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ABSTRACT

To validate the concept of free oblique detonation waves (ODWs) induced by non-intrusive energy deposition applied in ODW engines
(ODWESs), numerical simulations are performed by modeling the laser spark as a high-temperature and high-pressure zone embedding in
the high-speed incoming flow and by solving the non-dimensional reactive Euler equations with one-step chemistry. The initiation process,
flow structures, and self-adapted characteristics of such kinds of free ODWs in an open space are discussed with varying dimensionless source
energy and inflow Mach number. The results show that free ODWs can be initiated successfully by local non-intrusive energy deposition.
In particular, four ignition regimes, namely, the subcritical regime, the critical I regime, the critical II regime, and the supercritical regime,
which are analogous to the one-dimensional direct initiation of detonation, are distinguished by varying the dimensionless source energy.
However, the typical energy required by each ignition regime is higher than that in the one-dimensional case due to multi-dimensional
energy transmission and instabilities. Moreover, the dimensionless source energy should be moderate to obtain a stable free ODW flow field
because extremely low source energy leads to ignition failure, while extremely high source energy causes premature ignition. When the inflow
Mach number varies, it is found that free ODWs can adjust automatically to a nearly Chapman-Jouguet state, indicating the self-sustaining
nature of free detonation waves. Due to this feature, ODWE performance will be relatively stable despite the change in inflow Mach numbers
if free ODWs are utilized in the combustor.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0073035

I. INTRODUCTION the initiation and stabilization of ODWSs require a certain range

of inflow conditions and wedge parameters, which was known as

Oblique detonation waves (ODWs) induced by wedge con-
figurations have been studied extensively in the last few decades
because of their potential applications in hypersonic propulsion sys-
tems working at extremely high Mach numbers.' ” In these config-
urations, combustible inflow gases are compressed by the oblique
shock wave attached to a wedge, leading to a significant temper-
ature increase and subsequent ignition. If the ignition delay time
of post-shock gases is sufficiently short, the combustion wave will
couple with the leading oblique shock wave to form an oblique deto-
nation wave instead of shock-induced combustion.” Theoretically,

the standing window of oblique detonation.” To meet this require-
ment, the wedge angle could neither be too small nor too large;
otherwise, the ODWs will fail to initiate or detach from the wedge.
In practice, the standing behavior of ODWs is also affected by
some more realistic factors, such as the boundary layer,® chemical
kinetics,” wedge length,® geometric confinement,” and unsteady or
non-uniform inflow conditions.'”" The complex effects of these
factors over ODWs have been widely studied in recent years to
verify the utility of oblique detonation wave engines (ODWEs)
under non-ideal conditions.
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For typical fuels, the temperature of detonation products could
reach 2000-3000 K,'*'® which presents a great challenge to the ther-
mal protection system because a practical ODWE is always expected
to run continuously for dozens of minutes at a hypersonic speed.
According to a recent shock tunnel test,'” the maximum wall heat
flux over the wedge in the combustor of the ODWE is more than
2 MW/m?. It can be estimated that the 10-cm-thick stainless steel
wall employed in the prototype will fail after running for about
2.5 min and melt after about 5 min without active thermal protec-
tion. This formidable problem may be more severe during real flight
because the wedge thickness may be reduced to decrease the weight
of aircraft, resulting in a more rapid wall temperature increase than
that in the shock tunnel test. Moreover, previous studies concerning
the ignition of ODWs found that the ignition length decreases with
the increase in the wedge angle.” To ensure successful ignition in a
wide range of inflow parameters, the wedge angle is always designed
to be large enough to induce an over-driven ODW in most cases.
However, compared with a typical Chapman-Jouguet (C-J) ODW,
an over-driven ODW leads only to little benefit in combustion effi-
ciency but larger total pressure loss® and hence larger wave drag. The
presence of the wedge wall also causes additional, inevitable skin-
friction drag. Therefore, the utilization of the long wedge wall in
the combustor of the ODWE has drawbacks from the perspective
of both thermal protection and thrust performance.

To cope with significant total pressure loss induced by long
wedges, it is suggested to use blunt bodies instead of long, sharp
wedges as flame holders in the combustor.'* >’ In hypersonic inflow
of combustible gases, a blunt body induces a normal detonation
wave in front of the stagnation point, which develops into an over-
driven ODW and finally near the C-] ODW in the downstream.'* To
realize good thrust performance, the size of the blunt body should
be relatively small compared to the cross section of the combus-
tor so that the majority of the wave system is in the near C-J state,
resulting in low total pressure loss in average. However, tremendous
heat flux on the surface of blunt bodies, especially around the stag-
nation point, poses a great challenge for thermal protection. The
harsh thermal environment of hypersonic aircraft engines restricts
the utility of blunt bodies as flame holders. In addition, the tem-
perature increase across the normal shock wave is supposed to be
sufficiently high to guarantee successful initiation of detonation in
a wide range of inflow conditions. In other words, the energy depo-
sition of the blunt body should be larger than the minimum igni-
tion energy of detonation. For a certain configuration, the energy
deposition is determined by the size and shape of the blunt body,
which is unchangeable during flight. At low Mach numbers, large
size and bluntness are favorable to ensure the ignition of detonation,
whereas small size and bluntness are preferred at high Mach num-
bers to reduce the over-driven degree of ODWs. One has to make
compromise when designing flame holder parameters to obtain the
best overall performance of the ODWE combustor. In comparison,
methods to produce non-intrusive, adjustable flame holders instead
of wedges, blunt bodies, or other types of wall compression could
avoid problems of thermal protection while maintaining good thrust
performance, which are meaningful to be explored.

