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Abstract 
Hydrogen-air and hydrogen-oxygen deflagrations with end venting in obstructed and 
smooth tubes with an ignition from open end are studied experimentally and 
numerically. A shockless transition from laminar to sonic flame propagation regime 
is reported. Hydrogen-air mixtures with 10-13% vol. of hydrogen and stoichiometric 
hydrogen-oxygen mixtures were ignited from open end of the tube at the interface 
between fuel and the ambient air. Different venting ratios of the tube (the ratio of 
orifice area to the tube cross-section) from 10% to 100% were selected. In all cases, 
the flame initially propagates without acceleration at a velocity close to the laminar 
flame speed. The flame configuration excludes most of conventionally 
acknowledged phenomena of the DDT, namely, volumetric explosions, igniting 
shock and shock waves interactions. However, after an induction period, of the order 
of 1 sec, the flame accelerates more than 100 times, within a period of 3-30 ms, until 
the steady-state flame propagation regime or detonation is established. The 
mechanism of such rapid acceleration is investigated both numerically and 
analytically. A one dimensional reduced description was suggested and analyzed to 
model the process of the flame acceleration. The study of the over simplified model 
reveals that the hydrodynamic resistance of the tube behind the flame causes sudden 
flame acceleration and governs initial stage of the DDT.  
 
Introduction 
The criteria to predict the flame propagation regimes in tubular configurations have 
developed in [1-2]. Following those authors, the expected regimes will be dependent 
on the tube geometry, and specifically, on the configuration of the obstacles. The 
propagation could be classified as slow sub-sonic, fast sonic (choked) and quasi-
detonations (due to the strong pressure loss in the baffles, the Chapman-Jouguet 
propagation velocity is not reached in obstructed tubes).  
Fast and quasi-detonations regimes may be suppressed by the use of venting orifices. 
The effect of the lateral venting on flame acceleration and DDT was experimentally 
investigated [3-4]. It was found that the amount of reactive mixture necessary for the 
development of sonic flames or DDT grows with an enlargement of the venting 
surface. A comparison between end- and side-vented explosions in tubes showed a 
higher efficiency of the end opening reducing the combustion pressure [5]. In such 
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configurations, a prolonged quasi-laminar propagation phase is followed by a sudden 
and violent shockless flame acceleration that culminates when the sonic regime is 
reached. The main mechanism causing this sudden acceleration of flames was the 
hydraulic resistance [6-8]. Due to the friction forces, a quasi-laminar deflagration 
wave cannot reach a stationary regime. Nevertheless, the parameters controlling the 
de/acceleration and the form in which this occurs remains unclear. In order to 
improve current understanding of the phenomenon, the authors have carried out the 
analysis presented in this article by combining experimental, numerical and 
analytical approaches to the problem. 
 
Description of experiments and numerical simulations 
The experiments were performed in the DRIVER facility, which is an obstructed 
shock tube with a total length of 12.2 m and an internal diameter of 174 mm. Inside 
the tube, ring shape obstacles were positioned in a regular manner and spaced by a 
tube diameter accounting for a blockage ratio equal to 0.6. Hydrogen-air mixtures 
with 10, 11.3 and 13 vol. %H2 at ambient conditions were ignited at the open end, 
directly at the interface between the inflammable mixture and the surrounding air. 
The instrumentation included photo diodes and pressure gauges installed along the 
channel. The venting ratio α of the orifice was varied from fully closed to completely 
open cross-section.  
Numerical simulations of the experiments for venting ratios 0%, 40% and 100%, 
were carried out with the combustion code COM3D [9] in order to provide an 
enhanced comprehension of the test and analyze the mechanism of the flame 
acceleration in presence of end venting. The simulations has several implications. 
Specifically, the Kolmogorov and Taylor turbulent micro-scales, the boundary layers 
and the laminar flame thickness remain unresolved. To overcome those restrictions, 
the KYLCOM combustion model [10], specifically designed for under-resolved 
calculations, and the standard k-ε turbulence model were utilized. 
 
