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ABSTRACT

Hybrid rocket engines suffer from the restricted mechanical properties and low regression rates of
current polymeric fuel grains. We propose a three-dimensional printed aluminium (Al) nested
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composite fuel grain with millimetre-scale lattice pores (referred to as Al-L). In this study,

breathable Al blades with micrometer-scale interconnected pores (Al-B) and blades combining
millimetre-scale and micrometer-scale pores (Al-B&L) are designed. The formation mechanisms,
characteristics, and effects of the breathable blades are analysed in simulations, micro-
computed tomography, and cyclic compression tests. The mechanical properties of the
composite fuel grains are investigated numerically and in compression tests. Al-B has the
highest Young’s modulus at more than 15 times that of a paraffin-based fuel grain and Al-B&L
has the highest yield stress at 4 times that of the paraffin-based fuel grain. Referring to
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combustion properties, the regression rates of the Al-B and Al-B&L grains are respectively 63.3%
and 58.2% greater than the regression rate of the paraffin-based fuel grain.

1. Introduction

Hybrid rocket propulsion technology has increasingly
received interest in the last two decades (Guo et al.
2022; Wang et al. 2021a; Whitmore, Peterson, and
Eilers 2013; Zhang et al. 2022a). Several parallel major
advances (Okninski et al. 2021; Research Flights 2021
Virgin Galactic 2021; Faenza et al. 2019; First Test
Flight of PERUN Rocket Demonstrator 2020; Wei et al.
2022) have shown that hybrid rocket propulsion is a
potential game changer for space transportation
owing to its inherent high safety and low cost.
However, typically used polymeric fuels such as
hydroxyl-terminated polybutadiene have a low
regression rate as a consequence of classical diffusion-
flame-limited combustion (Oztan et al. 2021; Wang
et al. 2022a). The issue of a low regression rate leads
to low thrust levels for common fuel grains with
single-port geometries and hence seriously hinders the
potential widescale application of hybrid rockets.
Paraffin-based fuels (DelLuca et al. 2017; Karabeyoglu
et al. 2004; Wang et al. 2022b) are a low-cost and

effective solution for increasing the regression rate
owing to their inherently liquefiable characteristics; i.e.
melt layer fluctuations and droplet entrainment.
Despite these advantages, the mechanical strength of
paraffin alone is poor compared with that of conven-
tional polymer fuels, which leads to the use of reinfor-
cing additives, such as elastomers and thermoplastics.
This approach improves the mechanical properties at
the cost of increasing the viscosity of the melt fuel,
which prevents a high regression rate of the paraffin
fuel. The variety and proportions of enhanced additives
result in an inherent trade-off between the mechanical
stability, regression rate, and processability. Unfortu-
nately, the underlying mechanism and evaluation cri-
teria for this trade-off are complex.

A promising approach for overcoming the above
problem is to embed thermoplastic-polymer-reinforced
structures in paraffin fuels, where the reinforced struc-
tures are usually prepared through additive manufactur-
ing (also known as three-dimensional (3D) printing)
(Armold et al. 2014; Bisin et al. 2020; Hill et al. 2019;
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Lin et al. 2022; Oztan and Coverstone 2021; Wang et al.
2020; 2021b; Zdybal et al. 2021). The goal of this
approach is to use an optimised structural framework
that effectively increases the mechanical strength of
fuel grains while retaining the high regression rates of
paraffin-based fuels. Many complex structures that are
difficult to produce using traditional manufacturing pro-
cesses have been printed to modify paraffin fuels such
that the mechanical properties of the reinforced fuel
grains are improved (Bisin et al. 2020; Hill et al. 2019;
Zdybal et al. 2021). Hill et al. (2019) showed that reinfor-
cing paraffin fuel grains with a polylactic acid lattice can
reduce paraffin sloughing and improve combustion
stability, albeit at the expense of a minimal decrease in
the regression rate. Bisin et al. (2020) developed an
armoured grain, which is a paraffin-based grain embed-
ding a 3D printed cellular structure. Compression tests
and numerical simulations have shown that the fragile
behaviour of the pristine paraffin wax changes to a
ductile behaviour of the armoured grain, suggesting
that the armoured grains outperform grains convention-
ally reinforced through blending binders.

