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Abstract:  
Detonation-based engines have a higher thermal efficiency than 
deflagration-based engines and are therefore widely studied. In this study, 
the effect of initiation conditions on the detonation wave propagation and 
the performance of a pulse detonation engine, one type of detonation-
based engine, was numerically investigated. Hydrogen-oxygen mixtures 
with equivalence ratios of φ=0.8, 1.0, and 1.2 were defined as initiation 
conditions with constant pressure and temperature. The numerical 
simulations were conducted using the transient explicit density-based 
solver in the ANSYS Fluent commercial software. The adaptability of the 
adaptive mesh refinement method in detonation-based engines was 
explored in the numerical studies, reducing the average total cell count by 

a factor of 2.617, and obtaining consistent results according to validation 
studies. The adaptive mesh refinement method was also used in numerical 
simulations where different equivalence ratios were defined. It was 
determined that an increase in the equivalence ratio resulted in an increase 
in the detonation wave velocity. Also, an increase in thrust distribution at 
the nozzle exit was observed before the blowdown stage, and the 
calculated thrust values for φ=0.8, φ=1.0, and φ=1.2 were 248.28 N, 264.5 
N, and 270.83 N, respectively. 
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1. INTRODUCTION  
 

In detonation waves, which are considered as 
the combination of shock wave and chemical 
reaction front, the shock front compresses the fresh 
fuel-oxidizer mixture. It causes an increase in 
temperature and pressure in this region [1,2]. The 
energy release produced in the detonation wave 
front by chemical reactions supports the 
propagation of the detonation wave. In detonation 
applications, lower entropy production is achieved 
compared to deflagration, and therefore, it has 
higher thermodynamic efficiency than deflagration 
[1,3]. When the detonation combustor is integrated 
into an engine cycle, the increment of thermal 
efficiency is nearly 20% greater than the 

deflagration combustor, and the reduction of fuel 
consumption is approximately 9% [4-5]. Bigler et al. 
[6] used Brayton and Humprey cycles to compare 
detonation and deflagration cycles. The Humprey 
cycle adds heat with constant volume instead of 
heat adding with a constant pressure process. At 
the same initial pressure, thermal efficiency 
increases by 9.8% in the ideal Humprey cycle 
according to the ideal Brayton cycle. Sousa et al. [7] 
examined thermodynamic and non-isentropic 
processes to compare deflagration and detonation 
using TRI60-5 turbojet engine experimental results. 
At the lowest compression ratio, the efficiency of 
detonation is 8% higher than deflagration. Suzuki et 
al. [8] stated that detonation-based engines are 13% 
more efficient than conventional thermal engines. 
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Pulse detonation engines, one of the 
detonation-based engines, have five stages in a 
cycle: filling, ignition, deflagration to detonation 
(DDT), expansion, and purge [9]. In the filling 
process, the detonation tube is filled with the fresh 
fuel-oxidizer mixture. After the ignition process, the 
flame is converted into a detonation wave using 
detonation to deflagration mechanisms such as 
Shchelkin spiral and obstacles. Expansion waves are 
produced when the detonation wave leaves from 
the detonation tube. In order to ensure a new cycle 
in the pulse detonation engine, the detonation tube 
must be cooled, and the products must be 
discharged from the detonation tube (purge step). 
In the purge step, a species that will not cause a 
reaction is transferred to the detonation tube, and 
the pulse detonation engine is ready for the next 
cycle [10,11].  

With significant advancements in computational 
capabilities, various complex flow structures in 
aviation applications, such as shock front and flow 
separation development at different angles of 
attack for airfoils, deflagration applications, etc., 
can be validated through CFD analyses [12,13]. In 
literature, many studies include ignition and DDT 
processes for the propagation of the detonation 
wave in the pulse detonation engines. Obstacle [14-
22] and Shchelkin sphiral [23-27] are used as DDT 
mechanisms. In numerical studies on the flame's 
transition into a detonation wave, the filling stage is 
not included, and the fuel-oxidizer mixture is 
defined as premixed in the detonation tube. Alam 
et al. [14] investigated the effects of different 
equivalence ratios on the DDT transition step and 
the detonation wave propagation using a pulse 
detonation engine configuration modeled with 
obstacles having a 0.5 blockage ratio. Tangirala et al. 
[17] utilized ideal and benchmark tube pulse 
detonation engine configurations in their numerical 
studies, examining the DDT and blowdown stages in 
experimental work. It was noted that consistent 
results were obtained in experimental studies for 
pulse detonation engine configurations using 
benchmark tubes. Debnath and Pandey [23] 
numerically examined the DDT phase and flame 
propagation in single-tube pulse detonation engine 
models, incorporating the Shchelkin spiral. The 
numerical studies concluded that the detonation 
wave strength was stronger in the pulse detonation 
engine model with the Shchelkin spiral. 

