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his paper is devoted to a review of some recent studies conducted at ONERA

within the framework of solid rocket propulsion for missiles, as well as space
launchers. The viewpoint adopted is to present the physical phenomena studied
using modeling, simulations and experimentations. Three major scientific topics
will be investigated in this article: combustion of solid propellants; motor interior
ballistics with a focus on two-phase flows, turbulence and radiative effects; rocket
exhaust plumes, including phenomena in the vicinity of the aft body.

Introduction

Solid Rocket Motors (SRM) serve as the propulsion back-bone for
strategic and tactical missiles, as well as space launchers. Since most
missions do not require the sophistication of multiple restart and throt-
tling operations, solid propulsion becomes an interesting choice be-
cause of its inherent safety, reliability, simplicity, high density impulse,
minimum maintenance, and low cost. The configuration of a rocket
motor has to be designed to meet requirements or operational condi-
tions, depending on the mission. The combustion of solid propellant
controls the operational conditions of a SRM through the burn rate
versus the chamber pressure and temperature sensitivity. The under-
standing of the combustion mechanisms of solid propellants is there-
fore an important field of interest for the solid grain designer. A section
dedicated to this topic is presented in this article, with a focus on
numerical approaches to study the combustion of solid propellants.

The addition of aluminum powder in the propellant improves SRM
thrust performance, but leads to the formation of liquid aluminum oxide
droplets and therefore produces a two-phase flow in the chamber. This
two-phase flow can impact pressure oscillations and may lead to some
issues, such as slag accumulation, nozzle erosion, two-phase losses,
and so on. The main physical phenomena at the origin of the two-phase
flow in the rocket chamber are presented in a second section of this
article. Experimental and numerical approaches are also discussed.

Turbulence can play a significant role in the motor chamber and its
prediction remains a difficult task, due to the flow induced by mass
injection from the propellant surface. Extensive experimental works
on cold flows with surface transpiration were carried out in the
past, in order to represent the flow in the motor chamber. Results
showed the transition to turbulence and the coupling with acoustics.
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Numerical simulations have been performed to study the flow field in
a motor chamber using RANS approaches and, more recently, LES of
nonreacting flows. Still today, it turns out that modeling the transition
to turbulence inside an actual SRM is a challenging task. A section of
this article is devoted to this difficult problem, using recent advances
in High Performance Computing (HPC).

Metalized solid propellants have higher final flame temperatures and
therefore higher radiant intensities than non-metalized propellants.
The importance of radiative heat feedback on the propellant surface,
in case of the combustion of metalized propellants, is often ignored
by researchers and can lead to discrepancies in the measured and
predicted gas temperatures. A short review on radiative effects in the
rocket chamber is presented in a section of this article, with some
applications using numerical simulations.

The last topic discussed in this article concerns phenomena in the vi-
cinity of the aft body of solid rocket motors and their exhaust plumes.
In the first part of this section, we describe an experimental setup, in
order to validate numerical simulations in the base region of a solid
rocket motor with an external flow field. The second part is devoted to
the simulation of exhaust plumes motivated by the need of predicting
infrared and radar signatures.

Within the framework of space launchers, large SRMs are used and
are subject to pressure and thrust oscillations whose origin relies on
the coupling between hydrodynamic instabilities and the first longi-
tudinal acoustic modes of the combustion chamber. ONERA, in col-
laboration with SAFRAN/HERAKLES and CNES, has investigated this
physical phenomenon thoroughly over the last two decades [1, 2].
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In particular, small scale firing tests, numerical simulations and ap-
plication of the linear stability theory were performed to better under-
stand the mechanism of pressure oscillations and to propose practi-
cal solutions, in order to remove them, or at least reduce them [3-6].
This section will not be further described in the paper, but the reader
can refer to the listed references for more details.

Combustion of solid propellants

Ammonium Perchlorate (AP) and a binder, such as polybutadiene,
are the main ingredients in propellants used in major operational
SRMs. The combustion of AP results in a premixed flame at about
1 um from the surface, at roughly 1200 K or higher. Combustion
modeling of this energetic ingredient has been the subject of nu-
merous investigations over last decades, but only some research-
ers have described the flame structure accurately. The methodology
used at ONERA to calculate the AP flame structure is to consider
a one-dimensional model, taking into account a detailed gas-phase
chemistry with 36 species and 216 reactions [7]. The correspond-
ing nonlinear system of differential equations is numerically solved
by using adaptive continuation techniques [8]. One of the new re-
sults from the model is the structure of the temperature profile
(Figure 1). For usual operating pressure, there are two maxima: the
first one (=1300 K) is due to the AP premixed flame while the second
maximum (=1400 K) corresponds to the equilibrium temperature.
The multi-scale character of the combustion is due to the slow kinet-
ics of nitrogen-based components modifying the flame structure.