In prior work, our group proposed a 3D printed metal-
reinforced paraffin-based fuel grain (Lin et al. 2022). The
reinforced structure comprises multiple inner spiral
blades. A main novelty is the use of aluminium (Al) as
the structural material to improve the mechanical
strength, although the Al also participates in the com-
bustion reaction. Firing tests confirmed an improvement
in the fuel grain regression rate due to the high thermal
conductivity of the Al structural material. Finally, the
structural modification of the spiral blades through the
introduction of a porous structure was preliminarily
investigated and the porous structure was shown to
have interesting mechanical properties and good com-
bustion efficiency. However, this prior work lacked an
in-depth investigation of the effect of the scale of the
porous structure and the realisation of the 3D printing
process.

The effects of pores on the mechanical properties of
porous structures are well known (Koh et al. 2022; Kuo
et al. 2020; Siddique et al. 2022). A variety of porous
designs, including honeycombs (Ruan et al. 2003;
Shen, Lu, and Yu 2013; Yahaya et al. 2015), foams (Lu
et al. 2008; Ruan et al. 2002; Ruan et al. 2007; Shen, Lu,
and Ruan 2010), and smooth-cell lattice structures
(Bonatti and Mohr 2017; 2019; Maconachie et al. 2019)
with variable pore size and porosity/scale ranging from
nanometre to millimetre scales have been developed
in recent years to adjust the material’s impact resistance,
high elastic stiffness, and ability to undergo large plastic
deformation at a constant stress. For instance, the
porous structure of a surgical implant is excited to

effectively adjust the elasticity of the implant to be
equal to that of natural bone. The other effect of pores
on structural performance is the effect on the per-
meation performance. A typical application example is
porous 316L steel, which has been used as an electrode
with the aim of permeating higher matter and improv-
ing the reaction rate (Ibrahim, Wu, and Brandon 2016).
A comprehensive effect of pores on the mechanical
property and permeability application is breathable
mould steel, which requires interconnected, micron-
sized pores with size less than 80 um and a typical
volume fraction of 20-30 vol.% (Chan et al. 2007; Klahn
et al. 2013; Zeng et al. 2019).

We propose an Al nested composite fuel grain with
breathable blades, which are supposed to benefit the
mechanical properties and fuel permeability in the
present work. The breathable blades are designed to
have micrometer-scale interconnected pores (referred
to as AI-B). Millimetre-scale lattice anisotropic pores
(referred to as Al-L) constructed in our previous paper
and the combination of the two types of pore (multiscale
pores, referred to as Al-B&L) are included as control
groups. The porous blades were characterised adopting
hard-X-ray computed tomography (CT). The mechanical
properties of the grains were investigated experimen-
tally by conducting compression tests and were com-
pared with those of a composite grain with solid
blades (Al-S) and a pure paraffin-based (PP) grain. In par-
ticular, specific cyclic loading was applied to investigate
the performances of the two types of porous blade. A 3D
transient computational temperature fluid model (CtFD)
was developed to simulate the melt pool dynamics and
to illustrate the formation mechanism of porosity in the
selective laser melting (SLM) of AISi1OMg powders. A
finite element simulation of the compression tests was
performed to investigate the role of each part of the
composite grain. Finally, the combustion behaviours of
the composite grains were experimentally investigated
in a laboratory-scale hybrid rocket engine. The combus-
tion chamber pressure, time-averaged regression rate,
and combustion efficiency of each grain were assessed
and they are discussed in detail herein. In addition, PP
grains were examined to provide a performance base-
line for comparison with the composite fuel grains.

2. Experimental

2.1. Breathable blade and composite fuel grain
fabrication

The critical aspect of breathable blade fabrication is the
realisation of micrometer-scale interconnected pores at
the limitation of the blade thickness. The laser power



density is an important factor of the quality of SLM parts
and an important printing parameter in realising a
breathable blade. It is generally referred to as the
volume power density and defined by

P

E= vah’ (M
where E, P, v, d, andh represent the volume power
density, laser power, scanning speed, hatching space,
and powder layer thickness, respectively.

According to Equation (1), decreasing the laser power
and increasing the scan speed reduce the laser energy
density. A scanning speed from 3100 to 5000 mm/s
and power density from 150 to 370 W were used to
obtain a breathable Al structure.

To clarify the effects of SLM parameters on a porous
blade, we first investigated the feasibility of forming a
porous blade with minimum blade thickness. Figure 1
shows the effects of the scanning speed (ranging from
3100 to 5000 mm/s) and laser power (ranging from
150 to 370 W) on the density of as-printed Al blades.
The mean thicknesses of No.4 and No.5 were 0.41 and
0.57 mm respectively. The energy density changed in
the radial direction of the blade, being lower closer to
the shell. The thickness of the Al blades ranged
between 0.4 and 0.5 mm.

