dashed line in

Figure 4 is the rate of pressure rise (dp=dt), which is derived from the

pressure curve.

It is worth it to pay attention to the following phenomena character-

istics for closed-tube combustion.

. Three types of flame configuration can be recognized from the history

of flame propagation shown in Figure 2:

– Flame with a smooth spherical and then elongated ellipsoidal sur-

face accelerating from the ignition point to the instant of its contact

with the vessel sidewalls (at the moment of t� ¼ 52ms after

ignition),

– Flame with a relatively stable flat surface retaining approximately

the same position from t� ¼ 52ms to t�� ffi 76ms, and

Figure 2. Flame position and its shape as a function of time (full-length tube). Combustion of

propane=air mixture (4.1% C3H8) in a closed tube. 
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Figure 3. Velocity of flame-front leading point as a function of time. Combustion of

propane=air mixture (4.1% C3H8) in a closed tube.

Figure 4. Pressure and rate of pressure rise as a function of time. Combustion of

propane=air mixture (4.1% C3H8) in a closed tube.
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– Typical ‘‘tulip flame’’ with cusped shape of the flame-front surface

and the cellular shape in the last phase of its propagation (from

t��ffi76ms to the end of combustion at t ¼ 212ms).

. Analysis of the flame propagation velocity curve in Figure 3 shows that

the maximum propagation velocity appears to be close to the instant t�.

. Analysis of the rate of pressure rise (dp=dt) in Figure 4 indicates that

the first peak of dp=dt reaches its maximum value also at the instant t�.

It is evident from these observations that time t� separates the first

type of flame configuration from the two others. Flame propagation at

t < t� can be regarded as a result of an adiabatic combustion process.

In this stage of combustion, the flame front is driven by thermal expan-

sion. This expansion breaks down as the flame reaches the sidewalls. The

sudden collapse of the flame surface area results in deceleration of the

flame front at its leading point (see Figure 3) and in a break of the rate

of pressure rise (see Figure 4). A similar interpretation of combustion

phenomena in a closed tube can be found in many studies (e.g.,

Gonzales, 1996; Gonzales et al., 1992; Markstein, 1964; Starke and

Roth, 1986;). According to Gonzales (1996), the formation of the tulip

flame results from strong deceleration of its central part during the con-

tact of the flame with the sidewalls, from accelerated flow in the zone

wedged by the flame and the walls and reverse flow in the central region.

In other words, a tulip flame is generated from the flat part of the flame

front under the influence of hydrodynamics. During the formation and

collapse of the tulip-flame, the flame surface undergoes soft pulsations

due to the acoustic waves. The cellular shape of the flame observed in

the last phase of its propagation results from the interaction with acous-

tic waves (Gonzales, 1996). There are also other opinions on the tulip-

flame formation mechanism. According to some of them, the formation

of the tulip flame is a manifestation of Taylor instability driven by the

deceleration of the flame tip (Clanet and Searby, 1996).

Vented Tube Combustion

Vent ratios d ¼ 7:7; 19:7; and 30.8% were tested. It was found in experi-

ments that observed phenomena in a vessel with the medium vent ratio

d ¼ 19:7% were very similar to those in a vessel with vent ratio d ¼ 7:7%.

It was found in the experiments that the history of flame development

and flame behavior in a tube with medium vent ratio, d ¼ 19.7%, was
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qualitatively similar to that in a tube with vent ratio d ¼ 7.7%. For this rea-

son, the experimental results only for two vent ratios, d ¼ 7.7 and 30.8%,

with different mechanisms of flame development are presented in this paper.

Helmholtz instability was not observed during the experiments.

Vent Diameter 50mm (d ¼ 7:7%). Pressure history and velocity

variation of the flame-front leading point as a function of time are shown

in Figures 5 and 6 for different venting overpressures from 0.02 through

0.04MPa and 0.07 to 0.18MPa. The history of flame propagation for vent-

ing overpressures of 0.02 and 0.18MPa are shown in Figures 7 and 8,

respectively. It is seen from Figure 5 that all curves with venting overpres-

sure below 0.07MPa belong approximately to one group, which can be

recognized as low venting pressure curves. On the other hand, the overpres-

sure curve (0.18MPa) can be considered a high venting pressure curve.

The history of flame propagation related to venting overpressure

0.04MPa is shown in Figure 7. The pressure curve corresponding to this

history in Figures 5 and 6 is indicated by the letter b.