Steady-state sensitivity parameters, namely pressure and initial tem-
perature sensitivities of the burning rate and surface temperature, are
also numerically obtained [9]. For an intrinsically stable combustion,
the Zel'dovich-Novozhilov or (ZN) [10] response function can be cal-
culated, using steady-state sensitivity parameters. For solid propel-
lants, the response function Rp is defined as follows:

m’/m

R, =———
plp

14

Where 7 and P are respectively the steady-state mass flow rate
and pressure at the propellant surface, and =" and 7 are the cor-
responding unsteady fluctuations. The response function is a linear
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Figure 1 - AP flame structure at different pressures
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representation of the coupling between acoustics and combustion. It
is an important parameter in the analysis of SRM instabilities [11]. For
AP, the real part of the ZN response function (Figure 2) has been com-
pared with the data of Finlinson et a/ [12]. Beyond the linear approach,
the model developed has been used to study acoustic/elastic wave
propagation. It has been shown [13] that the interface between the
gas and solid phases can reflect back a wave of the same frequency
as the incident wave. In the particular case used, the classical linear
response function can be affected [14].

As mentioned above, composite propellants in major operational
SRMs consist of oxidizer particles (AP) embedded in a polybutadi-
ene; therefore, they are heterogeneous at the scale of the oxidizer
particles. Consecutively, the burning rate is influenced by the pro-
pellant morphology and the size distribution of the oxidizer particles.
In the previous decade, we tried to calculate the burning rate of the
heterogeneous propellant by using a method based on the averaging
of the component burning rates. It turned out that this method was
not accurate and required much experimental data for validation. Any
serious attempt to simulate the propellant burning rate numerically
must incorporate an adequate representation of its microstructure by
random packing. This realistic approach was developed and used in
many modeling studies [15-17]. At ONERA, the modeling approach
based on random packing representation of composite propellants
has been also investigated. Here, some results are presented to dem-
onstrate the application of the main modeling tools. The reader can
find more details in the recent publication [18].

Generation of random particle packs must satisfy the necessary re-
quirements for a high packing density, a wide particle size distribution,
and a large number of particles. At present, two packing methods
for multidisperse spherical particles have been realized in efficient
numerical tools. One of these methods, based on Lubachevsky’s al-
gorithm, processes a system of randomly moving particles whose
size grows in time. Being computationally expensive, this method can
produce very dense random packs close to the jamming limit when
the particles have no room to move. Another method is based on
the Random Sequential Adsorption (RSA) algorithm, which is much
less expensive but results in packs of relatively low density. For the
first time, we used the RSA method to generate propellant packs with
realistic granulometry and demonstrated that it is capable of produc-
ing model packs with the desired density. As an illustration, a 3D
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Figure 2 - Real part of ZN response function and comparison with the data of Finlinson et a/ [12)
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random pack of 10° AP particles, generated with the RSA method, is
shown in Figure 3. It is composed of 38 particle classes with a real
size distribution. The packing density is 77%, which corresponds to
a real propellant.

Figure 3 - Random pack of 10° AP particles in a cubic periodic domain.
Colors correspond to different particle classes

Heat transfer modeling in composite propellants requires specific care,
because of very different thermophysical properties of the propellant
components and a wide range of geometrical scales. A specific ap-
proach, based on the finite-volume method, has been developed for
propellants composed of AP and aluminum particles in a HTPB binder.
We have focused on minimizing the numerical error due to the mate-
rial structure discretization on a Cartesian mesh. Computational results
obtained for an AP-HTPB sample under steady-state heat transfer are
presented in Figure 4, which shows 2D and 3D maps of relative non-
uniformity of the temperature field in a mid-section of the sample.

Figure 4 - Temperature non-uniformity in an AP-HTPB sample under steady-
state heat transfer. 2D map on the top and 3D on the bottom
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Correct prediction of the temperature field in the solid propellant is
very important for combustion modeling that requires a coupled
treatment of physico-chemical processes in the solid propellant
and the hot gas of combustion products. In order to simulate the
gas flow, a Navier-Stokes solver for a multispecies reacting gas has
been developed according to the low-Mach formulation. The nu-
merical solution for the solid and gas phases is sought on a com-
mon Cartesian mesh and coupled by some interface conditions on
the regression surface. The propellant surface regression is gov-
erned by pyrolysis laws for each ingredient and strongly depends
on the local temperature, thus the regression surface features a
rather complex geometry and motion. It is treated by the level set
method suitable for any arbitrary shape and topology of the re-
gression surface. A level set simulation of the regression of a 3D
sample is illustrated in Figure 5. The regression speed is specified
as a function of the material composition. Being initially planar, the
regression surface evolves to an irregular shape, due to the sample
random structure. Another illustration is shown in Figure 6 for the
combustion of a 2D AP-HTPB sample. The propellant composition
is visualized in the solid zone and the field of combustion product
fractions in the fluid zone. Oxygen-rich product P1 is generated in
flame fronts near the AP particles (blue zones), then it reacts with
fuel-rich gases from HTPB pyrolysis to produce a final product P2
in diffusion flames (red zones). These results demonstrate that the
propellant flame has a multifront structure that constantly evolves
over time.

