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Incorporating a submerged nozzle for solid propellant rocket motors, the resulting cavity formed in the vicinity of

the nozzle integration part enhances the entrapment of liquid residues of the combustion and leads to the

accumulation of slag with a considerable mass. As a first step for the slag accumulation assessment, an experimental

and numerical investigation of the single-phase internal flowfield is performed and the numerical tool is validated.

The measurements are carried out in a cold-gas simplified model in which the flow is injected from the forward end

(no wall injection). Simultaneously, the experimental configuration is simulated numerically with the help of a

commercial solver (CFD-ACE�). The experimental results allowed the full characterization of the complex

recirculation zone downstream of the inhibitor model and in the cavity. It was also demonstrated that the airflow in

the cavity is slightly altered in case the gas–slag interface is represented either as a rigid or a liquid. The time-

averaged statistical results of the three-dimensional simulation in the midspan plane compare very well to the

experimental database, ensuring a satisfactory validation. The mean streamlines close to the walls, plotted from the

computational fluid dynamics field, allow better understanding of the flow structures. The analysis reveals a two-

dimensional flowfield for the studied geometry with locally some three-dimensional behaviors, especially along the

main recirculation bubble interface.

Nomenclature

H = height of the channel
h = height of the inhibitor
Reh = Reynolds number based on h
rmsU = root mean square of the U velocity component
rmsV = root mean square of the V velocity component
rmsW = root mean square of theW velocity component
U = streamwise velocity component
U0 = freestream velocity
V = transversal velocity component
W = out-of-plane velocity component
x, y, z = Cartesian body axes
�t = particle image velocimetry separation time

Introduction

T HE first stage of launch vehicles (e.g., Ariane 5, Vega, Shuttle,
Ares, H-II) generally incorporates solid propellant rocket

motors (SRM). These are typically operating during the first part of
the liftoff, providing most of the thrust to accelerate the vehicle. To

shorten the overall length, the nozzle is submerged in the last segment
of solid propellant. That means that the convergent, the sonic throat,
and part of the divergent are surrounded by solid propellant. This
integration allows orientation of the nozzle to provide adaptation of
the rocket trajectory during the launch. During the combustion
(please see Fig. 1), the regression of the solid propellant surrounding
the nozzle integration part leads to the formation of a cavity around
the nozzle lip. The aluminum, being part of the propellant grain
composition, is oxidized during the combustion. This process goes
along with the generation of alumina droplets, which are then carried
by the hot core flow toward the nozzle. Meanwhile, the droplets
interact with the vortices formed by the internal flow and thus may
modify their structure. As a consequence, some of the droplets are
entrapped in the cavity instead of being exhausted through the throat.
The amount of entrapped droplets in the cavity depends most
probably on their interaction with the vortices. The accumulation of
these droplets in the cavity generates an alumina puddle, also called
slag. This slag reduces the performance of the solid propellant motor
due to its dead weight and absence of impulse generation. In the case
of the Ariane 5 solid rocket motors (MPS P230) the total mass of the
accumulated particles can reach up to 2 tons in eachmotor by the end
of the launch [1].

Background and Objectives

The present section describes the previous works carried out to
assess the problem and the objectives of the current investigation.

Previous Studies Related to Slag Accumulation

Slag accumulation in aluminized SRMs has already been studied
directly or indirectly through numerous projects pointing out various
consecutivemechanisms driving the entrapment of alumina droplets.
The first obvious steps in this process are the aluminum combustion,
the alumina formation, and the generated droplet size distribution,
which have been studied by several authors [2–5].

The entrainment and transport once the droplets are flowborne
have been investigated first through quasi-steady numerical simula-
tions [6–8]. However, the unsteady nature of the internal flowfield
has proven to be important [9,10]. Also, the slag accumulation was
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shown to be linked to the pressure oscillations occurring in the SRMs
[10,11]. As these oscillations are related to different internal vortex
generation mechanisms, several studies were dedicated to assess
these processes [12–14]. Furthermore, the interaction of the droplets
with the internal surfaces of the motor and the behavior of the
eventually formed liquid film (primarily on the nozzle lip) have been
addressed [15,16] to evaluate whether a droplet contributes to the
slag or returns to the flow.

Finally, once the slag is deposited in the cavity, its negative
contribution to the launch does not finish. Being liquid, it can slosh
inside the cavity [17]. Further, if the aerodynamic forces are strong
enough (and/or combined with the sloshing), slag may be ejected
through the nozzle. Though the onboard dead mass decreases, the
momentum impulse loss of the motor cannot be recovered. Fur-
thermore, depending on the amount of ejected slag, thrust oscil-
lations may occur leading to control problems and possible vehicle
instabilities [18]. Another consequence of the slag ejection is that the
total amount of the actually accumulated alumina might be higher
than what is observed after a firing test or launch.

