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Abstract
A numerical investigation of detonation propagation in
stratified reactant layers is presented in this paper. It is
baesed on the reactive Euler equations using a two step
chemical kinetics approach. The numerical simulations
are based on the reactive Euler equations. Turbulence is
solved with a one equation model, and the chemical kinet-
ics is modeled as a two steps. The first step is an induc-
tion time step, and the second step is an exothermic step.
The numerical setup is scaled to keep the numerical res-
olution of the induction zone constant to 10 cells. Initial
simulations were conducted to generate detonation struc-
tures in homogeneous reactants and with cyclic boundary
conditions. The developed structures were mapped into
a domain with a stratified reactant layer on top of a inert
layer. The results show that the detonations fail to prop-
agate as the triple points of the propagating detonation is
"lost" into the inert layer.
Keywords: CFD, Detonation, Simplified kinetics

1 Introduction
Denotations are supersonic combustion waves relative to
the reactants in front of the wave. Its subsonic counter-
part is known as deflagrations. The two modes of combus-
tion differ fundamentally as the deflagration is driven by
mass diffusion into the reaction zone and heat conduction
from the reaction zone into the reactants. The downstream
boundary conditions are also important, as the combustion
product density is lower than the reactants. The detonation
propagates as a leading shock wave in front of the reaction
zone and compresses the reactants and increasing the tem-
perature. This increased temperature and pressure lead to
an onset of exothermic chemical reactions.

The 1D CJ (Chapman-Jouget) theory gives the detona-
tion velocity SCJ as a function of the reactant initial con-
ditions and the energy released in the reaction zone, hence
it is a property of the reactant mixture, (Lee, 2008). In the
CJ theory, the detonation is evaluated at the upstream and
equilibrium downstream conditions.

The extension of the Chapman-Jouget theory is known
as the ZND (Zel’dovich (Zel’dovich, 1940), Neumann
(von Neumann, 1963) and Döring (Döring, 1943)) theory,
which is a 1D consideration of detonations. In the ZND
theory, a leading shock (no reactions) is followed by a in-
duction zone, where firstly radicals are produced and later
follows the exothermic reaction zone where heat is pro-

Figure 1. Results from detonation experiments. Sooted plate
triple point trajectories of structured cellular pattern. From
(Austin and Shepherd, 2003)

Figure 2. Results from detonation experiments. Sooted plate
triple point trajectories of unstructured cellular pattern. From
(Austin and Shepherd, 2003)

duced. An illustration of the pressure across a detonation
wave is given in figure 3. The state behind the leading
shock wave is referred to as the von Neumann state (ex-
ample velocity: uvN). It is given by the normal shock rela-
tions, and the state in front of the wave.

Real detonations are three dimensional and highly un-
steady. They are driven by shock-shock interactions, and
a dominant feature of real detonations are the trajectories
of the shock triple point. Depending on the reactant mix-
ture, the trajectories could be regular or irregular when
recorded on sooted plates inside experimental equipment.
Two examples are given in figures 1 and 2, from (Austin
and Shepherd, 2003).

Fluid dynamic simulations of detonations must cap-

Figure 3. Pressure profile across a detonation front as described
by the ZND theory.
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ture the important physics of the phenomenon as well as
the chemistry. As real gaseous detonations involve real
gaseous reactions. The most simple reactant system is the
H2-O2, which can include 8 species and up to 21 elemen-
tary reactions. It is manageable to include them in simula-
tions, but more complex fuel-air mixtures can reach many
hundred species and thousands of reactions.

Detonation propagation in stratified fuel layers, also
known as semi confined detonations, has gained a recent
interest in the safety research community as well as the
jet propulsion research community. One aspect is related
to the emerging world wide hydrogen infrastructure where
the safety aspect must be clarified. An other classical as-
pect of hydrogen safety is the nuclear industry, where hy-
drogen leakage has been a valid concern since the first
reactors were built. An accidental leak of hydrogen will
likely form a fuel layer at the ceiling, where it is bound
by a solid ceiling above and an compressible boundary of
inert air below. The same issue apply to dense gas leakage
which could make a combustible layer of reactants along
the floor.

In jet propulsion research there is an effort to make a
rotating detonation engine. This engine will inject reac-
tants axially and have a tangentially propagating detona-
tion propagating through the reactants. In the system the
detonation will be bound by a solid inlet wall on one side
and combustion products on the other side.

