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Abstract

Previous research using Forward Facing Steps (FFS) and Backward Facing Steps (BFS) in the solid fuel
grain demonstrated increased regression rates compared to a cylindrical single port. Nonetheless, it is
important to assess the combustion instabilities induced by stepped geometries to anticipate (and solve)
potential negative side effects. This paper addresses the preliminary experimental results for single and
multi-step configurations and their combustion chamber pressure oscillations. Additionally, the impact
of a stepped helix approach on the combustion behaviour is assessed. Pressure oscillations in hybrid
rockets are not likely to be as limiting compared to their liquid and solid counterparts. However, the
instabilities might significantly affect the performance and payload comfort of the propulsive system. In
this study, we analyse the interaction between the pressure oscillations in the combustion chamber and
the other parameters of the HYCAT (HYbrid with CATalyst) hybrid rocket motor at ONERA. We show
that although steps play a major role in pressure oscillations and significantly alter the combustion
behaviour of the engine, none of the stepped cases exceeded the most instable no-step test; on the
contrary, especially BFSs have the potential to decrease pressure oscillations. This remark is important
because multi-stepped grains have significantly higher regression rates (26 % to 245 %) than the
cylindrical reference cases.

1. Introduction

The hybrid rocket propulsion system has been considered as a technological option for small satellites launchers, upper
stages of launch systems, decelerator engines for re-entry capsules, reusable spacecraft orbit transfer, and new
generation transportation systems due to specific qualities such as safety aspects, applications flexibility, grain
robustness, and propellant versatility [1,2]. Hybrid Rocket Engines (HRES), in general, have a lower development cost
in comparison with liquid rocket engines and safer assets related to transporting and handling when compared to solid
rocket motors [3-5]. Still, HREs have some development challenges due to the low regression rate of the solid fuel
grain, combustion efficiency and combustion instabilities [6, 7]. The regression rate for commonly employed solid
fuels such as Hydroxyl-Terminated Polybutadiene (HTPB) and High-Density Polyethylene (HDPE) is low due to their
boundary layer combustion mechanism [8].

The profile of the HRE fuel grain has a considerable impact on the propulsive characteristics of the engine. The simplest
grain design is a single cylindrical port. When multiple ports are required to increase the burning surface and, therefore,
the fuel mass flow, several problems are introduced, such as pressure differences between the ports. Moreover, a
circular shape of each of the multi-ports can lead to high residuals and inefficient volumetric loading. In these
situations, sometimes, longer motors are used to increase the burning surface, which creates control problems in flight
[4]. On the other hand, changing the geometry from a single circular port to a star shaped grain or swirling ports, for
example, can increase the effective burning rates [9, 10]. Various techniques have been applied over the years to
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increase the solid fuel regression rate and one of the more effective and simpler ones is the changing of the grain
configuration to increase mixing and heat transfer [11].

Previous research carried out by the authors using a single Forward Facing Step (FFS) or Backward Facing Step (BFS)
demonstrated increased regression rates for FFS and BFS grains in comparison with a cylindrical single port [12]. The
stepped concept proposed first by Glaser et al. [12,13], Figure 1(a), approximates an idealised fuel port by a set of
cylinders with different inner fuel diameters, as seen in Figure 1(b). Because of the steps, recirculation zones are
induced that increase mixing and heat transfer. This design is easy to manufacture since there is no need for additive
manufacturing, which otherwise would be necessary to manufacture the optimised profiles [12,13].

a) Smooth fuel grain b) Profile approximated with steps
Fuel grain following an idealized profile Recirculation

==

Oxidizer flow ) ) R .
Profile to be approximated Cylindrical fuel grains

Figure 1: Approximation of fuel port profiles [12]

In the Ref. [12], several tests were carried out to study the influence of the BFS and FFS on the solid fuel regression
rate on three different motors with different propellant couples. First, for the ULB-ATM HRE, a cylindrical motor
using N2O as oxidizer and HDPE as fuel, the theoretical positive effects of BFS and FFS grains were confirmed [12].
The FFS configuration increased the average solid fuel regression rate by 41.3 % above the reference trend line (single
port); in the case of BFS, the increase was 15.7 %. Additional tests with the ULB-ATM Mouette slab burner (paraffin
and oxygen) brought insights about the areas of higher regression rates through CH* intensity analysis. The 2D-slab
burner campaign proved that a steps are also effective for paraffin grains in the two-dimensional domain [12].

