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Abstract

Hybrid rocket propulsion systems have proved to be a suitable option for some specific applications in the space transpor-
tation domain such as in launch vehicle upper stages, orbit transfer spacecrafts, decelerator engines for re-entry capsules,
and small satellites launchers. Part of the renewed interest in hybrid rocket propulsion is due mainly to the safety aspects,
cost reduction, and the use of paraffin-based fuel that impacts positively in terms of the solid fuel regression rate. However,
paraffin solid fuel grains have poor structural characteristics and sometimes low performance due to the fuel internal bal-
listics behaviour. More recently, various studies have been carried out to overcome these drawbacks of paraffin-based fuels,
such as the addition of energetic nano-sized metallic powder and 3D printing techniques. This study presents a review of the
principal concepts of 3D printing processes and extrusion techniques that can be suitable for paraffin grains manufacturing
and the conceptual design of a prototype for a 3D printer system under development at the Aero-Thermo-Mechanics Depart-

ment of Université Libre de Bruxelles.
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1 Introduction

A hybrid rocket engine (HRE) is a chemical rocket propul-
sion system in which one of the propellants, typically the
fuel, is placed in the solid phase in the combustion chamber,
while the other, usually the oxidizer, is stored liquid in a
separate tank. The oxidizer is injected in the form of a spray
by means of an atomizer. It vaporizes in the pre-chamber
and further reacts with the fuel inside of the fuel grain port,
where combustion takes place [1].

Due to the fact that in hybrid rocket engines (HREs), the
propellant is in two different physical states of matter, it
presents some advantages regarding safety, reliability, thrust
modulation, and cost. However, drawbacks such as the low
regression rate of the solid fuel, O/F shift, the low structural
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integrity of the fuel matrix, and low combustion efficiency,
resulted in a lack of maturity of HREs in comparison with
other chemical rocket engines, such as solid motors and lig-
uid engines.

A breakthrough in regression rate has been achieved with
liquefying fuels, like paraffin wax. The unstable liquid layer
that developed on the burning surface of the solid grain and
the entrainment of fuel droplets in the gaseous oxidizer mass
flux led to an increase in the fuel regression rate up to one
order of magnitude when compared to classical fuels, such
as hydroxyl-terminated polybutadiene (HTPB), making
HRE:s a feasible option for flight applications [2].

The development of hybrid propulsion systems based
on hydrocarbons fuels is becoming a technology asset for
small launchers and a new generation of space transporta-
tion systems. In particular, HREs based on nitrous oxide and
paraffin wax or liquid oxygen and paraffin wax are potential
candidates [1, 2].

Due to the advantages of hybrid propulsion over solid and
liquid engines and the current efforts to overcome the main
disadvantages, such as low fuel regression rate and combus-
tion instabilities, the Aero-Thermo-Mechanics Department
of the Université Libre de Bruxelles (ULB-ATM) consid-
ers, also based on objectives and results of the ASCenSIon
project, a European Union’s Horizon 2020 research and
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innovation programme in which ULB-ATM participates,
that hybrid rocket technology is a serious candidate for low
cost (potentially partially reusable) propulsion systems to
insert payloads in LEO orbit, injecting multiple payloads
into different orbits and upper stages of launch vehicles [3].

Despite the fast regression rate of the solid fuel, a pure
paraffin grain has poor structural characteristics and some-
times low combustion performance due to the fuel internal
ballistics behaviour. This problem can be addressed using
different approaches like 3D printing and the addition of
energetic and/or nano-sized metallic particles in the hybrid
fuel matrix, which can help to increase mass-burning rates
and at the same time produce more robust solid fuel grains.

Additive manufacturing (AM), or 3D printing, asserted
itself as a significant innovation in multiple fields and is
being largely exploited for rapid prototyping of complex
geometries as well as to realize cost and time-effective net-
shape components substituting more traditional processes.
The application of AM to HREs fuel grains allows the reali-
zation of advanced port geometries and non-conventional
swirl patterns, to improve turbulence in the combustion
chamber and burning surface, increasing the motor com-
bustion efficiency, regression rate, and control on shifting
mixture ratio [4].

