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Three-dimensional printed metal-nested composite fuel grains with superior
mechanical and combustion properties
Xin Lin a,c, Dandan Qu b, Xuedong Chend, Zezhong Wanga, Jiaxiao Luoa,c, Dongdong Menga,c,
Guoliang Liub, Kun Zhangb,c, Fei Lia,c and Xilong Yua,c

aState Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing, People’s Republic of
China; bWide Range Flight Engineering Science and Application Center, Institute of Mechanics, Chinese Academy of Sciences, Beijing, People’s
Republic of China; cSchool of Engineering Science, University of Chinese Academy of Sciences, Beijing, People’s Republic of China;
dDepartment of Applied Mechanics, China Agricultural University, Beijing, People’s Republic of China

ABSTRACT
The mechanical and combustion properties of metal-nested composite hybrid rocket fuel grains
composed of spiral aluminium (Al) frameworks fabricated using three-dimensional (3D) printing
with an embedded paraffin-based fuel were investigated. The mechanical properties of the
resulting grains were evaluated by compression tests. In addition, the combustion
characteristics of the Al composite grains were examined in a lab-scale hybrid rocket engine
with gaseous oxygen as the oxidizer at an initial mass flow rate of 17.9 g/s. Pure paraffin-based
(PP) and acrylonitrile–butadiene-styrene (ABS) composite grains were also tested as baseline
fuels for comparison. The Al-A composite grain exhibited superior mechanical and combustion
properties, with Young modulus, yield stress, and regression rate increased by 757.1%, 381.3%
and 52.5% compared with the PP grain. The Young modulus and combustion efficiency were
also further improved, by 51.0% and 14.9%, respectively, by including perforations in the spiral
blades. These improvements are discussed in detail herein based on experimental data together
with numerical simulations. Emission spectra of the engine plumes were also acquired and used
to qualitatively analyze the combustion characteristics of the Al blades.
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Introduction

Hybrid rocket engines (HREs) combine the intrinsic
advantages of liquid propellants and solid fuels, which
renders it simple structure, high safety and reliability,
adjustable thrust, and lower cost than conventional
rocket engines (Whitmore, Sobbi, and Walker 2014;
Wang et al. 2021a; Cai et al. 2013; Fang et al. 2021;
Zilliac et al. 2020; Kahraman, Ozkol, and Karabeyoglu
2021). These advantages make HREs attractive with
regard to a broad range of space applications, such as
sounding rockets (Sella et al. 2020; Bouziane et al.
2019; Broughton et al. 2018; Marciniak et al. 2018),
upper stage propulsion units (Jens, Cantwell, and
Hubbard 2016; Casalino and Pastrone 2008) and com-
mercial manned spacecrafts (Cai et al. 2013; Mazzetti,
Merotto, and Pinarello 2016). However, HREs have
several associated challenges, the most significant
being the low regression rates of classical polymeric

fuels. The issue of low regression rates has thus far
seriously restricted the implementation of HRE technol-
ogy in large-scale thrust applications (Kobald et al. 2017).

The structural and chemical modifications of fuel
grains are the main strategies that have been suggested
to date to mitigate this drawback. These modifications
have included the use of multiple ports to increase the
surface area of the grain, complex port geometries to
increase turbulence in the combustion chamber,
certain energetic additives to strengthen heat transfer
and the development of liquefying fuels, such as
paraffin waxes (Kuo and Chiaverini 2007; Tian et al.
2017; Shinohara and Nakagawa 2012; De Luca et al.
2017; Karabeyoglu, Altman, and Cantwell 2002; Akhter
and Hassan 2018; Zhang, Hu, and Zhang 2016; Whitmore
et al. 2015; Karabeyoglu and Altman 1999; Veale et al.
2018). All of these techniques have demonstrated
some ability to increase regression rates but have also
introduced many other issues. As an example, the
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multiple port approach decreases the volume utilization
efficiency in the engine, increases the manufacturing
difficulty and cost, and increases the risk of structure col-
lapse of the grain and feed-coupled instabilities
between the injectors and the multiple fuel ports (Kuo
and Chiaverini 2007). In addition, the regression rate
enhancement obtained using the complex port geome-
tries is reduced as the grain is consumed during the
combustion processes because the characteristic struc-
ture of the fuel grain gradually recedes (Whitmore
et al. 2015). The incorporation of metal particles in the
fuel grain increases production costs and makes it very
difficult to use traditional cast/cure techniques (De
Luca et al. 2017; Whitmore et al. 2015). Although
paraffin-based fuels tend to exhibit superior regression
rates as a result of droplet entrainment, pure paraffin
fuels show poor mechanical strength and require rein-
forcing binders or a support structure, both of which
can lower the regression rate (Karabeyoglu, Altman,
and Cantwell 2002).