In the following, another battery of tests employing the ONERA HYCAT motor was carried out. HYCAT uses H,0;
as oxidizer and HDPE as fuel. For HYCAT, the BFS case increased the average regression rate (+26.3 %), while the
FFS had a negligible effect on the time and space averaged regression rate. This is in contrast to previous tests on the
ULB-HRM engine, where FFS were more powerful. The explanation for this difference was not the different propellant
couple but the total fuel grain length (and to a lesser extent the ratio of total fuel grain length to step height). Shorter
grains benefit more from FFS, while longer grains profit from BFS [12].

To prove the concept of multiple steps as presented in Figure 1, Glaser et al. [13] tested multi-stepped fuel grains that
also followed an optimized profile. The profiles were optimized using a genetic algorithm to decrease O/F shift and
mixture ratios closer to stoichiometry. The overall regression rate could be increased by 80%, proving that multiple
steps can be employed to cumulate the effect of steps. However, the optimization of the O/F could not be conclusively
proven, most likely due to limited burn times [13].

In a follow up work, Glaser et al. [14], tested a novel grain configuration enabled by the stepped design approach
named STEpped Helix HYbrid Rocket Engine (STEPHHY). The stepped helix approach is an evolution of the axial
stepped profiles by taking the stepped approximation into the third dimension and allowing it to approximate a helical
fuel port with steps. The results were positive with up to 245% regression rate increase. Moreover, the stepped helix
design combines both a helical port and a stepped port, while considerably decreasing manufacturing complexity for
helical fuel ports [14].

The present work complements the study of the stepped grains (optimized profile and stepped helix) by investigating
the interaction between the pressure oscillation in the combustion chamber and the grain configuration on the HYCAT
hybrid rocket motor. We are using a computation tool, named WaVer, developed at the University of Brasilia Chemical
Propulsion Laboratory, and apply the methodology proposed by Bertoldi et al. [7] and Lee et al. [15]. In Section 3, we
present the approach adopted for this work.

1.1.Hybrid Rocket Instabilities

Hybrid rocket pressure oscillations of low frequency and large amplitude have been observed by many researchers [7,
15-17]. These oscillations are not as catastrophic for hybrid rocket engines as they are for liquid and solid systems.
However, severe pressure oscillation can result in a significant reduction in the performance of the propulsion system,
trigger other types of instabilities [16], or restrict the application of the technology, depending on mission requirements.
The studies of available instability data suggest the existence of at least three major categories of hybrid combustion
instability phenomena: (i) instability due to the time lag associated with vaporization and combustion of liquid droplets
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(with liquid injection); ii) unstable burning associated with periodic accumulation and break-off of char layers or
melted layers at the surface; (iii) the combustion instability mechanism similar to that encountered in solid propellants
[18].

2. Experimental setup and fuel grain configurations

2.1 Experimental setup

The HYCAT (Hybrid with CATalyzer) motor uses H202 (87.5 %) and HDPE as propellants. The hydrogen peroxide
is decomposed over a catalyst bed and injected into the combustion chamber. The oxidizer mass flow used for the tests
is set to approximately 0.35 kg/s, measured with a Coriolis mass flow meter. Four piezoelectric pressure probes
measure the chamber pressure in the pre- and post-chamber, and the temperature upstream of the axial injector is
recorded as well. The length of the engine can be adjusted thanks to its modular design, allowing for a wide range of
fuel grain lengths. The combustion gases are ejected through an ablatively cooled nozzle. In the presented tests, the
engine was operated at around 25 bar chamber pressure leading to thrust ranges of around 700 N, which was measured
with the thrust balance the engine is mounted on.