At the ULB-ATM, a test facility has been developed for
the investigation of HREs with paraffin wax as fuel. The
facility comprises a test bench for a 1kN HRE with nitrous
oxide as oxidizer [5]. A hybrid rocket slab burner with opti-
cal access is also available and it has been used for flame vis-
ualization and characterization of fuel additives [6]. In par-
allel, a second slab burner has been designed by the rocket
propulsion team to improve the visualization techniques
that can be applied to study the rocket solid fuel ballistics.
Recently, more focus is being given to advanced manufac-
turing techniques for the realization of the fuel grains, in
particular 3D printing.

2 Additives for Paraffin-Based Fuel Grains

In HREs, the fact that the fuel is in the solid phase makes
it very easy to add solid performance-enhancing materials
such as metal powders. This enables the hybrid rockets to
gain a specific impulse (/;,) and density advantage over a
comparable hydrocarbon-fuel liquid propulsion system [7].
Additionally, metal additives can be used to reduce the oxi-
dizer-to-fuel ratio (O/F) for maximum /,,, thereby enabling
areduction in the required mass of liquid oxidizer [8]. Theo-
retically, any additive used in solid motors can be applied
to hybrids, and typical ones are Li, Al, B, Mg, MgB,, AlH;,
B,H,4, LiAlH,, and LiBH,.
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Akhter and Hassan tested a fuel composition based on
paraffin wax and HTPB, blended with Lithium Aluminium
hydride (LiAlH,) and Magnesium hydride (MgH,) nanopar-
ticles. They observed that the Magnesium hydride-doped
hybrid fuels exhibit lower viscosity as compared to Lithium
aluminium hydride (LAH)-doped counterparts. It signifies
comparatively greater entrainment-aided combustion phe-
nomenon in the former case. LAH-doped hybrid rocket fuels
exhibit solid-like behaviour in contrast to the MgH,-doped
fuels. Thus, LAH-doped fuels are predicted to be compara-
tively more stable in the solid phase than MgH,-doped one
[9].

Concerning paraffin, a study about self-disintegrating
composite fuels incorporating Magnesium particles (MgP)
point out that 15% of 1 pm or 100 pm-MgP formulations
increase regression rates by 163.2% or 82.1%, respectively,
at 335 kg/m?s oxygen flux, compared to pure paraffin [10].
Another experimental investigation using MgB,-doped
hybrid fuels shows promising results in terms of regression
rate and solid fuel density, related to pure paraffin baseline
[6].

While metal additives such as aluminium can increase the
nozzle erosion, certain metal hydrides, such as magnesium
hydride, reduce this effect, by decreasing the oxidising spe-
cies in the nozzle. Additives that affect the material strength
can be added to improve the structural performance of the
fuel grain if it is prone to failure, but in turn, it increases the
melt layer viscosity, which decreases the entrainment and,
thus, the regression rate [11].

Other approaches like fuel decomposition and mix-
enhancer effects on the performance of paraffin-based hybrid
rockets have been under development [12]. The use of metal
hydrides in HREs can be combined with 3D printing tech-
nology. In the sequence, a review of the principal concepts
of 3D printing processes and extrusion techniques that can
be suitable for paraffin grains manufacturing is presented.

3 Additive Manufacturing of Hybrid Rocket
Fuel Grains

Although numerous materials can be conveniently 3D
printed layer by layer using fused deposition, stereolithog-
raphy, and material jetting, such reported methods cannot be
directly extended to composite propellant grains and other
energetic materials due to adaptability and safety considera-
tions. It is apparent that composite solid rocket propellant
grains would significantly benefit from the relaxed geometric
constraints and ease of manufacturing offered by 3D print-
ing technology [13]. Nowadays, many studies try to employ
innovative methods to manufacture solid and hybrid solid
fuel grains by the means of the 3D printing process. For
what concerns HREs, which allow a larger flexibility in the
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fuel selection, experimental studies have been carried out
to assess the regression rate and combustion efficiency of
3D printed grains in thermoplastics such as Acrylonitrile
butadiene styrene (ABS), Polylactic acid (PLA), Nylon and
Polyvinyl acetate (PVA) [14], that are all typically available
for entry-level ‘Do It Yourself” (DIY) 3D printers. ABS is of
particular interest due to its good printability properties and
for a regression rate comparable with HTPB [15].

