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Abstract

The generation of vorticity patterns, in simplified aft-finocyl geometries of interest, is investigated by means
of 2D-axisymmetric ILES CFD simulations with a 2nd order TVD scheme. The development of vortical shear layer
structures is observed along the propellant surface and across the finocyl region. These structures are found to induce
sustained pressure oscillations as due to the coupling of vorticity and acoustic modes of the chamber. The qualitative
and quantitative characterization of the pressure oscillations phenomenon, in terms of both amplitude and frequencies,
is a challenging problem, indeed it results to be strongly affected by mesh level, order of accuracy an sub-grid model
of ILES approach.

1. Introduction

During the operative life of many solid rocket motors (SRMs), sustained low-level pressure oscillations may occur.1–6

Although they do not compromise the SRM integrity, performances are dramatically reduced. Furthermore they result
in thrust oscillations which have to be taken in account in the assessment of induced dynamic environment involving the
entire launch vehicle system, in order to guarantee the safety and comfort of the payload. The evolution of the flowfield
in the combustion chamber during the firing may lead to the development of complex vorticity patterns, especially
for aft-finocyl SRMs, that may give rise to pressure oscillations as result of the coupling whit acoustic modes of
the chamber. Since pressure oscillations are originated in the combustion chamber,7–9 a careful analysis of the flow
field is necessary to explain their origin. It is worth noting that not all aft-finocyl SRMs exhibit pressure oscillations
as it may be evinced by experimental evidences and numerical simulations. As concerns P80, first stage of VEGA
launcher, SFTs performed during the launcher development phase and flights show the presence of sustained pressure
oscillations at the first longitudinal mode of the combustion chamber.7, 8, 10–12 A similar scenario appears for POD-
Y,13, 14 the mid scale demonstrator for pressure oscillations of the possible future evolutions of P80. The comparison
between P80 and POD-Y shows that pressure oscillations amplitude scales roughly proportional with the motor scale
(P80 SRM is more than three times bigger than the POD-Y SRM), whereas Z23 and Z9, respectively 2nd and 3rd stage
of VEGA, are not prone to classical pressure oscillations scenario. Full 3D-ILES CFD simulations on Z23 exhibit a
very low level pressure oscillations which results in both axial and lateral thrust fluctuations of the order 1% of the
overall thrust delivered by the SRM.8 The amplitude of pressure unsteady component is at maximum 50 mbar, this
level is also the minimum value observed in the class of aft-finocyl grains with metallized propellant. On the basis
of experimental and numerical collected data, both the motor scale and the propellant grain geometry are expected
to play a role on pressure oscillations onset and level. Numerical simulations performed up to now,15–17 show that
quantitative characterization of the phenomenon, in terms of amplitude and spectra, is a challenging problem because
it results particularly delicate from numerical modelling stand point. Indeed numerical method, order of accuracy and
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grid resolution affect the aeroacoustic feedback-loop. CFD simulations on ZEFIRO 238 show also that the sub-grid
model, in certain configuration, can bring about a drain of energy of the flowfield towards its high frequency modes
resulting into an aeroacoustic coupling that involves very organized limit-cycle oscillations.

The aim of this paper is the investigation of the role of geometry in vorticity patterns production into sim-
plified aft-finocyl geometries and the possible coupling with the acoustic modes of the chamber. At the same time
the attention is focused on numerical modelling, pressure oscillations features are thus characterized by means of an
uncertainty/sensitivity analysis. Numerical simulations are assumed to be inviscid, unsteady and 2D-axisymmetric;
viscous effects and turbulence are accounted by ILES (inviscid LES) approach. Several sub-grid models are developed
and tested in the frame of 2nd order TVD schemes, in order to see how small modifications on dissipative effects,
introduced by the slope limiter, affect the possible onset of feedback loop mechanism. Grid convergence analysis is
necessary to assess phenomenon mesh sensitivity, which results to be crucial in the pressure oscillations characteri-
zation. The introduction of a simplified non uniform combustion model allows to assess thermal effects on pressure
oscillations features. The test case is a simplified geometry of an aft-finocyl booster or first stage. The flowfield analysis
is carried out over a SRM geometrical configuration which is related to an early phase of the firing when head-end pres-
sure assumes its maximum value and the aft-part/finocyl region is at around the maximum burning propellant surface
condition. In the early phase of the firing, axisymmetric model provides a roughly approximation of the SRM geometry
because of the presence of the 3D aft-finocyl region. Four different geometries are taken in account, namely FIRST,
ZERO-A, ZERO-B and ZERO-C. FIRST has a constant port radius along the longitudinal axis. Head-end pressure
matches the value obtained considering a burning surface of an aft-finocyl booster, or first stage, where the aft-finocyl
region is inhibited. The simplicity of FIRST geometry allows an intimate study of the slope limiter calibration and
thermal non uniformity effects on acoustic excitation levels and modes. Aft-finocyl region as well as the connection
with the cylindrical part, are modelled in ZERO geometries, which are designed in order to carry out investigations on
the role of the geometry on pressure oscillations features. Geometry is fixed during the simulation, in this way there
is no need for re-meshing the computation domain in order to follow the evolution of the propellant grain during the
SRM operative life. This approach allows to characterize SRM limit cycle condition, even if there are no informations
on how the grain regression, and therefore the time evolution of the internal flowfield, affects aeroacoustic coupling.