Figure 5 - Simulation of regression surface motion in a 3D sample by the level
set method. Regression surface on the top

P,=1
P,=0
P,=P,
P,=0
P, =1

Figure 6 - Combustion simulation with a 2D AP-HTPB sample. Propellant
structure and field of combustion product fractions of AP (P,) and HTPB (P,)
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Two-phase flows due to aluminum particles

Aluminum powder is generally introduced into the propellant in a sig-
nificant proportion to increase the flame temperature and thus the
motor performance. However, the expected gain is lowered by the
presence of a massive amount, often exceeding 30% by weight, of
aluminum oxide residues and smoke in the combustion products.

This condensed phase increases the rocket exhaust plume emission and
tends to reduce the ejection gas velocity through the drag effect in the ex-
panding nozzle. The resulting so-called "two-phase losses" are generally
the main contribution of the total performance loss that affects nozzle ef-
ficiency [19], [20]. Inside the motor, these droplets are the source of slag
material that may remain in the motor during firing and thereby cause
additional performance loss and excessive heating, leading to subse-
quent insulation erosion where they collect [21]. In addition, aluminum
combustion, distributed above the propellant surface, and aluminum
oxide behavior in the whole chamber, can also affect combustion insta-
bilities by acting as driving or damping mechanisms through very com-
plex interactions with acoustic waves and various transient or unsteady
processes occurring in the confined volume of the chamber [21-24].
Detailed knowledge of condensed phase characteristics and behavior in
the motor and the plume are essential to improve motor performance
and stability predictions, and also the plume emission estimate.

Experimental and numerical approaches are combined to evaluate the
impact of the condensed phase in solid propulsion. Experiments give
input data for numerical models or some convenient validation cases,
to test both the models and the numerical strategy. They are often
conducted with a small to moderate sample of propellant and oper-
ated with various measuring, collecting, analyzing and visualization
devices. Initial aluminum droplet and residue size distributions, drop-
let burning time, droplet initial motion characteristics and particle-
size distribution in the plume are some examples of useful input or
validation data collected from dedicated experiments. For instance,
a nephelometer is used for determining the size distribution in the
plume from angular static light-scattering measurements [25]. Char-
acteristics of particles in a motor environment are obtained by using
two dedicated setups described in the following sections.

The analysis of particles above the surface of burning propellant samples
is conducted by using a focusing shadowgraphy setup [26] that enables
particle visualization at a high repetition rate (Figure 7). Small propellant
samples are tested under a nitrogen atmosphere up to 4 MPa. At higher
pressure, smoke is too dense to determine the contours of particles. Pro-
pellant ignition is obtained via a high-power laser beam, so that the imaged
area remains undisturbed by other ignition species. The hot combustion
gases, close to the burning surface, are imaged at repetition rates of up to

1

Extended Fresnel
source lens

Entrance
grid

- -

High-pressure Imaging
chamber lens

High-speed
camera

Figure 7 - Experimental shadowgraphy setup used to visualize particles above
the propellant surface
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10 kHz, with spatial resolutions making it possible to detect particles as
small as 10 um. Hence, common aluminum particles in the range of 20
to 200 um are well resolved and followed in their vertical movement away
from the surface, as seen in the experimental image samples (Figure 8).

Figure 8 - Shadowgraphy images of aluminum particles leaving the surface
of burning propellants

The experimental images are analyzed with automatic image process-
ing tools, to detect and characterize the particles. Automatic scripts are
necessary, since 10% to 10* images can be acquired during a typical
combustion test, each of them showing several dozens of aluminum
particles. The main parameters of interest are particle size distribu-
tions and velocity distributions, both of which are crucial input param-
eters for two-phase flow simulations from solid propellant combus-
tion. The analysis process is first validated with research propellants
seeded with inert particles [27], because the size of inert particles is
well characterized. Other aspects are also being investigated, such as
the detailed morphological characterization of burning aluminum drop-
lets, like the ones shown also in Figure 8. Morphological characteriza-
tion is a way to validate various physical assumptions underlying the
aluminum-combustion models used in the numerical codes.

The size distribution of aluminum oxide residues and smoke present in the
combustion products is obtained with the so-called KeRC setup (Figure 9),
developed by the Russian Keldysh Research Center. It allows for the iso-
kinetic sampling, controlled cooling and capture of liquid aluminum oxide
droplets inside a solid propellant motor. Details of the conception, valida-
tion and error assessment of the operating method can be found in [28].

