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Abstract: Systematic three-dimensional numerical simulations of flame acceleration and deflagration-
to-detonation transition (DDT) in a semi-confined flat slit combustor are performed. The combustor
is assumed to be partly filled with the stoichiometric ethylene–oxygen mixture at normal pressure
and temperature conditions. The objective of the study is to reveal the conditions for DDT in terms
of the minimum height of the combustible mixture layer in the slit, the maximum dilution of the
mixture with nitrogen and the maximum slit width. The results of the calculations are compared
with the available experimental data. The calculation results are shown to agree satisfactorily with
the experimental data on the slit-filling dynamics, flame structure, the occurrence of the preflame
self-ignition center, DDT, and detonation propagation. DDT occurs in the layer at a time instant
when the flame accelerates to a velocity close to 750 m/s. DDT occurs near the slit bottom due to the
formation of the self-ignition center ahead of the leading edge of the flame as a result of shock wave
reflections from the walls of injector holes at the slit bottom and from the corners of the conjugation
of the slit bottom and side walls. The decrease in the height of the mixture layer, the dilution of the
mixture with nitrogen, and the increase in the slit width are shown to slow down flame acceleration
in the slit and increase the DDT run-up distance and time until DDT failure. The obtained results are
important for determining the conditions for mild initiation of detonation via DDT in semi-confined
annular RDE combustors.

Keywords: rotating detonation engine; deflagration-to-detonation transition; ethylene-oxygen mixture;
minimum layer height; maximum nitrogen dilution ratio; maximum slit width; computational
fluid dynamics

1. Introduction

The combustion chamber (combustor) of a Rotating Detonation Engine (RDE) is usu-
ally an annular slit between the central body and the outer wall [1]. When the RDE is
started, the slit is first filled with the fuel and oxidizer followed by detonation initiation
leading to the formation of a single detonation wave or multiple detonation waves continu-
ously circulating in the combustor, while the detonation products continuously outflow
through the RDE nozzle into the ambience. As a means of detonation initiation, either
strong or weak energy sources can be used. The strong sources are electrical arc discharges,
explosive charges, predetonators, etc., creating a strong shock wave in the fuel mixture.
Such energy sources can lead to the direct (“strong”) initiation of detonation. The weak
energy sources are spark plugs, hot wires, prechambers, pyro charges, etc. igniting the
fuel mixture with the formation of a propagating flame. Under certain conditions, the
arising flame can accelerate and lead to a “mild” detonation initiation via a deflagration-to-
detonation transition (DDT). Several important circumstances should be taken into account
when applying either of these approaches to detonation initiation. First, for the guaranteed
detonation initiation, it is necessary to have a sufficient volume of the fuel mixture in the
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RDE combustor. Second, the process of detonation initiation can be accompanied by the
displacement of the fuel mixture to the ambience through the RDE nozzle, creating a risk
of a devastating external explosion.

Since detonation initiation in the RDE combustor leads to a significant pressure rise
for a very short time [2,3], a large margin of safety is usually envisaged in the design of
experimental RDEs. When transitioning to RDE prototypes, the straightforward solution
for increasing the thrust-to-weight ratio is to reduce the engine mass by reducing the margin
of safety. The minimal margin of safety can be ensured by the use of the “mild” initiation
of detonation. As for the “strong” initiation, it must be excluded, as it is accompanied by a
destructive explosion of the excess volume of the fuel mixture inside and outside the RDE.

Voitsekhovsky [4] was apparently the first who studied the propagation of a stationary
detonation wave in an annular slit with the lateral expansion of detonation products.
Detonation propagation in the flat semi-confined layer of explosive gas (mixtures of H2,
CH4, C2H6, or C3H8 with oxygen) surrounded by inert gas (air or helium) was studied
both theoretically and experimentally in [5]. It was shown that (i) the detonation wave
propagating through the layer was affected by the type of inert gas, (ii) the detonation
velocity decreased with a decrease in the layer height and (iii) the detonation failed to
propagate through the layer if its height was less than a certain critical (minimal) value.
Experiments with flat layers of H2–O2 mixtures of various compositions were reported
in [6]. In addition, a theory of layered detonation with a finite reaction rate was proposed.
The detonation velocity deficit in a layer of near-critical height was shown to reach 8–10%.
Similar studies with longer layers were reported in [7]. The maximum deficit of the
detonation velocity in a layer of near-critical height reached 17%, i.e., approximately twice
higher than found in [6]. The latter meant that the rate of detonation decay in long layers of
a near-critical height was rather low. Detonation propagation in layers of the stoichiometric
H2–O2 mixture was simulated numerically in a two-dimensional approximation [8]. The
propagation of a detonation wave was shown to become unsteady (pulsating or damping)
with a decrease in the layer height.

There are a large number of research works on detonation propagation in combustible
mixtures of nonuniform composition. Thus, the authors of [9–16] reported the results of
systematic computational and experimental studies on the propagation of detonation in
mixtures with the concentration gradient parallel to the propagation direction, whereas
the authors of [17–24] reported the results of systematic computational and experimental
studies on the propagation of detonation in mixtures with the concentration gradient
normal to the propagation direction. The latter studies look relevant to the present research,
in particular those dealing with detonation propagation in a two-layered medium with
different fuel concentrations. The reflection of the induced oblique shock wave from the
bounding mixture confinement was shown to change from a regular to Mach reflection
with the decrease in the reactivity of the bounding mixture. When the bounding mixture
was weakly detonable, the detonation initiation occurred behind the reflected shock wave.

The results of large-scale experiments with flat layers of H2–O2 mixture were reported
in [25,26]. The critical height of the layer for the detonation to propagate in the self-
sustaining mode under normal pressure and temperature (NPT) conditions was shown
to be about 30 mm or 3 λ, where λ is the detonation cell size. The nonuniformity of the
hydrogen concentration in the layer was shown to exert a significant effect on the critical
height of the layer. A set of theoretical models of detonation propagation in flat and
cylindrical layers bounded by inert gas was also considered [27]. The adequate description
of the dynamics of self-sustaining detonation waves was shown to be attained only at a
certain minimum level of model complexity. The results of numerical simulations of 2D
cellular detonations in layers of H2–air mixture bounded by inert gas were reported in [28].
The critical height of the layer met the empirical criterion [1]: h = (12± 5)λ.

It must be noted that all mentioned studies dealt with the propagation of detonation
in layers of reactive mixture. As for DDT in a layer, it was studied experimentally only
in a few works [26,29–31]. Contrary to [26,29], where DDT was provided by installing
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turbulizing obstacles, DDT in [30,31] occurred in a flat-slit combustor without obstacles
using nonpremixed [30] and premixed [31] ethylene–oxygen compositions diluted with
nitrogen. The conditions for DDT in the stoichiometric C2H4–O2 mixtures diluted with
N2 up to ~40% vol. in the semi-confined large-scale flat-slit combustor with a slit width of
5 mm were reported in [31]. The mild initiation of detonation via DDT was possible when
the mixture was ignited upon reaching the critical (minimal) height of the layer.

This work is considered as the continuation of [31]. Its objective is to apply 3D
numerical simulations to reveal the conditions for DDT in terms of the minimum height
of the combustible mixture layer in the slit, the maximum dilution of the mixture with
nitrogen, and the maximum width of the slit. The objective, the applied approach, and the
obtained results are the novel and distinctive features of this work.

