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To investigate the mechanism of deflagration-to-detonation transition (DDT) in
premixed hydrogen-air within confined a long and narrow space, several numer-
ical simulations are conducted in this study. The propagation behavior of hydro-
gen premixed flames is described by coupling the SST k- turbulence model with
the detailed chemical reaction mechanism. The evolution of combustion-induced
shock waves is accurately captured using the HLLC scheme. By analyzing the
spatiotemporal characteristics of temperature, velocity, pressure, and flow field
structures, this study focuses on revealing the triggering and evolution of DDT
under four distinct blockage modes. The results indicate that the coupling effect
between the superimposed shocks and the flames is significantly enhanced under
the central blockage mode, making it most prone to inducing hydrogen DDT. The
incident wave and the reflected wave from the blockages accelerate flame prop-
agation and generation of hot spot through squeezing. As local temperature and
pressure gradients increase, the overdriven detonation velocity significantly rises,
while the steady-state detonation velocity approaches consistency. This indicates
that the blockage mode primarily affects the activation of DDT, with limited effect
on steady-state detonation propagation.
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Introduction

Hydrogen, as one of the major new energy sources, has very high development poten-
tial [1]. However, the unique deflagration properties of hydrogen increase the risk of its wide
application [2]. Therefore, it is important to analyze the flame characteristics of uncontrolled
hydrogen. Particularly, premixed flames in spaces with large aspect ratios are highly prone to
cause more serious thermal hazards [3].

For the aforementioned purposes, the potential risk and propagation behavior of hy-
drogen flame have been analyzed by numerous researchers. Initially, Dorofeev [4] evaluated
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the safety distances associated with hydrogen deflagration. The results demonstrated that the
severity of the hydrogen deflagration depends on the degree of blockage for small release vol-
umes. Tanaka et al. [5] conducted an experimental study of hydrogen deflagration and revealed
that the overpressure in confined spaces changed with the hydrogen concentration. Baraldi
et al. [6] evaluated the hydrogen deflagration hazard. The pressure peaks and pressure waves
were accurately captured, but some deviations existed in the rate of pressure rise. Xiao et al.
[7] thoroughly investigated premixed hydrogen deflagration, including flame instability, flame
acceleration, DDT, and analyzed the flame behavior as well as the presence of combustion in-
stability. It contributed to the understanding of the combustion processes involved in hydrogen.
Cao et al. [8, 9] investigated the deflagration hazard of premixed hydrogen-air, which supple-
mented the understanding of hydrogen deflagration kinetics.

Current research on hydrogen is gradually expanding to the more complex DDT,
most notably as evidenced by the increasing number of DDT studies [10]. The DDT is an
important phenomenon in deflagration. One aspect of the research is mainly evident: Yang
and Radulescu [11] demonstrated an enhanced DDT mechanism by means of shock-flame
interactions. In particular, the weak shock wave interacts with a finger flame in a narrow
channel, causing a fast transition detonation. Debnath and Pandey [12] demonstrated that
the deflagration wave was accelerated by vortices, which was relevant for the DDT. Wang et
al. [13] discovered that the time and distance of detonation are influenced by the number of
ignitions. Chambers et al. [14] found that turbulent flames are more markedly compressed,
inducing DDT by uncontrolled acceleration and pressure build-up. Additionally, Bai et al.
[15] conducted research on the self-initiation of hydrogen and proved the formation mecha-
nism of the detonation flame.

Another research aspect is mainly reflected in the study of DDT in confined spaces
[16]. Xiao and Oran [17] investigated flame acceleration and DDT in channels with a series
of obstacles and proved that there was a remarkable difference in DDT between obstacles of
different shapes. In the later stages of flame acceleration, flame-shock wave and shock wave-
shock wave interactions played a dominant role in flame acceleration. In view of this, Wang e?
al. [18] further explored the role of different-shaped obstacles in DDT and found that inclined
obstacles could induce early vortex detachment, resulting in improved vortex-flame interac-
tions.