Pressure gauge

Combustion Calibrated orifice

chamber (1)

Thermal protection

I
<
Propellant block

Electro-valve
iso-kinetic sampling 4 exit \_©) Splash
probe nozzles w chamber (4)

Plexiglass
cooling tube (2

Figure 9 - KeRC experimental setup
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The first validation runs of the KeRC setup with a propellant seeded
with calibrated, inert particles yielded a systematic bias in favor of the
bigger particles. CFD has shown that large vortices at the edge of the
cylindrical block deflect smaller particles away from the axis. Replac-
ing the cylindrical grain with a grain without particles and adding a
small sample in the center of the block confirmed this hypothesis and
improved the measured size distribution. However, the small number
of particles in the flow increased the influence of pollutants generated
as a by-product of the combustion process. The simulations of the
inert experiments have confirmed the potential of the ONERA simula-
tion code CEDRE [29] to correctly reconstruct the internal flow of the
KeRC setup. In order to overcome the experimental bias, an “inverse”
CFD approach with liquid particles including coalescence and break-
up modeling has been developed. By modifying the size distribution
of the particles injected at the surface of the grain, based on the com-
parison of the size distribution of the particles entering the sample
probe with the experimental results, we can hope to find a realistic
representation of the particles as they leave the surface of the burning
propellant grain. Figure 10 shows an illustration of simulation results
on a two-phase flow in a typical sampling experiment and a compari-
son of the experimental and simulated particle size distributions [28].
We numerically inject a bi-modal distribution of particles with mean
diameters of 1um and 15um and we find a distribution very close to
the experimental results inside the sampling probe.

I Calculation
=== Experiment

0 25 40 60 80 100 120 140

Figure 10 - CEDRE simulations of a typical KeRC experiment

and break-up models, in addition to classical gas-droplet interaction
models [30]. Figure 11 shows an example of a simulation performed
with the Eulerian sectional approach on an unsteady segmented mo-
tor configuration subject to parietal vortex shedding [31]. This ap-
proach is based on a piecewise continuous modeling of the particle
size distribution defined in a fixed interval (or section) [31, 32]. Such
an approach offers in particular a rigorous formalism to manage co-
alescence and break-up models. Three sections are defined for the
simulation, shown in Figure 11, and particles are supposed to be inert
so that the size variation is due only to particle-particle interactions.

Turbulence in the chamber

Flow evolution in a porous duct with surface mass injection resembles
the flowfield ensuing from the burning of solid propellant in a rocket
motor. The analysis of the transition to turbulence with appreciable
fluid injection through a permeable duct has been studied in the past
[33], as well as more recently [34]. Results showed that the transition
of the mean axial velocity profiles occurs farther downstream in the
fully developed turbulent flowfield.

Modeling the transition to turbulence inside an actual SRM is a chal-
lenging task, because complex geometries and more physical flows
must be taken into account. Any serious attempt to simulate the tran-
sition to turbulence in a motor chamber must use an unsteady com-
pressible Navier-Stokes approach, in order to study the effect of Mach
number on the turbulence and interactions of acoustic waves with
turbulent eddies at a fundamental level.

The CEDRE code [29], developed at ONERA for various applications
in the field of energetics, has been used for this task. Its generality and
its multiphysics capabilities are greatly appreciated for LES or MILES
simulations of SRM internal flows. The experimental setup "c1xb"
used (Figure 12) is a small SRM chamber that was designed to de-
velop a vortex shedding phenomenon locked on the first axial mode,

= 1.00x10%

3.47x10%

1.20x10%

me— wl?‘ [ PRTSTE
L~ ’ . - 1.44x10°%

e 5.00x107

o

|

-

Figure 11 - Particle volume fraction per section (top to bottom: from smaller to larger particles) in the chamber of a segmented motor subject to parietal vortex shedding.

Reliable predictions of the impact of the condensed phase by numeri-
cal means need a correct assessment of the complex interactions
occurring between the gas and the particles, and between the parti-
cles themselves. Together with the particle mass loading, the particle
size is a key parameter to correctly reproduce these interactions. The
modeling must be able to describe the initial polydisperse particle size
distribution and its subsequent evolutions throughout the chamber
and the nozzle resulting from interactions with the flow and from par-
ticle-particle interactions. Both Lagrangian and Eulerian approaches,
available in the CEDRE code, are used with dedicated coalescence
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Figure 12 - Schematic diagram of the experimental setup "c1xb" (dim in mm)

Issue 11 - June 2016 - Recent Advances in Research on Solid Rocket Propulsion

AL11-13 5



as observed in some large SRMs. In the setup, the vortex roll comes
from the destabilization of the shear layer generated from a chamfered
edge of the propellant. This geometrical singularity is located in the
middle of the chamber, to focus the coupling between the vortex roll
and the acoustics of the chamber on the first axial mode [35].

All tests experienced pressure oscillations with some bursts corre-
sponding to a sustained self-excitation phenomenon [36]. 2D com-
putations were performed in the past corresponding to several burn
times. They have given different vortex shedding frequencies, which
were found to correspond to the experimental results [37, 38]. It was
noticed that the agreement was good after half-combustion. However,
the absence of pressure oscillations during the first half of the com-
bustion could not be explained by 2D computations. The transition to
turbulence was suspected to interact with the acoustics.