In recent years, additive manufacturing (AM, also
referred as three-dimensional (3D) printing) undergone
rapid development and has been successfully used to
manufacture various key components of rockets, such
as injectors, igniters, combustion chambers and
nozzles. There has also been significant progress in the
fabrication of hybrid rocket fuel grains having enhanced
regression rates (Zdybal et al. 2021; Oztan et al. 2021;
Oztan and Coverstone 2021; Ozawa et al. 2020; Hill
et al. 2019; Hitt 2018; Bisin et al. 2020a; 2020b; Whitmore
and Walker 2017; Joshi and Sheikh 2015; Whitmore,
Peterson, and Eilers 2013; Wang et al. 2020, 2021b;
Pabarcius 2019; Armold et al. 2013; Connell et al. 2019;
Armold et al. 2014; Young et al. 2021; Whitmore et al.
2021). AM enables polymeric fuel grains having
complex geometries, such as helical or star-swirl ports
and protruding vane turbulator centre ports, to be
rapidly and easily generated. Such geometries would
be difficult to form by traditional manufacturing
methods. One of the most representative works in this
field was published by Whitmore et al. (2015), who
achieved a significant improvement in the regression
rate and specific impulse of acrylonitrile–butadiene–
styrene (ABS) grains by tailoring the chemical compo-
sition and manufacturing a helical port structure.
Recently, Young et al. (2021) developed custom-made
3D printed filaments comprising poly (methyl methacry-
late) and 0–25 wt% aluminium (Al) additives, and inves-
tigated the combustion characteristics of grains with a
swirl-ellipse geometry made from these novel materials.
Firing tests showed that the combination of metallic par-
ticles and a swirl-ellipse geometry resulted in an
enhanced regression rate.

Another application of the AM technique that differs
from fully 3D printed fuel grains is the use of printed
structures as supports for pure paraffin fuel. This tech-
nique increases mechanical strength of the paraffin
while maintaining its inherently high regression rate.
Hill et al. (2019) used polylactic acid (PLA) to fabricate
a single port framework having a custom lattice struc-
ture consisting of continuous gyroid surfaces, the voids
of which were filled with a 99:1 (by mass) mixture of
paraffin wax and carbon black. Firing results showed
that this lattice structure effectively decreased sloughing
of the paraffin and improved combustion stability, albeit
at the expense of a minimal decrease in regression rate.
Bisin et al. (2020a, 2020b) proposed a similar paraffin-
based fuel termed an ‘armored grain’ that was made
of pure paraffin embedded in a 3D printed cellular struc-
ture composed of ABS, poly(lactic acid) and nylon. Com-
pression tests showed that the reinforcement provided
by the gyroid structure improved the mechanical
strength of the paraffin wax, with the nylon-based
armored grains exhibiting the most enhancement.

Our own group previously proposed a similar strategy
(Wang et al. 2020, 2021b). This prior work demonstrated
a novel composite fuel grain based on two fuels with
different regression rates that generated a swirl flow
and enhanced turbulence, thereby improving the
regression rate and combustion efficiency. This compo-
site grain consisted of paraffin-based fuels (Wu et al.
2018) (86% by weight) embedded in a 3D printed
helical ABS structure (14% by weight). Experimental
results confirmed that the nested helical structure was
maintained throughout the combustion process, in con-
trast to the behaviour of completely 3D printed fuel
grains (Whitmore et al. 2015; Young et al. 2021). The
regression rate of this composite fuel grain was also sig-
nificantly improved compared with that of a traditional
paraffin-based fuel and could be further increased by
increasing the oxidant flux. However, this prior work
did not involve conduct mechanical testing of the fuel
grain.

