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Abstract

The unsteady, reactive Navier-Stokes equations with a detailed chemical mechanism of 11 species and 27 steps
were employed to simulate the mixing, flame acceleration and deflagration to detonation transition (DDT) trig-
gered by transverse jet obstacles. Results show that multiple transverse jet obstacles ejecting into the chamber can
be used to activate DDT. But the occurrence of DDT is tremendously difficult in a supersonic non-uniform mixture
so that it required several groups of transverse jets with increasing stagnation pressure. The jets introduce flow
turbulence and produce oblique and bow shock waves even in an inhomogeneous supersonic mixture. The DDT is
enhanced by multiple explosion points that are generated by the intense shock wave focusing of the leading flame
front. It is found that the partial detonation front decouples into shock and flame, which is mainly caused by the
fuel deficiency, nevertheless the decoupled shock wave is strong enough to reignite the mixture to detonation
conditions. The resulting transverse wave leads to further mixing and burning of the downstream non-equilibrium
chemical reaction, resulting in a high combustion temperature and intense flow instabilities. Additionally, the axial
and transverse gradients of the supersonic non-uniform mixture induce a highly dynamic behavior with sudden
propagation speed increase and detonation front instabilities.
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1. Introduction

Thanks to the high thermodynamic efficiency of
detonation combustion, it has become a potential com-
bustion model to enhance aerospace thrust perfor-
mance [1]. Practical detonation-based engines will
employ non-uniform mixtures with velocity, tempera-
ture, and species gradients. Hence, the current work
presents a detailed study of the flame acceleration
(FA), deflagration-to-detonation transition (DDT), and
detonation propagation under the influence of super-
sonic injection and mixing conditions for an air-
breathing detonation engine.

One of the essential issues for such engines is to ob-
tain a robust detonation initiation. Most prior studies
addressing activation of DDT have used fixed obstruc-
tions such as a wedge, orifice or Shchelkin spiral [2-5].
However, these approaches face vast challenges in the
form of propulsion loss when the mixture has a high
flow velocity [6], especially for an air-breathing deto-
nation engine [7]. Therefore in recent years the trans-
verse jet obstacle has been introduced to trigger DDT
[8, 9], which is advantageous compared to the fixed
obstructions as confirmed by many previous studies
[10, 11]. While in most previous studies, the mixture
has typically been considered at a steady and uniform
state. In most real-world scenarios the mixture would
be unevenly distributed, hence it is more challenging
to predict the occurrence of the onset of detonation.

We have comprehensively investigated detonation
initiation and DDT from transverse hot jets under uni-
form and premixed conditions [12-14]. There are few
studies that evaluate transverse jets to shorten DDT
time and length in non-uniform mixtures, and the setup
of the jet arrangement, jet pressure, and the required
number of jets are rarely reported. There have been
some studies on FA [15, 16], DDT [17-19], and deto-
nation propagation [20-22] in non-uniform mixtures
with a concentration gradient using a smooth tube or
solid-laden chamber. In contrast to homogeneous mix-
tures, it is revealed that detonation propagation has a
more dynamical behavior because of the fuel-lean or
fuel-rich impacts [21, 23]. Most prior works regarding
non-uniform mixtures are associated with artificial
distributions in the main flow and a linear concentra-
tion gradient in the transverse directions of the cham-
ber so that the detonation propagation rarely leads to
extinction.

For these reasons, the motivation of this investiga-
tion is to understand how to obtain the onset of deto-
nation with a short run-up distance and length under
the influence of transverse jets. Additionally, the deto-
nation propagation characteristics and mechanisms in
such an uneven hydrogen-air mixture are also revealed
in detail. Here, we consider just one case of a super-
sonic non-uniform mixture, which is close to a practi-
cal detonation-based engine under supersonic flighting
condition. The unsteady, reactive Navier-Stokes (N-S)
equations are employed to carry out the mixing, FA,
DDT, and detonation propagation in a two-dimen-
sional (2D) combustion chamber. A high-resolution
mesh with structured adaptive mesh refinement (AMR)