Generally, in a long and narrow space, different blockage modes will directly change
the dynamic characteristics of flame acceleration, turbulence generation, and the DDT of hydro-
gen flame. The phase-difference effect induced by the blockage results in a complex non-linear
coupling effect between the shock waves and the flame front. This difference determines the
intensity of pressure wave superposition and hot spot generation. Therefore, the interaction
between shock waves and flames, along with the role of blockage mode needs to be clarified.
This is crucial for revealing the fundamental mechanisms of detonation-driven combustion.

In summary, this paper employs high precision numerical methods with the ther-
modynamic mechanism of hydrogen to systematically analyze the DDT evolution character-
istics under four typical blockage modes. This study focuses on investigating the effects of
shock coupling on flame acceleration and detonation transition. On one hand, it quantifies
the differences in blockage modes and links them to detonation states. On the other hand, it
highlights the dominant role of diffraction fusion and periodic pressure stacking in hot spot
generation. Separating the insensitivity of steady-state detonation from the sensitivity of the
initiation process. Thus, addressing the limitations of existing research in engineering prac-
tice applications.



Wang, S., et al.: Effect of Blockage Mode on Hydrogen Deflagration ...
THERMAL SCIENCE: Year 2026, Vol. 30, No. 3B, pp. 2049-2060 2051

Numerical simulation methodology
Blockage modes and spatial discretization

A 2-D plane (2700 mm x 60 mm) is used to simulate the hydrogen flame, as shown in
fig. 1. There are four kinds of blockage modes as:
— One-sided blockage (obstacles close to the wall at one end, blockage Mode 1).
— Center blockage (obstacles in the center of the channel, blockage Mode 2).
— Cross blockage (obstacles close to the wall at both ends, blockage Mode 3).
— Cross blockage (obstacles are not close to the wall at both ends, blockage Mode 4).

The blockage rate is relative to 1/3 of the characteristic diameter. The distance of the
initial obstacle from the ignition is 200 mm, and neighboring obstacles are spaced 100 mm
apart. The thickness is 10 mm. A structured mesh is used to discretize the above plane with a
size of 0.5 mm X% 0.5 mm [19].
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Figure 1. Schematic of the combustion reaction zone

Governing equations

Physical quantities are defined as functions of space and time. The mass, momentum,
and energy conservation as shown respectfully [20]:

o 0
2 o () =0 (1)
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where ¢ [second] is the time, p [kgm?] — the density, x; and u; [ms™'] — the location and velocity in
the direction #, a — the force on the fluid unit, p [Pa] — the pressure, U, [Jkg '] — the total internal
energy, and D; — the diffusion term.

The stress tensor [20]:
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where u [Pa-s] is the dynamic viscosity and J; — the Kronecker symbol.
The component conservation:
0 0 0 ON,
N D m
(PN, )+ = : —(pN,u,)= 2 [p o J+wm (5)

where w,, [gL™'] is the net production rate of m in reaction and D, [m*s™'] — the diffusion coef-
ficient.
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The flame satisfies the ideal gas equation:
p=pRT (6)
where R is the gas constant and 7 [K] — the temperature.

Turbulence and combustion models
The turbulent kinetic energy, &, in SST k-w [21]:
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where y, [Pa-s] is the turbulent viscosity, S; — the source term, and ¢, — the constant, 1.0.

The turbulence frequency [21]:
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where C,, is a constant 0.44, and C,,,— the constant 0.92.

The combustion process is tracked by the process variable, ¢ [22]:
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where u, [Pa-s] is the apparent viscosity, Scr— the turbulent Schmidt number, and @, — the
constructed with the Weller combustion model [23]:

et = Pusr[VEG (10)
where G is the quenching factor.
The auto-ignition caused by the shock wave:

_ o1&, .
B, jan :A—:H(r—l) (11)

where At is the time step and H — the Heaviside function.
The detailed combustion mechanism of hydrogen proposed by O'Conaire et al. [24] is
adopted. The component concentration is summarized by the ODE solver.

Initial conditions and numerical schemes

The initial environment is 293 K and 101325 Pa. The mixture is fully premixed and
stationary with a hydrogen concentration of 30%. The HLLC scheme is used to calculate the
fluxes. The Euler scheme is used to discretize the time. The calculation time step is controlled
by the CFL and limited to 0.2 with the residuals is less than 1-107%. The equations are solved by
the finite volume method on the OpenFOAM platform.

