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ABSTRACT

The extraordinary complexity of real Rotating Detonation Combustors (RDC) demands a deep knowledge
of each phenomenon involved in the wave development and propagation. Since the reactants are typ-
ically injected separately, a key element for the combustor design optimization is understanding the
refilling process and the reactants mixing. However, due to the harsh environment and high working
frequencies of RDCs, the experimental diagnostics is usually limited, so high-fidelity simulations rep-
resent an essential tool to complement the measurements with detailed insights into the flow. In the
present work, the non-premixed RDC installed at TU Berlin is simulated with the AVBP code by solving
the fully-compressible, spatially-filtered reactive Navier-Stokes equations. The complete hydrogen and air
injection system is included in the numerical model to accurately describe both the reactants mixing and
the complex turbulent flow field in the resulting refill region. This study shows how both the injection
system configuration and its transient interaction with the wave are fundamental for the reactants mix-
ing, as they directly influence the refilled gas properties. Limiting the imbalances between the blockage
dynamics of the fuel and oxidizer ducts and optimizing the fuel injectors can improve considerably the
homogeneity of the fresh mixture, and consequently the leading shock strength and reasonably the pres-
sure gain. In fact, the detailed analysis of the detonation front speed shown a higher instability near the
chamber base for the periodic presence of unmixed reactants. Nevertheless, the unstable root of the front
does not affect the whole wave speed, and remaining part propagates steadily thanks to the tangential
mixture uniformity. Moreover, the local speed distribution does not appear directly related to the small-
scale mixture properties, indicating a higher sensibility to the annulus curvature rather than to the local
gas state.

© 2023 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

cient gas turbines. Among all the pressure-gain devices, the Ro-
tating Detonation Combustors (RDC) are particularly suitable for

In the coming decades, continuous increases in energy demand
and the share of renewable sources will require the development
of flexible, highly efficient solutions to supply energy. The stor-
age of surplus energy and the use of alternative fuels such as hy-
drogen are certainly two key technologies that will shape the fu-
ture energy scenario. In this framework, gas turbines will hold a
position in the decarbonisation thanks to their unique flexibility
in operability, size and fuels [1]. A non-incremental increase of
the efficiency of these machines could be potentially achieved by
adopting other combustion modes involving a pressure gain dur-
ing the heat addition unlocking a new generation of highly effi-
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the adoption in gas turbines, as the high-frequency rotating det-
onation mitigates the reduction of turbine efficiency for the flow
unsteadiness [2].

Although RDC technology is actively investigated by many re-
search groups worldwide [3-9], several technical issues still need
to be addressed, as their great complexity limits the experi-
mental diagnostics which can be adopted. Different researchers
have shown that an increase in performance or efficiency can be
achieved with RDC, however, a positive pressure gain has still to
be demonstrated [10]. Despite the lack of a well-defined method
to evaluate the pressure gain, usually a high pressure loss is due
to the injector, which has to quickly refill the combustor and re-
duce the pressure feedback from the combustion chamber into the
upstream ducts. Moreover, the injector is responsible for the qual-

0010-2180/© 2023 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.combustflame.2023.113050
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2023.113050&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:antonio.andreini@unifi.it
https://doi.org/10.1016/j.combustflame.2023.113050
http://creativecommons.org/licenses/by-nc-nd/4.0/

P.C. Nassini, A. Andreini and M.D. Bohon

Nomenclature

Acronyms

AFR Air to Fuel Ratio

qJ Chapman-Jouguet

EAP Equivalent Available Pressure
LES Large Eddy Simulation

NSE Navier Stokes Equations

PDF Probability Density Function

PG Pressure gain

PLEA Phase-locked Ensemble Average
RDC Rotating Detonation Combustor
ZND Zeldovich-von Neumann-Déring

Greek symbols

Shatf Half reaction thickness [m]

Angular speed [rad/s]

Generic scalar quantity [—]

Relative fuel injector phase [—]
Detonation front angular distribution [rad]
Generic scalar quantity [—]

Angular coordinate [rad]

P8 D@L

Latin symbols

Sound speed [m/s]

Detonation front normal speed [m/s]
Linear displacement of the front [m]
Mach number [—]

Radial coordinate [m]

Laminar flame displacement speed [m/s]
Temporal instant [s]

Unmixedness [—]

Detonation front rotation speed [m/s]
Axial coordinate [m]

Mass fraction of species k [—]
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ity of the detonable mixture as well as the flow field in the refill
region, thus influencing the strength of the detonation wave and
its subsequent pressure [11]. The importance of the injection sys-
tem design in a RDC is clear for its performance optimisation, as it
must conciliate conflicting targets and has a direct impact on the
pressure gain and on the reactants mixing. Understanding the mix-
ture characteristics in relation to the unsteady injector operation is
thus fundamental for the optimization of the whole combustor.

In the past years, several numerical studies were carried out as-
suming perfectly premixed reactants, since this hypothesis allows
for a series of problem reductions such as the use of a 2D un-
rolled domain, the use of Euler equations and the simplified injec-
tor models [12,13]. Although these studies were essential for de-
scribing the flow field structure associated to the rotating detona-
tion [14] and exploring the impact of different geometrical con-
figurations [15,16], they neglect the flow complexity due to a real
injection. Indeed, practical RDCs typically adopt a non-premixed
injection of the reactants directly in the combustion chamber, in-
volving a whole series of phenomena such as the turbulent mix-
ing of species, the dynamic coupling between the injector and the
wave, and the detonation propagation in a highly turbulent, par-
tially heterogeneous flow [10]. Thanks to the increasing compu-
tational power available, more and more studies have been car-
ried out that include the separate reactants injection, necessarily
in three dimensions [11,17-24]. Complex, non-ideal features mostly
absent in the simplified models were observed in each of these
investigations, such as the high vitiation of the fresh gas, parasitic
combustion, and mixture stratifications [24], even leading to asym-
metries in the wave strength [11] and failures [23].

Combustion and Flame 258 (2023) 113050

These characteristics can be partially attributed to the strong
velocity and composition gradients induced by the turbulent mix-
ing in the refill region. Therefore, the turbulence model accuracy
can also be expected to indirectly impact the detonation. In this
regard, high-fidelity approaches such as LES, rather than URANS
or hybrid simulations, should be the reference tool for the char-
acterization of these devices, given their superior description of
turbulent mixing. Nevertheless, only a few RDC studies have ac-
tually adopted LES for characterizing the turbulence fluctuations
[11,18,19,23], so that the reactants mixing is usually heavily approx-
imated. Although studies of the sub-grid effects and modelling for
detonations have been delayed with respect to the efforts given to
turbulent deflagration models [25], the characterization of the tur-
bulent aerodynamics alone is crucial to provide the correct mixture
properties which drive the wave development.

The main purpose of the present study is the characterization of
the refilled gas properties in the TU Berlin RDC as a consequence
of the radial-inward air injection and the impact on the detonation
front propagation. This combustor has been extensively studied ex-
perimentally, exploring a number of phenomena that has been rea-
soned to be at least partially attributable to the mixing effects.
Such effects include the presence of counter-rotating [26] and lon-
gitudinal [27] waves and the suppression of the wave propagation
velocity relative to the Chapman-Jouget velocity [28]. Initial nu-
merical [29] and experimental [30] studies examined steady reac-
tant injection flow field under non-reacting conditions. However,
as the rig has not been previously numerically studied in reactive
conditions, the objective of this work is to study the detailed fea-
tures of the unsteady reactant refill and mixing processes in a typi-
cal, canonical single wave case as representative of many of the ex-
perimental tests. From this, insight into the structure of the mixing
field and the transient response of the injectors under steady op-
eration will provide valuable insight into these coupled processes.

