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Abstract.  This work concerns the investigation of a Q1D methodology employed to study pressure oscillations in 
solid rocket motors driven by hydrodynamic instabilities. A laboratory-scale solid motor designed to develop vortex-
shedding phenomena is analyzed for the whole firing time. The comparison between numerical results and 
experimental data shows good agreement regarding pressure oscillations signature, especially in the flute-mode 
behavior, the typical oscillations frequency trend present in any motor liable to hydrodynamic instabilities. Such 
result ensures the model capability to cope with this particular kind of pressure oscillations source, allowing the 
investigation of the phenomenon with a lighter and cost savings methodology than CFD simulations. 
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1. Introduction 
 

The operational time of a solid rocket motor (SRM) may be divided into three separated 
phases: ignition transient, quasi-steady state, and tail-off. Depending on the motor system design, 
each phase may potentially present an unstable behavior, characterized by different properties. 

During the quasi-steady state, pressure oscillations (PO), featuring a low amplitude sinusoidal 
shape, are driven by a feedback loop phenomenon, arising from the coupling among the internal 
combustion and flow processes with the motor natural acoustic modes (Culick and Kuentzmann 
2006). Nowadays, such an issue still represents an open problem for motors currently flying as the 
P80 (Laureti et al. 2018) and the P120C (Larrieu et al. 2018), the large boosters employed in the 
present European scenario. As a matter of fact, modern solid motors are required to be ever more 
performing and safe, two requirements which can be accomplished ensuring a low level of PO 

during the operative time. For such reasons, a proper characterization of the motor unsteady 
behavior represents a mandatory task to achieve during the motor design process. 

In the state of the art concerning SRMs unsteady behavior, two major PO sources are currently 
addressed (Casalis et al. 2011, Fabignon et al. 2016, Larrieu et al. 2018, Orlandi et al. 2019): 
hydrodynamic instabilities, related to vortex-shedding phenomena, and thermoacoustic instability 
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due to the aluminum distributed combustion. Contrary to the quite recent assessment of aluminum 

combustion as a PO source (Gallier and Godfroy 2009), the periodic shedding of vortices caused 

by obstructions and its consequent effect on the acoustic field was firstly suggested by Flandro and 

Jacobs (1973), paving the way to the investigation of this kind of instability in the subsequent 

years. Since then, the aeroacoustic coupling occurring in SRMs has been definitely assessed via 

experimental test campaigns (Dunlap et al. 1990, Mastrangelo et al. 2013, Larrieu et al. 2015), 

analytical and semi-empirical approaches (Rossiter 1964, Chedevergne et al. 2006, Bouyges et al. 

2017, Majdalani et al. 2021) and CFD methods (Lupoglazoff and Vuillot 1996, Telara et al. 2006, 

Ballereau et al. 2011, Yang et al. 2018). 

The onset of PO due to hydrodynamic instabilities is related to the generation, transport, and 

deformation of vortices within the combustion chamber. The fundamental steps of the basic 

acoustic feedback model may be summed up as Dotson et al. (1997): 1) a shear layer is generated 

at an upstream point and rolls up into a vortex as it travels downstream; 2) vortex deformation due 

to the flowfield structure generates an acoustic pulse which travels back upstream; 3) the acoustic 

pulse reaches the shear-layer initiation point and perturbs the shear layer to contribute to a 

subsequent vortex. As a consequence, if the vortex-shedding frequency is close to an acoustic 

mode of the chamber, then an aeroacoustic coupling is established, prompting the onset of self-

sustained flow oscillations. 

Notwithstanding the great advancement in CFD computations possibility, efficient 1D models 

would be valuable engineering tools in the design process of large SRMs regarding hydrodynamic 

instabilities risk assessment. These approaches offer huge savings in terms of computing power 

and time compared to complex multidimensional numerical simulations and, at the same time, can 

represent the physical phenomenology involved in the vortex-shedding feedback loop once 

physics-reliant models, more challenging to develop and handle with regard to the ones necessary 

in CFD simulations, are employed. In this spirit, several attempts to define analytical and low-

order models to investigate the vortex-sound production in SRMs nozzle have been reported in the 

scientific literature (Anthoine et al. 2002, Hirschberg et al. 2018). A fully Q1D description of the 

aeroacoustic coupling occurring in SRMs is provided by the Aerodynamically Generated Acoustic 

Resonance (AGAR) model, in development for the past decade (Ferretti 2011, Laureti and Favini 

2019, Grossi et al. 2019). In the AGAR model, vortices generation and dynamics are addressed via 

a specific methodology that implies the resolution of the vorticity equation in a Q1D framework. 