In spite of many (predominantly) numerical investigations of the
slag accumulation and the internal flow in SRMs [19–22], the
occurring processes are still not fully understood. There is no known
model that could entirely describe the accumulation mechanism and
provide clear suggestions to designers to minimize the slag mass in
future launchers. In addition, the available experimental observations
are evenmore limited and, in the case of a real motor, they are mostly
limited to global accumulated slag mass [19] or internal pres-
sure evolutions [23]. The lack of a more detailed experimental
database, including the quantification of the interaction between the
two phases, limits the validation and application of the numerical
models.

Objectives

There is a clear need for a more fundamental study of the vortex–
droplet interaction, the slag accumulation process, and the generation
of a detailed experimental database for numerical validation. To
achieve this goal, the driving parameters of the slag accumulation are
characterized in a simplified 2-D-like cold-gas model [24]. The
interaction of droplets with the flow and the entrapment process of
the droplets in a stagnant area modeling the nozzle cavity are
investigated primarily experimentally. However, not only a detailed
experimental database is produced, but numerical simulations are
also performed and validated to explore its limitations and strengths.

The importance of the unsteady nature of the internal flowfield
dictates the first requirement being the quantification of the main
internal flowfield features. Therefore, a single-phase particle image
velocimetry (PIV) measurement campaign was set up for the cold-
gas model without droplets to understand that single-phase flow
behavior. These experiments form a solid validation database for the
three-dimensional large-eddy simulation (LES) involved in the
prediction of the single-phase flow. The present paper focuses on this
first requirement. Once successfully validated, the numerical tool
will populate a vast database providing further insight in the flow
topology. Afterward, the tool should be applied, expecting to under-
stand the liquid accumulation process.

Previous Works on Single-Phase Flow Investigation in Solid

Rocket Motors

Cold-gas experimental setups were developed to analyze
primarily potential unstable mechanisms in the internal flowfield of
SRMs. The reason for operating these facilities with cold gasses
remains in their low operating cost and because combustion is
believed to take a minor part in the instability mechanism. Cold flow
experiments in a pipe with one or two inhibitors were conducted, for
example, by Culick and Magiawala [25], Dunlap and Brown [26],
Mettenleiter et al. [27], and Anthoine et al. [28]. Other cold-gas
facilities have been developed within the Aerodynamics of Seg-
mented Solid Motors program, focusing mainly on the hydro-
dynamic instability, which appears in the Ariane 5 MPS [29]. Some
of these facilities have been used more recently by Vetel et al. [30]
investigating the influence of the inhibitor shape, and by Nguyen
et al. [31] analyzing the effect of the injecting wall inclination.
Anthoine and Lema [32] determined the performance of passive
control systems to reduce the pressure oscillations through cold-gas
experiments.

Because the primary goal of all these cold-gas setups is to analyze
the unstable mechanism of flow-acoustic coupling, the resulting
experimental database consists of unsteady pressure, mainly at the
forward end, and a few velocity fluctuation profiles. The latter are
obtained using either hot-wire anemometry or laser Doppler
velocimetry. To obtain a database that characterizes the unsteady
internal flowfield of the complete facility, the most promising
technique is the particle imagevelocimetry. The PIVis a nonintrusive
measurement technique that provides instantaneous velocity vector
fields [33]. Because most of the PIV systems commonly used do not
provide flowfields resolved in time, the technique is not suitable for
flow-acoustic investigation. This explains why it has been scarcely
applied to cold-gas facilities up until now.Anthoine et al. [34] used it,
for example, for the assessment of an adaptive control system and not
for generating a database for numerical validation.

For the numerical simulation of a turbulent flow in an industrial
configuration, the direct numerical simulation is usually not suitable
because of its prohibitive CPU cost. Instead, generally, a math-
ematical modelization is used to predict the effect of the most
distinguishing features due to turbulence [35]. The main alternatives
are the Reynolds-averagedNavier–Stokes (RANS)model aiming for
a convergence toward a steady solution, and the LES model aiming
for a range of instantaneous flow solutions.

The RANS approach is widely used to solve engineering-type
problems. However, the obtained time-averaged solution may be
unable to reproduce some details of the physics [36] due to the lack of
universality upon which the proposed turbulence models are built.

The LES approach offers a time-dependent set of solutions.
Formally, the set of LES equations to be solved is obtained by a
methodology similar to the one used for RANS. In LES, the con-
tribution of the large energy carrying structures is computed exactly
(i.e., resolved), and only the effect of the smallest scales of turbulence
is modeled by using the so-called subgrid-scale model (SGS) such as
the one proposed by Smagorinsky [37]. Because the small scales are
hypothetically homogeneous and isotropic, and less affected by the
boundary conditions than the large ones, the SGS models are mostly
simpler in nature. Nevertheless, they constantly require an adjust-
ment when applied to different flows. To lower this dependence to an
arbitrary constant (often labeled Cs), a dynamic model had been
proposed by Germano et al. [38]. Several contributions have
attempted to compare the dynamic and Smagorinsky SGSmodels for
the LES [39–41]. The dynamic model generally gives a better agree-
ment with the experiments without the difficult determination of a
prescribed value.

