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Abstract

Detonation initiation is important not only for the development of advanced detonation engines and but also for the
control of accidental explosion. There are mainly two types of detonation initiation, i.e., direct initiation and indirect
initiation. This work focuses on direct detonation initiation which has a short initiation distance but requires large amount
of energy deposition. Specially, we investigate the reduction in the critical initiation energy through replacing the single
hot spot by multiple hot spots. The transient detonation initiation process in a stoichiometric H2/O2/Ar mixture is
examined through two-dimensional simulations considering detailed chemistry. It is found that under the same initiation
energy, detonation initiation fails for a single large hot spot while successful detonation initiation can be achieved by
employing six small hot spots. The collisions among adjacent transverse detonation waves induce new local explosions,
which play a pivotal role in detonation initiation. To further assess the impact of wave collision, we change the hot spot
energy used in the multiple hot spot configuration. For relatively low initiation energy, the blast wave quickly decays and
decouples with the reaction zone. Consequently, the collision among transverse shock waves cannot induce new local
explosion and detonation initiation fails. Increasing the initiation energy can enhance the blast wave and is favorable to
the formation of local explosion, facilitating the rapid detonation initiation. Furthermore, the influence of hot spot number
on detonation initiation is assessed. Interestingly the hot spot number is found to have non-monotonic effect on detonation
initiation. Splitting a single hot spot into multiple hot spots enhances detonation initiation since the wave collision helps
to induce local explosion. However, as the hot spot number increases, the energy of each hot spot is decreased and
becomes excessively dispersed, which results in relatively weak blast wave and thereby weak wave interaction.
Consequently, local explosion cannot be triggered and detonation initiation fails for relatively large hot spot numbers.
This study provides insights on promoting detonation initiation through multiple hot spots.
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interpreted. Moreover, the effects of the initial initiation energy and hot spot number on detonation initiation
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multiple hot spots. The collisions among adjacent transverse detonation waves are found to induce new local
explosions and play a pivotal role in detonation initiation. It is shown that there is an optimum hot spot number for
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1 1. Introduction

2

3 Detonation is a supersonic mode of combustion
4 consisting of a shock wave coupled with a reaction
5 zone [1]. Recently, detonation has received increasing
6 attentions and has promising applications in advanced
7 propulsion systems since it helps to achieve higher
g thermal efficiency and faster burning rate than
9 deflagration [2]. Meanwhile, it is imperative to
10 mitigate the occurrence of detonation in accident
11 explosions since detonation has high overpressure and
12is extremely destructive [3]. Understanding
13 detonation initiation is important not only for the
14 development of advanced detonation engines and but
15 also for the control of accident explosion.

16  Detonation initiation can be primarily categorized
17 into indirect initiation and direct initiation [ 1]. Indirect
18 initiation usually refers to the deflagration-to-
19 detonation transition (DDT), which requires relatively
20 low initiation energy but long initiation distance [4].
21 Direct initiation requires large amount of energy
22 deposition so that detonation can be quickly formed
23 [5]. One of the key parameters for direct detonation
24 initiation is the critical initiation energy, Ec, which is
25 an intrinsic property of a combustible mixture and
26 depends on the mixture composition as well as the
27 thermal conditions [1]. Successful direct detonation
28 initiation is achieved only when sufficient energy is
29 deposited, i.e., £ > Ec.

30 In the literature, there are many studies on the
31 measurement and prediction of critical initiation
32 energy (see [6] and references therein). Here we focus
33 on the endeavors to reduce the critical initiation
34 energy and to promote detonation initiation. For
35 example, it has been demonstrated that plasma
36 discharge can be used to facilitate detonation initiation
37 in pulsed detonation engines [7-9]. Plasma helps to
38 produce active radicals and species (e.g., ozone)
39 which can reduce the ignition delay time and thereby
40 promote detonation initiation. Our previous work [10]
41 examined how ozone addition affects detonation
42 initiation, and showed that both ozonolysis reaction
43 and ozone decomposition reaction help to reduce the
44 critical initiation energy. The focusing effects of
45 reflected shock waves can also help to initiate the
46 detonation with lower initiation energy, which was
47 demonstrated by simulations [11, 12] and experiments
48 [13, 14].