Recently, with the advent of HPC, a large simulation of the transition
to turbulence has been launched within the framework of a GENCI
project. The feasibility of a computation in the experimental setup
"c1xb", using a mesh of over a billion cells, has been carried out.
The initial grain (corresponding to 0 mm burnt) geometry has been
chosen for computations, because the flow field should be in transi-
tion to turbulence. Gases are injected from both the cylindrical and
chamfered parts of the grain, as in the experiments. Four levels of
mesh refinements have been considered (Table 1). The CEDRE code
was installed on CINES' Occigen, a new massively parallel machine
using Haswell processors. A million hours were allocated for compu-
tations. Results are shown in Figure 13 for grids 2GG, GM and GF in
terms of the so-called Q criterion. One can see that the position of the
transition to turbulence is clearly modified between the fine mesh GF
and the coarse mesh 2GG. Small turbulent structures are described
with the fine mesh GF. The turbulent structures are larger in the case
of the mesh 2GG.

Mesh Number of cells Number of processors
GG 276 480 64

2GG 6 259 959 256

GM 97 130 691 1008
GF 1046 185 757 2016 to 4080

Table 1 - Meshes used in the "c1xb" setup and number of processors on the
CINES-Occigen supercomputer

An estimation of the Kolmogorov scale n has been performed for the
2GG, GM and GF meshes. Figure 14 shows the ratio of the local grid
size A divided by the Kolmogorov scale m.

A billion cells (GF mesh) enable convergence to nearly a DNS, be-
cause the grid size is approximately five times larger than the Kol-
mogorov scale. In this SRM, we have estimated that a mesh with
100 billion cells would be necessary for a DNS calculation. Such an
approach offers new insights for the study of complex flows in SRMs.
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Figure 13 - Snapshots of Q criterion isosurfaces for three different meshes
(GF, GM, 2GG)
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Figure 14 - Snapshots of the ratio A /

Radiative effects in the chamber

Hot gas and a particle mixture generated by the combustion of
an aluminized AP-HTPB propellant is a semi-transparent medium
that emits, absorbs and scatters radiation. Usually, four gaseous
species are taken into account to compute radiative transfer in a
SRM: H,0, CO,, CO and HCI [39, 40]. Moreover, in an aluminized
solid propellant, the contribution of alumina droplets is generally
higher than in a gas propellant. Temperatures of up to 3600 K and
a pressure of between 3 to 15 MPa are reached in the combustion
chamber, leading to an optically thick medium. A typical extinc-
tion length value is about 1 mm [39]. Due to this small value of
typical extinction length, wall radiative fluxes strongly depend on
the temperature, volume fraction and particle size profiles in the
boundary layer.
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Numerical methods and computation codes

Two numerical methods have been developed at ONERA: the Discrete
Ordinates Method (DOM) in the REA solver [40, 41] and the Monte
Carlo Method (MCM) in the ASTRE code [41-46]. The first method
offers a good compromise between accuracy and CPU time, but it
solves only the differential form of the Radiative Transfer Equation
(RTE), with a gas radiative property model necessarily formulated in
terms of the absorption coefficient. Moreover, its use requires some
assumptions about physical phenomenon modeling (for example, it
is impossible to take the turbulence-radiation interaction or spectral
correlations rigorously into account when reflecting walls or scat-
tering particles are present). The MCM is a statistical approach that
can be used to solve any kind of problem, since it solves the integral
form of the RTE, enabling the use of both types of gas radiative
property models formulated in terms of the absorption coefficient
and transmissivity. Given that the MCM is statistical, exact results
can be approximated if enough events are simulated. That is why
results obtained with MCM are often considered as reference solu-
tions. Another advantage of MCM is that even the most complicated
problem can be solved with minimum assumptions. However, this
statistical method is known to converge slowly.

The DOM is based on a discrete representation of the directional
variation of the radiative intensity. Thus, the differential form of the
RTE is replaced by a system of partial differential equations (one
equation for each ordinate direction) and integrals over a range of
solid angles are approximated by weighted sums over the ordinate
directions within that range. Gaussian quadratures, called level
symmetric or S quadratures, are often used. That is why DOM is
also called the S, method. N is an even number that indicates the
order of the solution. In a three-dimensional problem, N(N+2) dis-
crete ordinate directions are considered. The REA parallelization is
carried out by mesh splitting: each core deals with a piece of the
whole computational domain.

