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Abstract 

The dynamics and structure of detonations in stratified, product-gas diluted mixtures are exam- 
ined using high resolution two-dimensional simulations with detailed chemistry. A stoichiometric 
methane/oxygen/nitrogen mixture with a product-gas dilution level similar to that found in rotating deto- 
nation engines is considered. A parametric analysis of the stratification size is performed. For stratification 

sizes larger than the induction length l ind , the traditional detonation cell structure is lost and triple-points are 
absent. For stratification sizes an order of magnitude larger than l ind , large regions of unburned, cold gases 
are found far behind the detonation front, and are subsequently consumed through an isobaric combustion 

process initiated by scalar mixing. This mechanism results in a deficit of energy provided to the detonation 

and to a significant reduction in the overall detonation velocity. A one-dimensional model using ZND theory 
is constructed to gain insights on the transient detonation structure. This model predicts a slower detonation 

velocity through the cold gases, which is supported by the results from the simulations with large stratifica- 
tion sizes. In these cases, the detonation structure is well predicted by the model in the regions that undergo 

ignition by shock compression, i.e., for intermediate and high levels of product-gas dilution. In the absence 
of triple-points, the detonation structure and dynamics can be locally considered as quasi-one-dimensional. 
The model and simulation results have a larger discrepancy for small stratification sizes, implying that phe- 
nomena other than adiabatic shock compression, involving heat and/or mass transfer, might play a role to 

ignite the reactants. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Over recent years, significant progress has been
made towards overcoming scientific and engi-
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neering challenges of pressure-gain combustion 

for power generation and propulsion [1,2] . These 
efforts are motivated by their higher theoreti- 
cal efficiency compared to isobaric combustion 

systems. A practical example is the rotating det- 
onation engine (RDE), which is a conceptually 
simple implementation of pressure-gain combus- 
tion, requiring no moving parts and providing a 
near-continuous thrust output. An RDE typically 
ier Inc. All rights reserved. 

e, Dynamics and structure of detonations in stratified 
nstitute, https://doi.org/10.1016/j.proci.2022.07.173 

http://www.sciencedirect.com
https://doi.org/10.1016/j.proci.2022.07.173
http://www.elsevier.com/locate/proci
mailto:dbrouzet@stanford.edu
https://doi.org/10.1016/j.proci.2022.07.173
https://doi.org/10.1016/j.proci.2022.07.173


2 D. Brouzet, G. Vignat and M. Ihme / Proceedings of the Combustion Institute xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: PROCI [mNS; September 15, 2022;9:39 ] 

c  

c  

n  

i  

d  

d  

o  

s  

c  

u  

e  

v
 

i  

a
 

b  

m  

c  

o  

c  

R  

j  

s  

s  

t  

p  

p  

g  

m  

t  

c
 

d  

a  

b  

t  

v  

a  

l  

i  

c  

a  

r  

r  

i  

a  

[  

a  

n
 

w  

i  

t
s  

e  

t  

t  

i  

n  

w  

g  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Y  

 

 

 

onsists of an annular combustion chamber that is
ontinuously fueled by the injection of premixed or
on-premixed reactants at the head plane. Depend-

ng on the operating conditions, one or multiple
etonation waves propagate along the azimuthal
irection close to the injection plane. It has been
bserved, both experimentally [3,4] and through
imulations [5–7] that the wave velocity is signifi-
antly lower than the theoretical value estimated
sing Chapman–Jouguet (CJ) theory. Bennewitz
t al. [3] report experimentally measured wave
elocities as low as 0 . 33 D CJ, 0 in RDEs, where D CJ, 0
s the theoretical CJ detonation velocity through
n unburned and perfectly premixed mixture. 

This discrepancy in detonation velocity has
een attributed, at least partially, to incomplete
ixing of the reactants and to the dilution with

ombustion products (i.e., preburning) [8] . Because
f the short residence time between injection and
ombustion, injection systems typically used in
DEs are prone to incomplete mixing [7,9] . The in-

ector flow rates tend to be highly perturbed by the
trong pressure variations associated with the pas-
age of the detonation waves [10] . These effects lead
o highly inhomogeneous mixtures that are com-
osed of unburned fuel, oxidizer, and combustion
roducts. The detonation waves therefore propa-
ate in a complex stratified, vitiated, and preburned
edium. Understanding and accurately predicting

he effect of such mixtures on combustion effi-
iency remains an open research issue. 