Pulse detonation engines operating frequencies 
are in the range of 100-200 Hz. Filling and purge 
stages in the pulse detonation engines are time-
consuming, and the effect of these stages on the 

operating frequency of the pulse detonation engine 
is critical [28]. Considering the operating frequency 
of the pulse detonation engine, it is necessary to 
achieve the prescribed equivalence ratio for the 
fuel-oxidizer mixture during the filling process in the 
detonation tube. The mixture efficiency obtained 
prior to initiating the detonation wave and the 
equivalence ratios of the fuel-oxidizer mixture 
directly influence the propagation of the detonation 
wave and the resulting thrust distribution. In this 
study, the effects of initiation conditions on 
detonation wave propagation and pulse detonation 
engine performance were numerically examined. 
Filling and purge steps were disregarded in the 
numerical simulations. A pulse detonation engine 
model, including a detonation tube and nozzle, was 
used in the validation study. Following the 
validation study, an outlet domain behind the 
nozzle was created to investigate the DDT and 
blowdown stages. As the initiation condition, the 
detonation tube was filled with a premixed fuel-
oxidizer mixture at different equivalence ratios (φ = 
0.8, 1.0, 1.2). The numerical study results were used 
to analyze the detonation wave propagation and 
variables, DDT and blowdown stages, and pulse 
detonation engine performance. 

 
2. MATERIALS AND METHOD 

 
2.1 Physical Model and Mesh Details 

 
The pulse detonation engine configuration used 

in the reference study includes a detonation tube 
and a nozzle. In the numerical simulations, the pulse 
detonation engine configuration was modeled in 2D, 
and the geometric details are presented in Fig. 1. 
The detonation tube diameter (DPDE) and length 
(LPDE) for the pulse detonation engine configuration 
are 3.8 mm and 100 mm, respectively. The nozzle 
has a conical half-angle of 10°, and the expansion 
area ratio is approximately 8.1 [29]. 

Two numerical domains were created for 
numerical studies. The pulse detonation engine 
configuration containing the detonation tube and 
nozzle, as shown in Fig. 1 (a), was used for the 
validation study. As the second pulse detonation 
engine configuration, an outlet domain was added 
behind the nozzle, as seen in Fig. 1(b), to examine 
the DDT and blowdown stages. The outlet domain 
was extended upstream to support detonation 
wave propagation during the blowdown stage [29]. 
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(a) 

 
(b) 

Fig. 1. Numerical domains used for a) validation and b) 

different initial condition cases [29] 

The mesh structure used for validation studies 
employed constant cell sizes ranging from 0.1 to 
0.37 mm. The total cell numbers for the detonation 
tube and nozzle are 21.750 and 2.871, respectively. 
The mesh structure’s maximum and average aspect 
ratio values 

In the numerical investigations carried out to 
analyze initial conditions, the adaptive mesh 
refinement (AMR) method was utilized. This 
approach, illustrated in Fig. 2, involves two main 
phases: cell refinement and coarsening. The 
primary cell is split into four equal-area cells in each 
refinement stage, effectively halving the cell sizes in 
the refined mesh region. Conversely, the coarsening 
process reverses this by merging previously divided 
cells and doubling the cell size with each stage. A 
variable and its limits were established to control 
the refinement and coarsening processes in the 
AMR method. Pressure gradient values increased 
cell count in regions like the detonation wave and 
wave fronts. The AMR method was executed in 
three stages, ensuring that cell sizes remained 
below 0.1 mm throughout the flow domain. 

 

 

Fig. 2. Adaptive mesh refinement method 

 

