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a b s t r a c t 

Liquid fuels have been widely used in propulsion systems for their higher energy density and easier 

storage, but there are few studies on oblique detonation engines (ODEs) using the liquid fuels. In this 

study, oblique detonation waves (ODWs) in partially pre-vaporized n –heptane sprays are simulated, using 

a hybrid Eulerian–Lagrangian algorithm with a skeletal chemical mechanism, to facilitate liquid fuels ap- 

plications in ODE. A novel phenomenon has been observed, illustrating that the ODW initiation lengths 

in pre-vaporized n –heptane sprays firstly increase and then decrease with increasing fuel droplet diame- 

ters. It is found out that an increase of droplet diameter can increase the transferred heat amount caused 

by droplets evaporation and lower the inflow temperature, so leading to the increase of ODW initiation 

length firstly. However, extremely large droplet diameter can markedly reduce the heat transfer rate of 

the droplet and its surrounding mixture, and the compressed gas-stream behind oblique shock wave has 

a higher temperature that accelerate the induction chemical reaction and results in a decrease in the 

ODW initiation length. Furthermore, the unsteady oscillations of ODW initiation structures are also ob- 

served even for a steady inflow, which involves the periodic hot spots, normal detonation waves and their 

evolutions. Some factors causing the unsteady behavior of ODWs are tested through a sensitivity analysis 

method of the initiation lengths. Through the analyzation, the fluctuation of the post-shock temperatures 

is the main factor causing the fluctuation of initiation lengths, revealing that inhomogeneous heat loss by 

evaporation of dispersed liquid droplets is the main reason causing the unsteady behaviors of ODWs and 

the competition between heat release by chemical reactions and heat loss by evaporation determines the 

steadiness of ODWs. 

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

The oblique detonation wave (ODW) is one kind of extreme 

ombustion which can be induced by a wedge in an incoming, su- 

ersonic combustible mixture. Due to compression of the leading 

hock, ODWs can achieve high thermal efficiency. As a pressure- 

ain combustion, ODWs have the potential application to ram ac- 

elerators [1] and oblique detonation engines (ODEs) [2 , 3] . In the 

revious studies, some researchers have done some detonation re- 

earch with both gaseous fuel and liquid fuel [4–7] . Many basic 

oundations for ODWs in gaseous mixtures such as the initiation 

tructures [8–10] have been established. Besides, some theoretical 

nalysis of ODWs have also been performed with gaseous mixtures 

11–13] . These issues of ODWs in liquid fuels such as kerosene or 
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 –heptane mixtures have seldom been reported. However, liquid 

uels have the advantages of higher energy density and easier stor- 

ge and have been widely used in existing propulsion systems [14] . 

t is necessary to expand the fundamental knowledge of ODWs in 

iquid fuels as a scientific foundation to facilitate liquid fuels appli- 

ations in ODE. 

For the liquid-gas two-phase ODWs, some works have been 

erformed to study the oblique detonation wave systems. Ren 

t al. [15] carried out a numerical study of ODWs in two-phase 

erosene-air mixtures using the Eulerian–Lagrangian method for 

he first time to best of our knowledge and the initiation fea- 

ures of two-phase ODWs with different droplet diameters of in- 

ow liquid kerosene are investigated, demonstrating that as in- 

reasing droplet diameter, the morphology of ODWs changes from 

he abrupt wave system to the smooth wave system and the initia- 

ion lengths will decrease. Soon afterwards, Ren et al. [16] investi- 

ated the effect of the equivalence ratio of the liquid kerosene fuels 

n ODWs and found that the evaporative cooling effects have more 
. 
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Fig. 1. Schematics of oblique detonation engine and computational zone. 
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nfluence in the fuel-lean side, but the heat release effects pre- 

ominate in the fuel-rich side. However, these above-mentioned 

nvestigations used a two-step global chemical reaction model to 

imulate the detonation combustion and it cannot mimic the accu- 

ate heat release processes and reaction rates of all species. Recent 

esearches have demonstrated that the initiation structures are 

trongly dependent on the chosen reaction models [12] . Besides, 

he liquid droplets in previous studies [16] is usually assumed to 

e no pre-vaporized, which does not accord with the practical sce- 

ario. Considering the application of ODWs in air-breathing en- 

ines in which the airstream is compressed by the inlet and the 

as temperature is far larger than ambient temperature, the liq- 

id fuel droplets will be partially evaporated before entering the 

ombustion chamber. Hence, the effects of partially pre-vaporized 

iquid fuel on ODWs should be considered to facilitate liquid fuels 

pplications in ODE. 

Using the hybrid Eulerian–Lagrangian method coupled with a 

keletal chemical mechanism, the ODWs in partially pre-vaporized 

 –heptane sprays and air mixtures are first solved. Then the ini- 

iation length of ODW and the unsteady behaviors of initiation 

one are the important concern of this paper. To analyze the above 

henomena, liquid ODWs with different inflow droplet diameters 

re accurately simulated. Through the numerical results, the liq- 

id ODWs in partially pre-vaporized n –heptane sprays have been 

ound and the variations of ODWs initiation structure with droplet 

iameters are demonstrated. This change of the initiation lengths 

ill be explained by proposing a non-dimensionalized parame- 

er of the amount of transferred heat caused by droplets evap- 

ration and the analyzation of the heat transfer rates along the 

treamlines. Moreover, what caused this unsteady behavior in liq- 

id ODWs is discussed through a sensitivity analysis method of ini- 

iation lengths. 

