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Abstract: Ozone addition presents a promising approach for optimizing and regulating both com-
bustion and ignition mechanisms. In Rotating Detonation Engines (RDEs), investigating the impact
of ozone addition is particularly important due to the fact of their unique operating conditions
and potential for improved efficiency. This study explores the influence of ozone concentration,
total temperature, and equivalent ratio on the combustion characteristics of a hydrogen—air mixture
infused with ozone. Utilizing the mixture as a propellant, the combustion chamber of a continuous
rotating detonation engine is replicated through an array of injection ports, with numerical simula-
tions conducted to analyze the detonation wave combustion mode. Our results show that an increase
in total temperature leads to an increase in the number of detonation waves. Incorporating a minor
quantity of ozone can facilitate the ignition process for the detonation wave. Increasing the ozone
content can result in the conversion from a single-wave to dual-wave or multi-wave mode, providing
a more stable combustion interface. A low ozone concentration acts as an auxiliary ignition agent
and can significantly shorten the induction time. As the total temperature increases, the detona-
tion propagation velocity and the peak heat release rate both decrease concurrently, which leads to
a decline in the exit total pressure and an augmentation in the specific impulse. Employing ozone
exerts a minimal impact on the detonation propagation and the overall propulsion performance. The
requirement for ozone-assisted initiation differs noticeably between rich and lean combustion.

Keywords: Rotating Detonation Engine (RDE); ozone; combustion mode; numerical simulation

1. Introduction

Detonation is a type of combustion characterized by the rapid propagation of a shock
wave and combustion surface, which can reach speeds of kilometers per second. Detonation-
based combustion, which boasts a high thermal cycle efficiency and a lower increase in
entropy, has gained heightened interest in recent times. Several types of heat engines
that utilize detonation combustion have been studied, including Pulse Detonation En-
gines (PDEs), Oblique Detonation Engines (ODEs) [1], and Rotating Detonation Engines
(RDEs) [2—4]. However, the performance of a PDEs is significantly impacted by its intake
system, limiting its operating frequency due to the need for repeated ignitions. The major
challenge of oblique detonation engines is maintaining a stable oblique detonation, despite
its wider flight range and higher thermal cycle efficiency. In contrast, the Rotating Detona-
tion Engine (RDE) is designed with a continually fed chamber of fuel and oxidizer, ensuring
the circumferential propagation of the detonation. To ensure continuous operation, RDEs
operate at higher frequencies than PDEs, resulting in a more stable performance than
ODEs/PDEs. This results in a more straightforward structure and higher thermal efficiency
compared to traditional combustion systems [5-7].

The concept of a continuous detonation engine has been studied since the 1960s [8].
By the 1980s, Bykovskii [9-11] successfully realized rotating detonation combustion using
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liquid and common gaseous fuels, such as hydrogen, methane, and propane, as propellants
based on prior experimentation. Zhou and Wang [12] conducted numerical studies on the
RDEs and found that the flow field variation along the radial direction is not significant
when the chamber width is small. Yi [13] evaluated the impact of various design parameters,
such as the injection area ratio and chamber length, on the propulsive performance. Ue-
mura [14] studied the process of transverse wave generation from the intersection between
the detonation front and the burnt gas mixture region. They used two-dimensional and
three-dimensional numerical simulations to clearly demonstrate the rotating detonation
propagation mechanism and dynamics in RDEs. Ma [15] conducted experimental research
on RDEs focused on ignition, quenching, re-initiation, and the stabilization process in
a reactant injector array. They observed the transition of rotating detonation waves. They
found that the re-initiation phenomenon is related to the injection pressure of the propellant.
Furthermore, some studies have explored the impact of factors, such as total pressure [16],
thrust efficiency [17], nozzle design [18-20], and tail nozzle characteristics [21,22]. Ow-
ing to the ignition challenges associated with large-molecule fuels, Zhang [23] utilized
the addition of hydrogen to facilitate auxiliary detonation. Kindracki et al. [24,25] used
kerosene/air as reactants and studied the propagation characteristics of rotating detonation
waves in gas-liquid two-phase systems by adding hydrogen as a combustion enhancer.
Zhao et al. [26] numerically studied the effects of equivalence ratio, initial pressure, and
temperature on the instability of n-heptane/air detonation waves. The performance of a ro-
tating detonation combustion chamber is related to the propagation mode of the detonation
waves in the chamber. Fotia et al. [27] studied the effect of the tail pipe structure on the
performance of a rotating detonation combustion chamber.

