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Abstract 

In this work, oblique detonation of n -heptane/air mixture in high-speed wedge flows is simulated by solv- 
ing the reactive Euler equations with a two-dimensional (2D) configuration. This is a first attempt to model 
complicated hydrocarbon fuel oblique detonation waves (ODWs) with a detailed chemistry (44 species and 

112 reactions). Effects of freestream equivalence ratios and velocities are considered, and the abrupt and 

smooth transition from oblique shock to detonation are predicted. Ignition limit, ODW characteristics, and 

predictability of the transition mode are discussed. Firstly, homogeneous constant-volume ignition calcula- 
tions are performed for both fuel-lean and stoichiometric mixtures. The results show that the ignition delay 
generally increases with the wedge angle. However, a negative wedge angle dependence is observed, due to the 
negative temperature coefficient effects. The wedge angle range for successful ignition of n -heptane/air mix- 
tures decreases when the wedge length is reduced. From two-dimensional simulations of stationary ODWs, 
the initiation length generally decreases with the freestream equivalence ratio, but the transition length ex- 
hibits weakly non-monotonic dependence. Smooth ODW typically occurs for lean conditions (equivalence 
ratio < 0.4). The interactions between shock/compression waves and chemical reaction inside the induction 

zone are also studied with the chemical explosive mode analysis. Moreover, the predictability of the shock-to- 
detonation transition mode is explored through quantifying the relation between ignition delay and chemical 
excitation time. It is demonstrated that the ignition delay (the elapsed time of the heat release rate, HRR, 
reaches the maximum) increases, but the excitation time (the time duration from the instant of 5% maximum 

HRR to that of the maximum) decreases with the freestream equivalence ratio for the three studied oncom- 
ing flow velocities. Smaller excitation time corresponds to stronger pressure waves from the ignition location 

behind the oblique shock. When the ratio of excitation time to ignition delay is high (e.g., > 0.5 for n -C 7 H 16 , 
> 0.3 for C 2 H 2 and > 0.2 for H 2 , based on the existing data compilation in this work), smooth transition is 
more likely to occur. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 

Keywords: n-Heptane; Oblique detonation; Ignition limit; Shock-to-detonation transition; Equivalence ratio 
∗ Corresponding author. 
E-mail addresses: mpezhu@nus.edu.sg , huangwei.zhang@nu

https://doi.org/10.1016/j.proci.2022.08.082 
1540-7489 © 2022 The Combustion Institute. Published by Elsev

Please cite this article as: H. Guo, Y. Xu, H. Zheng et al., Igniti
heptane/air mixture in high-speed wedge flows, Proceedings of t
2022.08.082 
s.edu.sg (H. Zhang). 

ier Inc. All rights reserved. 

on limit and shock-to-detonation transition mode of n- 
he Combustion Institute, https://doi.org/10.1016/j.proci. 

http://www.sciencedirect.com
https://doi.org/10.1016/j.proci.2022.08.082
http://www.elsevier.com/locate/proci
mailto:mpezhu@nus.edu.sg
mailto:huangwei.zhang@nus.edu.sg
https://doi.org/10.1016/j.proci.2022.08.082
https://doi.org/10.1016/j.proci.2022.08.082


2 H. Guo, Y. Xu, H. Zheng et al. / Proceedings of the Combustion Institute xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: PROCI [mNS; October 18, 2022;23:3 ] 

1

 

s  

a  

t  

(  

w  

o  

t  

t  

a  

p  

O  

o
 

t  

fl  

O  

h  

d  

m  

o  

t  

p  

t  

p
t

 

b  

o  

o  

z  

d  

t  

s  

o  

s  

i  

t  

n
 

o  

i  

e  

e  

p  

s  

d  

t  

t  

l  

d  

t  

o  

i  

l  

t  

o  

a  

n

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. Introduction 

Oblique detonation engine (ODE) is promising
ince it not only has the advantages of scramjet, but
lso enjoys high thermal cycle efficiency of detona-
ion combustion [1] . The oblique detonation wave
ODW) in ODE evolves from an oblique shock
ave (OSW) attached to a wedge through abrupt
r smooth transition [2] . The shock-to-detonation
ransition is significantly influenced by the interac-
ions between local gas dynamics and chemical re-
ctions behind the OSW [ 3 , 4 ]. Therefore, it is im-
ortant to understand the mechanism of OSW-
DW transition to design and develop oblique det-
nation engines. 