Figure 2 shows the fully dimensioned drawings and
photographic images of the 3D-printed Al frameworks
with porous Al blades, and the cross-sectional mor-
phology after filling with paraffin propellant, respectively.
An Al framework with multiple inner spiral blades was fab-
ricated adopting SLM. The framework comprised an outer
wall and 12 integrated blades spiralling in the axial direc-
tion. The length, outer diameter, and inner diameter of
the fuel framework were 100, 60, and 20 mm, respectively.
It should be noted that the breathable blades are created
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Figure 1. Effects of the scanning speed and laser power on the
manufacturability of the porous blade.
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by manipulating the process parameter based on the
drawings of Al-S, which is not from designed drawings.
This is the main difference as compared to designed
pores using lattice structures (Chua, Sing, and Chua
2023; Tan et al. 2022). Although the pores are uncertain
before the process parameter is determined, the process
parameter is controllable. This study used printing par-
ameters of No.5 showed in Figure 1 with a power
density of 1.99, and at least four repeatable Al frameworks
with breathable blades were obtained. Commercial gas-
atomised AlISi1T0Mg powder with a particle size of 15-53
pum was used as feedstock material. An SLM®125
machine from SLM Solutions Group AG was used to
produce the Al frameworks. Laser powder bed fusion pro-
cessing was performed under an argon atmosphere with
the oxygen content maintained below ~100 ppm. The
building plate was preheated to 200°C. The layer thickness
was kept constant at 60 pm.

The morphology of the as-fabricated blades was
observed adopting optical microscopy (OM, Axio Obser-
ver 3) after standard polishing. The internal pores were
analysed through micro-focus computed tomography
(micro-CT) using a ZEISE machine with W radiation at
210 kV and 30 pA. The pore size was measured from
optical microscopy images following computer binarisa-
tion processing. The porosity of the blade was calculated
using ImageJ software.

Finally, a centrifugal process cast the fully molten
paraffin-based fuel into the Al framework until all the
gaps between the Al blades were filled. During casting
(centrifuge speed was set to 1400 rpm), the paraffin-
based fuels were gradually added and adequately
cooled each time to prevent internal cracks or defects
and minimise thermal stress. The paraffin-based fuel con-
sisted of 58 wt% paraffin (paraffin 58) together with 20 wt
% polyethylene wax, 10 wt% Ethylene Vinyl Acetate, 10
wt% octadecanoic acid, and 2 wt% carbon black. More
details on the manufacture composite grain can be
found in previous publications (Lin et al. 2022; Luo et al.
2023; Wang et al. 2020; Zhang et al. 2022a).

2.2. Mechanical tests of composite fuel grains

Uniaxial compression tests at ambient temperature on
the 3D-printed Al nested composite fuel grains were
conducted using an MTS810 universal testing machine.
The compression rate was 1 mm/min.

To investigate the bonding strength of the interface
between the porous Al blade and paraffine fuel,
additional Al-B and AI-B&L frameworks without an outer
shell were designed manufactured as shown in Figure 3
(b). After the transferring of paraffine, cyclic compression
loading was performed on the composite fuel grains.
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Figure 2. The design drawings and photographic images of the 3D printed Al frameworks. (a) The fully dimensioned drawing of the
Al-S framework. (b) The fully dimensioned drawing of the Al-L framework. (c) As-printed Al-B (left) and Al-B&L (right) frameworks. (d)
The cross-sectional morphology after filling with paraffin propellant.
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Figure 3. Strain measurement during the loading of Al-B and Al-B&L without an outer shell.



Figure 3 shows the non-contact, full-field deformation
and 3D strain measurement system used during cyclic
loading. The low-speed industrial camera of HF Agile
Device Co.Ltd. was used and the camera resolution is
2480%*2048, as well as Lens focal length is 50 mm. A
speckled pattern was sprayed onto the measured surface.

2.3. Laboratory-scale hybrid rocket engine

The laboratory-scale hybrid rocket engine used for com-
bustion analysis is shown in Figure 4 and briefly described
here. Further information on the apparatus can be found
in our previous publication (Lin et al. 2022). The engine
used oxygen gas as the oxidiser and a methane/oxygen
torch activated by a spark plug to ignite the fuel grain.
The mass flow rate of oxygen was set at 18.1 g/s using a
calibrated mass flow controller (Bronkhorst, model F-
203AV) in all firing tests. This rate corresponded to an
average mass flux value of 5.77 g/(cm?s). The combustion
chamber had a length of 100 mm and inner diameter of
60 mm, which were consistent with the length and
outer diameter of the fuel grain. Two pressure transdu-
cers sampling at a frequency of 1 kHz were placed in
the pre- and post-combustion chambers of the motor.
A single ultrasonic probe was located in a central position
on the grain to measure the regression rate in real time. A
conical nozzle having throat and outlet diameters of 5
and 10 mm respectively was used. The firing test con-
ditions are summarised in Table 1.

