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HIGHLIGHTS

o Effects of boundary layer are important in abrupt transition of ODW.
¢ Shock-boundary layer interaction in abrupt transition of viscous ODW.

e Significantly shorter transition length in viscous ODW.

o Different evolution process in viscous ODW.
e Great importance of considering viscosity in ODW simulations and ODE designs.
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ABSTRACT

Oblique detonation wave (ODW) structures are studied widely in recent years, but most of
them are solved by the Euler equations without considering viscosity and then effects of
boundary layer. In this study, the Navier-Stokes Equations are used to simulate the wedge-
induced ODWs in hydrogen-air mixtures, and the two types of ODW transition structures
at different incident Mach number M; are analyzed to clarify the effects of viscosity and
hence the boundary layer. Results show that the effect of boundary layer on ODW struc-
tures should be classified by the types of ODW transition patterns. As for the smooth
transition pattern of ODW at high Mach numbers, the effect of boundary layer can be
neglected, but for the abrupt transition pattern of ODW at low Mach numbers, the effect of
boundary layer is large and it changes the ODW structure greatly. Resulting from the
interaction of shock and boundary layer, a recirculation zone is formed within the viscous
ODW layer at M; = 7, which leads to the phenomenon that the straight oblique shock wave
evolves into two sections, with the downstream one having a larger shock angle. Addi-
tionally, the corresponding transition position moves upstream, and the initiation length
becomes only one third of that in inviscid ODW. The great importance of considering
viscosity in ODW simulations and future designs of combustor of oblique detonation en-
gine has been addressed.
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Introduction

Oblique detonation wave (ODW) has been widely studied for
many years [1,2], which can be potentially used in detonation
engines to achieve hypersonic propulsion with high effi-
ciency. Currently, there are three kinds of detonation engines,
namely the pulse detonation engine (PDE) [3], rotating deto-
nation engine (RDE) [4,5], and oblique detonation engine (ODE)
[6]. The ODE is considered as the most appropriate concept for
hypersonic air-breathing propulsion operating at high flight
Mach numbers. However, the development of ODE is still in
the theoretical and numerical stage, and the physical process
of ODW still needs further study.

In early researches, ODW was usually simplified to be an
oblique shock wave (OSW) combined with a post-shock heat
release zone [7]. However, subsequent studies [8,9]. [10—13].
demonstrated that an ODW is composed of a non-reactive
OSW, an induction zone, a set of deflagration waves and an
ODW surface. As shown in Fig. 1, there are two types of
transitions from OSW to ODW: one is the abrupt transition,
the other is the smooth transition [14]. Teng and Jiang [15]
judged the type of detonation by establishing the relation-
ship of angles between OSW and ODW. Moreover, the surface
of ODW is not always stable. Recently, there have been several
research studies on the surface instability of ODW [12,16—22],
illustrating and quantifying the formation of fine-scale
structures on the oblique detonation surfaces.

Although the ODW structures have been studied widely,
most of previous studies, such as [23,24], still assume of
inviscid flow. The exclusion of viscous effects is usual in
detonation researches, from normal detonations travelling in
straight tubes to rotating detonations in annular chambers.
However, the effects of shock-boundary layer interaction on
the shock bifurcation and deflagration-to-detonation transi-
tion process have been numerically found by Gamezo et al.
[25,26]. Additionally, the influences of interaction of ODW
with incoming boundary layer on the flame structures can
also be observed in [27,28]. As for wedge-induced ODW, the
effects of the boundary layer over the wedge on the ODW
structures have not attracted attentions of researchers yet. In
ODEs, the boundary layer may not only disturb the structure
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Fig. 1 — Schematic of ODWs with abrupt (a) and smooth (b)
transitions.

of ODW, but also change the instability of ODW. Li et al. [29]
found that the viscous effect can be neglected in ODW.
Thereafter, most of the studies on ODW without considering
the boundary layer were based on Li's research. In general, this
is reasonable because the length of the initiation zone of ODW
is usually on the scale of millimeter, hence the boundary layer
has not fully developed yet, resulting in a thin boundary layer.
Thus, the effects of boundary layer on the whole flow field can
be neglected. This is why there are so few studies on the ef-
fects of boundary layer on ODWs.

