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The air-breathing pulsed detonation engine (PDE) for an aircraft designed for
a subsonic §ight when operating on the products of pyrolysis of polypropylene
was developed using the analytical estimates and parametric multivariant threedimensional (3D) calculations. The PDE consists of an air intake with a check
valve, a fuel supply system, a prechamber-jet ignition system, and a combustion
chamber with an attached detonation tube. Parametric 3D calculations allowed
choosing the best length of the PDE combustor, which provides an e©cient mixing of air with fuel, the best way to ignite the mixture (prechamber-jet ignition),
the best location of the prechamber, the minimum length of the section with
turbulizing obstacles for §ame acceleration and de§agration-to-detonation transition (DDT), and the best degree of ¦lling the detonation tube with the fuel
mixture to achieve the maximum completeness of combustion.

1

Introduction

In existing ramjets, a stationary operation process with continuous conversion
of the chemical energy of fuel into the useful work of expanding products of
de§agrative (subsonic) combustion is used. Continuous combustion of fuel in the
combustor is ensured by special means and/or devices preventing §ame blowo¨ and proceeds with a signi¦cant decrease in density (by a factor of 2 to 5)
and with a slight decrease in pressure (by several percent) in the combustion
products. Ramjets with pulsating (nonstationary) de§agrative combustion are
often considered as an alternative to the ramjets with continuous de§agrative
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combustion of fuel. Such ramjets equipped with resonator tubes operate on the
self-oscillating combustion of fuel with a signi¦cant decrease in density, but
with a slight (by several percent) increase in pressure∗ . A well-known example
is German V-1 vehicle of the Second World War.
Since 19401950s, thanks to the works of Ya. B. Zel£dovich [1] and B. V. Voitsekhovskii [2], a new idea arose that is the possibility of using detonative (supersonic) rather than de§agrative combustion of fuel in ramjets with the implication
that the detonative combustion theoretically promises a signi¦cant increase in
the energy e©ciency. In contrast to stationary de§agrative combustion, in which
the density and pressure of the products of chemical transformations decrease,
in stationary detonative combustion, the density and pressure of reaction products increase substantially (density increases by a factor of 2, pressure increases
by a factor of up to 1517). Since stationary detonative combustion of fuel
in an oblique detonation wave is accompanied by large entropy losses [1], the
possibility of organizing detonative combustion in propagating detonation waves
was considered: either in a continuous ¥spinning¥ detonation wave [2, 3] or in
a pulse-periodic detonation wave [4]. Engines with continuous spinning detonation of fuel are called continuous-detonation engines (CDEs), and engines with
pulse-periodic detonations are referred to as pulsed detonation engines. The
combustion chamber in a CDE is made, as a rule, in the form of an annular
chamber with axial air supply and with a distributed radial fuel supply by multiple jets. The spinning detonation wave continuously rotates in the annular gap
downstream from the fuel jet holes, thus burning all the fuel entering the combustor during one turn of the wave around the engine axis, and the detonation
products continuously expel into the ambient atmosphere through the nozzle,
thus creating continuous thrust. The combustion chamber in the PDE is made,
as a rule, in the form of a straight duct, periodically ¦lled with fuelair mixture
and equipped with a mechanical check valve periodically blocking air access to
the combustor. During the period when the valve is closed, a detonation wave
runs along the duct, thus burning all the fuel accumulated in the combustor, and
the detonation products expel into the ambient atmosphere through the nozzle,
creating a pulse of thrust.
This paper is a continuation of the studies described in [5]. In [5], ¦ring tests
of the PDE model with a mechanical check valve were conducted in a subsonic
wind tunnel with a free air jet of the Mach number ranging from 0.65 to 0.85.
Liquid propane was used as a fuel. Operating modes with a frequency of up
to 10 Hz, an average thrust of up to 30 N, and an average speci¦c impulse
of up to 1000 s were obtained. Note that according to the one-dimensional
(1D) analysis [6, 7], the PDE of [5] could exhibit the speci¦c impulse on the
level of 2000 s. The di¨erence in the measured and estimated values (1000 and
∗ The latter does not contradict the laws of conservation of mass and momentum, since the
operation process in such an engine is nonstationary.
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2000 s) is probably due to the di¨erences in the PDE operation. Thus, in the
experiments of [5], the PDE operated based on the DDT phenomenon, when
a large part of the tube length was used for §ame acceleration. On the contrary,
the idealized PDE performance in [6, 7] is calculated with direct detonation
initiation.
The purpose of our further research is the development, based on the results of [5], of a PDE operating on the products of pyrolysis of solid fuel like
polypropylene. The possibility of using the products of pyrolysis of solid combustible in ramjets operating on detonation combustion was considered in [8]
where granular polypropylene was selected as a solid fuel. In [8], a gas generator was designed, manufactured, and tested to obtain polypropylene pyrolysis
products at a decomposition temperature of 650 to 800 ◦ C. Chromatographic
analysis of the products showed that they mainly consist of propylene C3 H6 ,
isobutene iso-C4 H8 , ethane C2 H6 , methane CH4 , ethylene C2 H4 , and propane
C3 H8 . Experiments on the DDT in air mixtures of hot polypropylene pyrolysis
products were carried out. It was shown that in mixtures with air, enriched in