Pratt et al. [5] obtain the analytical relations be-
ween oblique shock/detonation wave angle and in-
ow conditions by approximating the ODW as an
SW coupled with an instantaneous post-shock
eat release. Guo et al. [6] further find that oblique
etonation has a large stationary range in fuel-lean
ethane-air mixtures through thermodynamic the-

retical analysis. Bachman et al. [7] study the igni-
ion and stability of oblique detonation waves and
ropose an accurate ignition criterion of predicting
he formation of an ODW for a given inflow tem-
erature, Mach number, wedge angle, and length of 
he inviscid wedge surface. 

The structure of oblique detonation has also
een studied. For instance, Li et al. [2] reveal that
blique detonation structure is usually composed
f a non-reactive oblique shock wave, an induction
one, a series of deflagration waves, and an oblique
etonation wave. Later studies demonstrate that
wo OSW-ODW transition modes exist. One is
mooth, featured by a curved shock, whilst the
ther is abrupt with a multi-wave point [ 8 , 9 ]. Recent
tudies by Teng et al. [10] show additional complex-
ties, i.e., the multi-wave point in the abrupt transi-
ion zone is connected with compression waves or
ormal detonation wave. 

The initiation and development of oblique det-
nation are influenced by flow dynamics and chem-

cal kinetics in the induction zone. Figueira da Silva
t al. [11] conduct parametric studies on ODW and
xplore the influences of inflow Mach number, tem-
erature, pressure and wedge angle on ODW tran-
ition mode. Zhang et al. [12] find that the depen-
ence of characteristic length on hydrogen-air mix-
ure equivalence ratios is U-shaped with critical ra-
io 0.8, and this nonmonotonicity always exists at
ow pressure and high temperature. However, they
o not study their effects on shock-to-detonation
ransition. Xiang et al. [13] investigate the features
f an oblique detonation induced by a finite wedge

n the hydrogen-air mixtures with varying equiva-
ence ratios and also observe that the mixtures near
he stoichiometric condition have a shorter length
f the induction zone. The U-shaped dependence is
lways observed by them for different inflow Mach

umbers. 

Please cite this article as: H. Guo, Y. Xu, H. Zheng et al., Igniti
heptane/air mixture in high-speed wedge flows, Proceedings of t
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Most previous studies consider hydrogen as the
fuel. To the best of our knowledge, limited work
is reported in the open literature on ODW with
realistic hydrocarbon fuels. Recently, Zhang et al.
[14] study the acetylene/oxygen ODWs with ar-
gon dilution and their results show that the ODW
transition mode is affected by both dilution ratio
and freestream speed. However, our understanding
about reaction initiation and transition of hydro-
carbon fuel ODW are still very limited, particularly
about the induction zone chemical structure as well
as the mechanism and predictability of the OSW-
ODW transition mode. 

In this work, numerical simulations of oblique
detonation wave in n -heptane/air mixtures will
be conducted, through solving the reactive Euler
equations with a skeletal mechanism (44 species
and 112 reactions) [15] . The reason why we consider
n -heptane is because it is a major component of or
have the similar properties to many realistic fuels,
such as jet fuel. It is therefore a good representation
for studying hydrocarbon ODWs. However, we ad-
mit that in a jet fuel blend, aromatic fuels, instead
of normal alkanes, may be the rate-limiting species
and therefore a separate study is merited to explore
how these different hydrocarbon fuels (e.g., nor-
mal alkanes and aromatic fuels) affect the ODW
dynamics. The objectives of this study are to an-
alyze: (i) ignition limit for stationary n -heptane/air
oblique detonation, (ii) flow structure and chemi-
cal structure of oblique detonations with different
transition modes, and (iii) predictability of shock-
to-detonation transition mode. 

2. Numerical method and physical model 

2.1. Numerical method 

The equations of mass, momentum, energy, and
species mass fraction are solved for high-speed n -
heptane/air wedge flows. Molecular diffusion ef-
fects are not considered. This is deemed acceptable
due to the limited influence on oblique detonations
[7] . For our studies, the features of n -heptane ODW
predicted with Euler and Navier-Stokes equations
are also similar (see Section A of supplementary
document). The equations are solved by an Open-
FOAM code, RYrhoCentralFoam [16] . Its accuracy
in simulating compressible reacting flows has been
well confirmed through a range of validations and
verifications, e.g., shock capturing, flame-chemistry
interaction, detonation speed and cell sizes [16] . Re-
cently, it has been successfully employed for differ-
ent detonation problems (e.g., [17] ). 