The present work demonstrates a metal-nested com-
posite hybrid rocket fuel grain fabricated via the AM of a
helical Al framework followed by the casting of a
paraffin-based fuel. The metal structure was designed
to enhance the mechanical properties of the composite
fuel grain while also improving heat transfer from the
flame to the paraffin-based fuel, thereby further increas-
ing the regression rate. The mechanical properties of this
grain were investigated by compression tests and were
compared with those of an ABS composite grain and a
pure paraffin-based (PP) grain. The combustion beha-
viours of the composite grains were also experimentally
investigated in laboratory-scale hybrid rocket engines.
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The combustion chamber pressure, time-averaged
regression rate and combustion efficiency of each
grain were all assessed and are discussed in detail
herein. PP grains were also examined to provide a per-
formance baseline for comparison with the composite
fuel grains. A heat transfer computational fluid dynamics
(CFD) study was undertaken to analyze the effect of the
metal framework on the regression rate. Finally, optical
emission spectroscopy (OES) was used to probe for
AlO radicals generated during combustion of these
grains as a means of qualitatively characterizing the
combustion of the 3D printed Al framework.

Experimental

Fuel grain fabrication

The two-step strategy used to fabricate the metal-nested
composite fuel grains is illustrated in Figure 1. A fuel fra-
mework (Figure 1(a)) having multiple inner spiral blades
was designed using 3D graphics software and fabricated
employing the AM method. This framework was meant
to provide mechanical support to the paraffin-based
fuel and also served as an additional fuel. The framework
comprised an outer wall and twelve integrated blades
spiraling in the axial direction. The length, outer diam-
eter and inner diameter of the fuel framework were
100, 60, and 20 mm, respectively. A molten paraffin-
based fuel (held at approximately 120 °C) was trans-
ferred into this framework using a centrifugal casting
process until it completely filled the voids between the
blades. This paraffin-based fuel served as the primary

component of the composite fuel grain. The mechanical
properties of this paraffin-based fuel were enhanced by
incorporating multiple additives and the details of the
fuel formulation and combustion performance of this
material can be found in a previous paper (Wang et al.
2020, 2021b). During cooling and solidification of the
paraffin-based fuel, the centrifugation rate was
1400 rpm to generate sufficient centrifugal force and
multiple castings were performed to minimize thermal
stress and prevent internal cracks or defects. Figure 1
(b) presents a diagram of the framework after filling
with the paraffin-based fuel, showing that the metal
blades maintained their initial inner diameters after
casting.

Two different blade structures were used to fabricate
the fuel framework, referred to herein as type A (which
had no holes) and type B (which contained evenly dis-
tributed holes each with a diameter of 1 mm and a
pitch of 2 mm, and a swept helically pitch of 25 mm
along the grain axis), as shown in Figure 2(a–d). The per-
forated structure was designed to inhibit any debonding
caused by material incompatibility and thus to increase
the mechanical properties of the nested fuel grain. A
second goal was to increase the contact area between
the blades and the flame to improve the combustion
efficiency of the grain.

The nested helical substrate structures were made of
either Al particles or ABS and were fabricated by employ-
ing the AM process. The Al framework was supplied by
the LiM Laser Technology Co. (Tianjin, China) and had
a blade thickness of just 0.5 mm. The ABS framework
was fabricated using a commercial 3D printer (Raise3D
N2 Plus) in our laboratory. The blades of this structure
were thicker (1.5 mm) to prevent thermal deformation
because the deformation temperature of ABS is approxi-
mately 120 °C. Finally, a PP fuel grain was also manufac-
tured as the baseline for comparison tests, having
dimensions equivalent to those of the 3D printed fuel
grains, as shown in Figure 2(e). The mass-based pro-
portions of the nested composite fuel grains (not includ-
ing the outer wall of the fuel grain) are summarized in
Table 1.

Compression testing

Uniaxial compression tests were conducted on the
paraffin-based fuel, 3D printed Al composite grains
and 3D printed ABS composite grains using an MTS810
universal testing machine equipped with a 100 kN load
cell. All tests were carried out at ambient temperature
(T = 293 ± 5 K) at a compression rate of 1 mm/min. One
or two specimens were tested per each type. A
maximum strain of 14% was applied because the

Figure 1. The two-step strategy used to fabricate the composite
fuel grains. (a) The 3D printed framework with a length of
100 mm, an outer diameter of 60 mm and an inner diameter
of 20 mm. (b) The nested helical structure of the composite
fuel grain.

VIRTUAL AND PHYSICAL PROTOTYPING 439



specimens showed obvious buckling above this value.
Computed tomography (CT) was used to assess the
grains following compression tests. The ABS composite
grains were employed as model samples to investigate
meso-damage, by acquiring CT images at 0.5 mm inter-
vals along the height direction.

