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The propagation of a detonation wave in an ejector-augmented pulse detonation rocket
fueled with a hydrogen-oxygen mixture is studied for a novel concept of a propulsion
system. An one- and two-dimensional detonation tube is first investigated to observe
the nature of a detonation wave. An interaction between a primary flow from a pulse
detonation rocket embedded in a mixing chamber and an incoming secondary flow from an
inlet is studied at different incoming Mach numbers. The detonation is initiated by an arc
where the ignition conditions are numerically given in an ignition zone with high thermal
energy. Two-dimensional, multi-species Euler equations are used with detailed chemistry.
The governing equations are discretized using a finite-volume method with a second-order
Roe scheme for spatial terms, a second-order, two-step Runge-Kutta method for temporal
terms and a time-operator splitting method for source terms. Various features including
detonation-shock interaction, detonation diffraction, a base flow and vortex formation are
observed.

I. Introduction

Recently, a novel concept of a multi-mode pulse detonation wave based propulsion system for hypersonic
flight or single-stage space access has been investigated.1–3 The main advantage of this conceptual engine

is that it operates from takeoff to hypersonic speeds through a single flow path, which should substantially
reduce the weight and volume of the vehicle. The engine consists of four modes as illustrated in Fig. 1.
Each mode has unique features and operation ranges. For takeoff to moderate supersonic Mach numbers,
an ejector-augmented pulse detonation rocket (PDR) embedded in a mixing chamber of the engine is used.
This engine mode is similar to a ejector ramjet that uses deflagration combustion. Alike the ejector ramjet,
the ejector-augmented PDR provides higher thrust than the regular PDR mounted on a vehicle, by adding
momentum to a secondary flow.4 Moreover, due to the nature of detonation combustion, it also produces
higher ejector performance than the ejector ramjet. The purpose of this paper, therefore, is to study the
propagation of the detonation wave in the ejector-augmented PDR in order to preliminarily investigate its
feasibility as a part of the proposed engine concept.

The investigation of the ejector-augmented PDR mode is divided into two parts. First, a single, isolated
one- and two-dimensional detonation tube without a nozzle is simulated to study the propagation of the
detonation inside the tube. In the one-dimensional case, the properties of the flow and species for a hydrogen-
oxygen mixture is studied. For the case of the two-dimensional tube, the configuration consists of a small
initiator tube attached to a larger detonation tube so that several features due to adding the initiator tube
may be observed. The detonation wave exhausting from the pulse detonation rocket degenerates into a non-
reacting shock wave, which interacts with the secondary flow coming from the inlet in the mixing chamber.
Thus, the second investigation on the ejector-augmented PDR is to study the effects of the interaction
between the primary and the secondary flows for an incoming Mach number of 0 and 2.5.

The governing equations considered are the Euler equations with source terms due to chemical reactions.
Therefore, diffusive effects are neglected and detailed chemistry is involved. To take care of stiffness caused
by coupling the fluid dynamics and chemical reactions, time-operator splitting is used in this study. A
finite volume method with a cell-centered scheme are employed for space integration, while a second-order,
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(a) Ejector-augmented PDR mode (b) Pulsed NDWE mode

(c) Steady ODWE mode (d) Pure PDR mode

Figure 1. Concept of multi-mode pulse detonation engine

two-step Runge-Kutta method is used for time integration. A system of ordinary differential equations to
obtain the chemical source term is solved by a Variable-coefficient Ordinary Differential Equation (VODE)
solver.5 Two chemical reaction mechanisms involved in this study are obtained from GRI-Mech.6 These
mechanisms include twenty-seven elementary reactions with eight species for a hydrogen-oxygen mixture
and forty elementary reactions with thirteen species for a hydrogen-air mixture. This paper is based on the
dissertation of Yi,3 where additional details can be found.