Theoretically, ODWs in configurations where no wedge or
other boundary blocks the main flow are referred to as free ODWs.”!
By a coordinate transformation to a frame attached to the ODW, the
normal component of inflow velocity is supposed to be exactly equal
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to C-J detonation velocity to guarantee that the free ODW is sta-
ble and self-sustained. The early studies concerning the stability of
free ODWs ignored their ignition process, which is quite puzzling
until Fendell ef al.”> and Carrier et al.>* suggested that the focusing
of a high energy laser beam may be capable of initiating a conical
ODW in high-speed flow of combustible gases.”””’ Based on laser
ignition, a novel combustor configuration was proposed, and the
thrust performance of the combustor was analyzed in ideal condi-
tions. However, the concepts of both free ODWs and laser-induced
conical detonation waves remain to be theories in the literature. To
date, no experimental or even numerical verifications, to the authors’
knowledge, have been conducted to develop these ideas into practi-
cal applications. In fact, research studies on ODWEs are still in the
infancy even though great progress has been made on the initiation
and stability of wedge-induced ODWs in recent years. Investigations
on alternative ignition methods of ODWs will be helpful in further
development of ODWEs.

In the numerical simulations of free ODWs ignited by laser
beams, it is extremely difficult to simulate the interaction of the laser
and combustible gases satisfactorily because the laser ignition pro-
cess involves multiple physical effects, such as light absorption, heat
conduction, plasma formation, and radiation.”*** The mechanisms
of these effects are still under investigations. Phuoc classified the
laser ignition of reactive mixtures into four categories: laser ther-
mal ignition, laser-induced photochemical ignition, laser-induced
resonant breakdown ignition, and laser-induced spark ignition.”®
Among these categories, the laser-induced spark ignition, which
relies on high-temperature and high-pressure spark to ignite com-
bustible mixtures, is appropriate to be used in engines.”** Com-
pared with passive flame holders, such as wedges and blunt bodies,
laser sparks act as active flame holders, that is, the energy deposi-
tion can be adjusted easily by controlling the output power of laser
devices. As a result, the ODWE based on laser spark ignition could
run in a relatively stable state and maintain good thrust perfor-
mance under a variety of sets of inflow conditions. For simplicity,
a high-temperature and high-pressure zone was always set as an ini-
tial condition to simulate the effect of laser ignition in most studies
(for example, Ref. 29), which is also adopted in the present work.

In this paper, numerical simulations based on two-dimensional
Euler equations and one-step chemical model are conducted to ver-
ify the feasibility of igniting free ODWs by a laser beam in an open
space. The formation and flow field structure of free ODWs are ana-
lyzed to characterize their thermodynamic and gas-dynamic states.
Furthermore, more cases are calculated and compared to investigate
the effects of dimensionless source energy and inflow Mach number
on the free ODW structure.

Il. NUMERICAL METHOD

A simple schematic of the numerical setup to simulate free
ODWs ignited by laser spark in high-speed combustible inflow is
shown in Fig. 1. The computational domain lies in an open space
(without wall constraints) containing a square high-temperature and
high-pressure zone, which is modeled as a laser spark. It is notewor-
thy that in order to achieve detonation initiation, high-energy laser
devices that operate in periodically pulsed mode are always used,
and the choice of laser pulse frequency is dependent on the coupling
between the energy transition process and the detonation dynamics,
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FIG. 1. Schematic of the numerical setup.

which, however, is quite complicated and out of the main focuses of
this study. Therefore, by assuming a high-frequency laser spark, the
effects of the inputting laser energy are modeled by assigning a per-
sistent high-pressure and high-temperature condition to the spark
region at each time step during simulations. Furthermore, high-
speed uniformly premixed combustible gases with a Mach number
ranging from 10 to 15 enter the computational domain from the left
boundary. The upper and right boundaries are set as supersonic out-
lets. In addition, the lower boundary is set as a symmetric boundary
to reduce computational cost.