With this aim, an LES model is developed with specific at-
tention to the description of the complete injection system and
the turbulent reactants mixing in the refill region. A dedicated al-
gorithm is adopted for tracking the three-dimensional evolution
of the detonation front and sampling the gas properties directly
ahead of the wave, allowing for a stochastic characterization of the
local front speed, the refill region, and their mutual correlation.
This study remarks on the importance of the transient injectors
operation in the formation of the fresh mixture, suggesting design
improvements to either reduce or tailor the axial and radial strati-
fication of the mixture.

2. Test rig description

The present study is focused on the non-premixed RDC in-
stalled at TU Berlin [9]. The configuration analysed here presents
an annular combustion chamber of L = 110 mm with straight walls
and an internal radius of r; = 37.4 mm and an external radius of
o = D/2 = 45 mm, directly discharging into the atmosphere with-
out any outlet restriction. The combustor is fed with the sepa-
rate injection of hydrogen and air through N =100 axial fuel in-
jectors positioned at the base of the chamber and an air gap along
the outer wall with height g = 1.21 mm, respectively, realizing a
radially-inward cross-flow for the hydrogen jets (Fig. 2). The fuel
injector is constituted by uniformly-spaced (Ad;; = 3.6°) straight
channels with a diameter of Dy = 0.5 mm, positioned tangentially
to the outer radius of the chamber. Both the air gap and the in-
jectors are directly connected to their respective plena, where the
pressure is monitored using dedicated piezo-resistive sensors.

A stoichiometric, single-wave test point of this configuration is
investigated numerically and is detailed in Table 1.

In these conditions, the experimental measurements registered
a 58% decrease of the total pressure at the outlet with respect to
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Table 1
Main operating conditions of the analysed test point.

Reactive case

Air manifold pressure bar(a) 7.42
Fuel manifold pressure bar(a) 13.12
Air temperature K 291
Fuel temperature K 289
Air m g/s 445
Fuel m g/s 13.3
Chamber mass flux kg/m?s 290
Equivalence ratio - 1.0

the air plenum pressure [31]. In fact, the relatively small gap area
and the absence of outlet restrictions are known to be detrimental
for the pressure gain of this combustor, such that the test point in
Table 1 has one of the highest pressure loss measured. This is to be
expected given the simple, highly restrictive injector configuration
used in many laboratory environments and typical for much of the
published RDC literature. Therefore, the test point was chosen as
the simplest, baseline condition to provide a broadly comparable
and representative test case.

3. Numerical model

The flow within the RDC is governed by the fully compress-
ible, multi-species, reactive Navier-Stokes (NS) equations. Due to
the non-premixed nature of the reactants, the description of the
turbulent mixing is vital for a good representation of the mix-
ture which detonates. Therefore, in this study the NS equations are
spatially-filtered in the LES formulation to accurately model the
turbulence without compromising the computational demand. The
sub-grid turbulent stresses deriving from the filtering operation are
closed with the WALE model [32], specifically developed for wall
bounded flows.

The fluid is modeled as a reactive mixture of ideal gases com-
posed of four species, i.e. Hy, O,, H,0, N,. The hydrogen-air det-
onation is described through a reversible global scheme, namely
4S1R :

Hz-l—%Oz < H,0 (1)

The net rate of progress Q of the reaction is calculated with an
Arrhenius formulation:

Q=A exp <—II§;—) [H;]"2[0,]"02 — k;[H,0] (2)

where the reverse rate of progress k; is calculated from the equilib-
rium constant. The model parameters are optimized for the present
conditions, i.e. a detonation in a Hy-air mixture around the ambi-
ent pressure and temperature. The reaction order and the activa-
tion energy are estimated through the explosion theory by eval-
uating the ignition delay time in constant pressure OD reactors
[33] with a detailed mechanism. To match the Chapman-Jouguet
speed over the whole detonability range, the formation enthalpy
of H,O0 is slightly increased, compensating for the altered disso-
ciation and heat released during the combustion with respect to
a complete scheme (Fig. 1(a)). Finally, the Arrhenius constant A
is calibrated to match the half-reaction thickness predicted by a
reference mechanism [34] around the stoichiometric composition
Fig. 1(c). The chemical details of the model are summarised in
Table 2 and the resulting 1D detonation profiles are shown in
Fig. 1(b) against the reference scheme.

The laminar viscosity of the mixture is specified as a function of
the temperature through a power law and distinct Schmidt num-
bers are set for the species to model the laminar diffusion, while
the turbulent Schmidt and Prandtl numbers are set to 0.6. The lam-
inar flame speed is underestimated by the present model, inducing
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Table 2
Main parameters of the 4S1R global mechanism for a detonation in a H,-air mixture
(po =1 atm, Ty =298 K).

Model parameters

Ny, , No, 1

Eq/RTy 38.8 [-]

A 3.1 x 10" [cm3/(mol - 5)]
AH}%K (H,0) —230.66 [kJ/mol]
Detonation properties

Dg(¢p=1) 1975 [mys]

Sharp (= 1) 197 [pm]

a secondary contribution of the deflagration regime when used for
modeling the oxidation. Therefore, also considering the unexplored
potential interference with the detonation, no turbulent combus-
tion model is used. These deficiencies of the chemical description
are not expected to compromise the RDC analysis since the con-
sumption rate of the reactants through the deflagration is usually
at least one order of magnitude lower than through the detonation
[19].

The physical model described above is solved numerically with
the cell-vertex finite-volume AVBP 7.5 code [37] developed by CER-
FACS and IFPEN. The Lax-Wendroff scheme [38], second-order in
time and space, is used as a trade-off between accuracy and com-
putational cost, while a localized artificial diffusivity [39] model is
adopted to stabilize the code near the flow discontinuities and re-
duce numerical oscillations. An explicit temporal integration is car-
ried out enforcing dynamically a maximum CFL number of 0.7, re-
sulting in a timestep of At ~ 6 x 109 s. The simulations were car-
ried out on 240 cores of a HPC cluster based on Intel®Xeon ®Gold
6248 CPUs. On this hardware, the return time for the overall simu-
lation of 4.1 ms of physical time is 650 h, i.e. 163 simulation hours
per physical millisecond. The total CPU time was then about 151k
CPUN.

3.1. Domain and spatial discretization

Since the detonation wave propagation and the injectors are in-
trinsically coupled, with the former determining the area block-
age and plenum pressure feedback and the latter producing the
flammable mixture, the complete geometry of the RDC includ-
ing the reactant plena and ducts is considered in the simulation.
The whole fluid domain is discretized with a tetrahedral mesh of
178 million elements, adopting specific refinements of 80-100 wm
within the injectors and 170 wm at the chamber base to accurately
reproduce the reactants turbulent mixing. The appropriate LES res-
olution of the turbulence in this region was verified through the
Celik’s quality index [40], obtaining average values around 0.8-0.9.

Indeed, a standard limitation of full RDC simulations is the gen-
eral under-resolution of the reaction zone within the detonation,
imposed by the computational costs and exacerbated in the case
of detailed schemes involving short-living radicals. As a matter
of fact, several recent studies of non-premixed RDCs [11,19,20,22-
24| with detailed chemistry adopted mesh sizings around 100-
200 m, aligned to the present study. This element size is compa-
rable to the half-reaction thickness obtained from the ZND model
of 1D detonations, and in principle should not allow for correctly
solving the detonation front. However, experimental [41] and nu-
merical studies [42,43] observed a considerable broadening of the
reaction region for a detonation in non-premixed reactants due to
non-ideal effects and composition variations, indicating that the
use of ZND detonation profiles as reference could be too conser-
vative for practical cases.