MCM consists in following a large number of energy bundles (dis-
crete amounts of energy, which can be pictured as a group of
photons bound together) throughout their transport histories, from
emission to absorption. Bundle characteristics, namely wave num-
ber, initial direction and emission point, and physical events (scat-
tering, reflection of walls, etc., except absorption) along bundle
trajectories are chosen according to probability distributions, by
drawing random numbers. The absorption phenomenon is treated
with the pathlength method, also called energy partitioning, which
consists in computing the exponential absorption along the path.
Therefore, a bundle contributes to every cell that it traverses. It is
traced until it either leaves the computational domain, or until its en-
ergy is depleted below a given cut-off level. Since all of the bundles
are statistically independent, the parallelization is achieved by dis-
tributing them over the processor cores.

As well as the conventional Forward Method (FM), various recipro-
cal methods, based on the exchange formulation of radiative trans-
fer, are implemented in ASTRE [42-44]: the Emission, Absorption
and Optimized Reciprocity Methods, ERM, ARM and ORM, respec-
tively. Reciprocal methods converge faster than FM in optically thick
media, like a solid propellant rocket motor [42-44]. Moreover, ERM
is very useful to compute only radiative fluxes on selected walls
[43, 44].
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Gas radiative property modeling

Due to high pressure in the combustion chamber, radiative transfer
can be calculated without taking into account gas spectral correla-
tions. Indeed, at a high pressure, due to the collision broadening
effect, the gas absorption spectra display smoother spectral dy-
namics than those at atmospheric pressure [41]. In this case, the
spectral correlation effect is weak and the box model can be used
to model the gas radiative properties. Such an approach has been
used by Duval [39, 47] or Joumani [40].

In the REA solver, to compute the absorption coefficients of the gaseous
mixture, the parameters generated by Duval et al [47] are used. These
parameters have been tabulated for 43 spectral bands in the infrared
spectral range (1 um—73 um) and for 14 temperatures between 300 K
and 2900 K. For upper temperatures, parameters at 2900 K are used.

In the ASTRE code, the same model parameters can be used. More-
over, the updated Statistical Narrow Band (SNB) model parameters,
generated by Riviére and Soufiani [48], are also available. In ASTRE,
this SNB model can be used in its complete form (formulated in
terms of transmissivity [46]) or combined with the weak absorp-
tion approximation. This second approach is equivalent to the box
model [39, 41]. Indeed, the weak absorption approximation is, for
example, valid when pressure is high.

Particle radiative property modeling

Concerning the particles, only alumina droplets are considered in our
simulations. They are assumed to be spherical, homogeneous and
isothermal. In a first approximation, aluminum particles are not taken
into account in radiative transfer calculations. Then, the Mie theory is
applied to compute radiative properties [41]: absorption and scatter-
ing coefficients and phase function. The alumina complex refraction
index m is modeled as a function of wavelength / and temperature 7,
in accordance with the expression given by Dombrovsky [49]. Alumi-
na droplets can be in thermal non-equilibrium with the gases, if par-
ticle temperatures are calculated by a solver for the dispersed phase.

Moreover, to compute particle radiative properties, a particle size distri-
bution is needed [41]. Two approaches are possible. The particle size
distribution can be either calculated by a solver for the dispersed phase,
based on a sectional approach, or approximated by several particle class-
es. From one to five classes are typically considered. For each class,
a Gaussian function, centered around a chosen mean diameter with a
relative standard deviation of 10 %, is used to model the size distribution.

Examples of radiative effects

Radiation plays a significant role in SRMs with aluminized propel-
lant. In order to protect the structural parts of the motor, several
types of thermal protecting materials are used. The prediction of
convective and radiative fluxes on these materials is important,
since the flux levels directly affect performance (ablation in the
nozzle throat, impulse to weight ratio) and the safety of the motor.
The flux levels may be of the order of several MW.m and radiative
contributions range from practically 100% (internal parts) to about
10% (divergent part of the nozzle). Moreover, it has been shown that
radiative fluxes have a strong effect on the ignition of a SRM, due
to the radiative heat feedback on the propellant surface, which is a
significant fraction of the total heat feedback.
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Figure 15 - Incident radiative heat flux as a function of distance to the burning
surface [50]

For example, a recent study [50] shows that, for AP/HTPB compos-
ite propellants with 17% of aluminum, the radiative flux contribution
to the total heat flux on the propellant surface varies from 10% to
25%. Incident radiative heat flux to the burning surface as a function
of distance to the propellant surface is illustrated in Figure 15, for
two AP/HTPB composite propellants (P1 and P2) and two alumina
droplet diameters (1 um and 10 um). The propellant P1 contains
micro-sized aluminum particles with a mass mean diameter of
6 um and the propellant P2 contains 20% of micro-sized aluminum
particles (mass mean diameter of 6 um) and 80% of nano-sized
aluminum particles (mass mean diameter of 100 nm). The addition-
al heat flux, due to radiation, influences burning rates and, conse-
quently, the propellant ignition. Unsteady simulations of propellant
ignition, with or without radiation, show in particular a significant
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Figure 16 - Dimensionless temperatures, at a given time, obtained by simula-
tions without (on the left) and with (on the right) taking into account radiative
flux on the propellant surface.

role of radiative fluxes, as is shown in Figure 16. Dimensionless gas
temperatures, obtained by simulations at the same physical time
in an experimental setup studied at ONERA, are represented in this
figure. This experimental facility consists of an igniter in a cylindri-
cal gas generator and a perpendicular parallelepiped fin containing a
test propellant to study the flame-spreading. As expected, Figure 16
shows that the propellant ignition is faster in the gas generator in
which radiative flux is accounted for. The flame spread time in the
fin is then modified.

