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Large Eddy Simulations (LES) of the non-reacting flow and mixing fields in a Rotating Detonation Engine (RDE)
from Air Force Research Laboratory (AFRL) are performed. Effects of the total number of fuel injection orifices
and air flow rates on the mixing in the AFRL RDE are studied using a periodic burner sector with five injection
orifices. The instantaneous vortex structures and shock wave in the non-reactive AFRL RDE are identified, and
the structures are found to be similar to those in jet in crossflow. Also, the compositional non-uniformity in the
height and azimuthal directions of the burner is observed. The mixing efficiency, root-mean-square value of the

hydrogen mass fraction and mixing area ratios are introduced to quantify the mixing process. The observations
from LES qualitatively justify the behaviors of detonation fronts observed in the experiments. Finally, results
based on full scale AFRL RDE are briefly discussed.

1. Introduction

Rotating Detonation Engines (RDE) have attracted the attention
from more and more researchers [1,2] in recent decades due to high
efficiency of the detonation thermal cycle related to pressure gain
combustion. Compared to other detonation engines, e.g. Pulsed Deto-
nation Engines (PDE) [3], RDE can provide a steady source of thrust
once ignited and scale up to larger thrust sizes easily. Also, due to the
relatively small scale, they can be possibly applied in practical pro-
pulsion devices [4], e.g. turbomachinery. Therefore, RDE has the po-
tential to become one of the next-generation propulsion systems.

The feasibility of RDE was first verified by Voitsekhovskii [5] with
premixed oxygen/acetylene mixture in a disc-shaped setup. Since that,
extensive studies on RDE, including numerical simulations and ex-
perimental measurements, have been performed [2]. In an actual RDE
combustion chamber, fully premixed injection is certainly the ideal
implementation to obtain stable detonative combustion, but it is diffi-
cult to be realized and actively controlled. Additionally, flashback may
occur when the premixed reactants are supplied because of the con-
siderable shock leakage and burned gas backflow through the detona-
tion wave towards the injector nozzle. Experimental study of partially
premixed RDC has been conducted by St. George et al. [6]. Their results
show that higher global equivalence ratios tend to produce severe
flashback events, which would lead to the prompt failure of detonation.
Therefore, separate injections of the fuel and oxidizer (termed as non-
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premixed RDE hereafter) can be used alternatively. However, stable
detonation waves with velocity deficits up to 30% of the theoretical
values were observed in the experiments of non-premixed RDE’s [27].
Insufficient mixing between the separately injected propellants is one of
the most important factors that cause the velocity deficits, besides the
effects of multi-dimensional flows and curved detonation waves [7].

Recently, detailed measurements based on an optically accessible
RDE from the USA Air Force Research Laboratory (AFRL) have been
performed for a wide range of operating conditions with different ex-
perimental techniques [1,8,9]. In the rest of this paper, we term it as
AFRL RDE burner for brevity. In this burner, air is injected from a
plenum through a circumferential slot into an annular detonation
channel and fuel is injected from a separate plenum through discrete
holes evenly spaced on a circle with a circumference located near the
inner edge of the annular detonation channel [1]. The height of the air
slot and the diameter and number of the fuel injection holes are varied
to change the air and fuel injection area, respectively.

With this facility, the non-reacting mixing of fuel and air in AFRL
RDE has been studied by Rankin et al. [10]. The acetone PLIF images
imply that the non-reacting flow is similar to that in an impinging jet in
crossflow and a recirculation zone is observed in the outer corner of the
annular channel. Furthermore, in reacting tests, Rankin et al. [1] fur-
ther investigated the effects of air mass flow rate and equivalence ratio
on the detonation structures using OH* chemiluminescence imaging
and time-dependent static pressure measurements. Their results show
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that the speed of detonation wave varies significantly under different
operating conditions. In addition, it is found that the detonation wave is
present for globally stoichiometric conditions and the angle between
the wave front and fuel injection surface behind the detonation is re-
lated to the fuel concentration gradients.

Hydrocarbon fuels (i.e. ethylene) were also tested in the AFRL RDE
by Cho et al. [11] to understand the detonation physics and gas dy-
namics. Codoni et al. [12] studied the effects of back pressure on the
RDE performance using simultaneous mid-IR emission and OH* che-
miluminesence measurements. The ignition characteristics of the AFRL
RDE were studied by Fotia et al. [13], in which four different ignition
regimes were identified. In addition, the similar design to AFRL RDE is
also adopted for investigating liquid-fuelled RDE at the National Uni-
versity of Singapore [14].

Due to the curved geometry, confined (high ratio of channel cir-
cumference to width) chamber, and fast-propagating combustion front,
it is actually difficult to acquire spatially detailed and temporally si-
multaneous information about the flow field and detonation combus-
tion in RDE, although the above researchers have performed very
fruitful investigations. For non-premixed RDE systems, efficient mixing
is one of most significant technical issues to be tackled. However, re-
latively limited work has been done to clarify this particular topic. With
recent increased availability of high-performance computing and high-
fidelity numerical schemes, numerical simulation has gradually become
one of the effective methods to understand the detonation dynamics in
model or simplified RDE burners [15-21]. The effects of inlet mass flow
rates on Hy/air non-premixed RDE are studied by Meng et al. [17] using
three-dimensional ~ Unsteady = Reynolds-Averaged  Navier-Stokes
(URANS) simulations. Nevertheless, it is well known that RANS cannot
accurately predict the highly transient fuel/oxidizer mixing processing.
Instead, Large Eddy Simulation (LES) has proven to be excellent for
modelling mixing-dominated non-premixed combustion [22]. More
recently, LES of the flow and mixing fields in an RDE chamber has been
performed by Gaillard et al. [23], and they evaluated their injector
design in terms of non-reactive H,/O, mixing and total pressure re-
covery. Their findings from Ref. [23] were then applied as significant
references for subsequent LES studies of a model RDE [24]. From the
work by Gaillard et al. [23,24], one has seen the ability and potential of
LES in design and fundamental research for RDE burners.

The AFRL RDE has been studied by Cocks et al. [18] using hybrid
RANS-LES approach, and the predictions were in good agreement with
the measured distributions of the axial mean pressure in the RDE an-
nulus. Sato et al. [19,21] studied the AFRL RDE using LES approach,
and they found that the detonation occurs under partially-premixed
conditions. However, the detailed flow and mixing features, which
dominate the sustainable detonation waves in RDE, were still not suf-
ficiently explored in the above-mentioned numerical studies.