II. Mathematical Formulation

A. Governing Equations

The governing equations for a high-temperature, chemically reacting inviscid flow are modeled with ther-
modynamic processes and chemical reactions as well as the fluid dynamics. Thus, two-dimensional Euler
equations are adopted with source terms due to multi-species chemical reactions. These equations are ex-
pressed below in a vector form for Cartesian coordinates as7,8

∂ ~Q

∂t
+

∂ ~F

∂x
+

∂ ~G

∂y
= ~S (1)

where
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ρu

ρv
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ρiu
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ρuv
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ρiv

ρuv

ρv2 + p
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 , ~S =




Wiω̇i

0
0
0


 (2)

In the above equations, i = 1 · · ·Ns, Ns is the number of species, ρi is the density of species i, p is the
pressure, u and v are the velocity components, Wi is the molecular weight of species i and ω̇i is the mass
production rate of species i. The mixture density ρ is determined by the summation of all the species
densities in the mixture such as

ρ =
Ns∑

i=1

ρi (3)

The total energy E is the sum of the internal energy and kinetic energy, that is,

E = e +
u2 + v2

2
= h− p

ρ
+

u2 + v2

2
(4)

A thermally perfect gas is assumed for each species so that the specific heats, enthalpy and internal
energy are functions of temperature only. In most practical cases, these thermodynamic properties are
approximated by least-square fitting instead of using the kinetic theory. The general forms of the specific
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heat at constant pressure in J/(kg · K) and the enthalpy in J/kg are written with least-square coefficients
given in the CEA code,9 respectively, by

cpi(T ) =
Ru

Wi

(
a1T

−2 + a2T
−1 + a3 + a4T + a5T

2 + a6T
3 + a7T

4
)

(5)
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−2 + a2T
−1lnT + a3 + a4

T

2
+ a5

T 2

3
+ a6

T 3

4
+ a7

T 4

5
+

a8

T

)
(6)

The eight coefficients in Eqs. (5) and (6) are presented for each species and these expressions are valid in
the temperature range of 200 to 6000 K. The specific heat at constant volume and internal energy of species
i are determined from cpi(T ) and hi(T ) as

cvi(T ) = cpi(T )− Ru

Wi
and ei(T ) = hi(T )− Ru

Wi
T (7)

For the thermodynamic properties of the mixture, the specific heats, enthalpy and internal energy are
obtained from their species properties by

cp(T ) =
Ns∑

i=1

Yicpi(T ) and cv(T ) =
Ns∑

i=1

Yicvi(T ) (8)

h(T ) =
Ns∑

i=1

Yihi(T ) and e(T ) =
Ns∑

i=1

Yiei(T ) (9)

where the mass fraction of species i is defined as Yi = ρi/ρ. Beside the species thermodynamic properties,
the properties for the mixture given in Eqs. (8) and (9) are functions of both the temperature and the mass
fraction.

B. Chemical Kinetics

The overall reaction for a stoichiometric hydrogen-air mixture produces water as a result of combustion
processes, which is expressed by10

2H2 + O2 + 3.762N2 → 2H2O + 3.762N2 (10)

This overall reaction occurs through a series of elementary reactions. The elementary reaction mechanisms for
the hydrogen-air and hydrogen-oxygen mixtures are extracted from GRI-Mech 3.0.6 The mechanism for the
hydrogen-air mixture consists of forty elementary reactions with thirteen species (H2, O2, N2, H, HO2, H2O,
H2O2, N, NO, NO2, N2O, O and OH), while that for the hydrogen-oxygen mixture consists of twenty-seven
elementary reactions with eight species (H2, O2, H, HO2, H2O, H2O2, O and OH). These mechanisms also
include parameters for third-body and pressure-dependent reactions. The elementary reaction mechanism
can be written in compact form as10,11

Ns∑

i=1

υ′ikXi ⇐⇒
Ns∑

i=1

υ′′ikXi for k = 1, 2, . . . , Nr (11)

where the molar concentration of species i is defined as Xi = ρi/Wi and the indices i and k denote the
number of species and the number of reactions, respectively. In this equation, υ′ik indicates stoichiometric
coefficients for the reactants while υ′′ik indicates stoichiometric coefficients for the products.

