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The particle path tracking method is proposed and used in two-dimensional (2D) and three-dimensional (3D) numer-
ical simulations of continuously rotating detonation engines (CRDEs). This method is used to analyze the combustion and
expansion processes of the fresh particles, and the thermodynamic cycle process of CRDE. In a 3D CRDE flow field, as
the radius of the annulus increases, the no-injection area proportion increases, the non-detonation proportion decreases, and
the detonation height decreases. The flow field parameters on the 3D mid annulus are different from in the 2D flow field
under the same chamber size. The non-detonation proportion in the 3D flow field is less than in the 2D flow field. In the 2D
and 3D CRDE, the paths of the flow particles have only a small fluctuation in the circumferential direction. The numerical
thermodynamic cycle processes are qualitatively consistent with the three ideal cycle models, and they are right in between
the ideal F–J cycle and ideal ZND cycle. The net mechanical work and thermal efficiency are slightly smaller in the 2D
simulation than in the 3D simulation. In the 3D CRDE, as the radius of the annulus increases, the net mechanical work
is almost constant, and the thermal efficiency increases. The numerical thermal efficiencies are larger than F–J cycle, and
much smaller than ZND cycle.
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1. Introduction
The detonation has an inherently higher thermodynamic

efficiency than the constant-pressure deflagration.[1–3] In re-
cent years, the continuously rotating detonation engines
(CRDEs) based on detonation have been extensively studied.
In the CRDE, the detonation is initiated in a cylindrical chan-
nel chamber, and it propagates along the circumferential direc-
tion, which is perpendicular to the direction of fuel injection.
The detonation wave can continuously propagate over a wide
range of injection velocities and does not need repetitive ig-
nition. These characteristics can possibly greatly reduce the
difficulties in developing a detonation engine.

Both Wolanski[4] and Lu et al.[5] gave the comprehen-
sive reviews of CRDE. Voitsekhovskii[6] initially proposed
the concept of CRDE and achieved a brief continuous det-
onation of premixed acetylene and ethylene in a circular
tube. Theoretical analyses and preliminary experimental re-
search on the application of the rotating detonations to rocket
propulsion were first conducted by Adamson and Olsson[7]

and Nicholls et al.[8] More recently, successful experimen-
tal research and comprehensive numerical simulation analy-
sis on CRDE have been performed in Russia,[9,10] Poland,[11]

France,[12,13] USA,[14] China,[15–20] and Japan.[21,22] In our
group, Shao and Wang[15,16] and Shao et al.[17] comprehen-
sively performed the three-dimensional (3D) numerical sim-
ulations on CRDE. They demonstrated the multiple cycles of

rotating detonation, and discussed several key issues, includ-
ing the fuel injection limitation, self-ignition, thrust perfor-
mance, and nozzle effects.

So far, there has been little research, either numeri-
cal or experimental, on the thermodynamic performance of
CRDE. Most of the previous numerical simulation studies
have focused on the overall description of the flow-field
within CRDE chamber. In the previous work, we have pro-
posed the particle path tracking method to analyze the two-
dimensional (2D) CRDE flow field and described its ther-
modynamic properties.[18] The paths of flow particles were
tracked, and the effects of the detonation wave, the oblique
shock wave, and the contact surface on path and flow param-
eter were investigated. The corresponding p–v and T –s dia-
grams could then be used to calculate the net mechanical work
and thermal efficiency. In the present paper, the particle path
tracking method is further used in the 2D and 3D numerical
simulations. We focus on the movement of the flow particles,
and the comparison among the flow field parameters on the
different annuli in the 3D CRDE combustion chamber. The
flow field parameters, the particle paths, and the thermody-
namic cycle processes obtained by the 2D and 3D numerical
simulations are compared in detail. The corresponding p–v
and T –s diagrams obtained by the simulations are compared
with those obtained from the ideal Humphrey, F–J, and ZND
cycle models.
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2. Numerical method and physical model
The 3D Euler equations are used with Korobeinikov and

Levin’s[23] two-step chemical reaction model of stoichiomet-
ric hydrogen/oxygen mixture. Viscosity, thermal conduction
and mass diffusion are ignored. Generalized coordinates are
used for transforming the curved grids in physical space into
rectangular grids in the computational space. The governing
equation in generalized coordinates is