technique is employed to numerically solve the FA and
detonation propagation. The solver is implemented
within the AMROC (Adaptive Mesh Refinement Ob-
ject-oriented C++) framework and has been success-
fully applied to simulate FA, detonation propagation
and supersonic combustion [12, 13]. The chemical re-
action is modeled by a system of Arrhenius-type equa-
tions and uses 11 species 27 steps. We comprehen-
sively study the processes and mechanisms of the suc-
cessful and unsuccessful DDT and the subsequent dy-
namic detonation behaviors in the supersonic non-uni-
form mixture. Hence, the main novelty of this work is
to evaluate the effect of the transverse jet on DDT and
present a fundamental understanding of the mecha-
nisms of detonation propagation in a highly inhomo-
geneous supersonic mixture by considering the fuel in-
jection and air-fuel mixing processes.

2. Physical and numerical models

The schematic illustration of an air-breathing PDE
engine configuration under supersonic injection and
mixing processes and its boundary conditions is shown
in Fig. 1, which is composed of two parts, including
the inlet isolation section of Li X Ly=180 X 20mm?,
where a shock wave (SW) is formed, and the combus-
tion chamber of LcX Ly=800X 20mm?2. A working
flight condition at 1km altitude is considered in this
study. The air is flowing into the chamber with tem-
perature T=281.7K and pressure P=0.09MPa. The in-
flow is set at supersonic flight with Ma=1.5. Four
transverse fuel jets are injected into the chamber with
a pressure of 1.0Mpa, and the jet size equals 0.2mm,
in order to maintain a global stoichiometric equiva-
lence ratio (ER). The parameters S and S are taken as
20mm and 30mm, respectively. The non-uniform mix-
ture is therefore generated in the downstream chamber,
and the mixing time is set as t=0.84ms. After the mix-
ing process, a pair of two half-circle hot spots (r=4mm)
with slightly high energy (T=2500K and P=0.5MPa) is
adopted to ignite the non-uniform mixture and to pre-
vent flameout. A profile of half circle of the ignition
kernel is widely employed in former DDT studies [3,
4, 11]; the alternative use of ignition by a pre-detonator
needs further study. The spots are located in the upper
and lower sides of the connection part. The impacting
transverse jets are employed to stimulate FA, as plot-
ted by the blue jet in Fig. 1. After the end of the mixing
process, and to compare the effect of jet obstacles on
the DDT, no transverse jet obstacle is considered as
Case A, while two and four groups of jet obstacles with
different jet pressures and operation times are utilized,
corresponding to Cases B and C, respectively. The in-
terval between jet and jet size are S=90mm and
d=2mm, respectively. The first, second, third and
fourth groups of jet obstacles are operated successively,
with a time period of 1.1-1.3ms, 1.15-1.4ms, 1.3-
1.5ms and 1.4-1.6ms, respectively. The pressure of the
first and second groups of jet obstacles in Cases B and
C is P=0.6MPa. The pressure of the third and fourth
groups of jet obstacles in Case C is P=1.2MPa. Note



that the fuel jets are hydrogen, whereas the jet obsta-
cles are the premixed mixture. All jets have pressure
inlet boundary condition (BC). The velocity inlet BC
is specified in the left side of the computation domain,
whereas a no-slip adiabatic wall is assumed when the
inlet valve is closed after the ignition has ceased due
to the PDE operation. The outlet flow BC is set on the
right side of the computational domain.

The unsteady, reactive 2D N-S equations were em-
ployed to simulate the flow and combustion processes;
a detailed description of the governing equations can
be found in Ref. [13]. A hybrid Roe-HLL Riemann
solver was utilized to discretize the upwind fluxes to
avoid unphysical total density and internal energy near
vacuum due to the Roe linearization. The MUSCL
scheme together with Minmod limiter was applied for
reconstruction. The diffusion terms are discretized by
conservative central differences. In terms of chemical
reaction source, the Godunov splitting with first-order
accuracy was used [24]. A semi-implicit generalized
Runge-Kutta scheme with fourth-order accuracy was
adopted for the integration of the chemical kinetics
[25]. A dynamic time step was assumed under a
Courant-Friedrichs-Lewy (CFL) number of 0.18. A

detailed chemical reaction mechanism proposed by
Burke et al. [26] was utilized to model the reaction of
deflagration and detonation flames. The thermody-
namic properties and transport parameters were deter-
mined by the CHEMKIN package.