3. Results and discussion
3.1. Porous blade and pore formation mechanism

3.1.1. Pore characteristics
A multiscale structure of the Al framework was designed.
This structure comprised a cylindrical shell and twelve

Control & data acquisition
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Table 1. Firing test conditions.
Initial mass flow rate

Initial mass flux of O,

No. Type of grain of 0, g/s g/(cm?s)

1 Al-S composite grain 18.18 5.79

2 Al-L composite grain 17.90 5.70

3 Al-B composite grain 18.56 5.91

4 Al-B&L composite 18.28 5.82
grain

5 PP fuel grain 17.65 5.62

helical blades of three types. Figure 5 shows the helical
blades of Al-B and the microstructure of Al-B and Al-L
observed by micro-computed tomography. The partial
blade in Figure 5(a) has the main characteristics of
helical thin blades with obvious macroscopic intercon-
nected pores. Image analysis reveals that the Al-B
blade in Figure 5(b) has micrometer-scale pores that
vary gradually along the radial direction and have
maximum porosity of 49.8% near the shell owing to
the lower power density of the blade near the shell.
Figure 5(c) shows lattice elliptical pores of the Al-L
blade, with the ratio of the length of the elliptical pore
to the half-axis length increasing along the radial direc-
tion. The size of the elliptical pores in the Al-L blade
increases along the radial direction, which decreases
thermal conduction in this direction. In addition, an ellip-
tical pore means that there is anisotropic thermal con-
duction that leads to thermal conduction along the
radial direction being approximately 7% higher than
that in the axial direction. In comparison with the Al-L
blade, the AI-B&L blade has the same elliptical pores
and breathable structure as the Al-B blade but in other
parts of the blade.

3.1.2. Factors that affect porosity

The pores size and porosity of the 3D printed structure
mainly depends on the laser processing parameters. A
3D transient computational temperature fluid model

=
P P
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: VITTTTT
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Aft-chamber

I E= Regulating valve »¥a Solenoid valve gl Mass flow controller ® Check valve [ Sonic orifice (P) Pressure transducer I

Figure 4. Schematic of the experimental setup for the laboratory-scale hybrid rocket engine.
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Figure 5. Macrostructure and microstructure of (a,b) Al-B and (c)

(CtFD) and a powder-scale multiphysics dynamics model
are developed to physically derive the relation between
the present SLM process and the micrometer-scale inter-
connected-pore structure. The proposed computational
model considers heat transfer, fluid flow, and the for-
mation of the melt track. AISiTOMg powders with a
layer thickness of 53 um and diameter range of 15-53
pm are randomly generated and filled into a powder
bed with dimensions of 6.2 mm x 0.4 mm X 0.06 mm. It
is noted that the model is much longer along the scan-
ning direction than conventional SLM numerical models
(Ge et al. 2021; Yan et al. 2017; Zhao et al. 2020) because
the scanning speed is greatly increased in the present
work to print a porous structure with excellent mechan-
ical and combustion properties. A 3D powder-scale CtFD
model is constructed and discretised using an orthog-
onal grid with consideration of the calculation
efficiency and modelling accuracy. The total number of
cells is 5,142,386 and the cell size is 5 x 1076 m. The
physical time is 2 ms and the minimum time step is
107"2 s for the proposed model. lterative calculations
are made using the SIMPLE algorithm based on the
finite volume method. A mesh-sensitivity test is prelimi-
narily carried out by varying the cell size to exclude the
effect of the mesh on the simulation resolution. Melt
pool dynamics in SLM are modelled making some
major assumptions. Marangoni convection inside the
melt pool is Newtonian, laminar, and incompressible
under the Boussinesq approximation. The laser heat
source is Gaussian with a constant scanning speed. A
porous medium flow is assumed in the mushy zone
and described by the Carmen-Kozeny relation (Voller
and Prakash 1987). The heat loss due to material evapor-
ation is not considered.