2. Materials and Methods
2.1. Slit Combustor

Before describing the mathematical statement of the problem and the numerical
approach, it is worth briefly describing the experimental setup and procedure [31]. The
slit combustor [31] was the space between two parallel plates 400 mm high and 800 mm
long made of organic glass and fixed in a steel frame possessing two horizontal rows of
three windows. Despite the combustor design providing the possibility of adjusting the
slit width, the experiments reported in [31] were implemented with the constant slit width
equal to δ = 5 mm. The combustible mixture (ethylene–oxygen mixture diluted with
nitrogen, C2H4 + 3(O2 + βN2), 0 ≤ β ≤ 1) was fed into the slit combustor from a plenum
60× 50× 800 mm in size through a series of 160 injector holes (diameter 1 mm, longitudinal
pitch 5 mm) uniformly distributed in the bottom plate along its centerline. The plenum
was filled with a loose flame-quenching material. The left end of the combustor was a
closed insulating wall with a row of 38 spark gaps mounted along the centerline of the
whole slit height. The total rated energy, Eign = CU2/2 (C = 220 µF is the capacitance
and U = 220 V is the voltage), deposited by the spark discharges was approximately
10 J. Taking into account that the actual energy transferred to the combustible mixture can
account for only 10% of the rated energy [32], the actual energy deposited by each spark
discharge to the combustible mixture was on the level of 30 mJ, i.e., very little. The right
end of the combustor was sealed with thin parchment paper before each experiment. The
upper end of the combustor was open. In experiments, the slit was first blown with air
and then filled with a combustible mixture from a mixer through a flow controller during
the fill time tin providing the preset estimated height of the mixture layer, hest. Thereafter,
upon a pause of 10 s, a voltage was applied to all spark gaps simultaneously to trigger
mixture ignition. The flame/detonation propagation process was recorded by a high-speed
video camera. From the video records, the place and time of detonation onset as well as the
propagation velocity of the luminous front were determined.

2.2. Mathematical Statement of the Problem

The mathematical statement of the problem is based on the three-dimensional unsteady
Reynolds-averaged Navier–Stokes (URANS) equations for the compressible turbulent
reacting flow supplemented by the thermal and caloric equations of state of a mixture
of ideal gases with variable specific heat capacities, the k-ε turbulence model and the
combustion model based on the coupled Flame Tracking (FT)—Particle method (PM), as
well as by the initial and boundary conditions [33]. Gas thermophysical parameters are
considered variable.

2.2.1. Mean Flow Equations

The URANS equations with the turbulence model and the thermal and caloric equa-
tions of state read:

ρ
DUi
Dt

= ρ
∂Ui
∂t

+ ρUj
∂Ui
∂xj

= − ∂P
∂xi

+
∂

∂xj

[
τij − ρU′ iU′ j

]
(1)
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ρ
DI
Dt

= ρ
∂I
∂t

+ ρUj
∂I
∂xj

=
.

Q +
∂P
∂t

+
∂

∂xi

(
τijUj

)
+

∂

∂xj

(
λ

∂T
∂xj

)
(2)

ρ
DYf

Dt
= ρ

∂Yf

∂t
+ ρUj

∂Yf

∂xj
=

.
r +

∂

∂xj

(
ρD f

∂Yf

∂xj
− ρY′ f U′ j

)
(3)

ρ
∂k
∂t

+ ρUj
∂k
∂xj

= Pk − ε +
∂

∂xj

(
µ +

µt

σk

∂k
∂xj

)
(4)

ρ
Dε

Dt
=

(
Cε1Pk + Cε4k

∂Uk
∂xk
− Cε2ε

)
ε

k
+

∂

∂xj

(
µt

σε

∂ε

∂xj

)
(5)

P = ρRT
N

∑
l=1

Yl
Wl

(6)

Hl = H0
l +

∫ T

T0
cp,ldT (7)

where t is time; D/Dt is the material derivative; xj (j = 1, 2, 3) is the coordinate; ρ is the
mean density; µ is the dynamic molecular viscosity; P is the mean pressure; τij is the
tensor of viscous stresses; Ui is the ith component of the mean velocity vector; U′ i is the ith
component of the pulsating velocity vector; λ is the thermal conductivity; I = H + 0.5∑i U2

i
is the mean total enthalpy (H is the mean static enthalpy); T is the mean static temperature;
Yf is the mean mass fraction of fuel; D f is the molecular diffusion coefficient of fuel in

the mixture; Y′ f is the pulsation of the fuel mass fraction;
.
r and

.
Q are the mean sources

of fuel mass and energy due to chemical reactions; k = U′ iU′ i/2 is the kinetic energy of
turbulence; ε is the dissipation rate of k; Pk = −U′ iU′ j

∂Ui
∂xj

is the mean-strain production

term; µt = Cµρk2/ε is the dynamic turbulent viscosity; σk, σε, Cµ, Cε1, Cε2, and Cε4 are the
coefficients in the standard k-ε model; Hl and H0

l are the mean static enthalpy and standard
enthalpy of formation of the lth species in the mixture (l = 1, . . ., N, N is the total number of
species), respectively; T0 is the standard temperature (298 K); Yl is the mean mass fraction
of the lth species in the mixture; Wl is the molecular mass of the lth species in the mixture;
and R is the universal gas constant. Equation (3) implies that the mass fractions of species
other than fuel are calculated based on the balances of C, H, and O elements.

The chemical sources
.
r and

.
Q represent the contributions of both frontal combustion

(index S), and volumetric reactions (index V):

.
r =

.
rS +

.
rV (8)

.
Q =

.
QS +

.
QV (9)

The FT method is used for simulating the frontal combustion, i.e., the stages of flame
ignition, propagation and acceleration, whereas the PM is used for simulating preflame
chemical transformations with the formation of exothermic self-ignition centers (“hot
spots”), DDT, and detonation.

2.2.2. Combustion Model
Flame Tracking Method

The basis of the FT method is the Huygens principle. The surface separating the fresh
combustible mixture from the combustion products is represented by a set of infinitely
thin flame elements. In the flow, each element moves at a velocity equal to the sum of
the local flow velocity and the local flame velocity. The local flow velocity and turbulence
parameters are determined by solving Equations (1)–(7). The local turbulent flame velocity,
uT , is related to the local laminar flame velocity, un, through the mass balance equation
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Fnun = Fut, where Fn and F are the local instantaneous specific (per unit volume) surface
areas of a true wrinkled and averaged planar flame, respectively. The turbulent flame
velocity, uT , is determined by one of the known models of turbulent combustion; it depends
on the local laminar flame velocity, un, and local turbulence parameters. In this work, the
Shchelkin model of turbulent combustion [34] is used, which has proven itself well in
solving problems of flame acceleration and DDT [35]:

uT = Aun

√
1 + (U′/un)

2 (10)

where A ≈ 1 is the model parameter and U′ =
√

2
3 k is the pulsating flow velocity. For

un, it is convenient to use precalculated look-up tables that include the dependence of un
on temperature, pressure, and mixture composition. Such look-up tables were developed
in the FRC for mixtures of different alkane, alkene, and alkyne hydrocarbons with air
and oxygen based on either detailed or overall reaction mechanisms [36]. As an example,
Figure 1 demonstrates the accuracy of the look-up tables in predicting the laminar flame
velocity in an ethylene–air mixture at NPT conditions.
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Figure 1. Laminar flame velocity as a function of the equivalence ratio in ethylene–air mixtures
at NPT conditions; curve corresponds to the data of look-up tables based on flame calculations
with the detailed reaction mechanism [37]; symbols correspond to measurements: circles—[38],
triangles—[39].

In the FT method, the average planar flame surface is explicitly traced and the spe-
cific surface area F is determined in the course of solution. Therefore, the first terms in
Equations (8) and (9) are calculated straightforward as

.
rS = ρ+Yf+Fnun = ρ+Yf+Fut (11)

.
QS = Q

.
rS (12)

where ρ+ and Yf+ are the local instantaneous density of the fresh mixture and fuel mass
fraction immediately ahead of the flame surface, respectively, and Q is the heat effect
of combustion.