Zhao [28] conducted experimental research on the low-temperature oxidation chem-
istry of dimethyl ether (DME), with ozone as an oxidant. Han [29] studied the effects of
adding O3 to an H, /O, mixture to investigate the changes in the initiation and propaga-
tion of detonation waves by using numerical simulations. Ozone has been utilized as an
accelerant in partially accelerated and controlled combustion [30]. The integration of ozone
significantly alters the ignition process without altering the mixture properties. Previous
studies have investigated various aspects of RDEs, including their flow field variations,
design parameters, and propagation mechanisms. To prevent the high temperatures from
burnt products, inert diluents are introduced into the fuel-oxidizer mixture, leading to
a longer induction length and time. This can significantly affect the rotating detonation
structure. Considering the ignition difficulties associated with certain fuels such as pro-
pellants, the idea of adding O3 to the propellant aims to improve the detonation within
the RDEs. However, limited research has been conducted on the use of ozone in RDEs.
Therefore, it is essential to investigate the addition of ozone to RDEs propellants.

This study aimed to investigate the impact of ozone addition on rotating detonation
waves using a hydrogen-—air mixture. Specifically, two-dimensional numerical simulations
were used to vary the total temperature, ozone content, and reactant equivalence ratios to
analyze the effects on thrust performance and detonation wave propagation.

2. Materials and Methods

To investigate two-dimensional rotating detonation combustion, the multispecies
Navier-Stokes equations method was adopted as the governing equations. The equations
are expressed as:
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where t is time; 51']' is the Kronecker delta; p, u, p, e, T, hy, and Y}, are the density, velocity
vector, pressure, specific total energy, temperature, enthalpy of the k-th component, and
mass fraction, respectively, with the viscous stress tensor, Tij, calculated using:
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where p is the viscosity, and wy is the reaction rate of the k-th species. The diffusion
coefficient, D, is obtained from the Schmidt number and viscosity.

The chemical kinetic model employed in this work is based on the comprehensive
H, /air mechanisms of Burke [31], which includes 19 species and 32 reactions, together
with an O3 submechanism consisting of eight steps [28]. To solve the equations, an implicit
Euler time integration method was utilized, along with the KNP (Kurganov, Noelle, and
Petrova) scheme [32], known for its stability and efficiency in shock capturing. The van
Leer limiter was adopted for correct flux calculations.

The physical model used in this study was a simplified 2D schematic of an annular
RDE chamber, represented as a rectangular computational domain (see Figure 1). The
width of the chamber is much smaller than the diameter of the combustion chamber and
can be unrolled circumferentially. The propellants are fed in premixed via the sonic nozzles
arranged at constant intervals along the bottom boundary, with the outlet assumed as
a nonreflective boundary with a backpressure of 1 atm and ambient temperature of 300 K.
The left and right ends of the domain are treated as periodic boundaries.

Outlet

B P O M A Y U |

Ignition zone

Periodic BC
Periodic BC

R [

Wall Inlet ‘Wall Inlet

Figure 1. Schematic of the initiation of rotating detonation waves.

The computational domain contains 1000 x 300 cells in the x- and y-directions. The
circumferential length (x-direction) and axial length (y-direction) of the domain were
100 mm and 50 mm. The ratio between the maximum and minimum grid sizes in the
y-direction was 3, while the length of the cell in the x direction was fixed at 100 um. At the
initial time, a high-temperature and high-pressure red area was placed at the bottom of the
domain, with blue premixed gases in front of the spot. The rest of the space was filled with
air at ambient pressure and temperature.

The injector conditions were computed assuming isentropic expansion through a sonic
nozzle into the combustion

e For p > ps, there is no inflow, the sonic nozzle is chocked, where p; is the inlet
total pressure;
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e  For pst > p > pcr, the speed of inflow can be obtained by isentropic expansion:

p
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where T and Ty are the temperature and the total temperature of the inlet flow; v is
the specific heat ratio; and R is the gas constant of the reactants;

e  For p < p¢r, the sonic nozzle is chocked, p = p¢r, and the temperature and velocity are
computed using Equation (4).