49  Besides, spatial redistribution of the ignition is
50 another effective way to reduce the critical energy for
51 detonation initiation. Vasilev [15] reviewed the
52 optimum ways for the detonation initiation process in
53 terms of the spatial distribution of the input energy
54 and proposed that multiple hot spots can promote
55 detonation initiation. Guo et al. [16] simulated
56 detonation initiation through dual-hot spot ignition
57 and found that the collisions among adjacent shock
58 waves induced by each hot spot can reduce the
59 required initiation energy. Vasilev [17] measured the
60 triple-point trajectory in a cylindrical detonation wave
61 initiated by six hot spots. He found that detonation can

62 initiated at lower initial pressure than the critical value
63 by using the multiple hot spots. However, due to the
64 limitation in experimental measurement, there is no
65 detailed information on the characteristics of flow,
66 reaction and wave interaction during the detonation
67 initiation by multiple hot spots. Consequently, the
68 underlying mechanisms of detonation initiation by
69 multiple hot spots are not well understood. Besides,
70 the influence of hot spot number and energy on
71 detonation initiation have not been assessed. This
72 motivates the present study.

73 This work aims to simulate and interpret the
74 transient detonation initiation induced by multiple hot
75 spots in a Ha/O2/Ar mixture. Specifically, we first
76 compare the detonation initiation processes induced
77 by a single hot spot and multiple hot spots, and assess
78 the impact of multiple hot spots on the critical
79 initiation energy. Then, the impact of the initial
80 initiation energy on detonation initiation processes
81 induced by multiple hot spots is examined. Finally, we
82 assess the influence of hot spot number on detonation
83 initiation. The remainder of the paper is organized as
84 follows. The model and numerical methods are
g5 introduced in Section 2. After that the results are
86 presented and discussed in Section 3. Conclusions are
87 summarized in Section 4.

88

89 2. Model and numerical methods

90

91  We conduct two-dimensional simulations for the
92 transient detonation initiation induced by different
93 numbers of hot spot as depicted in Fig. 1. Since the
94 present simulations are performed in 2D configuration,
95 the initial hot spots can be identified as uniform line
96 ignition sources perpendicular to the x-y plane.
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99 Fig. 1. Schematic of initial hot spot settings for (a) single hot
100 spot and (b) multiple hot spots.
101
102 The computational domain is filled with static
103 H2/O2/Ar mixture (Xn2:Xo2:Xar = 2:1:7) of 300 K and
104 0.6 atm. Ar is used as the dilution gas to enhance the
105 stability of the cellular detonation wave. The hot spot
106 has the same H2/O2/Ar mixture but has much higher
107 temperature, 7» = 3000 K, and pressure denoted as Ph.
108 We fix the total area of the hot spots, Si,
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110 where D = 4.899 mm is the diameter of the single hot
111 spot, and d and N are respectively the diameter and

109 =6z (mm?) 1)