Particle Method

The PM is based on the Lagrangian approach to describe the turbulent and molecular
transport of momentum and scalar flow parameters: enthalpy and mass fractions of the
chemical species of the mixture [40,41]. The local instantaneous state of the flow is described
by a large set of Np notional particles. The initial position of particles is selected using a
random number generator with a uniform average distribution over the interval [0, 1]. In
addition to the position in space xi

k(k = 1, 2, 3), each ith notional particle possesses three
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components of the velocity vector ui
k(k = 1, 2, 3), density ρi, volume Vi, mass fractions of

chemical species yi
l(l = 1, . . . , N), static enthalpy hi, and statistical weight wi:

wi =
ρiVi

∑i ρiVi (13)

Initially, certain values of all the variables consistent with the initial distributions of
the corresponding mean values are set to each particle. The following set of differential
equations is solved for each ith particle:

dxi
k

dt
= ui

k (14)

d(ρ i
lV

i)

dt
= jil + Ji

l (15)

ρi dui
k

dt
= − ∂Pi

∂xk
+ τi

k (16)

ρi dhi

dt
= qi + ρi

.
Q

i
V +

∂Pi

∂t
− Pi dui

k
dxk

(17)

where ρi
l = yi

lρ
i is the partial density of the lth species in the ith particle; Pi is the mean

pressure in the point where the ith particle is currently located; qi is the heat flux to the
ith particle due to molecular thermal conductivity; jil is the molecular diffusion flux of the
lth species to the ith particle; τi

k is the kth component of the momentum flux vector to the
ith particle due to molecular viscosity; Ji

l is the rate of change of the mass fraction of the

lth species due to chemical reactions; and
.

Q
i
V is the volumetric rate of energy release in

the ith particle due to chemical reactions. The terms jil , τi
k and qi are determined using the

standard models [40]:
jil = −0.5C

(
yi

l −Yi
l

)
ρiViω (18)

(
ρi
)−1

τi
k = −ζω

(
ui

k −Ui
k

)
+ αk(t) (19)

qi = −0.5C
(

hi − Hi
)

ρiω (20)

where Ui
k, Yi

l and Hi are the kth component of the mean flow velocity vector, the mean mass
fraction of the lth species, and the mean static enthalpy in the point where the ith particle
is currently located; ζ ≈ 2.075 and C ≈ 2.0 are the coefficients; ω = ε/k is the turbulence

frequency; αk(t) = (C0ε)
1
2 dβk(t)/dt is the stochastic function describing the effect of

pressure and velocity pulsations on particle motion (here, C0 ≈ 2.1 and βk(k = 1, 2, 3)
is the continuous stochastic variable with normal distribution satisfying the conditions
dβk(t) = 0 and dβk(t)dβm(t) = δkmdt, δkm is the Kronecker delta); and Yi

l , Ui
k and Hi are

the ensemble mean values:

Yi
l = ∑i wiyi

l , Ui
k = ∑i wiui

k, Hi = ∑i wihi (21)

The local instantaneous turbulence frequency ω and the mean pressure P(t, xk),
required for closing Equations (14)–(17) and relationships (18)–(20), are obtained from
Equations (1)–(7).

The ability to accurately determine the rates of chemical reactions in a turbulent
reactive flow is the most important advantage of the PM. As a matter of fact, terms Ji

l and
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.
Q

i
V in Equations (15) and (17) are directly determined from the known reaction mechanism

using the species mass fractions yi
l and temperature θi in the ith particle:

Ji
l = ViWl

L

∑
k=1

(
ν
′′
l,k − ν′l,k

)
Kk

(
θi
)nk

exp
(
− Ek

Rθi

) N

∏
j=1

(
yi

jρ
i

Wj

)ν′j,k

(22)

where Wl is the molecular mass of the lth species; Kk, nk, and Ek are the preexponential
factor, temperature exponent and activation energy of the kth reaction; ν′l,k, ν

′′
l,k are the

stoichiometric coefficients for the lth species in the cases when it serves as a reactant and
product of the kth reaction, respectively; and L is the total number of reactions in the
reaction mechanism.

The term
.

Q
i
V is calculated as:

.
Q

i
V =

1
ρi

L

∑
k=1

Hk Ak

(
θi
)nk

exp
(
− Ek

Rθi

) N

∏
j=1

(
yi

jρ
i

Wj

)ν′j,k

(23)

where Hk is the heat effect of the kth chemical reaction. Using Equations (22) and (23),
the contribution of volumetric reactions

.
rV and

.
QV in Equations (8) and (9) can be deter-

mined from:
.
rV =

∑i wiJi
f

∑i ρiVi (24)

.
QV = ∑

i
wi

.
Q

i
V (25)

Thus, no hypotheses on the influence of turbulent fluctuations of temperature and
species concentrations on the mean reaction rate is invoked. Note that the PM can be
readily deactivated if the problem under solution does not involve preflame reactivity.

The nominal number of particles in a computational cell, Np, usually varies from 5
to 20. It is set before the calculation to support statistical accuracy. The actual number
of particles in the cells can change during the calculation as particles move across the
computational domain. Special procedures of cloning and clustering of particles are used
to maintain the number of particles at a predetermined level. In general, the flow pattern
depends on the selected value of Np and on the computational mesh. However, preliminary
tests showed that the dependence of the flow pattern on Np becomes weak at Np > 10–15.
During its movement in the computational domain, each notional particle interacts with
the surrounding gas, and all exchange processes are concentrated in the corresponding
computational cell.

To calculate the course of preflame reactions by the PM, the overall reaction mechanism
of hydrocarbon fuel oxidation is used, which consists of L = 5 irreversible reactions (Table 1).
The notations in Table 1 are: K is the preexponential factor in the Arrhenius expression
for the reaction rate (units: liters, mols, seconds), E is the activation energy, and p is the
pressure in bar. In the reaction mechanism of Table 1 the first reaction is rate limiting and
is treated as bimolecular, while other reactions are aimed at obtaining an approximately
adequate temperature and composition of the main combustion products. This mechanism
was developed in the FRC for different alkane, alkene, and alkyne hydrocarbons and differs
for these hydrocarbons only by the Arrhenius parameters K and E for the rate limiting
reaction. As an example, Figure 2 demonstrates the capability of the reaction mechanism in
predicting the self-ignition delay τ of the stoichiometric ethylene–oxygen mixture at p = 10
bar at different initial temperatures.
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Table 1. Volumetric oxidation of ethylene: Overall reaction mechanism.

No. Reaction K, (L, mol, s) E, kcal/mol

1 C2H4 + 2O2 → 2CO + 2H2O 2·108 25
2 CO + H2O→ CO2 + H2 1·1012/p 42
3 CO2 + H2 → CO + H2O 3.1·1013/p 50
4 H2 + H2 + O2 → H2O + H2O 7.0·1013/p2 21
5 CO + CO + O2 → CO2 + CO2 8.5·1012/p2 21
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2.2.3. Boundary Conditions

The boundary conditions for the mean flow velocity, pressure, temperature, turbulent
kinetic energy, its dissipation, and mean species mass fractions (see Equations (1)–(5)) on
the rigid walls of the slit combustor are formulated using the formalism of wall functions
under the assumption that the walls are nonslip, noncatalytic, impermeable, and isothermal.
The boundary conditions at the inlet and outlet of the slit combustor include the mass flow
rate of the combustible mixture and constant ambient pressure, respectively.

The boundary conditions for the notional particles on the rigid walls of the slit com-
bustor and the open boundaries of the computational domain are formulated so that they
are consistent with the boundary conditions for the mean values of the respective variables.
This consistency is continuously monitored by comparing the mean values of variables
derived by solving the mean flow equations with the values of the same variables obtained
by ensemble averaging.

2.3. Numerical Procedure

The calculations are performed for the full geometry of the experimental setup [31],
including injector holes for supplying a combustible mixture (Figure 3). Contrary to [31],
the slit width δ takes the values of 5 mm, 10 mm, and 25 mm rather than only 5 mm.
As in the experiment, at δ = 5 mm, a provision is made only for a single row of injector
holes, whereas at δ = 10 mm and δ = 25 mm, a provision is made for two and five
rows of injector holes, respectively, installed with a transverse pitch 5 mm. At the lower
boundary of the plenum δ× 4× 800 mm in size, the boundary conditions for a constant
mixture flow rate (fill stage) or rigid wall (combustion stage) are set. Both in the plenum
and in the injector holes, mixture reactivity is deactivated. All side surfaces of the slit
combustor are considered as rigid walls with a temperature of 293 K. To avoid the influence
of perturbations reflected from the upper open boundary of the slit combustor, a wider
buffer volume 105 × 225 × 900 mm in size is attached to the computational domain. At
the upper and side boundaries of the buffer volume, the boundary conditions of constant
pressure p = 1 bar are set, and at the lower boundary, the conditions of an isothermal wall
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with a temperature of 293 K is set. As in experiments, ignition sources are installed along
the left wall of the slit combustor in the form of a linear set of ignition sources located at a
distance of 2 mm from the left wall with a pitch of 10 mm.
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Figure 3. Schematic of the computational domain.