2.2 Numerical Method 
 

Numerical studies were conducted using the 
ANSYS Fluent commercial software. Zhang et al. [1] 

numerically examined the effects of viscosity, mass 
diffusion, and thermal conduction on the 
propagation of detonation wave variables in 
rotating detonation engines. They indicated that 
the boundary layer has a negligible effect on the 
detonation wave velocity and that the pressure in 
the boundary layer is nearly constant. Therefore, in 
numerical studies focused on detonation-based 
engines, viscosity, mass diffusion, and thermal 
conduction can be neglected, and the two-
dimensional governing equations are reactive Euler 
equations [30-35]. The Euler equations with source 
terms in Cartesian coordinates are expressed in 
Equation (1) [36]. 
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In the Eqn. 2, Q represents conservative 
variables, F and G are convective fluxes, and S is the 
source term. Y, �̇�, u, v, and w represent the mass 
fraction, mass production rate, and velocity 
components of reactants, respectively. The ideal 
gas approach is adopted for all species. The mixture 
density and pressure are determined by the 
relationships given in Equation (3) and Equation (5). 
The total energy equation is provided in Equation (6) 
[37]. In the equation given in Equation (6), e 
represents internal energy, and U is velocity [38]. 
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In numerical analyses, a transient density-based 
solver was utilized. The Advection Upstream 
Splitting Method (AUSM) was employed for 
convective fluxes [38]. The least-squares-cell-based 
method was used for solving gradients. The reaction 
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rate constants were obtained through the 
Arrhenius equation. In Equation (7), where kf 

represents the reaction rate, Ea is the activation 
energy, R is the gas constant, and T is the 
temperature, the Arrhenius equation is provided 
[39]. A 19-step irreversible chemical reaction 
mechanism was used to determine the reaction 
rates [40]. 

𝑘𝑓 = 𝐴𝑇𝑏exp (−𝐸𝑎/𝑅𝑇) (7) 

To initiate the detonation wave, the detonation 
tube is filled with a premixed fuel-oxidizer mixture. 
The pressure and temperature values of the fuel-
oxidizer mixture are 1 atm and 298 K, respectively 
[29]. A small flow field with high pressure and 
temperature (35 atm and 3000 K) is patched for the 
ignition process. The outlet domain is filled with air; 
the pressure and temperature values are 1 atm and 
298 K, respectively. A pressure-outlet boundary 
condition is defined for the outlet boundary, set at 
1 atm. The walls of the detonation tube are 
considered non-slip and adiabatic. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Model Validation 

 
In the reference experimental studies, pressure 

measurements were conducted at five different 
points along the detonation tube (L/LPDE=0.299, 
L/LPDE=0.450, L/LPDE=0.602, L/LPDE=0.754, and 
L/LPDE=0.976) to examine pressure profiles and the 
propagation of the detonation wave [29]. 
Detonation wave velocity was obtained with the 
flame position along the detonation tube. 
Experimental studies indicated a detonation wave 
velocity of 2737 m/s. This value is approximately 
96.51% of the Chapman-Jouguet (C-J) velocity [29]. 

The pressure profiles at specified points along 
the detonation tube in the reference experimental 
study are provided in Fig. 3. When examining the 
pressure profiles, it is observed that a sudden 
increase in pressure occurs at the detonation wave 
front, followed by a rapid pressure drop. Analyzing 
the pressure profiles in the reference experimental 
study, it is noted that the pressure profile at the 
point L/LPDE=0.299 is associated with the DDT stage. 
At this point, the pressure value at the detonation 
wave front is approximately 9 atm. This value 
represents about 0.479% of the C-J pressure 
(pCJ=18.779 atm). The nearly identical pressure 
peaks after the position L/LPDE=0.45 indicate the 
termination of the DDT stage at this point [29]. 

When examining the pressure profiles obtained 
in the validation study, it is observed that trends 
similar to those in the reference experimental study 
are obtained. In the reference experimental study, 
notable differences in pressure peaks at 
L/LPDE=0.299 and L/LPDE=0.45 points are related to 
the DDT step. Beyond the L/LPDE=0.45 point, the 
pressure peaks appear to stabilize and become 
nearly identical. In the numerical validation results, 
the pressure peaks at L/LPDE=0.299 and L/LPDE=0.45 
points are recorded as 17.02 atm and 17.58 atm, 
respectively. These findings suggest that the DDT 
phase occurs more rapidly in numerical simulations. 
Furthermore, past the L/LPDE=0.45 position, the 
pressure development profiles exhibit consistent 
distributions, with the average pressure value at the 
detonation wave front determined to be 17.55 atm. 

 

 

Fig. 3. Time evolution of pressure along the detonation 

tube [29] 

 
In the validation study, the detonation wave was 

initiated using the direct ignition method. The tCJ 

value was calculated taking into account the 
propagation of the detonation wave within the 
detonation tube and nozzle and it is 42.27 µs. When 
examining the propagation of the detonation wave 
given in Fig. 4, it is observed that the DDT stage is 
completed approximately after t/tCJ=0.01.  