. Physical models and numerical methods 

The schematic of an ODE is used in this work and as shown 

n Fig. 1 , in which the wedge-induced ODW is present. The engine 

nlet wave configuration is proposed by Dudebout et al. [17] and 

mployed in later researches [18] . Following this configuration, 
2

he high-altitude air inflow is assumed to be compressed by two 

qual-strength oblique shock waves (OSWs) to minimize the en- 

ropy increase. Due to the lack of referential engines so far, the 

njection process is not modeled here. Similar to previous studies 

19 , 20] , the inflow fuel-air is assumed to be well-premixed. The 

upersonic homogeneous inflow reflects on the two-dimensional 

edge to generate an OSW and the high post-shock temperature 

riggers an exothermic chemical reaction and then induces ODW 

nitiation downstream. In this study, the primary focus is on the 

nitiation characteristics of ODWs. Following the previous studies 

38 , 39] , is defined as the region located beneath the front of the

SW prior to the onset of the heat release reaction. Accordingly, 

he initiation point corresponds to the location where the induc- 

ion reaction on the wedge, and the initiation length refers to the 

istance between the wedge tip and the initiation point. As shown 

n Fig. 1 , the computational zone used in this study is represented 

y the region enclosed by the dashed lines. The structured grids 

re used and the mesh is uniform distribution along the x- and 

-direction. 

In this study, the hybrid Eulerian–Lagrangian method is em- 

loyed. The Eulerian gas and Lagrangian liquid droplet govern- 

ng equations are solved by a compressible two-phase reacting 

ow solver, RYrhoCentralFoam [21 , 22] . It is developed from rhoCen- 

ralFoam in OpenFOAM 6.0. For the gas phase, the multi-species 

avier–Stokes equations are solved. The liquid phase is modeled 

s a spray of spherical droplets tracked by Lagrangian method. The 

nter-droplet interactions are neglected since dilute sprays (vol- 

me fraction < 0.001 [23] ) are considered. The hybrid Eulerian–

agrangian method used here has been carefully validated for 

wo-phase detonation [21 , 24–27 ], including the numerical study of 

wo-phase ODEs [24] , which will not detailed here. To be clear, 

ost of computational models are the same with the previous 

tudy [24] , including the evaporation model [28] , drag force model 

29] , pressure gradient model, the convective heat transfer rate 

the convective heat transfer coefficient is computed using the 

orrelation by Ranz and Marshall [30] ), the droplet evaporation 

eat transfer model and others. Besides, follows the previous study 

31] using the same code, the breakup model used in this study is 

roposed by Pilch and Erdman [32] . Moreover, the liquid fuel of 
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Fig. 2. Temperature (a), pressure (b) and heat release rate (c) fields in the pure gas mixture. 
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- heptane is considered and the chemical kinetics model used in 

his study is a skeletal mechanism of 44 species and 112 reactions 

33] for n- heptane/air combustion. 

For the boundary conditions, inflow condition is used for the 

eft boundary of the computational zone and the zero gradient 

ondition is used for the right and upper boundaries. Some early 

tudies [34] have pointed out that boundary layer effects are neg- 

igible under very high Reynolds number. Some recent studies 

35 , 36] have demonstrated that the boundary layer may change 

he ODW structures, but the effects are weak and limited near 

he wedge in some cases even with thick boundary layers. For the 

ases in this study, the thickness of boundary layer near the igni- 

ion position is below 5.0% of the induction zone height and the 

e number is on the order of 10 6 . Hence, following previous ODW 

tudies [37–39] , the slip reflecting boundary condition is used and 

he effect of the boundary layer will be investigated in the future 

ork. On the right of the left boundary, the wedge starts from the 

 = 0.01 m. Because of the multi-scale nature of the phenomena, 

he computational zone and mesh scale are adjusted respectively. 

he finest and coarsest mesh of 5 μm and 400 μm are used for dif-

erent cases in this study and a resolution study on the size scale 

as conducted, and the results are presented in Appendix A to en- 

ure that a sufficient number of mesh grids were utilized to accu- 

ately capture the flow features and phenomena of interest. 