Although the detonation front broadening is expected also in
the present case, a preliminary study in a 2D detonation tube
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Fig. 1. Performances of the global 4S1R scheme in an atmospheric H,-air mixture: (a) Chapman-Jouguet speed and thermodynamic states predicted by the global 4S1R
scheme and a detailed scheme [34] varying the equivalence ratio; (b) static temperature and pressure profiles in a 1D CJ detonation in a stoichiometric H,-air mixture; (c)
laminar flame speed and half reaction thickness in a 1D (] detonation. The laminar flame speed is also compared against the experimental measurements of Krejci et al.

[35] and a reduced scheme by ONERA [36].
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; y
seaiERRRERpRER
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Air pressure inlet

Fig. 2. Section of the mesh grid used for the simulations with the local element
size and the detail of the injection.

was carried out to assess the numerical model accuracy when the
detonation front is under-resolved. Both the 4S1R global scheme
and a skeletal Hp-air mechanism with 9 species and 12 reac-
tions [34] were tested to highlight the impact of the chemical
model. The analysis showed that the more detailed scheme did not
perform well on coarse elements (Ae & 0.58,4;5), and did not cap-

ture the cellular structure observed experimentally. On the other
hand, the global scheme did not degenerate on coarse meshes,
outperforming the skeletal scheme in the description of realistic
detonation cells. This was attributed to the better discretization of
species profiles and less pronounced gradients in the detonation
front (Fig. 1), which reduces the mesh size requirements of the
global scheme. Considering that both the schemes predicted deto-
nation speeds comparable to the CJ value, the adoption of the 4S1R
scheme on the present mesh size was considered sufficiently accu-
rate for representing the detonation front and the resulting flow
field in the combustor.

3.2. Boundary conditions and initialization

The air and hydrogen inlet boundaries are set at the base
of their respective feeding plena, where the pressure is imposed
through the partially non-reflecting Navier-Stokes characteristic
boundary (NSCBC) conditions. At the chamber outlet, no domain
extension is adopted, setting the atmospheric pressure at the exit
surface using NSCBC, as the boundary condition is able to dynam-
ically switch from a characteristic subsonic to a supersonic outlet
when the local Mach number exceeds unity. The no-slip condition
at the walls is modeled using turbulent adiabatic wall functions
[44].

After the preliminary simulation of the non-reactive flow, a
dedicated initial solution is imposed in the chamber for both initi-
ating the detonation wave and achieving a fast stabilization of the
flow within the combustor. The guessed solution is based on a 1D
overdriven detonation profile and approximates a basic RDC flow
field, as shown in Fig. 3.

The initiation strategy adopted has been extensively tested in
preliminary 2D RDC simulations and compared against other ap-
proaches, showing that in this operating point the wave mode does
not depend on the initialization, as observed during the experi-
ments [45].

Once the detonation is initiated, about 6 wave rotations
(0.75 ms) are required to completely stabilize the mass flow rate,
temperature and heat release in the combustion chamber. Then,
the solution fields during the following 2 ms are considered for
the analysis, corresponding to about 15 revolutions of the wave.
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Fig. 3. Temperature distribution of the initial solution at the mid-span of the com-
bustion chamber.

3.3. Data extraction procedure

Since the scope of the work is studying the detonation front
propagation in relation to the local gas mixture, specific attention
is devoted to tracking the detonation front and sampling the gas
properties preceding the wave during its rotation in the combus-
tion chamber. During the simulation, a dedicated algorithm is ex-
ecuted with a constant interval of At =3.25x 1078 s (31 MHz),
corresponding to roughly 4100 samples per rotation (41 per fuel
channels pitch). The procedure is constituted by two steps, which
can be summarised as follows:

1. Detonation front identification: a constant static pressure (p =
9 bar) isosurface is exported and processed to discriminate the
nodes laying on the frontal surface from all the others, i.e. to
obtain a surface 6(r,y,t). This operation is carried out by se-
lecting the points on the isosurface with the maximum angular
position within a radial-axial half-overlapping moving window
of 0.5 x 0.5 mm. Also, the mean angular position of the front
Om(t) = Y0, 0(r.y.t)/M is calculated.

2. Frontal plane sampling: the instantaneous solution is interpo-
lated in a r,y planar grid of 0.1 x 0.1 mm immediately ahead
of the detonation. To ensure that the plane never intersects the
front, a constant forward shift of the mean angular position of
the front in the direction of propagation is applied, i.e. the gas
is sampled at the plane with 6, (t) = 0, (t) + AY with A =10
deg.

The final output of the whole process is the series of instan-
taneous detonation front surfaces 6(r,y,t) and fluid properties
@(r,y.0,(t)) on a moving plane directly before the detonation pas-
sage. The local instantaneous values of p, T and composition Y, are
also used as inputs for calculating the Chapman-Jouguet speed D¢
through the Shock and Detonation Toolbox [46] based on the Can-
tera 2.4.0 [47] libraries for Python3.

It is worth noting that the mixture state in the frontal plane
does not correspond exactly to the mixture which detonates, as
O(r,y,t) # 0p(t) and the detonation front requires a small but fi-
nite time interval At = (6p — 6)/wge to occupy the position of the
sampling plane. However, the very high speed of the detonation
front (wye ~ 47000 rad/s) and the small distance 6, — 6 ~ 10 deg
between the detonation front 6(t) and the frontal plane 6,(t)
allows for neglecting the temporal variations of the flow within
t + At in a fixed point (r,y, ¥):
go(r,y,z?,t)zw(r,y,z?,tiep_G) (3)

Wet
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With this assumption, the gas properties on the front can be
obtained from the gas state recorded on the plane at a previous
instant t — At, i.e. when the frontal plane occupied that angular
position on the front:

go(e(r,y,t))w(r,y,ep(t— Q"‘Q)) (4)

Wer

Note that while it is assumed that At = (8p — 0)/wgee ~ 0, the
correct spatial sampling at 8,(t — At) =6(r,y,t) is preserved, re-
trieving the correct gas position with respect to the injectors. For
these considerations, a single plane for sampling the state of the
gas ahead of the front is used, allowing a consistent simplification
of the procedure without compromising the accuracy of the analy-
sis.

Once the instantaneous detonation front surfaces 6(r,y,t) have
been collected, the absolute speed in every point of the front
D(r,y,t) can be evaluated by supposing that the front propa-
gates along its local normal direction. The calculation of the ve-
locity is carried out on a downsampled dataset (At = 1.3 x 107 s,
7.7 MHz) to reduce high-frequency noise. More details about this
calculation can be found in the Appendix.

An important aspect to be considered is that the detonation
speed is calculated in the global coordinate system and could gen-
erally deviate from the speed with respect to the reactants. How-
ever, the speed of the detonation is about 3-7 times the gas speed
in the refill region, so in the analysis the front speed in the global
system also represents the speed in the reactants within a good
approximation.

4. Results

In this section the results of the simulation are reported and
discussed, beginning with the validation of the model by compar-
ison with available experimental data. Due to the non-premixed
injection of the reactants, the analysis is focused on the detailed
description of the local gas properties in the refill region, provid-
ing a complete characterisation of the mixture and explaining its
connection with the dynamics of the injector. Thereafter, the speed
of the leading shock is studied to clarify the correlation with the
local mixture, including the front response to the periodic mixture
variations induced by the discrete fuel injection.

4.1. Model validation

The harsh conditions typical of RDCs represent a great chal-
lenge for the diagnostics, so usually the measurements which can
be carried out are limited. During the experimental testing of the
rig, global features of the combustor such as the wave speed and
number, the overall pressure gain and the pressure axial distribu-
tion were measured, and are adopted here as metrics to assess the
accuracy of the numerical model.