The objective of the current work is to numerically investigate the
flow structure and mixing process in the AFRL RDE [1,9] using LES. A
series of cases will be simulated in order to understand the various
physical and geometrical influences on the non-reactive flow structure
and fuel/air mixing in non-premixed RDE context, including mesh re-
solution, burner configuration, number of fuel injector. The rest of the
paper is organized as below. In Section 2, governing equations and
physical model are presented. In Section 3, the numerical results are
presented and discussed. The main conclusions are summarized in
Section 4.

2. Governing equation and physical model
2.1. Governing equation

The governing equations for LES can be derived through low-pass
filtering their respective instantaneous equations. As such, the filtered

equations of mass, momentum, species mass fraction and energy for
non-reacting multi-component compressible flows can be written as
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where t is time and x;(—1 2,3 is spatial coordinate component. g and p
are respectively the filtered density and pressure, whereas iij(j-1 53 is
the filtered velocity component. N is the total number of species. The
filtered viscous stress tensor 7; is computed by using the filtered strain
rate tensorsj;. Y,, is the filtered mass fraction of species m and Dis the
molecular mass diffusivity. D is calculated through D = 1/oC, with
unity Lewis number assumption. A1 is the molecular thermal con-
ductivity, and estimated using the Eucken approximation [25], i.e.
A =uC,(1.32 + 1.37¢R/C,), where C, is the heat capacity at constant
volume and derived from C, = C, — R. Here C, = Z,A::I Y,,Cpm is the
heat capacity at constant pressure, and C, ,, is estimated from JANAF
polynomials [26]. R is specific gas constant and is calculated from
R=R, Zle Y,,MW,;}. MW,, is the molar weight of m-th species and R,
is universal gas constant. x is dynamic viscosity, and is predicted with
Sutherland’s law, . Here A; =1.67212 x 10~%kg/m+s-J/K is the Suther-
land coefficient, while Ty = 170.672 K is the Sutherland temperature.
The filtered pressure p is calculated from the perfect gas state equation

p =pRT, (2.5)

where R is the mixture gas constant. Note that in Eq. (2.5) the sub-grid
fluctuations of density and temperature are neglected. Different from
the energy equation for low-Mach-number flows, the work done by the
shear stress if;7;, the sub-grid enthalpy flux H*, the sub-grid scale
viscous work % are included in Eq. (2.4), which are expected to be
important for fully compressible flows.

The terms in Egs. (2.1)-(2.4) with the subscripts “sgs” are unclosed
and should be modelled. The sub-grid scale term 7;** in Eq. (2.2) reads

o~ -~ _ [~ 1. 2_
Ti]s'gs =p (Miuj - uiuj) = —ZPMt(S,-j - ES""CSU) + gp kSgS5ij 2.6)

where §; is Kronecker delta function. k* and y, are the sub-grid scale
kinetic energy and viscosity, respectively. In the present work, they are
estimated by the Wall-Adapting Local Eddy-viscosity (WALE) model
[27], i.e.

k8 = (C2A/C)*(OP)?, 2.7)
i, = (C,A)?0P, (2.8)

in which C, and C,, are constants and take the values of 0.094 and
0.325, respectively [27]. A = ¥/V is the nominal filter width, where V is
the volume of LES cells. In Egs. (2.7) and (2.8), OP is estimated through

d.d
(Sij 5§ )3/2

G g8 + (sis (2.9)

OP =

with s/ as below
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in which ﬁ,-j is the anti-symmetric part of the gradient of the filtered
velocity Vii. The WALE model is based on the square of the velocity
gradient tensor which accounts for the effects of both the strain and the
rotation rate of the smallest resolved turbulent fluctuations to produce
the correct scaling at the wall without the explicit use of the local wall
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distance [27]. It has been shown that the WALE model is able to yield
better results compared to the dynamic Smagorinsky model for spa-
tially-evolving compressible turbulent boundary layer, especially pre-
dicting the mean temperature profile at the wall [28]. In addition, the
WALE model has also been successfully used in turbulent impinging jets
with considerable compressibility effects [29].

The sub-grid species mass flux in Eq. (2.3) is approximated using an
eddy-diffusivity model, i.e.
T;,gns = ﬁ(uiﬂi/m - ’L?m) = _ﬁDtV?m’ (2.11)
where D; is the turbulent diffusivity modeled as gD, = y,/Sc;, and the
turbulent Schmidt number is set as Sc; = 0.7.

The sub-grid enthalpy flux H** and the sub-grid viscous work *¢ in
Eq. (2.4) are estimated respectively as

C, 3T Sgs

H8 = _mal — (#t + /i) ok s
Pr; 0x; ax; (2.12)
o = un®, (2.13)

where the turbulent Prandtl number is set as Pr, = 0.9. Noted that the
sub-grid total energy E*® is calculated as

B =g (WE — GE) = H® + 0% (2.14)

The above governing equations are solved with a multi-component
reactive LES solver RYrhoCentralFOAM developed based on OpenFOAM
5.0 [30]. The second-order backward scheme is used for time integra-
tion and the time step is adjusted to ensure that maximum CFL number
in the entire domain is < 0.2, approximately corresponding to the time
step of 10 s. The diffusion terms are calculated using second order
central differencing scheme. For the convection terms, the second-order
semi-discrete and non-staggered KNP [31] scheme is used. In a CFD cell
V, Gauss’s divergence theorem can be written as (using the in-
stantaneous variable notation)

fV~[u\P]dV= f [u¥]ds ~ Y ¢ ¥
1% f

s (2.15)

Here ¥ is a generic variable, e.g. p, pu;, pE, and p. is the velocity vector.
S denotes the surface of the CFD cell. ¢, = Syuy is the volume flux across
the surface f. ¥¢in Eq. (2.15) means the summation over all the surfaces
of the CFD cell V.

The sum of the flux has three components [30,31]

Db =20 = lagp W + (- c0d W+ (W — ) |,
< & V9 -

f inward flux outward flux weighted diffusion term

(2.16)

where « is the weighting factor. For KNP scheme, biasness is introduced
in the upwind direction, depending on one-sided local speed of sound.
The first and second terms of the RHS of Eq. (2.16) denote the inward
and outward fluxes, respectively. The third term is a diffusion term
weighted by a volumetric flux w;. To ensure the numerical stability, van
Leer limiter [32] is needed for correct numerical flux calculations with
KNP scheme.

The numerical strategy in RYrhoCentralFOAM has been validated
with non-reacting supersonic flows, one- and two-dimensional deto-
nation propagation [33]. It has already been successfully applied to
modelling supersonic flows [34-37] and two-dimensional RDE’s [38].