Afine spatial and temporal description of thevorticity is a next step
to properly determine the amount of droplets entrained in the cavity
by the vortices. It is believed that the LES technique with dynamic
modeling of the SGS terms is a more appropriate description and
probably outperforms the unsteady RANS or Detached Eddy Simu-
lation techniques [42]. Of course, at the present step, the price to pay
to obtain only a time-averaged solution is considerably higher in
CPUs than an equivalent RANS simulation, keeping in mind that
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Fig. 1 Topology of the problem.
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wall-resolved LES often requires a fairly fine mesh. However, if this
choice proves to lead to an accurate representation of the time
average made over a larger set of instantaneous solutions, then this
set will be directly applicable for studying the particle–vortex inter-
actions. The higher cost is then thought acceptable.

Numerical simulations were used to highlight the hydrodynamic
instabilities and their coupling with the acoustics [12,43–47]. More
recently, the LES approach has been applied to simulate the unsteady
flow evolution in porous chambers by Apte and Yang [48–50], Vetel
et al. [51], and Plourde et al. [52].

Experimental Conditions

The geometry of the experimental model (see Fig. 2) simulates the
main characteristic features of the MPS P230. The square (200�
200 mm2) test section has a symmetric arrangement. In reality, in the
axisymmetric SRM, vortex rings are shed from a ring-shaped
inhibitor. In a 2-D-like configuration having two symmetrically
placed inhibitors, an interaction could occur between the vortex
shedding fromboth sides.As a result, the vortex generation at the two
inhibitors could result in a 180 deg shift. To prevent this coupling, a
5-mm-thick splitting plate divides the two sides of the test section.
Because the square test section has a symmetric arrangement and
therefore a symmetric flow condition, the measurements are carried
out by using only one side of the test section.

The height of the inhibitor is h� 33:5 mm. The presence of this
fence induces the obstacle vortex shedding. To allow the vortices to
reach the nozzle and reproduce the vortex–nozzle interaction pheno-
menon in the 2-D model, the inhibitor is placed at Li � 9h from the
nozzle.

At the bottom of the cavity, a 30-mm-thick Plexiglas piece models
the accumulated liquid. Later, the Plexiglas piece is replaced by the
same amount of water to see the importance of a liquid interfacewith
respect to the solid wall.

The current single-phase experiments are carried out at room
temperature using air to model the internal fluid of the SRM. A
freestream velocity of U0 � 10 m=s is chosen, which results in
Reh � 2:51 � 104. In comparison, for MPS P230 this parameter
exceeds Reh > 106. Nevertheless, by respecting the turbulent flow
regime, the viscous effects remain similarly negligible. Furthermore,
the chosen velocity corresponds to a Mach number of about
M � 0:03, which is on the order of M� 0:1 in the real motor just
upstream the convergent part of the nozzle. In the cold-gas model,
due to the construction of the setup, the sonic condition at the nozzle
throat is not respected.

In Fig. 2, the setup is shown in its real (vertical) orientation.
However, later, the geometrywill always be represented horizontally.
The test section (depicted in Fig. 2b) is designed in away to allow the
use of optical measurement techniques (e.g., PIV) to characterize the
internal flowfield. Therefore, most of the walls are made of trans-
parent material.

To characterize the single-phase internal flowfield of the 2-D-like
simplified model of the SRM, the PIV technique is used [33].

The laser sheet representing themeasurement plane is generated in
the midspan plane of the test section, perpendicular to the splitting
plate. The tracers are oil particles on the order of 1–2 �m in diameter.
A camera with 1280 � 864 pixels2 effective resolution (placed
perpendicular to the laser sheet) records the measurement image
pairs.

Currently, the region of interest covers thewholemidspan plane of
the test section from the inhibitor to the nozzle throat, including the
cavity. All this area should be investigated by the PIVexperiments to
be able to compare the data to numerical simulations. Furthermore,
these measurements should have high enough resolution for vali-
dation purposes. Hence, the magnification of the images is limited to
about 0:081 mm=pixel between the inhibitor and the nozzle and
about 0:09 mm=pixel inside the cavity. The low magnification has
a good contribution to the measurement quality near the walls of
the section; this reduces the area of regions affected by the light
reflections.

To achieve the required higher spatial resolution, the region of
interest is divided into 12 fields of view, which means that the
measurement is performed by using 12 different camera positions
(indicated in Fig. 3) one after the other. After the PIVanalysis, once
the mean flowfield of each FoV is computed, the 12 fields have to be
combined to retrieve the mean flowfield of the whole region of
interest. Therefore, special care of the spatial calibration (position
and magnification) has to be taken. The 13th FoV shown in Fig. 3
covers the whole cavity. However, this field is not taken into account
in the combined view.