The flow equations are solved numerically using a combined Finite Volume—Monte
Carlo algorithm realized in the in-house gas dynamic code coupled with the open-access
solvers of linear algebraic equations and stiff equations of chemical kinetics. In the Fi-
nite Volume part, the governing equations for the mean flow variables coupled with the
turbulence model are presented in the integral form of the general conservation law and
are solved in Cartesian coordinates using collocated variable arrangements using the cell-
face-based connectivity and interpolation practices for gradients. The rate of variable
change is discretized by the first-order accurate Euler scheme. Convective fluxes are treated
using a deferred correction approach with the blending factor between the UPWIND and
MINMOD schemes. Diffusion terms are discretized using the approach of [44] avoiding
unphysical oscillations. The arising set of linear algebraic equations is solved using the
iterative procedure based on the SIMPLE algorithm [45]. In the Monte Carlo part, the
governing equations of the PM are solved explicitly for all particles in the preflame zone,
which is extremely time-consuming. To save the CPU time, some heuristic criteria are
introduced. For example, particles with a temperature less than a certain critical value, e.g.,
500 K, are considered nonreactive.

The calculations are performed on the base structured computational mesh consisting
of 800,000 cells and about 10 million notional particles. The characteristic computational
cell size in the combustion region is 1 mm. Calculations on the finer mesh consisting of
1.8 million cells with 20 million particles did not show significant differences from the
calculations on the base mesh (see below). It must be noted that the spatial resolution
of both base and finer meshes is insufficient for simulating the structure of propagating
detonation in the slit combustor. The measured size of the detonation cell for the most
reactive undiluted stoichiometric ethylene–oxygen mixture considered herein is about
0.4 mm [46]. However, the base mesh seems appropriate as this study is focused on flame
acceleration and DDT, i.e., the processes, which are simulated on the subgrid scale within
the FT–PM approach.

The calculation begins with blowing the slit combustor with the stoichiometric
ethylene–oxygen mixture diluted with nitrogen with the given experimental values of
the parameters, determining the height of the combustible mixture layer: the mixture flow
rate, G, and fill time, tin. Next, the ignition procedure is switched on, in which the flame
from the initial ignition source expands spherically with an apparent velocity Uign = Bαut,
where α is the expansion coefficient of combustion products, and B is a model parameter
that depends on the ignition energy. When the size of the ignition source reaches 5 mm,
the main combustion calculation module is switched on. To determine the value of B,
preliminary calculations were made for the initial stage of flame propagation from the
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ignition source for a single selected set of experimental conditions. Comparison of the calcu-
lation results with experimental video records showed that B ≈ 3. For other experimental
conditions, this value of B was fixed.

3. Results
3.1. Model Validation

The computational model is validated against experiments dealing with flame acceler-
ation and detonation propagation. We consider three validation tests below.

3.1.1. Validation Test I

The first validation test considers flame propagation in a smooth-walled channel of
square cross section (40 × 40 mm) 6.1 m long with one open and one closed end filled
with the quiescent stoichiometric propane–air mixture at normal pressure and temperature
(NPT) conditions [47]. In the experiment, a heated wire was used to ignite the mixture.

In calculations, the ignition kernel is represented by a circle with a radius of 1 mm,
located at a distance of 1 cm from the closed end of the channel on the plane of symmetry
(according to [47]). At the open end of the channel, conditions of constant static pressure
(1 bar) are set. The temperature of channel walls is taken constant and equal to 293 K. A
uniform structured computational mesh with a cell size of 2 mm is used in the calculations.
In each computational cell, the flame front is described by at least 15 elements. Since the
considered experiment did not exhibit DDT, the PM is not activated.

Figure 4 compares the calculated and measured trajectories of the leading edge of
the flame. A good agreement between the results is obtained. When differentiating the
calculated curve, it is possible to obtain the time history of the apparent flame velocity.
It appears that the apparent flame velocity reaches 400 m/s in the vicinity of the open
end of the channel. The acceleration of the flame front is nonmonotonous with the local
maxima and minima caused by interactions of the flame front with compression and
rarefaction waves reflected from the closed and open ends of the channel. The pressure
waves themselves form in the course of flame acceleration. The interaction of the flame
with the pressure waves affects not only the flame motion but also the flame shape. Of
particular interest is the tulip-like shape of the flame front observed both in calculations and
experiments [47]. This flame shape occurs after the first interaction with the compression
wave reflected from the open end of the channel when the apparent flame velocity is
sufficiently low. The formation of such a flame shape is caused by a nonuniform distribution
of turbulence over the channel cross-section. The turbulence near the walls is higher and,
consequently, the turbulent burning velocity is higher. As a result, the near-wall elements
of the flame front move faster and overtake the flame elements in the central part of
the channel.
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3.1.2. Validation Test II

The second validation test considers flame acceleration in a complex-shape channel
composed of a booster tube 130 mm in diameter and 280 mm long and an attached tube
70 mm in diameter and 2.5 m long with an assembly of orifice plates with the blockage ratio
BR = 0.5 installed with a pitch equal to tube diameter (Figure 5) [48]. The BR was defined
as the ratio of the obstructed area to the cross-sectional area of the tube. The assembly of
orifice plates was 1 m long and started at a distance of 210 mm from the section where the
booster and the tube joined. To ignite the mixture in the booster, a prechamber was used.
The prechamber was a tube 51 mm in diameter and 180 mm long with one closed and
another open end. An igniter (spark plug) was placed at the closed end of the prechamber.
The open end of the prechamber communicated with the booster through a washer with a
circular central hole 16 mm in diameter. The channel was initially filled with the quiescent
stoichiometric methane–air mixture at NPT conditions. The flame velocity was measured
using the signals of photodiodes installed along the obstructed tube.
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assembly of orifice plates [48].

For simulating flame propagation in the setup of Figure 5, we use the whole geometry
of the setup and the same settings as in the previous validation tests. Figure 6 compares
the calculated and measured dependences of the apparent flame velocity on the distance
traveled by the flame from the igniter. Two important findings follow from Figure 6. The
first is that both the calculated curve and experimental points exhibit pronounced maxima,
which are attained at approximately the same distance from the igniter. The second is
that the calculated flame propagation velocity exhibits strong oscillations associated with
flow acceleration when passing through the orifice plate (causing increase in the apparent
flame velocity) and flow deceleration when expanding in the region between obstacles
(decrease in the apparent flame velocity). Despite this complexity in the flow dynamics, the
calculation results are in good agreement with the experiment, if one takes into account that
the apparent flame velocity in the experiment is taken as a mean value at the measuring
segment of a finite length. In the test under consideration, DDT did not occur either
in the experiment or in the calculations, presumably because of a small tube diameter
(70 mm), which is lower than the limiting tube diameter for the stoichiometric methane–air
mixture [49].
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3.1.3. Validation Test III

The last validation test considers the operation process in the annular RDE combus-
tor [50]. The combustor was composed of two coaxial cylinders 100 mm high with a 90-mm
inner-diameter cylinder nested within a hollow 100-mm diameter outer cylinder. The
annular gap between the cylinders was 5 mm. The lower end of the combustor is the
injector head consisting of a replaceable thin disc with a sharpened edge attached to the
inner cylinder of the combustor so that it forms an annular slit of width 1 mm with the
outer combustor wall. Gaseous oxygen was supplied to the combustor through this annular
slit in the axial direction. The oxidant injection pressure was 6 bar. Fuel (natural gas) was
fed through 144 equally distributed radial holes 0.8 mm in diameter drilled in the outer
wall of the combustor in the cross section located at a distance of 1.5 mm upstream from
the annular slit. The fuel injection pressure was 13 bar. The total mass flow rate of fuel and
oxidant was 0.3 kg/s. The upper end of the combustor is a jet nozzle with a conical central
body. All tests were performed under NPT conditions.