Figure 5. Pressure as a function of time in a tube with small vent diameter of 50mm (d ¼
7.7%) for different values of overpressure: a0, closed tube combustion; a, pv ¼ 0.02MPa;

b, pv ¼ 0.04MPa; c, pv ¼ 0.07MPa; d, pv ¼ 0.18MPa. Combustion of propane=air mixture

(4.1% C3H8).
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The flame front in a tube with low venting pressure propagates, pre-

serving its curved shape all the time to a distance much longer than that

characteristic for closed-tube combustion. At the moment of opening of

the vent, the propagation velocity attains its maximum value for the con-

ditions of closed-vessel combustion (approximately 10m=s), and after

that it continues to increase its velocity up to �18m=s at a distance of

0.75 of the tube length. At that instant, the flame-front shape resembles

a lotus flower, which is different from that well known from the closed-

tube combustion experiments as a tulip flame. Different flame shape most

probably results from changes in a flow field interacting with the flame. It

is seen from Figures 5, 6, and 7 that at the final stage of combustion the

fluctuating flame moves to a venting orifice at a speed higher than 10m=s.

Finally, it attains the vent and the combustion process is finished.

Finally, it can be concluded that the low venting pressure at the small

vent ratio d ¼ 7.7% contributes to very early start of evacuation of a

mixture from the tube with rather small discharge rate. Outflow of the

mixture through the vent allows the flame to extend a distance of its unin-

terrupted propagation with curved ellipsoidal shape. The combustion

Figure 6. Velocity of flame-front leading point as a function of time for closed-tube combus-

tion and venting combustion with d ¼ 7.7%: a0, closed-tube combustion; b, pv ¼ 0.04MPa;

d, pv ¼ 0.18MPa. Combustion of propane=air mixture (4.1% C3H8).
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process with continuously decreasing mass of the flammable mixture

counteracts a sharp rise of pressure. Decreased mass of the mixture is

responsible for low pressure and very short time of combustion.

The combustion process in a tube with small vent ratio d ¼ 7.7%

(/50mm) and high vent pressure (overpressure pv ¼ 0.18MPa) is different

from that in closed-tube combustion and in low-vent-pressure combustion

(but the same vent ratio). The history of this process shown in Figures 5, 6,

Figure 7. Flame position and its shape as a function of time (upper half of tube). Combus-

tion of propane=air mixture (4.1%C3H8) in a vented tube with vent diameter of 50mm

(d ¼ 7.7%), Pv ¼ 0.04 MPa; tv ¼ 46 ms.
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and 8 indicates that the initial development of combustion is the same as in

closed-tube combustion up to the moment of venting (t� 110ms after

ignition). Vent opening contributes to a small drop of pressure at the begin-

ningof the processwith the following fast opposite tendencyduring intensive

outflow of the mixture from the tube. Increased outflow velocity intensifies

combustion: the volume occupied by a tulip flame systematically grows.

Figure 8. Flame position and its shape as a function of time (upper half of tube). Combus-

tion of propane=air mixture (4.1% C3H8) in a vented tube with vent diameter of 50mm

(d ¼ 7.7%), Pv ¼ 0.18 MPa, tv ¼ 110 ms.
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The flame becomes elongated and very thick with a developed cellular

surface. It moves very fast to the vent. After approaching it, the heat release

falls and the pressure dramatically decreases.

We can conclude that the high venting pressure is the main reason

for a much higher discharge rate than before. Instantly increased venting

flow interferes with very unstable tulip flame as it propagates in a short

distance from the vent. This can explain intensification of the combus-

tion process seen in the final frames of Figure 8.

Vent Diameter 100mm (d ¼ 30.8%). The experiments were carried

out in a tube with vent diameter 100mm and venting overpressures

0.005, 0.02, 0.05, and 0.08MPa. Pressure curves measured in these

experiments are shown in Figure 9 and velocity variation of the

flame-front leading point in Figure 10. History of flame propagation

along the tube for overpressures pv ¼ 0.005MPa and pv ¼ 0.02MPa

is shown in Figures 11 and 12, respectively. It is seen that the combus-

tion process is very different from that characterizing closed-tube com-

bustion. In all experiments considered here, vent opening is held at the

Figure 9. Pressure as a function of time in a tube with big vent diameter, 100mm

(d ¼ 30.8%), for different values of overpressure: a, pv¼0.005MPa; b, pv ¼ 0.02MPa; c,

