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1. Introduction

In recent years, detonative combustion [1,2] has drawn increasing attention as an
efficient means for hypersonic propulsion [3-6]. Among different detonation-based
engine concepts, the oblique detonation has been well considered in propulsion
applications such as ram accelerator and oblique detonation wave (ODW) engine.

There has been a significant progress in understanding the fundamental aspects of
oblique detonation waves. In early researches, e.g., [7], analytical solutions were
sought by approximating the ODW structure as an oblique shock wave (OSW) coupled
with an instantaneous post-shock heat release. Later studies [8-12] demonstrate that the
ODW surface is composed of a non-reactive oblique shock before the oblique
detonation surface is formed, and there exists two types of OSW-ODW transition
structures, as shown in Fig. 1. The former is referred to as the abrupt transition featured
by a multi-wave point, while the latter is referred as the smooth transition featured by
the curved shock. A number of recent studies also focused on the ODW surface
instability [13-19], elucidating the formation and evolution of fine-scale unstable
structures of ODWs.

The oblique detonation wave stems from the OSW-induced combustion process.
Hence, the fuel property and its ignition influence significantly the initial ODW
formation. Previous studies [20-24] on detonations in straight tubes and annular
combustors (rotating detonations) demonstrated that different fuels correspond to
different wave characteristics. In ODW research, one-step irreversible heat release
model is widely used, in which the effects of fuel properties are overseen. Two-step
induction-reaction global chemistry model has also been used to study the ODW
initiation and surface instability [25,26], demonstrating some intriguing phenomena
that have never been observed before. Recent numerical studies based on detailed
chemistry models are also performed, to look at issues such as effects of Mo (incident
Mach number) [27], inflow inhomogeneity [28,29] and initiation mechanism [30]. Our

very recent study also investigates the ODW structure variation related to the effects of
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argon dilution in the cases under very low initial pressure 5 kPa, demonstrating a novel
type of ODW structure featured by two-oblique shocks in the product [31].

In this study, the ODW structures in acetylene-oxygen mixtures highly diluted with
argon are simulated. The resulting detonation in this type of combustibles corresponds
usually to a very stable reaction structure. This is one kind of fuels widely used in
previous detonation studies [32-34]. Equivalently, Maeda et al. [35,36] performed
experimental studies on conical detonation waves by launching spherical projectiles
into diluted acetylene-oxygen mixtures, illustrating different wave structures and
discussing the initiation features. In this study, the simple configuration of wedge-
induced ODW initiation in highly argon diluted acetylene-oxygen mixtures is
considered, following our recent study in hydrogen-air mixtures [30]. It is found that in
the case of low Mo, the initiation mechanism is different from that in hydrogen-air
mixtures, and in this paper, the resulting initiation morphology and length are discussed

and analyzed in detail.

2. Physical and mathematical models

A schematic of a typical ODW induced by a two-dimensional (2D), semi-infinite
wedge is given in Fig. 2. The presence of the wedge in a supersonic combustible inflow
induces first an oblique shock wave (OSW). For a high inflow Mach number causing a
high post-shock temperature behind the OSW, an exothermic chemical reaction begins,
leading to the ODW formation. The coordinate is rotated to the direction along the
wedge surface and the Cartesian grid in the rectangular domain enclosed by the dashed
line in Fig. 2 is aligned with the wedge surface.

Following our previous studies, e.g., [27, 30], the unsteady reactive Euler equations

are used as governing equations for modeling the ODW flow field, i.e.:
u  oF oG _
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where;
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In the above equations, p is pressure and p; (i =1. ..n) is the i-th species density, with

u and v denoting the velocity in the x- and y- direction. The total density and total energy

are calculated by:

p=Zn:pi, e=ph—p+%p(u2+v2) (3)

i=1
where specific enthalpy can be written as h =Zpihi/p with h; obtained from the
i=1
thermodynamic data of each individual species. The equation of state is

S R
p= Zpi —=T
iz W (4)

where w; is the molecular weight, T is the gas temperature, and w;is the species’

specific mass production rate, which is dictated by the chemical reaction model.