∂𝑈

∂ t
+

∂𝐸

∂ξ
+

∂𝐸

∂η
+

∂𝐺

∂ζ
= 𝑆, (1)

where the dependent variable vector 𝑈 , convective flux vec-
tors 𝐸, 𝐹 , and 𝐺, and source vector 𝑆 are defined as

𝑈 =
1
J
[ρ ρu ρv ρw e ρβ ρα ]T ,

𝐸 = [ρŪ ρŪu+ pξx ρŪv+ pξy ρŪw+ pξz

Ū(p+ e) ρŪβ ρŪα]T,

𝐹 = [ρV̄ ρV̄ u+ pηx ρV̄ v+ pηy ρV̄ w+ pηz

V̄ (p+ e) ρV̄ β ρV̄ α]T,

𝐺 = [ρW̄ ρW̄u+ pζx ρW̄v+ pζy ρW̄w+ pζz

W̄ (p+ e) ρW̄β ρW̄α]T,

𝑆 =
1
J
[0 0 0 0 0 ρω̇β ρω̇α ]

T,

Ū = uξx + vξy +wξz,

V̄ = uηx + vηy +wηz,

W̄ = uζx + vζy +wζz.

The pressure p and total energy e are calculated by using
the equation of state and the energy relationship,

p = ρRT, (2)

e =
p

γ −1
+βρq+

1
2

ρ(u2 + v2 +w2), (3)

where ρ is the density, R the gas constant, T the temperature,
γ the specific heat ratio, q the heat release per unit mass, α

the reaction progress parameter in the induction period, and
β the reaction progress parameter in the exothermic period.
The mass production rates are obtained according to Arrhe-
nius form:

ωα =
dα

dt
=−k1ρ exp(−E1/RT ), (4)

ωβ =
dβ

dt
=


−k2 p2

[
β 2 exp

(
−E2

RT

)
−(1−β )2 exp

(
− E2 +q

RT

)]
, (α = 0),

0, (1 > α > 0).

(5)

The parameters in Eqs. (4) and (5) are set as follows:[23]

q = 4× 106 J/kg, γ = 1.4, k1 = 3.0× 108 m3/(kg · s), k2 =

1.04× 10−5 m4/(N2 · s), R = 6.929× 102 J/(kg ·K), E1/q =

1.71, E2/q = 0.347, E1/R = 9850 K, E2/R = 2000 K.

In the numerical simulation, the spatial terms are dis-
cretized with the 5th-order MPWENO scheme,[24] and the
temporal terms are discretized with the 4-step Runge–Kutta
method.[25]

The combustion chamber of CRDE is a coaxial cylindri-
cal channel. Figure 1 shows its propagation schematic di-
agram by numerical simulation. A detonation wave propa-
gates circumferentially in the annular chamber while a com-
bustible mixture is injected along the axial direction from the
head end, and the burnt gas then flows out from the down-
stream exit. In this numerical simulation, the front section of
the combustion chamber is initially filled with the premixed
stoichiometric hydrogen and oxygen mixture at a pressure of
1 atm (1 atm = 1.01325×105 Pa) and temperature of 300 K.
The other section is filled with the combustion products. Af-
ter a one-dimensional (1D) C–J detonation wave is distributed
in the front section near the head end to initiate the detona-
tion, the detonation wave, leaning on the head end, propagates
around the circumferential direction periodically. An oblique
shock wave (marked with “5” in Fig. 1) connected with the
detonation wave sweeps over the detonation product of the
previous cycle.
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Fig. 1. (color online) CRDE propagation schematic structure. 1: deto-
nation wave, 2: burnt product, 3: fresh premixed gas, 4: contact surface,
5: oblique shock wave, 6: detonation wave propagation direction.