Experimental/numerical results. Analysis of the acceleration mechanism 
Figure 1 left displays a comparison of the flame propagation obtained from the 
results of simulations and experiments. In the closed channel, the flame accelerates 
immediately after reaching the first obstacle generating an additional flow motion 
which steepens into the shock wave. The turbulent flow ahead of the flame created 
by the thermal expansion of the products supports the flame acceleration within a 
relatively short time after ignition (~0.1 s). Beyond the run-up distance, of about 1.3 
m, the flame reaches the sonic regime and propagates further with a steady velocity 
of 540 m/s (close to speed of sound in products) and with pressure from 6 to 11 bar.  
In the presence of venting, combustion products are discharged to the atmosphere 
through the end orifice and do not support the flame acceleration. Two regions with 
different propagation regimes, slow and fast, can be clearly identified. Initially, the 
flame propagates in a quasi-laminar regime with a stationary velocity of ~3.5 m/s. 
The experimental records show that during this phase no significant pressure and, 
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therefore, no relevant flow motion (generating turbulence) appears ahead of the 
flame. Nevertheless, around 1 s after the ignition, the flame suddenly accelerates 
from the quasi-laminar to the fast sonic regime within an interval of 3-30 ms (50 ms 
in the calculations). After the acceleration, the sonic flame propagates until the end 
of tube with a constant velocity of ~540 m/s (both experiments and simulations) 
creating peaks of pressure of 6-11 bar. 
 

 
Figure 1. Flame position: calculations 
(dashed line); experiments (thin solid 

line). Venting ratio α is indicated. 

 

 
Figure 2. Pressure oscillations and 

resistance obtained for the case α=0.4 

 
While the flame penetrates in the tube, the combustion products are discharged to 
the atmosphere through the vent. The hydrodynamic resistance to the flow was 
expressed as F=-2cDρu2/d, where cD is the drag force coefficient [6]. The results of 
the numerical experiments carried out with diverse flow velocities in the range 1-30 
m/s allow approximating cD with the value 0.12. Therefore the total loss of 
momentum can be estimated as ∆P=∫Fdx where integration is taken until the flame 
front position and the opening of the tube. For the propagation of the flame in the 
laminar regime the obstacles produce a change in the total surface of the flame and 
thus the total reaction rate. Within the congested region, cyclic pressure oscillations 
(Figure 2) and velocity of product discharge will appear. Nevertheless, it is important 
to underline that no shock waves develop during the entire quasi-laminar regime. 
Figure 2 shows how pressure variations slightly compress and decompress the part 
of the tube filled by the reactants. This area can be understood as a close cylinder, or 
a drum, in which the flame actuates as an oscillating piston. In order to study the 
compression/decompression cycle of the reactants the one dimensional Euler’s 
equations of continuity and impulse may be used to model the phenomenon. By 
taking into account the observations performed during the numerical experiments, 
the oscillations inside the reactants resulted to be mainly of the first harmonic. The 
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wave equation may thus be simplified to 

 �̈�𝑝 + �0.5 · 𝜋𝜋 · 𝑐𝑐
𝐿𝐿−𝑥𝑥𝑓𝑓

�
2
∙ 𝑝𝑝 = 0 (1) 

where L is the total length of the tube, c is the local sound velocity in the fresh 
mixture.  
The resistance of the products grows linearly as the flame penetrates inside the tube 
(see Figure 2, thick line (trend)). When the resistance (about 100 Pa) is comparable 
with the pressure peaks created by the flame, the products have difficulties to be 
discharged and a part of them are accumulated inside the tube. The reactants receive 
an enhanced compression and thus an increased compression-decompression cycle 
is triggered. Some significant flow appears ahead of the flame. The burning rate, the 
compression of the reactants and the hydrodynamic resistance are thus enhanced. 
Next compression-decompression cycle, will drive the flame to a very intense 
acceleration that will ultimately finish in the fast sonic regime or even detonations.  
 