2.2. Physical model, computational domain and boundary condition

The rotating detonation dynamics in modular 6-inch non-premixed
RDE is experimentally investigated in the AFRL [1,9]. The test rig is
schematically shown in Fig. 1(a), whereas the photo of this burner
when it is running is shown in Fig. 1(b). It consists of fuel plenum, air
plenum and detonation channel (or interchangeably termed as RDE
combustor). Non-premixed detonation is considered here and therefore
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the fuel (i.e. 100% H,) and oxidizer (i.e. air) are injected separately in
the experiments. Specifically, air is injected into the RDE combustor
from the upstream plenum through a circumferential slot with the
diameter being 123 mm. The height of the air injection slot is 1.8 mm.
Hydrogen is injected from a separate plenum through orifices (diameter
0.89 mm) uniformly spaced on a ring with a circumference (134 mm)
near the inner edge of the annular detonation channel. The number of
the fuel injectors is 120 or 80 in various experiments. The inner and
outer diameters of the detonation channel are 138.7 mm and
153.9 mm, respectively. Therefore, the channel width is 7.6 mm. The
height of the RDE combustor is about 102 mm. The RDE combustor is
connected to the open environment through a circular channel (in-
dicated as “Exhaust” in Fig. 1a).

Two different types of computational domains will be investigated,
i.e. full-scale burner and a periodic burner sector with five fuel in-
jectors. Configurations originally correspond to 80 and 120 fuel in-
jectors in total will be considered in the foregoing burner sector and/or
full burner. Note that due to the small annular RDE chamber width
compared to its diameter and the limited radial variation within the
flow, the curvature effect on the flow field and mixing is ignored in the
case of five fuel injectors. The full-scale computational domain is shown
in Fig. 2(a). The dimensions of the domain are consistent with those in
the experiment [1], except for some local differences between the upper
air injector confinement and the outer wall of the center-body, which
are believed to have negligible influences on the present study. For the
air plenum and fuel plenum, their start planes are both from —0.02 m,
as can be found in Fig. 2(a).

The computational domain of a periodic burner sector with five fuel
injections extracted from the full scale RDE is presented in Fig. 2(b).
The distance between neighboring injectors are determined based on
the practical dimensions, i.e. 80 or 120 holes in total and the width of
the burner sector is proportionally determined based on the full burner.
This geometry is expected to be sufficiently representative to under-
stand the aerodynamic interactions between crosswind supersonic air
streams and fuel jets, as well as the interactions between the neigh-
boring fuel jets. Note that, due to the reduced geometry, the periodic
burner in Fig. 2(a) can render us the opportunity to investigate the local
flow and mixing fields with fine mesh distributions. This strategy is also
used by Sato et al. for their simulations of the same burner [19], in
which the general flow structures observed in the experiments are well
captured. The comparisons between two computational domains used
in the present work will be mentioned in Section 2.4 and discussed in
Section 3.

Proper mesh generation strategy should be used due to the complex
geometry as shown in Fig. 2 and also the necessity to maintain rela-
tively high fidelity and avoid the numerical errors caused by the poor
mesh quality. In our work, the method termed as SnappyHexMesh from
OpenFOAM package is used [39]. The snappyHexMesh utility generates
three-dimensional meshes containing hexahedra and split hexahedra
from a triangulated surface geometry for complex geometries. For the
AFRL RDE burner, hexahedra cells are used to discretize the domains in
Fig. 2, which are schematically shown in Fig. 3. A background com-
putational mesh size of 0.5 mm is used. Local mesh refinement with
different refinement levels is performed in the surface-normal direction
and mixing region with high gradients of velocity and/or temperature.
These areas may have intensive mixing between injected fuel and air
and also complicated flow topological structures based on the experi-
mental observations [1,9,40]. The mesh size near the wall and mixing
region is the order of 10> m, and the y* values range from 0.68 to 2.1.
Besides, a baseline computational grid with cell size of 2 x 10™* m has
been used in the LES study of Sato et al. [19] with the same config-
uration. In our simulations, the mesh size near the wall is much finer
than that used in Ref. [19]. The specific information about the mesh
information will be tabulated in Section 2.4 and discussed in Section 3.

The inlet boundary conditions in the present simulations are con-
sistent with the selected cases from the experiments [1]. For both
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geometries in Fig. 2 (i.e. full burner and periodic burner sector), the
boundaries include fuel inlet, air inlet, channel and plenum walls and
outflow (marked in Fig. 2). For both air and fuel inlets, the conditions
are specified through matching the experimental measurements, i.e. the
specific mass flow rate, temperature and pressure from the experiments
[9]. It should be noted that relatively low Mach number (< 0.3) is
obtained based on the mass flow rates of fuel and air. In addition, the
turbulent flow statistics are not measured, and the inlet is relatively far
upstream relative to the combustor. Therefore, no turbulence is in-
cluded in our boundary inlets. The outflow is set as non-reflective
boundary, while the RDE channel and plenums are non-slip walls. For
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(b)

Fig. 1. (a) Schematic of the AFRL RDE and (b) visible photograph during operation [1].

burner sector case, the lateral boundaries are assumed to periodic, as
seen in Fig. 2(b).

2.3. Simulation case

In the current work, we will investigate the influences of the mesh
resolution, fuel injector spacing, mass flow rate and also computational
domain on fuel/air mixing in the AFRL RDE burner, and therefore a
series of comparative simulations are conducted. Their detailed in-
formation is tabulated in Table 1. For all the cases, the total tempera-
tures of the fuel and air streams are 300 K and the global equivalence

Outflow

Periodic boundary

=

Fuel injector

.
.,

Fuel plenu

(b)
Central axis
1

Air plenum

m

Fig. 2. Schematic of the computational domain: (a) full scale AFRL RDE, (b) periodic RDE burner sector with five fuel injection orifices and (c) an enlarged view of

the central plane including fuel and air plenums.
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H+-

D =0.89 mm

Fig. 3. Schematic of mesh distributions on the central plane of fuel jet and mesh resolution close to fuel inlet.

Table 1
Information for the simulated cases.

Cases Mesh size in Total Simulated/  Air flow  Fuel
the mixing number total rate flow
region (mm) of cells number of (kg/s) rate (g/
(million)  injection s)
orifices
Periodic 1 01 1.0 5/120 0.02625 0.75
burner 2 0.0625-0.1 2.99 5/120 0.02625 0.75
sector 3 0.04 9.6 5/120 0.02625 0.75
4 0.0625-0.1 2.99 5/120 0.00625 0.18333
5 0.0625-0.1 2.99 5/120 0.01333  0.3875
6 0.0625-0.1 4.43 5/80 0.02 0.58125
Full scale 7 0.0625-0.125 9.8 120/120 0.15 4.4
AFRL 8 0.0625-0.125 9.8 120/120 0.32 9.3
RDE 9 0.0625-0.125 9.8 120/120 0.63 18
burner

ratios are close to unity [1].

