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Abstract: Detonation potential in rotating detonation engine (RDE) depends on well-mixed fuel 

and oxidizer in the annulus. A numerical study was carried out to analyze hydrogen (H2) – oxygen 
(O2) mixing in RDE prior to the detonation. A validation was effectively achieved by comparing the 
expected detonation criteria with the reported experimental results where less than 10 % error was 
observed. Non-reacting flow inside the annulus was examined with a new parameter describing the 
fuel uniformity, the amplitude of the maximum deviation from the H2 average mass fraction, |𝑆௠௔௫|. 
The numerical results are generated at variable distance between the fuel injector and the oxidizer 
plenum, D to provide insights on the fuel uniformity and the mixing efficiency. Case A3 with D = 6 
mm results in the worst mixing indicated by the highest |𝑆௠௔௫| of 0.0156. This happened due to the 
impingement of fuel stream that separates the stream into two distinctive flows and formed two major 
vortices that separates the fuel streams. Case A1 with D = 2 mm results in the best mixing indicated 
by the lowest |𝑆௠௔௫| of 0.0012 due to the cross flow collisions of fuel and oxidizer and large 
turbulent region created. The location of fuel inlet situated face to face with the 90° elbow wall has 
been predicted to generate the most significant fuel distribution imbalance within the annulus. In 
conclusion, prediction towards excessive fuel inhomogeneity in the annulus as one of the major 
factors affecting stability of detonation wave for RDE is achieved in this study. 

 
Keywords: Rotating detonation engine; fuel injection; non-premixed reactant; computational 

fluid dynamics (CFD); fuel uniformity. 
 

1.  Introduction and background  

Deflagration combustion or subsonic combustion is the 
major mode of combustion adopted in many existing gas 
turbine combustor and propulsion system. However, the 
deflagration mode has restricted ability in raising the fuel 
efficiency and lowering the emission significantly due to 
its significant entropy generation1), loss of pressure2), and 
slow reaction rates3). The combustion detonation mode, in 
which the burning wave propagates at supersonic speed, 
provides tremendous capacity for a major improvement in 
thermal efficiency4). It happens due to massive availability 
of work where the entropy produced is lower5), and the 
pressure is exerted throughout the combustion area6). The 
ultimate goal for detonation study is to use the pressure 
increment phenomenon in order to draw out a potentially 
higher work output7), in gas turbine for power 
generation13) or propulsion9).  

Based on the attribute of detonation, there are two 
standard types of detonation applications which are 
rotating detonation engine (RDE)15) and pulsed detonation 

engine (PDE)14). Since PDE experiences large pressure 
oscillations16) and limited in operating frequency8), the 
detonation study has moved to RDE. RDE is one of the 
novel detonation concepts with simple mechanical design 
but have the capability to generate an impressive power 
density15). RDE is a device utilizing detonation waves 
wherein fuel and oxidizer are inserted from injector 
nozzles, the RDE annulus is filled, and the well-mixed 
fuel and oxidizer are detonated by an ignition from the 
initiator tube17). Consequently, the production of one or 
more detonation waves that propagate continually around 
the annulus can create steady thrust18). RDE is a 
fascinating premise, and if certain RDE concerns are 
addressed, it might just be the wonder of firing technology 
in the coming years. 

Researchers have recently begun to note the 
significance of mixing and injection processes in the RDE 
annulus. Selection on either premixed or non-premixed 
(diffusion) reactants for RDE is another subject of interest 
which have been discussed by many researchers. 
Although inserting premixed fuel and oxidizer into the 
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annulus avoids many issues resulting from the mixing of 
reactants, it becomes more likely to flashback into the 
premixed plenum and injector7). As demonstrated in RDE 
tests, one method to avoid detonation from spreading 
within the plenum and injector region is to insert the fuel 
and oxidizer independently. Nevertheless, the decision to 
mix the fuel and the oxidizer within the RDE annulus 
contributes in a less advantageous scenario for rotating 
detonation propagation. For instance, under non-premixed 
conditions, 20% of the propagation speed deficit was 
detected with regard to the optimal Chapman-Jouguet (CJ) 
detonation in premixed environments20). While rotating 
detonation waves dispersed circularly across the annulus 
swallowing the fresh fuel and oxidizer mixture, once they 
reach the annulus, the reactants also underwent intense 
mixing. The flow ahead of detonation front is complicated 
primarily because of the contact between both the 
injection and the rotating detonation wave propagation 
resulting instabilities like shifting of propagation 
direction23), waning and waxing3) and mode switching17). 
To overcome problems and to generate stable detonation 
wave, research on injection design for RDE has been 
conducted. The injection configuration must permit for a 
sufficient and swift mixing of the fuel and oxidizer for 
stable rotating detonation wave generation, while 
generating minimum loss of pressure along the injection 
space to maintain the detonation potential. 