In this study, the structures of ODWs are numerically
investigated using the Navier-Stokes equations, and the ef-
fects of boundary layer are discussed. It is found that the effect
of boundary layer on ODW with abrupt transition structure
becomes very obvious. Compared with the results of inviscid
condition, the initiation structure of ODW will change greatly.
The difference between viscous and inviscid increases with
the strength of SOSW (secondary OSW). However, in the
smooth transition structure, the role of boundary layer is
consistent with the previous studies and can be neglected. In
the abrupt transition structure, a recirculation zone is formed
near the wall under the action of the boundary layer. This
recirculation zone is adjacent to SOSW. The existence of
recirculation zone changes the state of flow and chemical
reactions in the initiation zone, and subsequently changes the
structure of the whole initiation zone.

Numerical methods

A schematic of simulating ODWs induced by a two-
dimensional (2D), semi-infinite wedge is given in Fig. 2. The
presence of wedge in a supersonic combustible inflow induces
an OSW and a boundary layer. Notably, as for the classical
configuration of an ODE [30], ODW is always induced by the
OSW formed over the combustor's cowl, leading to no
boundary layer existing in the incoming flow, which is also
one of the assumptions made in present study. Behind the
OSW, the temperature is very high. An exothermic chemical
reaction begins in this zone, leading to the formation of ODW.
A boundary layer develops and becomes thicker at the wall
surface. The coordinate is rotated to the direction along the
wedge surface and the computational domain is shown in the
region enclosed by the dash lines.
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Fig. 2 — Schematic of simulating ODWs.
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The unsteady reactive Navier-Stokes equations are used as
governing equations for modeling the ODW flow field, i.e.:
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In the above equations, the total density and total energy
are calculated by:
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where the specific enthalpy can be written as h = 3!, phi/p
with h; obtained from the thermodynamic data of each indi-
vidual species. The equation of the state is

I R
b= pi—T (6)

where w; is the molecular weight; T is the gas temperature; and
wj is the species' specific mass production rate determined by the
chemical reaction model. The shear stresses are calculated by:
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For laminar flow, the viscous coefficient varies only with
temperature, which is given by the Sutherland's formula [31]:

u=1.458 x 10°°

2
T Ns/m (8)

qx and q, represent the components of heat flux in two
coordinate directions, respectively.
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where C,, is the constant-pressure specific heat, and Pr = 0.72
is the Prandtl number.

The governing equations are discretized on Cartesian grids
and solved using the AUSMPW + finite difference scheme [32].
The latest H,/O, kinetic model for high-pressure combustion
[33—35], is used here, and it involves 27 reversible elementary
reactions among the 8 species (H,, O, H,0, H, O, OH, HO,, and
H,0,) along with the nonreactive species N,. The thermody-
namic properties of the chemical species are evaluated from
the 9-coefficient NASA polynomial representation [36]. A
stoichiometric hydrogen-air mixture with mole ratios of Hy:
0O, Ny = 2: 1: 3.76 is used. The reflecting no slip boundary is
used on the wedge surface and the wedge angle is set as 25°.
The left boundary and up boundary are set as the inflow
boundary. The default inflow parameters are 1.0 atm and
300 K. The right boundary is interpolated under the assump-
tion of equal first-order derivatives for all flow parameters.
The wall mesh is densified and the size in the y-direction is
0.005 mm. The size is increased outward with an equal ratio of
1.05 until the same scale as the outer mesh is reached.