Lab-scale hybrid rocket engine

Figure 3 provides a diagram of the lab-scale hybrid
rocket engines used in this work and further details
regarding the test apparatus can be found in our pre-
vious publications (Fang et al. 2021; Wang et al. 2020).
The engines employed pure gaseous oxygen as the oxi-
dizer and a methane/oxygen torch activated by an auto-
mobile spark plug was used as the igniter. The oxidizer
inlet and the igniter were positioned at the head of
the engine. The oxygen flow rate was controlled by a
mass flow controller (Bronkhorst, model F-203AV) and
an initial mass flow rate of 17.9 g/s was used for all
firing tests in this study. The length and inner diameter
of the main combustion chamber were 100 and
60 mm respectively, which were consistent with the
length and outer diameter of the fuel grain. The
chamber pressure was monitored by two pressure trans-
ducers placed in the pre-chamber and aft-chamber,
respectively. A conical nozzle was attached to the aft-
chamber exit having throat and outlet diameters of 5
and 10 mm, respectively.

A spectrometer (AvaSpec-ULS2048CL-EVO, Avantes
Inc.) equipped with a CMOS sensor (2048 × 1 pixel

linear array) was used to acquire emission spectra from
the high-temperature plume to determine whether
AlO was produced. This was done because AlO is an
important intermediate product showing that Al actually
participated in the combustion. The spectral resolution
of the spectrometer was 0.25 nm and spectra were col-
lected though a quartz lens having a 5 mm diameter, a
focal length of 25 mm and an optical path perpendicular
to the plume axis. The exposure time of the spec-
trometer was set to 50 ms with a repetition rate of
approximately 20 Hz. The spectrometer was calibrated
using a National Institute of Standards and Technology
traceable quartz–tungsten–halogen standard reference
lamp (Model 63945, Oriel Inc.). The spectrometer was
triggered to acquire data simultaneously with engine
ignition. In addition, the engine ignition, combustion
and shutdown were all recorded using a Nikon single
lens reflex camera.

Results and discussion

Mechanical properties

Compression tests were performed to determine and
compare the mechanical properties of the five fuel
grains. The resulting stress–strain curves are presented
in Figure 4. Note that these data are in the form of
ensemble average curves generated by averaging two
tests and that the error bars indicate standard deviation.
The primary results from these tests are summarized in
Table 2. Each stress–strain curve exhibits an initial
linear increase up to the elastic limit and yield point of
the specimen. Compared with the PP grain, the ABS
composite grains had higher Young modulus values
(52 .3% for Type A and 70.2% for Type B) and yield stres-
ses (98%–99%). The Al composite grains exhibited ultra-
high Young modulus values (757.1% for Type A and
1194.0% for Type B) and yield stresses (381.3% for
Type A and 348.0% for Type B) compared with the PP
composite grain. The Al substrate provided exceptional
mechanical properties to the grains, which is proved
by the linetype. After the yield point, the Al composite

Figure 2. Photographic images of the four 3D printed frameworks and of a pure paraffin-based fuel grain. The (a) type A aluminium
(Al-A) (b) type B aluminium (Al-B), (c) type A ABS (ABS-A) and (d) type B ABS (ABS-B) structures. (e) The PP-based fuel grain.

Table 1. Mass distributions of the nested composite fuel grain
without the outer wall.

Fuel grain
Total mass

Blades of the
framework

Paraffin-based
fuel

g g wt.% g wt.%

Al - A composite grain 241.0 36.4 15.1% 204.6 84.9%
Al - B composite grain 234.4 28.5 12.2% 205.9 87.8%
ABS - A composite grain 204.7 37 18.0% 167.7 82.0%
ABS - B composite grain 204.9 31.9 15.6% 173.0 84.4%
PP fuel grain 234.7 0 0.0% 234.7 100.0%
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grains showed post-yield softening, in accordance with
the stress–strain curve of an Al substrate. In contrast,
the PP grain and ABS composite grain generated
demonstrated nearly constant post-yield stress values,
as a consequence of shear deformation behaviour. Inter-
estingly, the Young modulus of the Al-B composite grain
was much higher than that of the Al-A grain, and this
difference is attributed to the lattice structure formed

by the many evenly spaced holes in the latter specimen.
The lattice structure of the Al-B grain was evidently able
to better absorb energy and undergo elastic recovery.

The excellent mechanical properties are expected to
retain at elevated temperature. Comparing to extremely
low softening temperature of paraffin, softening temp-
erature of material Al is up to 473 K (Cao et al. 2021;
Uzan et al. 2018). With further increasing of temperature,

Figure 3. Schematic of the experimental setup used for the lab-scale hybrid rocket motor tests.