Numerical analysis is preferred in providing 
comprehensive analysis on different type of injection 
designs impact towards the mixing behavior in RDE as 
experimental analysis is time and cost consuming. 
Furthermore, it is not easy to visualize the flow behavior 
via experimental procedures. In early years, 2D 
simulations of uniform scattered injection has been 
performed19). Liu et al.20) simulated five different slotted 
injection designs and Schwer et al.21) investigated the 
pressure generated within the injector space as rotating 
detonation wave propagates over a series of holes. 
However, in all these numerical studies, the injected 
reactants were premixed in the first place. There are only 
few numbers of numerical study that actually employed 
non-premixed reactants for their RDE simulation. Frolov 
et al.22) executed a numerical modelling of RDE with 
independent injector for oxidizer and fuel. Driscoll et al.23) 
considered the non-premixed reactants for RDE in which 
flow field behavior of injection process under different 
injector areas, fuel injection positioning and flow rate of 
reactants have been investigated.  

A transition from an ideal to a more practical method of 
modelling the injection of reactants in RDE has been 
carried out over the last decade. Although injection 
scheme is one of the element to ensure a successful RDE 
design, but only a few studies analyze the impact of 
various injection schemes towards fuel uniformity within 
the annulus. Therefore, the present study focuses on 
uniformity of the fuel-oxidizer mixture in the annulus to 
generate a stable rotating detonation wave in RDE at 
variable RDE configuration. 

 
2.  Experimental setup 

In this work, investigation on non-premixed cases are 
conducted. The computational regions are derived from 
the RDE structures used in the experimental work of 
Shank24). The cross-sectional and internal views of the 
simplistic computational region are seen in Fig. 1. From 
the initial computational region, some simplifications 
were introduced. As our primary emphasis is on the 
mixing of fuel-oxidizer inside the annulus of RDE, fuel 
and oxidizer plenums are not incorporated. As indicated 
in Fig. 1, to accurately evaluate the mixing performance 
of oxidizer and fuel within the annulus, the actual injector 
configuration of RDE from the aforementioned published 
research is taken into account. This particular injection 
framework will be employed for validation purposes and 
as the baseline case. 

The gap from the fuel injection to the oxidizer plenum, 
D, is seen in Fig.1. In analyzing the fuel inlet location 
effect on fuel uniformity within the annulus, parameter D 
is varied in which small D value represents a fuel inlet that 
is close to the oxidizer plenum. Furthermore, flow 
behavior of reactants are also to be analyzed with the 
variation of D values. The D value for each case can be 
seen in Table 1. 

 
Table 1. D value. 

Cases D (mm) 

A1 2 

A2 4 

A3 6 

A4 8 

A5 10 
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(1)

(2) 

 

 
Fig. 1: Cross-sectional and internal views of the simplistic computational region. 

 

3.  Numerical model setup 

From the finite volume technique, the computing 
domains were divided into smaller control volumes which 
covering the whole computing domain29). In ANSYS 
Fluent, the discretization was carried out towards the 
governing equations (steady state and compressible) 
including momentum conservation (Newton's second law), 
mass conservation and energy conservation (the first law 
of thermodynamics). Pressure-velocity coupling was 
solved in a coupled manner rather than segregated manner. 
While segregated manner for instance Semi-Implicit for 
Method Pressure-Linkage Equation (SIMPLE)27) will 
solve the conservation of mass and conservation of 
momentum separately, coupled algorithm will solve both 
conservation of mass and momentum simultaneously thus 
approximations which come from segregated manner will 
be eliminated thus allowing dependency of mass 
continuity equation with momentum continuity equation, 
and vice versa25). The conservation of energy equation 
was solved sequentially. 