To simulate the inviscid structure of free ODWs, two-
dimensional reactive Euler equations are adopted as governing
equations whose non-dimensional form is as follows:

ou . OF 0G _ S )
o ox oy >

where U, F, G, and § are the vectors of conservative variables, con-
vective fluxes in the x-direction, convective fluxes in the y-direction,
and reactive source terms, respectively. They have the following
explicit forms:

p pu pv 0

pu pu2 +p puv 0
U=|pv| F=| pvu | G=| pf+p |- S=] 0 (2)

E (E+p)u (E+p)v 0

pZ puz pvZ -

The variables p, u, v, and p are the density, velocity component in
the x-direction, velocity component in the y-direction, and pressure,
respectively. Z represents the progress variable of chemical reaction,
and it varies between 0 and 1. Z = 0 denotes the unreacted gases,

scitation.org/journal/adv

where k and E, are the rate constant and activation energy, respec-
tively. It should be noted that due to the absence of crossover
temperature,’’ one-step chemistry has some limitations in simulat-
ing real detonation dynamics governed by chain-branching kinet-
ics. However, it had been demonstrated to be capable of repro-
ducing various phenomena observed in experiments qualitatively.’!
Moreover, as compared to detailed chemistry and multi-step sim-
plified models, it has many other advantages, such as the simple
formula, low computational cost, and absence of arbitrary param-
eters.’”” Therefore, one-step chemistry has been widely employed in
many fundamental studies of detonation physics,” ” and it is also
adopted in this paper to study the fundamental characteristics of
free ODWs. The above equations are solved using the ideal thermal
equation of state as follows:

p=pT. 5

All these variables are non-dimensionalized by reference to the
values in the unreacted state,

p P T i v
p==sp="> T=5, U=, V= ——,
po Po To VRTy RT,
% j E, Q
x=2, y= 2, Ba= o, Q= =5, (©)
Ly Ly RTy RT),

i
= - B "
Lyj2/VRTo VRTo/Ly),

where the superscript ~ represents dimensional variables and sub-
script 0 denotes the parameters of the unburned mixture. Note that
coordinate variables x and y are scaled by the half reaction zone
length L, /; to present the grid resolution across the detonation wave
conveniently, which was first introduced by Erpenbeck™ and was
widely used as a reference length scale in dimensionless studies
of detonation.”"**™** In this way, the rate constant k is calculated
when the values of other parameters are given. The gas constant
R of reactants and products is assumed to be the same so that it
can be eliminated in the nondimensionalized process of the ideal
thermal equation of state, as shown in Eq. (5). The dimension-
less variables in the one-step chemical model are fixed at Q = 50,
y = 1.2, E, = 15, and k = 7.6648 to simulate the free ODW struc-
tures induced by a laser spark. Notably, this parameter set of the

TABLE 1. Numerical cases conducted in this paper.

while Z = 1 represents the fully burned gases. E is the total energy Inflow Dimensionless
per unit volume, which contains internal energy, kinetic energy, and Caseno. Mach number Ma  source energy E;  Ignition regime
local chemical energy release per unit volume, ] 12 1500 Critical I
p p(u2 + VZ) 2 12 500 Subcritical
E= "+ +p(1-2)Q 3 3 12 800 Critical T
Y 4 12 10 000 Supercritical
where Q is the total chemical energy per unit mass and y is the spe- 5 10 1500 Critical II
cific heat ratio. @ is the chemical reaction rate, which is modeled by 6 11 1500 Critical I
one-step Arrhenius kinetics in this study, 7 13 1500 Critical II
B 8 14 1500 Critical IT
= —kp(1-2) exp(_?“), @ 9 15 1 500 Critical IT
AIP Advances 11, 125119 (2021); doi: 10.1063/5.0073035 11, 125119-3
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FIG. 2. Oblique detonation cellular structures (6 = 24°, Q = 50, y = 1.2, E; = 50, and Ma = 15): (a) overall temperature contours, (b) local enlarged view of the LRTW,
(c) local enlarged view of the RRTW, and (d) LRTW and (e) RRTW calculated by Verreault et al.*+

one-step chemical model does not correspond to a specific com-
bustible mixture, but it had been widely used in many fundamental
studies of ODWs.”">" In the laser spark, gases are initially at rest.
Following the previous study,’ the dimensionless source energy Es,
rather than the source temperature or source pressure, is selected as
the control parameter to discuss various ignition regimes. Accord-
ing to Eq. (3), the dimensionless source energy can be expressed as
Es = ps/(y — 1). Notably, the dimensionless density in the spark
region is almost unchanged due to the rapid energy deposition pro-
cess, and it is equal to 1 approximately. Hence, the corresponding
temperature and pressure inside the spark region can be calculated
as follows: T = ps = (y — 1) E;. Simulations are carried out by vary-
ing the inflow Mach number from 10 to 15 and the dimensionless
source energy from 150 to 10 000. Various initiation phenomena
can be observed. Nine typical cases of them are chosen and dis-
cussed in this paper to explore the effects of the inflow Mach number
and source energy on the initiation characteristics of free ODWs, as
summarized in Table 1.