fuel (with an air-to-fuel equivalence ratio ranging from 0.73 to 0.90), at normal
pressure and elevated initial temperature (7090 ◦ C), the pyrolysis products of
polypropylene have detonability somewhat similar or even better than the detonability of lique¦ed petroleum gas (LPG) in a stoichiometric mixture with air
under normal conditions. This means that the polypropylene pyrolysis products
can be readily modeled by the stoichiometric LPGair mixture.
There are several publications in the open literature relevant to experimental
studies of hydrocarbon-fueled air-breathing PDEs, the subject of this paper. Brophy et al. [9, 10] investigated detonability limits of JP-10air aerosol in a pulse
detonation combustor which utilizes a JP-10oxygen predetonator unit as the
source of direct detonation initiation. The results obtained indicate that for a JP10air aerosol to successfully detonate at a detonation velocity of ∼ 1800 m/s,
a Sauter Mean Diameter of aerosol droplets below approximately 3 µm is required and/or a large fraction of fuel vapor must be present. Schauer et al. [11]
investigated DDT in a PDE fueled by air mixtures of propane, octane, low-lead
aviation gasoline, jet fuel JP-8, and the high energy-density jet fuel JP-10. Frolov
and Aksenov [12] obtained DDT in a continuous §ow of a mixture of partially
prevaporized TS-1 jet kerosene with air at atmospheric pressure and a tube wall
temperature of 110130 ◦ C. In the thermostated tube 52 mm in diameter consisting of a kerosene prevaporizer, a straight section with a Shchelkin spiral, and
a smooth-walled tube coil, DDT occurred at a distance of about 2 m in 56 ms
at a low ignition energy of 5 J. The registered values of the detonation velocity
were 17001800 m/s. Huang et al. [13, 14] reported the experimental studies of
DDT in keroseneair mixture in a 1-meter-long and 29-millimeter-diameter PDE
with the aerovalve and two di¨erent obstacle con¦gurations in the detonation
tube. The initial temperature of incoming air was 25 ◦ C and the temperature
of preheated kerosene was 110 ◦ C. The registered velocities of periodic reaction
A. E. Zangiev et al.
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fronts were as low as 12001300 m/s. Recently, Jiun-Ming Li et al. [15] discovered experimentally that a Jet-A/air PDE can operate in a relatively cold
environment when an excessively fuel-rich mixture is used. The experimental results and theoretical phase equilibrium calculations showed that the vapor-phase
equivalence ratio is vital for successful detonation initiation of spray detonations
via a DDT process.
The existing theoretical models of the two-phase detonation are not satisfactory: they consider the average §ow behind the lead shock wave [1625].
Interactions between drops and gas are most often described using various empirical correlations obtained for a single spherical particle in the steady-state
gas §ow. Drop vaporization is usually modeled by the well-known d2 -law disregarding the transient heating period of a drop which can occupy the major
part of drop lifetime, as well as drop deformation and internal liquid circulation [26]. The convective enhancement of heat and mass transfer in the twophase §ow with highly unsteady velocity slip between phases is modeled by
empirical corrections like RanzMarshall relationship [27] obtained for a wetted porous sphere at steady-state §ow conditions. The aerodynamic breakup
of drops behind detonation fronts is modeled based on empirical correlations
for drop behavior behind idealized planar incident shock waves in inert gas [28]
neglecting the in§uence of both the inhomogeneous structure of the lead detonation front and upstream-propagating secondary pressure waves originating in
the subsonic reaction zone of a two-phase detonation. The momentum exchange
between phases is usually modeled using a concept of the quasi-steady-state
aerodynamic drag coe©cient for a single spherical particle, thus omitting the effects of drop deformation, neighbor-particle wakes, etc. When modeling chemical
energy release, it is often assumed that the heat release rate is ultimately controlled either by drop vaporization (¦ne drops) or by aerodynamic drop breakup
(large drops). Such models of two-phase detonations do not account for ¦nite
rates of chemical reactions and fail to predict detonability limits. In some cases,
either empirical correlations for ignition delays [21] or detailed fuel oxidation
mechanisms [29, 30] are applied to describe the detonation structure based on
the average temperature and gas-phase composition, thus ignoring high intrinsic
sensitivity of chemical transformations to local mixture temperature and composition. Finally, in all available models, the screening e¨ects of neighbor drops on
interphase mass, momentum, and energy §uxes are modeled indirectly, through
instantaneously-changing averaged values of gas §ow parameters. As a result,
the ¦nite rates of accompanying physical and chemical phenomena are completely neglected. The 1D theory of steady-state two-phase detonation reported
in [25] can predict the in§uence of fuel type, active additives, pressure, gas and
liquid temperature, as well as the liquid prevaporization degree on the detonability limits and detonation structure due to the resolution of local physical
and chemical phenomena, including ¦nite-rate multistep ignition and combustion chemistry and group-screening e¨ects of drops in suspensions. However,
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this theory has not yet been extended to time-dependent multidimensional formulation.
In view of the drawbacks of the existing theoretical models of two-phase
detonations, the best what could be currently expected from the multidimensional calculations of DDT in two-phase LPGair mixtures are the trends in
the variation of the DDT run-up distance under the e¨ect of di¨erent governing parameters. Knowing these trends, one could try to optimize the design of
the PDE. In this paper, we have used the computational §uid dynamics (CFD)
approach reported in [31] to design the PDE.