For simulating the operation process in the RDE combustor, we use a structured
nonuniform computational mesh. The total number of computational cells is 550,000
including the nozzle and the buffer zone attached to the combustor outlet. The minimum
size of the computational cells in the reaction zone is 0.2 mm. The total number of notional
particles is about 6 million. Fixed mass flow rates of fuel and oxygen are specified at
the inlets of fuel and oxygen plenums. No-slip conditions and a constant temperature
of 293 K are adopted at all solid walls. A constant static pressure of 1 bar is adopted
at the outlet boundary of the buffer zone normal to the combustor axis and located at a
large distance from the nozzle exit. The symmetry conditions are specified at the side
boundaries of the buffer zone. Figure 7 shows the calculated side views (left and right
snapshots) and cross-view (middle snapshot) of quasi-stationary fields of static pressure
(left and middle snapshots) and static temperature (right snapshot). The calculation predicts
the operation process with a single rotating detonation wave. This agrees well with the
single-wave operation mode registered in the experiment [50]. Moreover, the predicted
tangential detonation velocity (2330 ± 20 m/s) corresponds well with a measured value of
2320 ± 50 m/s, implying the same detonation rotation frequency of about 7.4 kHz. The
calculation also reproduces well the flow structure in the RDE combustor with the growing
fuel–oxygen mixing layer behind and ahead of the propagating detonation wave, with the
dilution of the fresh mixture in the layer by the residual combustion products, a localized
high-pressure zone in the detonation wave, bow shock waves attached to the detonation
wave and spreading both upstream and downstream, etc.
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RDE combustor operating on the methane–oxygen mixture with a single detonation wave rotating at
a frequency of 7.4 kHz similar to that registered in experiments [50]. Arrows show the direction of
detonation rotation.

The agreement between the calculated and measured results, attained in Figures 4, 6 and 7,
indicates that the use of the numerical simulation technique described in Sections 2.1 and 2.2
is well justified and makes it possible to simulate DDT with the accuracy acceptable for
studies aimed at obtaining both qualitative and quantitative results.

3.2. Results of Calculations

Let us now consider the results of calculations of flame acceleration and DDT in the
slit combustor of Figure 3 filled with the stoichiometric ethylene–oxygen mixture with
nitrogen dilution. Table 2 shows the conditions for seven tests with different slit widths, δ,
nitrogen dilution in terms of β or nitrogen volume fraction [N2] = β/(1 + β), mixture flow
rate, G, fill time, tin, and the height of the mixture layer, hest, estimated based on the values
of G, tin, and slit volume, Vc:

hest =
HGtin

Vc

where H = 400 mm is the slit height.

Table 2. Test conditions for calculations.

Test
No.

δ
mm β

[N2],
vol.% G, L/min tin,

s hest, mm

1 5 0 0 2.36 10 100
2 5 0 0 2.36 5 50
3 5 0 0 2.36 3 30
4 5 0.28 22 2.36 10 100
5 5 0.50 33 2.36 10 100
6 10 0 0 5.72 10 100
7 25 0 0 11.80 10 100

3.2.1. Mesh Sensitivity

Figure 8 is plotted to demonstrate the mesh sensitivity of the results of calculations
by comparing the flame shape and position at the same time instant after ignition (0.6 ms)
depending on the spatial resolution of the computational mesh. Chosen as an example
is Test No. 1 in Table 2. The results obtained on the base mesh (800,000 cells) differ only
slightly from the results obtained on the finer mesh (1,800,000 cells). As was reported
in [31], the DDT most probably occurred near the slit bottom ahead of the leading edge
of the flame. The most important observation in Figure 8 is that the position of the flame
leading edge is about the same in both calculations despite some differences in the flame
shape. This fact is treated as decisive in choosing the base computational mesh.
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Figure 8. Mesh sensitivity of the results of calculations for the Test No. 1 (δ = 5 mm, β = 0,
hest = 100 mm) at t = 0.6 ms after ignition.

3.2.2. Slit Filling

Figure 9 shows the calculated distribution of the ethylene mass fraction in Test No. 1
(see Table 2) upon slit filling with hest = 100 mm. The contact boundary between the
combustible mixture and the displaced air is significantly blurred: the height of the mixing
layer is about 32 mm, and the height of the mixture layer of a given stoichiometric compo-
sition is about 70 mm. In the vicinity of the left and right ends of the slit, the height of the
combustible mixture layer is less than in the central part, which is caused by the formation
of a velocity profile in the course of slit filling.
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slit immediately before ignition in Test No. 1 (δ = 5 mm, β = 0, hest = 100 mm). The horizontal
dashed line shows the initial estimated height of the mixture layer.

3.2.3. Deflagration-to-Detonation Transition

Let us now consider the calculations of DDT in a slit combustor at δ = 5 mm, β = 0,
and hest = 100 mm (Test No. 1, Table 2). When the mixture is ignited, a shock wave
(hereinafter the precursor shock wave) forms with an amplitude of about 2 bar, which then
weakens to 0.15–0.17 MPa due to expansion. At the initial stage, the flame front retains the
shape acquired during ignition by discrete ignition sources located along the left wall of
the slit (Figure 10). In the vicinity of the bottom of the slit, the shape of the flame front stays
almost flat, despite some wrinkles caused by discrete ignition sources. Higher from the
bottom, the flame front is bent due to the decrease in the local burning velocity caused by
the dilution of the combustible mixture with air. The precursor shock wave and the flame
front displace the combustible mixture up the slit, thus dynamically increasing the initial
layer height.
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Figure 10. Initial stage of flame propagation in Test No. 1 (δ = 5 mm, β = 0, hest = 100 mm) at
t = 0.2 ms after ignition). Distributions (from top to bottom) of temperature, pressure, and mass
fraction of ethylene in the central longitudinal cut of the slit. The horizontal dashed lines show the
initial estimated height of the mixture layer.

The precursor shock wave propagating along the bottom of the slit with injector holes
entrains the fresh combustible mixture at a longitudinal velocity of up to 200 m/s, which
leads to generation of intense flow turbulence at a height of up to 5 mm, to an increase in
the turbulent burning velocity, and to the formation of a rapidly advancing near-wall flame
tongue (Figure 11).
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Figure 11. Formation of a flame tongue at the slit bottom in Test No. 1 (δ = 5 mm, β = 0,
hest = 100 mm) at t =0.6 ms after ignition). Distributions (from top to bottom) of temperature,
pressure, and fuel mass fraction in the central longitudinal cut of the slit. The horizontal dashed lines
show the initial estimated height of the mixture layer.
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The secondary shock wave formed during the extension of the flame tongue overtakes
and strengthens the weakening precursor shock wave, forming a shock wave of greater
intensity, which leads to an increase in pressure and temperature, as well as an increase in
the flow velocity and turbulence intensity ahead of the flame near the slit bottom, and the
flame front accelerates to an apparent velocity of 700–800 m/s (Figure 12).
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Figure 12. Calculated distributions of flow parameters immediately before the onset of the exothermic
self-ignition center in Test No. 1 (δ = 5 mm, β = 0, hest = 100 mm) at t = 1.15 ms after ignition.
Distributions (from top to bottom) of temperature, pressure, and fuel mass fraction in the central
longitudinal cut of the slit. The horizontal dashed lines show the initial estimated height of the
mixture layer.