A series of one-dimensional (1D) and two-
imensional (2D) simulations were performed to
nalyze the impact of discrete energy sources em-
edded in an inert medium on the detonation struc-
ure and dynamics [11–13] , showing that trans-
erse waves and triple-points were weaker or even
bsent. In addition, inhomogeneities significantly
arger than the induction length, led to an increase
n the average detonation velocity. This result is
onsistent with theory when considering the prop-
gation of a detonation in a weakly equivalence-
atio-stratified medium [14] . In a similar configu-
ation with varying upstream fuel mass fraction,
t was observed that faster auto-ignition acceler-
ted the detonation front in high reactivity regions
15] . Even though the aforementioned studies ex-
mined inhomogeneous reactant mixtures, they did
ot consider preburning effects. 

Experimentally investigating the detonations
ith well-controlled stratified, preburned mixtures

s challenging and only a few numerical investiga-
ions have been attempted to study the effects of 
uch media on detonations. Fujii et al. [5] made an
ffort in this direction by performing 2D simula-
ions of a canonical RDE configuration and found
hat the detonation velocity was reduced to a min-
mum of 0 . 84 D CJ, 0 if reactants were injected in a
on-premixed manner. However, the same system
ith premixed injection led to a detonation propa-
ating at the CJ velocity, suggesting that the veloc-
Please cite this article as: D. Brouzet, G. Vignat and M. Ihm
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ity deficit may have been caused by poor mixing and
not by the presence of burned gases between the
injectors. Prakash et al. [7] also studied the detona-
tion propagation through stratified mixtures, which
contained both equivalence ratio and combustion
product gradients. While the equivalence ratio field
was isotropic, the preburning profile was only vary-
ing in the detonation-normal direction. These re-
sults showed that the most probable detonation
speed was close to the average preburned CJ value,
even though significant fluctuations were observed.

While these studies have shown that combus-
tion gas mixtures can result in slower detonation
waves compared to fresh gas mixtures, the effects
of equivalence ratio and preburning stratification
have not been studied independently. In addition,
a study of the detonation dynamics propagating
through a streamwise and transverse stratified pre-
burned medium, which is more representative of 
RDEs, is still lacking. It is also unclear if the long-
standing Zeldovich–Neumann–Döring (ZND) the-
ory is representative for such detonations. To ad-
dress these questions and to assess the effects of in-
homogeneities on the detonation speed and struc-
ture, we conduct 2D simulations of detonations
through preburned mixtures using detailed chem-
istry. The numerical method and configuration are
presented in Section 2 . Results are discussed in
Section 3 , providing comparison to experimental
data and detailed analysis of the detonation dy-
namics. Finally, conclusions of this study are pre-
sented in Section 4 . 

2. Numerical methods 

A fully compressible finite-volume solver is
used to conduct the simulations [16] . It solves the
Navier–Stokes equations for conservation of mass,
momentum, energy, and species: 

∂ t ρ + ∇ · (ρu ) = 0 , (1)

∂ t (ρu ) + ∇ · (ρu u ) = ∇ · ( τ − p I ) , (2)

∂ t (ρe t ) + ∇ · [ u (ρe t + p) ] = ∇ · [ ( τ · u ) − q ] , (3)

∂ t (ρY k ) + ∇ · (ρu Y k ) = −∇ · j k + ˙ ω k , (4)

with density ρ, gas velocity vector u , pressure p, and
specific total energy e t . The species equations are
solved for k = 1 to N s − 1 , where N s is the number
of species and N 2 is the last species. The mass frac-
tions and source terms for species k are denoted by
 k and ˙ ω k , respectively. The system is closed with

the ideal gas equation of state. The stress tensor τ,
the heat flux q , and the diffusion flux for the k th
species j k are modeled as, 

τ = μ
[∇ u + (∇ u ) T 

] − 2 
3 
μ(∇ · u ) I , (5)
e, Dynamics and structure of detonations in stratified 
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q = −λT ∇T − ρ

N s ∑ 

k=1 

h k D k ∇Y k , (6)

j k = −ρD k ∇Y k , (7)

where h k is the partial enthalpy of species k. The
dynamic viscosity μ and the thermal conductivity
λT are evaluated using polynomial fits from CAN-
TERA [17] subroutines. Diffusion coefficients D k 

are computed using a mixture-averaged approxi-
mation. No turbulence or scalar subgrid scale mod-
els are used. 