From these elementary reactions, the rate of mass production of species i, which is given in the source
terms of Eq. (2), is computed by the summation of all the elementary reactions in the reaction mechanism
such as11

ω̇i =
Nr∑

k=1

(υ′′ik − υ′ik) [Mi]

{
kf,k

Ns∏

i=1

[Xi]
υ′ik − kr,k

Ns∏

i=1

[Xi]
υ′′ik

}
(12)

where forward rate constant kf,k and reverse rate constant kr,k are obtained from the chemical reaction
mechanism and the thermodynamic data table. A third body designated by Mi should appear in Eq. (12)
when more energy is released in bonding or required in splitting molecules such as in the case of recombination
or dissociation reactions.10,11 Moreover, the pressure-dependent reactions are also considered in chemical
reactions since GRI-Mech6 provides parameters for such reactions.
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III. Numerical Methods

In solving a high-temperature, chemically reacting flow where wide range of time scales is presented,
numerical difficulties are encounted due to stiffness. In that case, the chemical reactions have much shorter
time scales than those associated with the flow. In order to isolate these stiff source terms presented in
Eqs. (1) and (2), time-operator splitting is used in this study. Equation (1) can, therefore, be divided
into two steps: (1) a homogeneous partial differential equation for the fluid dynamics and (2) an ordinary
differential equation for the chemical reaction:12,13

1st step :
∂ ~Q

∂t
+

∂ ~F

∂x
+

∂ ~G

∂y
= 0, IC : ~Qn ⇒ ~Qn+1/2

2nd step :
d~Q

dt
= ~S, IC : ~Qn+1/2 ⇒ ~Qn+1

(13)

The governing equations in the first and second step of Eq. (13) are solved successively by following
approaches for each step with initial conditions that are obtained from the preceding step. In the first step,
a finite volume approach with a cell-centered scheme is employed for space integration. The convective fluxes
~F and ~G given in Eq. (2) at each face of the cell are approximated using the second-order Roe scheme. The
original Roe scheme14 was developed for a calorically perfect gas. This scheme was extended for a multi-
species, thermally perfect gas,12 which is adopted for this study. The Roe scheme also requires to modify
the modulus of the eigenvalues since it does not recognize the sonic point so that it produces non-physical
expansion waves in the stationary expansion.15 Thus, the eigenvalues are modified by Harten’s entropy
correction.15,16 To obtain second-order accuracy in space, the MUSCL approach17 is used where the slopes
of the linear variations within the cell are limited to prevent nonphysical oscillations around discontinuities
such as shock waves. This is done by a minmod limiter function.18 For spatial terms, the equations are
discretized by a second-order, two-step Runge-Kutta method.

The second step in Eq. (13) is a system of ordinary differential equations since it is a function of the
species density only at the given temperature, that is,

dρi

dt
= Wiω̇i (14)

This system of ordinary differential equations can be solved using the Variable-coefficient Ordinary Differ-
ential Equation (VODE) solver,5 which takes care of the stiffness problem arising from chemical reactions.
Once the species density is updated by VODE in Eq. (14), the temperature must be evaluated at each grid
cell.3,12 It is noted that updating the temperature was also applied to the first step in Eq. (13) as well as to
the second step.

IV. One-Dimensional Detonation Tube

A. Physical and Numerical Configuration

The one-dimensional detonation tube has a length of 20 cm. The left end is closed and the right end is
open to ambient air at p = 1 atm and T = 300 K. The tube is initially filled with premixed stoichiometric
hydrogen and oxygen gas at initial mole fractions of CH2 = 2/3 and CO2 = 1/3. The initial pressure and
temperature in the tube are the same as the ambient air and the mixture is at rest. The mixture is ignited
at the left end by an arc, represented numerically as a high pressure and temperature in an ignition zone.
The ignition zone is set to p = 30 atm and T = 3000 K in a 1 mm region, which corresponds to a thermal
energy density of 8.152× 103 J/m2.