An in-house code based on the finite difference method is
employed to solve the above governing equations in discrete form.
The dispersion-controlled dissipative (DCD) scheme® and three-
order Runge-Kutta method are adopted in the spatial discretion
and time marching in numerical calculation, respectively. Detailed
descriptions and validations of the computation code in shock waves
and detonation problems can be found in the previous studies.”””**
In this paper, a new verification case of the ODW cellular structure
is conducted to further validate the feasibility of the code in ODW
dynamics, as shown in Fig. 2. The numerical setup is the same as that
of Verreault et al.** (wedge angle 0 = 24°, Q =50, y = 1.2, E, = 50, and
Ma = 15). In Fig. 2(a), a smooth transition from the oblique shock

wave to the ODW, the left-running transverse wave (LRTW), and
right-running transverse wave (RRTW) can be distinguished. The
flow patterns of the LRTW and RRTW are consistent with those cal-
culated in the literature.** It can be concluded that the present code
is capable of simulating wave interactions and transient structures of
ODWs.

The size of the computational domain shown in Fig. 1 is 200
x 100, which corresponds to 8 x 10° Cartesian grids in total when the
grid resolution is 20 points per half reaction length. Since an explicit
time-marching method is employed, the time step should be subject
to the Courant-Friedrichs-Lewy (CFL) condition. In this study, the
CFL number is set as 0.4 in all cases, resulting in a dimensionless
time step on the order of 107*. The coordinate origin is set at the
lower left corner, and the x-axis is parallel to the direction of inflow.
The side length of the square laser spark, whose center locates at
(5.5,0.5), is set as unity.

lll. RESULTS AND DISCUSSION
A. Initiation and structure of free ODWs

In this section, the flow field structure and its temporal evolu-
tion in case 1 are presented to show the fundamental characteris-
tics of free ODWs initiated by non-intrusive energy deposition. The
inflow Mach number and dimensionless source energy of case 1 are
12 and 1500, respectively, which are moderate among all numeri-
cal cases. Figure 3 shows the pressure distribution at several typical
instants during the flow field evolution. In the early stage (¢ = 2.43),
an initial blast wave is triggered by the tremendous pressure dif-
ference between the laser spark zone and main flow, which travels
downstream under the influence of high-speed inflow. Subsequently,

AIP Advances 11, 125119 (2021); doi: 10.1063/5.0073035
© Author(s) 2021

11,125119-4


https://scitation.org/journal/adv

AIP Advances

ARTICLE scitation.org/journall/adv

pr 0 3 6 9 1215 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60

p: 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60

100

80
60
N
40

20

.

0

[=4

50 100 150 200

100

80

60

B
40

20

0o 100 200
X

!k

pr 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60

pr0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60

100
80
60

=
40

20

oL 4

100

80
60
-
40
20

0 100 200
X

!k

p: 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60

p: 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
100 p

80

60
=

40

20

0 50 100 150 200
X

100
80
60

=
40

20

0 50 100 150 200
X

FIG. 3. Temporal evolution of pressure contours in case 1: (a) t = 2.43, (b) t = 4.64, (c) t = 8.85, (d) t = 17.2, (e) t = 26.4, and (f) t = 35.7.

a normal shock wave appears ahead of the spark and develops into
a bow shock in the downstream [see the local enlarged view in
Fig. 3(b)], which is similar to the ODW structure around a blunt
body in supersonic flow.'"*’ Although the inflow around y = 0 is
strongly blocked by high-pressure laser spark, no stagnation point is
observed in the flow field, which is different from the flow character-
istic around blunt bodies. At t = 8.85, it can be clearly seen that the
interaction between the initially formed blast wave and bow shock
leads to a triple point as shown in Fig. 3(c). With time going by, the
triple point moves downstream together with the initial blast wave.
At t = 17.2, the majority of the initial blast wave has been blown
out of the computational domain. At ¢ = 26.4, it is observed that
more triple points split off the main triple point, exhibiting an unsta-
ble cell-like structure near the upper outlet. At ¢ = 35.7, all triple
points have traveled out of the upper boundary, leaving a smooth
wave front in the computational domain. The flow fields shown
in Fig. 3(f) are steady since the structure remains unchanged from
t =35.7 to t > 100. Figure 4 further shows the temporal evolution of

temperature distribution at typical instants corresponding to Fig. 3,
except for Fig. 4(e). The cell-like structure seems to be more clear
at t = 28.7 in the temperature flow field. The reaction zone is repre-
sented by the region enclosed by the two isolines of Z = 0.05 and Z
= 0.95 in Fig. 4(f). It is observed that the shape change of the reac-
tion zone is consistent with that of the shock front, indicating the
strong coupling between the shock and flame. Since no wedge or
other wall conditions block the main flow, the wave system shown
in Figs. 3(f) and 4(f) is indeed of free ODW structures described in
the literature.”!