The equations are discretized using a hybrid
scheme that combines a 4th order accurate cen-
tral spatial scheme with a 2nd order ENO recon-
struction scheme in regions of high density and
pressure gradients [16] . A Strang-splitting scheme
is employed for time-advancement, combining a
strong stability preserving 3rd order Runge–Kutta
scheme for the non-stiff operators with a semi-
implicit Rosenbrock–Krylov scheme for the chem-
ical source terms [18] . This allows for a convec-
tive timestep of 3 ns, corresponding to a maximum
CFL number of 0.45. 

Two-dimensional simulations of detonations in
homogeneous and inhomogeneous preburned mix-
ture composition are performed. A CH 4 /O 2 /N 2
mixture is considered, with an equivalence ratio
φ = 1 and a 25 % N 2 molar dilution. The unburned
gases are at T u = 300 K and p u = 22 . 2 kPa to match
the experimental data of Frederick et al. [19] . The
composition of the preburned mixture is specified
by considering the equilibrium composition from
an isobaric combustion at the same initial state. The
temperature T and species mass fractions are spec-
ified as: 

�(ξ ) = �u + ξ (�eq − �u ) , (8)

where the subscripts u and eq denote the un-
burned and equilibrium states, respectively, and
� = { T, Y k } . The preburning factor ξ ∈ [0 , 1] rep-
resents the local fraction of combustion prod-
ucts. At the conditions considered, the equilibrium
state is T eq = 2752 K, Y O 2 ,eq = 0 . 0818 , Y H 2 O ,eq =
0 . 241 , Y H 2 ,eq = 4 . 24 × 10 −3 , Y CO ,eq = 0 . 126 , and
 CO 2 ,eq = 0 . 184 , with N 2 as the remaining balance.

While radicals in the vitiated mixture can poten-
tially reduce induction times, they are not consid-
ered in this configuration as they lead to auto-
ignition in the region ahead of the detonation. This
early combustion was likely the result of high rad-
ical concentrations. Additional experimental data
or parametric studies are required to estimate radi-
cal concentrations comparable to the ones found in
practical configurations. 

Two homogeneous conditions with ξ = 0 and
ξ = 0 . 5 are considered, the latter being represen-
tative of preburning levels encountered in RDEs
[7] . To analyze the effects of preburned inhomo-
geneities on the detonation behavior and detona-
Please cite this article as: D. Brouzet, G. Vignat and M. Ihm
product-gas diluted mixtures, Proceedings of the Combustion I
tion structure, additional cases with an average pre- 
burning factor of ξ0 = 0 . 5 are considered, in which 

the preburned field is prescribed by the following 
function: 

ξ (x, y ) = ξ0 

[
1 + sin 

(
2 πy 
λ

)
sin 

(
2 πx 

λ

)]
, (9) 

where λ is the characteristic wavelength. Mi et al. 
[11] , 12 ] observed that the detonation response to 

energy inhomogeneities was dependent on the ra- 
tio λ/l ind , where l ind represents the induction length 

of the partially burned mixture. We therefore per- 
form a parametric study on the size of the inhomo- 
geneities, with λ/ l ind = { 0 . 7 , 1 . 7 , 4 . 2 , 11 } , the latter
being of the order of the detonation cell [20] . In 

the following, we refer to the homogeneous case 
as λ/l ind = ∞ , since ξ (x, y ) → ξ0 in the limit of 
λ → ∞ . 