2.2 Fuel grain configurations and test conditions

With the aim to organize the discussion of the results, we separated the cases according to the grain geometry. First,
we focus on the test with single BFS and FFS grains and the single circular port (baseline tests). Consequently, we
investigate the multi-step configurations, and lastly the stepped helix fuel grains. Due to the characteristics of the
HYCAT motor, the chamber pressure oscillations are coupled with the motor feed system. Apart from the solid fuel
grain configuration, all other systems, and subsystems of the HYCAT motor were the same for all the data presented
below.

2.2.1 Description of multi-stepped axial geometries

In a stepped case, the diameter before and after the step is different. Table 1 presents the main dimensions for the tests
and Figure 2 shows the basic design of a BFS grain. For a FFS grain, Dy is larger than D».

Table 1: Overview of the fuel grain main dimensions (single steps)

Test no. Grain Configuration D1 (mm) D2 (mm)
H48 Single port 25 --
H49 Single port 40 --
H50 FFS 40 25
H51 BFS 25 40
H52 BFS 25 40

D1 no-step reference D: no-step reference

BFS grain
Figure 2: Visualization of BFS grain [12, with modifications]

For the concept of multiple steps, different segments or slices with different inner diameters (or any other desired
geometric characteristic) are assembled together so that they represent an optimized fuel grain geometry that is
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approximated by steps [13]. The details of the optimization process are not elaborated in this work but can be found in
Ref. [13].

The influence of the multi-step grains on the combustion chamber pressure oscillations is analysed with data from tests
H55, H56, H57 and H60. The number of grain segments, steps and step heights are listed in Table 2. Figure 3 illustrates

the assembled H56 grain after the test.

29 t P S e g . .

Figure 3: H56 profile after test [13]

2.2.2 Description of stepped helix (STEPHHY)

The helical design consists of a series of solid fuel grain segments that are rotated against each other to form a stepped
helical fuel port [14]. Due to the rotation of each slice, a helical structure with steps is introduced that forces the
oxidizer flow into a swirling motion. Figure 4 presents the initial STEPHHY | concept, and Figure 5 shows the
STEPHHY X (or CROSS because of the cross-section fuel port). Detailed information about the design and propulsive
performance of the helical grain is available in Glaser et al. [14]. Table 2 summarises the main dimensions of multi-
step tests and STEPHHY.

94 mm

Figure 5: Port design of STEPHHY X [14]

Table 2: Overview of the fuel grain configurations (multiple segments) [13,14]

Test no. Grain Step height, (mm) / step grain
Configuration configuration segments
H55 Multi-step 7.5 (3 xFFS) - 7.5 (4 x BFS) 8
H56 Multi-step 2 (71 X FFS) — 4 (3 x BFS) 11
H57 Multi-step 8 (2 x FFS) — 4 (4 x BFS) 7
H58 STEPHHY | 7.65-7.85 17
H59 STEPHHY X 4.29-4.32 10
H60 Multi-step 4 (4 X FFS) — 8 (2 x BFS) 7
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3. Frequency Analysis

To study the pressure oscillations in the combustion chamber, two pressure probes in the post-chamber with a sample
rate of 5 kHz are used. The other pressures acquired were the pressure in the catalytic bed (two sensors), pressure in
the feed lines, such as before the oxidizer valve and in the hydrogen peroxide tank.

Through analysis of the pressure signal obtained from the combustion chamber, it becomes evident that small
amplitude oscillations occur during the combustion process. This is because in the HYCAT tests the chamber pressure
is not isolated from other critical motor subsystems, such as the oxidizer lines and oxidizer tank. This lack of isolation
leads to a significant influence of low-frequency chamber pressure oscillations and complex interactions with the feed
system. The interplay between these factors can result in undesirable pressure fluctuations within the combustor.