4.1.1. Global flow field features

For the operating conditions considered in this study (Table 1),
a dominant single detonation wave stabilizes in the chamber an-
nulus. The simulation captures the same behaviour observed ex-
perimentally, with a single, well-defined front propagating in the
combustor without major fluctuations. The presence of the deto-
nation wave in the chamber partially blocks the effective injector
area, leading to an inlet mass flow rate of 445 g/s (74% m;) for
the air and 13.3 g/s (82% my;) for the fuel, targeting the nominal
stoichiometric equivalence ratio.

The single detonation wave is clear from the shocks present in
the combustor chamber (Fig. 4(a)) and the unwrapped temperature
and hydrogen fields at mid-span (Fig. 4(b)). The detonation front
exhibits a well-defined shape. Trailing the detonation is a strong
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Fig. 4. Shock structures visualised through the VP/P = 2000 m~! isosurface and coloured by static pressure (a); maps of static temperature (b) and H, mass fraction (c) in

the unwrapped mid-span cylindrical section of the chamber.

shock generated by the reflection of the detonation on the outer
wall, typical of curved channels. This reflected shock wave persists
for a relatively long azimuthal distance as it bounces off the in-
ner wall, before returning to the outer radius and again blocking
injectors.

Similarly to previous studies in other configurations [24], this
trailing wave is not associated to an appreciate heat release as it
mostly propagates in combustion products. Despite the high pres-
sure obtained behind the detonation, no hot gas backflow is ob-
served in the simulation in either of the injector channels.

The temperature and hydrogen mass fraction distributions re-
sulting from the single wave are also reported in Fig. 4 at the mid-
span of the combustion chamber. The refill region begins approx-
imately 60 deg behind the detonation wave and increases linearly
up to a maximum refill height of approximately 40 mm. The hy-
drogen mass fraction field shows that the non-premixed injection
results in large composition variations of the mixture ahead of the
detonation front, even leading to a non-negligible 11% of the fuel
mass flow rate exiting the combustor (1.46 g/s) unburnt. As the
characterization of the gas mixture ahead of the detonation is of
primary importance, it will be analysed in detail after presenting
the model validation.

4.1.2. Wave rotation speed

During the experimental test, the pressure signals in the outer
wall are measured using piezo-electric sensors at a frequency of
500 kHz [9]. The signals are sampled over several hundreds of
milliseconds and then processed by fast Fourier transform, leading
to a stable, average rotation frequency of 6287 +5 Hz.

Although the simulation enables more accurate and detailed
procedures for determining the detonation speed, in this section
the calculation is carried out by sampling several punctual probes
distributed according to the real sensors in the rig. More specifi-
cally, the speed of the wave in the laboratory coordinate system
is evaluated from the static pressure signals in different locations
within the combustion chamber over 14 revolutions (~ 1.8 ms).
The probes are positioned at the chamber midspan with angu-
lar position ¥ = —20, 33, 100, 220 deg for M6, M8, M9, M10, re-
spectively. The signals are sampled with a frequency of 7.7 MHz
at y =25 mm and are reported in Fig. 5. The rotation speed V =
WTmean 1S calculated from the time-of-flight between two adjacent

Table 3
Predicted and measured combustor characteristics.
LES Exp.
Wave type [-1 Single Single
Wave frequency [Hz] 7509 6287
V = Wlimean [m/s] 1942 1627
(98% Dqy) (82% D¢y)
Exit total pressure pg. [bar] 3.18 3.12
EAP, [bar] 3.17 -
EAP; full [bar] 3.33 -
Pressure gain PG [-1 -0.57 -0.58

pressure peaks V = AU rmean/ At either considering a single probe
(AY =2m) or a consecutive pair, i.e. by considering the time in-
terval between two adjacent stations. The wave predicted by the
simulation propagates at the mean radius with an average speed of
1942 m/s (7509 Hz) with minor fluctuations of roughly +26 my/s.
Considering a CJ speed of 1975 m/s for H,-air at stoichiometric
conditions, the tangential velocity of the detonation is distributed
around the Chapman-Jouguet value, resulting in a slightly under-
driven condition along the inner wall and over-driven in the outer
wall. The rotation frequency is overestimated by the simulation by
19% when compared to the value measured in the experimental
test (1627 m/s, 6287 Hz), as reported in Table 3.

The reasons of the frequency overestimation still need to be
clarified. Previous studies with realistic non-premixed configura-
tions have observed both the overestimation [18,21,22,24] and un-
derestimation [11,48] of the propagation speed with respect to the
measurements. In the present analysis, the discrepancy could be
primarily linked to the adiabatic treatment of the chamber walls,
accordingly to what is observed by [18,21,22]. Moreover, the use
of a combustion model that underestimates the deflagration speed
could limit the proportion of burnt gas pockets in the refill region
and partially avoid the wave weakening, as shown in other stud-
ies with considerable parasitic combustion [11,24,49]. Both of these
two modeling aspects will be subject of further developments of
the numerical model.

Although the simulation predicts a detonation frequency higher
than the experiments, this difference is still reasonable and aligned
with other works. Therefore, the flow field induced by the wave
propagation as well as the reactants mixing are expected to be rea-
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Fig. 5. Static pressure signals sampled at 7.7 MHz in four consecutive locations within the chamber at y = 25 mm and 50% span (top) and the resulting wave rotation speed
(middle); instantaneous total pressures calculated at the outlet section. The grayed region indicates the average and RMS total pressure measured by Bach et al. [31] (bottom).

sonably representative of the real combustor operation with good
approximation.

4.1.3. Pressure measurements

As reported in Table 3, the present configuration does not
achieve a positive pressure gain, but rather it represents one of
the most penalizing conditions for the combination of unrestricted
outlet and relatively small air injector [9].

The total pressure at the RDC discharge measured with a Kiel
probe recorded an average value of Py, = 3.12 bar for the present
test conditions (Table 3). Considering the air plenum pressure of
Py =7.42 bar, this leads to a negative pressure gain of PG =
Pye/Po.q —1 = —58%, primarily due to the high-loss injector. The
overall pressure gain of the combustor is captured by the sim-
ulations with excellent accuracy (Table 3). The predicted area-
averaged total pressure By, at the discharge is also reported in
Fig. 5 (bottom) against the value measured by Bach et al. [31].
The agreement with the experiment in terms of overall pressure
levels and gain, notwithstanding the wave frequency overestima-

tion, seems to indicate that the detonation speed is not solely
responsible the pressure gain, at least considering a single wave
mode without outlet restrictions. A similar result was obtained
by Sato et al. [22], where the pressure distribution in the exper-
iments and in the simulations matched although the experimen-
tally measured wave speed was lower. This behaviour is aligned
to what is also seen in these measurements, such that other pa-
rameters are needed for characterising the performances of the
combustor [9].

It is worth remarking that the experimental estimation of the
effective pressure gain of RDCs is not trivial and a consolidated
procedure must be still established. Since the combustor will be
coupled with a downstream component - either a nozzle or a tur-
bine - the pressure gain should consider the ability of the flow
to produce the actual output of the engine [50]. To provide a
more significant parameter, the ideal EAP is evaluated from the
LES either by assuming the recovery of the axial flow velocity only
(EAP;) or all of the components (EAPif “”). The values are reported
in Fig. 5 (bottom) and Table 3.
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Fig. 6. Time-averaged axial distribution of the pressure along the chamber outer
wall. The dashed line marks the refill height (h ~ 38 mm).