The number of grid points is Nx = 2000 so that ∆x = 0.1 mm. At the left end, impervious wall boundary
conditions are imposed. At the right end, either a subsonic or a supersonic outflow boundary conditon is
applied, depending on the local Mach number at the exit. For subsonic outflow boundary conditions, the
ambient pressure of 1 atm is specified at the exit.

B. Results and Discussions

The hydrogen-oxygen mixture exhibits several features over the hydrogen-air mixture where the pressure
and temperature in the detonation tube are higher and the detonation wave propagates much faster than
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Figure 2. One-dimensional flow properties in a detonation tube for a stoichiometric H2/O2 mixture
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Figure 3. One-dimensional species properties in a detonation tube for a stoichiometric H2/O2 mixture

for the hydrogen-air mixture. These features are confirmed here. The resulting flow properties and species
mass fractions in the one-dimensional detonation tube are presented in Figs. 2 and 3 at t = 1.7356× 10−5 s
and t = 5.2261× 10−5 s, indicated as dotted and solid lines, respectively. The detonation wave propagation
shown in Figs. 2 and 3 is about 2854 m/s, which is closed to the thoeretical CJ detonation velocity of 2843
m/s, obtained from GASEQ.19 This velocity is much greater than that for a stoichiometric hydrogen-air
mixture where the CJ detonation velocity is 1979 m/s.

Figure 2(a) depicts the time evolution of the pressure distribution in the tube, which shows the typical
ZND detonation structure such as the leading shock wave, von Neumann pressure spike, CJ pressure and
the Taylor rarefaction wave. However, the von Neumann pressure spike is not correctly captured at this
grid resolution. It may require a much higher resolution and/or a higher-order numerical scheme3,20 As the
detonation is propagated to the right, the initial pressure on the wall rapidly decays to the pressure of 7 atm
and remains constant until the blowdown process occurs in the tube. Figure 2(a) also shows that the pressure
distribution behind the leading shock is higher than that for the hydrogen-air mixture.3 The time evolution
of the temperature distribution is given in Fig. 2(b). The computed CJ temperature is approximately 3660
K, which is very close to the theoretical CJ temperature of 3670 K.19 The temperature behind the shock
wave is about 800 K higher than that for the hydrogen-air mixture.3 Figure 2(c) shows the time evolution
of the gas velocity where its theoretical value is 1601 m/s. It is noted that the velocity behind the shock
wave decreases to zero in order to match the wall condition.

Figure 3 indicates profiles of the mass fraction of H2, H2O and OH for the detonation combustion
that converts most of the hydrogen (H2) and oxygen (O2) into water vapor (H2O) and hydroxyl (OH) as
combustion products. These four species contribute to roughly 96.2% of the combustion products. The other
small contributions for species H, HO2, H2O2 and O to the products were presented by Yi.3 In Figs. 2 and
3, the detonation wave is initially overdriven but rapidly decreases to below CJ values, and then gradually
approaches to the CJ conditions.
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(a) Two-dimensional detonation tube with an initiator (b) Ejector-augmented PDR embedded in a mixing chamber

Figure 4. Physical configurations

V. Two-Dimensional Detonation Tube

A. Physical and Numerical Configuration

A 20 cm long and 4 cm high tube is used for the detonation chamber, while a 4 cm long and 1 cm high
tube is used for the initiator as shown in Fig. 4(a). The computational domain is discretized into a total of
134000 grid cells, which corresponds to a cell width of 2.5 × 10−4 m. Two grid blocks are utilized in this
case, one for the initiator tube and the other for the detonation tube. Thus, an exchange of flow quantities
is required at the interface between the blocks. The wall boundary conditions are applied to the left side of
both tubes except at the interface, and subsonic or supersonic outflow conditions are imposed at the right
side of the detonation tube, depending on the local Mach number at the exit.