The chemical kinetic model used in this study is taken from an acetylene-oxygen-
diluent chemical mechanism for high-pressure ignition and detonation [37]. This
detailed chemistry model involves 21 elementary reactions, 4 of which are reversible,
among the 15 species. Thermodynamic properties of the chemical species are evaluated
from the 9-coefficient NASA polynomial representation [38]. The governing equations
are discretized on Cartesian uniform grids and solved with the DCD scheme [39] with
Strang’s splitting. To overcome the stiff problem, a sufficient number of sub-reaction

steps are involved to assure the overall accuracy [40].

Table 1 Chapman-Jouguet (CJ) detonation properties in different mixtures

Gas species 2CoH2+50, with 2H2+02 +3.76N2
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85% Ar

Po 0.2 atm 1.0 atm
Mc 5.0 4.9
Ea 4.8 7.8
70 1.58 1.40
pAoN 1.22 1.17
Q 28.5 34.8

Stoichiometric acetylene-oxygen-argon mixtures, i.e., CoH2:O2:Ar = 2:5:4, are
used in which g is determined by the dilution ratio, varying between 81% and 90% in
this study. With high dilution ratios, the mixtures are stable in which the detonation
structure is regular. This provides an advantage for detonation simulations avoiding
numerical issues such as grid resolution and numerical stiffness. The default inflow
parameters are 0.2 atm and 298.15 K, and in some cases, the inflow with pressure 1.0
atm is also considered. Some main Chapman-Jouguet (CJ) detonation parameters in the
default mixtures with 85% dilution are listed in Table 1, compared with those in
stoichiometric hydrogen-air mixtures, i.e., 2H2>+ Oz + 3.76N.. It can be observed that
CJ Mach numbers are close to each other, but other parameters are different. In general,
the diluted acetylene-based mixtures are more stable with low activation energy, high

specific ratio of heat capacities, and low heat release.

To set the initial conditions of simulation, the whole flow field has uniform density,
velocity, and pressure, which have been calculated according to Mo and wedge angle 6,
fixed at 25° in all cases. Although time-dependent solvers are used in this study, all the
flow fields are converged to their steady states, and unsteady processes are not
considered here. The slip reflecting boundary condition is used on the wedge surface
and the other boundaries are interpolated under the assumption of zero first-order
derivatives of all flow parameters. On the lower computational boundary, the wedge
starts from x = 0.256 mm. Without specific description, all the length dimensions are
mm in the following figures. Due to the multi-scale nature of the phenomena, both the

computational domain and mesh scale are adjusted, and resolution studies are examined
Page 5 of 19



©CO~NOOOTA~AWNPE

to ensure the grid-independence.

3. Numerical results and discussion

3.1 ODW structure and resolution study

Flow fields of ODW displayed by temperature are shown in Fig. 3. Due to the
difference of inflow condition, i.e., Mo, the transition position varies in a wide range.
Hence different computational domain has to be adapted to cover each corresponding
complete ODW structure. The absolute grid scales for each computational domain in
Fig. 3 are 32 um, 16 um, 8 um and 4 pm, respectively. For all simulations cases, the
induction region before ODW formation is resolved relatively by similar number of
grid points and about 15 grids cover the half reaction zone length of each corresponding
ZND detonation. It is observed that the wave structures are influenced by Mo
significantly, and the initiation position moves upstream when Mo increases. The abrupt
transition of OSW-ODW is observed in Fig. 3a, resulting in a complicated wave
structure. Beneath the multi-wave point, a short section of normal detonation wave
(NDW) is generated, which connects a compression wave (CW) extending to the wedge.
Increasing Mo to 8, the NDW disappears while a curved oblique shock appears before
the multi-wave point, indicating the onset from the abrupt to smooth transition.
Increasing Mo further to 9 and 10, the multi-wave point disappears and the transition is

smooth by a curved shock, as shown in Fig. 3c and 3d.