It is worth highlighting that feed-system coupled instabilities exhibit distinct characteristics compared to TCG
(Thermal-Combustion-Gasdynamic) coupled instabilities that primarily originate from the boundary layer response
time. In the case of feed system instabilities, the dominant frequencies strongly correlate with the residence time of
gases within the post-chamber and the inherent flow characteristics. In-depth analysis of the experimental data allows
for the identification of specific conditions in which hybrid rocket motors demonstrate reduced combustion instabilities
associated with the (liquid) oxidizer feed system [15, 19, 20].

To start the frequency analysis, the raw data is imported into the WaVer program and the dataset of interest is chosen
(Figure 6). The WaVer is a Python-based tool developed at the University of Brasilia Chemical Propulsion Laboratory
(UnB/CPL) and the main advantage is that the program is user-friendly, flexible and allows manipulating the data
without needing to rewrite the code to adjust to the user requirements, thus, all the analysis can be performed in the
same program. The code performs the DFT (Discrete Fourier Transform) of the signal by an FFT (Fast Fourier
Transform) algorithm (Figure 7) and presents the SFT (Short-Time Fourier Transform) in both 2D and 3D
spectrograms (Figure 8). Figure 9 presents the spectral density, and mathematically it is defined as the Fourier
transform of the autocorrelation sequence of a time series, which is obtained by performing a Fourier transform on the
autocorrelation function. The spectral density represents the average squared magnitudes of the Fourier transforms, or
in a simple way, it describes the frequency content of a signal and can be utilized to detect periodic patterns in the data,
such as time variation of the combustion chamber pressure. By examining peaks at frequencies corresponding to these
periodicities, it is possible to identify and analyse the presence of such patterns. Reference [21] defines the spectral
density function with mathematical formalism and discusses the properties of the spectral density estimation, and
reference [22] presents an overview about the estimation of the spectral density using DFT/FFT.

Data results from the firing test, together with calculated stability parameters are given in Table 3. AP is the injector
pressure drop measured as the difference between the feed line pressure near the oxidizer main valve and the chamber
pressure. The parameter By, /P. is the maximum initial chamber pressure oscillation amplitude divided by the initial
chamber pressure and it is commonly used to quantify chamber pressure oscillations.
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Figure 6: Data refined, test H48
For the analysis, the initial values are the experimental parameters. The initial geometry of the combustion chamber is

based on the initial fuel port diameter and length, the initial volumes of the combustion chamber, the injector cavity,
and the post-combustion chamber. However, the grain geometry is consumed over the burn time, which changes the
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internal geometry. This indicates a limitation of the methodology to estimate pressure oscillations [7, 15]. The
implications of this will be discussed later in this paper.

The initial fundamental frequency, f;,;, was taken at the onset of combustion instabilities. As the injector plate,
catalytic bed length, and injector cavity were kept constant during all the tests, we assume that the oxidizer properties
at the entrance of the fuel combustion port were roughly the same throughout the test campaigns. This remark is
important because the size of the injector cavity has a major impact on the feed-system coupled instability.
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Figure 7: DTF, test 48
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Figure 8: Results of the STF, test H48 Figure 9: Estimation of the spectral density, test H48

Figure 10 presents the chamber dynamic pressure plots of H48 and Figure 11 the Fourier transform of the same test.
The combustion process took place at an average chamber pressure of 26 bar with an injector pressure drop (difference
between the feed line pressure near the oxidizer main valve and the chamber pressure) of 15 bar. The Fourier transform
indicates that the fundamental frequency spans from about 50 Hz to 500 Hz, which differs from liquid rocket engines
since pressure signals in liquid engines occur in a narrow bandwidth [15].

The fundamental frequency of the combustion chamber is presented in Figure 12 for test H48 and Figure 13 for test
H51. The same study was carried out for all the tests and the main findings are presented in the next section.