A premixed, quiescent stoichiometric hydrogen-oxygen gas at an ambient pressure of 1 atm and tem-
perature of 300 K is assumed to be filled in both tubes. The mixture is directly ignited with p = 30 atm
and T = 3000 K in a 1 mm long and 10 mm high region at the left side of the initiator. Thus, the planar
detonation wave is immediately generated in the initiator.

B. Results and Discussions

The detonation propagation in the initiator and detonation tubes is presented in Fig. 5, which depict the
evolution of density gradient. In Fig. 5(a), the detonation wave is propagating in the initiator tube at
t = 6.25474×10−6 s. At this moment, the pressure in small region behind the reaction zone remains roughly
constant and then gradually decreases to match the wall pressure. This is unlike the one-dimensional tube
case where the pressure behind the reaction zone immediately decays as shown in Fig. 2(a). Figure 5(b)
shows the detonation wave entering the main chamber at t = 1.59907 × 10−5 s, in which a detonation
diffraction is observed. This figure indicates a super-critical diffraction21 where the diameter of the initiator
is greater than a critical value so that the detonation is successfully transmitted into the main detonation
chamber. As the planar detonation propagates into the main chamber, it becomes cylindrical or spherical.
Expansion waves emanate from both edges and propagate into the region behind the leading shock wave.

In an inviscid flow, the flow downstream of a curved shock is rotational, following from Crocco’s theo-
rem.22,23 Thus, a vortex might be generated in an inviscid supersonic flow. This situation occurs in Fig. 5(c)
where vortices are generated in the vicinity of the connection section due to the detonation diffraction and
the subsequent wave interactions. The vorticity ~ω is defined in two-dimensional Cartesian coordinates as22

~ω = ∇× ~w =
(

∂v

∂x
− ∂u

∂y

)
k̂ (15)

From this equation with the velocity flowfield given in Fig. 5(c), the vorticity magnitude in the vicinity of a
connection section is calculated as shown in Fig. 6(a). In Fig. 5(d), the detonation wave becomes planar in
the main chamber at approximately t = 7.31625× 10−5 s and propagates further toward the right open end.

For the two-dimensional detonation tube case, the detonation velocity in the main chamber is computed
as about 2833 m/s, which is closed to its one-dimensional and theoretical values. The histories of the pressure
measured on the wall of the left sides of the initiator and detonation tube, which is indicated as points A
and B in Fig. 4(a), are presented in Figs. 6(b) and (c), respectively. In Fig. 6(b), the pressure on the left
wall of the initiator tube initially increases and quickly decays to about 7 atm. It remains constant until
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(c) Time = 3.11758× 10−5 s (d) Time = 7.31625× 10−5 s

Figure 5. Time evolution of the density gradient in the detonation tube
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Figure 6. Vorticity in the vicinity of a connection section and time evolution of the wall pressure

the another set of shock and expansion waves impact the wall. Figure 6(c) shows that the detonation wave
reaches the wall of the main detonation chamber at about t = 1.7 × 10−5 s as the first peak. The second
peak indicates that shock waves reflected on the upper and lower wall hit the left side of the detonation
chamber.

VI. Ejector-Augmented Pulse Detonation Rocket

A. Physical and Numerical Configuration

The investigation of detonation propagation is carried out for an ejector-augmented pulse detonation rocket
mode of the multi-mode PDE concept. A slightly shorter detonation tube than that used in the detonation
tube cases is utilized with no initiator and it is assumed that a planar detonation wave is generated in the
tube for simplicity. The configuration is presented in Fig. 4(b). The incoming air flow is initialized at a
pressure of 1 atm, a temperature of 300 K and a Mach number of either 0 or 2.5. The detonation tube is
initially filled with a stoichiometric hydrogen-oxygen mixture at the same conditons as the chamber but at
rest. Four grid blocks are used in this case. An inert air flow is initially simulated in all the blocks. Once
the flow fields are stabilized, the gas in the detonation tube is switched to the hydrogen-oxygen mixture.