1 number of hot spots in Fig. 1(b). Besides, the
2 circumference radius of the hot spot center is fixed to
3be R = 3 mm for multiple hot spot configuration,
4 which is closed to the hot spot radius for the single hot
5 spot configuration (~2.45 mm). Note that this value
6 may affect the detonation initiation process, which
7 needs to be explored in future studies.
8 Due to symmetry, a quarter of the whole domain,
9ie.,0<x<10cmand0<y<10cm, is considered in
10 simulations. Symmetric conditions are used at the
11 boundaries of x = 0 and y = 0. The outflow conditions
12 are used at boundaries of x =10 cm and y = 10 cm. In
13 simulations we consider the detailed hydrogen
14 chemistry by Conaire et al. [18] which consists of 10
15 species and 21 elementary reactions. The transient
16 detonation initiation process is simulated using the in-
17 house code detonationFoam [19], which is developed
18 based on OpenFOAM [20] and has been thoroughly
19 validated for gaseous detonation simulation [19]. It
20 has been successfully used in our previous studies on
21 oblique detonation waves [21, 22]. The details on
22 governing equations, numerical methods and code
23 validation can be found in Ref. [19] and thereby are
24 only briefly described below.
25 In detonationFoam, the finite volume method is
26used to solve the Euler equations for fully-
27 compressible, multi-component reactive flows. The
28 second-order MUSCL scheme with the pressure-
29 corrected approximate Riemann solver, HLLC-P [23],
30 is used to calculate the convective flux. The operator
31 splitting approach is used so that the flow and
32 chemical reaction processes are solved separately. The
33 first-order Euler scheme is adopted for time
34 advancement. The stiff ordinary differential equation
35 solver, seulex, which employs an extrapolation
36 algorithm based on the linearly implicit Euler method
37 with step size control and order selection, is used to
38 handle the chemical reaction [24]. Moreover, adaptive
39 mesh refinement [25] and dynamic load balancing [26]
40 are used to improve the computational efficiency.
41 To ensure grid convergence, we compare the results
42 for detonation initiation by single hot spot predicted
43 by simulations using three different grid sizes. For the
44 cases shown in Fig. 2, the coarse grid sizes are 70.7
45 um, 100 pm and 141.4 pm, respectively. All the cases
46 use 3-level refinement mesh and the corresponding
47 minimum grid size is 8.84 um, 12.5 um and 17.68 pum.
48 For the simulation results, pressure distributions along
49 the lines of @ = 0°, 0.1°, ..., and 90° are extracted,
50 where @ is shown in Fig. 1. Then the average value of
51 these pressure distributions is calculated to get the
52 circumferentially-averaged pressure profile. Figure 2
53 shows that the circumferentially-averaged pressure
54 profiles and triple-point trajectories predicted by
55 different grid sizes are almost the same. Therefore, in
56 all simulations we use the minimum grid size of 12.5
57 wm with the coarse grid size of 100 um. The induction
58 length for the H2/O2/Ar mixture at 0.6 atm and 300 K
59 is calculated to be 123.9 pm. Therefore, there are

60 about 10 points within the induction zone for the grid
61 size of ox = dy =12.5 um
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63 Fig. 2. (a) Distribution of the circumferentially-averaged
64 pressure and (b) triple-point trajectories predicted by
65 different grid sizes for single hot spot with P, = 120 atm.
66
67 3. Results and discussion
68
69 3.1 Detonation initiation by a single hot spot
70
71 First, we simulate detonation initiation induced by
72 a single hot spot with different initiation energies
73 (which depends on the pressure of the hot spot, Px).
74 The temporal evolution of the pressure profiles, and
75 normalized propagation speed of the leading shock
76 wave along x-axis are shown in Fig. 3 for P, = 120
77 atm and Pp =35 atm.

78
30y (a) P, =120 atm 12
E 20] s e 1 3
E 0 ns 5 s He st S sz
2107 /ll}]li 15ps A20ps sus 0.8 >
[ o
% 1 2 2 506
x (cm)
8:
— 6
E |
E 4
o 2t
0 2 3
79 X (cm)

80 Fig. 3. The temporal evolution of the pressure profiles along
81 x-axis and the change of normalized propagation speed of the
82 shock wave with its position, Vs/V¢,, for (a) P, = 120 atm
83 and (b) P, = 35 atm. The Chapman-Jouguet (CJ) detonation
84 speed for the Hy/O,/Ar mixture is V= 1686 m/s.
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1 Successful detonation initiation is achieved for Py
2 =120 atm and Fig. 3(a) shows that the shock speed
3 gradually attenuates from the initial overdriven state
4 to the steady-propagation state. Note that due to wave
5 front curvature, the shock speed is slightly lower than
6 Chapman-Jouguet (CJ) detonation speed. Besides,
7 Figure 3(a) shows double-peak structures for the
g pressure profiles at =15, 20 and 25 ps. The first peak
9 corresponds to pressure rise caused by the leading
10 shock wave, while the second peak is caused by
11 transverse wave. When the initial hot spot pressure is
12 reduced to P» = 35 atm, Fig. 3(b) shows that both the
13 peak pressure and shock speed gradually decrease. At
14 around ¢ = 100 ps, the shock speed is only one-third
15 of the CJ detonation speed (i.e., Vs/Ves = 0.33),
31

16 indicating that the detonation initiation fails.

17 The above results show that failed detonation
18 initiation occurs for a single hot spot with P, =35 atm.
19 This will be used as a reference case for comparison
20 with detonation initiation induced by multiple hot
21 spots in the following subsection.