The initial grid was set as 4900 X 100 cells, gener-
ating an equal size mesh in both X and y directions of
dx=dy=0.2mm. The governing equations were solved
in AMROC utilizing AMR. A mesh resolution test for
DDT simulation has been conducted before this study.
From two to four additional levels refined by a factor
2 were used, denoted by L3 (2,2), L4 (2, 2, 2), and L5
(2, 2, 2, 2), yielding highest refined mesh sizes of
0.05mm, 0.025mm, 0.0125mm, respectively. It is
found that there is a 2.36% deviation of DDT time in
the case of L4 compared to L5 and the DDT distances
in the cases of L4 and L5 are almost the same. As such,
the fourth level L4 configuration was utilized for the
current simulation, which would correspond to 31.36
million cells when using a uniform mesh. The cases
were run on the Tianhe-1 supercomputer, where 660
cores were adopted to perform the computations, and
one case took about 216000 cpu X h.
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Fig. 1. Schematic illustration of the combustion configuration and boundary conditions with injection and mixing conditions.

3. Results and discussion
3.1. The mixing process in a supersonic flow
The Hz mass faction contour at t=0.8ms and the
mixture fraction (Z) distributions along the horizontal
and transverse directions before the mixture ignition
are given by Figs. 2(a), 2(b) and 2(c), respectively. Un-
less specifically described, all units on x-axes in this
study’s contours are centimeters. In Fig. 2(a), the mix-
ture is mainly generated by the Kelvin-Helmholtz (K-
H) instability, producing a lot of vortexes. Thus, a dra-
matically uneven distribution of H> is formed, espe-
cially in the downstream tube, and in some regions,
there does not exist any Hz anymore, while the uni-
formity of mixture increases in the downstream tube.
The mass fraction is decreased along the axial direc-
tion and has a high amplitude fluctuation, as seen in
the variations of Fig. 2(b), whereas in the downstream
and middle regions, more homogenous mixture distri-
butions are presented, as shown in the circle A in Fig.
2(c). Note how these regions are close to stoichio-
metric conditions (Zs). Additionally, the mixing uni-
formity in the upper and lower parts also increases
with the mixture moving downstream thanks to the
flow instabilities and turbulent diffusion influences. In
all, the hydrogen-air mixture in the combustion cham-
ber is far away from the Z state.

3.2. Flame acceleration and DDT

The snapshots of the FA and DDT processes, ren-
dered by temperature contours as a function of time,
are given in Fig. 3 for Case C with four groups of trans-
verse jets. After the mixture is ignited by two hot spots
in the upper and lower walls, crumbled flames are in-
troduced due to the K-H instability. They move and
spread downstream under the influence of the super-
sonic main flow, as seen in Fig. 3(b). The two trans-
verse jets are injected into the chamber, and they are
deflected remarkably because of the main flow, as seen
in Figs. 3(b-d), introducing vast mushroom vortices
and turbulent perturbances. These are also confirmed
by prior studies in FA triggered by transverse jets [11,
27, 28]. Although the surface area of the propagating
flame is elongated dramatically owing to the intense
turbulence, low temperature of the combustion prod-
ucts (see rectangle A) is formed as the detrimental
mixing uniformity appears in the downstream tube, as
revealed by Fig. 2(a).

A preheated zone ahead of the transverse jet is
formed by the oblique and bow shock when the second
group of transverse jets is injected into the chamber, as
seen in Fig. 3(c). Flame-turbulence (F-T) interactions
and turbulence vortices generated by the transverse jet



also take place in Figs. 3(c-d), and these features in-
crease the flame surface area and mixing uniformity.
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Fig. 3. The snapshots of temperature contour during the FA
and DDT processes in the combustion chamber with four
transverse jets (Case C).