Considering CH 4 /air detonations, Wang et al. 
[21] found that the transient detonation dynamics 
were considerably different for simplified and de- 
tailed (i.e., ≥ 20 species) mechanisms, arising from 

substantial differences in the ignition delay predic- 
tions. In order to accurately simulate the detona- 
tion dynamics, a 20-species, 97-reactions skeletal 
mechanism [22] , derived from the GRI3.0 mecha- 
nism, is therefore used. Comparisons between the 
skeletal mechanism and the experimental data of 
Hu et al. [23] showed good agreement in igni- 
tion delays. Further comparison to the experimen- 
tal data of Frederick et al. [19] is performed in 

Section 3.1 to assess the accuracy of the mechanism 

and the numerical methods. 
A 2D rectangular x − y domain of stream- 

wise and transverse lengths L x = 70 mm and L y = 

100 mm, respectively, is considered. These dimen- 
sions were found to be adequate so that the re- 
actants are entirely consumed before reaching the 
outlet and that at least three detonation cells are 
present along the y -direction. The latter require- 
ment ensures that the boundaries in the transverse 
direction do not influence the detonation cellular 
structure [24] . 

The right-inflow conditions are specified by 
a Navier–Stokes Characteristic Boundary Condi- 
tion (NSCBC) formalism for compressible, multi- 
species flows [25] . Symmetry conditions are im- 
posed at the transverse boundaries. The left- 
outflow boundary requires special attention, as 
changes of the back pressure can result in acous- 
tic or rarefaction waves that affect the detonation 

front. Therefore, NSCBC non-reflecting boundary 
conditions are used, where the pressure is relaxed 

to the theoretical CJ pressure if the flow is locally 
subsonic. The relaxation factor chosen corresponds 
to a timescale of 50 μs, which is significantly larger 
than the timescales associated with the detonation 

cells, to ensure that the relaxation does not affect 
the detonation dynamics. A schematic of the do- 
main with relevant boundary conditions informa- 
tion is displayed in Fig. 1 
e, Dynamics and structure of detonations in stratified 
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Fig. 1. Schematic of the configuration. 

 

m  

v  

−  

i  

t  

d  

w  

n  

t
 

m  

f  

d  

s  

a  

o  

l  

t  

m  

t  

s  

s  

o

3

3

 

w  

p  

m  

e  

r  

r  

s  

o  

t  

e  

f

Fig. 2. Comparisons of instantaneous Schlieren results 
for the homogeneous case with ξ = 0 between simula- 
tions and experiments [19] . The snapshots are separated 
by 3 μs and the numerical Schlieren results are computed 
as exp( −|∇ ρ| / |∇ ρ| max ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To stabilize the detonation front, we adopt the
ethod by Gamezo et al. [24] , where the inflow

elocity is imposed at a constant value of u in =
2100 m/s ≈ D CJ, 0 . If the leading detonation front

s located too close or too far from the inflow,
he computational domain is translated in the x -
irection to shift the detonation. Extensive testing
as performed to ensure that this methodology did
ot induce spurious fluctuations that could affect
he detonation. 

The domain is discretized using a Cartesian
esh with N x = 800 and N y = 2000 cells, and a uni-

orm spacing of 50 μm in the first 25 mm, where the
etonation front is located. The spacing along the
treamwise direction is then gradually increased to
 maximum of 150 μm. The resolution in the det-
nation region corresponds to at least 60 cells per
 ind , as recommended by Sharpe [26] to resolve the
riple-point dynamics. At least 3 cells per exother-
ic length are guaranteed with the current resolu-

ion. Data is collected for at least 70 μs once the
tatistically stationary state is reached, which is as-
essed based on the detonation velocity and average
utflow pressure. 

. Results 

.1. Comparison with experimental data 

In this section, detonation dynamics of the case
ith a homogeneous mixture at ξ = 0 are com-
ared to experimental results [19] to assess the nu-
erical methodology described in Section 2 . The

xperiments were conducted at the GALCIT Nar-
ow Channel Facility, which is a high aspect ratio,
ectangular channel. This configuration effectively
uppresses spanwise wave motions across the width
f the channel, generating a 2D detonation struc-
ure across the channel height. Details about the
xperimental apparatus and methodology can be
ound in [19] . 
Please cite this article as: D. Brouzet, G. Vignat and M. Ihm
product-gas diluted mixtures, Proceedings of the Combustion I
Comparisons of numerical Schlieren results
with measurements are presented in Fig. 2 , showing
three flow fields that are separated by 3 μs. The de-
velopment of a detonation cell as two triple-points
propagate in opposite directions is observed. The
overall detonation structure including the presence
of triple-points, transverse waves phenomena and
Mach stem is observed in the simulation and qual-
itatively similar to the measurements. 