pv ¼ 0.05MPa; d, pv ¼ 0.08MPa. Combustion of propane=air mixture (4.1% C3H8).
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initial stage of flame propagation before formation of a developed tulip

flame. After the vent is open, the flame behavior resembles that propa-

gating from the closed end to the open end of the tube. The flame

Figure 10. Velocity of flame-front leading point as a function of time for closed-tube com-

bustion and venting combustion with d ¼ 30.8%: a0, closed-tube combustion; a,

pv ¼ 0.005MPa; b, pv ¼ 0.02MPa; c, pv ¼ 0.08MPa. Combustion of propane=air mixture

(4.1% C3H8).

Figure 11. Flame position and its shape as a function of time (full-length tube). Combustion

of propane=air mixture (4.1% C3H8) in a vented tube with vent diameter of 100mm

(d ¼ 30.8%), Pv ¼ 0.005 MPa, tv ¼ 28 ms.
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moves along the tube very fast irrespective of venting overpressure (see

Figure 10). Flame shape and character of combustion depend on vent-

ing delay time. Early venting generates an elongated ellipsoidal flame

shape with accompanying surface combustion (Figure 11). More

delayed venting elevates initial pressure and modifies the character of

combustion. Later venting makes it possible to initiate formation of

a tulip flame (see Figure 13, frames b, c, d) changing the mechanism

of combustion from the pure surface combustion to the mixed surface

and volume combustion. At the final stage of combustion, the flame

front enters the vent and it obstructs the outflow of the flammable mix-

ture by the low-density combustion gases. This results in transitory

pressure increase.

Figure 12. Flame position and its shape as a function of time (upper-half of tube). Combus-

tion of propane=air mixture (4.1% C3H8) in a vented tube with vent diameter of 100mm

(d ¼ 30.8%), Pv ¼ 0.02 MPa, tv ¼ 41 ms.

Figure 13. Comparison of measured and calculated flame-front shape evolution in a vented

vessel (d ¼ 7.7%, pv ¼ 0.02MPa, tv ¼ 49ms). Solid lines, measurements; dotted lines,

calculations.
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NUMERICAL SIMULATION OF COMBUSTION WITH VENTING

Mathematical Model and Algorithm

A combustion process of premixed propane=air mixture (4.1% C3H8) in a

cylindrical tube the same as in experiments is considered. The same vent

ratios and venting pressure parameters were used for simulation. The com-

putational fluid dynamics software Fluent was used to perform the simula-

tion. The ignition and venting conditions adopted in the study are also the

same as those in the experiments. A mathematical model capable of

predicting the reacting compressible flows was formulated based on the

following assumptions: the system is axisymmetrical, the flammable mix-

ture is quiescent and homogeneous; the reaction is simplified as a global

one-step irreversible process, and radiation is ignored. The calculations

are carried out for an unsteady, turbulent, compressible and reacting flow.

The well-known k–e turbulence model is utilized and the mean conser-

vation equations take the following forms (Launder and Spalding, 1974):
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þ �ww �Q ð4Þ
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The equation of state and the mass balance equation for each reactive

species are

p¼ qRT
X
i0

mi0=Mi0 ð5Þ

@

@t
ðqmi0 Þ þ

@

@x
qumi0ð Þ þ 1

r

@

@r
qvmi0ð Þ ¼ @

@x
qDeff

@mi0

@x

� �

þ 1

r

@

@r
rqDeff

@mi0

@r

� �
þ �wws;i0 ð6Þ

According to the k–emodel, the effective transport coefficients in the

preceding equations have the following relations:

leff ¼ ll þ lt ll ¼
X
i0

Xi0li0P
j0
Xj0/i0;j0

lt ¼ clq
k2

e
cl ¼ 0:09

keff ¼ kl þ kt kl ¼
X
i0

Xi0ki0P
j0
Xj0/i0;j0

kt ¼
ltcP
rT

rT ¼ 0:9

Deff ¼ Dl þDt Dl ¼ 2:88� 10�5ðm2=sÞ Dt ¼
lt
qSct

Sct ¼ 0:7

The turbulence kinetic energy k and its rate of dissipation, e, are
obtained from the following transport equations:

@

@t
qkð Þ þ @

@x
qukð Þ þ 1

r

@

@r
qvkð Þ ¼ @

@x
lþ lt

rk

� �
@k

@x

� �

þ 1

r

@

@r
r lþ lt

rk

� �
@k

@r

� �
þ Gk þ Gb � qe ð7Þ

@

@t
qeð Þ þ @

@x
queð Þ þ 1

r

@

@r
qveð Þ ¼ @

@x
lþ lt

re

� �
@e
@x

� �

þ 1

r

@

@r
r lþ lt

re

� �
@e
@r

� �
þ e
k

c1Gk � c2qeð Þ ð8Þ

The model constants C1e, C2e, Cl, rK, and re take the following

values as recommended in Fluent (1999):

C1e ¼ 1:44 C2e ¼ 1:92 Cl ¼ 0:09 rK ¼ 1:0 re ¼ 1:3
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The specific heat capacity of the mixture is defined as a function of

composition:

cp ¼
X
i0

mi0cp;i0

The specific heat capacity of each chemical species is a function of

temperature with a piecewise polynomial:

cp;i0 ðT Þ¼ Ai;0þAi;1T
1þAi;2T

2þAi;3T
3þAi;4T

4 300K�T < 1000K

Bi;0þBi;1T
1þBi;2T

2þBi;3T
3þBi;4T

4 1000K�T � 5000K

�

The so-called Arrhenius–EBU (Eddy-Break-Up) model (Magnussen

and Hjertager, 1976) was adopted to predict the turbulent premixed

combustion. The time-averaged reaction rate is determined by the

following relation:

�wws ¼ min½�wwsA; �wwst �

where �wwsA and �wwst are Arrhenius kinetic rate and EBU reaction

rate, respectively; they are determined from the literature (Fluent,

1999; McBride et al., 1993; Rose and Cooper, 1977; Spalding, 1970;

Westbrook and Dryer, 1981).

The computation was performed for a cylindrical vessel of 0.18m

inner diameter and 1m length. The walls were assumed to be adiabatic.

A given static pressure value is specified at the vent as boundary con-

ditions. When the flow becomes locally supersonic, pressure and other

flow quantities are extrapolated from the interior flow field.

Spatial discretization is performed with a finite-volume technique,

and time discretization uses the Gauss–Seidel one-order implicit

approach. The structured body-fitted grid scheme and the solution-

gradient-adaptive technique were adopted to improve the flame capture

and reduce the numerical error. Flow-field grid size is 5mm� 5mm,

totaling the grid number of 18� 200. To determine the flame-front tem-

perature, T was taken as the gradient function in the solution-gradient-

adaptive technique and the grid size was 1mm� 1mm.

The details of the modeling are available in the work of Hu (2001).

Validation of Mathematical Modeling

Comparison of measured and calculated combustion pressure history is

shown in Figure 14. It is seen from these comparisons that the numerical

simulation can successfully reproduce the main features of the analyzed
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combustion process, though quantitatively there still exists a discrepancy

between measurements and the computed results. The comparison of

measured and calculated flame-front evolution in a vented vessel is illu-

strated in Figure 13. It is seen that the motion of the calculated flame

front along the tube is a bit slower than that determined in measure-

ments. Small discrepancies are due to various simplifying assumptions

made in the model, although the main characteristics of the process such

as pressure history and flame shape evolution are similar. Finally, it can

be concluded that the mathematical model can be used for the analysis of

the flow field and the interaction of the flow with the flame.

Simulation of Venting Process

Elucidation of the experiments is the main advantage of the simulation

methods. Only a few simulation results are addressed here as examples.

The temperature profiles along the axis of the tube were calculated in

a closed and vented vessel. In Figure 15a we can see temperature distri-

bution typical for a constant-volume combustion, in which the Maché

effect, namely the temperature rise due to adiabatic compression, is

clearly seen. Comparing the temperature curves in Figures 15b and

15c, we can see very clearly the difference in venting process for a small

and big vent. In a tube with a big vent, the flame propagates much faster

and the combustion is more violent. Simulation of the flow in vented

tubes is shown in Figures 16 and 17.

Streamlines of the venting process in a tube with vent diameter

50mm, at 0.02MPa venting pressure and 49ms venting time, are shown

in Figure 16. The flame shape evolves from semispherical into an elon-

gated semi-ellipsoidal before it approaches the sidewall. The flame front

inside the vessel is driven by the expansion of high-temperature combus-

tion gases and flow induced by venting. Velocity vectors are directed

toward the vent end. The process can be considered adiabatic.