Results and discussion

First of all, two basic ODW structures are shown in Figs. 3 and
4 with M; = 10 and 7, respectively, both by pressure and
temperature contours. ODWs in Figs. 3a and 4a are simulated
without considering the viscous effects, so they illustrate the
wave structures similar to previous studies [14]. In the case of
M; = 10, a smooth transition appears at around x = 0.002 m, as
shown in Fig. 3a. In contrast, an abrupt transition appears at
around x = 0.015 m in the case of M; = 7, as shown in Fig. 4a. It
is observed that the angles of oblique shock and oblique
detonation in Fig. 4a are larger than those in Fig. 3a, and a
complicated wave system appears in the OSW-ODW transi-
tion region. The main difference of these two structures in the
transition region is the formation of oblique shock/detonation
surface. There are two OSWs connected with the transition
point in Fig. 4a: one extending upstream and generating the
SODW (secondary ODW), and the other denoted by SOSW
extending downstream and reflecting on the wedge.

If the viscous terms are included in simulations, the
structures become different but the effects of viscosity and
hence the formed boundary layer depend on the types of ODW
transition patterns. In the case of M; = 10, as shown in Fig. 3b,
there is only slight difference. Due to the existence of
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Fig. 3 — Pressure (upper) and temperature (lower) of inviscid (a) and viscous (b) ODW with M; = 10.
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Fig. 4 — Pressure (upper) and temperature (lower) of inviscid (a) and viscous (b) ODW with M; = 7.

boundary layer, the high temperature zone near the wedge
surface moves upstream, but the main structure does not
change a lot. However, new structures with obvious differ-
ences from the inviscid one are generated in the case of M; =7,
as shown in Fig. 4b. It should be noted that to display the
differences of ODW structures clearly, the corresponding
plotted region has been adjusted at M; = 7. The transition type
keeps the same, i.e. the abrupt transition, but the position of
OSW-ODW moves to around x = 0.006 m from 0.015 m (in the
inviscid flow field). A high temperature region appears near
the wedge, suggesting that heat release occurs earlier. This
high temperature region not only results in the forward
movement of initiation region, but also influences the OSW
surface. As illustrated in Fig. 4b, the OSW is not straight
anymore, but composed of two sections. The section con-
nected with the ODW has a larger oblique shock angle, which
is attributed to the existence of the high temperature region
near the wedge. Furthermore, the SODW disappears in the
viscous ODW, but the SOSWs extending downstream still
appear.

To verify whether the mesh used is enough to capture the
ODW structures, different meshes are used and results are
shown in Fig. 5. For both sets of meshes, the finest mesh with
0.005 mm in height is used in the inner part of the boundary
layer (near the wedge surface), and the mesh height is
amplified with a ratio of 1.05 along the vertical direction of the
boundary layer. The mesh height of 0.005 mm corresponds a
Y+ value (dimensionless wall distance) of 30. The coarse mesh
uses an outer grid size of 0.050 mm, while the fine mesh uses
an outer grid size of 0.025 mm. It is observed that there are no
obvious differences between these two structures in Fig. 5.
With the fine grid, the transition point of OSW-ODW moves
downstream a little (from x = 6.1 mm to x = 5.9 mm), and the
error is about 3%. Therefore, the mesh (0.005—0.025 mm) used
in present simulations is thought to be enough to perform the
structure investigations qualitatively, and it is used in the
later analysis in this study.

Aforementioned results demonstrate that viscous effects
should not be ignored in the abrupt ODW transition, but it is
still unclear how these differences in ODW structures form.
Theoretically, the viscous effects introduce dissipation
everywhere in the whole flow field, but the difference is not
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Fig. 5 — Numerical schlieren photos of viscous ODW with
M; = 7 using different grids.
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Fig. 6 — Contours of temperature (upper) and x-direction
velocity (lower) in viscous ODW with M; = 7.
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Fig. 7 — Evolution of viscous ODW with M; = 7.

