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The Taylor–Culick flow corresponds to the flow injection through the lateral wall of a semi-infinite channel. This

flow is intrinsically unstable downstream of a critical axial position. The flow disturbances develop in vortices that

could couple with the acoustics of the channel, generating pressure oscillations. This is what occurs in large solid

rocket motors in which the Taylor flow is induced by the propellant combustion. Depending mainly on the Reynolds

number, three different flow regimes can be observed: laminar, transitional, or turbulent. The current paper

presents an experimental and numerical investigation of that flow instability. The setup consists of a rectangular

shape channel in which air is introduced through the bottomwall due to a porous plate. Quantitative measurements

are performed with particle image velocimetry while unsteady numerical simulations are carried out using large

eddy simulation. A special injection system for the seeding particles and a special arrangement for the laser sheet

provide good quality particle image velocimetry data. The numerical simulations are validated against the particle

image velocimetry results. They complete the particle image velocimetry investigation by following chronologically

the instantaneous phenomenon. The experiments and the numerical simulations are performed at different injection

velocities and channel heights.

Nomenclature

D = diameter of detected vortices
fcut = cutoff frequency
fs = cutoff frequency
h = channel height
L = total length
Vinj = injection velocity
x = axial coordinate
xD = axial position where coherent structures are produced
xS = nondimensional outlet abscissa
xT = axial position where the flow becomes turbulent
y = transversal coordinate
� = lambda field

Introduction

L ARGE solid rocket motors (SRMs) are composed of a
submerged nozzle and segmented propellant grains separated

by inhibitors. When ignited, the propellant of the Ariane 5 solid
rocket motor starts to burn on its internal surface, consuming the
grain radially. Hot burnt gas then originates, first radially from the
burning surface of the combustion chamber, and then develops
longitudinally before reaching the nozzle. This kind of flow is called
Taylor–Culick flow [1,2].

During a few seconds of the shot, pressure oscillations are
observed inside the booster and are due to aeroacoustic coupling
[3–7]: the acoustic properties of the combustion chamber are excited
by hydrodynamic instabilities. Similar results were also observed on

subscaled model rockets [8,9] and from numerical simulations
[10–13]. Cold gas experimental setups are developed in order to
analyze primarily potential unstable mechanisms in the internal
flowfield of the SRM. The reason for operating these facilities with
cold gases 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
[14], Dunlap and Brown [15], Mettenleiter et al. [16], and Anthoine
et al. [17]. Other cold gas facilities have been developed within the
Aerodynamics of Segmented SolidMotors program focusingmainly
on the hydrodynamic instability appearing in the Ariane 5MPS [18].
Some of these facilities have been used more recently by Vetel et al.
[19] to investigate the influence of the inhibitor shape, and by
Nguyen et al. [20] to analyze the effect of the injecting wall
inclination. Anthoine and Lema [21] have also performed cold gas
experiments to determine the performance of passive control systems
to reduce the pressure oscillations.

Numerical simulations are also used to highlight the hydro-
dynamic instabilities and their coupling with the acoustics [22–25].
More recently, the large eddy simulation (LES) approach has been
applied to simulate the unsteady flow evolution in porous chambers
by Apte and Yang [26–28], Vetel et al. [29] and Plourde et al. [30].

The previous studies showed that the hydrodynamic instabilities
are organized in coherent structures. These structures can be formed
by separated flow at the end of a propellant grain, acting as a
backward facing step [31], or at the inhibitor, acting as an obstacle
[32]. The instabilities can also come from the natural instability of the
flow itself, especially the curvature of the streamlines [33]. This kind
of instability is called surface vortex shedding (SVS). Flandro and
Majdalani [34] use this concept of SVS to explain the instabilities in
existing SRMs that do not have inhibitors. Chedevergne et al. [35]
develop a stability analysis of theflow induced bywall injection. This
paper is focusing on the investigation of such SVS instability.

Because the primary goal of the above cited 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 fewvelocityfluctuation profiles. The
latter are obtained using either hot wire anemometry or laser doppler
velocimetry. To characterize the unsteady internal flowfield of the
complete facility and to generate a detailed database for the
validation of the numerical simulations, the most promising
technique is particle image velocimetry (PIV). PIV is a nonintrusive
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measurement technique that provides instantaneous velocity vector
fields [36]. This technique has not been applied to the cold gas
facilities up to now except by Anthoine et al. [37], who used it only
for the assessment of an adaptive control system and not for
generating a database for numerical validation.