One dimensional reduced model 
In the following 1D model a coarse tube is considered to simplify the model and 
make it treatable analytically. The effect of the obstacles is taken into account as an 
enhanced hydrodynamic resistance. Two separate regions of the tube are considered. 
In the so-called products region, between the flame and the discharge orifice the flow 
is assumed to be uncompressible. For the reactants, region between the flame and 
the closed end of the tube, the velocity is considered to be small and the term u·(grad 
u) can therefore be neglected during the initial flame acceleration stage. 
With these considerations, the one dimensional equation of the momentum 
conservation, (ρu)t+(ρu2)x+px=F, can be simplified for the region of the products 
(between the flame and the discharge orifice) to be  
 .t xu p Fρ + =  (1) 
Taking into account the open end and propagation of the flame in the laminar regime, 
and considering the reactants as uncompressible, the velocity of the products can be 
defined as u=-(σ-1)ẋf with σ expansion ratio. Operating and integrating between the 
open end of the tube and the position of the flame 
 𝜌𝜌(𝜎𝜎 − 1)𝑥𝑥𝑓𝑓�̈�𝑥𝑓𝑓 = 𝑃𝑃 − 𝜌𝜌𝜎𝜎(𝜎𝜎 − 1)(�̇�𝑥𝑓𝑓 − 𝑆𝑆𝐿𝐿) + 2𝑐𝑐𝐷𝐷𝜌𝜌(𝜎𝜎 − 1)2�̇�𝑥𝑓𝑓𝑥𝑥𝑓𝑓/𝑑𝑑 (3) 
This equation contains pf, the pressure at the flame position in the products side, as 
a free parameter that can be closed with the equation (1) obtained in the reactants 
area. The increment of pressure between both sides, in the case of a stationary flame 
front can be estimated applying Rankine-Hugoniot conditions ∆p = ρσ(σ-1)ẋf

 2. The 
formulation can be re-written considering over-pressure, P, instead of pressure to 
obtain P=pf

+-σ(σ-1)SL
2-p0. This equation can be coupled with the equation (1) to 

close the  system. The result of this problem are shown in Fig. 3. There is a good 
agreement of the results obtained with the one dimensional simplification it has to 
be underlined that the validity of the analysis is restricted to the initiation stage of 
the flame acceleration. 
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Figure 3. Flame position. Comparison 

of calculations experiments and one 
dimensional model. 

 

 
Figure 4. Phase portrait (x, ẋ)=(v,u): 

isoclines of the reaction velocity (solid 
line); streamlines of the vector field 

(arrows); solution trajectory (dashed) 
 
The most important observation about the system initial behavior, namely, the role 
of the system isocline of the flame speed equation can be analyzed studying the 
points ů=0 that naturally fulfill 
 ( ) ( ) ( )( )( )2 22 1 / 2 1 2 1L D D Du d S c c d vcσ σ σ σ σ= − − − −  (4) 

Figure 4 right shows this locus with solid black line that near the origin represents a 
stable attractor, all trajectories starting nearby converges (fast) to the lower branch 
of the isocline and follow the detailed solution. Moreover, right after crossing the 
isocline the system solution trajectories changes the character (speeding up instead 
of decreasing for initial point above the curve), this make the border line which is 
asymptotically given by 
 ( )( )* / 2 1 0.94f Dx d cσ σ= − =  (5)  
a very important and crucial property defining the critical behavior. It explains the 
transition phenomena in terms of the phase plane. 
One clearly sees that if the initial point is on the right from this curve v=dσ/(2cD(σ-
1)) the vector field demonstrates the exponential increase of the flame speed as a 
function of the flame distance. Additionally, the form of the isocline dependence on 
the system parameters and variables (4) predicts the sensitivity of the critical 
phenomena on the initial pressure perturbation with respect to time (critical time 
equal tf

*=1.24) but the sensitivity is lower with respect to the space. The found 
asymptotic of the equation physically means that the flame starts rapidly accelerating 
whenever the pressure jump (drop of the pressure - work of the pressure force) less 
or equals to the work of the friction forces, 
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 ( ) ( )( )
*

*

0
( , ) / 2 1fx

f Dp F u t s ds x d cσ σ∆ = ⇒ = −∫  (6)  

Thus, when the work of the friction force starts dominate, the pressure in the reaction 
front increases triggering the flame acceleration due to the cumulative effect of the 
pressure diffusion. It is very important to note that there no regular singularity 
(reaching infinity in final time or space as a reaction front position) was observed in 
the solution of the governing equations, just very smooth and exponential (although 
hyper-geometric) growth of the system solution was found to take place. This 
confirms, explains and fully justifies an irregular shockless character of the flame 
acceleration observed in the experiments. 
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