Furthermore, special care is taken to achieve the highest possible
overall signal-to-noise ratio (SN). Focusing on the region of the
expected path of the vortices, the settings are tuned until the SN
reaches mostly above four.

The separation time �t between the PIV images is optimized in
each FoV according to the actual magnification and the local flow
conditions. In each FoV, 1000 image pairs are recorded,which allows
to determine reliable turbulence quantities besides the mean velocity
vectors. As mentioned before, all the plots of the different fields of
view are combined and presented as one single field.

Experimental Results

During the PIVprocessing of each FoV (by usingWiDIM, the PIV
algorithm developed by Scarano [53,54]), the optimal initial window
size and the number of window refinement iterations are determined
according to the actual image quality. The switched-on window-
distortion algorithm and the 75% window overlapping are common
parameters of the data processing. As a result, for example, in the
region between the inhibitor and the nozzle, the resolution of the
velocity field is 1:4–2:5 vectors=mm by keeping a high mean SN
(see Fig. 4).

Fig. 2 Experimental configuration.

Fig. 3 Fields of view of the PIV measurements (the fields are slightly

shifted transversely to facilitate understanding).
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While the statistical quantities are computed from the instan-
taneous flowfields, a validation process is carried out in every cell of
each field. Where SNmean does not reach a value of 2.3, the mea-
surement is considered to be unacceptable. An indicator of this effect
is, for example, when streamlines enter thewall. In the contour plots,
these ambiguous areas appear in white (without value, see Fig. 4),
which highlights that locally the measurement quality is low and the
mean velocity vectors may not represent physical behavior.

Statistical Flow Quantities

During the analysis of the obtained statistical flow structures, the
plane of interest and the boundaries are divided into several zones.
The most frequently used terms are summarized in Fig. 5.

After combining the 12 fields of view recorded in the symmetry
plane of the test section, at first the streamlines of the mean flow are
shown in Fig. 6a. It can be observed that, in the mean, a flow particle,
following the streamline which originates roughly from the tip of the
inhibitor (X=h� 0, Y=h� 1), arrives at the nozzle head and escapes
from themodel through the throat. Theflowparticles placed at higher
Y=h positions than this streamline directly escape as well.

As no radial flow injection occurs perpendicular to the side wall, a
complex recirculation zone can be seen below this streamline (at
lower Y=h values). This area is governed mainly by two mean
rotating structures. One of them is located in the cavity, centered at
(X=h� 9:82, Y=h��0:11), and the other one extends from the tip
of the inhibitor until the entrance of the cavity; its center is at
(X=h� 4:04, Y=h� 0:89). At the downstream corner of the inhi-
bitor and just upstream from the entrance of the cavity, smaller
counter-rotating mean structures are formed. Because of local light
reflection and image quality problems, the counter-rotating mean
structures at the upstream corner of the inhibitor and in the three
corners of the cavity could not be captured properly.

In the contour of Fig. 6b, the mean in-plane velocity magnitudes
can be seen. It can be observed that theflow is accelerating as it passes
over the inhibitor. The magnitude of the velocity reaches slightly
above 21 m=s in the vena contracta. Then, the freestream flow slows
down below 20 m=s. As it approaches the nozzle, it accelerates again
and, in the nozzle throat, it reaches a velocity magnitude higher than
50 m=s. Unfortunately, this latter value could not be captured more
precisely.

Considering the fluctuations, Figs. 6c and 6d show the rms of the
streamwise U and of the transversal V velocity components,
respectively.At the tip of the inhibitor, rmsU increases abruptly above
3:6 m=s due to the presence of a shear layer at the separation. The
area from the inhibitor to the nozzle headmay be divided roughly into
two zones. In the first one, from X=h� 0 to X=h� 4:2 (corre-
sponding approximately to the center of the main recirculation
structure), the value of this fluctuation component is increasing and
the contour of high values spreads gradually, reaching a value of
about 50% of the initial freestream velocity U0. In the second zone,
from the center of the recirculation region to the nozzle head, the
isocontours of this fluctuation component keep a constant width
together with a constantmaximumvalue of rmsU at about 50%ofU0.

The fluctuation of the transversal velocity component rmsV shows
a similar evolution to rmsU, with amaximumvalue above 35%ofU0.
However, in the second region, in front of the nozzle head, one may
notice values above 45% of U0, due to the local acceleration of the
flow and turbulence production by the flow impingement on the
nozzle wall.

In practice, the main fluctuations are driven by the shear layer
attached to the inhibitor tip. Close to the inhibitor tip, the shear
layer is very stable, representing mainly longitudinal fluctuation.
Therefore, in a narrowband high rmsU values appear immediately.

Fig. 4 Signal-to-noise ratio distribution of the PIV measurements.

Fig. 5 Schematic of the main boundary elements and mean flow

structures.