Figure 17 - The LP13 firing test facility consisting of a rocket motor jet surrounded by an annular cold air flow
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Phenomena in the vicinity of the aft body

Flow separation is encountered in the vicinity of the aft body of a
space launcher or a missile. Separated flows are highly unsteady and
can introduce significant unsteady loads and loss of efficiency for a
vehicle. The flow separation occurs because of a discontinuous varia-
tion in the aft body geometry and features strong oscillation of the
propulsive system at transonic regime (buffeting). These phenomena
are valid for both liquid rocket and solid rocket motors. In the latter
case, a possible post-combustion of the propellant combustion gases
with the ambient air may also occur in the exhaust jet. This post-
combustion can be promoted by the presence of alumina particles
in the recirculation zone induced by the separated flows around the
nozzle. This induces very high heat fluxes in the vicinity of the aft
body of the SRM, which needs to be taken into account in the design
of the vehicle.

The flow conditions in the near wake of a vehicle propelled by a
SRM are usually determined numerically. In order to validate these
numerical tools, it is necessary to experimentally reproduce an ex-
ternal flow around the nozzle of a SRM, which required the develop-
ment of a dedicated test bench. To be representative of the air flow
environment in the aft body region of the motor, firing tests have to
be performed inside a wind tunnel. The risks due to the pyrotech-
nic means, as well as the pollution of the wind tunnel due to the

Aeérospacelab

emission of the combustion gases and particles, make this solution
difficult to achieve. An alternative consists in designing a custom
wind tunnel around a SRM.

The developed test bench, called the LP13 [51] firing test facility
(Figure 17), consists of two parts, the motor and the wind tunnel.
The motor is a downscaled SRM with a simplified geometry. The
wind tunnel, being constructed around the motor, produces an an-
nular cold flow around the hot jet of the SRM. The air flow capabil-
ity ranges from subsonic to supersonic regimes. The test bench is
highly instrumented throughout the air supply system, in the com-
bustion chamber and in the aft body of the motor. Pressure, tem-
perature and heat flux are measured at multiple points, especially in
the base region.

Several firing tests have been performed by changing different pa-
rameters, such as the mass flow rate of the annular air flow and
the relative position of the nozzle exit with respect to the cold flow
nozzle exit. For instance, as indicated in Figure 18, the fact to back
the position of the motor increases the heat flux in the aft body. The
experimental database is used successfully to validate simulation
results with the CEDRE code. The pressure and heat flux in the base
region are well recovered by the simulation, which can predict the
effect of the relative position of the two exits and the effect of the
mass flow rate level.
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Figure 19 - The computation of plume signatures involves sequentially coupled multi-physics codes

Solid rocket exhaust plumes

The study of rocket exhaust plumes is an exciting challenge for both
numerical and experimental research. An exhaust plume is a super-
sonic afterburning flame, which appears in the mixing layer between
combustion gases accelerated in the rocket nozzle and the atmosphere
gases. With solid rocket motors with aluminized propellants, the flame
is often visible to the naked eye, mainly because high-temperature alu-
mina particles contained in the flow radiate in the visible part of the
spectrum. Research on rocket plumes at ONERA most often finds its
application in the prediction of infrared [52, 53] and radar signatures
[54] of launchers or ballistic and tactical missiles. Other applications in-
clude the prediction of radiative and thermal transfers in the nozzle and
aft regions of the rocket [55] or the study of pollutant diffusion in the at-
mosphere [56, 57]. In this section, we summarize recent developments
in the research on signatures of rocket exhaust-plumes. We study these
signatures with a dual approach, using both numerical simulations and
comparison to measurements on small SRMs.
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P_ch = 3MPa
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OWoOHW—O1NINO
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Figure 20 - Large eddy simulation of an ionized plume of a SRM. The isosur-
face of Q criterion is colored with the electron number density.
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Simulation platform

Our calculations of infrared and radar signatures of rocket plumes
involve sequentially coupled multi-physics solvers, see Figure 19.

We calculate the composition of the burnt gas mixture (Step 1) in
the rocket chamber using a chemical equilibrium code like STANJAN
[58], or a rocket performance code like COPPELIA [59].

The rocket trajectory is then computed (Step 2) and the flight condi-
tions are obtained at a given altitude. This information provides us
with the necessary quantities to enforce the conditions on the bound-
aries of the computational domain for the plume flow simulation.