For what concerns paraffin-based fuels, the maturity of
3D printing techniques has not been achieved yet. On the
other hand, the fact that the melting point of the majority of
the paraffin waxes commercially available is lower than the
glass transition temperature of 3D printable thermoplastics
makes composite solid fuel grains a very attractive option,
where printed support structures are later filled with casted
paraffin [14]. Both ABS [16], PVA [17], and PLA [18] have
been successfully used. The advantage of a printed support
structure over a conventional mould lies in the fact that the
grain geometry can be designed to generate turbulence that
improves both regression rate and combustion efficiency.
For example, if an ABS substrate provides a helical struc-
tural frame for a paraffin-based fuel, the regression rate can
increase up to 20% more than a conventional design [19].
The regression rate increase induced by helical cylindri-
cal ports have been demonstrated also in [20]. Moreover,
if the helical port is combined with a star type port area,
which combines the increase in surface area with the swirl-
ing motion of the flow, regression rate can increase up to
30% [21].

4 Additive Manufacturing Techniques
for Paraffin Wax

The most common 3D printing technique for non-metallic
materials, widespread both in domestic and industrial-level
applications, is fused deposition modelling (FDM), com-
monly used to 3D print thermoplastics such as PLA and
ABS. The material is typically supplied to the machine in
continuous filament spools and fed to the print head, or
extruder, through a drive gear. The extruder is composed
of a heater and a nozzle. The heater melts the filament,
the molten plastic is then pushed through the nozzle and
deposed on the print bed, solidifying. As paraffin wax can-
not be extruded into filaments strong enough for FDM, it
is necessary to develop a new type of 3D printer able to
manufacture paraffin-based fuel grains. This would allow
to access the increased regression rate properties of the lig-
uefying fuel in combination with advanced geometries that
cannot be achieved with classical moulds. To do it, a differ-
ent extrusion technique has to be identified and investigated.
The following sections provide a review of feasible extrusion
techniques for paraffin, which may generally be exploited to

3D print non-conventional materials, as well as the experi-
mental investigations, the designed prototypes, and consid-
erations carried out at the ULB-ATM. As the main purpose
of the research is a technology demonstration, the selected
extrusion techniques have been chosen accordingly to the
size of the fuel grains that could be tested in the lab-scale
ULB-ATM 1kN engine. Further studies may investigate the
extension of these techniques to commercial scale hybrid
rockets.

4.1 Characterization of Paraffin and Its Printability

The first step carried out to identify a suitable extrusion pro-
cess was the investigation of the phase transition properties
of the material. The paraffin used in this study is Tudamelt
52/54, produced by the H&R group. Supplied as small pel-
lets of 2-3 mm diameter, the wax is solid at room tempera-
ture, and melts at a relatively low temperature, around 42
to 44 °C. While the temperature increases, right before the
melting point, at a temperature around 40 °C, the paraffin
reaches a semisolid state that presents a plastic behaviour.
The temperature range in which this plastic state can be
observed is however quite small. To assess the printability in
this state, heated soft paraffin has been inserted in a syringe
and manually extruded. The preliminary results showed that
heated paraffin is soft enough to be extruded through the
syringe orifice, and the filament is viscous enough to retain
its shape and adhere to the already deposited paraffin layers.
Since preliminary tests have been done without a thermal
control of the syringe, as the temperature decreases, the
wax hardens and fully solidifies, clogging the orifice. On
the opposite condition, fully melted paraffin flows out of
the syringe without control. Nonetheless, these tests proved
that soft paraffin may be extruded to allow a 3D printing
manufacturing process, applying pressure to force it to flow
through a nozzle. However, it also confirms that the extruder
requires a fine temperature control to maintain the wax semi-
solid and assure the continuity of the process.

To develop a 3D printing system, it is of primary impor-
tance to define the extrusion process that would create the
material filaments. To do so, some alternatives have been
identified while looking into techniques used for additive
manufacturing of other materials but with an analogous
semisolid consistency. The identified techniques, with a
critical overview of the advantages and disadvantages and
the results obtained at ULB-ATM, are discussed in the next
sections.