B. Results and Discussions

Figures 7 to 10 show the detonation propagation from the tube into the mixing chamber. Pressure and
temperature distributions at M∞ = 0 are given in Figs. 7 and 8, respectively. The detonation is initiated
at the left side of the tube by an arc so that it is generated and propagated to the right open end. As the
detonation propagates into the mixing chamber where only the ambient air exists, the strength of the leading
shock weakens and, consequently, the detonation becomes a non-reacting shock wave. Moreover, expansion
waves and vortices are generated at the edges of the tube due to detonation diffraction. This situation is
presented in Figs. 7(a) and 8(a). In Figs. 7(b) and 8(b), the bow shock wave further propagates upstream
and downstream. As a result of the bow shock reflection on the wall, a Mach stem, a slipstream and a triple
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Figure 7. Pressure distribution in the mixing chamber at M∞ = 0

3600
3400
3200
3000
2800
2600
2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
300

(a) Time = 1.05985× 10−4 s

3600
3400
3200
3000
2800
2600
2400
2200
2000
1800
1600
1400
1200
1000
800
600
400
300

(b) Time = 2.94958× 10−4 s

Figure 8. Temperature distribution in the mixing chamber at M∞ = 0
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Figure 9. Pressure distribution in the mixing chamber at M∞ = 2.5
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Figure 10. Temperature distribution in the mixing chamber at M∞ = 2.5

point are observed in the figures.
When the velocity of the incoming flow is increased, a more complicated wave structure takes place in

the mixing chamber due to the interaction of the primary and secondary flows. Figures 9 and 10 show
pressure and temperature distributions in the detonation tube and mixing chamber when the incoming flow
is at M∞ = 2.5. A complex shock and expansion system is initially created in the engine. The shock wave
emanating from the wedge is reflected at the wall and expansion waves are generated at the tube edges.
Typical features of a base flow are observed in Fig. 9(a) and 10(a) such as the low pressure and a reverse
flow behind the base, expansion waves due to the large turning angle, the reattachment shock and a locus
of the stagnation points.24 In Fig. 9(b), the shock wave degenerated from the detonation wave propagates
into the mixing chamber and interacts with the reattachment shock, resulting in the very high pressure in
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the center point of the shock. The high-temperature, primary flow confined by the reattachment shock is
separated along the locus of the stagnation points as shown Fig. 10(b).

VII. Conclusions

An ejector-augmented pulse detonation rocket as a part of the multi-mode pulse detonation engine concept
was numerically investigated using a computational code. The code modeled an inviscid flow of a thermally
perfect and chemically non-equilibrium gas using detailed chemistry. The thermodynamic properties and
chemical reaction mechanisms for the hydrogen-oxygen and hydrogen-air mixture are obtained from the
CEA and GRI-Mech 3.0 databases, respectively. The ignition of a fuel-oxidizer mixture is accomplished by
a simulated arc igniter.

In the one-dimensional tube case, the detonation properties for the hydrogen-oxygen mixture are com-
pared with those for the hydrogen-air mixture. As expected, the hydrogen-oxygen mixture provides a more
energetic detonation wave, which propagates much faster. Various physical phenomena are observed in the
two-dimensional detonation tube case where the detonation initiator tube is attached to a larger detonation
chamber. When the detonation wave in the initiator enters the main tube, it diffracts due to the abrupt
area change, resulting in a strong vortex near the transition section. In the case of the ejector-augmented
pulse detonation rocket, the detonation wave degenerates into a non-reacting shock wave when it exits the
detonation tube. At an incoming Mach number of 2.5 where typical features of a base flow are observed, the
shock wave undergoes further interactions with the existing shock-expansion system confined in the mixing
chamber.

A more detailed parametric study is required in order to realize the proposed engine concept. No attempt
is made to examine the performance of the ejector-augmented pulse detonation rocket in this study. Thus,
the effect of a nozzle for the ejector-augmented pulse detonation rocket is recommended for future research.
It is also recommended that a two-temperature model be used in the investigation of the high-temperature
nozzle flow, since thermal non-equilibrium often occurs in nozzle expansions.
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