To consider the specific flight conditions, the controlling pa- 

ameters of pre-detonation mixtures are the flight altitude H 0 and 

ach number M 0 . According to the standard atmosphere [40] , the 

ressure P 0 and temperature T 0 of free inflow are determined by 

 0 and the velocity V 0 which is obtained from Mach number M 0 

nd the local sonic speed a 0 . The air inflow is assumed to be

ompressed by two equal-strength OSWs and based on Rankine–

ugoniot relation with a total deflection angle of 20 °, the flow 

arameters after the compression are calculated and taken as the 

nflow parameters before the ODW. In this study, H 0 and M 0 are 

xed as 30 km and 9.0. Based on the methods introduced above, 

he pre-detonation parameters are calculated and the inflow tem- 

erature T 3 , pressure P 3 and velocity V 3 are 697 K, 28,554 Pa and

535 m/s, respectively. The cases with pure gas and partially pre- 

aporized n- heptane/air mixture are both simulated and the total 

quivalence ratio is 1.0 for all the cases. The liquid fuel is modeled 

s mono-dispersed droplets (which means that all droplets have 

he same diameter) and the droplets equivalence ratios are 0.3 and 

he gas equivalence ratios are 0.7 for all two-phase cases. Besides 

he droplets are under the spherical assumption. The distribution 

f liquid droplet diameters d 0 is considered to be uniform at left 

oundary and ranging from 1 to 25 μm. This choice of droplet di- 

meter follows many previous studies [6 , 7 , 15] and is similar to the

xperimental findings of Kindracki [41] , where the majority of the 

roplets had diameters ranging from 20 to 40 μm. The angle of 

he wedge that supersonic inflow reflects on is fixed as 27 °. More- 

ver, the ambient temperature at 30 km is 227 K and the boiling 

emperature of droplet at the condition of the inlet duct is about 
3 
37 K. Therefore, the droplet temperature is in a range of 227 K to 

37 K. In this study, the initial temperature of droplets is fixed as 

00 K for all cases, and the effect of droplet temperature is also 

nvestigated in Supplementary Material . 

. Results and discussion 

.1. ODWs with different droplet diameters 

The case in the pure gas mixture of n- heptane/air with equiv- 

lence ratio of 1.0 is simulated as the base case first, as shown in 

ig. 2 by temperature, pressure and heat release rate. First of all, 

he ODW is initiated in a short distance at such condition and the 

osition of the OSW–ODW transition is around 0.06 m. The OSW–

DW transition is an abrupt type and the OSW and main ODW 

s connected by a multi-wave point. From the multi-wave point, 

he reflect shock wave and slip line extend downstream. In the 

nitiation region upstream, the compression waves caused by the 

eat release of deflagrations arise from the wedge and converge to 

 secondary ODW. Despite of different chemical reaction mecha- 

isms, this morphology is a typical wave system named ‘TYPE III’ 

n ref. [39] . 

The ODWs in partially pre-vaporized n –heptane/air mixture are 

imulated. The ODW with n –heptane sprays of droplet diameter 

 0 = 2 μm presents an unsteady behavior and as shown in Fig. 3

nd temperatures, pressures and heat release rates of six differ- 

nt snapshots of instantaneous flow fields are displayed to illus- 

rate the variation of the wave structure. When t = 1.715 ms, as 

hown in Fig. 3 (a1), the OSW–ODW transition is abrupt. Notably, 

he OSW–ODW transition position is around 0.13 m, longer than 

hat of the case in pure gas mixtures due to the endotherm of 

roplet evaporation. The OSW and ODW is connected with a multi- 

ave point. Beneath the multi-wave point, a normal detonation 

ave (NDW) with large heat release is displayed in Fig. 3 (c1). This 

orphology is similar with the wave system named ‘TYPE IV’ in 

ef. [39] . Differently, in front of the NDW, some high tempera- 

ure hot spots with small heat release appear near the wedge. As 

hown in Fig. 3 (a2-a4), (b2-b4) and (c2-c4), the hot spots trigger 

he exothermic chemical reaction and a new wave with the inten- 

ity of detonation in the induction zone. The new detonation wave 

oves upward to the OSW and backward to the downstream si- 

ultaneously, resulting in a new NDW beneath the OSW and a 

riple point on the ODW surface as displayed in Fig. 3 (a5), (b5) 

nd (c5). Subsequently, as shown in Fig. 3 (a6), (b6) and (c6), the 

ew NDW move backward and some new hot spots in front of the 

ew NDW appear again. These new hot spots will transfer into a 

ew NDW in successive times. In generally, this unsteady process 

ith hot spots appearing and the new NDW re-forming repeats in 

he ODWs with partially pre-vaporized n –heptane/air mixture. 

The ODW structures and unsteady behavior in case with 

 0 = 5 μm are displayed in Fig. 4 . The main structure of ODW fea-

ures an abrupt transition, a NDW beneath the transition, reflect 
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Fig. 3. Temperature (a), pressure (b) and heat release rate (c) fields in partially pre-vaporized n –heptane sprays with d 0 = 2 μm. 

4 
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Fig. 4. Temperature fields in partially pre-vaporized n –heptane sprays with d 0 = 5 μm. 

Fig. 5. Temperature fields in partially pre-vaporized n –heptane sprays with d 0 = 15 μm. 
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hock waves and a slip line, similar to that shown in Fig. 3 . To fur-

her investigate the unsteady behavior, six different snapshots of 

nstantaneous flow fields are presented. As shown in Fig. 3 a, when 

 = 2.100 ms, hot spots appear in front of the NDW. The detonation

aves are induced by the hot spots then evolve to a new NDW, as 

hown in Fig. 3 (b-e). Subsequently, as shown in Fig. 3 f, as the NDW

oving backward, the hot spots appear again in front of the new 

DW. This unsteady process accompanied by NDW re-forming is 

imilar to the case with d 0 = 2 μm. It is worth noting that the

SW–ODW transition position is around 0.16 m, which is longer 

han that of the case with d 0 = 2 μm. 