For further comparisons, the numerical results
are post-processed to identify the local detonation
front at every timestep using a pressure threshold-
based algorithm. The streamwise detonation ve-
locity D is then computed using a first-order Eu-
ler discretization. A more accurate algorithm was
developed to identify the shock-normal speed but
led to negligible differences. Maps for the spatially-
reconstructed detonation velocities are then com-
puted from the known upstream gas velocity, and
comparisons with experimental data are shown in
Fig. 3 (a,b). The detonation velocity deficit reported
is computed relative to D CJ = 2143 m/s as 
D =
(D − D CJ ) /D CJ . 

Both maps show cell regions of varying sizes
with lower local velocities. Diagonal lines, corre-
sponding to propagating triple-points, have a posi-
tive deficit. The maps are qualitatively similar even
though the cell structure is better identified in the
simulations. Considering the probability density
functions (pdfs) of these maps in Fig. 3 (c), a good
agreement between numerical and experimental re-
sults is observed. In both cases, the mean detona-
tion velocity deviates by less than 4% compared
to D CJ and variations in peak values range from
−40% to +50%. Overall, these comparisons show
that the detonation dynamics are well represented
by the simulation. 
e, Dynamics and structure of detonations in stratified 
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Fig. 3. a) Numerical and b) experimental spatial velocity 
deficit maps and c) corresponding pdf of velocity deficit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Variation of a) the CJ detonation velocity, b) the 
CJ detonation Mach number, c) the CJ pressure, and d) 
the induction length, as a function of ξ . The quantities 
are normalized by the ξ = 0 values. 

Fig. 5. Induction time obtained with the 1D detonation 
model, as a function of the detonation Mach number M
and ξ . The white line shows the CJ solution. 
3.2. One-dimensional detonation model 

Before examining the simulation results, it is
worth considering the effects of a homogeneous
preburned field on 1D CJ detonation characteris-
tics, which is assessed using the Shock and Det-
onation Toolbox [27] . The CJ detonation velocity
D CJ , CJ detonation Mach number M CJ = D CJ /c u
(where c is the speed of sound), CJ pressure, and
l ind are shown in Fig. 4 as a function of ξ . While
D CJ decreases significantly, an even more drastic
decrease is observed for M CJ , as the sound speed
in the upstream mixture increases with ξ because
of the increasing temperature. A lower M CJ implies
a reduced pressure increase across the shock front,
which explains the strong reduction in p CJ . An in-
creased ξ means a higher temperature of the re-
actants, which favors a smaller induction time. In
contrast, increasing ξ leads also to more diluted re-
actants, which will decrease the reactivity of the
mixture. These two effects compete against each
other, and explain the non-monotonic and limited
effect of ξ on the induction length. For the homo-
geneous case with ξ = 0 . 5 considered in this paper,
the CJ conditions are D CJ = 1738 m/s, M CJ = 2 . 24 ,
T CJ = 2863 K, and p CJ = 0 . 86 bar. 

To gain a phenomenological understanding of 
the detonation structure in a stratified, preburned
medium, the ZND theory is employed. Using this
framework for CJ detonations, a quantity of inter-
Please cite this article as: D. Brouzet, G. Vignat and M. Ihm
product-gas diluted mixtures, Proceedings of the Combustion I
est ψ (e.g., the temperature profile or the induction 

time τind ) is function of M CJ and the upstream con- 
ditions. In the context of homogeneous preburned 

mixtures at constant pressure, we therefore have 
ψ = ψ (M CJ (ξ ) , ξ ) = ψ (ξ ) . To extend this method- 
ology to stratified, preburned mixtures, we consider 
the detonation Mach number M as an indepen- 
dent variable, so that ψ = ψ (M, ξ ) . The induction 

times obtained with this methodology are shown in 

Fig. 5 . As previously observed in unstable detona- 
tions through homogeneous fields [28] , a small re- 
duction in the detonation Mach number induces a 
large increase in τind . 