2. Mathematical and Numerical Model

The investigation is performed by using unsteady 2D-Axisymmetric Euler set of governing equations for a single specie
single-phase flow, where viscous terms and turbulence phenomena are account directly in the intrinsic characteristics of
numerical scheme, as classical in the ILES approach. This choice is due to high turbulence resolution difficulties which
arise for Reynolds numbers of the order of 105 − 107, as those involved in such case of study. Compressible effects
cannot be neglected since, while in the combustion chamber the flowfield is characterized by very low-Mach numbers,
the flowfield immediately in front of the nozzle and in the nozzle itself is subjected to strong expansion and the Mach
ranges from low subsonic to moderate supersonic conditions. The Euler system of conservation laws is solved by the
method of lines. According to this technique: space and time discretization of a partial differential equation (PDE) are
decoupled and separately analysed. The space discretization replaces space derivatives with algebraic approximations,
thus an initial-boundary problem results in a initial value problem which can be solved with a time integrator. The
accuracy of the method can be increased by the use of highly efficient reliable initial value ODE solvers which are
able to achieve high accuracy orders avoiding extremely small time steps. In this work CFD simulations are performed
by an in-house code based on finite volume approach on multi-block structured grids. A second order total variation
diminishing (TVD) scheme is used for the spatial integration, whereas the time evolution is made by a third order
explicit Runge-Kutta scheme.

2.1 Non-Uniform Combustion Model

Mass flow rate and energy of the combustion products, injected in the chamber, are not uniform because of the inho-
mogeneous propellant grain composition and therefore this phenomenon affects the vorticity production at the grain
surface. In the numerical simulations a simplified non uniform combustion model is assumed. Mass and energy fluxes
per unit area, at the boundary condition on the grain surface, are modified of a percentage value keeping unchanged
the integral on the total surface. Although fluxes are not uniform in space, they are kept constant over time, that means
the model is not closed, thus combustion and acoustics are not coupled. The introduction of a non uniform combustion
model is expected to decrease the amplitude of pressure oscillations. Hot spots on the propellant surface radiate spheric
acoustic waves which may stabilize the shear layer. Another effect of the grain inhomogeneity is the introduction of
dispersed solid burning particles, typically alumina or uncombusted aluminium, within the gas phase. They release a
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significant amount of heat affecting the fluctuating nature of the flowfield. Distributed combustion of aluminium is not
considered in the present simplified model.

2.2 Slope Limiter

In the framework of TVD methods, the slope limiter is an essential aspect for non-linear stability which is related in
turn to the amount of artificial dissipation introduced in the numerical solution. Five different slope limiter have been
employed: Min-Mod18 is the most dissipative whereas the Super-Bee18 is the least dissipative one. Van-Leer19 slope
limiter is placed in the middle of the TVD zone and is characterized by a continuous function of r, that is the ratio
between the slope at the previous cell and the slope at the actual cell. MC20 slope limiter is designed to follow as
long as possible the straight line which minimize the dispersion error. The mentioned slope limiters are well known in
literature, whereas the new limiter MS is proposed by the authors.