In Fig. 4, it is determined that the detonation 
wave velocity is nearly constant. The detonation 
wave velocity measured in the reference 
experimental study is 2737 m/s [29]. The 
detonation wave velocity obtained from numerical 
studies is 2614 m/s; this value is 95.55% and 92.17% 
of the reference experimental study and the C-J 
velocity, respectively. 
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Fig. 4. Flame position along the detonation tube 

 
3.2 Performance of Adaptive Mesh Refinement 

Method 
 

The numerical solutions were conducted using 
two different mesh structures. The short durations 
required for the formation and decomposition of 
species in chemical reactions and the complex flow 
structure increase the requirements in numerical 
studies. Lietz et al. [41] utilized a mesh structure 
consisting of 140 million cells for their Large Eddy 
Simulation (LES) studies on the rotating detonation 
rocket engine. Sato and Raman [42] conducted 
numerical studies on an ethylene/air-based rotating 
detonation engine using a mesh structure with 30 
million cells. To address the mentioned high 
demands, the adaptive mesh refinement method 
was employed in numerical studies. In this method, 
the pressure gradient variable was defined for the 
division and recombination of the cells.  

The performance of the AMR method was 
examined in two steps. Firstly, the AMR method 
was applied using the validation domain in Fig. 1(a) 
and compared with the numerical validation results 
using constant cell size. In the second step, the 
domain given in Fig. 1(b) was used, and mesh 
development during the blowdown stage was 
investigated. When examining the cell development 
shown in Fig. 5, it is observed that the cell density is 
increased behind the detonation wave. The cells 
were recombined to form the primary cells in the 
regions where the pressure gradient distribution is 
outside the defined limits.  

 

Fig. 5. Mesh structure in the detonation tube at t=30 µs 

When examining the pressure development 
along the detonation tube given in Fig. 6, similar 
trends were identified in numerical studies using 
the AMR method and constant cell size. In the 
validation study where the AMR method is 
employed, higher pressure values are obtained at 
the detonation wave front compared to the 

validation study using constant cell size. The steady 
detonation wave front pressure in the validation 

studies using constant cell size and the AMR 
method is 17.55 atm and 18.5 atm, respectively. 

 

 

Fig. 6. Pressure distribution along the detonation tube 

The reduction in the number of mesh cells 
decreases the computational requirements, but 
appropriate cell sizes need to be established for the 
stable propagation of the detonation wave. With 
the AMR method, the total number of cells is 
reduced, and cells of approximately 0.1 mm are 
created at the detonation wave front. Fig. 7 
provides the development of the flame position and 
the cell number ratios (nC) for examining the gains 
of the AMR method. The cell number ratio is 
obtained with the relationship given in Equation (8). 
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In the Equation (8), nAMR and nCONS. variables are, 
respectively, the total number of mesh cells with 
the AMR method and the total number of mesh 
cells with constant cell sizes. 

𝑛𝐶 =
𝑛𝐴𝑀𝑅

𝑛𝐶𝑂𝑁𝑆.
 (8) 

When examining the detonation wave 
propagation given in Fig. 7, it is determined that, in 
the AMR method and the constant cell size 
numerical validation studies, the DDT stage is 
completed at t/tCJ=0.118 and t/tCJ=0.01, 
respectively. Subsequently, stable detonation wave 
propagation occurs. It is observed that the mesh 
ratio increases to 0.526 at t/tCJ=0.165. This situation 
is related to regimes where the rapid pressure 
change behind the detonation wave is observed and 
the high-pressure region in the direct ignition zone. 
During the propagation of the detonation wave in 
the detonation tube, the average cell number ratio 
with the AMR method is determined to be 0.382. 

 

 

Fig. 7. Flame position and time evolution of the mesh 

cell ratio 

Pressure gradient limits for the AMR method 
were defined at values suitable for examining the 
characteristics of detonation wave propagation 
during the blowdown stage. As seen in Fig. 8, the 
increase in cell density is maintained at the nozzle 
and during the blowdown stage at the detonation 
wave front.  

 

(a) 

 

(b) 

Fig. 8. Detonation wave propagation and mesh 

evolution a) in the nozzle and b) outlet domain 

 
3.3 Detonation Wave Propagation and Nozzle 

Performance 
 

Detonation wave propagation and changes in 
pulse detonation engine performance were 
investigated by filling the detonation tube with a 
fuel-oxidizer mixture with different equivalence 
ratios for rich, stoichiometric, and lean combustion. 
The equivalence ratios for rich and lean combustion 
are 1.2 and 0.8, respectively. The pressure and 
temperature of the fuel-oxidizer mixture filled into 
the detonation tube before ignition were kept 
constant, with values of 1 atm and 298 K.  