Chamber Pressure

Time (s)

Figure 10: Test H48 chamber dynamic pressure (MPa)
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Figure 11: Test H48 Fourier transform
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Figure 12: Contour plots of Fourier transform in time-frequency for test H48
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Figure 13: Contour plots of Fourier transform in time-frequency for test H51

Table 3: HYCAT chamber pressure oscillations results

Testno.  Fuel grain Dy, mm P_, bar AP,bar Py /P, %  fini, HZ
H48 Single port 25 26,25 15.11 15.51 71.02
H49 Single port 40 2421 13.70 8.63 45.45
H50 FFS 325 25.46 11.93 9.09 50.56
H51 BFS 32.5 27.19 11.54 2.99 60.79
H52 BFS 32.5 28.36 9.00 5.74 40.34
H55 Multi-steps 34 27,99 8.56 6.61 35.23
H56 Multi-steps 40.1 25,96 11.80 4.37 35.22
H57 Multi-steps 40.4 27.03 10.19 3.82 35.23
H60 Multi-steps 40.4 27.33 10.30 2.56 30.11
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4. Discussion of the Results

For better overview, we separate the discussion of results into the axial stepped profiles (H50-H52, H55-H57 & H60)
and the stepped helix tests (H58&H59).

4.1. Results for multi-stepped axial fuel grains

Figures 14, 15, and 16 present the spectrogram for the stepped grain tests H50 (single FFS), H55, and H56 (both multi-
stepped), respectively. Let us compare the contour plots of the Fourier transform in time frequency for the tests H48
(no step reference) and H51 (single BFS) in Figures 12 & 13 with the plot of the tests H50 (single FFS), H55, and H56
(both multi-stepped) in Figs. 14-16. It is possible to note that the fundamental oscillation frequency for H48 & H51
does not shift significantly over time, while for the tests H50, H55, and H56 it is not possible to determine any trend.
This result is likely because of the unique shape of the fuel grains developed. For test H48 the grain port configuration
is a single cylinder as in most of the experiments with HREs, and the behaviour shown in Figure 12 is the same as
found by Lee et al. [15] for the same fuel but using nitrous oxide as oxidizer. It seems that the same behaviour is true
for the test H51 (BFS type). Both grains in these cases have a combustion port of 25 mm in the first half, with the main
difference being that for test H51 (BFS grain) the port diameter in the second grain half increases to 40 mm (Figure
2).

When we compare the real-time estimation of the spectral density for the tests H48 and H51, in Figure 17 and Figure
18, respectively, it is possible to note that the initial frequencies are close, between 60.79 — 71.02 Hz. For test H51, the
trend of the plot (Figure 18) indicates a slight increase in the frequency, from the initial value of 60 Hz to around 80 —
90 Hz, after 16 s. For test H48, the behaviour is the opposite, because the frequencies tend do decrease with time. The
behaviour of decreasing frequency of the unstable test (H48) agrees with references [7, 20].

Spectrogram Spectrogram
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Figure 14: spectrogram for the test Figure 15: spectrogram for the test Figure 16: spectrogram for the test
H50 H55 H56

Spectral Density Estimation Spectral Density Estimation
T U d

3 3 8

8

Max Frequency [Hz]
Max Frequency [Mz]

&

13 14 15 16 17

il
Time [sec] ® ®
Figure 17: Spectral density for test H48 Figure 18: Spectral density for test H51

In the test H50, which uses a single FFS grain, the maximum amplitude of the oscillations is 9.1% with an initial
frequency of 50.6 Hz. In general, the maximum frequency for the FFS grain is still lower than for the BFS configuration
(H51), and close to a single port configuration. It is to be noted here, that the BFS oscillations (H51 & H52) are lower
than the FFS oscillations (H50). Lee et al. [23] have already shown that BFS can decrease pressure oscillations. Figure
19 presents the maximum frequency of the real-time estimation of the spectral density for test H50.

The test H56 (multi-stepped grain) presents a very stable pattern with a maximum amplitude of oscillation less than 5
% (usually accepted as stability limit) and Figure 21 shows that the maximum frequency of the real-time estimation of
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the spectral density is smoother in comparison with test H55 (Figure 20). Both test H55 and test H56 have multiple
steps; however, test H56 has a smaller step height (2 - 4 mm) and more grain segments (11) than test H55 (7.5 mm
step height and seven segments). This indicates that the height of the steps has a more important impact on the chamber
oscillations than the number of steps.