As such, the combustion intensity is augmented so
that the flame temperature is increasing from 1700K to
2400K, as seen in Fig. 3(d), feeding back to the flame
propagating speed as high as 1000m/s. A leading SW
is therefore produced by the intense FA, as demon-
strated by Figs. 3(e-f). A higher penetration depth is
found in the third group transverse jet with high jet
pressure, as depicted by rectangle C. Due to the mo-
ment ratio between the transverse jet and main flow,
the flow area of the main flow effectively decreases,
hence, a high blockage ratio is formed within the tube
compared to the first two sets of jets. These contribute
to the high turbulent penetration in the downstream
tube and form a stronger SW that interacts with the
leading SW, leading to a highly preheated zone when
the leading SW propagates into the unburned mixture,
as seen in Fig. 3(f). This forms a condition for DDT,
and it also contributes to the burning rate increase.
Subsequently, a local explosion point has occurred on
the upper wall, as seen in the series circles from D1 to
D2 during the shock-flame complex region [4, 29].
Furthermore, more explosion points have occurred
within the leading flame tips in Fig. 3(h). Therefore,
the onset of detonation is activated in the supersonic
non-uniform mixture under the influence of several
groups of transverse jets.

3.3. Mechanisms of DDT

In order to reveal the process and mechanism of the
DDT in the non-uniform mixture in Case C, the tem-
perature and the corresponding pressure variations
around DDT are given in Fig. 4. As shown, a small
fingertip flame in the preheated zone ahead of the lead-
ing SW hits the upper wall, and a high-pressure spot
with high value P=4.6MPa is formed in the same re-
gion due to the sustainable shock waves that impact
and focus around the flame tip. As a result, a local ex-
plosion appears on the upper wall, as presented in cir-
cle B1, which also generates a stronger SW that prop-
agates around as seen in Fig. 4(b2). However, the ex-
plosion point cannot be developed into a detonation
wave (DW) because of the shortage of mixture down-
stream. Nevertheless, the intense SW still propagates
forward, and the detonation initiation appears when it
spreads to the regions having new mixture, as noted in
circle B4. Thus, the post-shock pressure is elevated to
P=9.0MPa due to the overdriven detonation. Moreover,
as several shock waves focus and impact into the flame
tip, more explosion points are further produced, as
shown in circles C1 and D1, generating a high-pres-
sure spot with P=10.5MPa and T=2850K. Such fea-
tures are consistent with prior research on fast flames
[30, 31]. These explosive spots further develop into
DW in the downstream tube. Therefore, the supersonic
non-uniform mixture also experiences a DDT process
via the Zeldovich gradient mechanism [3, 32].

Figure. 5 plots the records of the variations of the
flame front and the corresponding flame front propa-
gation velocity for Cases A, B and C, respectively. As
presented, the FA in all cases can be divided into four
stages. Stage I: ignition process, a high propagation



velocity is generated at the initial hot spot ignition but
decreases promptly. Stage II in Case A has a rapidly
increasing velocity under the effect of main flow effect.
While in Cases B and C, the transverse jet injects into
the chamber, generating a blockage ratio and high-
pressure regions ahead of the flame front. Therefore,
stage Il is a constant propagation velocity process,
where the flame propagating in the tube that has a
lower temperature as discussed above. Stage III is the
FA process caused by the increasing flame surface ar-
eas. In this stage, the flame propagation velocity can
be accelerated to about half CJ value as 1100m/s.
Whereas the required time in Case A is around 3 times
that in Case B and Case C, therefore, the multiple
transverse jets have a high efficiency to increase the
flame propagation speed.
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Fig. 4. The snapshots of temperature (left) and pressure (right)
contours during DDT process in Case C. DW-detonation
wave, EP-explosive point, SW-shock wave.

In the IV stage of Case A and Case B, as shown in
Figs. 5(a) and 5(b), the combustion process in the su-
personic mixture cannot be developed to detonation
combustion. Instead, deflagration combustion results
from the weak leading SW in Case A and less flow
blockage ratio provided by the transverse jet in Case B.
The leading SW is too weak in Case A, resulting in a
low post-shock temperature. Although a remarkable
leading SW in front of the flame tip is formed, the dis-
tance between the flame tip and leading SW (Lss) [33]
is gradually increasing, resulting in a failure of DDT
in Case B. On the contrary, as more transverse jets are
injected into the downstream chamber in Case C, it
generates more turbulent flows and vortexes, as well
as providing oblique and bow shock waves, which en-
hance the intensity of the leading SW that further in-
creases the post-shock temperature and elevates the
burning rate. As such, a transition to DDT occurs, as
indicated by the steeper velocity curve in Fig. 5(c).
Then, the overdriven detonation decays, but there is a
high fluctuation of the propagation speed in the super-
sonic non-uniform mixture in the VI stage of Case C.