Using Reynolds Averaged Navier-Stokes (RANS) 
equations, turbulence flow was resolved as shown in eq. 
(1). Instantaneous Navier-Stokes equations are rewritten 
to RANS equations by decomposing the velocity into its 
instantaneous, u’ and mean portions, 𝑢ത  28) and time 
average26). Implementing turbulent viscosity, μT by 
Boussinesq hypothesis as shown in eq. (2), Reynold 
stresses, Rij in eq. (1) are formulated. In order to solve μT, 
the SST k – ω model is used whereby transport equations 
are incorporated for the turbulent frequency, ω and the 
turbulence kinetic energy, k30). The SST k – ω model is 
employed because for this specific study, reasonably 
precise quality of boundary layers is essential25) because 
the interaction of reactant flow with the annulus wall has 
an essential part for mixing efficiency because of the 
limited area inside the annulus. 
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Due to the unavailable non-reactive data of the fuel-

oxidizer mixture in RDE, the validation was performed on 
the basis of the previous reactive flow experiment and the 
reactive flow modelling was performed for validation uses. 
The reactive flows are obtained using the Eddy-
dissipation model and the one-step chemical reaction of 
H2/O2

3). Constant flow rate under stoichiometric 
equivalence ratio is employed throughout the variation of 
D. This is to ensure the same mass flux of fuel and 
oxidizer to enter the annulus of RDE since the injection 
area for fuel and oxidizer are kept constant throughout the 
cases. The fuel mass flow rate is 5.40 g/s and the oxidizer 
mass flow rate is 39.96 g/s. The reactants are pure 
hydrogen and oxygen. Since other variables have been 
fixed, the mixing efficiency study focuses solely on the 
effect of the fuel injector configuration. 

The detailed study of the fuel uniformity within the 
RDE annulus was axially and radially analyzed in the 
current study. At regular intervals, six planes were 
introduced throughout the annulus. As shown in Fig. 2, 
each plane is subdivided into 12 circumferential areas 
with an angle of 30° each. 

 

 
Fig. 2: Axial plane configuration in the annulus, whereby 

each plane is split into 12 circumferential areas. 
 
As shown in Fig. 2, a parameter is added to measure the 

uniformity of fuel within the annulus, that is the amplitude 
of maximum deviation from the average mass fraction of 
H2, |𝑆௠௔௫| . 𝑆௟  is the deviation of the H2 mass fraction 
from the average mass fraction of H2 for each 
circumferential area. The highest 𝑆௟ for each axial plane 
interval, |𝑆௝|  was determined. Six values of |𝑆௝|  are 
determined because there are six axial planes, and the 
maximum value of |𝑆௝| is represented as |𝑆௠௔௫|.  
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4.  Validation (detonation modelling) 

Mesh independent was achieved at 500,000 elements 
with a mean element size of 2 mm prior to validation, 
together with mesh refinement to match the boundary 
layer on the annulus wall29). Because of the unavailable 
non-reactive data of the fuel-oxidizer mixture in RDE, as 
previously stated, the validation was carried out on the 
basis of the reacting flow experiment where the predicted 
detonation velocity, vD from numerical modeling was 
compared with the interpolated vD reported by Shanks 
experimental works24). vD is the velocity of detonation 
wave front travel through an explosive mixture. The 
interpolated vD comes from the interpolation of 
experimental data to gain the approximate vD at time, t = 
8.16 µs. In addition, the interpolated detonation front 
displacement, r recorded by Shanks24) at t = 8.16 µs is 
compared with the results gained from the numerical study. 
The displacement of detonation front comes from the 
distance of detonation front to the initiator attached 
tangentially on top of RDE body which is used to detonate 
the mixture. The validation results are shown in Table 2. 

 
Table 2. Comparisons between the findings of experimental and 

numerical work. 

Parameters 

Findings at t = 8.16 µs Difference 
by 
percentage 
(%) 

Experiment Numerical 

vD (m/s) 1593.8000  1476.4220 7.4 

r (m) 0.0156  0.0141  9.6 

 
The performance of the current CFD model is proved 

by these comparative analysis, as the current numerical 
findings are reasonably in line with the reported data. The 
difference by percentage between the predicted results and 
experimental data are 7.4 % for vD and 9.6 % for r. Since 
detonation simulation requires high computational effort, 
simulation was run until it reaches t = 8.16 µs, sufficient 
enough for the detonation front to emerge in the annulus. 
Fig. 3 shows the formation of detonation front at t = 8.16 
µs. 