In the present numerical simulation, the inlet total pres-
sure is 3 MPa, and the ambient pressure is 0.05 MPa. At the
head end, there are assumed to be a large number of Laval
micro-nozzles to axially inject the premixed stoichiometric hy-
drogen/oxygen gas into the combustion chamber. The mass
flux of the incoming fuel is controlled by the relationship be-
tween the inlet stagnation pressure and the flow pressures at
the head end.[19] In the exit plane, non-reflecting outlet bound-
ary conditions are used. Rigid wall conditions are used on
the inner and outer walls. In the 2D simulation, the periodic
boundary conditions are used at the upper and lower bound-
aries. As this study aims to investigate the CRDE’s macro
characteristics, rather than the micro-cell or transverse wave
structure, the average grid size of 200 µm is used.
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The chemical reaction model and the numerical scheme
are validated in the case of 1D detonation straight tube. Sto-
ichiometric hydrogen/oxygen mixture at 1 atm and 300 K is
directly ignited by a hot spot of 30 atm and 2000 K in the
1D detonation tube. Figure 2 shows the pressure, temperature,
and velocity distributions of 1D detonation. The pressure peak
and temperature peak couple together tightly, showing the typ-
ical detonation structure properties. The computed propaga-
tion velocity of detonation is 2724.22 m/s, which is close to
the theoretical C–J value of 2843.22 m/s obtained by using the
software Gaseq. The velocity difference between the simula-
tion and theory is less than 5%, which is caused by ignoring
the changes of gas constants before and after the reaction in
simulation.
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Fig. 2. (color online) Pressure, temperature, and velocity distributions
of 1D detonation.

The grid dependences are tested at grid sizes of 0.05 mm,
0.1 mm, and 0.2 mm. Figure 3 shows the pressure distribu-
tions of three grid size cases. Except the Von-Neumann pres-
sure spike, the wave structure, propagating velocity, and stable
pressure after the detonation almost coincide for these three
grid size cases. The above analysis proves the convergence of
numerical scheme and chemical reaction model, and the grid
dependence.
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Fig. 3. (color online) Pressure distributions of 1D detonation wave
propagation with three grid sizes.

3. Results and discussion
In the previous work, we tracked the paths of fresh par-

ticles in the 2D CRDE, obtained their p–v and T –s diagrams,
and calculated the CRDE thermodynamic efficiency.[18] Now
we use the particle path tracking method to analyze new 2D
and 3D CRDE. Their particle paths and thermodynamic pro-
cesses are analyzed and compared. For convenient compari-
son, we choose the same chamber size in the 2D and 3D sim-
ulations. The radius of the 2D combustion chamber is 4.5 cm,
and the length is 4.8 cm. While the average radius of the 3D
combustion chamber is also 4.5 cm, length 4.8 cm, and cham-
ber width is 1 cm. After the detonation wave propagates stably
along the circumferential direction, we track a large number of
particles, which are injected into the combustion chamber.

3.1. 2D particle path Analysis

In the 2D numerical simulation, the chamber width along
the radial direction is assumed to be much smaller than the
diameter and axial length, and then the flow-field can be ap-
proximated as a 2D cylindrical surface without thickness. To
show it clearly, the cylindrical surface is unrolled in a rectan-
gular plane. Figure 4 shows the distribution of the reaction
process variable after the detonation has propagated in a sta-
ble manner. At this instant, a larger number of flow particles
are injected into the head-end of the combustion chamber, and
they are tracked until they are exhausted out of the exit.
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Fig. 4. (color online) Reaction process variable contour and initial po-
sitions of marked particles.

Figure 4 shows only 28 particle paths and thermodynamic
processes. The initial positions of these particles are marked
with “1, 2, . . . , 28” sequentially. Most of the particles injected
into the combustion chamber will be burned by the detonation
wave, and the others will be burned by the high-temperature
product in the flow field. In this 2D case, the particles, which
are injected into the chamber between the lines y2 = 4.44 cm
and y1 = 15.57 cm as shown in Fig. 4, are burned by the high-
temperature product, and the others are burned by the detona-
tion wave. In the present 2D chamber size, about 60.6% fresh
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particles injected into the chamber are burned by the detona-
tion wave. The pressure through the whole head end is less
than the total pressure through the inlet (3 MPa), therefore the
fresh particles can be injected at the whole head end.

Figure 5 shows the paths of the 28 particles from injec-
tion into the combustion chamber to their exhaustion from it.
It is seen that the paths are generally along the axial direction
no matter where their initial positions are. The particle paths
have only small fluctuations along the circumferential direc-
tion, and the fluctuation of particle “19” is maximum, which
is only 8.3% of the perimeter of the combustion chamber. The
detonation wave, which propagates along the circumferential
direction, has only a small effect on the flow particle’s path.
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Fig. 5. (color online) Paths of 28 particles in 2D simulation.