Specifically, Cases 1, 2 and 3 are used to examine the grid sensitivity
for periodic burner sector. With the same background mesh, the cells in
the mixing region are respectively refined to different sizes, i.e. 0.1 mm
(minimum nominal cell size) in Case 1, 0.0625-0.1 mm in Case and
0.04 mm in Case 3. The resultant total cell numbers in the above three
cases are 9.6 million, 2.99 million and 1.0 million, respectively. The
corresponding results will be discussed in Section 3.1.

Cases 2, 4 and 5 are selected to analyze the effects of the air flow
rates on the non-reacting flow and mixing characteristics, i.e. 0.15
(Case 4), 0.32 (Case 5) and 0.63 kg/s (Case 2), which correspond to the
experimental test cases in Ref. [1]. Note that the mass flow rates in Case
1 - 6 with five fuel injectors are scaled appropriately by 5/120 or 5/80.

Also, the effects of fuel injection orifice spacing are studied with the
periodic burner sector (see Fig. 2b) and analyzed with Cases 5 and 6.
The distances between two neighboring fuel injectors correspond to
those in the full AFRL burner with 80 and 120 fuel injectors. Specifi-
cally, their original radial distances are 5.26 mm and 3.51 mm, re-
spectively. This leads to various widths of the five-orifice burner sector,
and therefore various total cell number (shown in Table 1), although
they have the same mesh resolution (i.e. 0.0625-0.1 mm).

Finally, the full-scale AFRL RDE combustor is also simulated with
three air flow rates, i.e. Cases 7-9, which will be presented in Section
3.4. Note that in these three cases, the minimum nominal cell size is
close to that in Case 2, i.e. 0.0625-0.1 mm, resulting in approximately
9.8 million cells. Through these three cases, we will compare the flow
and mixing fields with various mass flow rates.

3. Results and discussion
3.1. Mesh sensitivity analysis

Three grids from Cases 1, 2 and 3 are used to evaluate the sensitivity
of the mesh resolutions in the present simulations. Fig. 4 compares the
distributions of temperature and velocity components along the x-di-
rection near the fuel jet (y = 10° m, z = 0 m). Note that y-direction
(i.e. burner height direction) is streamwise for fuel, whilst z-direction
for air stream. In general, the three meshes predict the similar profiles
of temperature and velocity components. For instance, immediately
downstream of each circular fuel jet, the temperature has two pro-
nounced peaks (approximately 310 K) along the periphery of the fuel
jets. Furthermore, for each fuel jet, the y-component velocity has an
approximate top-hat profile and maximum value is around 900 m/s,
which is very close to the local sound speed. However, for z-component
velocity, two peaks can also be seen for each jet with the maximum
values as high as 450 m/s.

Nevertheless, there are still some distinctions based on the results
from three cases. For temperature and y-component velocity, Case 1
with coarse cells yields respectively about 2% and 10% lower values for
the inter-jet regions, compared to the results from Cases 2 and 3 as
shown in Fig. 4(a). For z-component velocity, Case 1 has the peak ve-
locity lower by 100 m/s or so. The temperature and velocity compo-
nents predicted in Case 2 are close to those in Case 3 (with relative error
smaller than 1%). Especially for the mesh size near the wall of Case 2
and 3, it is seen that the distributions of temperature and velocity in the
z-direction are independent of the mesh scale, indicating that the
boundary layer at the mixing region is resolved in the present simula-
tions. Based on the results in Fig. 4 and the foregoing discussion, we
will adopt the same resolution for the mixing region as in Case 2 (cf.
Table 1) for the following discussions.

3.2. Flow structure and mixing characteristics

The instantaneous vortex structures in the non-reactive AFRL RDE
burner is identified through Q-criterion, which is the second invariant
of the velocity gradient tensor [41]. Fig. 5 visualizes the instantaneous
vortex structures with Q = 1 x 10! s™2 colored by the resolved hy-
drogen mass fraction at three instants. The flow fields around one fuel
injector in the current RDE combustor are similar to those of jet in
supersonic crossflow. Large scale structures including Counter-rotating
Vortex Pairs (CVP), jet shear layers and horseshoe vortex are formed as
the fuel jets interact with the air crossflow [42]. Interactions between
those typical structures and shock waves can lead to complex vortex
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Fig. 4. Distributions of (a) temperature and (b-d) velocity along the x-direction near the fuel jet (y = 10° m, z = 0 m) predicted with three different grids

corresponding to Cases 1, 2 and 3 in Table 1.

structures, as shown in Fig. 5. After interacting with the shock wave,
the large scales (marked as V1 and V2 in Fig. 5) are combined into one
vortex structure (V12) and then broken into smaller structures. Similar
unsteady evolution process for V3 and V4 also appears, which is not
presented in Fig. 5. As such, more intense turbulence with smaller
scales and more efficient mixing is expected to be observed in the
mixing region near the top end of RDE combustor.

To analyze the effects of the vortex structures and shock waves on
mixing at the burner top end, Fig. 6 shows the distributions of local
Mach number, instantaneous hydrogen mass fraction, and density
gradient magnitude (IIV4ll) on the jet central plane at the same instants
as in Fig. 5. It can be seen that the velocity of the crossflow is very close

IFuel plenum

to the speed of sound, which can be confirmed by the unity local Mach
number. The supersonic region (Ma > 1) is mainly distributed on the
windward side of the fuel jet. In addition, as shown in Fig. 6, a shock
wave is formed in the supersonic region and interacts with the fuel jet
shear layer. The bow shock, shock wave, jet shear layer and slip line are
identified by the density gradient magnitude as shown in Fig. 6(b), in
which shock waves with different sizes and intensities at different in-
stants are observed on the windward side of the hydrogen jet. The jet
penetration is influenced by the shock wave, the formation of which
may be related to the inflow rate of air. The interactions between the
fuel jet and shock wave can enhance the turbulence intensity and thus is
expected to promote the mixing process [43]. The fuel jet exhibits

Fig. 5. Vortex structures (visualized with iso-surfaces of Q = 1 x 10" s72) colored by resolved hydrogen mass fraction at different time instants: (a) to, (b) tp + 2 s,
and (c) tp + 4 ps. The abbreviation SW represents shock wave, while V1, V2, V12, V3 and V4 represent vortex structures.
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Fig. 6. Distributions of (a) local Mach number, (b) density gradient magnitude (in kg/m4) and (c) resolved hydrogen mass fraction on the jet central plane. Three
columns correspond to three time instants, i.e. ty, to + 2 ys, tp + 4 ps. The abbreviations, SW, BS, JS, SL and 1JSS, represent shock wave, bow shock, jet shear layer,
slip line and interactions between jet shear layer and shock wave, respectively. The black lines of (a) and (c) represent the sonic and stoichiometric H,-air mixture,

respectively.

different instantaneous mixing characteristics and more stoichiometric
mixture can be found in the mixing region near the top end of RDE
combustor with intense turbulence and large number of small-scale
structures. Moreover, the stoichiometric mixture is mainly distributed
in the subsonic region.