The spatial instabilities can be studied using an axisymmetric or a
planar flow configuration. For the axisymmetric case a cylindrical
channel is used, injecting air all over the surface through a porous
media. For the planar case, a rectangular channel is used, injecting air
through porous media along only one side.

For experimental purposes, axisymmetric subscale cold flow
models exist at the von Karman Institute (VKI) and ONERA. The
VKI model [38] consists of a porous cylindrical channel placed
inside a stagnation chamber, which supplies air. It is mainly used for
the investigation of the effect of the aft-end volume on the pressure
oscillations. TheONERAmodel, calledValdo [39], also consists of a
porous cylinder, but is supplied by compressed air through several
prechambers. Both setups proved the presence of SVS. However,
there is no visual access to the flow inside an axisymetric channel.

For the planar case, only twomodels were investigated at ONERA
(Vecla [40]) and ENSMA (Micat1 [41]). Micat1 was built to
investigate the three different types of instabilities, while Vecla was
only dedicated to SVS. These setups proved the presence of
instabilities by the analysis of velocity spectra coming from hot-wire
measurements. In addition, a visualization of the vortex shedding
was made using the planar laser-induced fluorescence technique in
Vecla. These measurement campaigns showed that, by changing the
injection velocity and the channel height, different types of flow
regimes can be observed: laminar (in thewhole channel), transitional
(laminar in the upstream part of the channel and turbulent in the
downstream part), and turbulent (in the whole channel).

Even if the previous works were able to prove the presence of SVS
and to characterize the flow through velocity spectra, no whole-field
measurements are available nowadays in the literature. Therefore, the
objectives of this study arefirst to adapt the PIV technique tomeasure
velocities in a channel, where the flow is injected through a porous
plate, and to investigate the different flow regimes presented above.
Numerical simulations are also performed to support the previous
investigation by following chronologically the instantaneous
phenomenon. All the configurations tested experimentally and
computed numerically are listed in Table 1. The first configuration is
chosen to be the nominal one.

Experimental Apparatus and Technique

The experimental apparatus is composed of a rectangular channel
(Fig. 1). The lateral-, upper-, and head-end walls are closed, the rear-

end is free. The channel is 0.6 m long, 0.06mwide, andwith a height
that can be modified to be either 0.023 or 0.033 m. The flow in the
channel is generated by the injection of compressed air at ambient
temperature through a porous plate of 5 mm thickness made of Poral
sintered-bronze spheres with a porosity of 100 �m. In this one-
fortieth scale model of Ariane 5 P230 the most important non-
dimensional number to respect for similitude is the Mach number,
because the Reynolds number in the real booster is so high that the
viscous effects are negligible. For the measurement campaign, the
objective is to characterize the flow in the channel, trying to catch
the three different types of flow. However, due to technical reasons, it
was not possible experimentally to reach the conditions needed for
the turbulentflow.The parameters of themeasured configurations are
listed in Table 1.

The objective of this study is to obtain qualitative and quantitative
information of the flow inside the experimental setup. Therefore, the
PIV technique is used (Fig. 2). This technique requires the injection
of oil seeding particles into the channel and the generation of a planar
laser sheet. A special seeding generator was designed to inject
particles inside the stagnation chamber through a T-tube whose
extremities are placed close to the air injection to give the best air
particles mixing and a uniform concentration in the channel. A
collimated laser sheet (of constant height) was generated by a lens
system, using a double pulsed Nd-Yag laser. The laser sheet
illuminates the flow in the midplane of the channel, coming from the
side to minimize reflection. The particle images are recorded using a
12-bit digital PCO SensiCam camera with a full-frame resolution of
1280 � 1024 px2. For each of the four measured configurations, five
series of 1000 PIV images were recorded to sample all parts of the
channel, as indicated in Fig. 2. The images are processed with the
cross-correlation PIValgorithm calledWIDIM, based on an iterative
multigrid predictor-corrector approach [42]. The image quality is
optimized with the use of a background substractor that removes a
combination of the mean and rms intensity levels from each pixel of
the recorded fields.