A sketch of the problem is given in figure 4. The
shock plane is the leading shock wave, as no transverse
waves are included. The CJ plane represent the end of the
exothermic reactions. The shock is an oblique wave into
the inert, while the dotted line is the contact surface. The
expansion into the inert is drawn as a fan at the CJ plane.
This is of course a simplified illustration of the problem.

This work aim to understand detonation propagation
in reactant layers, especially the limits to where the det-
onation will fail. Recent studies by the KIT group and
the Warsaw University of Technology (Grune et al., 2011;
Rudy et al., 2013) have found a criteria for successful
detonation propagation in a layer to be three cell size
thick. An other study show that the critical layer thick-
ness varies with the mixtures (Grune et al., 2016). The
Warsaw University of Technology group showed that ad-
dition of methane to a hydrogen-air mixture increased the
critical layer thickness, as shown by Rudy et al. (Rudy
et al., 2016). A study by Houim and Fievisohn (Houim
and Fievisohn, 2017) investigated the influence of the ratio
of acoustic impedance between the reactant and inert layer
on the detonation propagation. Their work focused con-
cluded that a much denser inert or a much lighter inert gas
is required to have a successful detonation propagation.
They showed numerically how new triple points originate
from the interface between inert and reactants. The ear-
lier work by Sommers (Sommers, 1961) also showed the
influence on inert gas density on the propagation of deto-
nations. It was discussed how the diffraction gave a lower
pressure and temperature, and also how a higher adiabatic

index gave a higher post shock pressure and thus a lower
velocity deficit. The influence of adiabatic index is not
discussed in this work.

The current study aims to address the detonation prop-
agation problem based on a simplified analysis, described
later. The overall procedure includes initial simulations to
establish several credible detonation structures. The credi-
bility criteria are explained later. And the detonation struc-
tures are later mapped onto a domain with reactants on top
of an inert gas layer. This paper will mostly focus on the
simulation method, as the actual results are believed to be
more interesting for a specialized audience.

2 Numerical method
The numerical method is based on the 2D Euler equations,
where mass momentum and energy is solved using a flux
limited centered scheme. It is developed in MATLAB and
details on the TeleCoDet code is given by Vaagsaether
(Vaagsaether, 2010).
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The turbulence is modeled as transport of turbulent
kinetic energy with source and sink terms. More de-
tails of the numerical method is given by Vaagsaether
(Vaagsaether, 2010).

The exothermic chemical reactions of a detonation is
given as a source in the energy equation. It is modeled in
two steps as a simplification of a real combustion wave.
Both steps are modeled as transported progress variables.
The α variable is the normalized induction time progress
variable. α varies between 0 and 1, where α = 0 repre-
sent a gas mixture too cold to start exothermic chemical
reactions. A α = 1 represent a gas where the exothermic
reactions can start. The β is the normalized exothermic
reaction progress variable, where β = 0 is reactants and
β = 1 is products.
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Figure 4. A sketch of a simplified wave structure where a detonation propagate in a stratified reactant (fuel) layer.

The idea behind this method is to constrain the β source
term, i.e. the heat produced by exothermic reactions, until
after an induction period (modeled by the α variable). The
total β source term is given by:

ω̇ = max[ω̇t , ω̇k] (7)

Where the ω̇t is the reaction rate given by the gradi-
ent of β . It is also given by the unburned gas density and
the turbulent burning velocity ST . The gradient of β term
is used to model the combustion propagation of deflagra-
tions. The turbulent burning velocity is modeled as given
by Flohr and Pitsch (Flohr and Pitsch, 2000).

ω̇t = ρuST

√
∑

i

(
∂β

∂xi

)2

(8)

The kinetic term of the β source is given by an Arrhe-
nius type kinetics.