The critical pressure, p.r, is defined according to the stagnation pressure and specific
heat ratio:
2
= _— 7
Per pst(,y 1 ) @)

In order to explore the effect of ozone addition on rotating detonation waves, we
defined ¢ as a measure of ozone content:

X0,

= (8)
¢ XHz + on + XNz + Xos

Here, X; denotes the volume fraction of the gases. The variable ¢ is varied in the
simulations to investigate the impact of ozone on RDEs. Different mesh resolutions were
evaluated using various grids, with the maximum size ranging from 0.05 mm to 0.10 mm.
In this paper, we determined that the detonation wave had reached a stable state when the
average wave speed approached a steady value, as measured by adding pressure monitor-
ing points. This method is consistent with the usual experimental approach for determining
the formation of stable detonation waves. Figure 2a shows the temperature contour for
different grids when the flow field reached a steady state with a total temperature of 300 K,
total pressure of 0.5 MPa, and ¢ = 1.0%. Figure 2b compares the distribution of temper-
ature and pressure variations along the x-direction at different heights for two different
mesh resolutions. Both grids generally predict similar flow structures and circumferential
pressure variations. To ensure the accuracy and reduce the computational time, a mesh
resolution with a maximum size of 0.1 mm was used for the simulations.

(a) Temperature: 200 800 1400 2000 2600 3200

40t
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Figure 2. (a) Temperature fields; (b) along the line y = 0.005 m and y = 0.010 m; based on different
grids for Tg; =300 K and ¢ = 0.1%.
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3. Results
3.1. Effects of Total Temperature on the Modes of Detonation

To investigate the impact of ozone on rotating detonation waves under various total
temperature conditions, some basic cases were conducted with the inlet total temperature
ranging from 300 K to 600 K. The width of the inlet and wall areas were set to 1.5 mm and
1.0 mm, respectively, with a chemical equivalent ratio of H, /air. The sonic nozzle was
evenly distributed at the bottom, with an inlet total pressure of 0.5 MPa.

Total temperature can be divided into static temperature and dynamic temperature.
Due to the presence of walls in the case, as the total temperature increased, the temperature
and velocity of the inflow at the inlet nozzle also increased. Figure 3 shows the evolution
of the temperature field with varying total temperatures. At a total temperature of 300 K,
a single detonation wave was present in the flow field, but it was weakened near the wall
due to the recirculation zone of the combustion products (Figure 3a). The combustion
surface and the shock surface began to decouple, as shown in Figure 3b. It was obvious that
the combustion surface near the inlet area disappeared completely, as shown in Figure 3c.
At a total temperature of 400 K, only one detonation wave was present in the flow field, as
shown in Figure 3d. Although the detonation wave underwent multiple cycle repetitions,
the fresh premixed gas ahead of the wave in the flow field formed irregular triangular
structures. Similar results were obtained in previous experimental findings for this self-
adjusting detonation wave [33]. As the total temperature increased to 500 K, dual waves
were observed to propagate in the same direction, as shown in Figure 3e f. In general, the
number of detonation waves increased as the total temperature rose, which is consistent
with Yao [34].
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Figure 3. Temperature fields of RDW with (a—c) Ts; = 300 K; (d) 400 K; (e) 500 K; (f) 600 K.
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3.2. Effects of Ozone Addition

To investigate the impact of ozone addition on rotating detonation waves, simulations
were conducted with different ozone content values ranging from 0.1% to 2.0% at a total
temperature of 300 K. Ozone was added to the premixed inflow, and there was no mixing
process. Due to the presence of walls, the actual distribution of ozone was the same as the
distribution of hydrogen, which formed a banded pattern ahead of the detonation wave.

Figure 4 shows the temperature distribution at different ozone content values. At
an ozone content of 0.1%, a rotating detonation wave (RDW) was successfully initiated,
with a sawtooth structure observed on the contact surface (Figure 4a). This structure
is thought to be related to the absence of fresh gas injection near the wall. When the
ozone content increased to 1.0%, the RDW remained a single wave, with the sawtooth
structure still visible on the contact surface (Figure 4b). The sawtooth structure was more
prominent near the surface (51) closer to the detonation wave, while surface (52) was
smoother. At an ozone content of 2.0%, the simulation showed a dual-wave mode, with no
visible sawtooth structure on the contact surface (Figure 4c). Overall, these results suggest
that increasing the ozone content can improve the initiation of rotating detonation waves,
with a sawtooth structure being observable on the contact surface at lower ozone content
values. The observed discontinuities in the contact surface are caused by the nonuniform
characteristics of the incoming flow. Ozone plays a role in assisting ignition and even
changing the propagation mode of detonation waves.