Further increasing the droplet diameter d 0 to 15 μm, the sim- 

lar ODW structure and unsteady process are observed in Fig. 5 . 

he main structure, i.e., OSW, ODW, multi-wave point, NDW in in- 

uction zone, and slip line can be observed in Fig. 5 a. As the six

ifferent different snapshots of instantaneous flow fields displayed 

n Fig. 5 , the similar unsteady process can be observed, which 

s hot spot appearing and the new NDW forming and moving 

ackward. However, the OSW–ODW transition position is around 
5 
.15 m, slightly shorter than that of the case with d 0 = 5 μm. The

cale of the ODW initiation structure decreases when increasing 

roplet diameter from 5 to 15 μm. 

To further investigate the ODWs with big diameter, the case 

ith d 0 = 25 μm is simulated. As shown in Fig. 6 a, the main struc-

ure is present. The OSW–ODW transition is still abrupt and OSW 

nd ODW is connected with a multi-wave point. From the multi- 

ave point, the NDW, slip line and reflect wave can be observed. 

ifferently, the OSW–ODW transition position is around 0.10 m, 

hich is much shorter than that of the cases with small droplet di- 

meters. The reason of the transition position moving upward will 

e discussed in next section. To investigate the unsteady behavior 

f large droplet diameters, six different snapshots of instantaneous 

ow fields are also presented. Generally speaking, similar unsteady 

rocess is observed, including hot spot appearing (see Fig. 6 b), 

ew NDW re-forming (see Fig. 6 b–e), and moving backward (see 

ig. 6 f). Notably, a low temperature region can be found near 

edge. Similar phenomenon can be found in ref. [24] , despite of 

ifferent chemical reactions. Liquid droplets with big diameter 
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Fig. 6. Temperature fields in partially pre-vaporized n –heptane sprays with d 0 = 25 μm. 

Fig. 7. Initiation lengths as a function of d 0 . 
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r amount are hard to evaporate, leading to the accumulation of 

roplets near wedge behind the OSW. The low temperature region 

s caused by the evaporation of droplets near wedge. 

As mentioned above, the OSW–ODW transition position 

hanges with the droplet diameter, variation of which is related 

o the initiation of ODWs. In the previous studies of ODWs in pure 

as mixtures [19 , 38 , 39] , the initiation length is chosen to be an

mportant characteristic parameter to quantify the initiation scale 

f ODWs. In general, the initiation length is steady in pure gas 

ase, however, in two-phase mixtures the initiation lengths as well 

s the ODWs’ structures are unsteady (see Section 3.1 ). Figure 7 

hows the fluctuating initiation lengths with different droplet di- 

meter. Here, the initiation length is defined as the distance be- 

ween the front tip and the induction zone where the temperature 

ncreases to 110% of the average post-shock temperature along the 

treamline near wedge. The solid line represents the average ini- 

iation lengths over time, and all cases have been simulated for a 

ufficiently long time to make sure the average initiation lengths 

end towards the statistical average. The upper and lower error 

ars indicate the maximum and minimum values of the initia- 

ion lengths for each case. Moreover, the case with d 0 = 0 μm 

epresents the ODW in pure gas mixture as shown in Fig. 2 . No-
6 
ably, in the previous study, Ren et al. [15] investigated the ef- 

ect of the droplet diameters on ODWs using a two-step chemical 

eaction and only found that the initiation lengths decrease with 

he increase of droplet diameters without pre-vaporized kerosene 

prays. As different fuels and detailed chemical reaction are used 

n this study, the results are different with partially pre-vaporized 

 –heptane sprays. It can be seen that the average initiation lengths 

ncrease rapidly when droplet diameter changes from 0 μm to 

 μm (which means that the inflow fuel changes from the pure 

as to gas-liquid mixture). When droplet diameter of the inflow 

iquid fuel is small ( d 0 < 8 μm), the average initiation length in-

reases with the initial droplet diameter. However, when further 

ncreasing the droplet diameters ( d 0 > 8 μm), the average initia- 

ion length decreases with the initial droplet diameter. Moreover, 

he fluctuation of the initiation length varies accompanied by the 

verage initiation lengths. The fluctuations of initiation lengths are 

ero in case with d 0 = 0 μm, which is consistent with previous 

esults in pure gas mixtures [37 , 38] . It can also be found that the

uctuations increase when initiation lengths increase in the cases 

ith small droplet diameters ( d 0 < 8 μm) and decrease when the 

nitiation lengths decrease in the cases with large droplet diame- 

ers ( d 0 > 8 μm). The reason why initiation lengths changes with 

roplets diameter will be further explained and the main factor 

eading to the variation of the initiation lengths fluctuation will be 

iscussed in following parts. 