In particular, vortices are generated following a criterion based on the flowfield evolution and 

convected towards the nozzle where the flow is excited by ad-hoc source terms. 

In the present work, the AGAR model is presented and applied to a simple test case, the 

ONERA C1xb (Dupays et al. 1996), known to be prone to hydrodynamic instabilities due to 

vortex-shedding. Comparisons with results concerning the semi-empirical Rossiter approach 

(Rossiter 1964) are reported, together with a qualitative confrontation with CFD data presented in 

literature, in order to corroborate the Q1D methodology employed in this work. 

 

 

2. Aerocoustic feedback loop in SRMs 
 

The aeroacoustic feedback loop responsible for the onset of PO in SRMs follows the same 

physical steps reported in the introductory section, however, some peculiarities typical of SRMs 

are to be mentioned. In a solid rocket chamber, vortex-shedding may occur through three different 

mechanisms (Fabignon et al. 2003, Culick and Kuentzmann 2006): Obstacle Vortex-Shedding 
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(OVS), due to the presence of obstacles to the flow motion along the grain wall as inhibitors or 

slots; Angular Vortex-Shedding (AVS), caused by sharp discontinuities in the chamber geometry; 

Parietal Vortex-Shedding (PVS), present within motors characterized by marked slenderness able 

to trigger the Taylor-Culick flow (Taylor 1956, Culick 1966) intrinsic instability. It is worth noting 

that such distinction is less clear when it comes to complex solid propellant geometries like aft-

finocyl designs. In SRMs, the acoustic excitation is usually provided close to the nozzle where the 

rapid flow acceleration strongly strains the vortical structures. Finally, laminar-turbulent flow 

transition is thought to play a key role, breaking apart the vortices coherent structures and, 

consequently, the feedback loop (Fabignon et al. 2016). 

 

 

 

Fig. 1 Rossiter feedback loop model within a SRM 

 

 

The aforementioned description can be expressed mathematically thanks to the model 

developed by Rossiter (1964). Such approach is of paramount relevance since it has been widely 

applied, with excellent results, in unstable SRMs as the Titan IV SRMU (Dotson et al. 1997) and 

the Peacekeeper (Dotson et al. 2001). Referring to the schematic representation reported in Fig. 1, 

the vortex-shedding frequencies of the Rossiter model, valid for low Mach number flowfields, are 

so defined 

𝑓𝑣𝑠 =
𝑢

𝑙𝑖

𝑚 − 𝛼

𝑀 + 1/𝑘𝑅
 (1) 

in which li is the distance between the shear-layer initiation and sound-production points, u is the 

free-stream velocity, M is the Mach number, m is the number of vortices lying in li distance, kR is 

the ratio of the velocity at which the vortices are convected to the free-stream velocity, α a small 

parameter to account for a time delay, ∆t, between vortex deformation and sound production. Note 

that for SRMs, α and M assume a negligible role, therefore fvs is primarily controlled by the other 

contributions. A detailed review of such parameters is reported in the work of Dotson et al. (1997) 

that points out an upper limit for the number of vortices and, as a consequence, for the lock-in 

frequencies. Looking at Eq.1, two important considerations may be drawn. In SRMs, chamber 

geometry and flow dynamics, respectively expressed by li and u, change over time due to the 

propellant combustion, so vortex shedding frequencies vary as time runs forward. On the other 

hand, given a certain time instant, there are several frequencies at which the motor can be unstable 

depending on the number of vortices contemporary present in the chamber. These characteristics 

are at the base of the flute-mode behavior, the typical time trend shown by the oscillations 

frequency in motors affected by hydrodynamic instabilities (Dotson et al. 1997, Hijlkema et al. 

2011). Assuming that in a certain time instant the aeroacoustic lock-in occurs, the vortex-shedding 

frequency matches the acoustic one and the system is characterized by a certain number of 
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vortices. Then, fvs moves away from the acoustic frequency due to the evolution of the chamber 

geometry so that when the gap is too wide, a vortex-shedding frequency jump occurs because of 

the presence of an extra vortex within the chamber. Such discontinuous behavior ensures the 

development of a different resonant configuration, which allows to recover the acoustic frequency. 