[ [ [ [T

Temperature: 400 800 1200 1600 2000 2400 2800 3200

Contact surface

09 20
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40
E |
E | N
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> 20| A
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]
O >
0 20 40 60 80 100
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© |
40F

N N
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Figure 4. Temperature fields at Ts; = 300 K with different ozone additions: (a) ¢ = 0.1%; (b) ¢ = 1.0%;
(c) ¢ =2.0%.

Additionally, we found that at a total temperature of 400 K, after monitoring the
propagation of the detonation wave for a long time, the speed of the detonation wave no
longer exhibited significant changes. The same type of self-adjusting single-wave results
could be obtained, as shown in Figure 5a. The height of the gas in front of the detonation
wave changes noticeably, with L2 greater than L1. This change in height is related to the
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amount of fresh gas ahead of the wave. When there was less fresh gas, the detonation
wave became weaker. At the location of L1, the detonation wave became weaker than
the balance state. The accumulation of unburnt gas led to a stronger detonation wave,
which reduced the amount of fresh gas that could be injected into the chamber. At ¢ =1.0%,
a transition in the number of detonation waves was observed, as shown in Figure 5b. In the
case of the dual-wave mode at a total temperature of 400 K, increasing the ozone content
resulted in a smoother contact surface. This suggests that the ozone content can have
a significant impact on the structure and behavior of rotating detonation waves, and the
flow field displays a more stable multi-wave structure under conditions of relatively high
total temperature.
| __SEEL EEREE
Temperature: 400 800 1200 1600 2000 2400 2800 3200
(@) |

40F

I A
OOMMH_‘_‘_‘"MZO Zo 60 80 700
x [mm]
(b) |
40f
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: A* i“
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> 20}
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Figure 5. Temperature fields at Ts; = 400 K with different ozone additions: (a) ¢ = 0.1%; (b) ¢ = 1.0%;
(c) ¢ =2.0%.

Figure 6a illustrates the temperature distributions at ¢ = 0.1%. It is evident that the
burnt products obtained from the previous round of propagation were trapped within the
intervals of the injection nozzles. These burnt products, which have higher temperatures,
were distributed uniformly in the fresh gas region in a banded form. In Figure 6b,c, the
stable triple-wave mode was calculated at ¢ = 1.0% and ¢ = 2.0%. This suggests that
to induce a transition in the propagation mode under the condition of a higher total
temperature inflow, a higher ozone concentration is required. As shown in Figures 5 and 6,
there were banded regions of combustion products ahead of the detonation wave, which is
consistent with the experimental observations by Gamba et al. [35], and this is commonly
referred to as parasitic combustion. It was observed that the parasitic combustion region
became larger as the total temperature increased. In fact, parasitic combustion is an energy
loss mechanism [36,37] that can reduce the overall efficiency of the engine.
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Figure 6. Temperature fields at = 600 K with different ozone additions: (a) ¢ = 0.1%; (b) ¢ = 1.0%;
(c) ¢ =2.0%.

Figure 7 illustrates the relationship between the RDW mode and the total temperature
and ozone content ¢. The x-axis and y-axis represent the ozone content, ¢, and the number
of detonation waves, respectively. At a total temperature of 300 K, a stable single wave
and dual wave were obtained at ¢ = 0.1% and ¢ = 2.0%, respectively. However, at a total
temperature of 400 K, the dual-wave mode was achieved at ¢ = 0.5%. At a total temperature
of 500 K, as the flow field always maintained the dual-wave mode, the mode variation is
not show in the Figure 7. In contrast, at a total temperature of 600 K, it appeared that the
dual wave converted into triple wave when ¢ = 1.0%. These results suggest that a higher
total temperature promotes the formation of multiple waves. The addition of ozone acts
as an auxiliary initiation tool and can successfully initiate the reaction, which expands the
operation range. The mode conversion from a single wave to multiple waves makes the
flow structures and contact surface more stable. Therefore, the addition of ozone can also
improve the stability of the flow field by changing the mode of the detonation wave. In the
case where the inlet total temperature was 300 K, the addition of ozone led to a marked
transition in the propagation mode of the detonation wave; this illustrates that the impact
of ozone was even more evident under inflow conditions with a lower total temperature.
Similarly, for a higher inlet total temperatures, a larger amount of ozone content is required
to change the detonation wave mode.