A hot wire is also used to acquire themeanvelocity and turbulence
profiles along the porous plate to check the uniformity of the
injection and to set the velocity inlet condition in the numerical
simulations.

Numerical Simulations

The Taylor model is a powerful theoretical description of the flow
to compare with PIV measurements when analyzing the mean
velocity field. But this theory does not take into account the turbulent
behavior of the real flow, measured by PIV. Therefore, unsteady
numerical simulations are performed for three different configura-
tions (Table 1) using the incompressible LES module of the
commercial solver Fluent. The computational domain respects the
size of the experimental model, except that its width is 1 mm (3-D
domain for LES).

The meshes are composed of hexahedral cells, with refinements
near the injection wall and the upper wall. The total number of cells
ranges from 60,000 to 180,000, depending on the channel height.
The topology of the grid, including the number of mesh points, is
based on thework of Lupoglazoff and Vuillot [43], who performed a
grid convergence study for a similar geometry than our configu-
ration 1 (same length of the domain but different height: 20mm rather
than 23 mm). They showed that coherent structures are not observed
when using only 20,000 cells, and that a minimum mesh size of
80,000 is necessary to capture the smaller structures of vortex

Table 1 Configurations of the channel investigated

in this study

h Vinj Type of flow Approach

1 23 mm 1:5 m=s Transitional PIVand CFD
2 23 mm 1:0 m=s Transitional PIV
3 33 mm 1:0 m=s Laminar PIVand CFD
4 33 mm 1:5 m=s Laminar PIV
5 13 mm 2:0 m=s Turbulent CFD

Fig. 1 Experimental setup.

Fig. 2 Schematic view of the injection and laser sheet generation

system.
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shedding. In the present investigation, after taking into account the
height difference, the mesh size of Lupoglazoff and Vuillot is still
increased by around 30% as a safety factor, which leads to a
numerical domain of 120,000 grid cells for configuration 1.

The upper- and head-end boundaries are set as wall and the lower
plane is set as velocity inlet. The outflow boundary condition in
Fluent is used at the rear-end plane, which allows not to define any
conditions at that outlet plane because Fluent extrapolates the
required information from the interior. Because there is no constant
pressure imposed at the outlet condition, the generation of spurious
acoustic waves when vortices are leaving the domain is then limited.
Anyway, the incompressible solver does not account for acoustic
wave propagation within the domain. Periodic condition is defined at

the two lateral surfaces to simulate a channel of infinite width, which
leads to a two-dimensional behavior. A constant normal velocity is
imposed along the velocity inlet boundary. The inlet turbulence
quantities are chosen to be uniform, the turbulence intensity (TI)
level and the hydraulic diameter being calculated from the experi-
mental setup dimensions. For the LES model, the vortex method is
chosen: the perturbation is added on the mean velocity via a
fluctuating vorticity field.

For each configuration, a Reynolds-averaged Navier–Stokes
simulation using the RNG k-�model with enhancedwall treatment is
performed to act as an initial condition. Then the LES is done, using
the Smagorinsky model. The timestep is initially chosen to satisfy
the condition CFL< 1, based on the minimum cell size and the
maximum velocity (calculated from the Taylor theoretical flow).
Then, the timestep is adapted to fasten the simulation, keeping the
Courant–Friedrichs–Lewy (CFL) always smaller than 0.4. The total
LES computational time equals 15 flow throughs (FTs), the time
required for a particle to travel the numerical domain. As shown by
Tóth [44], three FTs are necessary to get rid of the transient part and
reach the typical flow pattern. This is also confirmed when observing
in Fig. 3a the instantaneous vorticity field obtained after three FTs.
From all the instantaneous flowfields taken from the 12 remaining
FTs, the first- and second-order statistical moments of the velocity
(mean and rms) are determined.Fig. 3 Comparison of the results with the one obtained by Lupoglazoff

[33].

Fig. 4 Sample of a detected vortex in a PIV and CFD instantaneous

field.

Fig. 5 Transversal profiles of the nondimensional velocity magnitude

and TI at x� 530 mm.
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As a first validation of the results, Fig. 3 compares one vorticity
field of the nominal configuration and the entropy field obtained by
Lupoglazoff and Vuillot [43] for an injection velocity of Vinj �
1:7 m=s and a channel height of h� 20 mm. Qualitatively, the two
fields are matching very well as similar vortical structures are
appearing in the domain.