 

 

3. Q1D modeling 
 

AGAR is a Q1D model developed to address aeroacoustic phenomena in SRMs. Its formulation 

derives from an in-house flowfield solver based on the single-phase unsteady Q1D Eulerian set of 

equations enriched with a model for geometry evolution due to the propellant combustion 

(Cavallini 2009). Vortex-shedding phenomena may be analyzed via a Q1D approach once the 

aforementioned system of equations is coupled with a further expression that describes the 

vorticity dynamics within the motor chamber. The latter is formally obtained from the multi-

dimensional vorticity equation introducing the assumptions of axisymmetric flow (Ferretti 2011). 

The full set of equations considered in the AGAR model follows 

𝜕(𝜌𝐴𝑝)

𝜕𝑡
+

𝜕(𝜌𝑢 𝐴𝑝)

𝜕𝑥
= 𝑆𝑝𝑟𝑜𝑝

(𝑚)
+ 𝑆𝑐𝑎𝑣

(𝑚)
 (2) 

𝜕(𝜌𝑢 𝐴𝑝)

𝜕𝑡
+

𝜕[(𝜌𝑢2 + 𝑝)𝐴𝑝]

𝜕𝑥
− 𝑝

𝜕𝐴𝑝

𝜕𝑥
= 𝑆𝑎

(𝑞)
 (3) 

𝜕(𝜌𝑒 𝐴𝑝)

𝜕𝑡
+

𝜕[(𝜌𝑒 + 𝑝)𝑢𝐴𝑝]

𝜕𝑥
= 𝑆𝑝𝑟𝑜𝑝

(𝑒)
+ 𝑆𝑐𝑎𝑣

(𝑒)
+ 𝑆𝑎

(𝑒)
 (4) 

𝜕(𝜔𝐴𝑝)

𝜕𝑡
+

𝜕(𝑘𝑢 𝑢𝜔𝐴𝑝)

𝜕𝑥
= 𝑆𝜔 (5) 

Source terms Sprop and Scav are originated from, respectively, the propellant grain combustion, 

evaluated via the De Saint-Venant law, and the cavity modeling to take into account, in a Q1D 

formulation, mass and energy exchange with submergence zone located close to the nozzle of 

typical SRMs configurations (Ferretti 2011). The cavity model is based on a set of ordinary 

differential equations resulting from averaging of mass and energy balance equations over the 

cavity volume (Cavallini et al. 2015). 

Focusing on Eq. (5), two closure terms complete the Q1D equation for vorticity dynamics: Sω 

and ku. The first term represents the instantaneous vorticity source enabled on the shedding point, 

which may be an obstacle or a geometry discontinuity. The Sω term is modeled accordingly with 

the work of Clements (1973), which states that, in presence of vortex-shedding phenomena, the 

vorticity piled up during the time lapse between two consequent vortex releasing, Tω, is 

proportional to the square of the local velocity, uvs. In a Q1D framework, the expression is recast 

as 

𝑆𝜔 = ∫ 𝛼Γ𝜋𝑅𝑝𝑢𝑣𝑠
2  𝑑𝑡

𝑇𝜔

 (6) 

The employing of the αΓ parameter arises from the closure operation performed on the 3D 

vorticiy equation to obtain the Q1D formula. The αΓ may also be related to other physical 
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phenomena aimed at properly addressing vortex circulation within the motor chamber. Matveev 

and Culick (2003), in their work about AVS stemming from backward cavity step, employ a 

calibration coefficient to consider that a portion of the shed vorticity diffuses, not entering the 

forming vortex. Moreover, in the SRMs scenario, the vorticity levels are strongly affected by the 

heterogeneous combustion process occurring on the grain surface. Vortex generation, i.e., Sω onset, 

is imposed following a flowfield-based criterion: each time a velocity maximum is detected at the 

generation point, a new vortex is introduced in the ω field. This procedure is justified by the 

physical phenomenology of the aeroacoustic feedback loop in which the instability of the shear 

layer that triggers the generation of the vortex is affected by the wave dynamic within the chamber 

(Flatau and VanMoorhem 1990). It is worth pointing out that only when the velocity oscillations 

frequency is closed to an acoustic mode of the chamber, a feedback loop may actually develop. 

The ku coefficient acts on the vorticity advection velocity. This term arises since the need to 

correct the vortex transport velocity obtained from the actual evaluation based on AGAR Q1D 

modeling. Its functional law may be related to the shedding point velocity. In the present work, the 

ku definition is evaluated starting from the time evolution of the velocity at the shedding point, as 

similarly done by Laureti and Favini (2019). 