In Fig. 9 (a), similar trends are observed along the 
detonation tube. An increase in the equivalence 
ratio increases pressure at the detonation wave 
front. The pressure at the detonation wave front is 
17.30 atm, 18.22 atm, and 19.15 atm for φ=0.8, 

φ=1.0, and φ=1.2, respectively. C-J temperature for 
φ=0.8, φ=1.0, and φ=1.2 are 3640 K, 3673 K, and 
3663 K, respectively [43]. As seen in Fig. 9(b), there 
are sudden increases in temperature values at the 
detonation wave front, similar to the pressure 
distribution. An increase in equivalence ratios is 
determined to increase the temperature at the 
detonation wave front. The ratios of the stable 
detonation wave front temperatures to the C-J 
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temperatures for φ=0.8, φ=1.0, and φ=1.2 are 0.840, 
0.866, and 0.871, respectively. 

 

 

(a) 

 

(b) 

Fig. 9. a) Pressure and b) temperature ratio histories for 

different equivalence ratio  

Detonation tube pressure profiles indicate that 
the DDT stage is completed quickly, similar to the 
validation case. When examining the flame position 
distribution given in Fig. 10, the linear development 
structure of the detonation wave velocity proves 
that the detonation wave is steady. An increase in 
equivalence ratio provided an increase in energy 
release, along with an increase in detonation wave 
velocity. The determined C-J velocity values for 
φ=0.8, φ=1.0, and φ=1.2 are 2654 m/s, 2836 m/s, 
and 2987 m/s, respectively [43]. The periods when 
the detonation wave separates from the detonation 
tube are, for φ=0.8, φ=1.0, and φ=1.2, respectively, 
40.59 µs, 37.76 µs, and 35.66 µs. When examining 
the flame position distribution, the average 
detonation wave velocities ratios in the numerical 
studies to the C-J velocities for φ=0.8, φ=1.0, and 
φ=1.2 are 0.928, 0.933, and 0.938, respectively. 

 

Fig. 10. Flame position for different equivalent ratio  

During the blowdown stage, one of the pulse 
detonation engine cycle stages, the detonation 
wave transitions from the detonation tube to free 
space. No chemical reaction takes place during the 
blowdown stage. When examining the detonation 
wave propagation given in Fig. 11, it is observed that 
the detonation wave transforms from a planar to a 
spiral form.  

 

Fig. 11. Propagation of detonation wave in the nozzle 

and outlet domain at t= 60 μs (left side) and t= 70 μs 
(right side) 

In Fig. 12, it can be observed that during the 
propagation of the detonation wave in free space, 
the reaction front and the leading shock front 
separate. After t=90 μs, discrete two wave fronts 
emerge, and it is understood that the propagation 
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velocity of the shock front is higher than that of the 
reaction front. A jet exhaust is formed at the center, 
and vortex sheets are observed behind the reaction 
front. 

 

 

Fig. 12. Propagation of detonation wave in the nozzle 

and outlet domain at t= 90 μs (left side) and t= 110 μs 
(right side) 

The detonation wave propagation within the 
nozzle and the blowdown stage directly affects the 
generated thrust. Fig. 13 provides the Mach number 
distribution at the nozzle exit. When examining the 
Mach number distribution at the nozzle exit, the 
time of the detonation wave's exit from the nozzle 
is 59.06 μs, 55.77 μs, and 53.53 μs for φ=0.8, φ=1.0, 
and φ=1.2, respectively. Sudden increases in the 
Mach number occur during the passage of the 
detonation wave through the nozzle exit. The rapid 
decrease in Mach number at the nozzle exit is due 
to the blowdown stage. The re-increase in the Mach 
number of the exhaust jet during the expansion of 
waves in the outlet domain serves as evidence. 
When examining the passage of the detonation 
wave from the nozzle exit, an increase in 
equivalence ratio results in an increased Mach 
number. The Mach numbers at the exit for φ=0.8, 
φ=1.0, and φ=1.2 are 1.302, 1.332, and 1.339, 
respectively. Similar trends are observed in the 
Mach number distribution at the nozzle exit after 
the blowdown stage. 