Figure 4. Stress-strain curves obtained from the nested composite fuel grains and Al substrate (all are ensemble average curves
except for the Al composite grain and Al substrate, compression rate 1 mm/min, testing temperature 293 ± 5 K).
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AM Al begins to soften at least longer than 1800
seconds. Nevertheless, mechanical properties of AM Al
are still higher than as-cast Al due to mix strengthening
mechanism (Cao et al. 2021).

The photographic images in Figure 5 show that
visible damage occurred in the end region of the Al com-
posite grains without any drum-shaped deformation,
while obvious drum-shaped deformation occurred
during compression of the ABS and PP grains. These
results are consistent with the stress–strain curves of
the various specimens. These different behaviours are
attributed to the stress distributions in the ABS substrate
and PP grain. Regarding the Al composite grains, the Al
substrate bore the majority of the stress because there
was an order of magnitude difference in the mechanical
properties of the Al, and the mechanical behaviour of
the thin Al substrate was not the same as that of bulk
Al. CT scans of the compressed ABS-A composite grain
were acquired and the results showed that the
maximum damage occurred in the end region (labelled
D in Figure 5), as was also observed for the Al composite
grain. Cracking and fragmentation of the grain as well as
rupture of the substrate were apparent in the middle

region (labelled A), while regions B, C and A along the
centre of symmetry of the grain all showed different
extents of meso-damage. Specifically, severe defor-
mation of the substrate and separation between the
substrate and grain appeared in region B, while a
lesser degree of separation between the substrate and
grain was found in region C.

Combustion characteristics of the nested
composite fuel grain

Variations of combustion chamber pressure
Static rocket engine firing tests were conducted with
each of the composite grains and the PP grain. The
data from these tests are summarized in Table 3, includ-
ing the average combustion chamber pressure, Pc, burn
time tburn, average steady state combustion chamber
pressure Pc_s, initial oxygen mass flux Gini, and average
oxygen mass flux Gave.

The combustion chamber pressure provides valuable
information regarding the operating status of the
engine, and Figure 6 presents the pressure – time his-
tories for all firing tests. Note that each trial used the
same oxidizer mass flow rate and fuel grain inner diam-
eter. The timing sequence for the oxidizer flow
initiation and shutoff and engine ignition are also
included in Figure 6. Notably, the timing sequence for
each test was not exactly the same, as a result of
delays in the opening of valves and the execution of
commands from the control system. The time axis in
these plots has been offset to use time zero as the
time of ignition so as to align the various pressure
curves, and the burn time is defined as the time
between engine ignition and oxidizer flow shutoff.
After ignition at 0.0 s, a sharp increase in the combus-
tion chamber pressure is apparent, indicating that the
composite fuel grains showed similar ignition

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

Specimen
Young modulus, E

[MPa]
Yield stress, σy

[Mpa]
Yield strain,

εy [%]

Al – A substrate 578 ± 11.4 8.09 2.75
Al – B substrate 844 ± 3.1 6.40 2.02
ABS - A substrate 98 ± 0.3 2.12 3.86
ABS – B substrate 95 ± 0.2 2.07 3.53
Al - A composite
grain

720 ± 4.12 9.53 4.00

Al - B composite
grain

1087 ± 5.2 8.87 2.70

ABS - A composite
grain

128 3.93 8.67

ABS - B composite
grain

143 3.95 8.36

PP grain 84 ± 0.39 1.98 7.33

Figure 5. Photographic and CT images of a compressed ABS-A composite grain.
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characteristics to the PP fuel grain. The combustion of
these specimens can be divided into two major
stages: startup and steady state. The startup period
comprised the ignition process and a stepwise increase
in combustion pressure to approximately 85% of the
maximum value. At this point, the engine was con-
sidered to have achieved a steady state until the oxidi-
zer flow was shut off and the average pressure during
this stage was characterized Pc_s.

Figure 6 shows some discrepancies in the startup and
steady state characteristics of the composite grains com-
pared with the PP grain. Specifically, the composite
grains (especially the Al grains) took longer to stabilize
than the PP grain. Another discrepancy is that the Pc_s
values of the Al composite grains were obviously
higher than those of the other two types of samples.
These variations between samples are ascribed to
increased regression rates in the Al grains. Following
engine ignition, more time would be required for the

fuel mass flow rates of grains having higher regression
rates (such as the Al composite grains) to stabilize,
resulting in longer startup stages. Prior to steady state
combustion, the regression rate would also be further
increased as a result of the synergistic effect of the
nested helical structure on the inner surface of the fuel
grain and the high thermal conductivity of the Al
blades, such that Pc_s was increased. In addition, the par-
ticipation of Al in the combustion process further
increased the flame temperature, which also partially
explains the increase in pressure.