To assess the effects of grid scale, a resolution study is performed by doubling the
grid number in each direction. Results of Mo = 7 and 10 are shown by contours in Fig.
4, compared with those obtained using the default resolution. In the case of Mo = 7, the
wave structure is similar to each other, although minor effects of high resolution can be
noticed. With a higher resolution, the multi-wave point moves just slightly downstream,
and the reflected shock wave in the combustion product is more apparent. The results
of Mo = 10 are in better agreement and almost all the contours overlap with each other

shown in Fig. 4b, demonstrating the results approach grid-independent. To quantify
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effects of different grids, we use the temperature increase of 10% to define the initiation
position along different lines parallel to the x-axis. Results based on different grids are
shown in Tab. 2, demonstrating that the grid has little effect on the position. In fact, the
maximum difference appears around the multi-wave point, about 0.7 mm. Considering
the length from the wedge tip to the multi-wave point is about 20 mm, the discrepancy
from the grid effect is about 3.5%. This small discrepancy appears to be acceptable, and
the grid scale of 32 um is thus deemed sufficient and used for all cases in the following

analysis.

Table 2 Initiation lengths with different grids along several lines parallel with x-

axis
Position Grid 32 pm Grid 16 pm
X=0mm 14.71 mm 14.79 mm
X=2mm 18.98 mm 19.30 mm
X=4mm 19.88 mm 20.40 mm

3.2 Comparison between numerical and theoretical analysis

Previous study [30] has looked at the ODW structures in hydrogen-air mixtures,
which are similar to those shown in Figs. 3 and 4. However, the results of [30]
conjecture that there are two kinds of initiation mechanism in ODW, one is chemical
kinetics-controlled and the other is wave- (or gasydnamics-) controlled. Determining
the mechanism is achieved by analyzing the fluid elements in the vicinity of the wedge
surface. In the kinetics-controlled one, the initiation length, roughly the position of
initiation structure, can be predicted by constant volume combustion (CVC) theory.
Contrarily, in the wave-controlled ODWs, the initiation length is usually much shorter
than that predicted by the CVC theory, and there is still lack of theoretical approach to
predict this length. It is shown that in hydrogen-air mixtures, the wave-controlled
gasdynamic process occurs in the case of low Mo with the abrupt transition (as sketched
in Fig. 1a), while the chemical kinetics-controlled mechanism occurs in the case of high

Mo with the smooth transition (as sketched in Fig. 1b). However, it is still unclear
Page 7 of 19



©CO~NOOOTA~AWNPE

whether these mechanisms are universal and applicable in other combustible mixtures.

This study aims to explore the initiation mechanisms in stoichiometric acetylene-
oxygen mixtures with high degree of argon dilution. The numerical and theoretical
initiation lengths introduced in [30] are employed. The numerical initiation length is
defined along the flow stream direction, parallel with the x-axis, from the wedge tip to
the end of induction zone, i.e., the location at which the temperature increases over 10%
in this study. Correspondingly, a theoretical approach based on the CVC theory is used
to define the theoretical initiation length. It assumes an ideal post-oblique shock flow,
where the mixture is completely burned, and pressure build-up and the formation of
pressure waves are weak near the wedge. Under these assumptions, calculations can be
performed using the CHEMKIN package [41]. The inputs of CVC calculations include
species densities and temperature, which can be determined by either oblique-shock
relations or numerical simulations. It is found that the former does not give the right
results because the ratio of specific heat changes after the strong oblique shock and
hence, the numerical results are used in this study. Post-oblique-shock species densities
and temperature are then used to simulate CVVC to obtain the reaction time required to
attain a mixture temperature with a 10% increase from its post-shock value. The
theoretical initiation length is deduced by multiplying the time with the post-oblique-
shock particle velocity. Despite its simple formulation, this analysis provides a
predictive approach for the general structure of oblique detonations. It is worth
mentioning that other criteria can be used to define the end of induction zone (hence
the initiation length). Nevertheless, if both theoretical and numerical results take on the
same criterion, the results would not be affected. Furthermore, the temperature
increment of 10% can be altered in a range, and tests have found that the choice of 5%
is still valid giving the same qualitative results. However, the value cannot be changed
too large, e.g., 20%, otherwise a large part of heat release zone is included, violating

the intent to define the induction zone.