φS uper Bee(r) = max [0,min (2r, 1) ,min (r, 2)] ; lim
r→∞ φS uper Bee = 2 (1)

φMC(r) = max
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(
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, 2
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; lim
r→∞ φMC = 2 (2)

φMod MC(r) = max
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3

,
4 + r
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)]
; lim

r→∞ φMod MC = 1.2 (3)

φVan Leer(r) =
r + |r|
1 + |r| ; lim

r→∞ φVan Leer = 2 (4)

φMin Mod(r) = max [0,min (1, r)] ; lim
r→∞ φMin Mod = 1 (5)

(a) Super Bee, Min Mod, Van Leer, MC Slope Limiters (b) MS slope limiter

Figure 1: Slope Limiters used for the Numerical Simulations

3. Simulations Set-Up

This study considers, as test case, a simplified geometry of a possible aft-finocyl booster or first stage, with some
reference to a time instant and geometrical configuration which are known experimentally to be prone to pressure
oscillations phenomena. The analysed geometries are presented in Fig.2. FIRST is the simplest one, whit a constant
port radius along the longitudinal axis. Aft-finocyl region is modelled by additional volume in ZERO geometries.
Furthermore a connection region, between the cylinder and the aft-finocyl part, is present in ZERO-A and ZERO-B.
In the former case connection is sharp, in the latter cylinder and aft-finocyl region are joined together by a linear
connection. On the grain surface, the boundary conditions are imposed in order to match the pressure in the test case
combustion chamber during the selected phase of the firing. ZERO geometries are designed in order to qualitatively
and quantitatively investigate the role of the SRM geometry in the generation of vorticity patterns, coupled with the
fundamental acoustic modes of the combustion chamber, for the class of aft-finocyl SRM, starting from simplified
cases of study. Also for these geometrical configurations non uniform combustion effects are investigated.
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Figure 2: Semplified aft-finocyl Geometries of Interest

AS concerns the mesh, a multi-block structured grid is used. Mesh sensitivity and grid convergence analysis have
been performed by computing solution on 2 grid levels. In order to reach a statistically steady solution, simulations
have been computed on the coarse grid level first and carried on for a time long enough for solution to stabilize; then
the solution has been interpolated on the finer grid and computed up to a statistically steady evolution. The coarse grid
is obtained from the the finer by removing every other vertex along each coordinate line. The dimensions of the diadic
grids, in terms of number of cells, are given in the Table 1.

Table 1: Number of Mesh-Grid Cells

Coarse Fine
FIRST ≈ 11 k ≈ 44 k
ZERO-A/B/C ≈ 11 k ≈ 44 k

Mass, momentum and energy fluxes per unit area of the propellant surface are kept constant during the simula-
tion. Grain propellant combustion products are assumed to be perfect gases. It is worth noting the superior boundary
of the cavity is treated as grain surface since, in this phase of the firing, the aft-end is almost completely filled by
propellant. Symmetry boundary condition is imposed on the motor axis. Before chocking condition occurs, a subsonic
outflow, with constant external pressure, is set at the nozzle exit. Once the flow in the divergent part is supersonic, the
interface variables are extrapolated from the inside.

4. Results and discussion

4.1 FIRST

During the numerical simulations campaign, several slope limiters have been tested in the frame of 2th order TVD
schemes. Super-Bee and Min-Mod slope limiters enclose the TVD zone, the former represents the superior limit
and the latter the inferior one. Non-linear stability characteristics of the selected numerical method are crucial for
the success of simulations, Super-Bee slope limiter fails calculating flowfield solution. Whilst the robustness and
reliability of the numerical method are connected to non-linear stability, dissipative effects may dump the smallest
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scale structures destroying the onset of aeroacoustic coupling and limit cycles mechanisms. Using a Min-Mod slope
limiter the flowfield reaches the steady state and there is not evidence of pressure oscillations. Among these two
extreme cases, according to the slope limiter adopted in numerical simulations, several possible pressure oscillations
scenarios appear.

Van Leer Slope Limiter

The flowfield computed by Van Leer slope limiter exhibits very low level, but present, pressure oscillations involving
high frequencies near to the first transversal mode of the chamber. In the pressure oscillations spectra, two peaks, with
comparable amplitude at slightly different frequencies, result in a beat phenomenon, where the envelope of the maxima
and minima form a wave whose frequency is half the difference between the frequencies of the two original waves.
Slope limiter affects the way vorticity field is resolved modifying its frequency, that is also modulated by the grid
resolution. This observation is justified by the results obtained refining the mesh. Doubling the number of cells along
the coordinate directions, the amplitude of pressure oscillations slightly rises up and the high frequencies disappear.
The range of excited frequencies moves to lower values approaching the first longitudinal mode of the chamber, beat
phenomenon is no longer present.