Cell-centered finite volume method is used
for discretizing the above equations. Second-order
backward scheme is applied for time marching, and
the time step is about 1 × 10 −10 second for the
ODW modeling. Second-order Godunov-type cen-
tral and upwind-central scheme [18] is used to dis-
on limit and shock-to-detonation transition mode of n- 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 1. Schematic of wedge-induced oblique detonation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cretize the convection terms. The chemical reaction
terms are integrated with Euler implicit method,
and the result accuracy is comparable to those of 
other ordinary differential equation solvers [16] .
In particular, for n -heptane oblique detonations,
we compare the Euler implicit method and Rosen-
brock ordinary differential equation solver in the
supplementary document, and the differences of 
the ODW structures predicted by them are negligi-
ble. A skeletal mechanism with 44 species and 112
reactions [15] is used for n -heptane/air combustion.
An additional ODW simulation with a more de-
tailed mechanism (88 species and 387 reactions, see
the results in supplementary document) is run and
it is shown that our results are not sensitive to the
chemical mechanisms. 

2.2. Physical model 

Two-dimensional configuration is considered in
this study, and the schematic is provided in Fig. 1 .
A supersonic premixed n -C 7 H 16 /air gas approaches
a semi-infinite wedge with an angle of θ , which is
fixed to be θ = 30 ° in our CFD simulations. Under
appropriate conditions, part of the oblique shock
would evolve into ODW and stabilizes in the su-
personic flows. 

Fig. 1 shows the computational domain (red
box) and boundary conditions. The x ( y ) axis
is parallel (normal) to the wedge surface, whilst
the origin lies at the leading edge of the wedge.
Dirichlet conditions are enforced at the left and
top boundaries. The equivalence ratio of the n -
heptane and air mixtures, φ, is varied from 0.2 to
1.4. Therefore, the species molar ratio follows n -
C 7 H 16 /O 2 /N 2 = φ/11/41.36. Moreover, three on-
coming flow speeds are considered, i.e., u in = 2800,
2900 and 3000 m/s. The corresponding Mach num-
bers are 8.1–9.1, depending on the gas composition.
The freestream temperature and pressure are fixed
to be 298 K and 1.0 atm, respectively. Besides, the
outlet is non-reflective, whilst the wedge surface is
adiabatic and slip wall. 

In our simulations, the domain size is adjusted
to cover the complete picture of the oblique det-
onations. The minimum domain size (wedge fore-
Please cite this article as: H. Guo, Y. Xu, H. Zheng et al., Igniti
heptane/air mixture in high-speed wedge flows, Proceedings of t
2022.08.082 
body length L w × domain height L h ) is 0.06 × 0.02 
m 

2 , whereas the maximum one is 0.1 × 0.05 m 

2 . 
Orthogonal grid is used to discretize the domain. 
The background mesh size is 40 × 40 μm 

2 , based 

on which one additional level of mesh refinement 
is made with OpenFOAM refineMesh utility near 
the OSW and ODW, as well as the post-OSW and 

-ODW areas. This leads to a cell size of 20 × 20 
μm 

2 in the foregoing locations to sufficiently re- 
solve the significant characteristics of OSW and 

ODW. The total cell number varies from about 
1,900,000 to 7,850,000 with various domain sizes. 
The half-reaction length and cell width of stoi- 
chiometric mixtures (corresponding conditions are 
u in = 2900 m/s, θ = 30 °, T 0 = 298 K and p 0 = 1.0 
atm) are about 1.19 mm and 34.4 mm respec- 
tively, predicted from Shock and Detonation Tool- 
box [19] . As such, it corresponds to about 59 cells in 

the half-reaction zone and 1,729 CFD cells in one 
detonation cell width. Mesh sensitivity analysis in 

the supplementary document shows that further re- 
fining the mesh (finest cell with 10 × 10 μm 

2 ) does 
not change the overall ODW structures. 

The simulations run on the ASPIRE 1 Clus- 
ter from National Supercomputing center in Sin- 
gapore. The simulated physical time varies from 50 
to 80 μs in different cases, which is sufficient to cap- 
ture the stabilized ODWs. For individual cases, the 
wall clock time required is about 100 – 900 h. We 
use 960 processors for all cases and therefore the 
individual cases need about 1 × 10 5 – 8 × 10 5 CPU 

hours. 

3. Results and discussion 

3.1. Ignition limit 

Fig. 2 shows the ignition delay τi and initiation 

length L i of two n -C 7 H 16 /air mixtures ( φ = 1.0 and 

0.2) as functions of the wedge angles θ . Here τi is 
determined from zero-dimensional (0D) isochoric 
autoignition calculations, based on the initial ther- 
modynamic conditions derived from oblique shock 

relations [6] . It is defined by the instant at which the 
heat release rate (HRR) reaches the maximum in 

the homogeneous induction process. The initiation 

length, L i , is estimated from L i = u s · τi , where u s is 
the gas velocity behind the oblique shock [11] . Note 
that the ODWs only exist for the solid segment of 
the curves. 