The temporal trends show that the EAP; is coherent with the
instantaneous total pressure at the outlet of the combustor, cap-
turing not only the average value but also its fluctuations. This ac-
cordance is not surprising and was also observed in other stud-
ies which registered a limited difference between the two values
[50,51]. As a consequence, the pressure gain is not affected by the
choice of using EAP, or the exit total pressure pg ., while the more

optimistic value of EAPl.f””, including also the non-axial momen-
tum, leads to slightly higher value (+2% increase). These observa-
tions suggest that the total pressure at the exit can be used as a
meaningful value to evaluate the pressure gain of the device, thus
supporting the approach carried out in the experiments [9,45,52].

Another important feature of the flow field inside the com-
bustor to be predicted is the axial distribution of the pressure
along the outer wall of the chamber. The time-averaged measure-
ments of pressure in four different axial stations are reported in
Fig. 6 and contrasted to the values calculated by the simulation.
The profiles show a good agreement in terms of axial distribu-
tion, with different values depending on the relative position to
the detonation wave. Below the refill height, the pressure is higher
in the presence of the detonation, and then rapidly drops when
the compression is provided only by the oblique shock. In this
second region, the pressure decreases almost linearly toward the
outlet.

The simulation slightly over-predicts the wall pressures as al-
ready observed in other studies [11,22], likely for the difference
between the direct sampling in LES and the viscous attenuation
of the experimental value for the Capillary Tube Average Pressure
(CTAP) measure. Considering that the effects inside the capillary
tube are not accounted for in the simulation, the comparison of
Figs. 5 and 6 demonstrates a general accuracy of the pressure field.

The analyses carried out in this section support the model pre-
dictions as the pressure levels across the combustor appears to be
well described. Therefore, there is no evidence that the error in
the wave frequency invalidates the global flow field structure, such
that the complex supersonic features present in the chamber are
expected to be reasonably representative of the real RDC.

4.2. Refill region characterization

The time-averaged properties of the gas within the refill region
in the radial-axial plane directly ahead of the detonation front (as
described in Section 3.3) are reported in Fig. 7. The instantaneous
samples are collected during a full wave rotation with a constant
sampling rate, so they are evenly distributed with respect to the
fuel injectors (see Fig. 4).

The refill region is evident from these maps and extends up
to h~38 mm from the chamber base (Yy, <0.015). Since the
time required by the wave to complete a revolution is around
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7=13x10"* s, the corresponding average axial velocity of the
refilling mixture is around h/t =290 m/s. The predicted refill
height is in agreement with the nominal bulk flow value of h =
T -1/ (pyAcc) = 36 mm considering an ambient H,—air stoichio-
metric mixture (poy = 0.855 kg/m3).

The average flow in the radial-axial plane immediately ahead of
the detonation is completely driven by the non-premixed injection
of the reactants, with the radial-inward air flow deflecting the ax-
ial fuel jet toward the inner wall of the chamber (Fig. 7(a)). Despite
the higher mass flow rate, the supersonic jets are qualitatively sim-
ilar to the results obtained by Weiss et al. [29] in non-reactive con-
ditions. As a result of the deflection, the stirred reactants impinge
on the centerbody deviating from a 45 deg angle to the axial direc-
tion. This flow curvature is allowed by the subsonic speed of the
mixture and induces the formation of a high pressure region in
the inner corner of the chamber. The average axial flow along the
inner wall is slightly supersonic, but it is determined by averag-
ing subsonic and supersonic gas pockets between M = 0.7-1.8. On
the other hand, in the outer half span of the chamber the speed
is subsonic, mainly due to the higher sound speed in this region
rather than a reduction of the flow velocity. Above the reactant
jets (y > 5mm) the static pressure field is relatively constant rang-
ing between 1-1.3 bar, leading to an average total pressure in the
refill region ahead of the detonation of pg ;= 1.93 bar. This value
shows that a significant pressure drop occurs across the air injec-
tor (Po ref/Po,a = 0.26), but also that an ideal pressure increase of
roughly pg e/Po e = 1.65 could be achieved neglecting the injector
losses.

An important characteristic of the air radial injection is the for-
mation of a recirculation region above the air gap in the outer
wall. This region is constantly filled with hot combustion prod-
ucts (Fig. 7(b)-(c)) and promotes the parasitic combustion near the
outer annulus wall. Indeed, the present injector configuration com-
bined with relatively high mass flow rate allows an efficient refill
in the inner half of the chamber only, flushing away the combus-
tion products, while it is deficient for spans greater than 50%.

Although the inner half of the chamber is mostly fresh gas, the
mixture is not homogeneous and presents a significant axial strat-
ification (Fig. 7(d)). To better characterise the mixture and distin-
guish between stirred and mixed reactants, the fuel unmixedness
[29,53]:

112
YH2

O L B 5
Yu, (1 —=Ygy,) ©)

U,

is often determined from the fuel variance YIQ’ZZ as a metric for
mixture quality, so it is calculated in the plane and reported in
Fig. 7(e).

Three different zones can be identified in the fresh gas below
the 50% of the span. At the top of the refill region, a wide pocket
of rich, well-mixed reactants (1) extends for approximately a third
of the total height (between axial positions 25 and 38 mm), fea-
turing an equivalence ratio of ¢ = 1.13-1.36. Below, a slightly lean
and uniform mixture with ¢ ~ 0.85 is present at the center of the
refill zone (2). Near the chamber head (y < 10 mm) the gas compo-
sition fluctuates considerably due to the presence of the unmixed
hydrogen jets (3) just entering the chamber. Here, the flow field is
divided by the presence of the supersonic air flow and its interac-
tion with the axial fuel jet, determining a fuel accumulation at the
base.

This peculiar mixture stratification and its formation can be
explained by considering the differential interaction between the
high-pressure wave and the distinct reactant injectors. In fact, due
to the different geometry, feeding pressure, and fluid within the
air and fuel channels, their dynamics are different and are affected
differently by the detonation blockage. Since the combustor oper-
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Fig. 7. Time-averaged gas properties of the refill region in the plane ahead of the detonation front (A®¥ ~ +10 deg), including the corresponding time-averaged local CJ speed
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Mach number of 4.85 for a stoichiometric H,-air detonation, respectively.

ates nominally at a stoichiometric condition, any local alteration to
the fuel and air mass flow rates into the combustor produces re-
gions that deviate from ¢ = 1.

To characterise quantitatively the local departure from the nom-
inal stoichiometric condition, polar diagrams of the instantaneous
reactants mass flux and the resulting local air-to-fuel mass ra-
tio (AFR) are reported in Fig. 8. The mass fluxes are normalized
with respect to the value before the detonation passage (rg, =
1274 kg/m?s and rig ; = 711 kg/m?s) and highlight distinct phases
of the injectors after the wave passage.

The minimum in reactant flow occurs roughly 10 deg behind
the front and occurs in both the fuel and air at the same time. The
injectors then starts recovering until the reflected wave again per-
turbs the flow about 60 deg behind the detonation, with about half
the intensity of the first blockage. The combined effect of these
two waves results in an severe perturbation of the injectors during
the first 90-120 deg behind the front.

Despite the simultaneous blockage, the air mass flux is reduced
considerably more than the fuel mass flux due to the differing in-
jector pressures, resulting in a local low value of AFR and an ex-
cess of injected fuel mass in the 30 deg behind the front. Around
40 deg, the air flow recovery results in a local AFR~ 34 (¢ ~ 1),
but then the second blockage lowers again the AFR at 60-75 deg.
This behaviour of the injectors produces first a gas entering in the
chamber within 0-75 deg with a fuel-rich composition, which then
mixes while being advected downstream by the following reac-
tants, settling at the top (1) of the refill region (Fig. 7). Due to its
position, this region is particularly detrimental to the combustor
operation as the lack of oxidizer leads to a significant proportion
of unburnt hydrogen exiting the chamber (11% of mass), visible in
Fig. 4.