Starting from a certain time instant, the exothermic self-ignition center forms in front
of the flame. Figure 13 shows the temperature field with a distinct exothermic self-ignition
center ahead of the flame near the slit bottom. It is clearly seen at the exploded view of
Figure 13 that the exothermic self-ignition center forms ahead of the leading edge of the
flame. For the sake of clarity, the black dotted line shows the position of the contact (flame)
surface between the fresh mixture and combustion products at the instant of preflame
self-ignition. The time instant of the formation of the exothermic self-ignition center is very
close to the time instant when the flame-born shock wave overtakes the precursor shock
wave, which is in agreement with the Shchelkin criterion for DDT [34]. The formation of
the exothermic self-ignition center is facilitated by shock wave reflections from the walls of
injector holes at the slit bottom and from the corners of conjugation of the slit bottom and
side walls. The exploded view in Figure 13 also shows that combustion products penetrate
through the injector holes in the slit bottom to the plenum of the combustible mixture but
do not ignite the fresh mixture during the time period preceding DDT.
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The detonation wave formed from the exothermic self-ignition center further propa-
gates both along the slit bottom and upwards and burns the remaining combustible mix-
ture ahead of the flame front (Figure 14). 
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Figure 13. Formation of an exothermic self-ignition center ahead of the flame front in Test No. 1
(δ = 5 mm, β = 0, hest = 100 mm). Temperature distribution in the central longitudinal cut of the
slit at t = 1.17 ms after ignition: left is the normal view; right is the exploded view. The horizontal
dashed lines show the initial estimated height of the mixture layer.

The detonation wave formed from the exothermic self-ignition center further propa-
gates both along the slit bottom and upwards and burns the remaining combustible mixture
ahead of the flame front (Figure 14).
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Figure 14. Propagation of a detonation wave in a slit combustor in Test No. 1 (δ = 5 mm, β = 0,
hest = 100 mm) at t = 1.25 ms after ignition. Distributions (from top to bottom) of temperature,
pressure, and fuel mass fraction in the central longitudinal cut of the slit. The horizontal dashed lines
show the initial estimated height of the mixture layer.
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3.2.4. Effect of Layer Height on DDT

A decrease in the height of the combustible mixture layer leads to a decrease in the
intensity of the precursor shock wave and the flame-born shock wave. This leads to a
decrease in the level of turbulence and the flame propagation velocity in the vicinity of
the slit bottom. In the calculation for a layer 50 mm high (Test No. 2, Table 2), the flow
structure with a flame tongue extending along the slit bottom (like in Test No. 1) is no
longer realized (Figure 15). Here, the flame front propagates along the bottom at an angle
close to 45◦. Nevertheless, DDT also occurs at a time instant very close to the instant when
the shock wave generated by the accelerating flame overtakes the precursor shock wave.
As seen in Figure 15, DDT occurs at about 2.37 ms after ignition with the formation of an
exothermic self-ignition center ahead of the flame near the slit bottom. For the sake of
clarity, we show the position of the contact (flame) surface between the fresh mixture and
combustion products at the instant of preflame self-ignition by the black dotted line.
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Further reduction of the mixture layer height to 30 mm (Test No. 3, Table 2) leads to 
the stabilization of the apparent flame front velocity at a level of 200–300 m/s, which is 

Figure 15. Calculated temperature distributions in the central longitudinal cut of the slit at differ-
ent time instants after ignition for a combustible mixture layer of Test No. 2 (δ = 5 mm, β = 0,
hest = 50 mm). Distributions correspond to time instants 0.2, 0.6, 2.0, 2.35, 2.37, and 2.4 ms (from top
to bottom). The horizontal dashed lines show the initial estimated height of the mixture layer.
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Further reduction of the mixture layer height to 30 mm (Test No. 3, Table 2) leads to
the stabilization of the apparent flame front velocity at a level of 200–300 m/s, which is
insufficient for the DDT onset (Figure 16). The decrease in the flame velocity is associated
with both a deterioration in the quality of the combustible mixture in the layer and with a
lower intensity of the precursor shock wave and the flame-born shock wave.
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the critical velocity of the flame front at an instant of DDT (about 750 m/s) is preserved. 
Further mixture dilution with nitrogen (Test No. 5) slows down the flame acceleration 
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Figure 16. Calculated temperature distributions in the central longitudinal cut of the slit at differ-
ent time instants after ignition for a combustible mixture layer of Test No. 3 (δ = 5 mm, β = 0,
hest = 30 mm). Distributions correspond to time instants 0.2, 1.0, 1.5, and 2.0 ms (from top to bottom).
The horizontal dashed lines show the initial estimated height of the mixture layer.

3.2.5. Effect of Nitrogen Dilution on DDT

To study the effect of nitrogen dilution on DDT, we compared Tests 1, 4, and 5 with
δ = 5 mm and hest = 100 mm but different values of β (0, 0.28 and 0.50). The ignition
procedure was the same as in Section 3.2.4. Figure 17 compares the apparent velocities
of the leading edge of the flame versus the traveled distance along the slit bottom for
mixtures with β = 0 ([N2] = 0, Test No. 1), 0.28 ([N2] = 22 vol.%, Test No. 4), and 0.50
([N2] = 33 vol.%, Test No. 5). Mixture dilution with nitrogen is seen to lead to a slowdown
in flame acceleration due to a decrease in the rate of energy release. As compared to the
test with β = 0, at β = 0.28 the DDT run-up distance is shifted further from the igniters but
the critical velocity of the flame front at an instant of DDT (about 750 m/s) is preserved.
Further mixture dilution with nitrogen (Test No. 5) slows down the flame acceleration
and the length of the slit becomes insufficient for flame acceleration to the critical speed.
Moreover, at the latest stage of flame propagation, the flame is seen to slow down due to
the reflection of the lead shock wave from the closed right end of the slit.
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Figure 17. The apparent propagation velocity of the leading edge of the flame versus the distance
traveled by the flame along the slit bottom for Tests Nos. 1 (δ = 5 mm, β = 0, hest = 100 mm),
4 (δ = 5 mm, β = 0.28, hest = 100 mm) and 5 (δ = 5 mm, β = 0.50, hest = 100 mm).
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Figure 18 compares the temperature distributions in Test Nos. 1, 4, and 5 at a time
instant 1.15 ms after ignition. Mixture dilution with nitrogen results in a decrease in the
height of the ignited layer, the maximum flame temperature, and the distance traveled by
the flame along the slit bottom.
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Figure 18. Comparison of the calculated temperature distributions in the central longitudinal cut of
the slit at t = 1.15 ms for combustible mixtures of Test No. 1 (δ = 5 mm, β = 0, hest = 100 mm), Test
No. 4 (δ = 5 mm, β = 0.28, hest = 100 mm) and Test No. 5 (δ = 5 mm, β = 0.50, hest = 100 mm); the
horizontal dashed lines show the initial estimated height of the mixture layer.

Finally, Figure 19 shows the calculated temperature distribution in Test No. 4 with
β = 0.28 immediately prior to DDT. One can see a strong shock wave ahead of the leading
edge of the flame and a highly developed folded structure of the flame.
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3.2.6. Effect of Slit Width on DDT

The effect of slit width on DDT was studied by comparing calculations for Tests Nos. 1,
6, and 7 in Table 2, which differ only by the value of δ (δ = 5, 10, and 25 mm, respectively),
while other governing parameters (β = 0, hest = 100 mm) and the ignition procedure are
the same.

Figure 20 compares the apparent velocities of the leading edge of the flame versus
the traveled distance along the slit bottom for slit widths δ = 5 (Test No. 1), 10 mm (Test
No. 6), and 25 mm (Test No. 7). In contrast to the calculations with nitrogen dilution
(see Figure 17), the main differences are observed at the initial stage of flame acceleration.
The differences are associated with an increase in the gas volume while maintaining the
ignition energy of the mixture. The slowing down of flame acceleration at the initial stage
of flame propagation leads to a decrease in the flame speed causing the postponing of DDT
at δ = 10 mm and the failure of DDT at δ = 25 mm. A significant slowdown of the flame
front at δ = 25 mm is also associated with its interaction with shock waves reflected from
the right end of the slit, which is accompanied by a decrease in the apparent flame velocity
at X = 470 mm and X = 720 mm.
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Figure 20. The apparent propagation velocity of the leading edge of the flame versus the distance
traveled by the flame along the slit bottom for Tests Nos. 1 (δ = 5 mm, β = 0, hest = 100 mm), 6
(δ = 10 mm, β = 0, hest = 100 mm) and 7 (δ = 25 mm, β = 0, hest = 100 mm).