Finally, in agreement with the Lighthill-Powell-Howe vortex-sound theory (Howe 1998), 

acoustic emissions are provided by the misalignment between acoustic and vortices velocity 

vectors. In a solid motor chamber, acoustic excitation is usually due to the strong flow 

modification close to the nozzle exit. In a Q1D model, such excitement may be provided thanks to 

the proper source term, Sa, which relates sound production to vortex deformation induced, in turn, 

by the chamber geometry design. The mathematical formulations for these quantities follow 

𝑆𝑎
𝑞

= 𝜌𝑢𝜔𝜋
𝜕𝑅𝑝

𝜕𝑥
𝐴𝑝 (7) 

𝑆𝑎
𝑒 = 𝑢 𝑆𝑎

𝑞
 (8) 

Concerning the numerical scheme employed for solving Eq. (5), every once the generation 

criterion is fulfilled, a new impulse in the ω field is imposed only in the cell corresponding to the 

shedding point. The impulse is conceived like a Dirac delta with amplitude established by the Sω 

value. From the shedding point, the newborn vortex is convected, solving the pure transport Eq. 5, 

towards the nozzle exit, undergoing amplitude reduction due to numerical diffusion. 

 

 

4. C1xb numerical results 
 

In order to show the capability of the Q1D aeroacoustic model to treat hydrodynamic 

instabilities, hereafter it is reported and discussed the numerical solution obtained applying the 

AGAR model to an elementary SRM set-up called C1xb (Dupays et al. 1996). The C1xb is a lab-

scale SRM designed to study pure vortex-shedding phenomena occurring within solid rocket 

motors chambers. As shown in Fig.2, the motor geometry is characterized by a tubular case 0.7 m 

long, occupied in the first half by a cylindrical propellant grain presenting a chamfered edge right 

in the middle of the chamber. Such geometrical configuration is particularly suited to develop 

hydrodynamic instabilities: as demonstrated by the work of Dunlap and Brown (1981), the 

aeroacoustic feedback loop for the odd longitudinal modes is maximized if the shedding point 

corresponds to a velocity antinode, the spatial point in which the wave mode presents the largest 

483



 

 

 

 

 

 

M. Grossi, D. Bianchi and B. Favini 

oscillation. During the experimental test campaign carried out with the C1xb, several propellant 

formulations have been used, however, the firing of interest for this paper regards the results 

obtained with a non-aluminized propellant in order to deal with a pure one-phase flowfield. 

The C1xb geometry may be treated with AGAR code once the model calibration is performed. 

The shedding point is imposed at the end of the propellant grain, whereas the ku evolution is 

investigated via a multidimensional analysis carried out on the motor geometry. Since the very 

simple design, the flowfield structure is marginally affected over time, i.e., only in terms of mass 

flowrate values, thus just a fixed geometry, referring to a certain time instant, is simulated to 

explore the relationship between multidimensional and Q1D fields. Naturally, such an approach  

 

 

 

Fig. 2 Schematic diagram of the C1xb setup (dimensions are in mm) (Dupays et al. 1996) 

 

 
(a) CFD solution. Axial velocity in the upper half, vorticity magnitude in the lower half 

 
(b) Comparison between CFD and Q1D results 

Fig. 3 C1xb flowfield solution 
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Fig. 4 C1xb 𝑘𝑢 trend 

 

 

can not be considered valid for more complex motor designs for whom several CFD simulations 

would be required to properly map the overall operational time. It is worth noting that the ultimate 

goal of such simulations is not to recover the motor PO, but just to gather more information about 

the mean flow. These requirements allow using light grids with low computational time in order to 

obtain a stationary field. 