After the particles are injected into the chamber, most of
them encounter the detonation wave, and are burned instan-
taneously, such as particles “1–4” and “16–28” as shown in
Fig. 5. When they encounter the detonation wave, their paths
are deflected at that instant, as shown the intersection points
between the paths and the “detonation line” in Fig. 5. The
others are burned by the high-temperature product between
the fresh gas and the combustion product, such as particles
“5–15”. Therefore, flow particles are injected into the com-
bustion chamber, burned by the detonation wave or the high-
temperature product, and then rapidly ejected almost along the
axial direction. These characteristics support that a CRDE can
produce the great axial thrust. Particles “5–18” encounter the
accompanying oblique shock wave and their paths are also de-
flected as shown by the intersection points between the paths
and the “shock wave line” in Fig. 5.

Figure 6 shows the p–v and T –s diagrams of the marked
28 particles. It is seen that most of the particles are com-

pressed first by the gas mixture in the combustion chamber,
after they have been injected into the chamber. In this process,
their pressure and temperature increase to 3.8 atm and 590 K
respectively. Then the fresh particles are burned by the detona-
tion or the high-temperature product. As shown in Fig. 6, the
pressure, temperature, and entropy increment increase rapidly,
and the specific volume decreases slightly, when the detona-
tion occurs. However in the process of the high-temperature
product combustion, the specific volume, temperature, and
entropy increment increase obviously, and the pressure de-
creases slightly (similar to the constant-pressure combustion).
The process of high-temperature product combustion is com-
pletely consistent with the theory process of the deflagration.
There is expansion process after the detonation, and the en-
tropy increment increases slightly in the expansion process.
There is no obvious expansion phenomenon after the high-
temperature product combustion. The particles encounter the
oblique shock wave, causing the fluctuations of p–v and T –s
curves. However, their general trends are not changed. There-
fore the accompanying oblique shock wave has no obvious ef-
fect on the performance of CRDE.
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Fig. 6. (color online) Curves of p–v (a) and T –s (b) of the marked 28
particles in 2D simulation.
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3.2. 3D particle path Analysis

Generally, the flow field of 3D CRDE is more compli-
cated than that of 2D. After the rotating detonation stably
propagates dynamically, a larger number of the flow particles
are tracked in the combustion chamber. Their initial positions
are different along the circumferential direction from the ra-
dial direction. To show clearly, only the paths of finite parti-
cles and thermodynamic processes are shown. Figure 7 shows
the distribution of the reaction process variable on the head
end and the initial positions of the marked particles. Their
initial positions are marked with “a1, . . . ,a17”, “b1, . . . ,b17”,
and “c1, . . . ,c17” on the inner annulus, outer annulus, and mid
annulus respectively.

In the flow field of the rotating detonation, the pressure
after the detonation wave is very high. When the pressure at
the head end is larger than the inlet total pressure, the fresh
gas mixture cannot be injected into the chamber, and this
area is called no-injection area. The no-injection area pro-
portion is defined as the ratio of the length of no-injection
area to the perimeter of the corresponding annulus. The non-
detonation proportion is defined as the ratio of the fresh parti-
cles burned by the high-temperature product to the total fresh
particles injected into the chamber. As the chamber width in-
creases, the flow field along the radial direction becomes more
and more different.[19] The no-injection area proportion, non-
detonation proportion and detonation front height are all dif-

ferent on the different annuli. Table 1 shows the no-injection
area proportions, non-detonation proportions, and detonation
front heights on the inner, mid, and outer annuli. As the radius
of the annulus increases, the no-injection area proportions in-
creases, the non-detonation proportion decreases, and the det-
onation height decreases. In the flow field of 3D CRDE, the
non-detonation proportion is less than in the 2D flow field.
The effects of the inner wall and outer wall on the detonation
flow field in the 2D simulation are not considered, therefore
the non-detonation proportion is overestimated.
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Fig. 7. (color online) Distributions of the reaction process variable at
the head end and initial positions of marked particles in 3D simulation.

Table 1. No-injection area proportions, non-detonation proportions, and detonation heights on the different annuli.