The Cantera program, integrated with MATLAB and Python, was used to simulate
the homogeneous isobaric ignition process in this work. The one-dimensional detonation
ZND structure was calculated using SDtoolbox program, developed by Shepherd Group of
California Institute of Technology. The induction time calculated theoretically is displayed
in Figure 8.
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Figure 8. Theoretical induction time in different cases.

Based on the information provided, it appears that the induction time and number of
waves in a reactive flow were affected by several factors, including inlet total temperature
and ozone concentration. At ¢ = 0%, as the total temperature increased, the induction time
decreased significantly, and the number of waves increased. For ¢ > 0.1%, the theoretical
induction time of the inflow at different total temperatures was roughly the same and
lower than that of the inflow at 600 K without ozone addition. Kumar et al. [38] found
that ignition promoters, such as O3 and H;O,, can significantly shorten the induction
length and time scale, which has a significant impact on the structure of the detonation,
consistent with the results we calculated. This suggests that the effect of the induction
time of the reactive gas ahead of the detonation wave on the detonation wave mode is
not the primary factor. The formation of more hotspots for detonation wave is related
to changes in the state of the inflow gas, including static temperature and velocity, as
well as the interaction with the wall. The largest number of detonation waves occurred
at Ts; = 600 K. Additionally, the temperature of the banded products near the wall area
increased as the total temperature increased, making it easier to create new hot spots and
leading to an increase in detonation waves. It also seems that ozone acts as an ignition
promoter, accelerating the reaction process and producing O radicals that speed up the chain
branching, leading to the production of OH, a crucial indicator of the detonation reaction.
This is consistent with the findings in Wang’s study [39] in that ozone molecules decompose
into O radicals, which accelerates the H-abstraction reactions during the combustion
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process. Wang [39] found that the addition of ozone promotes the combustion process in
hydrocarbon fuels by affecting the active free radicals and heat release rate. As a result,
the increase in the ozone concentration has a more significant impact on the reaction rate
and can lead to various forms of reactive flow fields. These observations suggest that the
primary reason for both re-ignition and mode transition is the reduction in the induction
time ahead of the wave. Ozone exhibits a more prominent impact on reducing the induction
time of inflow with lower total temperature.

3.3. Discussion of Propagation Behaviors and Propulsion Performances

The propagation mode of the detonation combustion and propulsion performance are
both crucial factors that need to be taken into account in the design of a combustion chamber.
To explore the impact of 0zone on detonation wave propagation, we conducted a statistical
analysis for each case, as shown in Table 1. It should be noted that the value of the maximum
heat release rate was obtained by statistically analyzing the entire computational domain.
Since the heat release rate of the detonation combustion is much higher than that in regions
such as the contact surface, the maximum heat release rate is often found in the reaction
zone of the detonation wave. The results indicate that, as the total temperature increases,
both the detonation propagation speed and maximum heat release rate decrease. However,
our analysis suggests that ozone has a negligible effect on the detonation propagation
speed and maximum heat release rate. Overall, an increase in the total temperature affects
the heat release rate of detonation waves, resulting in a change in the propagation behavior,
while ozone has been observed to have no significant effect on the propagation performance
of detonation waves. By comparing Table 1 with Figure 7, we found that in the overall
results, the detonation wave speed decreased as the wave number increased, and the effect
of the wave number on the performance was not significant. This is consistent with the
conclusion drawn by Daniel E. Paxson [40].

Table 1. Results of the speed of detonation wave and heat release rate.