 

Fig. 13. Time evolution of the nozzle exit Mach Number 

for different equivalence ratio 

To examine the changes in the nozzle 
performance with variations in the equivalence 
ratio of the fuel-oxidizer mixture, in Fig. 14 the 
evolution of pressure ratio at the nozzle exit is 
given. The pressure ratio distribution at the nozzle 
exit follows a similar trend to the Mach number at 
the nozzle exit. Sudden increases occur in the 
pressure ratio at the nozzle exit due to the high axial 
velocity. Decreases in total pressure due to the 
blowdown stage result in rapid drops in the 
pressure ratio. During the propagation of the 
detonation wave in the outlet domain and the 
pressure drop at the nozzle exit due to the jet 
exhaust, sudden increases in the pressure ratio are 
observed again. Increasing the equivalence ratio 
also increases the pressure ratio at the nozzle exit. 
The pressure ratios at the moment when the 
detonation wave separates from the nozzle are 
2.783, 2.837, and 2.881 for φ=0.8, φ=1.0, and 
φ=1.2, respectively. 

 
Fig. 14. Nozzle exit pressure ratio distribution for 

different equivalence ratio 
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To obtain the thrust distribution at the nozzle 
exit, the equation given in Equation (9) was used, 
where "u" is the axial velocity, and “𝒑∞ ” is the 
ambient pressure [44]. When examining the thrust 
distribution at the nozzle exit in Fig. 15, it is 
observed that there are sudden increases in the 
thrust distribution during the transition of the 
detonation wave. This is followed by another abrupt 
decrease due to the blowdown stage. The changes 
in the equivalence ratio result in similar trends in 
the thrust distributions at the nozzle exit. However, 
an increase in the equivalence ratio also increases 
the thrust values at the nozzle exit. This increase is 
higher from φ=1.0 to φ=1.2 compared to the 
increase from φ=0.8 to φ=1.0. After numerical 
studies, the thrust values generated at the moment 
of the detonation wave transition at the nozzle exit 
are 248.28 N, 264.5 N, and 270.83 N for φ=0.8, 
φ=1.0, and φ=1.2, respectively. 

𝑭(𝒕) = ∫ [𝝆𝒖𝟐 + (𝒑 − 𝒑∞)]𝐝𝑨
𝒆𝒙𝒊𝒕

 (9) 

 

Fig. 15. Thrust distribution at the nozzle exit for 

different equivalence ratio 
 
4. CONCLUSION 

 
In this study, the effects of the fuel-oxidizer 

equivalence ratio on the propagation of the 
detonation wave and the performance of a pulse 
detonation engine are investigated numerically. In 
the numerical simulations, the pressure and 
temperature values of the fuel-oxidizer mixture 
were kept constant. Equivalence ratios of φ=1.2, 
φ=1.0, and φ=0.8 were chosen for rich, 
stoichiometric, and lean combustion conditions, 
respectively. The results obtained from the 
numerical simulations are listed below: 

• The validation study was in good agreement 
with the reference experimental study. 
Following the DDT stage, the reference 
experimental study determined that the 
pressure at the detonation wave front is 
approximately 17 atm. In the numerical 
validation study, the pressure at the steady 
detonation wave front was determined to be 
17.55 atm. While the average detonation wave 
velocity in the reference experimental study 
was 2737 m/s, it was found to be 2614 m/s in 
the numerical simulations.   

• In the reference experimental study, it was 
understood that a stable detonation wave 
structure was obtained at the L/LPDE=0.45 
position. The numerical validation study 
observed that the DDT stage ended much more 
quickly, and a stable detonation wave was 
achieved 

• The suitability of the AMR method for reducing 
the requirements of numerical simulations was 
investigated. The pressure gradient variable 
was used to split and recombine the cells. In 
the AMR method, the detonation wave front 
and the cells behind it were split into three 
stages, reducing the average minimum cell size 
to 0.1 mm. The average cell number ratio was 
0.382 during the propagation of the 
detonation wave, and this method could 
significantly reduce the requirements for 
numerical simulations of detonation-based 
engines. 

• During the blowdown phase, sudden decreases 
in Mach number and pressure ratio were 
identified at the nozzle exit. It was determined 
that a central jet exhaust and vortex sheets 
occurred during the propagation of the 
detonation wave in the outlet domain. At this 
stage, sudden increases in Mach number and 
pressure ratios were again observed at the 
nozzle exit.  

• With the increase in equivalence ratio, 
temperature, and pressure values were 
observed at the detonation wave front. 
Additionally, it was observed that the 
detonation wave velocity increased with the 
rising equivalence ratio.  

• At the nozzle exit, an increase in the 
equivalence ratio provided an increase in Mach 
Number, thrust, and pressure ratio values. 
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