2

Assessment of Integral Performance

Figure 1 shows a schematic diagram of the PDE. The PDE is a straight channel
with speci¦ed cross-sectional area and length. It consists of an air intake combined with a check valve, a fuel supply system, an ignition system, a combustor
where fuel is mixed with air and ignited, a detonation tube, and an outlet device
(nozzle). The detonation tube consists of the §ame acceleration section with turbulizing obstacles in the form of ori¦ce plates. The blockage ratio and spacing of
the ori¦ce plates varies along the tube to ensure fast DDT [32]. Currently, the
operation frequency of the PDE is limited by the response time of the mechanical check valve: the maximum frequency is ∼ 20 Hz [5]. The operation cycle
includes ¦lling the combustor and the detonation tube with the fuelair mixture
while the check valve is open, then igniting the mixture, closing the check valve
(actively or passively), DDT, burning the fuelair mixture in the propagating
detonation wave, and expelling the detonation products through the nozzle into
the ambient atmosphere. At the stages of combustion of fuelair mixture and
the expelling of detonation products through the nozzle, a static overpressure is
maintained on the inner surface of the closed check valve, which creates the force
acting against the approaching air §ow, the thrust force. When the static pressure at the check valve drops to the level of the total pressure of the approaching
air §ow, the check valve is opened and the operation cycle of the PDE repeats.
The base fuel for the PDE is LPG.

Figure 1 Schematic diagram of the PDE
A. E. Zangiev et al.
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To estimate analytically the expected integral performance of the PDE (operation frequency f , full thrust T , e¨ective thrust F , and aerodynamic drag R),
calculations were made for a PDE of length L ranging from 1 to 3 m with a square
cross section of 100 × 100 mm (corresponding to a cross section of a round tube
of 113 mm in diameter) at di¨erent §ight speeds. A scheme of the PDE without
an exit nozzle was considered. Calculations are based on the following formulae:
V Cin
;
L
T =m
‘ f Isp g ;
f=

F = T +R;
CX SρV 2
;
2
m
‘ f = ρV SYst Cin Cf
R=−

where V is the §ight speed; Isp is the fuel-based speci¦c impulse; g is the acceleration of gravity; ρ is the air density; S is the cross-sectional area of the
PDE; m
‘ f is the fuel consumption; CX is the aerodynamic drag coe©cient of the
PDE; Yst is the fuel mass fraction in the stoichiometric LPGair mixture; Cin is
the discharge coe©cient of the PDE; and Cf is the fuel ¦ll factor of the PDE.
Forces T , F , and R are treated as positive if they are directed opposite to the
approaching air §ow.
The calculations are based on the following values of the governing parameters and coe©cients: Isp = 1000 s (obtained experimentally in [5]); CX = 1.0;
Yst = 0.06; Cin = 0.5 (i. e., 50% of the approaching air §ow enters the intake,