4.2 Gear Pump Extruder
A material that can be 3D printed with a heated syringe as

an extruder is chocolate. Chocolate 3D printers are already
available on the market, and they allow the creation of small
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and detailed pieces which can be used for cake decoration.
The peculiarity of chocolate, and its analogy with paraffin
wax, is the semisolid state of the extruded paste since it also
must be kept at a constant temperature to avoid the full melt-
ing of it, or the solidification.

For a preliminary investigation, a small commercial
chocolate extruder has been procured and installed on a
3D printer. The extruder consists of a reservoir tank where
the melted chocolate is poured, which flows through a gear
pump that pushes the liquid through a nozzle, where it par-
tially cools down until is ejected as a paste on the print bed.
A photograph of the printing process is given in Fig. 1, and
a test layer could be obtained through the fine-tuning of the
heater temperature and printer speed. Unfortunately, the con-
tinuous clogging of the nozzle induced by small temperature
variations and the uneven and imprecise results highlighted
the necessity of a stronger and more reliable feed system and
more precise heating control. The activity is more exten-
sively discussed in [22].

4.3 Ram Extruder

An alternative to the use of a screw or a gear pump is the
use of a ram extruder, typically selected to accomplish the
extrusion of paste-based materials [23], which is also used
for the extrusion of chocolate. The system consists simply of
a heated syringe, actuated by a linear actuator, that can pro-
vide the force necessary to extrude the paste. The functional
scheme of the extruder is given in Fig. 2. The advantage of
this system is the simplicity, both in the quantity of compo-
nents required and on the control system. One disadvantage,
since the full extruder is mounted on the head of the 3D
printer, is the necessity to stop and often reload the reservoir
of the syringe, since a light extruder can hold only a small
quantity of material before refilling is necessary. Moreover,
if the extruder is too large, the inertia of the head would
keep on changing during the printing process, potentially

Fig. 1 Realization of a 3D printed paraffin layer with an adapted gear
pump chocolate extruder
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Fig.2 Functional scheme of the ram extruder

inducing some vibrations on the printer and deformations
in the final product.

A ram extruder prototype for paraffin 3D printing has
shown some preliminary results to realize moulds for con-
crete casting for architecture applications, where the semi-
solid state is achieved through the creation of an emulsion
of paraffin and cellulose [24].

4.4 Screw Extruder

An alternative system to the gear pump and ram extruder to
provide the force necessary to extrude semisolid paraffin is
a screw pump system. This type of extruder, called screw
extruder, is commonly used to print and extrude plastic pel-
lets [25] but also soft ceramic pastes like clay [26]. In this
type of extruders, pellets or paste are inserted in a barrel
and pushed by an Auger screw towards a nozzle. Pellets
can be inserted through a hopper, and the barrel is heated
to liquefy them. Soft pastes are instead typically stored in a
tank and fed through a pressurized line and extruded without
a heating system. An improved design of a screw extruder,
featuring an Auger screw coupled with a Moineau pump in
the final part of the barrel, has shown promising results in
printing chocolate and wax pellets below 60 °C, as well as
PLA when heated to 200 °C [27].
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The functional scheme of a screw extruder is shown in
Fig. 3. The paraffin solid pellets enter through a hopper in
the extruder barrel, where an Auger screw rotates, powered
by a stepper motor. The screw conveys the pellets through
the barrel, homogenizing the flow and eliminating air bub-
bles. The paraffin is softened by the mechanical friction
induced by the screw and by the barrel itself, which is heated
with a resistance wire. The soft paste is finally extruded
through the nozzle. The mechanism, once optimized, should
provide a continuous and controlled flow of semisolid paraf-
fin, suitable to be installed on a 3D printer. The system could
also be designed to be directly fed with a heated semisolid
paraffin paste, instead of using solid pellets. This could allow
the premixing of the fuel with other additives.