Experimental verifications

The numerical simulation results were validated based on experimental data. Three
obstacles were placed within a confined space of 1800 mm. The correspondence between ex-
perimental and numerical simulation results is shown in fig. 2. The propagation of flame had a
similar structure. Due to the idealization of boundary and initial conditions in numerical model,
the calculated results have a slight difference from experimental data. But the difference was
less than 1 ms.
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Figure 2. Dynamic flame propagation process

Figure 3 shows that the experimental pres- 1s
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Figure 4 shows the flame process in the =
one-sided blockage mode. Flame propagation Experimental Numerical simulation
is promoted not only by the chemical reaction, Figure 3. Results of pressure

but also by the turbulence caused by the obsta-

cle. The blockage changes the local shear stress and the intensity of the re-circulation zone.
The adverse pressure gradient, Vp, produced by the vortex within the re-circulation zone curls
the flame front [25], so that the flame boundaries are more disturbed on the side of the block-
age. The expansion wave is superimposed at the flame front in the deflagration phase. Cur-
rently, the precursor flow develops a shear layer that induces flame propagation. The flame
expands preferentially on the side away from the blockage, which causes the front to incline
(5.45-5.47 ms). This inclination amplifies the local heat release rate and energy conversion
efficiency due to enhanced mixing and compressive heating. Subsequently, the deflagration
flame generated a localized hot spot (5.48 ms). The synchronization between the shock waves
and flame interface (5.52-5.55 ms) represents the phase alignment, which boosts local pressure
and temperature gradients, triggering the DDT transition.

300 1000 1500 2000 2500 3000

Figure 4. Flame acceleration in one-sided blockage mode (blockage Mode 1)
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Figure 5 illustrates the flame process at the center-domain blockage. The flame front
is squeezed into the channel between the blockage and the wall, where the strong confinement
induces counter-rotating shear layers that intensify turbulence generation. The increased tur-
bulence stretches the downstream flame (4.35 ms). As the expanding flame diffracts beyond
the blockage and converges toward the channel center (4.75-4.99 ms), it interacts with the
precursor pressure wave. Both temperature gradient, V7, and pressure, lead to strong energy
focusing where the two flame fronts collide. The coupled evolution of merging flames and
converging shock waves create a hot spot in the central region, which acts as the initiation site
for detonation.

300 1000 1500 2000 2500 3000

5.03 ms

Figure 5. Flame acceleration in center-domain blocking mode (blockage Mode 2)

In cross blockage, when the obstacles are close to the wall, the flame process is shown
in fig. 6. The K-H instability induced by the vortex motion at the flame boundary increases the
wrinkling of the flame surface (4.40-4.81 ms). The top and bottom boundaries of the flame are
sequentially enhanced with turbulence by flow instabilities. However, the flame accelerated
upstream of the obstacle is inevitably hindered by the downstream obstacle, so that the acceler-
ation process is not continuous, the next propagation of the flame will be driven by an upstream
compression wave. This results in the superposition of shock waves upstream of the obstacle,
making flame self-ignition (5.21 ms).

300 1000 1500 2000 2500 3000

Figure 6. Flame acceleration in cross blockage mode (blockage Mode 3)

In fig. 7, the premixed flame accelerates preferentially around the obstacle on the
more open side during the initial propagation (4.76 ms). The asymmetric configuration induces
a non-uniform Vp and results in unequal shear intensities on both sides of the blockage. Con-
sequently, the jet formed near the higher blockage side exhibits weaker propagation, while the
opposite side develops stronger flame stretching. The evidence [26] indicated that flame propa-
gation processes can assist each other’s propagation and make a beneficial impact on the whole



Wang, S., et al.: Effect of Blockage Mode on Hydrogen Deflagration ...

THERMAL SCIENCE: Year 2026, Vol. 30, No. 3B, pp. 2049-2060 2055
flame. It can be seen that the flames expand- 22 e 3°0|0

ing around the blockages cause a compression
drive on the other flame that boosts the com-
bustion and propagation. The most prominent
feature is the increased flame boundary tem-
perature (5.07-5.08 ms). The hot spot forms on
the side where the flame spreads strongly, then
the flames merge to form a complete detona-
tion front.