To pursue this aim, an axisymmetric simulation is performed solving the unsteady Euler 

equations via an in-house CFD code used in the field of SRMs (Grossi et al. 2020). The results of 

the aforementioned analysis are presented in Fig. 3. Looking at Fig. 3(a), the steadystate fields of 

the axial velocity and the vorticity solution are shown. In the first half of the motor, the velocity 

presents the typical Taylor-Culick profile, whereas right after the end of the propellant grain, the 

longitudinal velocity is basically unchanged up to the nozzle convergent section. This behavior 

suggests that the vortex dynamic in the second half of the C1xb is controlled by the velocity 

profile found at the chamfered edge of the propellant, which, in turn, is a function of the Taylor-

Culick flow evolution over time. A corroboration of such statement may be found in Fig. 3(b) that 

provides a representation of the velocity along the chamber length for both CFD and Q1D 

computations. As it is possible to see, the velocity estimate of the shear layer is constant beyond 

the separation point and differs both from the value found on the axis and from that obtained by 

averaging over the section area. The latter is evaluated through Eq. (9) and presents an excellent 

agreement with the Q1D velocity trend. For all the reasons mentioned above, the ku coefficient 

employed for the C1xb is chosen to follow the time trend of the Q1D velocity at the shedding 

point, shown in Fig. 4, which represents the area-average of the Taylor-Culick velocity profile, as 

witnessed in Fig. 3. A parameter obtained comparing the shear-layer velocity of the CFD solution 

with the Q1D velocity field within the aft-end of the motor is applied to scale the ku values. 

𝑢𝑎𝑣𝑔 =
∫ 𝜌𝑢 𝑑 𝐴𝑝𝐴𝑝

∫ 𝜌 𝑑 𝐴𝑝𝐴𝑝

  (9) 

Finally αΓ is chosen to match the maximum experimental PO amplitude measured during the 

second blow. In order to keep the model as simple as possible, a constant parameter is employed 

for the whole simulated time. 
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Fig. 5 C1xb pressure oscillations 

 

 

Fig. 6 C1xb frequency patterns 

 

 

The comparison between numerical and experimental data concerning the pressure oscillations 

amplitude in time is reported in Fig. 5. A satisfying agreement is obtained in terms of PO time 

windows: the AGAR solution presents three blows in the second half of the firing time with a 

lasting very similar to that shown by the experimental data. Major differences are observable for 

what concerns the PO amplitude since only the second blow peak is well recovered, as was 

expected given the ad-hoc calibration. Fig. 6 presents the PO frequency evolution over time. In 

agreement with the experimental data, the first acoustic mode is excited when the three blows 

actually occur. The typical frequency jumps necessary to shift from one PO blow to another are 

clearly evident. Focusing on the first phase of the firing, it is possible to see that AGAR is capable 

of reconstructing the absence of relevant pressure oscillations. Indeed, in this time window, the 

AGAR frequency pattern is locked on the second mode, actually not able to provide a high-level 

amplitude instability. This last aspect was for years object of study and, only recently, a massive 
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numerical simulation has demonstrated the role of laminar-turbulent regime transition in the PO 

damping (Fabignon et al. 2016). 

Comparing the Rossiter law with the AGAR frequency results, a very good agreement is 

notable regarding the decreasing trend and the discrete behavior. On the other hand, it is 

interesting to observe that the Rossiter semi-empirical approach would predict a coupling on the 

first mode shortly before one second which is not present in the experimental data and the AGAR 

solution. 

Some discrepancies are still visible in what concerns the instability amplitude and the timing of 

the second blow. The latter may be influenced by the model calibration, in particular by the ku 

coefficient. As shown by the authors in a previous work (Grossi et al. 2019), the ku affects the 

vortex-shedding frequency and the timing of the appearance of the instability, therefore, a slightly 

different calibration could deliver an improved agreement. Regarding the PO amplitude scenario, 

it is worth noting that, for this specific case, it is quite difficult to recover the PO amplitude also 

using high-fidelity simulations (Vuillot and Casalis 2004), a fact which highlights how the 

amplitude of the oscillations is influenced by complex physical phenomena not easy to reproduce. 

Focusing on the first blow, the measured peak shows an amplitude lower than the corresponding 

numerical one. This could be explained by the fact that the first blow shows up right after the 

phase characterized by the laminar-turbulent transition, a phenomenon that could still marginally 

act during the onset of the instability. AGAR does not rely on a specific formulation to model this 

phenomenon, thus the present amplitude difference should be expected. For what concerns the last 

blow, the low amplitude of the AGAR solution may be ascribed to a decreased intensity of the 

vortices which, in turn, is strongly affected by the numerical diffusion when a large number of 

vortices is present in the domain. Nevertheless, it is important to point out that the ultimate aim of 

this work is to discuss the possibility to recover the vortex-shedding phenomenon occurring in 

SRMs, thus a further investigation of the model regarding more specific issues is entrusted to 

future activities. 