It is seen from Fig. 2 that with increased wedge 
angle θ , the ignition delay and initiation length 

generally decrease. This is because the temperature 
and pressure behind oblique shock increase with θ
(see Fig. S6 in supplementary document), and the 
induction process is therefore considerably short- 
ened. Multi-stage ignition associated with low- 
temperature chemistry is observed for the solutions 
left to the circle for each curve in Fig. 2 (e.g., Fig. 
S7 in supplementary document). This leads to the 
on limit and shock-to-detonation transition mode of n- 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 2. Ignition delay and initiation length as functions 
of wedge angle with φ = 1.0 (a and c) and φ = 0.2 (b and 
d). Solid line: OSW/ODW; dashed line: OSW only. Each 
curve left to the circle exhibits multi-stage ignition. 
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Fig. 3. ODW standing window and ignition limit for dif- 
ferent wedge lengths for (a) φ = 1.0 and (b) φ = 0.2. As- 
terisk: CFD cases studied in Section 3.2 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pposite θ dependence for a range of intermedi-
te wedge angles with φ = 1.0, e.g., 18.8 ° < θ <
1.6 ° when Ma = 8 in Figs. 2 (a) and 2 (c). Within
his range, the temperatures behind the OSW fall
n the corresponding range of negative temper-
ture coefficient (NTC) of n -C 7 H 16 /air mixtures
orresponding to the respective post-OSW pres-
ures. The reader should be reminded that along
he curves, the pressure and temperature for each
ata point are different, as seen from Fig. S6. Be-
ides, when Mach number increases from 6 to 10,
he ignition delay and initiation length are generally
educed due to higher post-shock temperature and
ressure. Moreover, the negative dependence on θ

s not evident in the fuel-lean mixtures, as demon-
trated in Figs. 2 (b) and 2 (d). Overall, their τi and
 i change monotonically with θ . 

For the φ = 1.0 mixtures, τi corresponding to
egative θ dependence is 2.5 −3.8 ms, whilst the cor-
esponding L i is 5 − 10 m. They are smaller than the
ounterpart results (i.e., the section with flat slope
f the τi − θ curves) with φ = 0.2, which are τi = 20
40 ms and L i = 30 − 70 m, respectively. Based on

he existing ODW experiments, for the purpose of 
he miniaturization of the propulsion system, the
sed wedge surface is much shorter than the initia-
ion length affected by negative θ dependence. For
xample, in a recent hydrogen ODW experiment
20] , the wedge length is 0.26 m for an abrupt ODW
nd 0.41 m for a smooth ODW. It is even smaller in
he tests by Morris [21] . Despite this, the finding of 
on-monotonic θ dependence in Fig. 2 is still valu-
ble. Further experimental/numerical explorations
re merited about how this phenomenon affects hy-
rocarbon ODW dynamics and ODE performance.

Fig. 3 shows the oblique detonation stand-
ng windows when the equivalence ratios of n -
 7 H 16 /air mixtures are 1.0 and 0.2. The C-J Mach
umbers Ma CJ (dashed lines) are 5.35 and 3.18 re-
Please cite this article as: H. Guo, Y. Xu, H. Zheng et al., Igniti
heptane/air mixture in high-speed wedge flows, Proceedings of t
2022.08.082 
spectively in two mixtures, and only with Ma >
Ma CJ the steady solutions for ODW are possi-
ble [5] . With increased freestream Mach number
Ma , the wedge angle range with stable ODWs, i.e.,
θmax < θ < θCJ , becomes increased. Here θmax cor-
responds to the maximum wedge angle, beyond
which the ODW is detached, whereas θCJ is the an-
gle at which a C-J ODW can stand [5] . Besides,
Fig. 3 also shows the lines of critical wedge angle,
above which ignition of the combustible gas can
proceed over the wedge forebody surface of a spe-
cific length, e.g., L w = 0.06, 0.1 and 1.0 m. They are
determined from the results in Fig. 2 . When L i is
less than a given wedge length, ignition is deemed
successful. In Fig. 3 , the area between the critical
line for a L w and θmax indicates the range of wedge
angle with which the corresponding mixture can be
ignited over the wedge surface. For instance, the
green zone is for L w = 0.06 m (which is the studied
length in the following CFD analysis). As one can
see from Fig. 3 , the shorter the wedge length (e.g.,
from 1.0 to 0.06 m), the smaller the wedge angle to
achieve successful ignition of combustible gas be-
hind the shock, with higher freestream Mach num-
bers needed. 