Mechanism for the generation of hot spots

Figure 8 indicates the intensity of the
chemical reaction by the flame temperature, and
the numerical schlieren show the formation of Tms - TN .
shock waves in the flame process. According to £ : VR
the SWACER theory, the enhancement of the  Figure 7. Flame acceleration in cross
precursor wave causes an increase in the ener- ~ blockage mode (blockage Mode 4)
gy released by the chemical reaction, which en-
hances the formation of the shock wave. The flame accelerates at the blockage channel, giving
conditions for synchronization with the shock wave. The results show that the detonation is caused
by a local auto-ignition. And the generation of auto-ignition is influenced by the blockage mode.
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Figure 8. Details of deflagration detonation in premixed flame with different blockage mode

In fig. 8(a), the reflected compression wave from the wall causes the hydrogen to be
auto-ignited. The hot spot expands to form the deflagration bubble, which couples the flame
with the shock waves to develop. The coupling between the expanding flame and the reflected
shock waves enhances the turbulent intensity within the boundary-layer, accelerating both heat
release and chemical reactions. When a Mach reflection occurs, the intersection of the incident
and reflected waves produces a triple-point structure, further amplifying local vorticity and pro-
moting the synergy between turbulence and reaction rate. In fig. 8(b), the hot spot is generated
at the collision of two diffracted flames in phase alignment. In fig. 8(c), the hot spot generation
near the wall, where the reflected waves strengthen the boundary-layer distortion and increases
the local turbulence intensity accumulation. There is a difference between the collision form
of the flame in figs. 8(d) and 8(b), the flame is divided into a main part and an auxiliary part.
Although the boundary adjacent to the two flames is squeezed and intensified, the effect is
less than the perturbation of the boundary-layer by the shock waves, thus the hot spot is still
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generated at the wall. The detonation flame maintains a main part propagation when the shock
waves are coupled to the flame. As a result, only the center blockage mode can generate a hot
spot by flame merging.

Flame velocity and feature position

The detonation parameters are calculated based on the reaction data by Cantera.
The initial conditions are shown in tab. 1. The results show that the CJ detonation velocity is
1979.1 m/s.

Table 1. Characteristic parameters of hydrogen-stabilized detonation

» T, [K] 293
Initial parameters
P, [Pa] 101325
C-J speed [ms™] 1979.1
Output parameters
T[K] 2967.4

Figure 9 illustrates the position of the flame front with time. The initial phase of def-
lagration is mainly driven by thermal expansion, and the same combustion components of the
flame propagation tend to be the same. Differences in the position of the flame front are due
to differences in flow caused by blockage modes. Among them, blockage Mode 2 provides the

greatest enhancement of flame position.
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Figure 9. Flame front position
changes with time

Figure 10. Premix flame front
propagation velocity

Figure 10 illustrates the variation of flame velocity with time. The flame acceleration
process consists of an extinction phase, a deflagration phase, and a stable detonation phase.
The flame extinction typically occurs at the diffracted flame tail [27], while turbulence-induced
premixed combustion enhances flame velocity. This results in oscillations of flame velocity
during the deflagration. However, the velocity sudden changes are more likely to occur where
the velocity advantage is large. In addition, sudden changes in flame velocity can lead to over-
driven detonation of premixed flames, while higher turbulent flame velocity proves to be more
favorable for flame acceleration. The velocity suddenly increases to 1.35 CJ velocity, 1.36 CJ
velocity, 1.33 CJ velocity, and 1.22 CJ velocity in each of the four blockage modes. The stable
detonation velocity is maintained in the 0.98-1.09 CJ velocity range. It can be concluded that
the blockage mode dominates the critical detonation, but has a weak effect on the stable deto-
nation velocity.
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Figure 11 indicates the position of the DDT corresponding to the flame fronts. In
blockage Mode 1, it takes more time for the flame to detonate, and the distance required for the
flame to accelerate is longer. In blockage Mode 2, the premixed flame can complete the DDT in
the shortest time. A shorter acceleration distance is required to complete the DDT under block-
age Mode 4. It can be concluded that the simultaneous propagation of multiple flames caused
by the obstacle is more favorable for flame detonation.
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Figure 11. The DDT time and the Figure 12. Reaction front area with time