22

23 3.2 Detonation initiation by multiple hot spots

24

25  Here we use six hot spots (N = 6, d = 2 mm), as
26 illustrated in Fig. 1(b), to initiate the detonation.
27 According to Eq. (1), the amount of total initiation
28 energy of the single hot spot (i.e., Fig. 1a, d =4.9 mm)
29 is equal to that of six hot spots (i.e., Fig. 1b) for the
30 same P = 35 atm.
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Localized explosion

Localized explosion

6 8 0 2

4
32 x (cm)

4
x (cm)
33 Fig. 4. The temporal evolution of temperature contour during detonation initiation induced by multiple hot spots with P;, = 35
34 atm. BW: blast wave; MS: Mach stem; TDW: transverse detonation wave; LSW: leading shock wave; RF: reaction front; DWF:
35 detonation wave front. An animation of the whole detonation initiation process is shown in the Supplementary Material.
36



1 The detonation initiation process induced by six
2 hot spots is shown Fig. 4. Due to symmetry only one
3 and a half hot spots are shown. The whole initiation
4 process can be divided into three stages. The first-
5 stage evolutions are depicted in Figs. 4 (a-c). At ¢t =
6 0.4 ps, Fig. 4(a) shows that the hot spots trigger rapid
7 local autoignition, leading to the formation of
g diverging cylindrical blast waves (BW). The
9 diverging BWs collide with each other, resulting in
10 highly compressed regions with high pressure and
11 temperature. This induces local explosion as shown in
12 Fig. 4(b). The strong pressure waves induced by these
13 local explosions further interact with arc shock waves
14 originating from the initial hot spots, forming triple-
15 wave structures consisting of Mach stem (MS),
16 transverse  detonation ~ wave (TDW)  and
17 leading/incident shock wave (LSW), propagating
18 outward as shown in Fig. 4(c). This first stage is
19 mainly determined by hot spot autoignition and
20 thereby it is referred to as the hot spot initiation stage.
21 The second stage evolutions are depicted in Figs.
22 4(d-f). Since the MS corresponds to relatively strong
23 shock, chemical reactions immediately happen after
24the MS, and the distance between MS and the
25 following reaction front (RF) is very small. On the
26 contrary, the LSW has relatively low intensity and
27 thereby there is a huge gap between the LSW and the
28 RF (see Fig. 4d). As the triple-wave structures
29 propagate, the transverse detonation waves spread
30 towards both sides of the MS, consuming the mixture
31 between the LSW and the RF (see Fig. 4d). Figures
32 4(c-e) shows that the width of the MS gradually
33 increases and the MS evolves into a new LSW. The
34 collision between two transverse detonation waves
35 induces newly localized explosion as shown in Fig.
36 4(¢e), which then produces a new MS and a pair of
37 TDWs propagating in the opposite directions as
38 shown in Fig. 4(f). The next transition between MS
39 and LSW, and the collision and reflection between a
40 pair of TDWs continue during the propagating of the
41 triple-wave structure. This is similar to the wave
42 structure evolution occurring in cellular detonation.
43 However, during this stage, the formation and
44 evolution of the triple-wave structure is still
45 determined by the initial hot spots. Therefore, this
46 stage (3 ps < ¢ < 20 ps) is referred to as the transition
47 stage.
48  The third stage corresponds to the development and
49 quasi-steady propagation of a circular expanding
50 detonation as shown in Figs. 4(g-i). At ¢ =20 ps, Fig.
51 4(g) shows that the collision between a pair of TDWs
52 induces local explosion. Figure 4(h) shows micro sub-
53 structures appearing on the MS, indicating that the
54 MS evolves into a typical circular diverging
55 detonation wave front (DWF). At ¢ = 40 ps, Fig. 4(i)
56 shows that there are many micro triple-wave
57 structures on the detonation wave front, indicating the
58 formation of cellular detonation. Similar observations
59 were reported and interpreted by Jiang et al. [27] and
60 Shen et al. [28]. As the DWF propagates outwardly,
61 its curvature decreases and thereby cellular instability

62 develops, resulting in the generation of new transverse
63 detonation waves [28].