After the second blockage, the fuel mass flow rate rapidly stabi-
lizes to the unperturbed values (¢ > 90 deg), while the air requires
an additional 30-40 deg. However, while the fuel mass flow rate
reaches the choking value, the air mass flow rate exhibits its max-
imum value between 120 and 270 deg, inducing a slightly lean re-
actants ratio with ¢ = 0.85. Only after 270 deg behind the detona-
tion does the air mass flux decreases again, finally matching the
nominal stoichiometric ratio.

This particular phenomenon can be regarded as a consequence
of the moving shock passage inside the air gap and propagating
upstream toward the plenum. Since the moving shock temporarily
induces a total pressure increase, between 90 and 270 deg the lo-
cal total pressure at the end of the air gap is slightly higher, so the
fluid is more dense at the throat and the choking mass flow rate
is increased. This effect progressively decreases with the distance
from the shock within the airgap, until at % =270 deg the tem-
porary total pressure rise is not relevant, leading to a reduction of
mass flow rate.

Secondarily, the air excess could be linked to a local variation
of the air throat area. In the present configuration, the fuel throat
area is determined uniquely by the geometry, while the air throat
area also depends on the shape of the fuel jets, which reduces the
geometric area of the air gap. Although the choking air mass flow
rate could be potentially influenced by the fuel blockage, no signif-
icant differences in the air throat were observed between 180 and
320 deg analysing the M = 1 isosurface.

The three injector phases described above result in the axial
stratification of the mixture shown in Fig. 7(d). The analysis carried
out in this section confirms that the detonation and reflected wave
have a significant impact on the injectors, resulting in significant
inhomogeneities in the fresh mixture as a consequence of the dif-
ferent, uncontrolled alteration of fuel and air mass flow rates. In-
deed, these are undesired features for the RDC, so the effects of the
reflected shock should be carefully taken into account when opti-
mizing the combustor operation. More specifically, the axial strat-
ification of the fresh mixture could be reduced by a re-design of
the injectors considering the following points:

» The differential effects of the detonation blockage on the air
and fuel injectors result a rich region at the top of the refill
region, so an optimized geometry should try to minimize or
equalize the transient response of fuel and air to maintain the
equivalence ratio;

The moving shock propagating upstream in the air injector lo-
cally increases the total pressure, increasing the local mass flow
rate, thus the injectors geometry should avoid or dissipate the
propagation of the shock.
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4.2.1. Local Chapman-Jouguet speed

The knowledge of the instantaneous local gas state ahead of the
detonation front allows for the calculation of the local Chapman-
Jouguet speed in the plane. The instantaneous distributions of the
C] speed are then time-averaged and the result is reported in
Fig. 7(f). Equivalently, also the CJ] Mach number in the fresh mix-
ture Mcy = D¢j/ap is evaluated and time-averaged in Fig. 7(e).

As the detonation speed depends most strongly on the equiva-
lence ratio, the average Dy is higher in the rich regions below the
fuel jet and in the top part of the refill region, while it decreases
toward the outer wall due to both the leaner composition and the
higher temperature residual products. Due to the high variability
of the composition at the chamber base, the RMS of the CJ speed
(not reported) reaches its maximum values of 500 m/s, while is
generally limited below 150 m/s in the other regions.

The recirculation region above the air gap features values of Dg;
near the local sound speed which is already high due to the pres-
ence of hot products, as clear from the M¢; distribution with values
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approaching 1 around y =3 mm on the outer wall. Such low Mg
are unlikely to be able to self-support the detonation in this region,
and therefore the wave propagation in this region is likely sup-
ported by the stronger neighboring regions in the annulus. At the
top of the refill region, the more intense deflagration vitiates the
reactants near the outer wall, broadening the low CJ speed layer
present at high span. The mixture properties alone would then in-
duce a slower propagation along the outer wall with respect to the
inner wall, which is in opposition to what is observed here (see
Section 4.3) and typically in curved channels [54] and other RDC
studies [16].

The (] speed distribution in Fig. 7(f) remarks that in a non-
premixed combustor the mixture properties can deviate signifi-
cantly from an ideal premixed case at the same conditions. For
instance, the mean CJ speed between 5 <y < 35 mm is 1807 m/s,
much lower than the reference of 1975 m/s at ambient stoichio-
metric conditions.

The local values of CJ speed are particularly interesting as they
describe the speed at which a steady, unperturbed detonation
should propagate in the local mixture. Therefore, the discrepancy
between the actual front speed and the CJ speed should be at-
tributable to missing effects in the CJ theory such as wave un-
steadiness and annulus curvature. The comparison between the
two will be presented in Section 4.3.

4.2.2. Periodic gas variation for the discrete injection

The quantities on the frontal plane exhibit periodic fluctuations
forced by the presence of the discrete fuel injectors, but which are
also affected by turbulence. For describing the periodic determinis-
tic component of the quantities without the spurious contribution
of the instantaneous turbulence, the instantaneous gas properties
ahead of the front are Phase-Locked Ensemble Averaged (PLEA) ac-
cording to [55,56]:

N-1

1
(Pper(r,y’ ®p) =N Z(p(r,y, (®p + k)AQinj)

k=0

(6)

where k € N[0, N — 1], N is the number of injectors and 0 < ®) < 1
is the phase relative to the fuel injector, such that any frontal plane
position can be expressed as 0, = (©p + k) Af;,;. Since the data is
sampled for discrete values of ®p, the phase space is divided into
20 bands of width A®p, = 0.05, centred around ©p.

The PLEA fields of hydrogen mass fraction and local CJ speed
are averaged in the radial direction and reported in Fig. 9 in the
injector phase space.

The map does not show a noticeable variation with the phase,
except for the unavoidable fluctuation in region (3) below y =
10 mm, that directly involves the fuel jets. Downstream, the PLEA
axial values coincide with the time-average as soon as the reac-
tants jets start mixing. This feature demonstrates that for this com-
bustor configuration, the fuel injectors (100 x 0.5 mm) are dense
enough to determine a tangentially uniform mixture, mostly inde-
pendent of the discrete hydrogen jets. The well-mixed reactants in
regions (1) and (2), with a constant composition during the wave
rotation, promote a steady stabilization of the wave. This however
may not be representative for other configurations with a longer
fuel injector pitch.

An interesting aspect that emerges from the PLEA maps in
Fig. 9 is that the periodic variations at the chamber base (3) is
not perfectly symmetric, i.e. they are not symmetric around the
plane in-between two injectors ®, = 0.5, but exhibit a phase shift
of A®p~ —0.05. This behaviour is observed between ®p = 0.2-
0.8, where the gas between two injectors is always slightly richer
near the injector in the direction of the detonation propagation
(®©p > 0.5) than near the other one at ®p < 0.5. The shift is at-
tributed to the tangential velocity induced by the detonation in the
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refill region, which slightly deflects the fuel jets in the opposite di-
rection with respect to the wave, i.e. —@. In other words, the min-
imum fuel concentration is not occurring, as expected, in-between
two fuel injectors, but has a small shift.

The mixture composition directly impacts the CJ speed (Fig. 9,
right), however, the radial average above the jets in regions (1) and
(2) presents a nearly uniform value around 1750-1800 m/s. How-
ever, at the base of the chamber in region (3), the succession of
pure hydrogen and air streams periodically decreases the CJ speed
as the mixture exits the detonability limits. As the wave speed de-
pendence on transversal composition gradients has been observed
both experimentally [57] and numerically [11,49], the region (3)
could reduce the stability of the front by inducing periodic fluc-
tuations in the order of 750 kHz.