Figure 2

Calculated dependencies of Figure 3 Calculated thrust parameters
the operation frequency on the §ight vs. §ight speed for a 3-meter long PDE
speed for the PDE of di¨erent lengths: with 100 × 100 mm cross-sectional area
1 ¡ L = 1 m; 2 ¡ 2; and 3 ¡ L = 3 m
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the losses are due to the presence of baªes in the design of the check valve and
with the pressure loss associated with air purging through the engine path); and
Cf = 0.8 (i. e., the detonation tube is ¦lled with the fuelair mixture during 80%
of the cycle time, whereas the remaining 20% of the cycle time are used for the
mixture to burn out and the detonation products to expel from the engine).
Figures 2 and 3 show the results of calculations in the form of the f (V )
curves at L = 1, 2, and 3 m (Fig. 2) and in the form of dependencies T (V ),
F (V ), and R(V ) at L = 3 m (Fig. 3). In view of the current limitations imposed
on the check valve in terms of the maximum operation frequency (20 Hz), there
is a limiting §ight speed at which the maximum e¨ective thrust of the PDE
can be attained: in the 3-meter long PDE, it is possible to realize an operation
process at a §ight speed of up to 120 m/s (see Fig. 2) with an e¨ective thrust at
the sea level up to 250 N (see Fig. 3). In the 2-meter long PDE, the maximum
speed of §ight at the same operating frequency is 80 m/s.

3

Computational Fluid Dymanics Approach

The design of the PDE was created using multivariant numerical calculations
applying a technique described, e. g., in [31].
The operation process in the PDE was simulated in the 3D approximation. The underlying mathematical model is based on the two-phase Eulerian
Lagrangian approach with the two-way coupling between the phases. The gas
phase is treated within the Eulerian formalism, whereas the liquid fuel phase is
considered within the Lagrangian parcel approach.
The governing equations for the gas phase are the Unsteady ReynoldsAveraged NavierStokes (URANS) equations of conservation of mass, momentum, and energy for a nonstationary compressible turbulent reacting §ow with
the source terms describing interphase interactions. The gas-phase turbulent
§uxes of mass, momentum, and energy were simulated using the kε model of
turbulence (k is the kinetic energy of turbulence and ε is its dissipation).
The liquid phase is represented by multiple dispersed parcels each containing N identical droplets of diameter d. The motion of each parcel is described
by the motion of a single droplet in it according to the equations of motion:
dxkd
= ukd ;
dt

md

dukd
= Fk
dt

where index d denotes the droplet properties; xkd is the cartesian coordinate
of a droplet (k = 1, 2, 3); ukd is the kth component of the parcel velocity; md
is the single droplet mass; and Fk = Fkf + Fkg + Fkp is the kth components
of the force acting on a single droplet, which is composed of the aerodynamic
drag Fkf , gravity Fkg , and pressure Fkp forces. The forces are calculated using
the following relationships:
A. E. Zangiev et al.
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1
ρAd Cd Uk |U | ;
2
= (ρd − ρ) Vd gk ;
= Vd ∇Pk

Fkf =
Fkg
Fkp

where Ad is the droplet midsection area; Cd is the aerodynamic drag coe©cient;
Vd is the droplet volume; gk is the kth component of the acceleration of gravity;
∇Pk is the kth component of the pressure gradient vector; and Uk is the relative
velocity of phases de¦ned as
Uk = uk + u′k − ukd .
The drag coe©cient Cd is determined based on the value of the relative
Reynolds number Re = ρ|U |d/µ based on the length of the relative velocity
vector, |U |:

 24 1 + 0.15Re0.687  , Re < 103 ;
Cd = Red
0.44 ,
Re > 103 .

It is assumed that during motion, the droplets undergo aerodynamic breakup
once its Weber number We = dρU 2 /σ exceeds the critical value: We > Wec ≈ 12.
Here, σ is the liquid surface tension. The breakup phenomenon is described by
the WAVE model [32], claiming that during the characteristic breakup time τb ,
the droplet radius r = d/2 continuously decreases to a certain ¤stable¥ value rs :
r − rs
dr
=−
.
dt
τb