obvious in the flow field behind the oblique detonation sur-
face. Therefore, the viscous effects must be attributed into the
formation of boundary layer. To further investigate the
viscous ODW with M; = 7, its streamlines and contour of ve-
locity component in the x-direction (u) are displayed in Fig. 6.
Obviously, the velocity u is negative rather than positive in the
high temperature region near the wedge, and the streamlines
from upstream are raised there. The raised streamlines
induce the two-section OSW, which has a larger oblique angle
downstream. Therefore, it can be concluded that there is a
recirculation region formed in the case of M; = 7, which
changes the ODW structure. Due to the inclusion of boundary
layer, it is expected that high temperature appears in the near
wedge region. However, the boundary layer cannot change the
structure so much, and the effect of recirculation dominates
the main structure variation. Additionally, it is noteworthy
that there are two SOSWs appearing in the initiation zone.
This is mainly due to the existence of the recirculation region,
which distorts the OSW surface. The pressure behind the
downstream stronger OSW segment is higher than that in the
region near the wall (from the upstream weaker OSW
segment), leading to the formation of the first SOSW to bal-
ance the pressure variation. Higher pressure is also formed
behind the main ODW, and consequently the second SOSW is
formed to achieve pressure balance.

Numerical results above display the steady ODW struc-
tures. In this study, unsteady N—S equations are solved and
the formation process of ODW can be observed, which is
helpful to understand the structure evolution. In inviscid
ODW evolution process, the heat release starts downstream
first. Then, the oblique angles of shock and detonation in-
crease, and the initiation region moves upstream until the
angles and initiation position reach their equilibrium values.
Since this process has been studied before [37,38], it is not
shown here. However, the structure evolution becomes
different with the boundary layer taken into account, as
shown in Fig. 7. The formation of inviscid ODW shown in
Fig. 4a takes about 10 us, and similar process occurs in the
viscous ODW formation. Thereafter, the ODW moves up-
stream with a relatively low speed, and it can be seen that at
the instant of 14 pus, the initiation region moves from
x = 0.015 m—0.012 m. The viscous ODW reaches its equilib-
rium position at about 56 ps, after that the structure does not
change further. In this process, the recirculation region grows
gradually, but in Fig. 7a, it cannot be observed. Hence, the

formation of recirculation region should be derived from the
interaction of shock and boundary layer, which has also been
observed before [39—41]. For smooth transition, there is no
SOSW to be interacted with the boundary layer, and hence the
thickness of the boundary layer within the ODW layer keeps
thin, so it would not affect the ODW structure a lot.

Conclusion

In this study, the unsteady Navier-Stokes Equations in com-
bination with a detailed chemical reaction model are used to
simulate viscous ODWs in hydrogen-air mixtures. The effects
of viscosity and hence of the boundary layer are focused by
analyzing two typical ODW structures depending on M;. The
two basic structures have been studied before, and repro-
duced in this study. After including the viscosity, one struc-
ture keeps the same, while the other becomes different
obviously. In the case of M; = 10 with smooth transition
pattern of ODW, the structure keeps almost the same with the
inclusion of viscosity. Nevertheless, in the case of M; = 7 with
abrupt transition pattern of ODW, the inclusion of viscosity
changes the structure obviously. The position of OSW-ODW
moves to around x = 0.006 m from 0.015 m, and the straight
OSW becomes two sections, with the downstream one having
a larger oblique angle. Moreover, further analysis founds that
these differences are derived from the formation of recircu-
lation zone within the ODW layer. For the abrupt transition in
the case of M; = 7, there exists one oblique shock in the
combustion product, which interacts with the boundary layer.
The structure evolution of viscous ODW structures is exam-
ined as well, demonstrating how the recirculation zone forms
in a relatively slow process. It should be noted that numerical
viscosity is sometimes important to numerical simulations
[42,43]. From the comparisons of the inviscid and viscous
ODW results in present study, the same degree of numerical
viscosity is involved in both cases, and the differences in
structures of the viscous ODW from that of the inviscid ODW
are unquestionably attributed to the inclusion of physical
viscosity and hence the boundary layer.

Quantitative predictions of the initiation structures of
ODW, especially the transition position of OSW to ODW, are
rather important to design of the ODE combustor. Longer
initiation zone may result in low fraction of oblique detona-
tion combustion or even failure of ODW initiation, and hence
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the low propulsion performance or even failure of ODE.
Therefore, this study emphasizes the great importance of
considering viscosity in ODW simulations and future designs
of ODE combustor.
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