The initiation length results are plotted in Fig. 5, including both the numerical and

theoretical ones. It is observed that the numerical initiation lengths depend on the
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pressure and Mo, and the curve for the same pressure is almost a straight line with the
logarithmic y- axis coordinate. However, the differences between numerical and
theoretical results are very small, and the deviation of numerical and theoretical lengths
are not prominently observed, different from those in hydrogen-air mixtures [30]. As
pointed out before, in the cases of low Mo, i.e., 7, the self-ignition induced by OSW and
subsequent detonation afterward does not occur, so the initiation lengths are determined
by the shock and detonation wave interaction within the initiation region, called wave-
controlled mechanism. Nevertheless, from the results in Fig. 5, the self-ignition
governed by chemical kinetics dominates all the cases so the initiation remains
chemical kinetics-controlled regardless of Mo in acetylene-oxygen mixtures highly

diluted with argon.

3.3 Effects of argon dilution

To clarify the initiation mechanism of stoichiometric acetylene-oxygen mixtures
with high argon dilution, simulations with different Ar ratios are performed and results
are shown in Fig. 6 and Fig. 7. In general, the structures with Mo = 10 are similar, as
shown in Fig. 6b and 7b. However, the structures with Mo = 7 are different and
influenced by the Ar dilution ratio. Aforementioned structure in Fig. 3a shows a
formation with the connected NDW and CW. Decreasing Ar dilution ratio to 81%, the
structure becomes more complex. A secondary ODW (SODW) appears between the
NDW and CW. Two parallel oblique shock waves are observed in the combustion
product, one is from the connection of CW and SODW, and the other is from the
connection of SODW and NDW, as shown in Fig. 6a. Increasing Ar dilution to 90%,

the structure becomes simple, and only a train of CW is observed in Fig. 7a.

Numerical initiation lengths are plotted in Fig. 8 for further quantitative analysis.
The figure shows that the initiation lengths are insensitive to Ar ratio in both high and
low Mo cases. It is important to point out that the theoretical results are very close to
the numerical ones. Hence, the former are not displayed here. In Fig. 8, it is observed

that the lengths are about 14 ~ 15 with Mo = 7, while about 1.5 with Mo = 10. For both
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Mo cases, a slight initiation length variation can be observed, i.e., the length first
decreases and then increases when Ar ratio increases, but the variation is relatively
small so that the initiation length can be considered approximately as independent of

Ar ratio.

3.4 Discussion on the initiation characteristics

It is interesting to observe that initiation lengths are insensitive to Ar ratio. From
the viewpoint of fuel, i.e., acetylene-oxygen, the variation of Ar ratio from 81% to 90%
IS not a minor variation. Indeed, the fuel ratio decreases from 19% to 10% in this process,
a very significant variation, so the near-constant initiation length needs to be clarified.
Therefore, pressure and temperature along the lines y = 0 mm in the case of Mo = 7 are
plotted in Fig. 9. It is observed that before x = 15 mm, the post-oblique shock pressure
values are close in both cases, but the case with 90% Ar has a higher post-oblique shock
temperature than that with 81% Ar. Relatively high temperature in the case of 90% Ar
should be derived from the species properties. As one kind of monatomic molecule, Ar
has a high ratio of specific heat capacities. This results in the high temperature of the
mixtures with 90% Ar, as shown by the red solid curve in Fig. 9. High temperature
facilitates the ignition and accelerates the induction process, subsequently the heat
release is easier to be triggered. However, the case with 81% Ar ratio has higher fuel
density, accelerating the induction process from another way, and finally a rapid
increase of temperature can be observed shown by the red dashed curve in Fig. 9.
Overall, high temperature and high density play their roles in the high and low Ar
dilution cases, respectively. In other words, these two factors from including more Ar

compensate each other, so the initiation lengths are insensitive to the dilution ratio.