Figure 5 shows the peak pressure distribution at several chosen
instants. The pressure data are extracted from lines parallel to the x-
axis and compared to find the maximum one as peak pressure at a
certain y value. The peak pressure profile indicates the distribution
of shock strength along the y-axis since the post-shock pressure is
typically much higher than other parts of the flow field. Tremendous
peak pressure is observed near y = 0 due to the strong compression
effect of the normal shock wave. As y increases, the normal shock
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FIG. 4. Temporal evolution of temperature contours in case 1: (a) t = 2.43, (b) t = 4.64, (c) t = 8.85, (d) t = 17.2, (e) t = 28.7, and (f) t = 35.7.

develops into a bow shock whose strength decreases continuously.
Finally, the shock strength increases to a constant value after a tran-
sition process, which corresponds to the formation of oblique shock
waves with a certain shock angle. At t = 8.85, the sudden jump of
peak pressure around y = 40 implies the emergence of the triple
point shown in Figs. 3(c) and 4(c). The triple point splits into sev-
eral ones between ¢ = 17.2 and t = 26.4. At t = 35.7, the peak pressure
after y = 75 gets close to 41.89, the theoretical von-Neumann pres-
sure in the C-J state, indicating that the free ODW formed in the
downstream is a C-] ODW that can be self-sustained. Before the
C-J ODW part, however, the peak pressure undergoes a period of
decrease from very high values caused by normal shock to a min-
imum value of 25.63 around y = 29 and then increases to a stable
value of 41.89. Similar trends of shock angles can also be found in
Figs. 3(f) and 4(f), which implies an under-driven transition zone
between the bow shock and C-] ODW. In fact, this transition zone
structure also appears in other cases (case 5-9) at inflow Mach num-
bers Ma = 10-15, among which the transition process is particularly

obvious at low Mach numbers. The phenomenon will be further
analyzed in Secs. I1I B and C.

A mesh refinement test over case 1 is conducted to guarantee
that the above discussions are based on sufficient grid resolution.
Figure 6(a) shows the flow field simulated with grid sizes of 20 points
per half reaction length (pts/L, /5, upper) and 40 points per half reac-
tion length (lower). The position of the normal shock wave, the
evolution process from the bow shock to oblique shock, the tempera-
ture contour, and the pressure isolines are very close between upper
and lower results. Only tiny difference can be detected by careful
comparison, indicating that the present grid resolution (20 pts/L; ;)
is sufficient in revealing the flow field structure of free ODWs. In
Fig. 6(b), shock angle distributions at various grid sizes are fur-
ther compared quantitatively. It is essential to obtain shock angle
distributions accurately in the present work because several igni-
tion regimes will be distinguished based on the characteristics of the
shock angle profile in Sec. I1] B. When very rough grids are adopted
(2 pts/L,,), the measured shock angle curve shows slight oscillation.

AIP Advances 11, 125119 (2021); doi: 10.1063/5.0073035
© Author(s) 2021

11,125119-6


https://scitation.org/journal/adv

AIP Advances

160~ normal shock

140

[5%3
S

—

(=

(=]
I

bow shock

peak pressure
D ®©
(=] (=]

S
(=}

[°3
=}

.. \
transition zone \

0"“|“‘|“‘|“|“|
0 20 40 60 80 100

y

FIG. 5. Temporal evolution of peak pressure distributions in case 1.

Meanwhile, the transition zone structure is not revealed according to
shock angle distribution, which is unacceptable. With mesh refine-
ment, the oscillation disappears and the transition zone becomes
more and more clear. The shock angle of the oblique shock wave can
be well captured with every grid resolution shown in Fig. 6(b), which
implies that the simulation of the bow shock and transition zone
structure primarily requires fine grids. The features of shock angle
distribution can be well captured in simulations with the grid reso-
lution of 10 pts/L; /5, 20 pts/L; ,, and 40 pts/L; 5. It can be concluded
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that a grid resolution of over 20 points per half reaction length is fine
enough to simulate the free ODW flow field by the present numerical
method and is employed in this study. Notably, because a constant
CFL number (i.e., 0.4) is adopted in this study, the increase in grid
resolution also results in an increasing resolution in time integra-
tion. Hence, the appropriateness of the time step is also verified in
the above grid resolution tests.

B. Effects of dimensionless source energy

The above numerical results of case 1 indicate that ODWs,
which fit the features of free ODWs described in the literature,”’
can be initiated by non-intrusive energy deposition under appro-
priate circumstances. In Sec. III A, the laser spark configuration
and inflow parameters are fixed, that is, 1 x 1 square laser spark,
source energy Es = ps/(y — 1) = 1500, spark temperature Ts = 300,
and inflow Mach number Ma = 12. Apparently, the ignition behav-
ior is dependent on these parameters so that different combinations
of them may result in distinctive structures of the free ODW flow
field. The effects of dimensionless source energy and inflow Mach
number are analyzed in this section and Sec. I1I C, respectively, to
promote the understanding of free ODWs induced by non-intrusive
methods.