Regression rate
The fuel regression rate is one of the most critical par-
ameters associated with hybrid rocket engines. The
average regression rate rave can be calculated as

ṙave = df − d0
2tburn

(1)

Table 3. Overall engine data for hot firings.

No. Fuel grain
Pc,
Mpa

tburn,
s

Pc_s,
Mpa

Gini,
g/(mm2·s)

Gave,
g/(mm2·s)

1 Al – A composite grain 1.72 5.91 1.91 5.8 3.2
2 Al – B composite grain 1.87 5.78 2.02 5.7 3.3
3 ABS – A composite grain 1.56 5.71 1.63 6.1 3.8
4 ABS – B composite grain 1.71 5.83 1.78 5.6 3.6
5 PP grain 1.73 5.73 1.78 5.6 3.8

emeasure ±1.0% ±1.4% ±1.0% ±1.2% ±1.2%

Figure 6. Pressure vs. time histories for all firing tests performed under identical experimental conditions.
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where d0 and df represent the average inner diameters
of the fuel grain before and after the firing test, respect-
ively. Here, the df is calculated as

df =
��������������������
d20 +

4(mf0 −mf )
prL

√
(2)

where mf0 and mf are the mass of the fuel grain before
and after the firing test, L is the length of the cylindrical
fuel grain, and ρ is the average density of the fuel grain.
This latter term is equal to

r = rpvp + r3Dv3D (3)

where ρp and ωp are the density and mass fraction of the
nested paraffin-based fuel, respectively, and ρ3D and ω3D

represent the density and mass fraction of the 3D
printed material, respectively. Further details related to
determining the regression rates of the nested compo-
site fuel grains can be found in our previous work
(Wang et al. 2020).

Figure 7 summarizes the regression rate of each fuel
grain when using the same initial oxidizer mass flux and
demonstrates that the regression rates of the composite
grains were higher than that of the PP grain. Compared
with the PP grain, the regression rates of the ABS-A and
ABS-B grains were increased by18.0% and 9.0%, respect-
ively. These results confirm the positive effect of the

nested helical structure with regard to improving the
regression rate, as a consequence of the difference in
the regression rates of the 3D printed blades and the
paraffin-based fuel. A discussion of the regression rate
improvement mechanism is provided in a prior publi-
cation by our group (Wang et al. 2020). Surprisingly, the
regression rates of the Al-A and Al-B grains were increased
by 52.5% and 36.1% compared with the PP grain, respect-
ively. This result demonstrates that the use of metal blades
further increased the regression rate of the nested helical
structure. The primary reason for this improvement is
believed to be the enhanced heat transfer from the
flame to the PP fuel via the metal blades. Notably, the
regression rates of the grains having perforated structures
were lower than those of the non-perforated structures.
This discrepancy is discussed in detail in Section C in con-
junction with an analysis of the heat transfer character-
istics of the blades based on CFD simulations.

Thermal analysis of the swirl blade interface
Computational heat transfer simulations were used to
assess the effect of the heat transfer characteristics of
the spiral blades on the regression rate of the composite
fuel. To facilitate these simulations, the combustion was
modelled in a simplifiedmanner using a high temperature
thermal boundary for the heat transfer process. In
addition, a uniform thermal boundary condition was
applied along the axial direction of the grain, assuming
that heat transfer only took place in the radial direction.
A typical computational domain is shown in Figure 8,
representing the internal volume of the combustion
chamber, the 3D printed framework and the PP fuel. The
thermal properties of the Al, ABS and paraffin employed
in these calculations are summarized in Table 4.

The heat transfer simulations were performed using
the ANSYS Fluent software in conjunction with a
model containing 330,000 structural cells to discretize
the computational domain. The inner and outside
boundaries were modelled with high temperature
(3000 K) and low temperature (300 K) conditions,
respectively, while the top and bottom sides of the com-
putational domain were assigned adiabatic conditions. A
total of 5000 iterations was used for each individual

Figure 7. Comparison of regression rates of the Al composite
fuel grains, ABS composite fuel grains and PP fuel grain.