As shown in Figure 6(a), a continuous and steady melt
track is achieved for the parameters listed in Figure 1

Al-L.

and there are no defects such as balling or unevenness
of the track boundary. The scanning speed is set as
high as 3100 mm/s in this work to lower the energy
density and thus construct a pore-through structure at
micrometer. As a result, the melt pool length is much
longer and there remains a liquid region even though
the laser has swept a long distance (see Figure 6(c)).
Additionally, separate liquid regions without connection
to the main melt pool are observed as indicated by the
white dotted ellipse in Figure 6(c). To provide a control
group, modelling is carried out using conventional
SLM parameters from the literature (Kan et al. 2021),
and the simulated melt pool morphology and melt
track are plotted in Figure 6(d). Compared with the
results in Figure 6(c), the length of the melt pool
achieved at a scanning speed of 500 mm/s is much
smaller and there is no separate liquid region, but the
width of the melt pool is obviously larger as shown in
the inset of Figure 6(d). Specifically, the width of the
simulated melt pool is 120 um for the conventional
SLM (at 500 mm/s) and 158 um for the ultra-high-
speed SLM (at 3100 mm/s). The ultra-high scanning
speed and lower heat input result in smaller (larger
length and smaller width) melt pool dimension and sep-
arate liquid region in the printing of a breathable
structure.

As discussed, there are some key factors that deter-
mine the final porosity distribution in the as-bulit part
(Kuo et al. 2020; Li et al. 2018; Yu et al. 2019; Zhang
et al. 2022b), involving the stress inside printed stuc-
ture, addition of Erbium (Er) element or Scandium
(Sc) element to printing alloy, remelting of solidified
parts, as well as the process-induced prosity, which is
resulted the unexpected printing process such
unstable keyhole or gas entrapment. The current
study is focused on the the final process-induced
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Figure 6. Melt pool morphology and melt track in the printing of a breathable structure. (a) Top view at a physical time of 0.6 ms. (b)
Longitudinal view at a physical time of 0.6 ms. (c) Top view at a physical time of 1.8 ms. (d) Top and longitudinal views of the control
group at a physical time of 5 ms. Colour contours represent the fraction of the liquid phase. The melt pool in the SLM process is
indicated by the white dotted rectangle whereas the position of the laser spot is indicated by the yellow dotted circle. The scanning
direction of the laser heat source is shown in Figure 6(a) and is the same for the other sub-figures.

prosity. Material evaporation induced keypore is not
observed in the present modelling because the
volume energy input is relative lower under the
ultra-high scanning speed. Thus, the keyhole pores
and trapped gas are not the mian causes for the exist-
ing pority, and the final porosity of the as-built burn-
able structure is expected to be resulted from lack of
fusion, which is consistent with a conclusion given in
the literature (Tang, Chris Pistoriusa, and Beut 2017);
i.e. there tends to be a lack of fusion when the scan-
ning speed is high and the energy input is low. The
solidification rate of the liquid melt pool (i.e. the
motion rate of the interface of the liquid and solid
phases) has been shown to positively correlate to the
speed of movement of the laser heat source (Li et al.
2020; 2022). Owing to the ultra-high speed of the
laser in the present printing, the solidification rate is
expected to be high. This is considered a benefit to
the bubble-pore transition during the melting/solidifi-
cation process (Yu et al. 2022). Pores existing in final
solidified parts can be attributed to the rapid solidifica-
tion of the melt pool without the complete filling of
bubbles with liquid materials. Finally, four pores on
the micrometer scale with a large dimension dispersion
are observed. Pores reserved in the solidified track
cannot be eliminated by the melting of the adjacent
track or added layer (Zheng et al. 2019). At a constant
laser power of 20 W, an increase in the scan speed

increases the porosity. The porosity rose from 52% to
70% as the scan speed increased from 1000 to
2000 mm/s (Ho, Gibson, and Cheung 1999; Xie et al.
2013). More importantly, it is emphasised that porosity
features, including the porosity amount and porosity
dimension, may randomly differ at different positions
and are reasonably expected to be affected by the
laser power, scanning speed, powder laser thickness,
powder diameter, apparent density, and printing tool-
path. Porosity features will be further quantitatively
modelled in future work considering all these key
factors.

3.2. Effect of the porous blade on the interface
bonding strength

The composite fuel grain comprises Al and paraffine.
There are two types of interface between two phases,
the first interface being that between the outer shell
and paraffine and the second interface being that
between the blade and paraffine. To study the interfacial
affect of composite fuel grains with breathable blades,
cyclic compression tests are performed on the Al-B and
AI-B&L grains without the first interface and the main
results are shown in Figure 7. Figure 7(a) presents the
stress—strain curves of Al-B. It is seen that the loading
and unloading curves largely coincide at pressure of
2 kN. Nevertheless, the loading curves do not coincide
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Figure 7. Cyclic loading of composite fuel grains with breathable blades: (a) stress—strain curve of Al-B and Al-B&L; (b) strain measure-
ment during the loading of Al-B; (c) energy absorption of Al-B and Al-B&L; (d) photographs of fracturing after the loading of Al-B and