The ¤stable¥ radius of the droplet is determined as


b 0 λ " 
1/3  2 1/3 #
rs =
3πr2 |U |
3r λ

,
min
2Ÿ
4

at b0 λ < r ;
at b0 λ > r

where λ is the perturbation wavelength; Ÿ is the rate of perturbation growth;
and b0 = 0.61 is the model constant. The characteristic time τb is given by the
relationship:
r
r
ρd
τb = b1
|U | ρ
where b1 is the model parameter varying from 10 to 30.
For determining the source terms in the mass and energy conservation equations for the gas phase, the Dukowicz model [33] of droplet heating and evaporation is used. The mass and energy conservation equations for a single droplet
in parcel read:
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dmd
Q‘ f‘vs
=
;
dt
q‘s
dTd
dmd
m d cd
= Q‘ + L
dt
dt
where Q‘ is the heat §ux to the droplet; cd is the liquid speci¦c heat; L is the
latent heat of vaporization; f‘vs and q‘s are the speci¦c (per unit surface of the
droplet) heat and mass §uxes; and indices s and v denote surface and vapor,
respectively.
The unknown §uxes are determined using the following relationships:
Q‘ = πκdNu (T − Td ) ,

Nu = 2 + Re1/2 Pr1/3 ;

f‘vs
BY
Yvs − Yv
=−
, BY =
q‘s
h − hs − (hvs − hs )(Yv − Yvs )
1 − Yvs

where κ is the gas thermal conductivity; and Nu and Pr are the Nusselt and
Prandtl numbers. Note that all thermophysical parameters of gaseous species on
the droplet surface are determined based on the assumption of phase equilibrium.
To couple mass, momentum, and energy variations in the liquid phase with
those in the gas phase, the force Fi , as well as mass Q‘ f‘vs /q‘s and heat Q‘ §uxes
calculated for a single droplet in the parcel are then taken with the opposite
sign, multiplied by N and entered as a source term in the equations of mass,
momentum, and energy conservation for the gas-phase. The same procedure is
used for other parcels available in the given location at a given time.
Simulation of chemical sources during turbulent combustion and DDT includes the contributions of both frontal combustion and volumetric pre§ame
reactions. For their determination, the Flame Tracking algorithm for the explicit tracking of the §ame front is used, and the contributions of the volumetric reactions are determined using the Particle method. The coupled Flame
Tracking  Particle (FTP) algorithm is supplemented with the database of tabulated laminar §ame velocities for propaneair mixtures in the wide range of
initial temperature, pressure, and fuel-to-air equivalence ratio  as well as the
reaction kinetics of pre§ame fuel oxidation. Table 1 shows the fragment of the
database of laminar §ame velocities for propaneair mixtures of di¨erent compositions [34, 35]. Tables 2 and 3 show the overall reaction mechanism of propane
oxidation with the special treatment of low-temperature (T < T∗ ) and hightemperature (T > T∗ ) oxidation where T∗ is the transition temperature (775 K).
The rate-limiting reaction #1 in Table 1 is conditionally treated as bimolecular.
The rate constant of the ith reaction is de¦ned as ki = Ai T ni exp(Ei /(RT ))
where Ai is the preexponential factor depending on pressure P ; ni is the temperature exponent; Ei is the activation energy; and R is the gas constant. The
value of the transition temperature T∗ has been found based on the best ¦t between the calculations using the overall mechanism of Tables 2 and 3 and the
detailed reaction mechanism [36].
A. E. Zangiev et al.
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Table 1 Laminar §ame velocities for propaneair mixtures of di¨erent composition at di¨erent temperatures (P
= 1 atm) [35]
T0 ,
K
293
450
600
680
750
820
900

0.5
¡
¡
36
54
75
90
140

0.6
13
30
66
99
132
187
266


1,0
39
78
143
198
247
333
451

0.8
32
66
125
181
234
330
470

1.2
36
73
132
181
222
296
392

1.5
21
42
77
103
131
166
216

2.0
10
18
25
30
35
40
50

Table 2 Overall kinetic mechanism of gas-phase oxidation of propane [34, 35],
P is taken in atm
No.

Reaction

H,
kcal/mol

1

C3 H8 + 3.5O2 → 3CO + 4H2 O

290

2

CO + H2 O → CO2 + H2

10

3

CO2 + H2 → CO + H2 O

10

4

H 2 + H 2 + O2 → H 2 O + H 2 O

114

5

CO + CO + O2 → CO2 + CO2

134

Ak ,
mol, l, s
A1
P
1012
P
1013
3.1
P
1013
7 0.5
P
1012
8.5 1.5
P

nk

Ek ,
kcal/mol

0

E1

0

41.5

0

49.1

0

21

0

21

Table 3 Arrhenius parameters of reaction # 1 in Table 2 (P = 1 atm [34, 35])
A1 , l/(mol·s)
1.96 · 1012 P