.2. Initiation lengths for small droplet diameters ( d 0 < 8 μm) 

Figure 8 shows the distribution of droplets evaporation rates 

or the cases with d 0 = 2 μm and 5 μm, respectively. As men-

ioned above, the initiation lengths increase in the cases with small 

roplet diameter and this variation of the initiation lengths is re- 

ated to the droplet evaporation. It can be observed that in cases 

ith d 0 = 2 μm, the droplets evaporate completely before the 

SW–ODW surface within a certain distance after injected into 

he ODE. As the d 0 increases to 5 μm, it will take longer for the

roplets to evaporate completely and most of the droplets evapo- 

ate behind the induction OSW where large evaporation rates are 

bserved. 

Since the evaporation of the droplets is accompanied by the 

eat transfer between the gas mixture and liquid droplets, the in- 

rease of the initiation lengths in the cases with small droplet 



H. Teng, C. Tian, P. Yang et al. Combustion and Flame 258 (2023) 113062 

Fig. 8. Distribution of evaporation rates in partially pre-vaporized n –heptane sprays with d 0 = 2 μm (a) and 5 μm (b). 

Fig. 9. Droplet heat transfer rates along the streamlines near the wedge in the 

cases of d 0 = 2 μm and 5 μm. Dashed line represents the location of induction 

OSW. 
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iameters may be mainly caused by the droplet evaporation en- 

othermic. To further reveal how initiation lengths are influenced 

y heat transfer of the droplet evaporation, Figure 9 shows the 

roplet heat transfer rates along the streamlines near the wedge 

n the cases with d 0 = 2 μm and 5 μm, respectively. It can be

ound that the droplet heat transfer position is consistent with the 

roplet evaporation position shown in Fig. 8 . The heat transfer of 

he droplets occurs before the induction OSW in the case with 

 0 = 2 μm, while in the case with d 0 = 5 μm, it mainly occurs

fter the induction OSW. Moreover, the amount of the local heat 

ransfer rate in the case with d 0 = 2 μm is far less than that in

he case with d 0 = 5 μm. This is because the inflow of gas mix-

ures and liquid droplets decelerates after the OSW, leading to the 

ccumulation of the droplets as well as the compression of the gas 

ixtures. The increase in the gas temperature and droplet amounts 

fter the OSW causes a large increase in the heat transfer rate of 

he droplets. 

Furthermore, to estimate the influence of the transferred heat 

f droplet evaporation on the initiation length quantitatively, a 

eat transfer rate σ dimensionless by the total enthalpy of gas 

ixtures and an amount of non-dimensionalized transferred heat 

 eva are addressed as below: 

= 

R d 

h ∗ ρ
, (1) 

 e v a = 

∫ 
σ d t , (2) 

here, R d means droplet heat transfer rate whose unit is J/ m 

3 /s as

hown in Fig. 9 . h and ρ are the local specific enthalpy and density
7 
f gas mixtures, whose unit is J/kg and kg/m 

3 , respectively. There- 

ore, σ ’s unit is 1/s, represents for the local transferred heat rate. 

 eva is obtained by the integrating σ over the time it takes for the 

roplets to travel along the streamline near the wedge, which is 

on-dimensionalized. 

Figure 10 (a) shows the distributions of σ along the streamline 

ear wedge in the cases of d 0 = 2 μm and 5 μm. In the case of

 0 = 2 μm, the initiation length is influenced by the heat trans- 

er of droplet evaporation before the induction OSW. For the case 

ith d 0 = 5 μm, the initiation length is not only significantly af- 

ected by the heat transfer behind the OSW, but also affected by 

he heat transfer before OSW. Moreover, it can be also found that 

he dimensionless heat transfer rate before OSW in the case of 

 0 = 2 μm has the same magnitude as that behind OSW in the 

ase of d 0 = 5 μm. 

To quantify the total transferred heat, Fig. 10 (b) shows the 

mounts of the dimensionless droplet heat transfer Q eva as a func- 

ion of droplet diameters d 0 and the average temperature of induc- 

ion zone. One can see that the Q eva increases rapidly as the aver- 

ge temperature decreases rapidly when d 0 changes from 0 to 1, 

nd the Q eva increases relatively slowly as the average temperature 

ecreases relatively slowly when d 0 further increases. For the cases 

ith small d 0 , the results suggest that with increasing droplet di- 

meter, the amount of the transferred heat of droplet evaporation 

ncreases, leading to the decease of temperature in the induction 

one and the increase of the initiation length. 