corresponding flame propagation locations

The combustion instability arising from the acceleration of the flame results in posi-
tive feedback on the flame, the most direct mechanism is the stretching of the flame. The reac-
tion area shows an increase and then fluctuation in fig. 12, indicating the synergistic promotion
between turbulent flame expansion and compression feedback. In blockage Mode 2 and block-
age Mode 4, the area of the flame in acceleration is smaller. The concentrated release of energy
increases the capacity of the flame to catch the shock wave.

The feedback process can be described as flame stretching to increase the heat release
rate and reaction rate, resulting in further stretching. The results indicate that structural config-
urations generating intermediate constraints and concentrated energy release, such as blockage
Modes 2 and 4, can enhance detonation triggering efficiency.

Flame and pressure coupling

Figure 13 illustrates the evolution of the pressure field during the DDT. The reflect-
ed shock waves amplify the local Vp and strengthen the coupling between the pressure field
and chemical reaction rate. This feedback intensifies combustion behind the reflected waves,

0 1 2 3 4 510°
PlPa] SRS |

- (C)
Figure 13. Pressure changes during detonation
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resulting in a sharp pressure rise and the generation of a localized hot spot, which serves as an
initiation site for detonation. In fig. 13(a), the number of precursor wave reflections formed
by one-sided blockage is less than in fig. 13(b), similar differences are also observed in figs. 13 (c)
and fig. 13(d). This makes it easier to develop detonation in blockage mode 2 with energy
concentration.

The detonation pressure develops depending on the blockage mode. The detonation
pressure keeps a wave structure in fig. 14, with maximum values of 1.48 MPa, 1.97 MPa,
1.57 MPa, and 1.62 MPa in the four blockage modes. The synchronized development of the two
diffracted waves results in wave stacking, which leads to a transverse wave that promotes the
combustion reaction more intensively in blockage Mode 2. Therefore, it also leads to the fastest
DDT process. The slowest DDT process in blockage mode 1 corresponds to the smallest pres-
sure value. Comparative analysis indicates that the coupling of the combustion wave and the
pressure wave in the reaction zone is the most efficient in releasing energy in blockage Mode 2.

20 24
5 5
[=% o
S16f =20
v 2

>
2 216
[
& 12F &

[N)

0.8

o
<Y

04}

I
i

0.5 1.0 15 2.0 ’ 0.5 1.0 15 2.0
(a) Distance [m] Distance [m]

o
o
o
o

s

N
o
g
o

i ‘©
= s
v o T
2 2
o ]
o a
1.0
0.5
L . 0.0 L L L .
1.5 20 0.5 1.0 1.5 20
(c) Distance [m] (d) Distance [m]

Figure 14. Quantitative pressure evolution

Conclusions

® The flame acceleration is most pronounced under central blockage, where the symmetrical
interaction of reflected and incident waves leads to enhanced coupling with flame fronts.
In contrast, one-sided blockage induces a phase difference effect in the waves and flame,
resulting in the weakest flame acceleration and DDT.

® The deflagration flame is intensified by thermal expansion and turbulence, while the detona-
tion flame is dominated by phase alignment between the shock waves and flame, combined
with flame front merging.
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® The blockage modes primarily affect the activation of detonation and overdriven velocity,
the stable detonation velocity remains constant. The oscillation of flame velocity around the
ClJ velocity arises from the periodic diffraction of flames caused by blockage.

e Diffraction fusion and superposition effects of pressure waves promote hot spot generation.
This synchronized pressure amplification effect can enhance maximum pressure by up to
33.11%. This highlights the key role of flame-wave dynamics in regulating detonation and
provides important guidance for the structural design of detonation and suppression sys-
tems.

Although the SST k- model effectively handles near-wall shear flows and separated
flows, it is not fully resolved at the microscopic level in DDT, and direct experimental valida-
tion remains insufficient. Future work will employ higher-accuracy models and conduct exper-
iment-numerical coupling studies to verify and correct parameters accuracy.
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