To reveal the influence of dimensionless source energy, exten-
sive cases are conducted numerically with Es ranging from 150 to
10000 while keeping other parameters unchanged. Both the corre-
sponding spark temperature T and spark pressure ps range from
30 to 2000. Based on these data, four ignition regimes are classified,
the typical Es values of which are 500 (subcritical regime, case 2),
800 (critical I regime, case 3), 1500 (critical II regime, case 1), and
10000 (supercritical regime, case 4), respectively. Figure 7 shows

T 40pts/L,
i i"l _ 20pts/I:1,2
i “ e 10pts/L,,,
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é i
40
20
0 (I) 2'0 4|o 6I0 ' 8I0 ‘
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FIG. 6. Mesh refinement test over case 1: (a) pressure and temperature contours at the grid resolution of the present study (20 points per half reaction length) and finer
grids (40 points per half reaction length) and (b) shock angle distribution at different grid resolutions.
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the temporal evolution of the pressure field in case 2. Note that the
contour levels of Fig. 7 are the same as those of Fig. 3. The compar-
ison between Figs. 7(a) and 3(b) shows a similar flow field structure
shortly after calculation starts, which contains an initial blast wave
traveling downstream, a bow shock, and a normal shock upstream
of laser spark. However, the pressure jump across the blast wave and
post-wave pressure gradient are less significant in case 2. Accord-
ing to the local enlarged view around laser spark in Fig. 7(a), the
standoff distance of the normal shock wave is smaller than that
in Fig. 3(b). The above differences can be attributed to the lower
strength of the initial blast wave resulted from weaker laser spark
in case 2. At t = 9.85, the post-shock pressure drops rapidly when
the bow shock converts to the oblique shock wave. At t = 14.6, the
initial blast wave has been blown out of the computational domain.
At t =19.7, an inert oblique shock wave, whose shock angle is much

ARTICLE scitation.org/journal/adv

smaller than that of the ODW shown in Fig. 3(f) and still decreases,
remains in the steady solution of the flow field. It is also found
that the reaction zone, which is represented by the region between
Z =0.05 and Z = 0.95, decouples with the shock front after about
x = 40, indicating the initiation failure of free ODWs. The above fea-
tures are further illustrated in the temperature field of Fig. 8. The
contour levels in Fig. 8 are the same as those of Fig. 4. Compared
with Figs. 4(d) and 4(e), the initial blast wave in case 2 is so weak
that no significant triple point is observed before a steady state is
reached, which may be crucial for the formation of the transition
zone and the initiation of ODWs. As a result, the ignition fails in this
regime.

As the dimensionless source energy increases to 800 in case 3,
the free ODW is initiated successfully, but the ignition regime is dis-
tinct with that in case 1. Between ¢ = 3.87 and t = 10.9, the flow field
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FIG. 9. Temporal evolution of pressure contours in case 3: (a) t = 3.87, (b) t = 10.9, (c) t = 21.1, (d) t = 24.8, (e) t = 32.6, and (f) t = 40.4.
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structure is closer to case 2 since the initial blast wave is very weak.
At t = 21.1, however, the oblique shock wave is enhanced by the
compression waves generated by post-shock combustion, resulting
in the local initiation of ODWs. At t = 24.8, it is observed that the
shock angle increases in the downstream of local initiation. Similar
to Fig. 3(e), the perturbation caused by ODW initiation evolves into
cell-like structures at t = 32.6. Then, the cell-like structures travel
out of the computational domain and the flow field is steady after
t = 40.4. The spatial evolution of the reaction zone is more com-
plex than case 1 and case 3. In the downstream of laser spark, it is
found that the reaction zone thickness grows larger and larger, which
implies a continuous decrease in the reaction rate. Although the
coupling between the shock front and flame seems to be weaker, a
gradually growing compression wave catches up with the shock front
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around x = 190, subsequently leading to the initiation of ODWs. The
ignition structure shown in Fig. 9 is similar to the smooth transition
of ODWs over wedges.* This ignition regime is distinguished from
case 1 mainly due to the existence of the ignition structure. The local
shock angle during the ignition is larger than that of the ODW angle
in the downstream, as is shown in Fig. 9(f). In fact, the ignition pro-
duces a slightly over-driven ODW, which then decays into the C-J
state. This feature will be discussed in detail later. Note that the ini-
tiation of free ODWs in case 2 requires a relatively long distance due
to small E; so that the computational domain is specially enlarged to
show the wave structure completely. The temporal evolution of the
temperature flow field is further illustrated in Fig. 10.