ω̇k =

{
0 α < 1

B(1−β )exp
(
− Eβ

RT

)
α = 1

(9)

The Ech of the energy equation is given by the progress
variable and the change of enthalpy per unit mass of reac-
tants (q) as

Ech = ρq(1−β ) (10)

The induction time progress variable (α) source term is
model with an Arrhenius kinetics term as

ϑ̇ = ρAexp
(
−Eα

RT

)
(11)

Numerical simulations are sensitive to the numerical
resolution, especially reacting flow with a high tempera-
ture dependence. A key concept in this study is to limit

Figure 5. The detonation front for all time steps. Variables are:
q = 30 and Eα = 30. This is expected to give regular cellular
structure of the front.

the variables of investigation to the energy (q) and the in-
duction time activation energy (Eα ). All other variables
should be constant. To keep the numerical resolution con-
stant, the pre-exponential coefficient A, was adjusted to
give 10 cells in the induction zone. This was calculated
for a stable 1D detonation as, the simulation cell size
∆x = 0.1:

(uvN −SCJ)τ = (SCJ −uvN)Aexp
(

Eα

RT

)
= 1 (12)

which gives the pre-exponential factor to be

A =
1

(SCJ −uvN)exp
(Eα

RT

) (13)

For the numerical setup, the initial pressure and density
were both set to 1, as well as the gas constant. The heat ca-
pacity ratio γ was set to 1.4 and the input to the β progress
variable source term was: B = 4.9738 and Eβ = 15.

3 Initial calculations
3.1 Setup
The detonations were simulated two dimensionally, as a
simplification of the real three dimensional structure of
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detonation front. The first step of calculation was to de-
velop a realistic 2D detonation structure. It was initiated
as a slightly perturbed front with a 10 cells induction zone,
and a 50 cells reaction zone. The top and bottom bound-
ary condition (BC) were cyclic to account for an infinitely
large domain. The right hand side inlet BC was zero-
gradient with a semi-constant velocity (velocity was ad-
justed during the simulation). The left hand side outlet
was a zero-gradient BC.

3.2 Results
This setup had to run until it developed wave structure
with transverse waves propagating up and down the lead-
ing shock of the detonation. This is also the structure of
real detonations. In real detonations the transverse waves
propagate in two perpendicular directions to the leading
shock. The point of collision of these three waves is
known as the triple point, and will leave a cellular pat-
tern (see figure 1 and 2) on sooted surfaces in experimen-
tal investigations of detonations. In the 2D simulations
a pattern will be made of the leading shock and the up-
down transverse shock. To investigate this, the pressure
was used to find the position of the leading shock in the
domain. This leading shock position was averaged for ev-
ery time step to give a representation of the curvature (i.e.
semi-triple-point recording). An illustration of the deto-
nation front is shown in figure 5.

To investigate if the detonation simulations was devel-
oped, two parameters were used. One was the overall in-
duction zone length, which was supposed to be close to
10 cells. This varied in the beginning of the simulation,
but converged to 10. The second parameter was the devel-
opment of cellular structure of the detonation front. For
this, an analysis was developed to find the cellular pattern
in the detonation front history. It was based on gradient
evaluation and thresholding, as well as artificial diffusion.
At last it was converted to a binary variable and analyzed
with a tool used for image analysis. The result is shown in
figure 6. It is shown that the cells appear some time after
initiation, and that the development of cell sizes take some
time before they converge.

When the numerical variables were changed, the cellu-
lar pattern also changed. It is expected from the theory
by Lee and Stewart (Lee and Stewart, 1990), that a more
irregular cellular pattern would be the result of increased
activation energy of the α variable. This can bee seen in
figure 7. It is also shown that the variance of cell sizes is
increased. The cyclic boundaries of the simulation was as-
sumed to not influence the cell size, as long as there were
more than three cells in the total height of the domain.

4 Simulations of detonations in strati-
fied reactant layers

A 2D approach was used to investigate the detonation
propagation in stratified reactant layers bound by one solid
wall and an inert.

Figure 6. Top: Cellular pattern from the detonation front his-
tory. Bottom: The size of the cells vs the position. Variables
are: q = 30 and Eα = 30. This is expected to give regular cellu-
lar structure of the front.

Figure 7. Top: Cellular pattern from the detonation front his-
tory. Bottom: The size of the cells vs the position. Variables
are: q = 30 and Eα = 50. This is expected to give an irregular
cellular structure of the front.
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Figure 8. A sketch showing how the computational domain is
set up with the mapped detonation structure to the left, the solid
wall at the top and the inert layer along the lower boundary.

4.1 Setup
The initial simulations were mapped onto a larger domain
where the inert was mapped as well. A sketch of the com-
putational domain is given in figure 8.