Al-B&L.

with the unloading curves of 3 and 4 kN and do not form
a closed loop. This is consistent with the true strain
measurement made during loading as shown in Figure
7(b), where the colour bar shows the magnitude of
strain. With increasing pressure, there is first slight
strain on the helical blade and then higher strain in
the paraffine in the direction perpendicular to the
blade. Cracking accompanies the high strains in
these regions. The stress-strain curve and true
strain measurement of Al-B&L have the same tendencies
as those of Al-B, and there are two experiments for
each blade. By integrating the stress—strain curve
according to expression (1), the energy absorptions of
Al-B and AI-B&L composite fuel grain are obtained as
in Figure 7(c). The energy absorption is the ability of
the composite structure to absorb energy throughout
the process from plastic deformation to fracture and is
the comprehensive performance of strength and
plasticity. The plastic strains of the AlI-B and AI-B&L
composite fuel grains increase with the cycle number

(i.e. the pressure), and obvious plastic strain occurs
when the pressure exceeds 0.8 MPa (Figure 7a). In
addition, the AI-B composite fuel grain has higher
plastic strain capacity than the AI-B&L composite fuel
grain.

v = §0’ds (2)

Figure 7(d) shows photographs of fracturing after
the loading of the Al-B and AI-B&L. The failure mode is
consistent with the true strain measurement during
loading, with there being delamination and fracturing
in the region of maximum strain. Specifically, there
are multiple delaminations on the interface between
the helical blade and paraffine, mainly through-wall
cracking and small cracks distributed in the paraffine
with the special angle of the perpendicular direction to
the blade. The pores provide excellent energy
absorption and elastic recovery and strengthen interface
bonding.



Table 2. Mechanical properties of the fuel grains at a
compression rate of 1 mm/min and temperature of 293 +5 K.

Young Yield
Blade Total modulus, £ Yield stress,  strain, ¢,
classification mass, [g] [MPa] o, [MPa] [%]
Al-S 241.2 720 9.53 3.05
Al-L 2339 1087 8.87 2.59
Al-B 226.5 1408 9.38 1.92
Al-B&L 2259 921 10.06 2.46
PP 2347 84 1.98 733

3.3. Mechanical properties of the composite fuel
grains

The mechanical properties of the 3D printed composite
fuel grains were studied by conducting compression
tests at room temperuture. The mechanical performance
at elevated temeratures was discussed in the previous
paper (Lin et al. 2022). All data are given in Table 2.
Young's modulus and the yield stress of the Al compo-
site grains were much higher than those of the
paraffin-based fuel grain. Specifically, Al-B had the
highest Young’s modulus at more than 15 times that
of the paraffin-based fuel grain, whereas Al-B&L had
the highest yield stress at 4 times that of the paraffin-
based fuel grain.

Better mechanical properties of the Al nested compo-
site fuel grain were observed in our previous work (Lin
et al. 2022), which we hypothesise was due to the
outer Al shell. Table 2 shows that the mechanical prop-
erties of the three types of Al blade are different. To
determine the respective effects of the outer Al shell
and inner Al blades, the mechnical behaviour of the
composite grain was investigated in a finite element
analysis using the ABAQUS/Standard analysis module.
The simulation focused on compression tests in investi-
gating the stress field and possible locations of damage
by replicating the operating conditions of the exper-
imental part. The material constitutive model considers
elasticity and plasticity and comprises solid elements
of paraffin-based fuel and Al substrate. The contact sur-
faces of the fuel and substrate are bound by ‘tie’ in the
interaction module. On the basis of actual measure-
ments and results of true compression tests, the
density, elastic modulus, and yield stress are set for the
fuel and substrate. The neutral axis algorithm is used
to divide the hexahedron mesh with a minimum mesh
size of 125 umx250 um and 357,061 nodes (i.e.
C3D8R cells). The centre point on the upper surface of
the model is selected as the reference point. The displa-
cement of the reference point is controlled to realise the
compression action. The displacement control speed is 1
mm/min. Fixed boundary conditions are set on the lower
surface of the model.
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Figure 8 presents the main simulation results of the Al
nested composite fuel grain. The von Mises stress and
equivalent plastic strain (PEEQ) are extracted after post pro-
cessing and displayed forthe Al shell and paraffine separ-
ately. For better comparison, the scale bars of the
maximum von Mises stress and PEEQ are consistently set
at 38 MPa and 0.057 separately. The simulation of the
mechanical performance shows that the von Mises stress
is @ maximum at both ends of the Al shell and a
minimum in the paraffine. In addition, the von Mises
stress of the Al shell is greater than that of the Al blades,
and the von Mises stress of the Al blades is greater than
that of the paraffine. The von Mises stresses along two
paths of Al blades are presented in Figure 8(a). It is seen
that the stress first decreases and then increases in the
radial direction. In the axial direction, only half of the
blade is considered as the blade is symmetric, and the
stress in the middle part is seen to be greater than that
at the ends. The PEEQ has the same distribution as the
von Mises stress. The PEEQ is a maximum at the two
ends of the Al shell. In the radial direction of the Al blade,
the PEEQ first decreases and then increases. In addition,
the PEEQ in paraffine is much less than that in Al, and
the PEEQ is mostly in the middle of paraffine and at the
ends. The above results are consistent with the fracture
macrostructure of the composite grain. The ‘tie’ contact
condition between Al blades and paraffine in the simu-
lation means that there is an ideal interface. However,
different blades have different interface bonding and vari-
able mechanical properties in practical experiments.