Figure 21 compares the calculated positions of the flame front in the slit combustors of
different slit widths (δ = 5, 10 and 25 mm) at the same time instant after ignition (t = 1.15 ms).
One can see a significant difference in the position of the flame front. We are reminded
that the igniters are placed along the centerline of the combustor left wall. Therefore, the
wider the slit, the larger the influence of the lateral flame expansion and the slower flame
acceleration along the slit bottom. The deterioration of the conditions for DDT in a wider
slit is mainly associated with a longer delay of flame arrival to the side walls of the slit
causing slower flame propagation and acceleration.

Figures 22 and 23 show the temperature distributions in the central longitudinal
section of the slit with widths δ = 10 and 25 mm, respectively. The increase in the slit width
from 5 mm (see Figure 12) to 10 mm does not lead to the appearance of significant 3D effects
in the shape of the flame front, while at δ = 25 mm, the 3D effects do manifest themselves in
the flame shape; the flame propagates faster along the side walls of the slit forming a recess
on the flame surface in the central part of the slit. The latter is clearly seen in Figure 24
showing 3D views of the flame front in the combustor with δ = 25 mm at three instants of
time: 0.2 ms, 2 ms, and 3 ms. It can be seen that at 2 and 3 ms, the flame has a pronounced
3D structure with tongues propagating along the side walls of the slit and the recess in the
central longitudinal parts of the flame surface.



Energies 2023, 16, 7028 22 of 28Energies 2023, 16, x FOR PEER REVIEW 22 of 29 
 

 

 
Figure 21. Comparison of the calculated temperature distributions in the central longitudinal cut of 
the slit at 𝑡 = 1.15 ms for combustible mixtures of Tests Nos. 1 (𝛿 = 5 mm, 𝛽 = 0, ℎ = 100 mm), 
6 (𝛿 = 10 mm, 𝛽 = 0, ℎ = 100 mm) and 7 (𝛿 = 25 mm, 𝛽 = 0, ℎ = 100 mm); the horizontal 
dashed lines show the initial estimated height of the mixture layer. 

Figures 22 and 23 show the temperature distributions in the central longitudinal sec-
tion of the slit with widths 𝛿 = 10 and 25 mm, respectively. The increase in the slit width 
from 5 mm (see Figure 12) to 10 mm does not lead to the appearance of significant 3D 
effects in the shape of the flame front, while at 𝛿 = 25 mm, the 3D effects do manifest 
themselves in the flame shape; the flame propagates faster along the side walls of the slit 
forming a recess on the flame surface in the central part of the slit. The latter is clearly seen 
in Figure 24 showing 3D views of the flame front in the combustor with 𝛿 = 25 mm at 
three instants of time: 0.2 ms, 2 ms, and 3 ms. It can be seen that at 2 and 3 ms, the flame 
has a pronounced 3D structure with tongues propagating along the side walls of the slit 
and the recess in the central longitudinal parts of the flame surface. 

 
Figure 22. Calculated temperature distribution in the central longitudinal cut of the slit for the com-
bustible mixture of Test No. 6 (𝛿 = 10 mm, 𝛽 = 0, ℎ = 100 mm) prior to DDT at 𝑡 = 2.25 ms. 

Figure 21. Comparison of the calculated temperature distributions in the central longitudinal cut of
the slit at t = 1.15 ms for combustible mixtures of Tests Nos. 1 (δ = 5 mm, β = 0, hest = 100 mm), 6
(δ = 10 mm, β = 0, hest = 100 mm) and 7 (δ = 25 mm, β = 0, hest = 100 mm); the horizontal dashed
lines show the initial estimated height of the mixture layer.
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Figure 24. The shape of the flame front in the slit combustor of Test No. 7 (δ = 25 mm, β = 0,
hest = 100 mm) at t = 0.25 ms, 2 ms, and 3 ms after ignition. The color scale corresponds to the
normalized fuel mass fraction immediately ahead of the flame.

4. Discussion

On the whole, the calculation results agree satisfactorily with the experimental data [31]
on the slit-filling dynamics, flame structure, the place of occurrence of the exothermic self-
ignition center, DDT, and detonation propagation.

Slit filling is accompanied by blurring the contact surface between the combustible
mixture and the ambient air causing mixture dilution with air. As a result, the true height
of the layer, hflame, which is still possible to ignite is smaller than the estimated height of the
layer, hest. Figure 25 compares the estimated and true heights of the layers. The two-way
arrows indicating the true heights of the layers are terminated at the position of the highest
igniter that triggers mixture ignition. Furthermore, Figure 26 compares hflame and hest with
measurements [31] in a graph demonstrating the increasing deviation of hflame from hest
with the increase in the combustor fill for combustible mixtures with β = 0. Worth noting
is the satisfactory agreement between predicted and measured values of hflame.

Energies 2023, 16, x FOR PEER REVIEW 24 of 29 
 

 

 
Figure 25. Estimated (ℎ ) and true heights of the layers; 𝛽 = 0, 𝛿 = 5 mm, and 𝐺 = 2.36 L/min. 

 
Figure 26. The difference between the true height of the combustible mixture layer (ℎ ) and its 
estimated value (ℎ ). The dashed line corresponds to condition ℎ = ℎ ; squares correspond 
to experimental data [31]; 𝛽 = 0, 𝛿 = 5 mm, and 𝐺 = 2.36 L/min. 

Figure 27 compares the calculated and measured data on the propagation velocity of 
the leading edge of the flame, depending on the traveled distance along the slit bottom 
for Tests Nos. 1–3 (𝛽 = 0, 𝛿 = 5 mm, and ℎ  equal to 100, 50, and 30 mm, respectively). 
In the calculations, the velocities of the flame at the initial stage of flame acceleration (dur-
ing the extension of the flame tongue) turn out to be somewhat lower than the measured 
values. Thereafter, the differences in the calculated and measured flame velocities de-
crease and the calculation correctly predicts the critical flame velocity at which DDT oc-
curs (about 750 m/s). As in experiments, a decrease in the height of the combustible mix-
ture layer below 50 mm in the calculations led to flame acceleration to a maximum velocity 
of 200–300 m/s without DDT. It should be emphasized that the positions of DDT site in 
experiments [31] exhibited a rather large scatter. 

 
Figure 27. Comparison of the calculated and measured [31] dependences of the apparent propaga-
tion velocity of the leading edge of the flame on the traveled distance along the slit bottom; 𝛽 = 0, 𝛿 = 5 mm, and 𝐺 = 2.36 L/min. 

Figure 25. Estimated ( hest) and true heights of the layers; β = 0, δ = 5 mm, and G = 2.36 L/min.

Figure 27 compares the calculated and measured data on the propagation velocity of
the leading edge of the flame, depending on the traveled distance along the slit bottom for
Tests Nos. 1–3 (β = 0, δ = 5 mm, and hest equal to 100, 50, and 30 mm, respectively). In
the calculations, the velocities of the flame at the initial stage of flame acceleration (during
the extension of the flame tongue) turn out to be somewhat lower than the measured
values. Thereafter, the differences in the calculated and measured flame velocities decrease
and the calculation correctly predicts the critical flame velocity at which DDT occurs
(about 750 m/s). As in experiments, a decrease in the height of the combustible mixture
layer below 50 mm in the calculations led to flame acceleration to a maximum velocity
of 200–300 m/s without DDT. It should be emphasized that the positions of DDT site in
experiments [31] exhibited a rather large scatter.



Energies 2023, 16, 7028 24 of 28

Energies 2023, 16, x FOR PEER REVIEW 24 of 29 
 

 

 
Figure 25. Estimated (ℎ ) and true heights of the layers; 𝛽 = 0, 𝛿 = 5 mm, and 𝐺 = 2.36 L/min. 

 
Figure 26. The difference between the true height of the combustible mixture layer (ℎ ) and its 
estimated value (ℎ ). The dashed line corresponds to condition ℎ = ℎ ; squares correspond 
to experimental data [31]; 𝛽 = 0, 𝛿 = 5 mm, and 𝐺 = 2.36 L/min. 