Figure 8. A typical computational mesh used to model the fuel grain during simulations.
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simulation to ensure convergence of the temperature
distribution.

Figure 9 shows the calculated temperature contours
for all the fuel grains in the A-A and B-B sections. It is
evident that there were no significant differences in the
temperature distributions of the ABS composite grain
and PP grain as a consequence of the similar thermal con-
ductivities of ABS and paraffin. However, regarding the Al
composite grains, distinct star-shaped and zigzag-like
temperature distributions can be observed in the A-A
and B-B sections, respectively. These results can be attrib-
uted to the higher thermal conductivity of Al (approxi-
mately three orders of magnitude greater than that of
ABS), which promoted heat transfer from the high temp-
erature inner zone to the interior of the PP fuel. The
superior thermal conductivity of the Al blades therefore
increased the pyrolysis rate of the adjacent PP and accel-
erated the formation of the nested helical structure in the
composite grain. These phenomena all contributed to the
increased regression rates of the Al composite grains. The
data also show that the star-shaped and zigzag-like area
of the Al-B specimen was slightly smaller than that of
the Al-A sample. The holes patterned into the blade evi-
dently hindered heat transfer and reduced the swirling
flow induced by the helical structure, resulting in a
lower regression rate in the case of the perforated
structure.

Combustion efficiency
Combustion efficiency is another important parameter
by which the performance of an engine can be

evaluated, and the current work used characteristic vel-
ocity to assess efficiency. The average characteristic vel-
ocity C* could be calculated as

C∗ = At

Mt
Pcdt (4)

where At is the nozzle throat area, and Mt is the mass of
the propellant consumed. The average C* values calcu-
lated for all tests are plotted in Figure 8, in which the
solid lines indicate the theoretical characteristic vel-
ocities, which is calculated using the Chemical Equili-
brium with Applications software (Sanford Gordon
1994).

As shown in Figure 10, the combustion efficiencies of
the composite grains were lower than that of the PP
grain under the same initial experimental conditions,
primarily because of the significantly increased
regression rates of the former grains. Notably, the
characteristic velocity was calculated using Pc instead
of Pc_s in the present work, which would be expected
to provide C* value lower than the true values. The Al
composite grains exhibited the longest startup
periods, which also had a significant effect on C*. Inter-
estingly, the combustion efficiencies of the type B fuel
grains were approximately 15.3% and 14.9% greater
than those of the type A grains in the case of the
ABS and Al grains, respectively. These results are oppo-
site to the effect of perforated structure on the
regression rate, that is, the blades with holes provides
lower regression rates. One possible explanation is
that the holes increased the turbulence within the com-
bustor, thereby improving combustion efficiency, but
that this effect was counterbalanced by the enhanced
swirl strength of the internal flow, resulting in a
decrease in the regression rate. However, this phenom-
enon is not fully understood at present and more sys-
tematic studies, including theoretical work, will be
necessary in future.

Table 4. Thermal properties of the fuels.

Fuel
Density,
ρ [kg/m3]

Isotropic thermal conductivity
λs [W/(m·K)]

Specific heat
cf [J/(kg·K)]

Al 2719 202.4 871
ABS 1030 0.1997 1400
Paraffin 920 0.45 2100

Figure 9. The temperature distributions of the A-A and B-B sections for all fuel grains at 5 s.
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Spectral characteristics of the Al-nested
composite fuel grains

Flame spectroscopy is frequently used to identify the
atoms and molecules in the combustion zone. The AlO
B2Σ+-X2Σ+ transition is the most prominent feature of
Al combustion spectra that has been previously
observed in various Al combustion systems (Zhou et al.
2017; Qiu et al. 2021; Goroshin et al. 2007; Knapp et al.
2018). Figure 11 shows the maximum spectral intensities
obtained from the five fuel grains during the combus-
tion process. These spectra are interesting in that the
AlO B2Σ+-X2Σ+ transition and Al atomic lines are
observed in the data from both the Al-A and Al-B com-
posite fuel grains. AlO radicals in the plume generate a
characteristic series of overlapping peaks between 450
and 550 nm. The present study used the AlO Δv = 0 tran-
sition to characterize the overall combustion intensity
because this transition had the highest emission inten-
sity. The appearance and disappearance of AlO radicals

could also be used to qualitatively analyze the ignition
delay and self-sustaining combustion time of the Al
blades.