Considering a multi-dimensional detonation 

propagating in a stratified field at constant pressure 
and constant heat capacity ratio γ , the von Neu- 
mann (i.e., frozen post-shock) state will be at equi- 
librium only if M is constant. Otherwise, the von 

Neumann pressure will vary, resulting in acoustic 
e, Dynamics and structure of detonations in stratified 
nstitute, https://doi.org/10.1016/j.proci.2022.07.173 
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Fig. 6. Instantaneous temperature fields for λ/l ind = {∞ , 11 , 1 . 7 } . The two snapshots shown for each case are 3 μs apart. 
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Table 1 
Average detonation velocities. The percentages denote the 
relative difference compared to the case with λ/l ind = ∞ . 

λ/l ind D [m/s] 

0.7 1833 ( + 2.6%) 
1.7 1835 ( + 2.7%) 
4.2 1823 ( + 2.1%) 
11 1714 ( −4.0%) 
∞ 1786 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  
aves that will propagate across the ZND region
nd alter the detonation velocity. Considering this
quilibrium state for a constant M, Fig. 5 shows
hat small changes in ξ introduce substantial vari-
tions in τind . In addition, the lower temperature in
he unburned gases results in extremely long τind .
hese results suggest that the detonation behavior

n a stratified, preburned field might be locally very
ifferent depending on the upstream mixture. 

.3. Detonation behavior in stratified ξ media 

We examine the simulation results by consid-
ring instantaneous temperature fields for λ/l ind =
 ∞ , 11 , 1 . 7 } , which are shown in Fig. 6 . The two
napshots shown for each case are 3 μs apart. It
s first noted that the case for λ/l ind = ∞ is only
eakly unstable, due to the low energy content of 

he ξ0 = 0 . 5 mixture. Cellular structures are ob-
erved but unburned pockets behind the detonation
ront are absent. The introduction of large spatial
nhomogeneities with λ/l ind = 11 creates pockets
f unburned, cold reactants far behind the shock
ront. These pockets are then slowly consumed
ownstream before exiting the domain. The same
ehavior, albeit at a much smaller scale, is observed

n the case with λ/l ind = 1 . 7 . The fact that the fresh
ases, which have the highest heat of combustion,
o not detonate might seem counter-intuitive but
an be explained by the 1D ZND model introduced
n Section 3.2 . Fig. 5 has shown that for a given det-
nation Mach number, τind was the greatest for low
. This result implies that the fresh mixture does
ot undergo ignition by adiabatic shock compres-
ion but is rather consumed through scalar mixing.
his behavior is reminiscent of the mixing neces-

ary to ignite unburned pockets in strongly unsta-
le detonations in a homogeneous medium [28,29] ,
ven though the scales attained in the present con-
guration are significantly larger. 
Please cite this article as: D. Brouzet, G. Vignat and M. Ihm
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Additional information about the global det-
onation structure can be obtained by consider-
ing numerical soot foils, which represent the max-
imum pressure achieved at every spatial point. Re-
sults for four cases considered are shown in Fig. 7 .
For λ/l ind = ∞ , the classical cellular detonation
structure induced by the transverse propagation of 
triple-points is observed. At λ/l ind = 11 and 1.7,
triple-points are absent and a structure of the size
of the stratification length emerges. A compari-
son to the temperature field shows that the regular,
high-pressure patterns develop at conditions where
the gases are at a low temperature. At λ/l ind = 0 . 7 ,
the cellular structure is observed again, implying
that the triple-points are not affected by stratifica-
tion sizes smaller than l ind . 

We proceed by examining the characteristics of 
the detonation velocity. Table 1 shows the average
detonation velocity D for the different values of 
λ/l ind considered. A slight increase in D is observed
for inhomogeneities of size λ/l ind ≤ 4 . 2 . This re-
sult echoes previous studies [11,30] , which identi-
fied detonations in stratified mixture with average
propagation speeds significantly greater than the
CJ velocity. For sufficiently small inhomogeneities
sizes, they established that the detonation behavior
reverts to that of a homogeneous mixture. Their
criterion was based on the ratio τc = t r /t s , where
 r represents the heat release timescale and t s is the
e, Dynamics and structure of detonations in stratified 
nstitute, https://doi.org/10.1016/j.proci.2022.07.173 
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Fig. 7. Numerical soot foils for λ/l ind = {∞ , 11 , 1 . 7 , 0 . 7 } . 