64 Compared with the failed detonation initiation
65 induced by a single hot spot shown in Fig. 3(b),
66 successful detonation initiation is achieved by using
67 multiple hot spots with the same total initiation energy
68 as shown in Fig. 4. This shows that the multiple hot
69 spots can effectively reduce the critical initiation
70 energy. For the initiation process induced by a single
71 hot spot, the cylindrical blast wave induced by the hot
72 spot gradually attenuates due to the expansion effect,
73 resulting in the decoupling between the leading shock
74 wave and the reaction front, i.e., detonation initiation
75 failure. However, for the initiation process by multiple
76 hot spots, multiple blast waves are generated by the
77 local autoignition triggered by each hot spot and the
78 collisions between these blast waves induce local
79 explosions, which play an important role in the
80 achievement of successful detonation initiation.

81  Figure 5 shows the temporal evolution of wave
82 front and the numerical soot foil during the successful
83 detonation initiation by multiple hot spots. During the
84 transition stage, it is seen that transverse detonation
85 waves correspond to the high-pressure regions. In fact,
86 the numerical soot foil records the transverse
87 detonation wave trajectories, manifesting as fish-
88 scale-like cell structure [29]. At ¢ = 30 us, cellular
89 detonation wave has formed and small-scale
90 detonation cells on DWF are clearly observed.
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93 Fig. 5. Numerical soot foil for the case with 6 hot spots and

94 P, =35 atm. The wave fronts at different times, =7, 10, 15,

95 20, 25 and 30 ps, are superimposed.

96

97 3.3 Effects of initiation energy

98

99 In the above two subsections, the hot spot pressure
100 is fixed to be Py = 35 atm. Here different hot spot
101 pressures (i.e., different initiation energies) are
102 considered and the detonation initiation processes are
103 recorded in Fig. 6. Note that we still consider 6 hot
104 spots with d = 2mm as depicted in Fig. 1(b).
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1
2 Fig. 6. Numerical soot foils for detonation initiation with 6 hot spots and different hot spot pressures. C, represents the n” local
3 explosion caused by the collisions between adjacent blast waves. The animations of these detonation initiation processes are

4 shown in the Supplementary Material.

5

6 Figure 6 shows the numerical soot foils for
7 successful (Figs. 6a-d) and failed (Fig. 6¢) detonation
8 initiations. The results for P, =35 atm discussed in the
9 previous subsection are plotted in Fig. 6(a). In Fig. 6,
10 Cu represents the n™ local explosion caused by the
11 collisions between adjacent blast waves. For an
12 example, for P, = 35 atm C1 in Fig. 6(a) corresponds
13 the collision and local explosion shown in Fig. 4(b).
14  With the increase of initiation energy or hot spot
15 pressure, Figs. 6(a-d) shows that the cycle number of
16 local explosion-blast wave decreases for the
17 successful detonation initiation cases. Specifically,
18 five, four, three and two cycle are respectively
19 observed for P =35, 43, 53 and 70 atm (Figs. 6 a-d).
20 This is expected since the higher the hot spot pressure
21 results in the stronger the blast waves and more
22 intense collisions, which induce stronger local
23 explosion and accelerate successful detonation
24 initiation. Consequently, high initiation energy (or
25 high hot spot pressure) facilitates the development of
26 numerical disturbances between the leading shock
27 wave and the reaction front, inducing transverse
28 detonation waves and shortening the initiation
29 distance, i.e., reducing the number of localized
30 explosion-blast wave propagation cycles. As shown in
31 the Supplementary Material, the numerical soot foil
32 shown in Fig. 6(d) agrees qualitatively with the
33 experimental results reported by Vasilev [15, 17]. In
34 Fig. 6(e), detonation initiation fails for P, =30 atm. It
351is observed that the leading shock wave finally
36 decouples with the reaction front.