T < T∗
n1 E1 , kcal/mol
0
40

T∗ , K
775

T > T∗
A1 , l/(mol·s)
n1 E1 , kcal/mol
12 0.23
1.73 · 10 P
0
45

The set of governing equations supplemented by the kε-model of turbulence
and the conjugate FTP algorithm was closed by the caloric and thermal equations
of state of an ideal gas with variable speci¦c heats as well as by initial and
boundary conditions. All thermophysical parameters of the gas and liquid were
considered variable. For a numerical solution, we used a method based on the
¦nite-volume discretization of the equations with the ¦rst order of approximation
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in space and in time. To avoid excessive mesh re¦nement near solid surfaces, the
standard wall functions were used. The baseline computational mesh consisted
of 800,000 cells. The nominal number of notional particles in each computational
cell was 20. To decrease the computational time, the Particle algorithm was
activated upon ignition. The e¨ect of the dimensions of the computational cells
on the §ow structure was checked by additional calculations on essentially smaller
meshes. Some examples of numerical solutions for the homogeneous mixtures can
be found in [31, 37].

4

Design of the Thrust Module

Calculations were performed for the conditions when the PDE is placed in a free
air stream with the approaching §ow velocity of 10 m/s with the injection of
LPG into the combustor. As a result of the calculations, a 3-meter long PDE
with a square-circular cross section is designed (Fig. 4a): the intake with a check
valve and combustor have a square section of 100 × 100 mm and the detonation
tube is made in the form of a round tube with a diameter of 100 mm equipped
with turbulizing obstacles. The exit nozzle is absent.
The check valve (Fig. 4b) contains petals freely rotating with their axes
between the casing and grid, thus opening and closing the access of air to the
combustor due to arising pressure di¨erence. To reduce the stroke of the petals,
the grid of the check valve is positioned at an angle of 45◦ to the approaching
air §ow.
The turbulizing obstacles are the 2-millimeter thick ori¦ce plates with the
blockage ratio varying from 50% to 20%. They are installed in the detonation tube with a variable pitch equal to 40 mm near the combustion chamber
and 80 mm in the region of DDT. The total length of the obstructed part of the

Figure 4 The 3D model of PDE (a) and the views of the check valve from outside
and inside (b)
A. E. Zangiev et al.
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detonation tube is 2 m. The blockage ratio and the pitch of the ori¦ce plates
were chosen in such a way as to provide DDT at the minimum distance according
to the fast DDT concept described in [38]. The concept of [38] consists in the
careful selection of the shape and placement of turbulizing obstacles, so as to
provide an optimum balance between the rates of §ame acceleration and shock
wave ampli¦cation.
The speci¦ed parameters of the PDE are close to the parameters adopted in
the analytical estimates of section 2.
With the help of parametric 3D calculations, the best length of the combustor is selected which ensures e©cient mixing of fuel with air. Also, the best
method of ignition (prechamber-jet ignition), the best location of the prechamber, the best arrangement of the turbulizing obstacles in the tube to obtain the
minimum length of the section of §ame acceleration and DDT, and the best
degree of ¦lling the detonation tube with the fuelair mixture for achieving the
maximum completeness of combustion are determined. The design and operation mode of the PDE for attaining the minimum pressure loss and the maximum
thrust were not optimized.
As an example of calculation, Fig. 5 shows the calculated ¦eld of fuel vapor
mass fraction in the inner path of the PDE at the end of the stage of ¦lling the
detonation tube with the fuelair mixture. The liquid fuel is seen to be injected
from the step in the upper wall of the PDE and hit the bottom wall. The
initial diameter of droplets in the injector nozzle is taken equal to 100 µm. The
secondary aerodynamic droplet breakup in the approaching air stream results in
the formation of droplets with a diameter of about 20 µm. In the prechamber and
its surroundings, the fuel mixture is seen to be enriched with fuel, whereas in the
detonation tube, the composition of the fuelair mixture is close to stoichiometric

Figure 5 An example of the calculated ¦eld of fuel vapor mass fraction in the inner
path of the PDE at the end of the ¦lling stage of the detonation tube with a combustible
mixture (check valve is open) (a); and the exploded view of the initial part of the PDE
with the fuel spray (b)
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(≈ 6%). At the end of the detonation tube, the fuelair mixture is seen to
be fuel-lean due to incomplete ¦lling and due to admixing of the purging air
which separates the fresh reacting mixture from the combustion products of the
previous cycle.
Another example of calculation is shown in Fig. 6 in the form of the calculated temperature ¦elds in the inner path of the PDE at di¨erent time instants
after the ignition of the fuelair mixture. The ignition was simulated by placing
a hot §ame kernel with a diameter of 3 mm behind the ledge of the prechamber. In this example, the DDT is reached at the end of the last section of the
detonation tube with the turbulizing obstacles at about 9 ms after ignition. The