In general, these global phenomena are qualitatively
similar to prior studies of the FA and DDT processes
[34] that occur in the solid-laden combustion tube
filled with premixed hydrogen-air mixture. However,
the activation of the onset detonation will become
more difficult and complicated due to the poor mixture
uniformity, especially in a smooth chamber. An in-
tense and shorter distance of Lts has a dramatical influ-
ence on the detonation initiation.
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Fig. 5. The axial position of the flame and the leading SW, and the corresponding flame propagation velocity versus time in (a)
Case A (no jet), (b) Case B, two groups of jet, and (c) Case C, four groups of jet. The blue line represents the propagation velocity.

3.4. Detonation propagation in supersonic non-
uniform mixture

As noted above in Fig. 5(c), a significantly fluctuat-
ing velocity is found at the detonation stage. As a con-
sequence, Fig. 6 provides snapshots of the temperature
contours during the detonation propagation stage. Of
note, the smooth overdriven DW is formed before the
detonation tip catches up with the leading SW owing
to the reduced ratio between the von Neumann temper-
ature and the activation temperature [31, 35], while an
irregular detonation front is formed as shown in boxes

A and B. This is attributed to the extremely inhomoge-
neous mixture that does not have enough time to equil-
ibrate before the DW approaches, see box C. Moreover,
the transverse wave can be clearly noted in Figs. 6(c-
d). There is a higher temperature region in the partial
combustion products, which contributes to the further
combustion due to the unburned material that still ex-
ists in the downstream flame. Note that a lot of turbu-
lent vortices and non-uniform temperature contours
are generated downstream, as seen in circle E due to
the Richtmyer-Meshkov instability and the uneven
distribution of the combustion products [21]. Hence,



the transverse wave further results in the mixing and
burning of the downstream non-equilibrium chemical
reaction.

For further revealing the mechanisms of DW prop-
agation in detail, Fig. 7 provides the temperature, ER,
pressure and product contours as a function of time. A
clear evolution of the triple point can be observed, as
seen in the series of circles A1-A5, in which the DW
is decoupled into flame and SW, and the intensity of
SW in the circle A3 and A4 is strengthened as shown
by Figs. 7(c3) and 7(c4). Further, the intense SW is
transferred to DW, as highlighted by the circle A5 of
Fig. 7(a5), where the Mach stem with high temperature
is generated in Fig. 7(c5). All the complicated features
of the detonation front are the result of the variations
in the non-uniform mixture, as seen by the series of the
ER contours in Figs. 7(b1-b5). In the products regions,
the ER maps are composed of gray (¢ =0) and brown
(¢ =o0), indicating that the fuel and oxidizer has been
depleted [18], underscoring that there is still a large

amount of residual fuel in the combustion downstream.

Initially, a dramatically uneven distribution of ER is
formed ahead of the detonation front, where the boxes
B1, B2, and B3 have lower (¢ = 0-0.3), suitable (¢ =
1.0) and higher (¢ = 1.6) ER. As a result, when the
DW approaches the fuel-lean region, it decouples into
flame and SW as discussed above, while the DW can
be re-ignited again when the strong SW approaches
into a suitable ER region, as seen in box B4. A new
decoupled region is generated when the DW crosses
the BS region. Hence, non-uniform combustion prod-
ucts are formed in the downstream tube and flame
front. Lower value distributions are formed when the
DW is decoupled. A region with a high product value
that represents the detonation re-initiation is formed.
These detonation propagation characteristics can be
quantitatively analyzed by the records of the tempera-
ture and pressure variations in Fig. 8. As seen in the
grey line A, formed by the maximum temperature of
the flame front, the peak temperature reduces from
3255K to 1800K during the detonation extinction pro-
cess. Next, the pressure further augments from 3.0MPa
to 4.3MPa at the pressure-augment stage as demon-
strated by the violet line, while the detonation wave is
further extinguished in the next stage, because it

spreads to the fuel-lean regions, as demonstrated in Fig.