Fig. 7 shows the distributions of time averaged pressure with
streamlines, time averaged hydrogen mass fraction, root-mean-square
(RMS) values of hydrogen mass fraction (calculated based on the re-
solved field) and turbulent kinetic energy on the jet central plane
(x = 0). Note that the turbulent kinetic energy presented in Fig. 7(d)
includes both resolved and sub-grid turbulent kinetic energies. Four
recirculation zones, i.e. R1, R2, R3 and R4, are observed in Fig. 7(a).
The recirculation zone R1 is related to the horseshoe vortex upstream of
fuel jet. The recirculation zone R2 is located in the leeward side of the
fuel jet and is related to the entrainment of the large-scale CVPs. The
recirculation zone R3 lies near the top end of RDE combustor and is
caused by the confinement of the RDE channel. The recirculation zone
R4 is located between the slip line and inner wall of the combustor.

Note that R3 and R4 are relatively large and expected to play significant
role in local fuel/air mixing. Similar mean flow structures were also
observed using RANS of a model non-premixed RDE burner by Zheng
et al. [44].

In Fig. 7(b), one can find that high hydrogen mass fraction only
exists near the jet exit, and it decays very quickly. This implies that the
efficient mixing occurs in the RDE top end due to the high-speed
crosswind streams and complicated flow structures as analyzed in
Fig. 6. The stoichiometric isolines lie at the top end of the RDE burner,
as indicated in Fig. 7(b). It should be acknowledged that the field is not
sufficiently converged close to the two recirculation zones, i.e. R3 and
R4, due to the strong flow unsteadiness there. The occurrence of effi-
cient mixing can also be confirmed by the distribution of root-mean-
square (RMS) values of hydrogen mass fraction in Fig. 7(c): finite values
are only observable near the jet exit. Furthermore, considerable tur-
bulence occurs in the near field of fuel jet, indicating that the mixing
process in the near field is dominated by large-scale structures, which
can be seen in Fig. 5. It should be noted that the RMS values of
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hydrogen mass fraction and turbulent kinetic energy in the region after
the interaction point (marked with 1JSS, see Fig. 6b) between the shock
wave and jet shear layer are rapidly decreased, and the region mostly
has the stoichiometric mixture.

Based on the OH* chemiluminescence images made by Rankin et al.
[1], the heights of the rotating detonation fronts can be as high as
0.08 m. Therefore, one can expect that an individual detonation front
may be chemically active simultaneously in fuel-rich, stoichiometry and
fuel-lean composition from the top end to the exhaust direction in the
non-premixed RDE. In the discussed case, the height for stoichiometric
fuel/air composition is about 0.01 m, as shown in Fig. 7(b). Therefore,
about 87% of the detonation front height may run under fuel-lean
condition, based on the current non-reacting results. This can be qua-
litatively confirmed by the various levels of OH* signal intensities:
generally, the lower in the channel, the stronger the OH* chemilumi-
nescence and therefore chemical reactions [1]. It should be acknowl-
edged that some differences may exist in terms of the reactant mixing
between non-reacting and reacting flows. These may be related to the
thermal expansion, transport property variation and/or localized tur-
bulence modulation due to the combustion heat release. Therefore, the
results of the non-reacting flows only offer a qualitative reference for
reacting RDE analysis. For full understanding the mixing characteristics
in detonative combustion field, LES of reacting RDE’s should be per-
formed.

In Fig. 5-7, flow structures and mixing behaviors of only one fuel jet
are analyzed. In practical RDE burners, propellant injectors are always
closely placed, e.g. in AFRL RDE burner. To discuss the instantaneous
interactions between the fuel jets, Fig. 8 shows the resolved hydrogen
mass fraction and temperature on the central plane of five fuel jets in
periodic burner sector. It should be highlighted that since the dis-
tributions of the fuel jets are uniform in the circumferential direction

for AFRL RDE burner, the statistical results on the central plane of each
jet nearly have the same features. They have been named as Injectors
—1, —2,0, 1 and 2, respectively. Injector O is the middle one discussed
in Fig. 5-7. The tilting direction of each jet is different, probably due to
the different interactions between the high-speed air flows and the jets.
This may directly affect passage of the high-speed oxidizer in the
channel between the fuel jet and rounded inner walls, which would
further influence the mixing in the RDE channel. Shock waves with
different sizes are observed on the windward side of the jet plume. The
jet penetration is influenced by the shock wave, the formation of which
may be related to the inflow rate of air. It can also be seen that each fuel
jet shows different instantaneous mixing characteristics, visualized with
the iso-lines of stoichiometric composition. Although the mean height of
stoichiometric fuel/air composition is about 0.01 m, however, beyond
that there are still lots of stoichiometric pockets transported from the
fuel jets. These may lead to the instability or different reactivity levels
of the propagating detonation front, as demonstrated by some OH*
chemiluminescence images [1].

Besides the compositional non-uniformity in height direction dis-
cussed in Fig. 7, the non-uniformity in azimuthal direction between two
neighboring jets (spacing 3.51 mm) can also be observed from Fig. 8.
Therefore, when the RDE is running, the detonation front may peri-
odically sweep in different composition, which is particularly true for
the base of the detonation front at the RDE top end. From the simplified
numerical simulations performed by Fujii et al., it was found that sig-
nificant velocity reduction, up to 86% of the CJ (Chapman-Jouguet)
velocity, can occur [45], and this would considerably affect the RDE
propulsive performance. Compositional non-uniformity has already
been shown to be an important topic for fundamental research on de-
tonation, e.g. in Refs. [46,47], and in the RDE context it will be dis-
cussed further in our following LES when reacting RDE is considered.