Figure 3: MS Slope Limiter: Resolution Effect on Unsteady Pressure over Time

Figure 4: MS Slope Limiter: Resolution Effect on Unsteady Pressure Spectra

MC Slope Limiter

As concerns the solution obtained by means of MC slope limiter vorticity field and acoustic one are in feedback
loop, bringing about the generation of sustained pressure. Once the limit cycle condition is reached, the amplitude
of pressure oscillations is about one order of magnitude greater then the level computed by Van Leer slope limiter.
The range of most excited frequency in the spectra is centred around the the first longitudinal acoustic mode of the
chamber. Furthermore negligible frequency content is provided by the second longitudinal mode. Pressure oscillation
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characteristics do not undergo to remarkable changes by refining the mesh grid. The amplitude keeps unchanged
whereas the range of most excited frequencies enlarges and shifts slightly forward to higher values.

MS Slope Limiter

In order to understand how the slope limiter affects the solution in terms of pressure oscillations amplitude and spectra,
MC slope limiter is gradually modified. Results show a remarkable level of uncertainty in the quantification of pressure
oscillations characteristics. The slope of the limiter and its limit value act as calibration parameters. The TVD left zone,
enclosed by the φ = 2r, φ = r and φ = 1, turns out to be crucial in the modulation of pressure oscillations amplitude,
whereas the right zone affects moderately the oscillating field features. The more the slope limiter in the left zone
approaches φ = r, the more pressure oscillations amplitude reduces itself up to become null when the two straight lines
coincide. MS slope limiter is designed to be placed about in the middle of the left zone, just like Van Leer, while its
limit value is lower then the mean of MC and Min-Mod limit values. As well as the previous solution, the coupling
between vorticity field and travelling pressure waves causes the onset of sustained pressure oscillations involving the
first longitudinal chamber mode. Time evolution and spectra of pressure unsteady component for the coarse grid and
the finest one are compared respectively in Fig.3 and Fig.4. The amplitude of pressure oscillations is about half the
amplitude obtained by using MC slope limiter. In the spectra two peaks, near the first longitudinal mode, may be
observed. Changing the mesh grid resolution the amplitude of the pressure unsteady component remains the same.
Maximum peaks in pressure oscillations spectra have lower amplitudes because the signal energy is distributed on a
larger range of excited frequencies. Indeed it results shifted towards high values, as seen in Fig.4.

It is worth noting that unsteady pressure component 2D-map has a plane wave structure: since pressure value is
approximately uniform on the SRM radius, the field may be considered mono-dimensional. Although unsteady velocity
components are related to unsteady pressure, their field is characterized by 2D-structure because of the presence of
recirculation areas, as shown by instantaneous streamlines in Fig.6. Non-linear stability properties make MS limiter
suitable for the study of pressure oscillations phenomenon, for this reason it is set for all the following numerical
simulations.

Figure 5: MS Slope Limiter:2D-Map of Mean Pressure Field

Figure 6: MS Slope Limiter:2D-Map of Unsteady Pressure Field

Pressure oscillations amplitude obtained in FIRST geometry is too much high if compared to the level exhibited
by aft-finocyl SRM which are known to be not prone to classical pressure oscillations scenario. The introduction
of a non uniform combustion model is expected to decrease the amplitude of pressure oscillations because of the
stabilizing effect on the shear layer by acoustic waves generated by hot spots placed on the propellant grain surface.
The results obtained with a non uniformity percentage value varying between 5% and 20% are compared to the solution
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computed by the uniform combustion model. Percentage values higher then 10% are not inherent to real conditions
nevertheless this assumption allows to assess the effect of non uniform combustion on the internal flowfield and pressure
oscillations quantitative characterization. Fig.7 shows the higher is the non uniformity the more pressure oscillations
amplitude decreases. Amplitude reduces of 20%, 85% and 92% moving from 0% non uniformity value to 5%, 10%
and 20% respectively. The introduction of non uniform combustion model moves the vorticity frequency away from
first longitudinal acoustic mode, inducing a gradual decoupling of vorticity field and acoustics, as can be seen in Fig.8.
The lack of resonance effect makes pressure oscillations amplitude to decrease. Augmenting the non uniformity level,
the range of excited frequencies enlarges that means combustion becomes noisier. Pressure oscillations amplitude,
obtained whit 10% of non-uniformity, is taken as reference value for the simulations on ZERO geometries.