 
 

 
 

 

 

 

 

 

5.  Results and discussion 

In assessing the fuel uniformity axially and radially 
inside the RDE annulus, a collection of numerical results 
indicating the produced 𝑆௟ from circumferential areas are 
shown in Fig. 4 together with the corresponding |𝑆௠௔௫| 
of each case. Cases A3 to A5 shows significant fuel 
inhomogeneity as |𝑆௠௔௫| values are higher in contrast to 
the remaining of the cases. Case A3 exhibits the highest 
fuel inhomogeneity where |𝑆௠௔௫|= 0.0156. Cases A1 and 
A2 have been predicted to have a good uniformity of H2 
within the annulus as |𝑆௠௔௫|  values of 0.0012 and 
0.0014 are calculated for cases A1 and A2 respectively.  

Graph in Fig. 5 shows the relation between |𝑆௠௔௫| 
with parameter D. Based on the curve generated in Fig. 5, 
region on the left hand side of A3 produced lower fuel 
inhomogeneity than the right hand side region. The 
highest |𝑆௠௔௫|  is generated from A3 in which the 
location of fuel injection is in the middle and facing the 
90° elbow wall.  

To gain a better understanding towards the fuel 
distribution imbalance within the annulus, Fig. 6 shows a 
set of numerical results displaying turbulence, fuel 
distribution and velocity of fluid flow within the annulus. 
From Fig. 6 (b), the resulting fuel uniformity for cases A1 
and A2 comes from the size of turbulent region when fuel 
inlet get closer to the oxidizer inlet. The size of turbulent 
region created is much larger for cases A1 and A2 as 
compared to other cases. Good mixing quality of the 
incoming reactants are important to generate lower 
|𝑆௠௔௫| which symbolize high uniformity of fuel within 
the annulus. Expanding the turbulence area upstream of 
the annulus will boost the rate of mixing for the incoming 
reactants and produced homogenous mixture in the 
annulus as displayed in Fig. 6 (b). One similarity from A1 
and A2 comes from the fuel impingement on the front wall 
before entering the annulus as shown in Fig. 6 (b). As the 
gap between fuel injector and front wall is really small, at 
1 mm, H2 and O2 collides vigorously in cross flow within 
this small area to enhance the turbulence and mixing.  

Furthermore, as D is decreasing, the incoming fuel will 
meet the incoming oxidizer earlier than other cases thus 
increased the mixing residence time prior to the 
introduction of mixture to the RDE annulus. Since the 
interaction between H2 and O2 has happened prior to the 
introduction of mixture to the annulus, reactants have 
entered the annulus as one fluid stream with an outrageous 
velocity that comes from the mass flow rate combination 
of H2 and O2, refer to Fig. 6 (c). The pressure in the center 
of the upstream annulus is decreased as the reactant stream 
experiences high velocity, thus generating flow 
recirculation that produces vortex flow. The vortex 
provides an additional boost in enhancing the mixing 
quality of the reactants.  

Pressure MPa 

0.0 0.7 1.4 

Detonation front

Fig. 3: The detonation front at t = 8.16 µs.
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 0.000                                             0.125                                               0.250 

(a) |𝑆୫ୟ୶| ൌ 0.0012 

 

(b) |𝑆୫ୟ୶| ൌ 0.0014 

 

(c) |𝑆୫ୟ୶| ൌ 0.0156 

 

(d) |𝑆୫ୟ୶| ൌ 0.0033 

 

(e) |𝑆୫ୟ୶| ൌ 0.0075 

 
Fig. 4: Graph of 𝑆௟ versus circumferential regions, contour of H2 mass fraction and |𝑆௠௔௫| for (a) A1, (b) A2, (c) A3, (d) A4 

and (e) A5. 
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Fuel inlet 

Oxidizer inlet 

  
Fig. 5: Graph of |𝑆୫ୟ୶| versus D. 
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Fig. 6: The qualitative data showing (a) k, (b) H2 mass fraction and (c) velocity in the region upstream of annulus, dictated in (d). 