ONERA's CEDRE Platform [29] is used to simulate (Step 3) the super-
sonic gas flow in the plume. This solver performs calculations on un-
structured meshes with cells of arbitrary geometry. We make use of a
robust nonlinear Riemann solver for the treatment of shocks and rarefac-
tion waves in the flow. The CEDRE solver also tracks alumina particles
using Eulerian or Lagrangian approaches [30], with coupled interac-
tions between particle dynamics and fluid flow. Turbulence creation and
transport can be evaluated using a RANS model and a 2D-axisymmetric
steady state solution is then obtained. Unsteady turbulent structures can
also be computed using a 3D MILES approach, see Figure 20. A set
of chemical reactions has been developed to describe the afterburning
flame. This system involves 12 species (0, 0,, H, H,, CO, CO,, OH, H,0,
HCI, Cl, Cl,, N,), ionized species (K*, Na*, Cl, &) and 17 combustion
reactions and additional ionization reactions whose rates are computed
using a chemical kinetic mechanism developed at ONERA.

Computation of signatures

In order to compute the static and dynamic radar signatures (Step 4)
of the rocket plume, an ionization model has been developed [54] and
integrated into the CEDRE code. In this model, we assume ambipo-
lar diffusion for the ion and electron mixture in the plume. Electron
number density and electron-neutral collision frequencies are used to
compute the electric permittivity of the ionized plume. The radar sig-
nature of this non-homogeneous plasma is then computed by invert-
ing the macroscopic Maxwell equations in the harmonic time domain.
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The calculation of the plume infrared signature (Step 5) uses as input
the plume temperature and pressure, the concentrations of the H,0,
CO0,, CO and HCI species and of the alumina particles computed with
CEDRE, see Figure 21 (left). Radiative transfer computation is per-
formed in a non-scattering medium, with either a line-by-line model
or a statistical narrow-band model called RGM3000. The scattering
media are dealt with by using the SHDOM solver [60]. We obtain
good agreement between flight measurements and computations of
the infrared signature of a Black Brant rocket [53], as shown in Figure
21 (right).

Ground firing of a solid rocket motor

In this paragraph, we shortly describe the experimental setup cur-
rently in use at ONERA to study the plume static and dynamic radar
signatures. A small scale 2.5 kN thrust SRM is attached to the ground
and fired during about 3 seconds. The ionization level in the chamber
is controlled by adding 10 to 300 ppmw of potassium and sodium in
the propellant, which itself originally contains traces (usually of the
order of 10 ppmw) of such alkali metals. We make use of AP-HTPB
propellant, with or without aluminum, the former leading to higher
ionization levels in the plume. The backscattering of electromagnetic
waves is studied using an UHF Doppler radar system, whose emitter

and receiver are shown in the background in Figure 22. The ionization
level is strong enough for the radar system to record an energy spec-
trum with a Doppler shift between -4 kHz and 4 kHz. Further analysis
of the Doppler signal is underway.

Conclusions and future work

We have developed numerical and experimental platforms to study
solid rocket motor exhaust plumes. Our numerical platform makes
use of a complex aerothermochemical solver and of a novel ioniza-
tion model, which are sequentially coupled with infrared and elec-
tromagnetic codes to compute rocket plume signatures. We have
been able to obtain a good comparison between the measured and
simulated infrared signatures for rockets under real flight conditions.
We have also recently begun to experimentally measure static and
dynamic radar signatures underground conditions, and comparison
with large eddy simulation results is underway. Future prospects
include the modeling of exhaust plumes in a rarefied atmosphere to
account for the high altitude of the rocket, with coupling between
our Navier-Stokes solver and a DSMC (Dynamic Simulation Monte
Carlo) code.

Figure 22 — Left: rocket nozzle to the left of the picture, radar emitter and receiver antennas in the background
Right: exhaust plume during rocket firing.
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Conclusions and perspectives

The physical phenomena observed in a SRM chamber and in an
exhaust plume are complex and involve interactions between chem-
istry, acoustics, turbulence, two-phase flows and radiative effects.
Despite considerable experience accumulated by the industry in de-
signing solid rocket motors for missiles, as well as space launch-
ers, new developments require the physical phenomena to be more
precisely understood, in order to guide the designer quickly towards
less expensive and more reliable technical solutions. For this reason,
research is being carried out in order to predict the behavior of solid
rocket motors and their interaction with the atmosphere. This article

has allowed some physical phenomena currently studied at ONERA
to be briefly described within the framework of several programs. CFD
has become increasingly important and clearly brings new insights
into solid rocket propulsion. However, well-instrumented experiments
will always be necessary to validate numerical simulations or dedi-
cated models.

In the near future, new projects will give us the opportunity to further
investigate multi-physics and multi-scale phenomena in solid rocket
propulsion, using parallel computing in order to analyze systems of
ever increasing complexity [l
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