As Eq increases from 800 to 1500, the ODW ignition position
moves upstream and the over-driven degree after ignition decreases
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FIG. 10. Temporal evolution of temperature contours in case 3: (a) t = 3.87, (b) t = 10.9, (c) t = 21.1, (d) t = 24.8, (e) t = 32.6, and (f) t = 40.4.
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to unity, which is shown in Figs. 3 and 4. The variation of the over-
driven degree along the ODW front can be interpreted by the dis-
tribution of the detonation angle. With a further increase in E;, the
transition zone structure becomes less obvious. That is, the transi-
tion between the bow shock and oblique shock wave happens more
rapidly. Meanwhile, the peak pressure does not decrease much dur-
ing the transition when higher E; is adopted. Similar trends are
also observed by varying Es from 1500 up to about 10 000. How-
ever, Es cannot be increased all the time; otherwise, the stable ODW
structure will be destructed. In case 4, dimensionless source energy
takes a very high value of E; = 10 000. The pressure flow fields at
8 typical instants in case 4 are shown in Fig. 11. At t = 0.991, a
very strong blast wave has been triggered by the tremendous pres-
sure gradient between laser spark and main flow, which travels
faster than that in any other cases presented in this work. Between
t = 6.18 and t = 16.3, the temporal evolution of the shock front is
similar to that in case 1, while a significant non-uniform distribu-
tion of pressure and instabilities are observed in post-shock gases.
At t = 24.3, the main triple point also splits into several triple points,
which exhibits a cell-like structure. The compression waves gener-
ated by chemical reaction are so strong that they evolve into a shock
wave, which has approached the shock front. Note that the contour
levels are adjusted to reveal the flow field details after Fig. 11(e).
At t = 25.7, shock-shock interaction is observed, which results in
a stronger shock wave propagating upstream. At t = 37.8, the wave
structure of free ODWs has been totally erased. At t = 44.6, the
shock front approaches the left boundary, which indicates prema-
ture ignition that affects the running state of combustors. The tem-
perature flow field at the typical instants described above is shown in
Fig. 12.

It can be concluded from the above analysis that the ignition
regime is greatly influenced by changing the dimensionless source
energy Es. Specifically, four ignition regimes can be classified in cases
1-4, among which free ODWs are obtained in case 1 and case 3.
To initiate and maintain a stable free ODW structure, Es should be
neither too small nor too large. Insufficient source energy leads to
ignition failure (case 2), while excessive source energy results in pre-
mature ignition (case 4), both of which should be avoided in propul-
sion systems. The four ignition regimes presented above are analo-
gous to the one-dimensional direct initiation of detonation waves.
Figure 13(a) shows the shock velocity evolution of four typical one-
dimensional cases with different source energies. One-dimensional
numerical simulations are conducted over a tube with the left end
closed and the right end opened. A unit-length ignition zone, which
is consistent with two-dimensional simulations, is placed at the left
end. The same numerical algorithms are adopted, together with the
same grid resolution of 20 pts/L; /5.

In Fig. 13(a), the initiation energy is too low to induce a detona-
tion wave at Eg = 250. The shock velocity of the blast wave resulting
from high-temperature and high-pressure spark decreases gradu-
ally when it travels to the right. At E; = 400, the initial blast wave
does not result in a detonation wave either. However, a local hotspot
emerges at around x = 80, which enhances the intensity of chemical
reaction together with shock strength to initiate a detonation wave.
The detonation wave is over-driven after initiation and then decays
to the C-J state, in which the detonation velocity is a constant. At
Es = 625, the shock velocity decreases below C-J detonation veloc-
ity and then increases to initiate a detonation wave, which never
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FIG. 13. Four initiation modes of (a) one-dimensional detonation and (b) free
ODWSs when the dimensionless source energy Es varies. D and § stand for
the leading shock velocity in one-dimensional cases and oblique shock angle in
two-dimensional simulation, respectively.

undergoes any over-driven period. At Es = 1500, the strong energy
source manages to initiate a detonation wave directly. The shock
velocity is higher than the C-] detonation velocity during the whole
process. According to previous numerical and experimental research
studies,”""® ignition regimes are referred to as subcritical initiation
and supercritical initiation in cases where Es = 250 and E; = 1500.
When E; = 400 and 625, both regimes are classified as the critical ini-
tiation regime. In this study, they are further distinguished as critical
I regime and critical II regime according to whether the detonation
wave is over-driven or not after ignition.
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=13 (case 7), (e) Ma = 14 (case 8), and (f) Ma = 15 (case 9).

To compare with one-dimensional cases, the shock angle distri-
butions are given in Fig. 13(b). Note that the shock angle distribution
in case 4 is collected at ¢ = 25.7 before the free ODW front is erased.
As illustrated by Eq. (7), the sinusoidal of the shock angle 8 equals
the inflow velocity component normal to the shock front vy, divided
by inflow velocity vo. In the coordinate frame fixed to the shock
front, von is exactly the shock velocity D in the frame where unre-
acted gases are at rest. When the inflow velocity vy is a constant,
the trend of the f3 profile is comparable to the D profile in the one-
dimensional case. By comparing Fig. 13(a) with Fig. 13(b), it is found
that the four ignition regimes of free ODWs show the same char-
acteristics as one-dimensional direct initiation of detonation. The
results indicate a close relationship between free ODWSs and one-
dimensional, self-sustaining detonation, which was predicted by
Stewart and Kasimov.”' At E = 500, detonation initiation fails in the
two-dimensional case but occurs successfully in one-dimensional
simulation. Moreover, the typical dimensionless source energies
required for each ignition regime in the two-dimensional case are
larger than those in the one-dimensional case. On one hand, the
energy transmission is less concentrated in two-dimensional cases.
For example, the characteristic waves traveling in the positive direc-
tion of the x-axis converge into the initial blast wave, which barely
contributes to the formation of ODWs. In other words, the effective
energy that supports detonation initiation in the two-dimensional
case is smaller than that in the one-dimensional condition. On
the other hand, free ODWs undergo two-dimensional instabilities,
which is more complex and requires more extra energy than one-
dimensional detonation propagation. Consequently, the four igni-
tion regimes of free ODWs are analogous to the one-dimensional
direct ignition of detonation waves, but the corresponding source
energies are higher,