Fig. 8. Pdfs of the local detonation velocity deficit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. a) Average local detonation velocity and b) induc- 
tion time τind conditioned on the upstream ξ . 
convective time between inhomogeneities, i.e. λ/ D .
The former can be estimated using the 1D model
discussed in the present paper. For the smallest size
λ/l ind = 0 . 7 , t r = 0 . 40 μs and t s = 1 . 21 μs, resulting
in τc = 0 . 33 . According to Mi et al. [11] , the con-
vergence to the CJ speed occurs when τc is close to
unity, explaining why the detonation with the low-
est inhomogeneities size propagates still at a super
CJ speed. 

For λ/l ind = 11 , however, the inhomogeneities
result in a significant decrease of the average deto-
nation velocity. This deficit is likely due to the large
amount of reactants that do not support the deto-
nation propagation as they are consumed far from
the shock front (see Fig. 6 ). Further insight can be
gained by analyzing the pdfs of the detonation ve-
locity deficit, shown in Fig. 8 . While all distribu-
tions have a peak close to D CJ , the amount of nega-
tive 
D increases with λ. Therefore, the lower aver-
age velocity observed for λ/l ind = 11 is mostly due
to an increasing presence of very slow detonation
fronts. 

To understand why the detonation velocity
deficit reaches such low values and to gain more in-
sight about the effect of the upstream conditions,
results of conditionally averaged D on ξ are shown
in Fig. 9 (a). The detonation velocity D = Mc from
the 1D ZND model is shown by the black line. A
constant M = 2 . 24 , which corresponds to the CJ
Mach number in a homogeneous ξ = 0 . 5 mixture,
Please cite this article as: D. Brouzet, G. Vignat and M. Ihm
product-gas diluted mixtures, Proceedings of the Combustion I
was assumed. As the size of the inhomogeneities 
increases, D relaxes to the condition predicted by 
the model. This result implies that the detonation 

is locally at a post-shock equilibrium and therefore 
propagates at a constant Mach number for inho- 
mogeneities with a characteristic size that is at least 
an order of magnitude larger than l ind . According 
to the model and simulation results for λ/l ind 

1 , the detonation therefore propagates the slowest 
through the unburned gases and the fastest through 

regions with a high level of combustion products. 
When λ/l ind < 1 , however, the local detonation ve- 
locity becomes unaffected by the stratification and 

propagates at a nearly constant average velocity. 
To quantify the effect of ξ on the local detona- 

tion structure, we adopt a Lagrangian framework 

where the position of a fluid parcel x (t) is com- 
puted by solving the differential equation d x /d t = 

u (x , t) , for several initial positions ahead of the det- 
onation front. Numerical integration is performed 

using a forward Euler scheme with a timestep of 
0.2 μs and a 3rd order spatial interpolation. Ex- 
tensive testings were performed to ensure that this 
numerical approach led to converged results. This 
methodology results in Lagrangian trajectories on 

which quantities of interest, such as the tempera- 
ture and the pressure, can be obtained. In addition, 
the induction time along these trajectories can be 
computed and conditionally averaged based on the 
local ξ value at the initial position. These condi- 
tionally averaged τind are shown in Fig. 9 (b). Con- 
e, Dynamics and structure of detonations in stratified 
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Fig. 10. Median numerical detonation structures for 
λ/l ind = {∞ , 11 , 1 . 7 } . The dashed lines represent the 1D 

model with M = 2 . 24 and the line colors show the local 
upstream ξ value. 
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idering the largest stratification size, one can no-
ice the good agreement with the model for ξ > 0 . 4 ,
mplying that the detonation undergoes ignition via
diabatic shock compression in that range. As men-
ioned earlier, the model predicts very large induc-
ion times for low values of ξ and Fig. 6 showed
hat the reactants are consumed through scalar
ixing. This different combustion process induces

nduction times that are much shorter than the
nes predicted by the ZND model, of the order
f 50 μs at maximum. The time necessary for the
resh gases to ignite decreases with λ, as the un-
urned gas pockets become smaller. To the limit
here λ/l ind < 1 , the induction time becomes inde-
endent on the upstream value of ξ , again illustrat-

ng that the detonation is not affected by the mix-
ure upstream of the detonation. In all cases how-
ver, it is clear that the fresh gases do not undergo
gnition by adiabatic shock compression, illustrat-
ng the relevance of post-shock mixing to the dy-
amics of detonations in stratified media. 