Figure 9(a) compares the stress-strain curves of all
the composite fuel grains. It is seen that the Al nested
composite fuel grains behave more like a classic metal
with obvious yield and strength, in contrast with PP
grains. Comparing with Al-S with solid blades, Al-B
with micrometer-scale pores has a 95.6% higher
Young’'s modulus and 1.6% lower yield stress, Al-L with
millimetre-scale pores has a 50.9% higher Young's
modulus and 6.9% lower yield stress, and Al-B&L with
multiscale pores has a 25.4% higher Young’'s modulus
and 5.6% higher yield stress. Owing to the different
weight of blades, the specific modulus and specific
strength are calculated and compared in Figure 9(b).
Al-B composite fuel grains have a higher specific
modulus for maintaining specific strength that is com-
parable to that of Al-S. In addition, the specific strength
of Al-B&L is higher than that of Al-L, whereas the specific
modulus of Al-B&L is lower than that of Al-L. The Al blade
with multiscale pores has a specific modulus lower than
that of an Al blade with a single scale of pores but sur-
prisingly the highest specific strength. Both the specific
modulus and specific strength are much higher for Al-
B&L than for Al-S. The overall mechanical properties
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Figure 8. Al nested composite fuel grain: (a, b) von Mises stress of the Al shell and paraffine; (c, d) equivalent plastic strain of the Al

shell and paraffine.

are better for micrometer-scale pores, which is consist-
ent with the cyclic loading results; i.e. micrometer-scale
pores absorb more energy and have stronger interface
bonding than multiscale pores.

3.4. Combustion characteristics of the composite
fuel grains

Table 3 summarises data obtained in firing tests con-
ducted in this study; i.e. the average combustion

chamber pressure, P, burn time ty,,, average oxygen
mass flux G,y average O/F values, average regression
rate f,e, and experimental characteristic velocity C.*.
The regression rate and combustion characteristic vel-
ocity are the two parameters most critical to hybrid
rocket engines. The regression rate of the fuel grain
refers to the speed at which the fuel surface burns
back and is calculated as.
dr — do

- 3)

Fave =
2tburn
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Figure 9. Comparison of (a) stress—strain curves and (b) specific moduli and specific strengths for all composite fuel grains.

where dy and d; are the average inner diameters of the
fuel grain before and after the firing test, respectively.
Here, d; is calculated as

TPavel

d = \/dg + M’ 4)

where m¢ and m; are the masses of the fuel grain before
and after the firing test, L is the length of the cylindrical
fuel grain, and p,.. is the average density of the fuel
grain. The composite grain, p,ve is calculated as the
average value for the two fuels:

Pave = PaI@AI T Ppwp, (5)

where pa and wy, are respectively the density and mass
fraction of the 3D printed Al blade and p, and w, are
respectively the density and mass fraction of the
nested paraffin-based fuel.

The characteristic velocity is another important par-
ameter for evaluating the combustion efficiency of an
engine. The experimental characteristic velocity is

Table 3. Summary of firing test results.

Gave iave
P("')c tburn g/ (mm/

No. Fuel grain (MPa)  (s) (cm?s)  OfF s) C*

1 Al-S composite 172 591 3.2 164 1.2 1162
grain

2 Al-L composite 187 5.78 33 184 1.08 1335
grain

3 Al-B composite 178 511 33 185 129 1222
grain

4 Al-B&L composite 193 5.12 3.1 183 125 1339
grain

5 PP fuel grain 173 573 38 312 079 1425

calculated as.