The impact of the type of step on the oscillations can best be shown when comparing test H57 with H60. Test H57 is
a multi-step test with two FFS with 8 mm height and four BFS with a step height of 4 mm, while test H60 has four
FFS steps with 4 mm height followed by two BFS with height of 8 mm [13]. Both tests have similar average chamber
pressure (~ 27 bar) and pressure drop (~10 bar), and the average maximum chamber pressure oscillations are 3.82 %
for test H57, and 2.56 % for test H60. Figure 22 shows the maximum frequency of the real-time estimation of the
spectral density for test H57, and Figure 23 presents the same information for test H60, where it is possible to derive
that the distribution of the maximum frequency for test H60 is more uniform in comparison with test H57, therefore
more stable. It is important to note that for both tests, H57 and H60, the maximum pressure oscillation was less than
5%. We can observe another important characteristic here: Lee at al. [21] have shown that BFS can decrease pressure
oscillations, while diaphragms (which can be loosely interpreted as FFS) increase the pressure oscillations. This could
explain why H60 is more stable than H57, given that H57 has higher FFS (8 mm) and smaller BFS (4 mm) and H60
has higher BFS (8 mm) and smaller FFS (4 mm).

Spectral Density Estimation Spectral Density Estimation Spectral Density Estimation

&
g

Max Frequency [Hz]

Max Frequency [Hz]

Max Frequency [Hz]

| T ¥a e L4 LMK i} 4 |
12 13 14 15 16 17 18 19 12 13 14 15 16 17 18 19
Time [sec) Time [sec) Time [sec]
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Figure 22: Spectral density for test H57 Figure 23: Spectral density for test H60

4.2. Results for stepped helix (STEPHHY)

Let us now change the attention from the axial stepped grains to the stepped helix grains [14]. Table 4 presents the
frequency analysis of the STEPHHY tests. The configuration of the STEPHHY | grains can be seen in Figure 4 while
Figure 5 shows the STEPHHY X concept. The average pressure for test H59 is slightly lower than for test H58, but
the pressure drop between the chamber and the feed system is similar. As defined before, the parameter B, /P. is the
maximum initial chamber pressure oscillation amplitude divided by the initial chamber pressure and it is commonly
used to quantify chamber pressure oscillations.

The value for B, /P. of test H58 is almost 11 % and close to the tests with the single port configuration (H48 and
H49) and FFS grain (H51). The oscillations of pressure for STEPHHY X (test H59) are inside the stability criteria, but
the value of 2.47 % (*) is to be regarded with caution. The pressure in the chamber continuously decreases during the
engine operation due to nozzle erosion (the nozzle throat diameter eroded from 16 mm to 16.9 mm). Moreover, the
regression rate shifted considerably over time due to the design choices of STEPHHY X [14]. Figure 24 shows the
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maximum frequency of the spectral density for test H58, and Figure 25 presents the same information for the test H59.
It is likely that the significant increase of the maximum pressure density for test H59 (Figure 25) at around 11.5 seconds
is caused by the changing of the geometry of the combustion port over time and the nozzle erosion.

Table 4: HYCAT chamber pressure oscillations result for Helix grains

Test no. Fuel grain Dyo(mm) P, bar AP, bar Pinax/Pc, %0 fini» HZ
H58 STEPHHY | 34.00 28.68 9.38 10.85 35.23
H59 STEPHHY X 22.24 26.88 9.19 2.47" 30.11
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Figure 24: Estimation of the spectral density, test H58
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Figure 25: Estimation of the spectral density, test H59

4. Conclusion and Final Remarks

Hybrid rocket motors have been experiencing combustion instability phenomena in various projects at different motor
sizes. The feed-system coupled instability is a type of dynamic instability in which the time-dependent response of the
propellant flow is related to the unsteady combustion pressure. The intrinsic low-frequency instability is caused by the
coupling of the thermal lags, the gas-phase combustion, and the gas dynamic subsystems of the hybrid rocket.