3.2. Oblique detonation general characteristics 

In this section, we will focus on two oblique det-
onations from the ignitability zone for L w = 0.06 m,
marked as asterisks ( θ = 30 °) in Figs. 3 (a) and 3 (b).
The freestream conditions: u in = 2900 m/s, φ = 1.0
and 0.2. Their corresponding Mach numbers are
Ma = 8.64 and 8.39, respectively. Multi-stage ig-
nition of n -C 7 H 16 /air gas is not present under these
conditions. 
on limit and shock-to-detonation transition mode of n- 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 4. Temperature, pressure gradient magnitude, and 
HRR of oblique detonations: (a) – (c) φ = 1.0; (d) – (f) 
φ = 0.2. u in = 2900 m/s. Axis label unit: m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Locations of (a) near-wedge initiation and (b) 
shock-to-detonation transition as functions of equiva- 
lence ratios with different freestream velocities. 
The distributions of temperature, pressure gra-
dient magnitude and HRR of two oblique detona-
tions are shown in Fig. 4 . Note that the transition
length L t is defined as the distance ( x -direction)
from the wedge tip to the OSW-ODW transition lo-
cus, while the reaction initiation length L i is defined
as the distance from the wedge tip to the position
at which the HRR peaks along the wedge surface,
which is consistent with the definition of initiation
length in Section 3.1 . Note that the peak HRR lo-
cation near the wedge surface is not visible in the
existing extent of the contour in Fig. 4 , due to its
small size as a localized reaction pocket. For the
stoichiometric case in Figs. 4 (a) − 4 (c), the mixture
is ignited near the wedge surface at an initiation
length of L i = 0.0198 m (marked in Fig. 4 c). Strong
shock is emanated from the ignition point and trav-
els upward/downstream at a local Mach angle. Mu-
tual enhancement occurs between the shock and lo-
cal chemical reaction in the induction zone, lead-
ing to the formation of a CJ oblique detonation
before the transition locus. An abrupt OSW-ODW
transition occurs with a salient multi-wave point
( L t = 0.0243 m). A λ-shaped wave structure can be
found, which is also observed in hydrogen ODWs
[10] . A local subsonic zone is observed near the
multi-wave point due to the local overdriven det-
onation near the multi-wave point. 

For the φ = 0.2 mixture, the initiation length
is L i = 0.00347 m, much smaller than that of the
φ = 1.0 case. This is because of the higher post-
shock temperature (about 1600 K) in this case than
that in the stoichiometric case (1452 K, see Fig.
S8 of supplementary document). The compression
Please cite this article as: H. Guo, Y. Xu, H. Zheng et al., Igniti
heptane/air mixture in high-speed wedge flows, Proceedings of t
2022.08.082 
waves (CW in Fig. 4 e) from the near-wedge ig- 
nition locus are much weaker than the shocks in 

the φ = 1.0 case, through comparing the pressure 
gradient magnitude. How the gas composition af- 
fects the CW/SW intensity will be further quan- 
tified in Section 3.4 . They intersect the precursor 
shock at approximately 0.0167 m, and the latter 
becomes curved and smoothly transitions into an 

ODW through interacting with the reactions be- 
hind it (therefore L t = 0.0167 m). In this case, the 
flow speeds behind the OSW and ODW are super- 
sonic. Because of this feature, the post-wave dis- 
turbance would not travel forward. The instabil- 
ity of the detonation wave and the vortex structure 
behind the ODW does not affect the location of 
transition point, and hence the ODWs exhibit good 

global stability. 
Fig. 5 summarizes the near-wedge initiation 

length L i and transition length L t , predicted by 
ODW simulations, with different freestream equiv- 
alence ratios and velocities. As seen from Fig. 5 (a), 
when φ is increased, L i monotonically increases 
(except for φ = 0.2, u in = 2800 m/s). As shown 

in Fig. S8 of the supplementary document, for a 
fixed freestream velocity, the post-shock pressure 
exhibits slight increases, but the temperature al- 
most linearly decreases with the equivalence ra- 
tio. For the curve of u in = 2800 m/s, slight non- 
monotonicity is present for the ultra-lean mix- 
tures, which may be due to slightly higher pres- 
sure for the case φ = 0.2. In addition, L i from 

the CFD is generally consistent with the product 
of post-shock gas velocity and ignition delay pre- 
dicted by constant-volume homogeneous ignition 

(not shown in Fig. 5 ). This implies that the reac- 
tion initiation location of n -heptane ODW can be 
well predicted by 0D ignition calculations, as also 

observed for hydrogen and acetylene [ 3 , 14 ]. 
Notably, L t has a non-monotonic dependence 

on φ, with the minimum L t at φ = 0.4 −0.6 as 
on limit and shock-to-detonation transition mode of n- 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 6. Distributions of chemical timescale with equiva- 
lence ratio: (a) 1.0 and (b) 0.2. u in = 2900 m/s. Axis label 
unit: m. 
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Fig. 7. Profiles of eigen value, pressure gradient magni- 
tude (Pa/m) and heat release rate (J/m 

3 s) with φ = 1.0. (a) 
line along the wedge surface y = 1.0 × 10 −5 m, (b) line 1: 
y = 1.0 × 10 −3 m, (c) line 2: y = 2.5 × 10 −3 m. 