.3. Initiation lengths for big droplet diameters ( d 0 > 8 μm) 

As mentioned in Fig. 7 , when the initial liquid droplet diame- 

ers increase to large enough ( d 0 > 8 μm), the initiation lengths 

ill decrease with the initial droplet diameter. In order to further 

ddress the large droplet diameters effects on the ODWs, Fig. 11 

hows the distributions of the droplet evaporation rates in the 

ases with d 0 = 15 μm and 25 μm. It can be found that the large

roplets mainly evaporate behind the induction OSW and ODW 

urface. In the case with d 0 = 25 μm, the droplets evaporate within 

 longer distance behind the wave surfaces than that in the case 

ith d 0 = 15 μm. To show droplets’ evaporation position quantita- 

ively, an equivalent ratio λ among the mole fraction of the carbon, 

ydrogen and oxygen content in the gas mixtures is proposed as 

elow: 

= 

X C / 2 + 2 X H 

X O 

. (3) 

Figure 12 (a) shows the distributions of equivalent ratio λ along 

he streamlines near wedge in the cases with d 0 = 15 μm and 

5 μm. Since the initial gas equivalence ratio of the inflow is set 

o be 0.7, and the equivalence ratio λ keeps constant as 0.7 before 

he induction OSW in both cases, it indicates that droplets with 

arge diameters hardly evaporate before the OSW and start of the 
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Fig. 10. The dimensionless droplet heat transfer rates along the streamlines near the wedge in the cases of d 0 = 2 μm and 5 μm (a), and the amounts of the dimensionless 

droplet heat transfer and the average temperatures of the initiations zones as a function of d 0 (b). 

Fig. 11. Distribution of evaporation rates in partially pre-vaporized n –heptane sprays with d 0 = 15 μm (a) and 25 μm (b). 

Fig. 12. Equivalence ratios (a) and droplet heat transfer rates (b) along the streamlines near the wedge in the cases of d 0 = 15 μm and 25 μm. The location of the induction 

OSW is marked by dashed line. 
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vaporation is behind the OSW. Here, it should be noted that be- 

ind the induction OSW, the total equivalence ratio of the inflow 

ncluding gas and liquid fuels is set to be one, and therefore, the λ
ill finally increase to 1.0, indicating that the droplets completely 

vaporate. Moreover, the positions where droplets start and fin- 

sh evaporating are shifted backward in the case with d 0 = 25 μm 

ue to the slower evaporation with large droplets size. Figure 12 (b) 

hows the distributions of the heat transfer rates along the stream- 

ines near wedge, and it can be found that the droplet heat trans- 

er position in the case with d 0 = 25 μm moves backward as well,

hich is consistent with the position where the equivalence ratio 

increases sharply (see Fig. 12 a). 

Figure 13 shows the temperatures and heat release rates along 

he streamlines near the wedge in the cases of d 0 = 15 μm and

5 μm, respectively. As discussed above, in the case of d 0 = 15 μm,

he droplets start evaporation at a shorter distance behind the 

nduction OSW. The cooling effect of droplets with d 0 = 15 μm 

vaporation causes the temperature behind OSW decrease rapidly 

s shown in black line in Fig. 13 (a). However, in the case of

 0 = 25 μm, for hard evaporation of big inflow droplet diameter 

he heat transfer rates decrease and the gas mixture behind OSW 

aintain a higher temperature as shown in red line in Fig. 13 (a). 
w

8 
s shown in Fig. 13 (b), this high temperature leads the higher 

hemical reaction rates behind OSW and reduces the induction re- 

ction time, which cause the initiation length decrease in the cases 

f bigger droplet diameters. 

.4. Discussion on unsteady behaviors of initiation structures 

The above results suggest that the ODWs in partially pre- 

aporized n –heptane sprays show significant unsteady behaviors 

n initiation structures, and the unsteady behavior is related to the 

uctuation of initiation lengths. According to refs. [19 , 38] and [39] , 

he initiation lengths of pure gas case can be obtained by constant 

olume combustion (CVC) calculation theoretically. Three param- 

ters of post-shock mixture, which are temperature, pressure and 

quivalence ratio, are used as input of the CVC calculation, leading 

o the temporal curve of temperature. The theoretical length is 

educed by multiplying the induction time (corresponding to 110% 

f the initial temperature) with the post-shock speed. Therefore, 

he initiation lengths of ODW can be obtained by four independent 

arameters, which are pressure, temperature, equivalence ratios 

nd speeds. Figure 14 shows these four parameters of post-shock 

ith fluctuation ranges as a function of droplet diameter. The 
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Fig. 13. Temperatures (a) and heat release rates (b) along the streamlines near the wedge in the cases of d 0 = 15 μm and 25 μm. 

Fig. 14. The pressures, temperatures (a), equivalence ratios and speeds (b) in initiation zone as a function of d 0 . 

Fig. 15. The fluctuation rates of the pressure, temperature, equivalence ratio and speed in initiation zone (a) and the fluctuation amplitudes of numerical initiation lengths 

and theoretical initiation lengths caused by different parameters (b) as a function of d 0 . 
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pper and lower error bars in Fig. 14 represent for the maximum 

nd minimum values of each parameter. As discussed above, with 

he increasing of the droplet diameters, the average post-shock 

emperature decreases firstly due to the increase of the transferred 

eat of liquid droplets with small diameters and then increases 

ue to the decrease of the heat transfer rates in the cases with 

arge diameters. Moreover, it is also found that the average equiv- 

lence ratio is one since the fuel equivalence ratio of the total 

nflow gas-liquid mixture is set to be stoichiometric initially. 

he pressure and speed changes are slightly decreased since the 

roplet evaporation have a small impact on these two parameters. 

enerally speaking, besides the temperature, the amount of the 

ost-shock parameters changes slightly as increasing droplet diam- 

ter. However, to figure out the main reason cause this unsteady 

ehavior of two-phase ODWs, the deeper analysis is needed. 