0% 0.1% 0.5% 1.0%

v,/ . 400 K 1875.1 1869.1 1811.2 1822.6

4/ (ms™) 600 K 1776.4 1707.3 1773.0 1763.4
HRR/ (J-s~1) 400 K 521938 x 10° 5.26051 x 10° 5.07845 x 10° 5.28373 x 10°
600 K 443678 x 106  4.27587 x 10° 4.48233 x 10°  4.36204 x 10°

In order to evaluate the overall propulsion performance of the rotating detonation
combustion with ozone addition, we calculated the total pressure and specific impulse at
the outlet using Equation (7):

g = [ pudA;

Isp = /A [PuZ +(p— Pb)} dA,/ (gnir) )

where A; and A, are the area of the inlet and outlet; 1y is the mass flow rate of the fuel; g
is the gravity acceleration; p, u, p, and p;, are density, velocity, pressure at the outlet and
backpressure (taken as 1 atm in this work). Table 2 presents the total pressure Ps; and
specific impulse I, variations for the different cases. We found that the increase in the
inlet total temperature led to a decrease in the total pressure at the outlet and an increase
in the specific impulse. As the ozone concentration increased, it was observed that ozone
had no significant effect on the total pressure at the outlet or the specific impulse in the
combustion chamber. In general, while increasing both the total temperature and ozone
concentration can increase the number of detonation waves, ozone has a negligible impact
on the propulsion performance.
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Table 2. Total pressure and specific impulse of the combustion outlet.

0% 0.1% 0.5% 1.0%

400 K 0.538 0.533 0.528 0.527

Pst/MPa 600 K 0.476 0.466 0.470 0.486
/s 400K 209.5 206.4 201.3 201.7
sp 600 K 220.3 212.7 219.3 226.3

Under the inflow conditions of stoichiometric equivalence ratio, ozone had a negligible
impact on the propagation behavior. Therefore, the study primarily focused on investi-
gating the relationship between the ozone concentration and the propagation behavior
of detonation waves under varying equivalence ratios at Ts; = 300 K and Ps; = 0.5 MPa.
Additional cases were simulated to plot the boundary of the steady RDWs, as shown in
Figure 9. For the case without ozone addition, the results indicate that steady RDWs can be
obtained with an equivalence ratio close to 1.2. As shown in Figure 3, when the equivalence
ratio is below 1.0, the presence of a recirculation zone leads to an unstable detonation
wave. In contrast, a higher equivalence ratio results in a stronger detonation wave, which
makes it difficult for fresh premixed gas to enter the chamber, causing the wave to extin-
guish. The addition of ozone results in more stable detonation waves, particularly at higher
equivalence ratios, where ozone plays a critical role in stabilizing the detonation process.
However, under lower equivalence ratios, ozone only acts as a supplementary factor in
initiating detonation by reducing the induction time and accelerating the reaction. It should
be noted that as the equivalence ratio decreases, a significantly higher ozone concentration
is necessary to induce detonation, particularly when the ratio falls below the stoichiometric
equivalence ratio.

2 a

B A failure

i | steady
15}
X
S 1F A

I DETONATION
0.5 A

of

5 1 15 2

Equivalence Ratio
Figure 9. Equivalence ratio from 0.4 to 2.0 initiation results with O3 addition.

4. Conclusions

In this paper, we presented two-dimensional numerical simulations of a Rotating
Detonation Wave (RDW) with evenly distributed injection nozzles. With aim of exploring
the influence of the total temperature and ozone on the rotating detonation modes, we
simulated rotating detonation waves in hydrogen-air mixtures. The key conclusions of our
study are as follows:

(1) Increasing the total temperature results in a corresponding increase in the number
of detonation waves, which affects the behavior and performance of the RDE.

(2) The addition of ozone improves initiation results and can lead to a transition from
single-wave to multi-wave detonation. Furthermore, ozone and an increase in the total
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temperature result in smoother contact surfaces for the detonation waves, which can impact
the stability of the combustion system.

(8) Ozone rapidly decomposes into O, and O, reducing the induction time of unburnt
gas in front of the detonation by accelerating the reaction process.

(4) With an increase in the total temperature, there is a decrease in the speed of the
detonation waves, maximum heat release rate, and total pressure at the exit, except for
an increase in the specific impulse. However, ozone has no noticeable impact on detonation
wave propagation behavior or propulsion performance.

(5) Ozone plays a significant role in determining the stability boundary of an RDE,
especially at higher equivalence ratios, which means a small amount of ozone addition
can improve the ignition result when the equivalence ratio is greater than one. At low
equivalence ratios, there is an exponential increase in the demand for ozone to aid initiation,
which broadens the operational range of the RDE.
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