Figure 27 compares the calculated and measured data on the propagation velocity of 
the leading edge of the flame, depending on the traveled distance along the slit bottom 
for Tests Nos. 1–3 (𝛽 = 0, 𝛿 = 5 mm, and ℎ  equal to 100, 50, and 30 mm, respectively). 
In the calculations, the velocities of the flame at the initial stage of flame acceleration (dur-
ing the extension of the flame tongue) turn out to be somewhat lower than the measured 
values. Thereafter, the differences in the calculated and measured flame velocities de-
crease and the calculation correctly predicts the critical flame velocity at which DDT oc-
curs (about 750 m/s). As in experiments, a decrease in the height of the combustible mix-
ture layer below 50 mm in the calculations led to flame acceleration to a maximum velocity 
of 200–300 m/s without DDT. It should be emphasized that the positions of DDT site in 
experiments [31] exhibited a rather large scatter. 

 
Figure 27. Comparison of the calculated and measured [31] dependences of the apparent propaga-
tion velocity of the leading edge of the flame on the traveled distance along the slit bottom; 𝛽 = 0, 𝛿 = 5 mm, and 𝐺 = 2.36 L/min. 
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estimated value (hest). The dashed line corresponds to condition hflame = hest; squares correspond to
experimental data [31]; β = 0, δ = 5 mm, and G = 2.36 L/min.
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Figure 27. Comparison of the calculated and measured [31] dependences of the apparent propagation
velocity of the leading edge of the flame on the traveled distance along the slit bottom; β = 0,
δ = 5 mm, and G = 2.36 L/min.

The calculations allow tracing the mechanism of DDT onset in the system under
consideration. The initial acceleration of the flame front occurs due to the turbulence
induced by the precursor shock wave running over the slit bottom with the mixture supply
injector holes. Acceleration of the flame front leads to the formation of compression waves
and a secondary shock wave running through the fresh mixture that is precompressed and
preheated by the precursor shock wave. The time instant of DDT can be close to the time
instant when the secondary shock wave and the precursor shock wave merge; the merger
can lead to the formation of exothermic self-ignition centers at triple points, as well as in the
zones of shock wave cumulation in the corners between the slit bottom and side walls. Note
that DDT can also be induced by the flame-born shock wave reflected from the right end of
the slit combustor [31]. However, this DDT scenario is not considered here as it is irrelevant
to annular RDE combustors. Figure 28 compares the calculated temperature distributions
in Test No. 1 with the frames of the video records of the combustion process for the same
conditions (β = 0, δ = 5 mm, and hest = 100 mm). Good qualitative and quantitative
agreement is seen in terms of the flame shape, as well as the place of DDT onset. As for the
DDT run-up time, it differs in the calculation and in the experiment, presumably due to the
imperfect simulation of the flame ignition stage and due to the stochastic nature of the DDT
process. The latter means that the DDT occurs at different sites of the slit even at careful
replication of experimental conditions. It is caused by the sensitivity of the DDT process
to many factors including those arising in the course of flame ignition and propagation.
This sensitivity increases as it approaches critical conditions like in many other problems
of chemical physics. Thus, at the near-critical height of the layer, the scatter appears to
be very large and has a “go”–“no go” nature. By increasing the height of the layer above
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the critical value, the scatter decreases but remains nonzero. In other words, the critical
height of the layer is a stochastic variable with a certain mathematical expectation rather
than a fixed deterministic value. Therefore, the claim that the critical height of the layer
is close to 50 mm means that that the probability of DDT with such a layer is becoming
significantly less than 100%. In such circumstances, there is no reason to have a good
quantitative agreement between calculated and measured DDT run-up distance and time
since we compare the calculation with one particular experiment reported in [31].
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Figure 28. Comparison of the calculated temperature distributions and video frames of the combus-
tion process in a slit combustor at 𝛿 = 5 mm, 𝛽 = 0, and ℎ = 100 mm. Time instants after 

Figure 28. Comparison of the calculated temperature distributions and video frames of the combus-
tion process in a slit combustor at δ = 5 mm, β = 0, and hest = 100 mm. Time instants after ignition
(from top to bottom): t = 0.2/0.2 ms (calc./exp.); t = 0.6/0.4 ms (flame tongue formation at the slit
bottom); t = 1.15/0.84 ms (immediately prior to DDT); t = 1.3/0.94 ms (prior to the arrival of the
detonation wave to the right end of the slit). The horizontal dashed lines in calculated snapshots
show the initial estimated height of the mixture layer. Black horizontal and vertical bands in the
video records correspond to the supporting frames of windows in the experimental setup.

According to experiments [31], the minimum height of the layer of the undiluted
stoichiometric ethylene–oxygen mixture (C2H4 + 3O2) is about 50 mm. The calculations
provide approximately the same value for the minimal height of the mixture layer (see
Figure 15 for Test No. 2 in Table 2). According to Figure 15, the location of DDT at
hest = 50 mm is close to the right wall of the slit combustor.

5. Conclusions

Systematic 3D numerical simulations of flame acceleration and DDT in a semi-confined
flat slit combustor are performed. The combustor was assumed to be partly filled with the
stoichiometric ethylene–oxygen mixture at normal pressure and temperature conditions.
The objective of the study was to reveal the conditions for DDT in terms of the minimal
possible height of the combustible mixture layer in the slit, the maximum possible nitrogen
dilution of the mixture, and the maximum possible slit width. The results of calculations
were compared with the available experimental data. The most important findings are
listed below.
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(1) The calculation results agree satisfactorily with the experimental data [31] on the
slit-filling dynamics, flame structure, the occurrence of preflame self-ignition centers,
and DDT.

(2) Slit filling with the combustible mixture is accompanied by blurring the contact surface
between the mixture and the ambient air, causing the mixture to dilute with air. As a
result, the true height of the layer, which is still possible to ignite, is smaller than the
estimated height of the layer by up to 16%.

(3) DDT can occur in the layer at a time instant very close to the instant when the flame-
born shock wave overtakes the precursor shock wave caused by flame ignition. DDT
most probably occurs near the slit bottom due to the formation of the exothermic
self-ignition center ahead of the leading edge of the flame as a result of shock wave
reflections from the walls of injector holes at the slit bottom and from the corners of
conjugation of the slit bottom and side walls.

(4) A decrease in the height of the layer of the combustible mixture leads to a decrease
in the intensity of the precursor shock wave and the flame-born shock wave, and
therefore, to a decrease in the level of turbulence and the flame propagation velocity
in the vicinity of the slit bottom, thus increasing the DDT run-up distance and time
up to the critical value when DDT fails.

(5) The dilution of the combustible mixture with nitrogen leads to the same effect as the
decrease in the height of the layer of the combustible mixture, as it leads to a decrease
in the rate of energy release and a corresponding weakening of the precursor and the
flame-born shock waves, thus increasing the DDT run-up distance and time up to the
critical value when DDT fails.

(6) The increase in the slit width at a fixed ignition energy leads to the same effects as the
decrease in the height of the layer of the combustible mixture and the dilution of the
combustible mixture with nitrogen. The deterioration of the conditions for DDT in a
wider slit is mainly associated with a longer delay of flame arrival to the side walls of
the slit causing slower flame propagation and acceleration.

(7) A comparison of the calculation results and experimental data on the flame propaga-
tion velocity shows that the calculation satisfactorily describes the flame acceleration
stage, as well as the apparent flame velocity at which DDT occurs (about 750 m/s
for a stoichiometric ethylene–oxygen mixture). In addition, the calculation correctly
predicts the minimum height of the combustible mixture layer required for DDT.

The obtained results are important for determining the conditions for mild initiation of
detonation in semi-confined annular RDE combustors. For the mild initiation of detonation,
the mixture must be ignited upon reaching the critical (minimal) height of the layer. For
the annular RDEs, this limiting height could additionally depend on the wall curvature.
Future work will focus on improving the simulation of the ignition stage to reach a better
agreement with the measured DDT run-up distance and time.
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