An exhaustive scenario regarding AGAR application to C1xb, i.e., the different factors that 

make up the aeroacoustic feedback loop, is reported in Fig. 7. The second blow at 2.4 seconds is 

considered since its highest pressure oscillations level. The unsteady velocity field, in Fig. 7(a), 

shows the typical acoustic first mode, with the two nodes at the extremes (in a SRM with a choked 

nozzle the motor throat behaves in a similar way to the head wall) and the antinode in the middle 

of the chamber. The time evolution of the velocity at the propellant grain edge triggers the 

generation of vortices, shown as peaks of the ω field, which are then convected by the flow 

towards the nozzle, as shown in Fig. 7(b). During their transport, vortices are affected by 

numerical diffusion, responsible for the gradual diminishing of the vortices intensity. Finally, the 

flow itself is further excited by the oscillating behavior of the aeroacoustic sources, presented in 

Fig. 7(c), which are functions, as stated in Eq. (7) and Eq. (8), of the vorticity field. It is worth 

noting that these terms are made of the superimposition of a mean quantity and a fluctuating one. 

This behavior is due to the presence of a minimum value assumed by the vorticity pattern at the 

end of the chamber which remains constant regardless of the passage of a vortex. This means that 

a certain amount of the aeroacoustic energy is given to the mean flowfield rather than to the 

acoustic one. However, this contribution is actually negligible since, as shown by Laureti (2018), 

the AGAR flowfield is characterized by very few differences, in terms of the ballistic properties, 

with or without the onset of an aeroacoustic feedback loop. 

A further assessment of the AGAR model has been accomplished thanks to a qualitative 

comparison, presented in Fig. 8, regarding two vorticity fields: one is obtained via the present Q1D 
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approach, and the other comes from a CFD solution extracted from the work of (Vuillot and 

Casalis 2004). For the considered time instant, the AGAR solution shows four vortices in the 

motor chamber, whereas the CFD result presents just three of them. However, this discrepancy is 

ascribable only to the different origins of vortical structures in the two methods: in AGAR, they 

are fully generated at the propellant edge, on the contrary, in a CFD computation, they arise only 

when the shear layer gets unstable enough to roll up, a condition achieved little downstream the 

geometry discontinuity. It is important to point out that the difference in the number of vortices 

does not imply a difference in the aeroacoustic loop properties: in the C1xb motor, the emission of 

the acoustic perturbation is likely to occur in the proximity of the nozzle convergent section, 

therefore the presence of an extra vortex downstream the propellant edge does not contribute to the 

aeroacoustic feedback loop. Indeed, what really matters to determine the PO characteristics is the 

time between two consequent vortices going through the convergent region of the nozzle. Hence, 

the Q1D and CFD models provide the same conditions regarding vortices velocity and shedding 

frequency. 

 

 

 
                            (a) Velocity unsteady field                                           (b) Vorticity field 

 
(c) Aeroacoustic momentum source field 

Fig. 7 AGAR aeroacousic feedback loop during one period of oscillation at 2.4 s 
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Fig. 8 AGAR vorticity field for C1xb at 2 seconds is compared with a CFD solution (Vuillot and Casalis 

2004) 

 

 

5. Conclusions 
 

The coupling between vortex shedding and pressure oscillations in a small-scale SRM has been 

investigated through a Q1D model, named AGAR, developed and designed to deal with 

hydrodynamic instabilities in SRMs. The numerical simulation reproduces the ONERA C1xb 

during the whole firing time, a motor known to be unstable due to corner vortex-shedding, 

showing pressure oscillations characterized by the flute-mode behavior. The AGAR calibration 

setup has been validated via multidimensional analyses for what concerns the vortices velocity and 

imposed via comparison with the experimental data regarding their intensity. Confronting the PO 

numerical results with the measured data, a satisfying agreement is found regarding PO time 

windows of occurrence, while the PO amplitude presents more differences. A comparison with the 

Rossiter law shows up that the AGAR model accurately follows the computed vortex-shedding 

frequencies, confirming that the reproduced physical phenomenology is the experimental one. 

Moreover, contrary to the Rossiter analysis, AGAR recovers the absence of PO during the first 

firing phase. These results witness how the Q1D methodology may be exploited to build a low-

cost tool aimed to deliver a general risk assessment of the motor scenario without recovering all 

the features present in the physical phenomenology. On the other hand, this purpose may be 

achieved only after the application of the AGAR model to many different motors so as to make its 

calibration effectively predictive for future designs. 
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