Fig. 6 Results of the ensemble-averaged PIV campaign in the

symmetry plane.
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However, shortly after the inhibitor, the shear layer starts flapping
and breaks up into vortices, which make the transversal fluctuations
rmsV increase gradually.

At the nozzle tip, depending on the vortex–nozzle interaction,
vortical structures may enter the circulation zone inside the cavity
[28]. Thus, in the cavity, they initiate the fluctuations. However,
they probably dissipate and therefore, by the time the flow makes a
270 deg turn and arrives back to the entrance of the cavity, the fluc-
tuations decay (also visible in Figs. 6c and 6d).

Effect of Slag in the Cavity

The statistical flow quantities are obtained by performing the
experiments, while a 30-mm-thick Plexiglas sheet is placed in the
cavity, which models the accumulated liquid. In the present section,
the influence of the rigid surfacewith respect to the deformable liquid
interface is assessed. Therefore, 30 mm of water is poured into the
cavities and the mean flow topology is investigated using one FoV.

The comparison of the two cases can be seen in Fig. 7. Because of
the presence ofwaves, high-energy laser light reflections occur above
the water surface. To protect the camera from dangerous reflections,
the interface area is not characterized (white region between X=h�
11:1 and 11.8 in Fig. 7b).

Some differences can be observed between the two plots. At first,
looking at the streamlines, the center of the mean recirculating
structure shifts slightly from (X=h� 9:82, Y=h��0:11) to
(X=h� 9:76, Y=h��0:04) by having water in place of a solid
wall. Secondly, defining absolute velocity fluctuation by jrmsj�����������������������������
rms2U � rms2V

p
, one may notice that the highest values appear at

the cavity entrance and along the nozzle wall in both cases (Fig. 7).
However, investigating the lower jrmsj values, one can find a
minimum near the center of the main mean recirculating structure
by having Plexiglas in the cavity. On the contrary, such local
minimum is not visible when water is present in the bottom of the
cavity. The recirculation area appears to be globally less stable than
with a solid wall.

This is probably due to the presence of waves imposing additional
surface irregularities observed on the liquid interface during the
parametric liquid accumulation investigation [55]. Therefore,
although the mean flowfield does not seem to be strongly affected by
the presence of the liquid interface, the velocity fluctuation pattern
appears to be locally influenced by the waves of the water surface.

Numerical Simulation Conditions

The slag reduction in the SRM could be achieved, for example, by
an intensive parametric study by means of numerical simulation.
Nevertheless, the validation of both the methodology and the solver
is mandatory. As a first step of the validation process, the previously
shown experimental configuration is modeled numerically.

The simulations are performed with the CFD-ACE� commercial
solver using LES turbulence modeling. The computations are based
on the experimental conditions. Accordingly, the numerical domain
is three-dimensional with 200 mm spanwise dimension. The irrel-
evance of two-dimensional simulations was proven during a preli-
minary study [56]. As it is shown in Fig. 8, the geometry corresponds
to one-half of the test section, up to the splitting plate (see Fig. 2b).
Furthermore, the properties of room-temperature air are set to the
fluid.

The inlet of the numerical domain is located at X=h��2:8. For
this boundary, a two-dimensional mean velocity distribution is
created by using two experimental velocity profiles. The first profile
is taken from the xy plane of the previous PIV experiments. The
second profile is measured with PIV in a plane parallel to the
splitting plate (xz) in the middle of the test section. Based on these
measurements, the inlet velocity distribution is generated as shown
in Fig. 9. The rms value of each velocity component is also mea-
sured experimentally. Even though this value is not entirely constant
along the profiles, a constant typical value is defined in the numer-
ical simulation: rmsU � 0:3 m=s, rmsV � 0:5 m=s, and rmsW�
0:5 m=s. As a perturbation, a random fluctuation is applied, which
does not involve spatial nor temporal correlation.

The applied numerical methods to discretize the equations are
second order in time (Crank–Nicolson method) and second-order
limited in space. The linear equations of velocity and pressure
correction are solved with the algebraic multigrid numerical solver.
The convergence criterion of the iterative unsteady solver is set to a
minimum residual of 10�3 or amaximumof 20 iterations in each time
step. The subgrid stress tensor is modeled with a dynamic version of
the Smagorinsky model.

The grid must be generated to be fine enough to approximate the
details of the flow, while trying to reduce the computational effort to
reach a converged solution. For this purpose, a hybridmesh is created
(some enlargements are shown in Fig. 10): a structured grid near
the solid walls and the inhibitor to approximate the high gradient

Fig. 7 Flowfield by changing the medium in the bottom of the cavity.

Fig. 8 Numerical domain geometry.