 
From Fig. 6 (a), almost similar size of turbulent regions 

were created in A3, A4 and A5. Despite having 
insignificant difference in the size of turbulent region, 
information dictated in Fig. 5 shows |𝑆௠௔௫| value for 
case A3 is the highest in contrast to the remaining of the 
cases. In the case of A3 as refer to Fig. 6 (b), high 
concentration of H2 was formed near the annulus outer 
wall, creating significant fuel inhomogeneity within the 
annulus. The disappearance of high velocity region in A3 
as seen in Fig. 6 (c) comes from the loss of kinetic energy 
as some portion of fuel stream has smashed the front wall 
resulting some of the kinetic energy has turned into the 

heat energy. The depletion of kinetic energy has reduced 
the velocity of fuel stream in the RDE annulus. The 
presence of 90° elbow wall has a major impact towards 
the reactants mixing and the disappearance of high 
velocity region. The impingement of fuel stream separates 
the incoming stream into two distinctive flows; the stream 
which have prior mixing with the oxidizer and another 
stream which has escaped to the annulus without proper 
mixing with the oxidizer. The stream which have prior 
mixing with the oxidizer smashed the annulus inner wall, 
creating high velocity stream close to the inner wall region 
while the stream that has escaped to the annulus formed 
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high velocity jet close to the annulus outer wall. As the 
streams near the wall experiencing high velocity, the 
pressure in the center of the upstream annulus is decreased 
hence generating recirculation stream that created two 
vortices. These two vortices provide an additional aid in 
separating the fuel streams and further reduced the 
uniformity of fuel within the annulus. 

The mixing of fuel and oxidizer in A4 and A5 are 
mostly occurred within the annulus as this is the region 
where the reactants are coming in contact. In the cases of 
A4 and A5 as refer to Fig. 6 (b), as the reactants going 
downstream, the uniformity of fuel is increased. However, 
fuel uniformity at upstream location is important for the 
stabilization of detonation wave as a poorly-mixed 
reactant flows will impact to formation of detonation 
wave since the ignitor is located at the upstream of RDE 
annulus.  

 
6.  Conclusion 

In order to produce a systematized collection of 
numerical results following the first stage in the RDE 
cycle, injection and mixing of reactants prior to 
combustion, a detailed numerical analysis evaluating the 
fuel uniformity inside the RDE annulus was carried out. 
Validation is done by comparing vD and r from the 
published experimental data. Less than 10 % error was 
observed between the predicted and measured detonation 
velocity and displacement. Non-reacting flow in the 
annulus of RDE has been investigated in which a new 
parameter has been introduced to represent the fuel 
uniformity within the annulus called the amplitude of 
maximum deviation from the H2 average mass fraction, 
|𝑆௠௔௫|. The numerical results for variation of D have been 
compared systematically to provide insights related to the 
generated fuel uniformity and efficiency of the mixing 
process. Case A3 generates the highest |𝑆௠௔௫| at 0.0156 
while case A1 generates the lowest |𝑆௠௔௫| at 0.0012. For 
cases A1 and A2, the distance between fuel injection and 
front wall is really small thus, fuel and oxidizer collides 
vigorously in cross flow within the small area which 
enhance the turbulence and mixing. For A3, the location 
of fuel inlet has divided the injected fuel stream and 
inducing recirculation in the upstream of annulus. The 
impingement of fuel stream in A3 separates the stream 
into two distinctive flows thus, high imbalance of fuel 
distribution is created in the upstream of annulus. The fuel 
uniformity is decreasing in the cases of A4 and A5, as the 
reactants go upstream, which would be a big issue because 
the ignition occurred at the upstream annulus. Therefore, 
it is indispensable for fuel and oxidizer to blend 
sufficiently in the upstream annulus. In the current study, 
prediction towards excessive fuel inhomogeneity in the 
annulus is achieved that is one of the factors influencing 
the detonation wave stability in RDE. 

 
 
 

Acknowledgements 

The authors would like to acknowledge their gratitude 
to High Impact Research (HIR) Grant UTM vote number 
09G05 for the funding of the project. 

 

Nomenclature 

𝑝̅ mean pressure (time-averaged) (pa) 

𝑢ത  mean velocity (time-averaged) (m/s) 

 
Greek symbols 

𝛿௜௝ Kronecker delta 

 density (kg/m3) 
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