Outer annulus Mid annulus Inner annulus

No-injection area proportion/% 4.7 2.4 1.9
Non-detonation proportion/% 3.1 12.7 22.7

Detonation height/mm 25.1 26.0 31.2

Figure 8 shows the path fluctuations of the flow parti-
cles along the circumferential direction, whose initial posi-
tions are on the middle annulus, marked with “c1, . . . ,c17” in
Fig. 7. Particles “c1, . . . ,c16” encounter the detonation wave
after they have been injected into the combustion chamber, and
their paths are deflected at that instant. Particle “c17” is burned
by the high-temperature product in the flow field, and its path
does not deflect in the combustion process. Particles “c1” and
“c17” encounter the oblique shock wave, and their paths are
deflected at that instant. In Fig. 8, the fresh particles cannot
be injected into the chamber because of the high pressure after
the detonation wave, which is between the lines y2 = 22.8 cm
and y1 = 23.4 cm. The pressure increases again, which is
caused by the shock wave reflection near the head end, thus
the fresh particles cannot be injected into the area between the
lines y1 = 23.4 cm and y3 = 21.4 cm either. The fresh particles,

which are injected into the area between the lines y3 = 21.4 cm
and y2 = 22.8 cm and between the lines y2 = 22.8 cm and
y4 = 21.1 cm, are burned by the high-temperature product. In
this mid annulus, about 12.7% fresh particles are burned by
the high-temperature product. As shown in Fig. 8, similar to
the 2D results, the path fluctuation along the circumferential
direction is very small, and the fluctuation is only less than
12.6% of the fluctuation on the perimeter of the middle annu-
lus. When the particle initial position and the detonation wave
are closer to each other, the fluctuation of its path along the
circumferential direction is more obvious.

Figure 9 shows the variations of path, pressure, and tem-
perature of particle “a2” with axial distance. The particle pres-
sure and temperature increase rapidly, and its path is deflected
when it encounters the detonation wave. After encountering
the detonation wave, the pressure decreases rapidly until it in-
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creases suddenly again because of the reflected shock wave af-
ter the detonation wave. In the 3D CRDE chamber, when the
chamber width is larger, the radial phenomenon is more and
more obvious, and shock wave reflections between the inner
wall and outer wall can be seen clearly. The second pressure
peak in Fig. 9 is just caused by the reflected shock wave. The
influences of various chamber geometries on the shock wave
reflections near the head end of CRDE have been investigated
in detail.[19]
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Fig. 8. (color online) Paths of particles on the middle annulus.
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Fig. 9. (color online) Path, pressure, and temperature of particle “a2”.

Now we look into the paths of the particles in detail,
whose initial positions are different along the radial direction.
Figures 10 and 11 show the path histories along the circumfer-
ential direction and radial direction, whose initial positions are
marked with “a5,d5,c5,e5,b5” in Fig. 7. The path variations
along the circumferential direction of the five particles, whose

initial positions are on different annuli, are almost the same.
When the particles encounter the detonation wave, their paths
are deflected. Then the particles follow the detonation wave
until the circumferential velocities decrease to zero, where
their movement directions are changed again. The path fluc-
tuations along the radial direction are not obvious as shown in
Fig. 11. However the times of flowing out from the chamber
are very greatly different. Figure 12 shows the axial velocities
of the five particles, whose initial positions are on the different
annuli. It is seen that the axial velocity of the particle near the
outer annulus is smaller than near the inner annulus. Therefore
the particle, whose initial position is near the outer annulus,
needs a longer time to flow out from the combustion chamber
than near the inner annulus. Near the head end, the detonation
on the outer wall is stronger than on the inner wall, therefore
the average pressure near the outer wall is higher than near the
inner wall, and the axial velocity near the inner wall is bigger
than near the outer wall.
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Fig. 13. (color online) (a) p–v and (b) T –s curves of particles, whose
initial positions are on the mid annulus.

Figure 13 shows the p–v and T –s curves of 17 particles,
whose initial positions are on the mid annulus marked with
“c1, . . . ,c17” in Fig. 7. Particle “c17” is burned by the high-
temperature product in the flow field. In this process, pressure
decreases slightly (similar to the constant-pressure combus-
tion), and the specific volume, temperature, and entropy incre-
ment increase obviously. Particles “c1, . . . ,c16” are burned by

the detonation wave, and their thermodynamic processes are
consistent. In the detonation process, the specific volume de-
creases slightly (similar to the constant-volume combustion),
and the pressure, temperature, and entropy increment increase
obviously. The pressure and temperature at the head end are
set to be some values respectively, according to the relation-
ship between the inlet stagnation pressure and the flow pres-
sure at the head end,[19] therefore the initial pressures and tem-
peratures of particles for p–v and T –s curves are different be-
cause of their different initial positions along the circumferen-
tial direction. However the net entropy increment and temper-
ature increment are consistent in the detonation process.