M. Zhao and H. Zhang

@) Injector -2

0.02f . 02

0.015

y (m)

0.01

0.005

(©)

0.02

0.015

y (m)

0.005

0.02

0.015

y (m)

0.01

0.005

oF— S

-0.01 -0.005 0 0.005  0.01 -0.01 -0.005 0 0.005  0.01
z (m) z (m)

Fig. 8. Distributions of resolved hydrogen mass fraction (left column) and
temperature (in K, right column) on the central plane of five jets (from a-e). The
black lines in the first column are the stoichiometric H,/air composition.

3.3. Fuel and air mass flow rate

In this Sub-section, the effects of fuel and air mass flow rates on the
overall mixing characteristics will be quantitatively discussed. Firstly,
the mixing efficiency 7, is introduced to quantify the fuel/air mixing
process in this AFRL RDE burner. It is defined as the ratio of the ef-
fective mass flow rate of burnable hydrogen #i;.ng to total hydrogen

Fuel 280 (2020) 118534

mass flow rate ri1,, at a given cross section along the burner height
direction (y direction) [48]

S <Vuee><p><il,> dA

7 _ mmixing _ s
e mtotal f <YH2><,5> <ﬂn> dA ’
s 3.1

where (ﬁeact) is the time averaged burnable H, mass fraction can be
calculated as

<?H2 > (fHZ > < Ystoic

1- (Vi)
stoic 1~ Yaoie

<i}‘react> = ? Y.
< Hz) > Ysroic (32)

Ystoic

(Yy, ) is the time averaged mass fraction of hydrogen. In Eq. (3.1),
(7 ){u,)dA represents the fluid mass flow rate at a given cross section
along y-direction and S is the area of the considered cross section in the
RDE combustor. Yy, is fuel mass fraction under stoichiometric condi-
tion, which is approximately 0.0283 in the present study. From Eq.
(3.2), one can see that for fuel-lean locations, all the H, is assumed to be
burnable, whereas for fuel-rich locations, the burnable H, is estimated
based on the available oxidizer. When 7, equals unity, it means the
fuel and air are perfectly mixed, while if it equals zero, this implies that
they are not mixed.

The mixing efficiency 7,,,, of Cases 2, 4 and 5 is calculated based on
Egs. (3.1) and (3.2), to examine the effects of the various fuel and air
mass flow rates. It should be mentioned that from Case 4, Case 5 to Case
2, fuel and air flow rates gradually increase with fixed global equiva-
lence ratio being about unity (as tabulated in Table 1). Fig. 9 shows the
variations of mixing efficiency along the y-direction in three cases. The
reader should be reminded that y = 0 in Fig. 9 corresponds to the
bottom wall of the RDE channel. It can be seen that the mixing process
mainly occurs near the top end of the RDE combustor. The heights of
the mixing region h can be estimated based on the location off the
bottom where the mixing efficiency first reaches unity. The heights in
the three cases have been indicated in Fig. 9. They are 0.01 m, 0.019 m
and 0.024 m, respectively, accounting for 9.8%, 18.6% and 23.5% of
the whole burner height. In general, shorter height means quicker
mixing and better spatial uniformity in the downstream region of the
RDE chamber. It should be noted that when rotating detonation is in-
itiated, the downstream of the RDE channel would not have lots of
residual H, due to propagating detonation wave and therefore here only
the mixing characteristics near the top end of burner, i.e.
0 < y < 0.025 m, are relevant and indicative for reactive case.

In addition, in all the three shown cases, mixing efficiency demon-
strates non-monotonic spatial variation from the bottom (y = 0) to the
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Fig. 9. Mixing efficiency along the y-direction in Cases 2, 4 and 5. The quantity
h; indicates the height of the mixing region in the RDE channel.
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channel. Specifically, along the height direction, 7, first decreases and
then quickly increases, approaching the stoichiometric global equiva-
lence ratio. The first decrease was not observed from the LES of their
RDE burner by Gaillard [23] and this enhanced mixing may be due to
the recirculation zone R2 as indicated in Fig. 3. When y is very small,
higher mass flow rates, e.g. in Case 2, lead to higher overall mixing
efficiency. Nevertheless, when y is relatively large, 7, shows higher
values for Case 5, which has the intermediate mass flow rates. Also,
their values of 7, are close in Cases 2 and 4. Overall, Case 5 has the
best mixing efficiency, while Case 4 has the lowest. Therefore, mixing
efficiency does not correlate positively with mass flow rates and an
optimal mass flow rate may exist for individual equivalence ratios.

The effective mass flow rate of burnable hydrogen riy., in dif-
ferent cross sections along y-direction is also presented. As shown in
Fig. 10, although Case 2 with the highest air flow rate does not have the
best mixing efficiency, however, it has the most burnable hydrogen
(highest #itnxing) is observed for the whole height. This may result from
its high mass flow rate of hydrogen. As shown in Table 1, the fuel flow
rates from Cases 4, 5 and 2 are consecutively doubled, the burnable
hydrogen increases by 68% for Case 5 (indicated by II in Fig. 10) and
118% for Case 2 (indicated by I in Fig. 10), respectively, if we take
y = 0.011 m as an example. Therefore, #it,.ng increases with the fuel
mass flow rate.

The fluctuations of reactant mass fraction in an RDE have important
effects on the initiation and stable propagation of detonation wave
[23]. The RMS of the hydrogen mass fraction spatially averaged in a
given cross section along the height direction can be estimated from

_ fv“Ysz <p><il,> dA
{V’YI/-JIZZ } — S

<p><il,> dA
{ (3.3)

Based on Eq. (3.3), the variations of surface averaged RMS of H,

mass fraction {\/Yl’qz2 } are shown in Fig. 11. One can see that Case 5 has
the minimal fluctuations of H, mass fraction, which means that a more
stable propagation of detonation wave may exist under that condition.
This is in line with the results in Fig. 9, which shows that mixing effi-
ciency of Case 5 is the highest. Experimental results of Rankin et al. [1]
suggest that the standard deviation of the detonation wave speed of
Case 5 is the smallest compared with Cases 2 and 4, which is loosely
consistent with the findings from our non-reacting LES results. For the
surface averaged turbulent kinetic energy (calculated with the similar
method to Eq. (3.3)), Case 2 with biggest mass flow rate has the highest
energy than the other two, whilst Cases 4 and 5 are close to each other.
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Fig. 11. Surface averaged RMS of hydrogen mass fraction and TKE in Cases 2, 4
and 5.