Fig. 8. Profiles of eigen value, pressure gradient magni- 
tude (Pa/m) and heat release rate (J/m 

3 s) with φ = 0.2. (a) 
line along the wedge surface y = 1.0 × 10 −5 m, (b) line 3: 
y = 1.0 × 10 −3 m, (c) line 4: y = 2.0 × 10 −3 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

emonstrated in Fig. 5 (b). The left (right) branches
f the U -shaped curves are approximately featured
y smooth (abrupt) shock-to-detonation transition
ased on our simulations. Besides, with increased
reestream velocity, e.g., from 2800 to 3000 m/s,
oth L i and L t decrease (closer to the wedge tip).
his is because increased velocity leads to stronger
recursor shock, and therefore higher temperature
nd pressure behind OSW. 

.3. Chemistry and shock interaction 

It is significant to understand the chemical reac-
ion behind the precursor shock, particularly when
he finite-rate chemistry is considered for a realis-
ic fuel, like n -heptane. In this section, to determine
he accurate reaction information in the induction
one of n -C 7 H 16 /air oblique detonations, we use the
hemical explosive mode analysis approach which
s determined by the dependent variables without
onstant-density or constant-pressure assumption
see details in Ref. [22] ). 

Fig. 6 shows the distributions of chemical
imescale τchem 

in two oblique detonations in Fig. 4 .
ere τchem 

is calculated from the reciprocal of the
eal part of the eigen value λE for the chemical
xplosive mode [22] . Note that only chemical ex-
losive areas with Re ( λE ) > 0 is colored in Fig. 6 .
hey essentially correspond to the induction zones
etween the precursor shock and reaction front
including deflagration and detonation waves). In
oth mixtures, after crossing the shock, the gas
uickly changes from non-explosive to explosive
tate. Accordingly, τchem 

is gradually reduced, gen-
rally less than 10 −6 s. In the induction zone, the
ocal τchem 

in the stoichiometric n -heptane/air mix-
ure ranges from 3 × 10 −6 s to 4.5 × 10 −6 s, which
s longer than that in fuel-lean mixture (less than
.5 × 10 −6 s). This is because that in the fuel-lean
tate, the gas temperature behind the oblique shock
ave is relatively high. 

The spatial evolutions of the eigen value of the
hemical explosive mode, pressure gradient magni-
ude, and HRR are shown for three locations: near
he transition loci (lines 2 and 4 in Fig. 6 ), wedge
Please cite this article as: H. Guo, Y. Xu, H. Zheng et al., Igniti
heptane/air mixture in high-speed wedge flows, Proceedings of t
2022.08.082 
surface, and middle of the reaction front (lines 1
and 3). The results of φ = 1.0 and 0.2 are given
in Figs. 7 and 8 , respectively. For clarity, the eigen
value is visualized through λCEM 

≡ sign [ Re ( λE ) ] ·
log 10 [ 1 + | Re ( λE ) | ] . Note that λCEM 

= 0 (dashed
lines) corresponds to a reaction front (RF), signi-
fying the transition from unburned to burnt state
[22] . 

According to Fig. 7 (a), near the wedge, the
HRR, ˙ Q , increased quickly near the RF, accom-
panied by synchronously elevated pressure gradi-
ent magnitude | ∇p | . This indicates that the reaction
heat release generates strong shock from the igni-
tion location due to the nature of isochoric com-
bustion. Reaction-shock mutual enhancement also
on limit and shock-to-detonation transition mode of n- 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Fig. 9. (a) Ignition delay and chemical excitation time and 
(b) pressure gradient magnitude at the ignition location as 
functions of equivalence ratios and velocities. Open sym- 
bol: abrupt transition, solid symbol: smooth transition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

increases local gas reactivity, featured by the in-
creased λCEM 

around there. Further downstream in
Figs. 7 (b) and 7 (c), the shock is significantly inten-
sified ( | ∇p | increases by almost 2 orders of magni-
tude), due to the continuous interactions between
the shock and reactions. Near the multi-wave point
in Fig. 7 (c), a bump of λCEM 

(marked with an ar-
row) can be seen. A detonation front is formed,
which further intersects the precursor shock and
hence the ODW is initiated. 