As talked above, the fluctuation of the initiation lengths may 

e related to the fluctuation of the four parameters in the initia- 

ion zone and in this paragraph, what causes fluctuation of initia- 

ion lengths will be discussed. Firstly, to quantity the fluctuation of 

ach parameter, Fig. 15 (a) shows the fluctuation rates of the pres- 

ure, temperature, equivalence ratio and speed in initiation zone 

s a function of droplet diameters. Here, the fluctuation rate is de- 

uced by dividing the difference between the maximum and min- 
9 
mum post-shock parameters (as the lengths of error bars shown 

n Fig. 14 ) by the corresponding average parameters. It can be seen 

hat the fluctuation rates of all parameters perform a small amount 

elow 5.0% and change slightly with the different droplet diame- 

ers. The equivalence ratios have the largest fluctuation rates and 

he speeds have the smallest ones. Generally, the evaporation of 

he droplets mainly effects fluctuation of equivalence ratios in ini- 

iation zone and has little influence on velocity fluctuation. 

To elucidate the relationship between the fluctuation of initi- 

tion lengths and the post-shock parameters, a sensitivity analysis 

ethod is proposed based on calculation of theoretical lengths. Ac- 

ording to the previous studies [38 , 39] , the initiation lengths can 

e theoretically determined through constant volume combustion 

CVC) calculations, showing a good agreement with the numeri- 

al ones. This agreement lends support to the assertion that the 

nitiation of ODWs is intimately linked to the induction reaction 

nd underscores the resemblance between the induction process 

f ODWs and that observed in constant volume combustion. With 

his method, the fluctuation amplitudes of theoretical initiation 

engths caused by the fluctuation of each parameters are estimated 

y the CVC calculation. Here, the maximum and minimum of one 

f the four post-shock parameters (for example, the maximum and 

inimum of temperature) are used as inputs of calculations of the- 
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retical initiation lengths separately. By inputting average parame- 

ers of other parameters (for example, which are pressures, equiv- 

lence ratios and speeds) into these calculations, a small and a 

arge theoretical initiation length can be obtained. The difference 

etween the small theoretical initiation length and the large one 

ill be the fluctuation amplitude of the initiation lengths caused 

y fluctuation of this parameter (for example, temperature) and 

he fluctuation amplitudes of temperature in each cases are dis- 

layed as solid black line in Fig. 15 (b). The fluctuation amplitudes 

f the theoretical initiation lengths caused by other parameters are 

btained with the same way and also displayed in Fig. 15 (b). The 

ashed line in Fig. 15 (b) represents for the fluctuation amplitudes 

f the numerical initiation lengths (as the lengths of error bars 

hown in Fig. 7 ) for comparison and the title of y -axis represents

or difference between the maximum and minimum initiation 

engths calculated by each parameter and numerical simulations. 

Notably, the average, maximum and minimum of post-shock 

arameters putted in the theoretical initiation lengths’ calcula- 

ion are extracted through a fixed location on the streamline near 

edge behind the induction OSW during this unsteady process. 

ue to the complex phenomena of ODWs initiation in the cases 

f different droplet diameters, the selection of this location is de- 

ended on the droplet evaporation and induction reaction. In the 

ase with small droplets of 2 μm, due to the droplets evaporation 

efore OSW, this location is the right behind the induction OSW, 

hich is shown in Figs. 9 and 10 (a) as marked as ‘Induction OSW’.

n the case with droplets of 5 and 15 μm, because the droplets 

ompletely evaporate behind OSW and before the induction reac- 

ion finished, this location is where the droplets finished the evap- 

ration behind OSW as shown in Figs. 10 (a) and 12 (b), specifically 

here heat transfer rate turns to zero behind OSW. In the case 

ith droplets of 25 μm, because the droplets evaporate behind the 

nduction reaction finished, to ensure that the initiation is not in- 

uenced by heat release, the location is where the induction reac- 

ion is finished as shown in Fig. 13 (a), specifically where the tem- 

erature exhibits a 10% increase compared to the average temper- 

ture in the induction zone. 

As shown in Fig.15 (b) It can be observed that the fluctuation 

mplitudes of theoretical initiation lengths caused by fluctuation of 

emperatures are larger than the fluctuation amplitudes of numer- 

cal initiation lengths and the fluctuation amplitudes of other pa- 

ameters are much smaller than the fluctuation amplitudes of nu- 

erical initiation lengths. Therefore, the fluctuations of the post- 

hock temperatures are the main factor causing the fluctuation of 

he initiation lengths and other parameters have seldom impacts. 

his means that the inhomogeneous heat loss caused by dispersed 

iquid droplets in the initiation zone should be responsible for the 

nsteady behaviors of ODWs. For the fluctuation level of post- 

hock temperature decrease with the small droplet diameters and 

ncrease with large diameters (as shown in Fig 14 ), the fluctuations 

mplitudes of numerical initiation lengths perform a correspond- 

ng tendency, which increase with small diameters and decrease 

ith big diameters (as shown in Fig 15 b). This indicates that the 

nsteadiness of liquid ODWs is determined by the competition be- 

ween heat release by chemical reactions and loss by evaporation. 