The distributions of surface averaged equivalence ratio along the y-
direction (RDE chamber height direction) in Cases 2, 4 and 5 are shown
in Fig. 12. They are estimated through averaging the resolved values on
different cross sections along the burner height direction (y-direction).
The surface averaged equivalence ratio increases rapidly (leading to
localized fuel-rich area) along the y-direction and then slowly decreases
to the global equivalence ratios. Note that the global equivalence ratios
of our simulated cases are close to stoichiometry. Insufficient mixing at
the top end region (y < 0.008 m) is observed with local fuel-rich
conditions. By comparing Cases 2, 4 and 5 with different mass flow
rates, it can be found that the Case 5 with intermediate mass flow rate
has the lowest equivalence ratio at the top end region.

Propagating detonation wave would not be self-sustaining in too
lean or rich fuel mixtures; instead, it only occurs within a range of
equivalence ratios. Two stand-alone simulations based on Shock &
Detonation Toolbox [49] and RYrhoCentralFOAM are performed here.
The detonation temperature and propagation speed as functions of
equivalence ratio are shown in Fig. 13. For the following analysis, we
assume that the Ho/air mixture with equivalence ratio being 0.6-2.0.
This range (marked by the detonability range in Fig. 13) corresponds to
high temperature and propagating speed of the detonation front.

As such, in the current LES of RDE burners, the nominal detonability
area ratio ¢ is introduced to indicate the possible area where the self-
sustaining detonation wave can exist in the AFRL RDE burner. It is

4 1 1 1 1

Equivalence ratio

0 T T

0.000 0.005 0.010 0.015 0.020 0.025
Channel height (m)

Fig. 12. Surface averaged equivalence ratio along the y-direction in Cases 2, 4
and 5.
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tube calculations with RYrhoCentralFOAM. The mechanism for H,/air mixture
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defined as
ydA -
¢ = { y = 1, if 0.02 < <Ygy,> < 0.055
JSda’® 0, otherwise
s 3.4

Fig. 14 shows the evolution of detonability area ratios ¢ along the y-
direction. One can see that, for y < 0.015 m, Case 5 has the highest
detonability area ratio, whilst Case 4 corresponds to the lowest. This
tendency is consistent with what is seen from Fig. 9. Beyond this range,
i.e.y = 0.015 m, the ratios in the three cases are close to each other and
approach unity, indicating that there the hydrogen mass fraction fall in
the range of the detonability limits.

Fig. 15 shows the comparisons of mixing efficiency (i.e. 7,,, calcu-
lated with Eq. (3.1)) from Case 5 and Case 6. In generally, Case 6 has
better mixing efficiency than Case 5. The height of mixing region for
Case 6 is 0.0075 m, while that for Case 5 is 0.01 m. Within the mixing
region, 7,,,, in Case 6 is consistently higher than that in Case 5. In ad-
dition to the mixing efficiency, the effective mass flow rate of burnable
hydrogen 7t xing in different cross sections along the height direction is
also presented in Fig. 16. It is clear that the burnable hydrogen #i,xing
of Case 6 with a total number of 80 injection orifices is larger that Case
5 with a total number of 120 injection orifices, even if they have the
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Fig. 14. Detonability area ratio along the y-direction in Cases 2, 4 and 5.
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Fig. 16. Burnable hydrogen mass flow rate along the y-direction in Cases 5 and
6.

same air flow rate. Moreover, the surface averaged equivalence ratios in
Cases 5 and 6 are compared in Fig. 17. It is shown that the surface
averaged equivalence ratio in Case 5 is slightly higher than that in Case
6 for y < 0.007 m, indicating that Case 6 generally has better mixing
efficiency than Case 5 at the top end since their global equivalence
ratios are close to unity.

The discussion about various metrics for the inert mixing behaviors
in this Sub-section may be able to provide qualitative explanations for
the phenomena observed in the experiments by Rankin et al. [1]. Based
on the OH* chemiluminescence presented in Fig. 5 of Ref. [1], when the
reactant mass flow rates increase, the detonation wave height increases
from low (corresponding to Case 4) to intermediate (Case 5) values of
mass flow rates. When the mass flow rates are further increased, the
heights do not increase obviously, and even multiple waves may ap-
pear. This variation of detonation heights may be directly influenced by
the mixing characteristics indicated by our LES results. In addition, the
measured detonation wave speeds of Cases 2, 4 and 5 are summarized
in Table 2. One can see that from Cases 4, 5 to 2, the detonation wave
speed increases accordingly, i.e. from 1370 m/s to 1740 m/s. However,
as mentioned above, Case 2 has relatively lower mixing efficiency and
RMS values of H, mass fraction. Based on the experimental results in
Table 2, it has higher standard deviation (i.e. 80 m/s) with respect to its
wave speed. Overall, stable propagation of rotating detonation wave in
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Table 2

The wave frequency and wave speed measurements [1] of Cases 2, 4, 5 and 6.
Cases in Corresponding Wave speed (m/s) Wave Number of
present experimental test speed detonations
simulations cases in Ref. [1] (% CJ)  waves
2 3.2.2.1 1740 = 80 88 1
5 2221 1700 + 40 86 1
4 1.2.21 1370 = 40 70 1
6 2.2.1.2 1480 + 160 75 2

an RDE is not only affected by the mixing efficiency and fluctuations of
H, mass fraction, but also by the availability of the burnable hydrogen.
However, it should be acknowledged that, for accurate explanations
about the detonation wave characteristics listed in Table 2, LES of re-
acting RDE’s should be performed.

3.4. Fuel injector spacing

The effects of the fuel injector spacing on the mixing in the AFRL
RDE burner are studied using a periodic burner sector with five injec-
tion orifices, as shown in Fig. 2(b). In the experiments, there are two
various configurations considered, i.e. 80 and 120 orifices in total. This
leads to two different azimuthal distances between two neighboring
fuel orifices, i.e. 5.26 mm and 3.51 mm. They correspond to Case 6 and
Case 5 in Table 1, respectively. Note that they have the same global
reactant mass flow rates, but for the individual fuel injectors, fuel mass
flow rate and therefore resultant fuel injection speed in Case 6 are
higher than that in Case 5.

Plotted in Fig. 18 is the surface averaged RMS of H, mass fraction
and turbulent kinetic energy in the two cases along the channel height
direction. Near the fuel and air injectors, i.e. y < 0.008 m, the RMS of
fuel mass fraction in Case 6 is higher than that in Case 5. However, for
the downstream of the channel, Case 6 has the lower values. The tur-
bulent kinetic energy is higher in Case 6 than in Case 5, due to the
higher fuel injection velocity in Case 6. Similar to Fig. 14, the nominal
detonability area ratios for Cases 5 and 6 are compared in Fig. 19. For
most of the shown height, Case 6 has higher detonability ratio, in-
dicating that there may have larger fraction of cross sections with de-
tonatable compositions.