The maximum frequency (peak) of the spectral density for all tests was lower than 300 Hz, consistent with the intrinsic
low frequency of the hybrid rocket motors, but also influenced by the feed-system coupled instabilities. However, the
HYCAT engine uses a catalytic bed and injector cavity, which increase the distance between oxidizer entrance and the
front of the fuel grain port, those lengths (L) impact the fundamental frequency, f o« 1/L%® [15]. As, in this specific

10
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study, the length of both the catalytic bed and cavity were the same for all the tests presented, we consider that this
condition affected all experiments equally, thus, it is not the principal reference parameter for the pressure oscillation.
The main purpose of this study was to investigate the impact of grain geometry on the pressure oscillations in the
combustion chamber. More precisely, we investigated how steps in the fuel grains affect the combustion behaviour.
First, we used a single circular combustion port, as a reference, and it was possible to note pressure oscillations in the
combustion chamber around 15.5 % and 8.7 %, which is higher than 5%, which commonly adopted as the upper
stability limit. For the test H50 (single FFS) the values of the pressure oscillations were close to the reference case.
These findings are following the trend of the ballistic behaviour of the motor, because the FFS had a negligible effect
on the average regression rate on the HYCAT engine [12].

In the case of multi-step tests, the average regression rate is very close for all the cases, between 0.5 mm/s and 0.8
mm/s, like the values for the references (H48 & H49) and single FFS and BFS cases. For H55 with larger FFS heights,
we observed pressure oscillations of 6.6 %. For test H56, we observed pressure oscillations of around 4.4%, for a
configuration with 11 segments (out of which 7 steps are FFS), however with a smaller step height (2-4 mm). It seems
that the size of the FFS grains have a bigger impact on the oscillatory behaviour of the combustion chamber process
than the number of steps. If we compare tests H57 and H60, the impact of the step type becomes apparent. Test H57
has large FFS (8 mm) and small BFS (4 mm). On the other hand, H60 has large BFS (8 mm) and small FFS (4 mm).
In our analysis, H60 (2.56 %) is more stable than H57 (3.82 %), which leads to the conclusion that BFS increase the
stability more than FFS. The positive impact of BFS on pressure oscillations in HRES has already been reported in the
literature [23].

For the stepped helix designs (STEPHHY), the overall regression rate was significantly higher due to the new design
(up to +245% compared to the reference). Quantitatively speaking, for the tests H58 (STEPHHY 1) and H59
(STEPHHY X), the regression rates were 1.18 mm/s and 1.49 mm/s, respectively. However, the signal of the pressure
in the combustion chamber differs drastically in both cases. STEPHHY | (H58) had high frequencies at the beginning
of the burn (Figure 24) and that shifted to lower values over time. STEPHHY X (H59) shows a very stable behaviour
at the begging of the test because the variation (maximum and minimum) of frequency estimated by the spectral density
(peaks) varies between 30 Hz and less than 100 Hz from the beginning of the test, until the time 11 s (approximately).
After, the time 12 s (approximately) the estimation of the frequencies changing quick and continuous from around 50
Hz to about 250 Hz. If we compare P, /P., it is smaller for test H59 in comparison with the test H58. The
interpretation of the results for the stepped helix is more delicate. This is due to the particularities of the stepped helix
design, where the initial helical port of the helix (most pronounced for H59) is “weakened” over time because of the
progression of the fuel port. This leads to a shift in regression rate over time, with a fast-changing inner geometry [14].
The interdependency of pressure oscillations, multi-step helical ports with fast changing geometries and pronounced
regression rate shift is not yet fully understood and subject for future investigations.

Summarizing, we have shown that steps have a non-negligible (mostly positive) impact on the pressure oscillations of
HREs. The step height is more significant than the number of steps, and the type of step is the most important
characteristic. BFS have a more stabilizing effect on the chamber pressure than FFS. Nonetheless, we like to stress that
none of the multi-stepped and stepped helix cases exhibited pressure oscillations that were higher than the most
unstable reference case without step, although all the multistep grains and the helical design showed significantly
higher regression rates.
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