Ma,
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C. Effects of the inflow Mach number

The influence of the inflow Mach number on the free ODW
structure is further explored in this section. Figure 14 shows the
steady temperature flow fields at Ma = 10-15 (cases 1 and 5-9). In
these cases, E; is kept at 1500. The ignition behavior of free ODWs
in the six cases presented in Fig. 14 all belongs to the critical II
regime. Transition zones, within which the shock angle and shock
strength are lower, can be distinguished between the bow shock
and oblique shock. It is found that the transition zone structure
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FIG. 15. Variation of the Mach number component perpendicular to the wave
surface Ma, with the inflow Mach number of free oblique detonation waves and
standing oblique detonation waves over a 25° wedge.
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FIG. 16. Pressure (a) and temperature (b) distributions at the outlet of the computational domain.

becomes less conspicuous with the increase in the inflow Mach
number. Moreover, the detonation angle downstream of the transi-
tion zone decreases slightly when the inflow Mach number increases.
Theoretically, Ma, equals the shock Mach number in the C-J state,
which remains unchanged when the inflow Mach number varies.
According to Eq. (7), sinf8 becomes smaller with the increase in Ma,
eventually resulting in the decrease in the detonation angle f3,

2 _ 2 _

To verify that Ma, does not change with Ma as indicated by
theory and illustrate this favorable feature of free ODWs in applica-
tion, Fig. 15 shows the variation of May, over Ma in the numerical
results. For free ODWs induced by laser spark, the calculated Ma,
value is slightly below the theoretical C-J value (6.65) calculated
using Eq. (8). The discrepancy may attribute to chemical kinetics
that are not considered in theory. In Fig. 4(f), for example, the reac-
tion zone thickness is negligible compared to the length scale of the
computational domain, whereas it is assumed to be infinitesimal in
classical C-J theory. The effective energy release of combustion that
supports the ODW front may be smaller than total heat release Q due
to the complexity of the two-dimensional heat release process. Con-
sequently, the inflow velocity component normal to the shock front
is smaller than the one-dimensional theoretical C-J value according
to Eq. (8) so that Ma, is less than Mac_j as the inflow sonic speed is
constant. It is also found that the Ma, value of free ODWs remains
almost unchanged with the increase in Ma. However, for typical
ODWs over a certain wedge (for example, 25° wedge), the values
of Ma, rise together with Ma. ODW s over the 25° wedge are always
over-driven, whose May, is larger than the theoretical C-] value and
that of free ODWs. The results are similar when other wedge angles

are chosen, as long as they lie on the over-driven regime of the
detonation polar diagram.” The comparison implies that the ther-
modynamic state of free ODWs is stable under the variation of the
inflow Mach number, which results from the self-sustaining nature
of free detonation waves. To further illustrate this feature of free
ODWs, pressure and temperature distributions at the outlet of the
computational domain are plotted in Fig. 16. For cases 1, 5, and 6,
the outlet is chosen just before the ODWs reach the upper boundary
to show the pressure and temperature jump across the detonation
wave. For cases 7-9, the outlet is simply the right boundary of the
computational domain. Although the positions of detonation waves
are different due to the changes in the inflow Mach number, all
curves collapse together in the middle of the outlet. In other words,
the same detonation wave strength is achieved with the variation of
the inflow Mach number. This feature makes free ODWs favorable
in practical applications of ODWEs because the detonation angle
can adjust automatically to adapt to changing inflow Mach numbers,
keeping the combustion in a relatively stable state, i.e., the near C-J
state.

IV. CONCLUSION

In this paper, a series of numerical simulations of free
ODWs induced by a laser spark are conducted based on the non-
dimensional Euler equations and one-step chemical model. Three
conclusions drawn through the analysis presented above are as
follows:

(1) In an open space, energy deposition caused by the non-
intrusive method is capable of initiating a free ODW under
appropriate conditions.

(2) When source energy is varied, four initiation regimes of
free ODWs are distinguished, namely, the subcritical regime,
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the critical I regime, the critical II regime, and the super-
critical regime. The ignition regimes are analogous to the
one-dimensional direct initiation of detonation. However,
the dimensionless source energy required by each regime
is higher than the corresponding one-dimensional case due
to the multi-dimensional energy transmission and instabili-
ties. To obtain a stable free ODW flow field, the dimension-
less source energy should be neither too high nor too low;
otherwise, initiation failure or premature ignition may occur.

(3) As the inflow Mach number changes, the detonation angle
of free ODWs adjusts automatically to keep the post-shock
pressure and temperature in the C-J state, which is referred
to as the self-adaption feature of free ODWs. This feature
is favorable in applying free ODWs to ODWEs because the
engine could run in a relatively steady state at varying inflow
Mach numbers.
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