The right, left and bottom BC was a zero gradient, while
the top wall was a reflecting BC. The domain was moving
to enable an investigation of the cellular structure by inte-
grating (over time) the pressure in the induction zone. This
makes up a more correct cellular structure as the thickness
of the integrated variable represent the thickness of the in-
duction zone. As this zone thickens, it is also expected
that the detonation will fail and change to a deflagration
following a leading shock wave.

4.2 Results and discussion
The detonation propagation is illustrated in figure 9 (Eα =
30) where the triple point trajectories are shown and also
how they are "lost" into the inert below the reactants. This
is assumed to be the main reason for the failure of the det-
onation, as it will lead to an expansion loss into the inert.
This gives a velocity deficit of the detonation, which result
in a reduced strength of the leading shock wave, hence a
lower von Neumann temperature and a longer induction
zone. This eventually cause the detonation to fail after
1800 induction lengths.

The simulation results in figure 9 show that despite ful-
filling the three detonation cells in the layer thickness this
detonation still fails to propagate in the layer. A compara-
ble real mixture to the case shown i figure 9 is stoichiomet-
ric hydrogen-air mixtures. As a comparison, that mixture
have expected cell sizes of 8mm. The failure length would
then be about 80mm to 100mm. The regularity of the det-
onation cellular pattern is also connected to the propensity
to generate new triple points. The main reason for this is
the increased activation energy. With a higher activation
energy the reaction becomes more sensitive to small per-
turbations, and could make new triple point on its own. By
keeping the layer thickness fixed to 150 induction lengths,
an irregular cellular pattern case was investigated, see fig-
ure 10. This was expected to be able to propagate longer
into the reactant layer compared to the Eα = 30 case. It is
clearly not the case, as one possible cause to the issue is
the reduced number of detonation cells in the layer thick-
ness. Much of a problem is also the definition of a cell

Table 1. List of all simulations in the project.

Layer thickness [ind length] q Eα

100 25 30
100 30 30
100 30 40
100 30 50
100 30 60
150 25 30
150 30 30
150 30 40
150 30 50

size, as it is very much an expected size with a rather large
variance.

The project has so far investigated 9 cases, each take
about 1 to 2 weeks to simulate on a standard workstation,
using about 30 GB memory. It typically has a 9e6 nu-
merical cells, solve 24 equations in each cell up to 15000
times. The simulation has to be adjusted by stepwise skip-
ping the domain to the right as the simulation progresses.
The list of completed cases is given in table 1. The results
so far show that all detonations fail at a short distance after
entering the stratified reactant layer.

A further work on this project is first to simulate cases
with a higher enthalpy per unit mass of reactants to in-
vestigate if it is within the limit of successful detonation
propagation. The other case will be to further thicken the
reactant layer, and lastly include a denser gas as the inert
to allow for wave reflections at the boundary.

5 Summary
This paper have reported some of the work done on sim-
ulating detonations in stratified reactant layers. The sim-
ulations are based on the reactive Euler equations with a
two step model for the chemical kinetics. The first step is a
waiting time (induction time) progress variable which rep-
resent the induction time seen in simulations of detailed
chemical kinetics. the second step is the exothermic reac-
tion progress variable, which is linked to the energy equa-
tion. The numerical setup varied the change of enthalpy
due to chemical reactions q and the induction time acti-
vation energy Eα . The numerical resolution was set to 10
cells in the induction zone (calculated on 1D steady state).
The initial simulations had to run for a long time to en-
sure a developed detonation front. Due to the unsteady
nature of detonations, a 10 cells criteria was used as well
as a steady cellular detonation front. The initial detona-
tion structure was mapped onto a stratified domain with
proper boundary conditions and the failure on detonation
was observed. The triple points were lost into the inert
layer, and the expansion into the inert lead to a velocity
deficit. This was assumed to be the reason for the deto-
nation failure. The expected criteria from the literature of
three detonation cells in the height of the reactant layer,
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Figure 9. The triple point trajectory of a detonation in a stratified reactant layer. Variables are: q = 30 and Eα = 30.

Figure 10. The triple point trajectory of a detonation in a strati-
fied reactant layer. Variables are: q = 30 and Eα = 50.

did not seem to be a general criteria for successful deto-
nation propagation. The detonations with more irregular
detonation cellular patterns also had a large variance i cell
sizes, thus it might not be valid to base the thickness on
the expected cell size. All simulated cases showed that the
detonation failed as it propagated in the stratified reactant
layer.
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