Figure 6 The calculated gas temperature ¦eld in the middle longitudinal section of
the inner path of the PDE path at di¨erent time instants after prechamber ignition
(check valve is closed): (a) 3 ms; (b) 5; (c) 6; (d ) 7; and (e) 7.5 ms (to be continued )
A. E. Zangiev et al.
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Figure 6 (continued ) The calculated gas temperature ¦eld in the middle longitudinal
section of the inner path of the PDE path at di¨erent time instants after prechamber
ignition (check valve is closed): (f ) 8 ms; (j ) 8.25; (h) 8.5; (i) 8.75; (j ) 9; (k ) 9.25;
(l ) 9.5; and (m) 9.75 ms
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Figure 7 Comparison of calculated dependencies of the apparent §ame front velocity
on the traversed (axial) distance for two variants of the PDE: with DDT (1) and
without DDT (2)
spatial distribution of fuelair mixture in this example is the same as that shown
in Fig. 5a.
Figure 7 compares the calculated dependencies of the visible §ame front velocity on the traversed (axial) distance for two variants of the PDE: with and
without DDT. In the ¦rst case, the turbulizing obstacles provide §ame acceleration to 9001000 m/s at the shortest distance (2.22.3 m), followed by a fast
DDT [38] and the propagation of the detonation wave in the smooth section of
the detonation tube. In the second case, the shape and arrangement of the turbulizing obstacles did not provide DDT. The decrease in the detonation velocity
in the end section of the detonation tube is explained by the incomplete and
inhomogeneous ¦lling of the tube with the fresh fuelair mixture (see Fig. 5a).

5

Concluding Remarks

Multivariant 3D calculations made it possible to design the PDE for an aircraft
intended for the subsonic §ight when operating on the polypropylene pyrolysis
products. Since the pyrolysis products of polypropylene have detonability somewhat similar to the detonability of LPG in a stoichiometric mixture with air
under normal conditions, the LPGair mixture was used in the calculations. The
PDE consists of an intake with a check valve, a fuel supply system, a prechamber
ignition system, and a combustor with a detonation tube attached. Parametric 3D calculations allowed choosing the best length of the combustor, which
provides an e©cient mixing of air with fuel, the best way to ignite the mixture
(prechamber-jet ignition), the best location of the prechamber, the minimum
A. E. Zangiev et al.
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length of the section with turbulizing obstacles for §ame acceleration and DDT,
and the best degree of ¦lling the detonation tube with the fuel mixture to achieve
the maximum completeness of combustion.
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þéóìåîîïå íïäåìéòï÷áîéå ðåòåèïäá çïòåîéñ
÷ äåôïîáãéà ÷ éíðõìøóîï-äåôïîáãéïîîïí
ä÷éçáôåìå
á. å. úÁÎÇÉÅ×1 , ÷. ó. é×ÁÎÏ×1,3 , ó. í. æÒÏÌÏ×1,2,3
1