Nonetheless, for the fuel-lean case ( Fig. 8 ), the
heat release is much slower in the induction zone,
and the λCEM 

reaches the maximum well head of 
the RF. Different from the results in Fig. 7 , the in-
teractions between the compressive waves and re-
actions are not observed. Based on our results, the
chemical reactions inside the induction zone for
this case is induced by the gradually curved OSW.
The change of the precursor shock curvature starts
at the location of x = 50% L t or so and the OSW
angle increases by about 18% [23] , close to that
(17.4%) from our case in Fig. 6 (b). The precursor
shock gradually compresses the post-shock mixture
and therefore the reaction is initiated (see the vari-
ations of the chemical timescale in Fig. 6 b). The
distance between the OSW and the reaction zone
is shortened gradually and finally the detonation
wave is generated with a smooth mode. 

3.4. Predictability of transition mode 

Fig. 9 (a) quantifies the chemical excitation time
τe and ignition delay τi , to explore the possibility to
predict the OSW-ODW transition mode with them.
The chemical excitation time τe is defined as the
time duration from the instant of 5% maximum
HRR to that of the maximum. This follows Bradley
et al. [24] . The chemical excitation time τe measures
the rapidity of localized combustion heat release.
Please cite this article as: H. Guo, Y. Xu, H. Zheng et al., Igniti
heptane/air mixture in high-speed wedge flows, Proceedings of t
2022.08.082 
Both are from the 0D isochoric ignition calcula- 
tions, taking the freestream conditions of our sim- 
ulated cases in Fig. 5 . Similar metrics to measure 
the chemical characteristic timescale are also intro- 
duced by Figueira da Silva [11] and Morris [23] , 
based on temperature rise. However, based on our 
study (see Fig. S9 in the supplementary document), 
temperature rise is not a general indicator to mea- 
sure the heat release rapidity, particularly for fuel- 
lean mixtures. 

One can see from Fig. 9 that, as the freestream 

velocity increases, both τe and τi decrease, but τi is 
more sensitive to the velocity variations. As seen in 

Fig. 9 (a), under the same velocity, τi monotonically 
increases. This is because as the gas equivalence 
ratio increases, the temperature behind the OSW 

monotonically decreases. This leads to increased ig- 
nition delay τi . However, since the pressure behind 

the OSW only has weak dependence of φ (see Fig. 
S8 of the supplementary document), reduced tem- 
perature (with φ) leads to higher energy density of 
the combustible gas and therefore faster heat re- 
lease [25] . This corresponds to smaller τe . 

Typically, rapid heat release measured by small 
excitation time τe would generate stronger pressure 
impulse from a local ignition spot, as indicated by 
Pan et al. [26] . Fig. 9 (b) summarizes the average 
pressure gradient magnitude at the initiation lo- 
cation (i.e., with peak HRR along the wedge sur- 
face) from our CFD simulations. They are com- 
piled from 10 instants and the error bars denote the 
standard deviations. Together with Fig. 9 (a), it is 
shown that the shorter excitation time of the gas 
composition correspond to higher pressure gradi- 
ent magnitude around the near-wedge initiation lo- 
cation behind the OSW, indicating the emanating 
of stronger shocks from there. These strong shocks 
would further interplay with the chemistry in the 
induction zone as discussed in Section 3.3 . Mean- 
while, the pressure gradient magnitude of smooth 

ODW (fuel-lean cases, solid symbols in Fig. 9 a) is 
generally lower than those of the abrupt ODW, in- 
dicating the good correlations between the excita- 
tion timescale, pressure wave intensity, and ODW 

initiation mode. 
Fig. 10 shows a diagram of chemical excita- 

tion time versus ignition delay. We compile them 

( τe and τi ) based on our simulations in this work, 
other simulations [ 3 , 4 , 14 ], and experiments [ 20 , 23 ] 
on oblique detonations with different fuels. Here 
the two timescales are predicted from 0D calcula- 
tions with the same chemical mechanisms as in the 
original references or with the high-pressure hydro- 
gen mechanism [27] for the two experimental cases. 
The respective thermochemical states of the data 
in Fig. 10 are tabulated in Table 1 . Note that tran- 
sition mode is differentiated with various symbols, 
which is determined from the simulation and exper- 
imental results. We first look at our n -heptane re- 
sults. For each freestream velocity, smooth transi- 
on limit and shock-to-detonation transition mode of n- 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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Table 1 
Inflow conditions of oblique detonations corresponding to Fig. 10 . 