3.3. Comparison between 2D and 3D results

Figure 14 shows the path comparisons of 2D (parti-
cles marked with “3,12,19,23,27” in Fig. 4) with 3D (par-
ticles marked with “c3,c6,c9,c11,c17” in Fig. 7) simula-
tions, and the initial positions of these particles have a sim-
ilar distance away from the detonation wave front. Particles
“c3,c6,c9,c11” in 3D flow field and particles “19, 23, 27, 3”
in 2D flow field are burned by the detonation wave, and parti-
cle “c17” in 3D flow field and particle “12” in 2D flow field are
burned by the high-temperature product. The fluctuant trend
along the circumferential direction of the 3D path is coinci-
dent with the 2D path, however the deflection of the 3D path
is more gentle than that of the 2D path. In the 3D CRDE, the
flow field of the rotating detonation interacts and couples with
those on the different annuli, therefore the flow field parame-
ters on the 3D mid annulus are different from those in the 2D
flow field under the same chamber size. For example, in the 2D
CRDE, the fresh particles can be injected into the chamber on
the whole head end, and 39.4% fresh particles will be burned
by the high-temperature product in the flow field. However on
the mid annulus of the 3D CRDE, the fresh particles cannot
be injected into the chamber in a small area on the head end
because of the high pressure after the detonation wave, and the
no-injection length is about 2.4% of the perimeter of the mid
annulus. About 12.7% fresh particles will be burned by the
high-temperature product in the flow field on this annulus.

Pressure as a function of specific volume is defined by the
p–v curve, which represents the mechanical work of the ther-
modynamic process. Temperature as a function of the entropy
increment is defined by the T –s curve, which represents the
heat release of the thermodynamic process. There are three
kinds of models to describe the thermodynamic process of the
detonation. They are ideal Humphrey, F–J, and ZND cycle
models respectively. In the Humphrey cycle model, the det-
onation is approximated to the constant-volume combustion,
and then isentropic expansion occurs. According to the C–
J theory of detonation, chemical reactions are modeled as a
heat release in an infinitely thin zone, where the detonation
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wave and induced shock wave fronts coincide together. The
C–J theory does not consider the detonation wave structure.
The F–J cycle[26,27] is just based on the C–J theory to describe
the thermodynamic process of detonation. In the F–J cycle,
the heat addition process is along the Rayleigh line from the
initial point to the C–J point, and the isentropic expansion oc-
curs after the detonation as shown in Fig. 15(a). Subsequent
to the C–J theory, Zel’dovich, von Neumann and Doring inde-
pendently developed a more appropriate theory, now known as
the ZND model.[28] In this theory, the propagating detonation
wave consists of an induced shock wave that raises the initial
state to the von Neumann spike, followed by an induction zone
and a reaction zone. However, unlike the C–J theory where the
heat release occurs instantly, the ZND theory allows the heat
release to occur from the von Neumann spike to the C–J point
along the Rayleigh line as shown in Fig. 15(a).
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Fig. 14. (color online) Comparison of path between 2D and 3D simula-
tions.

Indeed, the ideal F–J and ZND cycles include only the
detonation compression, combustion, and isentropic expan-
sion processes. Therefore, we also consider the corresponding
processes to compare with the numerical simulations. In the
2D and 3D numerical simulations, the particle pressure and
temperature increase to 3.8 atm and 590 K respectively before
the detonation occurring. According to this initial condition,
the thermodynamic processes of the three ideal detonation cy-
cle models are derived theoretically. Figure 15 shows thermo-
dynamic curves comparison of the 2D particle, 3D particle on
the different annuli, ideal Humphrey model, F–J model, and
ZND model.