æÅÄÅÒÁÌØÎÙÊ ÉÓÓÌÅÄÏ×ÁÔÅÌØÓËÉÊ ÃÅÎÔÒ ÈÉÍÉÞÅÓËÏÊ ÆÉÚÉËÉ
ÉÍ. î. î. óÅÍ¾ÎÏ×Á òÏÓÓÉÊÓËÏÊ ÁËÁÄÅÍÉÉ ÎÁÕË
òÏÓÓÉÑ, íÏÓË×Á
2
îÁÃÉÏÎÁÌØÎÙÊ ÉÓÓÌÅÄÏ×ÁÔÅÌØÓËÉÊ ÑÄÅÒÎÙÊ ÕÎÉ×ÅÒÓÉÔÅÔ »íéæé¼
òÏÓÓÉÑ, íÏÓË×Á
3
æÅÄÅÒÁÌØÎÏÅ ÇÏÓÕÄÁÒÓÔ×ÅÎÎÏÅ ÕÞÒÅÖÄÅÎÉÅ »æÅÄÅÒÁÌØÎÙÊ ÎÁÕÞÎÙÊ ÃÅÎÔÒ
îÁÕÞÎÏ-ÉÓÓÌÅÄÏ×ÁÔÅÌØÓËÉÊ ÉÎÓÔÉÔÕÔ ÓÉÓÔÅÍÎÙÈ ÉÓÓÌÅÄÏ×ÁÎÉÊ
òÏÓÓÉÊÓËÏÊ ÁËÁÄÅÍÉÉ ÎÁÕË¼
òÏÓÓÉÑ, íÏÓË×Á
îÁ ÏÓÎÏ×Å ÁÎÁÌÉÔÉÞÅÓËÉÈ ÏÃÅÎÏË É ÐÁÒÁÍÅÔÒÉÞÅÓËÉÈ ÍÎÏÇÏ×ÁÒÉÁÎÔÎÙÈ
ÔÒÅÈÍÅÒÎÙÈ (3D) ÒÁÓÞÅÔÏ× ÒÁÚÒÁÂÏÔÁÎ ÐÒÏÔÏÔÉÐ ×ÏÚÄÕÛÎÏ-ÒÅÁËÔÉ×ÎÏÇÏ ÉÍÐÕÌØÓÎÏ-ÄÅÔÏÎÁÃÉÏÎÎÏÇÏ Ä×ÉÇÁÔÅÌÑ (éää) ÄÌÑ ÌÅÔÁÔÅÌØÎÏÇÏ ÁÐÐÁÒÁÔÁ, ÐÒÅÄÎÁÚÎÁÞÅÎÎÏÇÏ ÄÌÑ ÄÏÚ×ÕËÏ×ÏÇÏ ÐÏÌÅÔÁ ÐÒÉ ÒÁÂÏÔÅ ÎÁ ÐÒÏÄÕËÔÁÈ ÐÉÒÏÌÉÚÁ
ÐÏÌÉÐÒÏÐÉÌÅÎÁ. ðÒÏÔÏÔÉÐ Ä×ÉÇÁÔÅÌÑ ÓÏÓÔÏÉÔ ÉÚ ×ÏÚÄÕÈÏÚÁÂÏÒÎÉËÁ Ó ÏÂÒÁÔÎÙÍ ËÌÁÐÁÎÏÍ, ÓÉÓÔÅÍÙ ÐÏÄÁÞÉ ÔÏÐÌÉ×Á, ÆÏÒËÁÍÅÒÎÏÊ ÓÉÓÔÅÍÙ ÚÁÖÉÇÁÎÉÑ
É ËÁÍÅÒÙ ÓÇÏÒÁÎÉÑ Ó ÐÒÉÓÏÅÄÉÎÅÎÎÏÊ ÄÅÔÏÎÁÃÉÏÎÎÏÊ ÔÒÕÂÏÊ. ðÁÒÁÍÅÔÒÉÞÅÓËÉÅ 3D ÒÁÓÞÅÔÙ ÐÏÚ×ÏÌÉÌÉ ×ÙÂÒÁÔØ ÏÐÔÉÍÁÌØÎÕÀ ÄÌÉÎÕ ËÁÍÅÒÙ ÓÇÏÒÁÎÉÑ
éää, ËÏÔÏÒÁÑ ÏÂÅÓÐÅÞÉ×ÁÅÔ ÜÆÆÅËÔÉ×ÎÏÅ ÓÍÅÛÅÎÉÅ ×ÏÚÄÕÈÁ Ó ÔÏÐÌÉ×ÏÍ, ÎÁÉÌÕÞÛÉÊ ÓÐÏÓÏÂ ÚÁÖÉÇÁÎÉÑ ÓÍÅÓÉ (ÆÏÒËÁÍÅÒÎÏ-ÆÁËÅÌØÎÏÅ), ÎÁÉÌÕÞÛÅÅ ÒÁÓÐÏÌÏÖÅÎÉÅ ÆÏÒËÁÍÅÒÙ, ÍÉÎÉÍÁÌØÎÕÀ ÄÌÉÎÕ ÓÅËÃÉÉ Ó ÔÕÒÂÕÌÉÚÉÒÕÀÝÉÍÉ ÐÒÅÐÑÔÓÔ×ÉÑÍÉ ÄÌÑ ÕÓËÏÒÅÎÉÑ ÐÌÁÍÅÎÉ É ÐÅÒÅÈÏÄÁ ÇÏÒÅÎÉÑ × ÄÅÔÏÎÁÃÉÀ, Á ÔÁËÖÅ
ÎÁÉÌÕÞÛÕÀ ÓÔÅÐÅÎØ ÚÁÐÏÌÎÅÎÉÑ ÄÅÔÏÎÁÃÉÏÎÎÏÊ ÔÒÕÂÙ ÔÏÐÌÉ×ÎÏÊ ÓÍÅÓØÀ ÄÌÑ
ÄÏÓÔÉÖÅÎÉÑ ÍÁËÓÉÍÁÌØÎÏÊ ÐÏÌÎÏÔÙ ÓÇÏÒÁÎÉÑ.
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