Simulation / Experiment, 
Fuel Equivalence ratio Mach number Pressure [atm] Temperature [K] 

Simulation, H 2 [ 3 , 4 ] 1.0 6.5 – 10.0 0.06 – 1.0 298 
Simulation, C 2 H 2 [14] 1.0 7.0 – 10.0 0.2 298 
Simulation, n -C 7 H 16 
(present work) 

0.2 – 1.4 8.1 – 9.1 1.0 298 

Experiment, H 2 [20] 0.8, 1.0 6.6 0.0085, 0.0078 363, 348 
Experiment, H 2 [23] 1.0 5.85 0.118 282, 292 

Fig. 10. Chemical excitation time versus ignition delay. 
Open symbol: abrupt transition, solid symbol: smooth 
transition. 
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ion occurs approximately between τe = τi − 0 . 5 τi .
his indicates that the time for heat release ac-
ounts for over 50% of the ignition delay, which
mplies that the heat release is slow. For acety-
ene ODWs [14] , most of the smooth transition
ccurs around τe = 0 . 5 τi . However, for hydrogen
DWs [ 3 , 4 ], smooth shock-to-detonation transi-

ion mostly occur when τe = 0.2 – 0.5 τi . Similar ten-
ency is also observed from the ODW experiments
 20 , 23 ]. Overall, we can see that when the ratio of 
hemical excitation time to ignition delay is rela-
ively high ( > 0.5 for n -C 7 H 16 , > 0.3 for C 2 H 2 and
 0.2 for H 2 , based on the existing compilation in
ig. 10 ), smooth transition is more likely to occur.
he range of timescale ratio for more fuels and op-
rating conditions should be determined from fur-
her studies. This may provide an approach towards
heoretical or low-order engineering estimation for
SW-ODW transition mode. 

. Conclusions 

Numerical simulations of oblique detonation
ave in n -heptane/air mixtures are conducted,

hrough solving the reactive Euler equations with a
keletal chemical mechanism. Different freestream
quivalence ratios and velocities are considered, in
Please cite this article as: H. Guo, Y. Xu, H. Zheng et al., Igniti
heptane/air mixture in high-speed wedge flows, Proceedings of t
2022.08.082 
which abrupt and smooth transition from oblique
shock to detonation are predicted. Ignition limit,
ODW characteristics, as well as mechanism and
predictability of transition mode are discussed. 

The following conclusions can be drawn: 

(1) Homogeneous ignition calculations are per-
formed for both fuel-lean and stoichiomet-
ric mixtures. The results show that the igni-
tion delay generally decreases with the wedge
angle. However, a negative wedge angle de-
pendence is observed, due to the fuel NTC
effects. The wedge angle range for success-
ful ignition behind OSW decreases when the
wedge length is reduced. 

(2) For stationary ODWs, the initiation length
generally increases with the freestream equiv-
alence ratio, but it exhibits non-monotonic
variation. Smooth ODW always occurs for
some fuel-lean conditions (equivalence ra-
tio < 0.4). The interactions between shock /
compression waves from and chemical reac-
tion inside the induction zone are also stud-
ied. 

(3) The predictability of shock-to-detonation
transition mode is explored through the re-
lation between ignition delay and chemi-
cal excitation time. It is demonstrated that
the ignition delay (excitation time) increase
(decrease) with equivalence ratio under the
studied freestream conditions. Smaller ex-
citation time corresponds to stronger pres-
sure waves from the ignition location behind
OSW. When the ratio of excitation time to ig-
nition delay is high ( > 0.5 for n -C 7 H 16 , > 0.3
for C 2 H 2 and > 0.2 for H 2 ), smooth transi-
tion is more likely to occur. 

The results from this study will be useful to
guide the design of ODE ground tests and prac-
tical engine combustors. For instance, the analysis
from Sections 3.1 and 3.2 can be used to estimate
the length of the combustor and ignition time of 
combustible gas to further optimize the combustor
compactness and initiation maneuverability. Quan-
titative evaluation of the chemical timescale behind
the oblique shock in Section 3.3 can provide ref-
erence to understand the ignitability of the mix-
ture under high-speed flow conditions. Besides, our
on limit and shock-to-detonation transition mode of n- 
he Combustion Institute, https://doi.org/10.1016/j.proci. 
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analysis in Section 3.4 based on the relations be-
tween ignition delay and chemical excitation time
can well indicate the OSW-ODW transition mode,
which is possible to be used in a priori engineering
estimations about detonation initiation morphol-
ogy in real-world cases. 

The main outstanding problems for future re-
search direction raised from this study include: (a)
whether or how the low-temperature chemistry af-
fects the ODW initiation and morphology under a
wider range of operating conditions; (b) the crite-
rion based on ignition delay and chemical excita-
tion needs to be further examined with more fuels
and real flight conditions; (c) more hydrocarbon fu-
eled ODWs under different freestream conditions
need to be explored. 
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