The PLEA fields of the other gas properties exhibit phase dis-
tributions similar to Fig. 9, so they are not reported for sake of
conciseness.

4.3. Detonation front topology and speed

The detonation front that stabilizes in the chamber annulus
presents a defined three-dimensional shape throughout the revo-
lution. Considering a cartesian coordinate system (d,r,y) rotating
around the combustor axis which follows the average angular po-
sition of the front 6, (t), the detonation surface can described by
the linear distance of the front from a radial-axial plane passing
through its center 6, (t):

d(©,0m) =d(r,y.t) =rsin (0 (r,y, t) — O (1)) (7)

The time-averaged maps of front elevation are reported in
Fig. 10(a). The peculiar feature of the front is the presence of an
almost conical protrusion along the outer wall with the vertex
positioned above the air gap edge. This structure presents con-
tinuous and wide azimuthal fluctuations in contrast to the other
parts of the front which exhibit weaker variations. From the maps,
this protrusion is clearly visible with the vertex positioned around
y =2 mm on the outer wall and the semi-circular base between
the air gap edge and about y = 10 mm, surrounding the recircula-
tion region shown in Fig. 7.

The regions around the inner corner of the chamber, how-
ever, exhibit a good stability and are nearly flat or slightly re-
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cessed with respect to the majority of the front. While a clear
correlation between the surface shape and the gas state in the
frontal plane is not observed, the most protruding regions ap-
pear to be positioned in correspondence to regions of a high
temperature and sound speed. A similar feature was described
also in other RDC configurations and linked to the higher lo-
cal sound speed [24], indicating that these regions are then sup-
ported by the core of the detonation within the more stable
region (2).

It is worth highlighting that no clear detonation cells are ob-
served from the analysis of the instantaneous front surface, but
rather only small-scale front fluctuations related to the fresh gas
turbulent conditions are present.

The time-averaged normal velocity of the front D is also re-
ported in Fig. 10(b), as well as its ratio to the local D¢; to highlight
the over-driven and under-driven regions (Fig. 10(c)). The average
radial profiles far from the injection (10 < y < 35 mm) are also rep-
resented in Fig. 11.

The region (3) near the chamber base (y < 10 mm) needs a spe-
cific discussion since here the speed is influenced by the contin-
uous fragmentation of the front due to the presence of the su-
personic reactants. The part of the protrusion which exhibits the
higher stability is the peak at y =3 mm along the outer wall and
always constitutes the leading point of the front. The propagation
of this portion occurs at speeds of 1900-2000 m/s, consistent with
the other parts of the front, but not with the local CJ speed, which
approaches the local sound speed. The wave in the recirculation
above the air gap is thus likely supported by the neighboring re-
gions which are detonating.

In the stable part of the front, in regions (1) and (2) (i.e. y >
10 mm), the detonation speed shows a linear increase from the in-
ner to the outer wall. This variation does not appear directly deter-
mined by the mixture properties in the refill region (Fig. 7), i.e. by
the local CJ speed. This observation holds also for the rich region
at the top of the refill height (1), which does not noticeably affect
the detonation speed of the front.

Rather, the detonation velocity is distributed around the local
C] speed, so that the regions adjacent to the inner wall are slightly
below D¢ (—5%), while at spans above 50% it is increasingly over-
driven up to +20%D¢; (Figs. 10(c) and 11). This is partially due to
the lower C] speed near the outer wall (Fig. 7), with the absolute
front speed raising up to 2000 m/s at the outer wall compared to
1800 m/s along the inner wall. Globally, the majority of the front
with a flammable mixture propagates between +5%D¢;. The over-
driven speed at the outer wall is consistent to what usually ob-
served in curved channels and premixed reactants, i.e. with uni-
form local CJ speed [16,54].

Indeed, the difference between the actual front speed and the
CJ value could be attributed to effects not included in the CJ the-
ory, as the wave unsteadiness, mixture stratification and annulus
curvature. The average front velocity shows a balance between the
effects of the local mixture distribution and the curvature effects at
the outer and inner walls. The reduction in the propagation veloc-
ity due to the dis-homogeneity of mixture properties, resulting in
the reduction of expected CJ properties, is overcome by the com-
pressive effect of the outer wall, having the net effect of an in-
crease in the effective wave speed with the radius. The opposite
effect is observed along the inner wall. The balance of these ef-
fects may help to explain the experimental observation that, as
the reactant flow rate decreases for a given nominal equivalence
ratio, the wave speed decreases until failure. These results indicate
that this failure may be the result of the shifting in the balance,
whereby the weakening of the compressive effect can no longer
overcome the low-quality mixture along the outer wall resulting
in an increasing disparity in normal velocity across the span and
the ultimate wave failure.
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Fig. 11. Time-averaged radial distribution of the detonation speed between 10 <
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4.3.1. Injector-induced tangential fluctuations

As discussed previously, the refilled gas ahead of the front ex-
hibits a variation in the discrete fuel injection only at the chamber
base (y < 10 mm), inducing important fluctuations of the local CJ
speed (Fig. 9). It is then interesting to assess whether the front
propagates either according to the unsteady region (3) or to the
more uniform regions (1) and (2). To investigate and highlight any
statistical dependence of the local the propagation speed on the
front position with respect to the fuel injectors, the instantaneous
speed values can be represented in the injector phase space ® (see
Section 4.2.2). The two-dimensional Probability Density Functions
(PDF) of the detonation speed at each instant and point in the
front for the three main regions identified in Fig. 9 are reported
in Fig. 12.

12
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Fig. 12. Two-dimensional PDFs of the local detonation front speed in the injector
phase space in the axial regions (1): 25 <y <35 mm, (2): 10 <y <25 mm, (3):
0 <y < 10 mm. The dashed line marks ® = 0.5 and the horizontal lines the time-
averaged (] speed in each reagion.

Far from the injection, i.e. in regions (1) and (2), the wave speed
does not show any statistical dependence on the injector phase,
even at the middle of the gap between the fuel channels (® = 0.5).
The velocity at each position is distributed around a constant aver-
age which is not far from with the local Dg;.

On the other hand, the near-injection region (3) not only fea-
tures a wider deviation toward lower values from the average
CJ speed, but also non-negligible eventual speed reductions in-
between the jets (Fig. 12, bottom). In fact, distinct speed drop
events are also present between the injectors at ® ~ 0.6, highlight-
ing that a temporary, local deceleration of the leading shock has
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higher probability to occur between the fuel jets. The region inter-
ested by this phenomenon corresponds only to the low CJ speed
zone in Fig. 10(c). This observation confirms that the periodic CJ
speed reduction in Fig. 9 around ® = 0.45 has an impact on the
detonation speed, but the response of the front is slightly delayed
of A® =0.15, i.e. +0.54 deg in the propagation direction. In other
words, although the C] theory is not able to represent completely
the complex propagation of the wave, a temporarily, local variation
of the detonation speed is likely to occur right after a pocket of
pure air, where the CJ speed is low or not defined. It is also worth
to remark that this is a stochastic behaviour and is not occurring
at the passage frequency of the injectors of about 750 kHz.

In conclusion, the PDFs maps reported in Fig. 12 show that the
fluctuation of CJ speed has only a local and sporadic impact on the
wave speed, so the front at the base of the chamber is likely to
have a secondary importance for the stability of the whole wave,
which propagates steadily during the rotation. Therefore, the cen-
tral region of the refill region appears to be the most important
region for the stabilization of the detonation.