Fig. 9 Inlet velocity distribution.
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boundary layer and an unstructured quadrilateral mesh in the rest of
the domain. The number of mesh points is 20786 � 50 (by having 50
cells in the z direction), which corresponds to about onemillion cells.
The size of the smallest cell is as fine as �min=H � 4:25 � 10�5. A
time step of 2 � 10�5 s is used so as to keep a Courant–Friedrichs–
Lewy condition of 0.425. This small time step has been chosen not
for stability reasons, but to resolve the smallest time scale associated
with the grid. During the simulation, the flowfield at every 60th time
step is saved.

To resolve the boundary layer close to thewalls, aswasmentioned,
a locally refined mesh is created. Thus, the y� value remains below
five on the bottom wall and on the cavity walls. On the lateral walls,
this value rises up to 15 and, on the splitting plate and nozzle throat,
y� exceeds 20. In the near-wall regions when the laminar law (from
viscous sublayer) cannot be resolved, the wall stress is modeled with
the standard wall function.

A grid sensibility study was performed during which coarser and
finer grids were employed (up to about 2 million total number of

cells). As a result, the currently presented grid provided the optimal
balance between computational resources and the best statistical
validation with respect to the experimental data.

Validating the Numerical Data

To compare the unsteady numerical data to the statistical experi-
mental results, 780 instantaneous fields are stored from the
simulation during 18.72 flowthroughs (FTs) starting from the time
step, where the flow is already established (about 2 FTs). One FT
stands for the time required for a flow particle to travel through the
computational domain at bulk velocity (presently, 1 FT � 0:5 m=
10 m=s� 0:05 s). Later, from all the stored flowfields, the first- and
second-order statistical moments are determined (mean and rms
quantities). Finally, from the midspan plane of the 3-D numerical
domain (defined by the laser-sheet position of the experiments), the
in-plane components of the data are extracted and presented.

However, one should note that, although the experimental
database is obtained from 1000 statistically independent samples
(sampled at about 1 Hz) in each FoV, the 780 numerical samples
(exported at a frequency of about 833Hz, which is lower than the one
associated with the time step) may be statistically correlated.

To investigate and illustrate this issue, the algorithm of Theunissen
et al. [57] is applied on the computational fluid dynamics (CFD)
fields. This statistical analysis tool based on moving block
bootstrapping, determines the first- and second-order moments of a
signal together with the errors of the momentum statistics at a given
confidence level. Knowing the error, a rough estimate is given con-
cerning the number of independent samples, which is to be evaluated
in the present assessment. Currently, the local longitudinal velocity
componentU of themidspan plane data is assessed in each cell of the
domain at a strict confidence level of 99%.

The resulting plot is shown in Fig. 11. As can be expected, the
random inlet perturbation provides a good statistical independence.
However, as theflowdevelops, the coherence gradually decreases the
number of equivalent number of samples until the inhibitor.
Downstream of the inhibitor, the statistical independence is marked
by the local velocity magnitude and the turbulence quantities.
Therefore, from the statistical point of view, the first part of the main
recirculation bubble (0< X=h � 4) and the rotating flow of the
cavity are the most critical. These areas stand for even lower than 50
statistically independent samples. Therefore, here, the statistical
quantities of the numerical simulation should be handled with care.

Despite the lower sample number for the low-velocity regions, it is
still worthwhile to investigate the numerical flowfield, which is
computationally very expensive. The high number of simulated
flowthroughs should, however, allow us to report some general
observations.

In Fig. 12, the distribution of the same quantities are shown as
those presented in Fig. 6 related to the experimental study. Con-
cerning the topology of the mean flowfields, the numerical field
(Fig. 12a) resembles well the experimental data (Fig. 6a). The
streamlines visualize the same mean circulating structures. Further-
more, the corresponding zones have similar sizes and positions.

The largest recirculating bubble extends from the inhibitor tip until
the entrance of the cavity. Its center is located at (X=h� 4:50,

Fig. 10 Some examples of the hybrid grid of the numerical domain.

Fig. 11 Distribution of the equivalent number of statistically

independent samples in the case of the numerical study.
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Y=h� 0:79), which is about 10% more downstream and 0:10h
closer (approximately 11%) to the sidewall than in the experiments.
However, its height and therefore the dimension of the vena contracta
of the freestream flow are very well reproduced (the total transversal
dimension of the main bubble is only 0:05h larger numerically than
experimentally).

In spite of the weak statistical convergence of the corresponding
region, the mean flow rotation inside the cavity appears to be
acceptable as well. The position of its center appears to be 0:05h
closer to the nozzle transversely (it is located at Y=h��0:06) and
shifted 0:35h downstream longitudinally (X=h� 10:17). Its di-
mension is defined mainly by the three cavity walls and the nozzle.
Therefore, no deviation is discovered here. However, one should note
that the mean position of the center of this structure is not converged.
As Fig. 13 shows, by changing even slightly the number of averaged
samples, the center shifts considerably. Nevertheless, its deviation
from the experimental values remains in an acceptable range.