Validation of Computational Fluid Dynamics Data

The validation of the computational fluid dynamics (CFD) data is
based on the nominal configuration (case 1 in Table 1). The
comparison is focusing on the mean velocity profiles, the TI profiles,
and the statistical characteristics of the vortices detected by VKI
wavelet software. Figure 4 provides two instantaneous fields, from
both PIV and CFD, where a vortex is identified. The velocity
magnitude at the core of the vortex is subtracted from the velocity
field. As shown in the figure, there is good agreement in the
transversal position and in the size of the vortex. These observations
will be validated later in this paper thanks to a statistical analysis of
the detected vortices.

Figure 5 gives transversal profiles of the mean velocity magnitude
and TI to compare the PIVandCFD results at one given positionwith
the theoretical Taylor–Culick flow (only for the mean velocity)
defined as

8<
:
U� �

2
x cos��y

2
�

V �� sin��y
2
�

W � 0

The presented velocity profiles are normalized by dividing the y
position by the channel height h and the velocity magnitude by its
maximum value. A good agreement is observed between the
different curves for the mean velocity. Because of remaining
reflections, PIV data are not correct close to the walls. The TI is
defined as the ratio between the rms velocity magnitude and the
maximum value of the velocity profile. Figure 5b shows that the
orders of magnitude are fitting quite well between the numerical and
experimental data, but the shape of the profiles are not really similar.

Based on the mean flow, it is difficult to conclude correctly on the
presence of coherent structures and on their influence. Therefore, a
statistical analysis of the detected vortices in the different fields is
performed usingWave2006, a software developed at VKI by Schram
et al. [45]. This software is first computing the � field, which is the
nonzero eigenvalue of S2 ��2 (S and � are, respectively, the
symmetric and antisymmetric part of the velocity gradient tensor).
Taking only the negative part of this quantity, the swirling motion of
the flow can be distinguished from the shear motion. Then the
vortices are detectedwith thewavelet transform applied to the�field,
using the 2-DMarr function (Mexican hat) as mother wavelet. From
all the detected vortices, a statistical analysis of their properties (such
as the diameter, the vertical position, etc.) is performed. Only the
vortices with a diameter bigger than 3 mm (D=h� 0:13) are taken
into account, following a commonly used rule that a detected vortex
has to be composed of at least five vectors across its diameter [44] (in
this case approximately 3 mm).

Figure 6 represents the statistical properties of the detected
vortices for the numerical and experimental results. The number of
vortices is normalized by the total number of analyzed images,
because this number is not the same for CFD (344) and PIV (999).

Fig. 6 Statistical properties of the detected vortices for PIV and CFD.
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The number of vortices per field is similar for PIV and CFD, which
suggests that the main phenomenon is correctly resolved by CFD.
Also, the slope of the two lines is approximately the same, but they
are shifted; the growing of the vortices is appearing almost in the
middle of the channel for the PIVand in the last third of the channel
for the CFD. This is probably due to the higher turbulence near the
injection plane in the experimental setup (porous plate, injection of
oil, etc.) that forces the creation of the vortices quicker than what is
observed in the CFD. Figure 6b represents themean y position for the
numerical and experimental results, and this mean position is similar
for the two cases. Figure 6c shows the mean diameter of the vortices,
normalized by the channel height. The diameter of the PIV vortices is
increasingwhile the one fromCFD is decreasing, getting closer to the
PIV results at the end of the channel. Finally, Fig. 6d shows the
transport velocity of the vortices normalized by the maximum
velocity magnitude at the position of the analysis. The vortices
detected in the PIV field have a higher transport velocity compared
with the ones of the CFD. This is due to their position in the channel
height, which is further from the injection wall for the PIV case.

From the previous analysis, it can be concluded that the numerical
simulations have been validated and that the two approaches can be
used to determine the influence of the parameters: the injection
velocity and the channel height.