37 In Fig. 7, we compare the evolution of
38 circumferentially-averaged normalized shock wave
39 speed Vs/Ves for different hot spot pressures. For
40 successful  detonation initiation,  quasi-steady
41 propagation is finally reached when Vs/Vc; is slightly
42 below, yet close to, unity. It is seen that before the
43 quasi-steady propagation, there are several abrupt-
44 acceleration-deceleration processes, which
45 correspond to the local explosions, Ci~Cs, as shown
46 in Fig. 6. For an example of P, = 35 atm, the sudden
47 increase of Vs at ¢t = 10.8 us is due to C3 local
48 explosion show in Fig. 6(a). Figure 7 also shows that
49 the peak value of Vs caused by the same C. local
50 explosion increases with the hot spot pressure. This is
51 mainly because higher initiation energy can induce
52 stronger collisions and localized explosions. Note that
53the wave speed is calculated from the

54 circumferentially-averaged value and that high wave
55 speed can be achieved due to wave collision.
56
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58 Fig. 7. The normalized propagation speed of the wave front,
59 Vs/V¢y, for different hot spot pressures. The local explosions,
60 C1~Cs represent the local explosions depicted in Fig. 6.
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63 Fig. 8. Temperature contour for the failed detonation
64 initiation with P, = 30 atm. The wave structures are
65 superimposed on (b) and (d). LSW: leading shock wave; MS:
66 Mach stem; TSW: transverse shock wave; SL: slip line; RF:
67 reaction front.

68

69 For case of P, =30 atm, Fig. 7 also shows that Vs

70 decreases to 0.34V¢s at t = 50 ps, indicating that



1 detonation initiation fails. For this case, the
2 temperature contours and wave structures are shown
3 in Fig. 8. At =5 ps, local explosion occurs. However,
4at t = 10 ps, the transverse shock wave (TSW) is
5 shown to decouple with the RF. Subsequently, Fig. 8(c)
6 shows that the collision between a pair of TSWs is not
7 strong enough to induce new local explosion.
g Consequently, Fig. 8(d) shows that the distance
9 between the leading shock waves and reaction zone
10 further increases, resulting in the failure of detonation
11 initiation.
12
13 3.4 Effects of initial hot spot number
14
15 In previous subsections, the hot spot number is
16 fixed to be either N =6 or N = 1. Here we assess the
17 effect of hot spot number on detonation initiation with
18 fixed total hot spot area of Sy = 6r mm? and fixed hot
19 spot pressure of Pr = 35 atm, i.e., the total initiation
20 energy is unchanged.
21 Simulations for different hot spot numbers have
22 been conducted. The results for hot spot number of N
23=2,4,8,and 12 are present in Fig. 9. For N=2 and 4,
24 Figs. 9(a) and 9(b) show that fine cellular structures
25 develop on the wave fronts. The propagation of triple-
26 wave structures consisting of MS, TDW and LSW are
27 clearly shown in the animation provided in the
28 Supplementary Material. The wave fronts are found to
29 tightly couple with the reaction fronts. Therefore,
30 successful detonation initiation is achieved for N = 2
31 and 4. However, for N =8 and 12 Figs. 9(c) and 9(d)
32 show that the numerical soot foils decays significantly
33 and are almost invisible in the region of (x>+?)2 > 3
34 cm. Similar to results shown in Fig. 6(e) and Fig. 8(d),
35 the reaction zone is found to decouple with the leading
36 shock waves. Therefore, detonation initiation fails for
37 N=8and 12.

2 4 -4 -2 2 4

-4 -2 0 0
39 x (cm) x (cm)
40 Fig. 9. Numerical soot foils for different hot spot numbers.

41 Py, is fixed to 35 atm. The animations of these detonation
42 initiation processes are shown in the Supplementary Material.
43
44  Figure 10 compares the circumferentially-averaged
45 normalized propagation speed of the wave front,
46 Vs/Ves, for N=1, 2,4, 6, 8 and 12. Similar to Fig. 7,
47 Fig. 10 shows there are abrupt-acceleration-
48 deceleration processes, in which the peak speed
49 corresponds to the local explosion induced by wave
50 collision (C1 ~ C2 for N=2, C1 ~ Cs for N=4 and C)
51 ~ Cs for N = 6). It is noticed that the time taken to
52 reach the quasi-steady detonation propagation stage
53 changes non-monotonically with the hot spot number:
54 the shortest time is taken for N = 2 while the time for
55 N = 6 is shorter than that for N = 4. Therefore, there is
56 an optimum hot spot number for detonation initiation.
57 For N=8 and 12, Fig. 10 shows that Vs/Vcs decreases
58 continuously and thereby detonation initiation fails.
1.6
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60 Fig. 10. The normalized propagation speed of the wave front,
61 Vs/V¢y, for different hot spot numbers. P, is fixed to 35 atm.
62