Concerning the secondary circulating mean flow structures, they
all appear in the time-averaged numerical results, even those that
were not obtained entirely fromPIVdue to light reflection and optical
access problems. Mostly, their location and dimension match very
well with the experimental data.

One of the aspects worth mentioning is the saddle point. This
hyperbolic point [located at (X=h� 7:78, Y=h� 0:65) in the
experiments] can be found at (X=h� 7:79, Y=h� 0:56) in the
numerical plot. The saddle point is defined by the main recirculation
bubble downstream of the inhibitor, the shear layer at the entrance of
the cavity, the freestream flow, and the small mean circulating
structure below it. If any of the mentioned structures were different,
the saddle point would be displaced. As its longitudinal position
matches remarkably well the experimental value, only the secondary
circulating structure at the entrance corner of the cavity becomes
slightly smaller transversely.

Finally, the smaller circulating structure at the downstream corner
of the inhibitor shows slight differences with respect to the
experimental results. First of all, its transversal dimension reduces
from about 0:59h to 0:46h. Consequently, the neighboring edge of
the main recirculation bubble shifts locally closer to the sidewall.

As can be expected from the good agreement of the flow topology,
globally the in-plane velocity magnitude plots (see Fig. 6b and 12b)
also show very similar patterns and well-matching amplitudes.
However, a more rapid flow acceleration can be seen in the vena con-
tracta. Concentrating only on the local velocity maxima, although
experimentally the 21 m=s value is reached farther downstream
(X=h > 2), numerically this value appears already at X=h < 1.

In contrast, the upstream half of the main recirculation bubble
(X=h < 4) represents lower velocity magnitudes numerically. This
should be the consequence of the smaller secondary bubble and the
slightly larger transversal main structure dimension. On the other
hand, both in the downstream part of the same structure and in the
cavity, well-matching velocity amplitudes can be found.

Concerning the velocity fluctuations (shown in Figs. 12c and 12d),
the field should be divided again into two main regions: X=h � 4:5
and X=h > 4:5. In the first region (practically until the center of the
main recirculating structure downstream the inhibitor), the standard
deviation of both velocity components exhibit lower values than
those that were observed during the experiments (shown in Figs. 6c
and 6d). This underestimation probably originates from the
definition of the random inlet turbulence, which represents neither
spatial nor temporal correlation. However, in spite of the incorrect
prediction until the region of the inhibitor, further downstream, a
rather correct turbulence content is retrieved. As can be seen in the
second zone, from X=h > 4:5, the levels of the fluctuation
components are remarkably accurate. This observation is due to the
natural unsteadiness of the shear layer attached to the inhibitor,which
produces a shedding of coherent structures seeding the unsteady
flowfield, which is captured accurately by the simulation.

To be able to compare more precisely the actual matching and
deviation of the experimental and the numerical data, profiles of the
longitudinal velocity component (U=U0) and the velocityfluctuation
magnitudes (jrmsj=U0) are also extracted at four X=h positions
(Figs. 14 and 15).

One profile is taken atX=h� 0, which corresponds to the tip of the
inhibitor. The second profile is taken (according to the experimental

Fig. 12 Results of the time-averaged LES simulation in the symmetry

plane (single-phase).
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data) approximately at the position of the center of the main mean
recirculating structure (X=h� 4), which originates from the tip of
the inhibitor and extends until the cavity. The third profile is desired
to be extracted from the corner of the beginning of the cavity.
However, in this region (due to the structure of the setup), the PIV
measurements have locally low quality (see Fig. 6). Hence, the
position of the third profile is defined slightly upstream, at
X=h� 7:6. The fourth profile is defined at X=h� 10. This location
is close to the center of the main mean swirling structure inside the
cavity (according to the experimental data).

All the aforementioned observations derived from the contour
plots can be seen locally more precisely in Figs. 14 and 15. Both the
longitudinal velocity component and turbulence profiles depict a
very good matching between the data sets. Therefore, even the
statistical convergence of the CFD database at 18.72 FTs is consid-
ered to be sufficient.

As a summary, the extracted profiles and the contour plots show an
acceptable agreement between the time-averaged numerical data and
the ensemble-averaged experimental results, which proves the vali-

dity of the simulations and their applicability for further analysis in
single-phase flow configuration.

Wall Streamlines in Time-Averaged Flow

To have a more complete view of the topology of the time-
averaged flow, thewall streamlines plotted on the lateral walls and on
the bottom wall may be investigated. To do so, the velocity vectors
used to draw the streamlinesweremeasured at a distance of 10�2 mm
from the wall.

The wall streamlines shown in Fig. 16 correspond to the side wall
Z��2H. To better describe this figure, a second one was created,
Fig. 17a, where some characteristic points drawn by the wall
streamline patterns are indicatedwith symbols. An explanation of the
symbols can be seen in Fig. 18.