Influence of the Injection Velocity

The influence of the injection velocity is analyzed through the PIV
data, because for each of the two channel heights (23mmand 33mm)
two configurations are available where only the injection velocity is
changing, while for the CFD data both the injection velocity and the
channel height are varying between the configurations. Two injection
velocities are considered: 1 m=s and 1:5 m=s. The mean flow is
investigated for the 33 mm channel height test case, and the vortical
content is analyzed using the 23 mm test case because it has been
proven in the previous section that coherent structures are present in
the flow.

Figure 7a represents the transversal profile of the nondimensional
velocitymagnitude at x� 530 mm for the 33mmchannel height test
case. The deviation from the Taylor model is larger when the
injectionvelocity is lower. Figure 7b shows the evolution of the TI for
two different axial positions. The TI is much higher in the first axial
position. The influence of the upstream wall can be a cause. Another
reason is the blockage of the porous plate by oil, which always starts
at the extremities of the plate (the beginning and ending of the
channel) and which could induce more inlet turbulence. Increasing
the injection velocity augments the TI amplitude, but the shape of the
profiles is not changed from one velocity to another.

Figure 8a represents the number of detected vortices per image for
a channel height of 23mm because it has been proven in the previous
section that coherent structures are present in theflow for that channel
height. The evolution of this quantity is highly dependent on the
velocity. For the lower injection velocity, the number of vortices
increases until the middle of the channel and then decreases. At the
same time, the mean diameter of the vortices remains approximately
constant (the range of diameter in Fig. 8b is only 1.2 mm,
corresponding to a range ofD=h of 0.05). However, only the vortices
with diameter bigger than 3 mm are taken into account for this
analysis. It means that the vortices formed in the first half of the
channel are split into smaller ones (smaller than 3mm),whenmoving
to the end of the channel. Looking to the higher injectionvelocity, the
number of vortices is increasing with a relatively high rate in the
second half of the channel so that the splitting of vortices observed
previously seems to disappear when the velocity is increasing. The
influence of the injection velocity on the statistical properties (y
position, diameter, transport velocity) is quite small. As an example,
Fig. 8b shows the mean diameter where there is no clear distinction
between the two injection velocities.

From all these results, the modifications between the two injection
velocities are quite small, which tends to conclude that the injection
velocity plays a minimal role in the determination of the flow
behavior. The only small difference is observed on the number of

vortices detected by the wavelet analysis, the other properties of the
vortices being independent of the injection velocity.

Influence of the Channel Height

This analysis is performed based on the CFD results (cases 1, 3,
and 5), because only two channel heights were tested with PIV.
Although the CFD configurations are considering different injection
velocities, it has been proven previously that this influence on the
flow development is quite small. Three channel heights are
considered: 13, 23, and 33 mm.

Figure 9c shows an instantaneous vorticity field for the nominal
configuration (h� 23 mm). Looking at this contour, a hugevorticity
zone emerges from the injection plane and rolls up to form a vortical
structure. At the end of the channel, this structure meets small
vortices coming from the injection plane and merges into a big
vortical structure with some smaller vortices inside. For h� 13 mm
(the channel is split in three parts and only the last two thirds are
shown in Figs. 9a and 9b), the coherent structures appear at the
second third of the channel (instead of the third one for the nominal
configuration), and the roll up of vorticity zones is present and more
dense than in the nominal configuration (Fig. 9c). In the last third of
the channel, these structures take some vortices created near the
injection plane to form a big cluster containing a lot of smaller

Fig. 7 Influence of the injection velocity on the mean flow. Transversal

profiles for h� 33 mm. Vinj;1 � 1 m=s, Vinj;2 � 1:5 m=s, �x=h�1 � 6:7,
�x=h�2 � 16:1.
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vortices inside. For h� 33 mm, there is no vortical structure in the
channel. A small roll up of the vorticity appears when starting the
LES computation, but it is only the consequence of the initial
perturbation and the flow is not able to sustain it, as indicated by
Fig. 9d.

Fig. 8 Influence of the injection velocity on statistical properties of the
coherent structures for h� 23 mm.

Fig. 9 Influence of the channel height: case 5 (h� 13 mm), case 1

(h� 23 mm), and case 3 (h� 33 mm).