To illustrate how the von Neumann state and
he detonation structure are affected by the inho-
ogeneities, median profiles of the temperature,

onditioned on the upstream local value of ξ , are
hown in Fig. 10 . The dashed lines show the pro-
les from the 1D model and the time t = 0 denotes
he moment the Lagrangian parcels pass through
he shock front. 

Results for λ/l ind = ∞ show that the von Neu-
ann and CJ states are well captured for this ho-
ogeneous case but the induction time is signifi-
Please cite this article as: D. Brouzet, G. Vignat and M. Ihm
product-gas diluted mixtures, Proceedings of the Combustion I
cantly lower than the theoretical value. Considering
the case for λ/l ind = 11 at intermediate values of ξ ,
the von Neumann state and subsequent rapid com-
bustion can be clearly identified. This result con-
trasts with the profile for the lowest value of ξ ,
where the reactants have not been consumed after
25 μs, which is consistent with the results discussed
in Fig. 9 (b). In all cases that undergo ignition by
adiabatic shock compression, i.e., for ξ ≥ 0 . 5 , the
1D model shows good agreement with the simula-
tion results. As discussed in Fig. 7 , triple-points are
absent in the case with λ/l ind = 11 , meaning that
the local detonation structure can be considered as
a quasi-1D detonation. Even though the von Neu-
mann state is in good agreement between the model
and the simulations for the low preburned compo-
sition, the ignition stage is not well predicted by the
model. This is expected since this region of the mix-
ture does not undergo ignition by shock compres-
sion. 

Finally, considering the profiles for the case with
λ/l ind = 1 . 7 , it is observed that differences induced
by the upstream mixture are reduced and all reac-
tants are burned in less than 10 μs. The 1D model
and simulations differ significantly, suggesting that
for stratification sizes of the order of l ind , phenom-
ena other than shock compression, involving heat
and/or mass transfer, may play a role in the von
Neumann region. 

4. Conclusions 

Two-dimensional, high resolution simulations
with detailed chemistry were performed to analyze
the dynamics and structure of CH 4 /O 2 /N 2 deto-
nations in stratified, product-gas diluted mixtures.
First, the simulation results were compared to the
experiments of Frederick et al. [19] for a homoge-
neous mixture composed of fresh reactants, show-
ing good agreement on the local detonation ve-
locity and cellular structure. Then, stratified mix-
tures with a product-gas dilution level similar to the
ones found in RDEs were considered. A parametric
analysis of the stratification size was performed. 

For stratification sizes larger than but of the
order of l ind , the detonation cell structure was
lost and triple-points were absent. For stratifica-
tion sizes that were an order of magnitude larger
than l ind , the cold reactants did not undergo igni-
tion via adiabatic shock compression and instead
formed large unburned regions behind the detona-
tion front. These pockets were subsequently burned
through scalar mixing. This resulted in a deficit of 
energy provided to the detonation and a significant
reduction in the average detonation velocity. 

A 1D detonation model considering a von Neu-
mann equilibrium state was constructed to gain
insights on the detonation structure. This model
predicted a slower detonation velocity through the
cold gases, which was supported by the results from
e, Dynamics and structure of detonations in stratified 
nstitute, https://doi.org/10.1016/j.proci.2022.07.173 
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the simulations with large stratification sizes. In
these cases, the detonation structure was well pre-
dicted by the model in the regions that ignited
thanks to shock compression, i.e., for intermedi-
ate and high levels of product-gas dilution. The
absence of triple-points meant that the detonation
could be locally approximated by the 1D model.
The model and simulation results had a larger dis-
crepancy for the cases with a stratification size of 
the order of l ind , implying that phenomena other
than adiabatic shock compression, involving heat
and/or mass transfer, might play a role to ignite the
reactants in the von Neumann region. 
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