. PA
Coxp e (6)
where A, is the nozzle throat area and M, is the mass of
the oxidiser and fuel consumed.

Figure 10(a) plots the chamber pressure over time for
all fuel tests. The timings of oxygen initiation and shutoff
and engine ignition are given. The time at which the
engine was initiated is taken as time zero. In all tests
of the fuel grains, a quick ignition and stable combustion
pressure were achieved. Notably, the shutoff for each
test was not perfectly identical owing to delays in the
valve response and control system command execution.
Figure 10(b) shows the composite fuel grains after the
firing tests. It is clearly seen that grooves emerged
between the Al blade and paraffin-based fuel, especially
for the Al-S grain. This phenomenon is mainly due to the
excellent thermal conductivity of the Al blade (approxi-
mately 2.5 orders of magnitude greater than that of
paraffin), which accelerates the pyrolysis of the paraffin
fuel in contact with the Al blade. The phenomenon is
also affected by the inconsistent regression rate of the
two fuels. Moreover, the inner surfaces of the Al-B and
Al-B&L grains are more tightly bonded to the Al blades
and paraffin-based fuel, which is attributed to the
micrometer-scale pores and multiscale pores moder-
ately reducing the difference in thermal conductivity
and strengthening the bonding of the two fuels.

Figure 11 presents the regression rate and character-
istic velocity of each fuel grain when using the same
initial oxidiser mass flux. Figure 11(a) shows that the
regression rate is obviously higher for all composite
grains than for the PP grain. For the Al-S, Al-L, Al-B,
and Al-B&L grains, the regression rate was respectively
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Figure 10. Laboratory-scale hybrid rocket engine static-fire test: (a) time histories of combustion chamber pressures and (b) inner

surfaces of the composite fuel grains after testing.

52.3%, 36.7%, 63.3%, and 58.2% higher than that of the
PP grain. The millimetre-scale pores reduced the
regression rate of the composite grains with different
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Figure 11. Comparison of (a) regression rates and (b) character-

istic velocities for all composite fuel grains.

blade structures, such that the regression rate for Al-L
was lower than that for Al-S and the regression rate for
Al-B&L was lower than that for Al-B. The results are con-
sistent with those of our previous work (Lin et al. 2022).
Interestingly, the micrometer-scale pores increased the
regression rate of the composite grains, such that the
regression rate for Al-B was higher than that for Al-S
and the regression rate for Al-B&L was higher than
that for Al-L. As shown in Figure 11(b), both the milli-
metre-scale and micrometer-scale pores increased the
characteristic velocity of the composite grains, with the
effect of the millimetre-scale pores being greater. The
combustion efficiencies of the Al-L and AI-B&L fuel
grains were approximately 14.9% and 9.6% greater
than those of the AI-S and AI-B grains, respectively.
This phenomenon can possibly be explained by the tur-
bulence intensity increasement due to the millimeter-
scale pores such that the combustion efficiency was
increased. The experimental results reveal that the struc-
ture and proportion of blade pores create an inherent
trade-off between the mechanical stability, regression
rate, and combustion efficiency.

4. Conclusion

We obtained Al blades with millimetre-scale pores
having excellent mechanical properties through the 3D
printing of Al as the structural material of composite Al
nested paraffin-based fuel grains. We further newly pro-
posed an Al nested composite fuel grain with breathable
blades designed with micrometer-scale interconnected
pores. Achieving Al blades with micrometer-scale



interconnected pores at the limitation of the blade thick-
ness through 3D printing marks a breakthrough in man-
ufacturing. The formation mechanism of the breathable
blade is a lack of fusion at a super-high printing speed
and low printing energy density. The mechanical and
combustion properties of composite hybrid rocket fuel
grains were investigated experimentally.

Al-B composite fuel grains with micrometer-scale
pores had a 95.6% high specific modulus as they
retained the specific strength properties of Al-S grains.
In addition, the interconnected pores benefited
paraffine fuel permeation and provided outstanding
bonding strength between the Al blades and paraffine.
Micrometer-scale pores improved the comprehensive
mechanical properties, whereas multiscale pores struc-
ture improved the structural stiffness of the grain. Refer-
ring to combustion performance, millimetre-scale pores
decreased the regression rate, micrometre-scale pores
increased the regression rate, and multiscale pores
increased the regression rate. Both millimetre-scale
and micrometer-scale pores increased the characteristic
velocity by 14.9% and 9.6%. However, this mechanism of
enhanced combustion characteristics is not fully under-
stood and more systematic studies, including theoretical
work, 3D-printing process-structure relation analyses,
and experimental analyses, are required.
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