In a short time after ignition (55–60ms), the expanding cylindrical

flame front touches the sidewall of the vessel. Due to the quenching

Figure 14. Combustion pressure as a function of time: a, closed tube, experimental curve

represents closed tube only to a moment of pressure rise up to 0.46MPa; b, tube with vent

diameter 50mm, venting overpressure pv ¼ 0.005MPa, and venting delay time tv ¼ 49ms; c,

tube with vent diameter 100mm, venting overpressure pv ¼ 0.005MPa, and venting delay

time tv ¼ 49ms.

3
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Figure 15. Temperature profiles along the axis of the tube varied with time during the com-

bustion process of closed and vented vessels in 4.1% propane=air mixture.
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effect of the wall, the lateral part of the flame front disappears quickly

and its preserved part is gradually flattened. The sharp decrease of the

flame-front surface results in a significant reduction of the amount of

expanding burned gases and follows with a decrease of pressure. Then

the burned zone is divided into two reverse-flow regions around the con-

tact surface of the lateral flame front with the wall (62ms): part of the

gases flows toward the ignition end but new burned gases are generated

and they push the flame front toward the unburned mixture. When the

lateral flame front disappears completely (70ms), gas in the burned zone

flows in a direction opposite to flame propagation. At the ignition end of

the tube the flow creates vortex ring.

Figure 16. Calculated flow field during vented combustion (d ¼ 7.7%, pv ¼ 0.02MPa,

tv ¼ 49ms).

Figure 17. Calculated flow field during vented combustion (d ¼ 30.8%, pv ¼ 0.02MPa,

tv ¼ 49ms).
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Through the process of its development, the flame front is finally

transformed into a tulip shape. This shape is influenced by a drag effect

of venting outflow. The flow in the burned zone changes to the venting

flow direction and a symmetrical vortex ring is created in the central

region of the tube.

Streamlines of the venting process in a tube with diameter 100mm

at 0.02MPa venting pressure and 49ms venting time are shown in

Figure 17.

Comparison of Figures 16 and 17 indicates that the common feature

of both analyzed combustion pictures is the appearance of tulip-flame

shape. Because venting flow in a tube with a 100-mm venting orifice is

much stronger than that in a tube with a 50-mm orifice, the flame-front

deformation and flame propagation are faster. It can be noticed that gas

flows in burned and unburned zones toward the venting orifice. At the

last stage of the venting process, two elongated axial-symmetric vortex

rings are dominated in the burned zone.

CONCLUDING REMARKS

Simultaneous record of pressure and flame pictures enables us to exam-

ine the flame behavior both in a closed and vented vessel. The combus-

tion process in a vented vessel can be analyzed in terms of vent pressure

and ratio of vent area. Some conclusions can be drawn from such an

examination:

1. Combustion in a closed cylindrical vessel is identified as a well-known

three-stage process. The first stage of combustion is adiabatic in nat-

ure; its termination is indicated on the pressure curve by the

maximum value of dp=dt. The second stage is accompanied by a rap-

idly decreased flame surface (extinction of the flame on the wall); its

appearance is indicated on the pressure curve by a decreased value

of dp=dt. The third stage is characterized by instability phenomena

resulting in complex deformation of the flame during its propagation

to the end of the tube.

2. Venting softens the flame instability effects. The vent area is more

effective in damping of flame instability than vent pressure.

3. Interaction between vent induced flow and combustion can be charac-

terized in the following way:
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. When the vent induced flow is weak, which corresponds to the cases

of small vent area ratio and low=medium vent pressure, the combus-

tion process is similar to that with the flame propagating from the

closed to the open end of the tube. The pressure continues to go

up, and the flame surface remains smooth, clear, and thin ellipsoidal.

The propagation velocity is higher than that in a closed vessel except

for the final stage when flame goes out of the vessel.

. When the vent induced flow is strong, which corresponds to the

cases of high vent pressure for small vent area and big vent area,

the interactions between vent induced flow and the flame is strong.

Combustion is intensified and the flame accelerates. Increased com-

bustion rate generates a transient pressure rise.

. The proposed numerical model satisfactorily simulates the main fea-

tures of combustion in closed and vented vessels such as pressure

variation pattern, flame propagation velocity, and flame configur-

ation. Simulated temperature and velocity distribution are very use-

ful pieces of information, because they are not available from

experiments.
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