7(b5) at t=1.5675ms.

Figure 9 depicts the triple point trajectory and the
detonation front from t=1.58ms to t=1.6175ms, and the
transient detonation propagation velocity is also super-
imposed on Fig. 9(b). Thanks to the inhomogeneous
ER maps, as presented above, the detonation tip sce-
narios are quantitatively different from the homoge-
nous hydrogen-air mixture. A strong and irregular tri-
ple point trajectory is formed within the chamber, and
anew triple point trajectory is also generated in line A.
These features are mainly attributed to the fuel-lean
mixture that yields a more complicated trajectory so
that the non-uniform mixture promotes cellular deto-
nation instability [23, 36]. The vertical fuel deficit also
leads to the curved detonation front. Meanwhile, the

transient flame front propagation velocity has a higher
fluctuation amplitude than the natural instability of
DW from the upper to the lower wall, as shown in Fig.
9(b). It is also found that the detonation propagation
velocity is suddenly increased to a stage with high av-
erage velocity magnitude, which is similar to the for-
mer study in the concentration gradient mixture [21].
This is mainly caused by the dramatic influence of the
transverse ER gradient, which prompts the detonation
propagation instability.

In summary, the supersonic non-uniform mixture
results in extremely complicated DW propagation
characteristics including the irregular triple-point, a
highly fluctuating detonation propagation velocity,
stronger SW, and non-equilibrium chemical reaction
in the fuel deficiency regions with transverse and ax-
ial-direction ER gradient. The sudden changes of the
ER gradient mixture are the main reason for these phe-
nomena, but it enhances the propagation instabilities
of the DW

4. Conclusions

The processes for mixing, ignition, FA, DDT, and
detonation propagation under supersonic injection and
mixing conditions trigged by jet obstacles were nu-
merically studied by solving the unsteady N-S equa-
tions with a detailed chemical reactive mechanism and

AMR technique. The main conclusions are as follows:

1. The transverse jet obstacle can be employed to
activate DDT in a supersonic non-uniform mix-
ture because it introduces intense turbulent flow
and vortices and provides a suitable blockage ra-
tio that generates oblique and bow shock waves,
forming an intense leading SW, and therefore it
promotes the FA. However, sufficient numbers of
transverse jet groups with an increased stagnation
pressure are required.

2. A DDT is extremely difficult in a non-uniform
mixture. The leading SW should be stronger to
create a transition condition; conversely, the tran-
sition will fail when there is an increasing length
of Lts. The DDT mechanism is attributed to the
multiple explosion points that develop to DW
through the Zeldovich gradient mechanism.

3. The fuel deficiency is the main reason to generate
a local detonation extinction that decouples into
separated flame and shock. Its intense shock can
be further reignited to a DW when it propagates
to a suitable ER mixture. Such features mainly re-
sult in a dramatically irregular tiple point trajec-
tory, accompanied by a new generation of triple
point and an unstable detonation front with high
fluctuation propagation and suddenly increased
velocities when the DW propagates from extreme
fuel-lean to suitable ER regions.

4. Thanks to the significantly perturbed mixture ho-
mogeneity, the unburned Hz and non-equilibrium
chemical reaction is further spread to the down-
stream chamber and hence promotes the down-
stream temperature of combustion products and
the intensity of flow vortices.



Although this study is in 2D, it still gives a good in-
sight on how the jet affects the DDT, especially under
the injection and mixing conditions. Further on, the 2D
simulations also allow many preliminary qualitative
conclusions. A 2D jet in crossflow would have a high
blockage ratio, but the diffusion and disturbance ef-
fects in a 3D jet would be higher than in the 2D simu-
lation. The effect of the 3D jet on the FA and DDT in
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the supersonic non-uniform mixture should be studied
in further work.
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Fig. 6. The temperature evolution during the detonation wave propagation in the non-uniform supersonic mixture.
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