5. Conclusions

The non-premixed Rotating Detonation Combustor (RDC) in-
stalled at TU Berlin is numerically investigated by means of fully-
compressible, multispecies, reactive Large Eddy Simulations with
the AVBP code. The high temporal and spatial resolution of the
simulation allowed the detailed description of critical aspects of
the combustor operation, such as the wave-injector interaction, the
refilled gas properties and the front propagation speed.

The main outcomes of the work can be summarised as follows:

« According to the experimental observations, a single wave es-
tablishes in the combustor and propagates steadily at 7509 Hz,
over-estimating the recorded frequency by +19%. Nevertheless,
the axial pressure distribution and overall pressure gain of the
device are well captured by the simulation, with the exit total
pressure matching the measurements.

As a consequence of the radial-inward air injection and the high
mass flow rate, only the refill region within 50% span is effi-
ciently flushed with fresh reactants, while the outer half of the
refill region contains a large proportion of residual hot prod-
ucts.

The gas ahead of the detonation front presents consistent vari-
ations both in radial and axial directions, with a rich region at
the top of the refill height, a slightly lean central region and
unmixed reactants at the chamber base. This axial stratification
is due to the differential blockage and recovery of the fuel and
air injectors and could be avoided by modifying the injection
system to minimize or equalize the dynamics of the injectors
ducts.

The average front velocity is the result of the balance between
the effects of the local mixture distribution and the curvature
effects at the outer and inner walls. Although the wave speed
is mostly distributed around the local CJ speed (£5%), near the
outer wall the low-quality of the mixture is overcome by the
compressive effect of the wall, determining an increase of speed
at high radii.

Notwithstanding the periodic variation of the refilled mixture
near the chamber base due to the presence of the discrete fuel
injectors, the global detonation speed does not show corre-
sponding high-frequency fluctuations. Only near the reactants
jets, where the local CJ speed is lower due to the presence of
the supersonic air flow, the wave speed has a higher probability
to exhibit temporary velocity drops.

This study demonstrates how the complete resolution of the in-
jection system is fundamental to capture the interaction between
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the waves and the reactants. Deeper understanding of the injectors
operation is indeed an essential aspect for the optimization of the
RDC performances, since it not only drives the mixture prepara-
tion, but also the overall combustion efficiency and pressure gain
which can be achieved. In this context, the present study repre-
sents a first step for characterizing the main aspects related to the
RDC operations and provides valuable insights for the future design
improvements.
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Appendix A
Detonation speed calculation

The detonation front speed in the global system can be eval-
uated from the time series of the surfaces 6 (r,y,t) by supposing
that the front propagates along its local normal direction n. The
unit normal of the front is computed from the surface 9 (r,y.t) ex-
pressed in a cartesian coordinate system (d,r,y) rotating with the
average angular position of the front 6, (t) (Fig. A.1).

In such space, the detonation front surface is described by the
function:

d(©,0m) = d(r,y.t) =rsin (0 (r,y.t) — O (1)) (A1)

o,y t)

Chamber annulus

Fig. A.1. Representation of the reference frames adopted for describing the detona-
tion front (black line). (x,y,z): global cartesian system, (9, r,y): global cylindrical
system, (d,r,y): cartesian system rotating with the front.
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Fig. A.2. Determination of the front normal displacement.
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25% span

Fig. A.3. Instantaneous fields of Celik’s LES quality index.

which can be reformulated in its implicit form F = f —d(r,y,t) =0
and spatially derived to obtain the unit normal vector:

od ad
i (1 20)

n(ry.t)=

(A2)

IVF|

The detonation speed at time ¢; is then calculated from the dis-
placement of the front along the local normal direction as the dis-
tance between the points B(r,y, ti 1) and A(r, ¥, ti_1):

(B—-A)=kn (A4)

The coordinates d of the points A and B in Fig. A.2 are both
evaluated with respect to the same angular position 6y, (t;), accord-
ing to Eq. (A.1).

The calculation of the distance |B — A| requires the B point po-
sition (dg, rg,yp) on the detonation front, which is unknown since
the surface describing the front is discrete, imposing the B point to
be determined iteratively. This is done by considering a test point
B’ and equalling its coordinates dp to the d coordinate of the point
on the front at t;; interpolated on the B’ coordinates (see blue
cross in Fig. A.2):

d(re,yp.tiy1) = dp (A5)

When this occurs, also B = B’ and the intersection condition is met.
Considering also that:

(ng. nr, ny) (A3)

dB/ dA ny
g | —ra] =k|n (A.6)
hZ:4 Ya ny

the following parametric function of k can be obtained:

d(kny + ra, kny + ya, tip1) = kng + dy (A7)

The normal distance is then evaluated as the root of the resid-
ual R(k):

R(k) = d(kn; + ra, kny + ya, tip1) — kng — da (A.8)
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using the modified Powell method in Python. The root k represents
the scaling factor of the unit normal n to intersect the front at t; 4,
i.e. B =B, so its value coincides with the displacement |B —A| = k.
This procedure is carried out for each point (r,y) of the front and
instant t;, leading to the local instantaneous normal speed of the
detonation D:

B=D(ry.thn = (k(rw))n

(A.9)
tiy1 — tia

A preliminary application of the procedure using the sampling
interval of At =3.25 x 108 s (31 MHz) showed a high-frequency
noise affecting the velocity. This was attributed to the excessive
sampling rate which is comparable or lower than the time to flow
through a mesh element (8.5 x 108 s in the refined region and
2.25 x 1077 s in the chamber). Therefore, only for the velocity cal-
culation, the data is downsampled by 4 times (At = 1.3 x 1077 s,
7.7 MHz), filtering out the high-frequency fluctuations and improv-
ing the quality of the resulting velocity.

Assessment of the mesh grid effect

Additional information about the mesh resolution and impact
on the solution is provided in this section. Since the effect of the
mesh on the RDC is twofold, potentially involving coupled effects
on both the turbulent mixing and the detonation front propaga-
tion, the two contributions are analyzed separately in the next.

As an index of the turbulent fluctuations resolution, the Celik’s
quality criterion based on the viscosity QI is calculated as [40]:

1

1+ 0.05(“*5 )0'53
m

QL = (A.10)

The resulting values are reported in Fig. A.3. In the refill region
the turbulent fluctuations, lead to values between 0.7 — 0.9, with
a slightly lower quality outside the refinement region at the base
of the chamber. In the rest of the chamber, the acceleration of the
burnt gases is associated to a high index quality (0.8 — 1), notwith-
standing the coarser mesh size. The most demanding region in
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Fig. A.6. Time trends of the half reaction thickness in a 2D detonation channel at a fixed transverse position for different element sizings.
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terms of spatial discretization is thus the refilled gas rather than
the products in the combustion chamber. Considering that low in-
dex values are only observed where the shocks occur, the spa-
tial discretization appears adequate for the resolution of the flow
field.

To investigate the effect of the element size on the sole det-
onation propagation, preliminary LES simulations of a detonation
propagation in a 2D channel filled with H,—air mixture in ambi-
ent, stoichiometric conditions were carried out. The instantaneous
results are reported in Fig. A.4.

As the mesh is coarsened, the smallest structures in the flow
field are lost and the cellular structure becomes slightly more reg-
ular. However, the differences in the cell size and detonation front
are limited when the element size is increased by one order of
magnitude. The detonation speed and the half reaction thickness
are also calculated at a fixed horizontal position. The values, re-
ported in Figs. A.5 and A.6 respectively, do not change considerably
with the mesh coarsening.

These observations indicate that the detonation front descrip-
tion is not expected to deteriorate significantly when using an ele-
ment size comparable to the half reaction thickness.
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