The intensity of the AlO Δv = 0 transition was defined
as the integrated emission intensity over the wavelength
range from 484.11–505.94 nm. The data processing pro-
cedure included two steps. First, for each measured
emission signal (as shown in Figure 12(a)), a baseline
was fitted to the non-radiation wings of the emission
feature to subtract the background radiation. The inte-
grated emission intensity was subsequently calculated
by taking the integral of the entire emission band from
484.11–505.94 nm, as indicated by the red shading in
Figure 12(a). Figure 12(b) presents the AlOΔv = 0 emission
intensities over time for two types of Al composite fuel
grains. Note that the time axis here is the same as that
used to plot the pressure evolution. It is apparent that
AlO radicals appeared sooner during combustion of
the Al-B grain, and that these radicals were generated

Figure 10. Combustion velocity of each fuel grain as a function of the oxidizer/fuel ratio.

Figure 11. Spectral characteristics of the engine high-temperature plumes obtained from the different fuel grains.
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more frequently and with greater intensity in the case of
the Al-B fuel. The holes in the blades of this specimen are
thought to have provided more turbulent combustion
and increased the contact area between the spiral
blades and the flame, such that it was easier for the Al
blades to participate in the combustion reaction.
Although it is unclear if the reaction mechanism associ-
ated with the present Al blades is similar to that of Al
particles (Zhou et al. 2017), these AlO spectra suggest
that the Al blades in the composite fuel grains partici-
pated in the combustion reaction.

The primary benefits of a nested helical structure (also
referred to as a first-level structure) made of metal are
significant increases in the mechanical properties and
regression rate of the composite grain. However, the
present work shows that structural modification of the
spiral blades involving a lattice hole structure (the
second-level structure) also stiffens the structure and
improves the combustion efficiency, albeit at the
expense of a slight drop in the regression rate. Future
investigations involving either experimental work or
numerical simulations are needed to further examine
the effects of multi-level metal structures on the mech-
anical and combustion properties of grains. Quantitative
measurement of AlO emissions using multiple lines of
sight would also be beneficial.

Conclusion

The mechanical and combustion properties of metal-
nested composite hybrid rocket fuel grains were exam-
ined, using specimens having an Al framework with
twelve spiral blades in which a PP fuel was embedded.
ABS composite grains and a PP grain were also tested

for comparison purposes. The mechanical properties of
these 3D printed composite grains were studied by
means of compression tests and CT technology was
employed to investigate meso-damage. The Young’s
modulus of the Al composite grain was 1194.0% higher
than that of the PP grain, while the yield stress of the
former specimen was 381.3% higher. The mechanical
properties of the Al composite grains were also an
order of magnitude greater than those of the ABS compo-
sites. The incorporation of lattice holes as a second-level
structure on the spiral blades improved the structural
stiffness of the grain. The Al substrate bore the majority
of stress applied to the grain, resulting in the Al compo-
site grains exhibiting exceptional mechanical properties.

The combustion properties of the Al composite grains
were experimentally investigated using lab-scale hybrid
rocket engines with gaseous oxygen as the oxidizer at a
constant initial mass flow rate of 17.9 g/s. These firing
tests assessed ignition characteristics, pressure vari-
ations, regression rates and combustion efficiencies. Sur-
prisingly, the regression rate of the Al composite grain
was approximately 52.5% higher than that of the PP
grain, representing a significant improvement over the
enhancement effect of the ABS composite having the
same structure (18.0% higher than that of the PP
grain). The structural modification of the spiral blades
produced other interesting phenomena, such as
greatly increased combustion efficiency. An analysis
based on non-steady state CFD simulations assessed
the effects of the structural and physical properties of
the blades on the composite grain combustion perform-
ance. This analysis found that the thermal conductivity
of the inner blades was the key parameter affecting
the regression rate. Finally, a spectral analysis of AlO

Figure 12. (a) Raw emission spectrum and data processing to determine the emission intensity of the AlO B2Σ+-X2Σ+ Δv = 0 transition.
(b) The emission intensities of the AlO Δv = 0 transition during combustion of two types Al composite fuel grains.
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radicals in the plumes demonstrated that the Al blades
have potential to increase calorific value and density
specific impulse of the composite grain.

These results confirm the attractive mechanical and
combustion characteristics obtainable from Al compo-
site grains and may have a significant impact on the
development of high-performing hybrid rocket fuels.
Moreover, the perforated structure demonstrated in
this work has shown interesting performance with
regard to combustion efficiency, and analyses of
different perforated structures should be pursued in
future, focusing on flow and combustion effects.
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