The effects of different fuel injector numbers on detonation in the
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Fig. 19. Detonability area ratio along the y-direction in Cases 5 and 6.

AFRL RDE are also discussed by the experimentalists [1]. They found
that in Case 6, the burner can run under two-wave mode with reduced
detonation front height. This can be confirmed by the mixing char-
acteristics indicated by our LES results.

3.5. Mixing in the full scale RDE burner

In Sub-sections 3.1-3.4, the periodic burner sector of the AFRL RDE
combustor has been investigated and the corresponding aerodynamics
and mixing features are discussed. It has been pointed out that there
may be significant effects from three-dimensional geometry, e.g. from
the curved channel walls and lateral relief of the detonation wave
[1,11,19]. This implies a necessity to consider the full scale RDE com-
bustor. Therefore, results about fuel and air mixing in three-dimen-
sional AFRL RDE burner will be briefly analyzed in this Sub-section.
This is also a preparatory step towards our future LES of rotating de-
tonation dynamics in AFRL RDE burner.

Fig. 20 shows the distributions of resolved hydrogen mass fraction
and pressure on different slices (x = 0 mm, y = 0.001 mm and
z = 0 mm, respectively). It can be seen from Fig. 18(a) that each fuel jet
exhibits different instantaneous mixing characteristics, for example the
size of the fuel jet plume. The results in Fig. 18(b) also shows that the
flow structures, such as the shock waves observed on the windward side
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Fig. 21. Distributions of resolved hydrogen mass fraction on the unrolled annular central plane of the combustor for (a) Case 7, (b) Case 8 and (c) Case 9. The iso-lines
represent stoichiometric H,-air composition. Images sizes are 220 mm by 35 mm.

of the fuel jet plume. These are similar to those observed in the periodic
RDE burner sector with finer cells.

Moreover, distributions of resolved hydrogen mass fraction on the
unrolled annular central plane of the channel with different air flow
rates are shown in Fig. 21. The level of mixing can be qualitatively
identified, and the mixing is mainly distributed in the near field near
the top end of the combustor. It can be clearly seen that the mixing with
air flow rate of 0.15 kg/s (Case 7) has poor mixing compared to larger
air flow rates, i.e. 0.32 kg/s and 0.63 kg/s, in Cases 8 and 9. In Case 8,

13

the mixing near wall at the top end of the combustor (about
y < 0.003 m) is much more uniform than that in Case 9, in which some
fuel rich mixture regions with larger H, mass faction are observed.
These findings are consistent with the results of the mixing efficiency
analysis for Cases 2, 4 and 5 with a periodic burner sector.

The comparisons of mixing efficiency and surface averaged RMS of
hydrogen mass fraction between Case 2 and Case 9 are shown in
Fig. 22(a) and 22(b), respectively. In addition to the slight differences,
maybe related to the curved channel walls in the full case, Cases 2
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Fig. 22. (a) Mixing efficiency and (b) surface averaged RMS of hydrogen mass fraction along the y-direction in Cases 2 and 9.

(burner sector) and 9 (full annular burner) have similar results. These
comparisons confirm the soundness of our above analysis based on the
part of the RDE burner.

4. Conclusions

In the present work, the non-reacting flow structures and mixing
characteristics in the non-premixed AFRL RDE burner [1,9] are studied
with large eddy simulations to qualitatively understand the rotating
detonation behaviors observed in the experiments. A series of cases
have been simulated in order to explore the various physical and geo-
metrical influences on the non-reactive flow structure and mixing, in-
cluding mesh resolution, burner configuration, number of fuel injector.
The primary findings from our studies can be summarized as follows.

The instantaneous vortex structures and shock wave in the non-re-
active AFRL RDE are identified, and the structures are similar to those
in jet in crossflow. In addition, a shock wave with different sizes and
strengths at different instantaneous moment formed on the windward
side of the jet plume has important influence on the mixing process near
the top end of the RDE combustor. The interactions between the fuel
jets and shock wave can enhance the turbulence intensity and thus
promote the mixing process. Also, the compositional non-uniformity in
the height and azimuthal directions are observed.

The results from quantitative analysis with five fuel injection or-
ifices suggest that in the studied cases with various reactant flow rates,
the mixing efficiency, fluctuations of H, mass fraction, as well as the
effective mass flow rate of burnable hydrogen, demonstrate different
variations along RDE height direction. For the air inflow rate of
0.32 kg/s, the mixing performance with 80 injection orifices is better
than that with 120 injection orifices. The indicated tendencies provide

Appendix A:. Comparisons of sub-grid scale constants and models

the qualitative justifications for experimental observations made by
Rankin et al. [1].

Finally, the results of full scale AFRL RDE simulations are similar to
those from the periodic burner sector, which is conducive to study the
effects of mixing on detonation initiation and propagation in our future
work on LES of AFRL RDE burner.

It should be pointed out that understanding the mixing performance
in non-reacting flows from an RDE combustor would be helpful for
designing or improving RDE injection nozzle and burner configuration.
Meanwhile, the results from our work may also be conducive for in-
vestigations on ignition of rotating detonation waves. However, in
order to study the effects of propellant mixing on rotating detonation
propagation, LES of reacting cases should be conducted, which is an
interesting topic for our work.
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In this Appendix, sensitivity to the sub-grid Schmidt number, Prandtl number and sub-grid scale model is studied using three additional cases, i.e.
Case 2 with Sc, = 0.4, Case 2 with Pr, = 0.5 and Case 2 with one-equation sub-grid kinetic energy model [51]. Note that in the one-equation model,
the sub-grid scale kinetic energy k¢ is solved with transport equation. Fig. A1 shows the surface averaged RMS of hydrogen mass fraction and TKE
along the y-direction for Case 2 with different sub-grid Schmidt number, Prandtl number and sub-grid scale models. It can be seen that the difference
is negligible for the cases with different sub-grid Schmidt and Prandtl numbers. For the sensitivity of sub-grid model, although there are some
deviations in terms of the surface averaged RMS of hydrogen mass fraction and TKE along the y-direction, the results of both WALE sub-grid model
and one-equation sub-grid TKE model have the same trend and are close. The results in Fig. A1 further confirm that our LES is not affected by the

choices of the sub-grid scale constants and models.
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