Figure 7: Non Uniform Combustion Effect on Unsteady Pressure over Time

Figure 8: Non Uniform Combustion Resolution Effect on Unsteady Pressure Spectra

4.2 ZERO-A

Simplified geometries of a possible booster or first stage are considered. ZERO-A geometry is characterised by a steep
connection region between cylinder and aft-finocyl region. In the selected configuration head-end pressure matches
the value of the reference test case in a early phase of the firing. Since in this phase the aft-finocyl burning surface
represents over 60% (including the star-shaped connection region) of the total surface, pressure is much higher than
in FIRST, where the grain consists of a cylinder only and therefore respective flowfields are different. The frequency
associated to the first longitudinal acoustic mode decreases with the respect to first longitudinal acoustic mode of FIRST
SRM due to the introduction of aft-finocyl region and connection zone. The spectra of pressure oscillation, obtained by
changing mesh resolution, is represented in Fig.10. Two separated peaks may be observed in the coarse level spectra:
the lower frequency is related to vorticity field, whereas the second is connected to pressure waves; feedback-loop
is thus absent. The convergence analysis stresses the mesh sensitivity effects on pressure oscillations phenomenon.
Moving from the coarse mesh level to the finer, amplitude increases of 50%, as evinced by looking at Fig.9. The range
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of excited frequencies in the spectra undergoes to dramatically modification: there are no longer two separated peaks,
indeed vorticity frequency approaches the first longitudinal acoustic mode enhancing the coupling between the fields.

Figure 9: Resolution Effect on Unsteady Pressure over Time

Figure 10: Resolution Effect on Unsteady Pressure Spectra

Figure 11: 2D-Map of Mean Pressure Field
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Figure 12: 2D-Map of Unsteady Pressure Field

Results obtained for ZERO-A configuration allows to observe the effect of geometry on pressure oscillations
features as due to the shear layer detachment at grain propellant geometrical discontinuity around the connection
region. The 2D-map of pressure unsteady component, represented in Fig.12, shows a plane wave structure in the
cylindrical part, as in FIRST SRM, whereas the presence of the connection region and the aft-finocyl cavity alter the
field introducing 2D effects. The 2D structure of unsteady velocity components field is connected to the characteristic
dynamic of recirculation regions, as can be seen in FIRST SRM. The thermal effects due to the introduction of a
non uniform combustion model are now discussed. Looking at Fig.13 it may be noted that the presence of high non
uniformity percentage level does not modify the amplitude of pressure oscillations. The effect of the shear layer
detachment at connection region discontinuity prevails on thermal effect.

Figure 13: Non Uniform Combustion Effect on Unsteady Pressure over Time

Figure 14: Non Uniform Combustion Effect on Unsteady Pressure Spectra
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4.3 ZERO-B and ZERO-C

The internal flowfield and pressure oscillations features are expected to be modify by changing the shape of the con-
nection region between cylinder and aft-finocyl part. In ZERO-B geometry these two grain sections are joined together
by means of a linear connection. ZERO-C geometry is characterised by the absence of the connection region, thus
aft-finocyl region is directly bounded to the cylinder. As concerns mesh sensitivity analysis, similar considerations can
be made for ZERO-B and ZERO-C geometries. Coarse grid does not allow to resolve flowfield small structures, the
vorticity frequency is much lower then the first acoustic longitudinal mode of the chamber so vorticity field and acous-
tic one cannot be coupled. ZERO-B spectra, presented in Fig.16, shows two separated ranges of excited frequencies
with comparable energy content, ZERO-C spectra in instead more broad-band like. Refining the mesh, the vorticity
field is better resolved, in particular the corner effect around the connection region. The frequency of vortices moves
close to the frequency of pressure waves, producing a partial feedback-loop mechanism which results in a moderate
pressure oscillations amplitude increase. This observation is particularly true for ZERO-C geometry: looking at fine
mesh pressure oscillation spectra (Fig.18), it may be noted that vorticity frequency almost overlaps the a longitudinal
acoustic mode of the chamber. Being the coupling enhanced for ZERO-C geometry, amplitude variation rate, obtained
by comparing mesh levels, is higher then the one computed in ZERO-B geometry, as seen in Fig.17.