Compared with the previous study based on stoichiometric hydrogen-air mixtures
[30], more understanding on the initiation of wedge-induced ODW can be achieved.
The results shown in Fig. 9 provides an explanation of why the initiation is chemical
kinetics-controlled in both high and low Mo cases. It is observed that the post-oblique

shock temperature is about 1470 K in the 81% Ar ratio case, and about 1670 K in the
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90% Ar case. These temperature values are much higher than that in hydrogen-air
mixtures, about 1100 K in the case of Mo = 7. Both studies indicate that the temperature
is strongly dependent on Mo. Decreasing Mo makes the initiation mechanism changing
from kinetics-controlled to wave- (gasydynamic-) controlled, and also results in a
change of ODW morphology, from smooth to abrupt. Based on the results of previous
study, i.e., ODWs in stoichiometric hydrogen-air mixtures, it is skeptical that the ODW
morphology determines the initiation mechanism. However, in the present study using
acetylene-oxygen-argon mixtures, various ODW configurations appear under the
kinetics-controlled cases. Therefore, for the wedge-induced ODW formation, the
initiation mechanism cannot be determined by ODW morphology, and the
thermodynamic state behind the post-oblique shock, e.g., temperature or density,

appears to be a more important factor.

4. Conclusions

Oblique detonation waves in stoichiometric acetylene-oxygen mixtures with 81%
to 90% argon dilution are simulated with a detailed chemistry model. As a common
fuel used in many detonation research, there remain research questions concerning the
initiation mechanism of acetylene-fueled ODWs. The present simulation results are
analyzed and further compared with ODWs in stoichiometric hydrogen-air mixtures,
revealing some special features and benefiting to the knowledge of ODW initiation

independent of specific mixtures.

Numerical results show that the incident Mach number Mg changes the initiation
structure, but by comparing the numerical simulation and theoretical analysis results,
the initiation mechanism is found to be chemical kinetics-controlled in both high and
low Mo cases, different from that in hydrogen-air mixtures. The effect of argon dilution
on the initiation morphology is investigated, showing that the structure is sensitive only
in the cases of low Mo, and different structures are observed by changing the argon
dilution ratio. However, the initiation length remains independent against Ar dilution

ratio and is only determined by Mo, which is attributed to the competition of the high
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density and high temperature. By comparing with the previous study based on
stoichiometric hydrogen-air mixtures, the initiation mechanism is found to be
determined mainly by the temperature, and not the ODW morphology in highly argon

diluted acetylene-oxygen mixture.

As a first step in extending the investigation of wedge-induced acetylene ODW,
this study employs acetylene-oxygen mixtures with high amount of argon dilution.
Although CJ Mach numbers of these mixtures are close to those of stoichiometric
hydrogen-air mixtures, other detonation-related parameters, such as energy release,
differ from each other. These parameters are inter-related by the gas thermodynamic
properties, hence it is impossible to change only one parameter while keeping the others
fixed. Effects of compressibility, energy release, and reaction sensitivity collectively
change the structure and initiation [42-44], and more work on each factor should be

performed in the future.
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Fig. 3 Temperature fields of ODW with 85% Ar dilution, Mo =7 (a), 8 (b), 9 (c), and

10 (d) (CW: compression wave; NDW: normal detonation wave)
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Fig. 4 Temperature shown by contours with 85% Ar dilution, (a) Mo =7, grid 32 pum

(upper) and 16 pm (lower); (b) Mo = 10, grid 4 pm (upper) and 2 pm (lower)
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Fig. 6 Temperature fields of ODW with Ar ratio 81% and Mo = 7 (a) and 10 (b) (CW:

compression wave; SODW: secondary ODW; NDW: normal detonation wave)
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Fig. 7 Temperature fields of ODW with 90% Ar dilution and Mo = 7 (a) and 10 (b)
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Fig. 8 Initiation lengths as function of Ar dilution ratio in the cases of Mo = 7 and 10
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Fig. 9 Pressure and temperature along the lines y = 0 with Mo =7
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