Although both p–v and T –s curves are similar for 2D
and 3D cases, there exist several small differences between
them. The p–v curves show that the specific volume decreases
slightly during the actual detonation, which is different from
the constant-volume Humphrey cycle. The T –s curves show
that the entropy increment increases slightly in the actual ex-
pansion process, not entirely isentropic like the ideal cycles,

which is caused by the non-adiabatic movement process. The
3D detonation wave is more complex than the 2D detonation
wave. The transverse waves exist only in the axial direction in
the 2D detonation, however the transverse waves exist both in
the axial direction and in the radial direction in the 3D deto-
nation. Therefore the maximum pressure in the 3D p–v curve
is higher than in the 2D p–v curve. The maximum entropy in-
crement in the 3D T –s curve is slightly smaller than in the 2D
T –s curve, and the maximum temperature in the 3D T –s curve
is slightly higher than in the 2D T –s diagram.

As shown in Fig. 15, the numerical thermodynamic pro-
cesses are qualitatively consistent with those obtained from
the ideal models. The F–J cycle does not consider the com-
pression process of the induced shock wave, while the ZND
cycle overestimates this process. Therefore the p–v and T –
s diagrams of the numerical simulations are right in between
the ideal F–J cycle and ideal ZND cycle. The maximum pres-
sure, entropy increment, and temperature in simulations are all
smaller than those in the F–J and ZND cycles.
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F–J model, and ZND model.

The thermal efficiency is defined as the ratio of the cycle
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net mechanical work to the absorbed heat. The net mechani-
cal work and the absorbed heat can be calculated through the
p–v and T –s curves in Fig. 15. Table 2 shows the net me-
chanical work and thermal efficiencies of 2D particle and 3D
particle on the inner, mid, and outer annuli, Humphrey, F–J,
and ZND cycle models. The net work and thermal efficiency
are slightly smaller in 2D simulation than in 3D simulation. In
the 3D CRDE, as the radius of the annulus increases, the net

mechanical work is almost constant, and the thermal efficiency

increases. The numerical thermal efficiencies are larger than in

F–J cycle model, and much smaller than in ZND cycle model.

That is because the compression process of the induced shock

wave is overestimated in the ZND cycle model, therefore the

net mechanical work in the ZND cycle model is much larger

than in the actual detonation cycle model.

Table 2. Comparisons of net mechanical work and thermal efficiency among different models.

2D 3D-inner 3D-mid 3D-outer Humphrey F–J ZND

Net mechanical work/(MJ/kg) 1.2 1.5 1.5 1.5 1.0 1.1 3.1
Thermal efficiency/% 30.9 32.5 34.6 35.3 24.2 27.8 51.5

4. Conclusions

(i) The flow field parameters on the 3D mid annulus are
different from those in the 2D flow field under the same cham-
ber size. In the 2D CRDE, fresh particles can be injected into
the chamber through the whole head end, and 39.4% fresh par-
ticles will be burned by the high-temperature product in the
flow field. However on the mid annulus of the 3D CRDE, the
fresh particles cannot be injected into the chamber in the 2.4%
area on the head end because of the high pressure after the det-
onation wave, and about 12.7% fresh particles will be burned
by the high-temperature product. As the radius of the annulus
increases, the no-injection area proportion increases, the non-
detonation proportion decreases, and the detonation height de-
creases. In the 3D CRDE flow field, the non-detonation pro-
portion is less than in the 2D flow field.

(ii) In the 2D and 3D CRDE, the paths of the flow parti-
cles have only a small fluctuation in the circumferential direc-
tion. Flow particles are injected into the combustion chamber,
burned by the detonation wave or the high-temperature prod-
uct, and then rapidly ejected almost along the axial direction.
When the flow particles encounter the detonation wave or the
oblique shock wave, their paths are deflected. The fluctuant
trend along the circumferential direction of the 3D path is co-
incident with that of the 2D path, however the deflection of the
3D path is more gentle than that of the 2D path.

(iii) The numerical thermodynamic cycle processes are
qualitatively consistent with the three ideal models, and they
are right in between the ideal F–J cycle and ideal ZND cycle.
The net mechanical work and thermal efficiency are slightly
smaller in 2D simulations than in 3D simulations. In the 3D

CRDE, as the radius of the annulus increases, the net mechan-
ical work is almost constant, and the thermal efficiency in-
creases. The numerical thermal efficiencies are larger than in
F–J cycle model, and much smaller than in ZND cycle model.
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