Figure 15: Resolution Effect on Unsteady Pressure over Time

Figure 16: Resolution Effect on Unsteady Pressure Spectra
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Figure 17: Resolution Effect on Unsteady Pressure over Time

Figure 18: Resolution Effect on Pressure Spectra

As observed for ZERO-A geometry, pressure oscillations level is not substantially altered by the introduction
of non-uniform combustion model. Although in the spectra peaks associated to non-uniform mass and energy fluxes
are higher, the energy content of unsteady component of pressure is comparable in both cases, but it is distributed in a
different way over the frequencies, as can be seen in Fig.20 and 22.

Figure 19: Non Uniform Combustion Effect on Unsteady Pressure over Time
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Figure 20: Non Uniform Combustion Effect on Unsteady Pressure Spectra

Figure 21: Non Uniform Combustion Effect on Unsteady Pressure over Time

Figure 22: Non Uniform Combustion Effect on Pressure Spectra

The comparison between simplified SRM aft-finocyl geometries is presented in Fig23 and 24. ZERO-A and
ZERO-B geometries are very similar, the only difference lays in the shape of the connection region, steep in the former
and gradual in the latter, whereas in ZERO-C, the connection region is totally absent. Results computed for ZERO-
A and ZERO-B are essentially undistinguishable in terms of both amplitudes and frequencies of pressure oscillations.
When the connection region is removed, as the ZERO-C case, the scenario is completely different: the internal flowfield
changes because shear layer detachment point moves downstream placing itself around the corner of the aft-finocyl
region. Respect to ZERO-A/B the amplitude of pressure oscillations is 70% higher and vorticity frequency is extremely
close to the first longitudinal acoustic mode of the chamber enhancing the feedback-loop.
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Figure 23: Non Uniform Combustion Effect on Unsteady Pressure over Time

Figure 24: Non Uniform Combustion Effect on Pressure Spectra

5. Conclusions

Numerical simulations based on ILES approach and simplified non uniform combustion model for aft-finocyl SRM
has been presented. Amplitudes and frequencies of pressure oscillations are strongly affected by accuracy order, mesh
resolution and sub-grid models. Since the purpose is to characterise pressure oscillations in limit cycle condition, in
terms of both amplitude and frequencies, a statistically steady solution is computed and discussed for simplified aft-
finocyl geometries of a possible booster or first stage. The geometrical configuration is related to an early phase of the
firing when head-end pressure assumes its maximum value and the aft-part/finocyl region is at around the maximum
propellant burning surface condition. Several sub-grid models of the ILES approach are developed and tested in the
frame of 2nd order TVD schemes. Pressure oscillations features are dramatically affected by the shape of slope limiters.
A trade-off between robustness of numerical method and minimization of artificial dissipation effects arises and a new
limiter, named MS, has been proposed and applied. Very high levels of pressure oscillations amplitude are observed
in FIRST SRM geometry. The introduction of a simplified non uniform combustion model reduces the amplitude
of pressure oscillations. The more the non uniformity percentage value is high the more amplitude decreases, up to
nullify itself for values greater then 10%. Three different after-finocyl geometries, ZERO-A/B/C, have been simulated,
they are characterised by the same volume of the star region but different shapes of the intermediate region between
cylinder and aft-star. The role of geometry on development of peculiar vorticity patterns which may be coupled with
chamber acoustic modes in a feedback-loop, leading to pressure oscillations onset, is investigated. Since the shear layer
detachment point is located at the end of the cylindrical part, the port area shape in the aft-finocyl region affects the
coupling between vorticity field and acoustics. However ZERO-A and ZERO-B geometries exhibit the same amplitude
level of pressure oscillations. The unique cavity of ZERO-C case enhances the feed-back loop and, as a consequence,
pressure oscillations amplitude raises up. Convergence analysis shows pressure oscillations phenomenon is strongly
mesh-level sensitive. In the present simulations, any interactions between vorticity generation and dynamics and non
uniform combustion model do not showed up.
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