Fig. 10 Evolution of the TI with the axial position for three different

channel heights.
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All these results are in agreement with a theoretical analysis
proposed by Griffond [46]. This theory is defining two non-
dimensional axial positions: xS is the channel outlet position and xD
is the position where the coherent structures are produced. Table 2
gives the values of these axial positions, both from the thesis of
Griffond (from experiments performed using the VECLA setup) and
from our numerical simulations. Based on these three positions, the
third case has xS < xD, and so there is no coherent structures
appearing. For the two other cases xD < xS and, therefore, structures
are produced. Looking to the CFD results, the values deduced from
the vorticity contours are smaller than the experiments. That
difference is difficult to explain because a lot of parameters could
influence this determination (validity of the theory, precision of
VECLA measurements, difference of conditions between experi-
ments and the CFD, precision of the CFD, etc.).

The analysis of the vorticity fields allows us to understand the
influence of the channel height on the development of the turbulent
structures in the flow. An analysis of the turbulent intensity profiles
will link the previous visualization to a better understanding of the
differences in the flow behavior. The transversal TI profiles are
provided in Fig. 10 for the three channel heights and for different
axial positions. The definition of the TI is the same as in the previous
sections. Looking first at the smallest channel height (h� 13 mm),
the TI profiles are almostflat in thefirst third of the channel, reflecting
the laminar behavior of the flow (Fig. 10a). Then, a bump in the
profile appears in the second third of the channel, reflecting the tran-
sition to turbulence and the appearance of structures. The turbulence
then develops gradually when moving toward the outlet until
reaching an almost constant value in the last third of the channel. As
themajor part of the flowwith a channel height of 13mm is turbulent,
and the laminar part is really short, it can therefore be considered that
the flow for this channel height has a turbulent behavior. Looking
now to the nominal configuration (h� 23 mm, Fig. 10b), a laminar
behavior is observed up to the end of the second third of the channel.
In the last third the typical bump shape appears, reflecting a
transitional behavior, and the turbulent behavior of the flow is
observed only at the very end of the channel. Therefore, the flow for
this channel height is referred as transitional. Finally, the last
configuration (h� 33 mm, Fig. 10c) is presenting flat TI profiles
with lowvalues in almost all the channel length.At thevery end of the
channel, the TI is increasing significantly. But the bump observed in
the previous configuration is not visible here, which is coherent with
thevorticityfieldwhere no structures are observed. It can therefore be
concluded that the flow behavior for a channel height of 33 mm is
laminar.

Conclusions

The objectives of this study were multiple. The first one was the
measurement of velocity fields using PIVin a channel where the flow
is injected through a porous plate. This objective was achieved by
improving the injection system and using a special laser sheet to
illuminate the channel. The processing of the acquired images was
also important because it allowed to increase the image quality
especially near the upper wall and the injection plane.

The second objective was to perform PIV measurements in
different configurations of the experimental setup, which allowed the
generation of an experimental database. Four configurations of five
fields were tested, using two injection velocities and two channel
heights. These measurements were analyzed in two ways, first using

the mean velocity magnitude and the TI computed, thanks to a
statistical analysis of the 1000 images of each field, and secondly
using the wavelet software developed at VKI to get statistical
information about the characteristics of the vortices present in the
flow. From the analysis of these results, it can be concluded that a
transitional behavior is observed for a channel height of 23 mm, and
the injection velocity showed a minor influence of the flow behavior.

In addition, numerical simulationswere performed in complement
to the PIV results. Three cases were computed to investigate the
different types of flow regime: laminar, transitional, and turbulent.
The configuration with a channel height of 23 mm is matching quite
well with the experiments. The simulations were an important tool to
understand how the structures are emerging from the injection plane,
and how they are modified when traveling to the channel exit. From
the three cases, three different behaviors can be observed. The
configuration with h� 33 mm is showing a laminar behavior,
without any vortices, flat TI profiles, etc. The configuration with
h� 23 mm shows a transitional behavior, with an almost laminar
part in the beginning of the channel, and the development of coherent
structures dissipating into big clusters of smaller vortices.And for the
last case h� 13 mm, the development of the coherent structures is
almost similar to the previous case, but it appears in a very upstream
position. Even the beginning of the channel is showing some
vorticity zones, which means that this flow is almost turbulent
everywhere. All these cases are showing an abscissa of generation of
the structures in agreement with the theory of Griffond.
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