n the cases with small diameters, for the amount of transferred 

eat is increased as raising the droplet diameters, the inhomoge- 

eous heat loss by evaporation plays a more important role and 

auses a more unsteady behavior of ODWs. In the cases with large 

iameters, for the reduction of the heat transfer rate behind the 

nduction oblique shock wave, with the acceleration of heat re- 

ease by chemical reactions of inflow gas mixtures, the ODWs can 

e initiated in a shorter distance and are steadier. Besides, the re- 

ults indicate that the dispersed liquid droplets will cause lower 

uctuation range of temperatures comparing to that of the equiva- 

ence ratio, but this lower fluctuation range of temperatures will 
10 
ause larger fluctuation range of initiation lengths. This demon- 

trates that the dispersed droplets will cause a high level of re- 

ctant’s non-uniformities, but the scale of liquid ODWs initiation 

s more sensitive to the inhomogeneous heat loss caused by dis- 

ersed liquid droplets. 

. Conclusions 

In this study, the ODWs in stoichiometric n –heptane-air mix- 

ures with equivalence ratio of liquid fuel 30% and different liquid 

roplet diameters are simulated by using the Eulerian–Lagrangian 

ethod with a skeletal chemical mechanism. The results suggest 

hat for the cases with small inflow droplet diameters, the initia- 

ion lengths of ODWs increase with initial droplet diameter, which 

s different from the previous study [15] . Based on the analysis of a 

on-dimensionalized parameter of the amount of transferred heat, 

t is found that the reduction of initiation lengths is caused by the 

ncrease of transferred heat of droplets evaporation. However, for 

he cases with large droplet diameters ( d 0 > 8 μm), the initia- 

ion lengths decrease with the initial droplet diameters due to the 

eduction of the heat transfer rate behind the induction oblique 

hock wave, and a corresponding high-temperature zone acceler- 

tes the induction chemical reaction of the inflow gas mixtures. 

Moreover, the initiation structures of ODWs with partially pre- 

aporized n –heptane sprays are unsteady, and the unsteady pro- 

ess includes the appearance of the hot spots, re-formation of a 

ew normal detonation wave (NDW) and the NDW moving back- 

ard. The scale of ODWs is quantified by the initiation lengths, 

nd it is found that the fluctuation of the initiation lengths is 

elevant to this unsteady behavior. The main reason that causes 

his unsteady behavior is analyzed through a sensitivity analysis 

ethod. It is found that the fluctuations of the post-shock tem- 

eratures are the main reason causing the fluctuations of initia- 

ion lengths, while other parameters have little impact, revealing 

hat the inhomogeneous heat loss by evaporations of dispersed liq- 

id droplets in the initiation zone causes the unsteady behaviors 

f ODWs. Moreover, when the temperatures fluctuate at a low- 

emperature range, the fluctuation amplitude of initiation lengths 

ill be large and the initiation structure of ODWs will be more un- 

teady. This indicates that the unsteady behaviors of liquid ODWs 

re the results of the competition between heat release by chemi- 

al reactions and loss by evaporation. 
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ppendix A 

As mentioned in this paper, the ODWs in gas-liquid two-phase 

ixtures have the similar wave structures comparing to the ODWs 
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Fig. A. Density fields (a) of ODW in the cases with d 0 = 5 μm and different mesh resolutions and the pressure (b) and temperature (c) along the streamlines of y = 0.04 m 

and 0.08 m as shown in figure (a). 
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n pure gas mixtures and the main problem is whether the grid 

esolution is sufficient. To examine the effect of grid size, a reso- 

ution study is performed by doubling the grid numbers in both 

 - and y - directions at the same time. For instance, the case with

 0 = 5 μm are simulated with a default mesh size of 400 μm and

ned mesh size of 200 μm, respectively and the density fields of 

oth cases at t = 2.100 ms when the NDW moving backward are 

isplayed in Fig. A (a). The difference between the results of coarse 

nd fine mesh is hard to distinguish. A qualitative comparison of 

emperature and pressure along the streamlines of y = 0.04 m and 

.08 m is conducted, as shown in Fig. A (b). The selected stream- 

ine is plotted in the Fig. A (a). These two lines presents two differ-

nt regions of ODW field, including OSW and main ODW surface. 

hese curves almost overlap, except for slight differences; there- 

ore, the default mesh is sufficient to simulate the ODW. Besides, it 

an be observed that the pressure will jump to a high level when 

he streamline passing through the NDW or ODW and then de- 

rease. Due to the complex wave system of ODW downstream, the 

ressure perturbations can be observed behind. Temperatures ex- 

erience significant elevation due to the intense compression and 

nergy release induced by the NDW and ODW, resulting in sus- 

ained high temperature levels in their wake. For other cases in 

his study, similar resolution studies have been done to ensure that 

he sufficient numbers of mesh grids were utilized. 
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