The circles with a light gray core correspond to sink points, where
all the surrounding streamlines point toward the symbol. Once the
flow particles arrive at these locations, they travel in the spanwise
direction, moving away from the wall. There are two of them on the
side wall and they govern the creation of the two main circulating
regions of the flow: downstream of the inhibitor and inside the cavity.
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Contrary to the sink points, there are the source points, which are
represented by circles with a black core in Fig. 17. In this case, the
wall streamlines escape from these points, and they are created by the
flow that travels in the spanwise direction toward the wall. This
occurs at seven locations on both side walls, created typically at the
periphery of smaller recirculation regions of the flow and at the
stagnation point near the nozzle tip.

As similar sink and source points appear on theZ� 0wall (shown
in Fig. 17b) at the same position, the corresponding locations can be
considered to be the main points, where three-dimensionality is
introduced in the recirculation zone. However, as these impinge-
ments are rather symmetric, a quasi-two-dimensional behavior is
expected in themidspan plane. This behavior is confirmed by the plot
corresponding to the bottom plane at Y � 0 (see Fig. 17c), where the
streamlines are longitudinally oriented in the area of themidspan line
(Z=h� 2:99).

Next, the convergence points are discussed,which are indicated by
squares. These singular points are created by streamlines that travel
on either side of the symbol in the opposite direction parallel to the
walls. Such behavior can be observed at the detachment of the
boundary layer upstream of the inhibitor. When they interact with
each other, the resulting flow moves perpendicularly to the wall (see
Fig. 18). These convergence points are located between counter-
rotating flow structures. In the present case, they appear in the
boundary between the main recirculation bubble centered in the

cavity and themean structures of the cavity corners. These points can
also be found upstream and downstream of the inhibitor, where the
mean secondary structures of the inhibitor corners interact with the
main flow structures (on the upstream side of the detaching boundary
layer, on the downstream side of the main recirculation).

Finally, the elliptical spots represent the divergence points (saddle
points), which are created by the boundaries of multiple flow
structures.

Figure 17c shows the streamlines of the bottom wall. They were
computed in the same way as the side wall, based on the in-plane
velocity vectors at a distance of 10�2 mm. The plot reassures the
symmetric flow behavior, which was observed at the lateral walls.

One should note that the sink point located at about X=h � 2 on
the lateral walls, from where the streamlines are supposed to escape
perpendicular to the wall, can be seen even by the pattern found on
the bottom wall at the same location (around X=h� 2), represented
by the convergence points. These streamlines supply the sink points
located at about Z=h��2 and Z=h��4 (at about X=h� 3). The
sink points indicate a major local rising flow from the bottom wall,
which should contribute to the main recirculation bubble down-
stream of the inhibitor, which is driven by the freestream flow.
However, the described pattern suggests that the part of the main
recirculation bubble, which corresponds to higher Y=h values,
transports the flow traces toward the lateral walls and therefore
creates the three-dimensional behavior of the recirculation region
closer to the lateral walls.

Conclusions

In the present paper, the first step of a long-term investigation
related to the slag accumulation in a solid rocket motor model was
presented. A cold-gas model has been constructed to reproduce
characteristic elements of the real motor (inhibitor, nozzle, and
cavity), which are assumed to be responsible for the generation of the
driving forces of the slag accumulation phenomenon.

Detailed PIVexperiments were performed in the midspan plane of
the test section. From the experimental data, the main mean flow
structures, the velocity magnitude, and the velocity fluctuations were
presented.

Furthermore, experiments were carried out focusing on the nozzle
cavity. The importance of having solid wall or liquid (simulating the
slag) in the bottom of the cavity was investigated. It was shown that,
by placing water into the cavity, the mean flow structure is slightly
modified. However, the difference in the velocity fluctuation
distribution is more important.

Representing the geometry and the boundary conditions of the
experimental model, a 3-D large-eddy simulation was performed
using a commercial solver (CFD-ACE�). The obtained time-aver-
aged flow properties were successfully compared to the ensemble-
averaged PIV database. The different recirculation zones as well as
the unsteady vortex shedding were very well reproduced. This flow-
field reproduction should be a sufficient basis to simulate a two-phase
flow configuration and hence form the next step toward slag
accumulation prediction. An experimental characterization of the
two-phase flowfield in the same setup, including the interaction
between the two phases, is already available for validation of the
numerical prediction [58]. This experimental database took advan-
tage of a newly developed two-phase particle image velocimetry
method based on two excitation and two emission spectra to allow the
two phases to be discriminated optically and simultaneously [59].

Finally, the wall streamlines were studied from the CFD results to
show the mainly two-dimensional motion in the midspan plane and
reveal the three-dimensional behavior of the mean flow structures.

Fig. 16 Wall streamlines at the Z��200 mm wall.

Fig. 17 Wall streamlines and main flow features (the symbols are

explained in Fig. 18).

Fig. 18 Schematic of the highlighted flow features.
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