63

64 The above results show that detonation initiation
65 fails for N=1, 8 and 12 but succeeds for N=2, 4 and
66 6. Therefore, for the same initiation energy, the hot
67 spot number N has a non-monotonic effect on
68 detonation initiation. This can be explained as follows.
69 As discussed in subsection 3.2, the local explosion
70 induced by wave collision play an important role in
71 detonation initiation by multiple hot spots. Increasing
72 the hot spot number from N =1 to N = 2 introduces
73 wave collisions and localized explosions, which
74 promotes the detonation initiation. However, for fixed
75 total initiation energy, the strength each hot spot
76 decreases with the increase of hot spot number.
77 Consequently, wave collision and local explosion
78 become weaker for larger hot spot number. This can
79 be quantitatively elucidated by the decreasing local
80 peak wave speed caused by Cz collision, Vs/Vey=1.33,
81 0.91 and 0.88 for N = 2, 4, and 6, respectively, as
82 shown in Fig. 10. For relatively large hot spot number,
83 N =8 and 12, the strength of individual hot spot is not
84 enough to induce strong local explosion, resulting in
85 detonation initiation failure.
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1 4. Conclusions

2

3 In this study, we conduct 2D simulations of

4 detonation initiation by single hot spot and multiple

5 hot spots in a stoichiometric H2/O2/Ar mixture. First,

6 we compare the detonation initiation induced by a

7 single hot spot and by six hot spots with the same

g initiation energy. The detonation initiation process

9 induced by multiple hot spots mainly consists of three
10 stages: the hot spot initiation stage, the transition stage,
11 and the detonation development and quasi-steady
12 propagation stage. It is found that detonation initiation
13 fails for the single hot spot but succeeds for six hot
14 spots, demonstrating that multiple hot spot helps to
15 promote detonation initiation and thereby reduces the
16 critical initiation energy. This is due to the facts that
17 the collisions among waves induced by multiple hot
18 spots periodically introduce new local explosions, and
19 these local explosions further enhance the wave
20 intensity and accelerate chemical reaction and local
21 autoignition. The coherent coupling between pressure
22 waves and chemical reactions eventually induces self-
23 sustained, circular detonation propagation with
24 cellular structure on its front.
25 Then we assess the effects of initiation energy on
26 detonation initiation by multiple hot spots. For fixed
27 hot spot number of N = 6, increasing the initiation
28 energy (hot spot pressure) can greatly reduce the
29 number of cycles for local explosion occurring in the
30 transition stage and thereby accelerate detonation
31 initiation. This is because the higher the hot spot
32 pressure, the stronger the blast waves and their
33 collisions, which induce stronger local explosion and
34 accelerate successful detonation initiation.

35  Finally, we examine the effect of hot spot number
36 on detonation initiation under the same total initiation
37 energy. Although splitting a single hot spot into 2, 4
38 and 6 smaller hot spots leads to a transition from the
39 failed to successful detonation initiation, detonation
40 initiation fails again when the hot spot number is
41 increased to 8 and 12, indicating the effects of hot spot
42 number on detonation initiation are non-monotonic.
43 This is because for fixed total initiation energy, the
44 strength of each hot spot decreases with the increase
45 of hot spot number. Consequently, wave collision and
46 local explosion becomes weaker for larger hot spot
47 number and thereby detonation initiation fails for
48 relatively large hot spot numbers.
49 This work helps to understand detonation initiation
50 by multiple hot spots. In this work, we adopt uniform
51 hot spots to initiate detonation and the initiation
52 energy is determined by initial hot spot pressure. This
53 setting is different from the practical applications. In
54 future studies, it would be interesting to evaluate the
55 detonation initiation process for multiple hot spot
56 configurations considering more practical initiation
57 methods. Besides, 2D simulations are conducted here
58 while more complicated and stronger wave
59 interactions are expected in 3D case, which need to be
60 explored in future studies.

61

62 Supplementary materials
63
64 The animations of different detonation initiation
65 processes are provided.
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