This solution comes with some advantages, related to
the simplicity of manufacture and control, the reduced
number of components, and the light weight. The disad-
vantages are related to the necessity to often reload the
hopper, which cannot be too heavy to not invalidate the
printing process, the limit in pellet dimensions, and the
difficulty in mixing paraffin with additives. When com-
pared to the ram extruder, though, while it presents more
technical difficulties related to the dynamics of the rotating
parts, related with misalignments and vibrations induced
by the interaction with the flow, the screw extruder hopper

N
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power supply

Auger screw
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Fig. 3 Functional scheme of the screw extruder

and barrel can be continuously refilled, ensuring the con-
tinuation of the printing process without the need to stop
and reload.

Due to the simplicity of the concept, it has been decided
to design and manufacture a screw extruder at ULB-ATM.
The critical component of the system is the Auger screw,
which must be long enough to ensure good mixing and
homogenization but cannot be too long to have a good flex-
ural strength both during machining of the piece and dur-
ing operation. Also, the pitch, height, and thickness of the
thread are important parameters, which must ensure a good
conveying of the paraffin paste. After the screw parameters
have been chosen in analogy to clay extruders, a first pro-
totype has been built and tested, comprising an aluminium
hopper and barrel, heated by heating pads, and wrapped in
a polyethylene foam tube to maintain the heat. The extruder
support structure and the inlet tube for paraffin have been
printed in PLA. The screw is actuated by a stepper motor,
and the temperature at the wall is measured with a ther-
mocouple. An Arduino-based circuit is used for the screw
rotation and to control the heating of the barrel.

In analogy to the syringe experiments, pre-heated semi-
solid paraffin has been fed to the hopper. Unfortunately, tests
with the prototype have been inconclusive, and some design
flaws have been identified, namely:

e The heat provided by the pads was not enough to keep
the paraffin in its semisolid state, which was compacting
and solidifying towards the end of the barrel, therefore,
a more powerful heater is required.

The stepper motor was used in direct drive, but more
torque is needed to push the paste through the nozzle
when the temperature is decreasing.

e The hopper was not heated, so paraffin was already solid-
ifying and clogging before entering the barrel.

To overcome these problems, several improvements have
been conceived, and a CAD drawing of the second prototype
is shown in Fig. 4. In particular, a stepper motor with a gear
reductor has been introduced, to provide more torque, and
a flexible coupling shaft has been added to compensate for
the misalignments induced by an inhomogeneous distribu-
tion of the flow in the barrel. The heat is then provided by a
nickel-chrome wire, which is powered by a more powerful
power supply.

Moreover, in analogy with plastic pellet screw extruders,
a third prototype has been designed as well, with the CAD
drawing shown in Fig. 5, with a steeper and larger hopper to
allow the loading of paraffin wax in solid pellet form, thus
eliminating the pre-heating of wax to reach the semisolid
state.

The prototypes are currently being manufactured and the
results will be presented in future studies.
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Fig.4 CAD drawing of the
Auger screw extruder prototype
for semisolid paraffin extrusion

Fig.5 CAD drawing of the
Auger screw extruder prototype
for paraffin pellets extrusion
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4.5 Atomization

Another method that has been identified as suitable for
paraffin wax 3D printing is material jetting. In this type
of printing, the print head deposits droplets of material to
form the layers of the final component. The technique is
currently being used by the jewellery industry to manu-
facture the moulds for lost-wax casting.

The identified concept is to work with liquid paraffin,
which is easier to handle and keep in temperature, and
quickly solidify it, to reach a printable state. The liquid
film is atomized in small droplets that impinge on the print
bed, solidifying. Some experiments have been executed
to prove this concept, where a liquid flow of paraffin has
been ejected from a syringe and promptly atomized and
cool down using a flow of compressed air, as shown in [4].
The paraffin droplets impinging on the print bed solidify
and with an accurate control of the flow direction and

@ Springer

|_|_ /lAirinletl

-

—_—

\%/

Fig. 6 Functional scheme of the atomizer extruder

Fig.7 CAD drawing of the
atomizer extruder prototype

momentum, the technique may be used for 3D printing
of fuel grains.

To better understand the physics of the process, a small
print head prototype has been conceived at ULB-ATM
and its functional scheme is given in Fig. 6. The system
comprises an actuated heated syringe and a nozzle for the
airflow. More into detail, a preliminary CAD model of
the extruder is shown in Fig. 7. The barrel of the syringe
is heated with a resistance wire and is loaded with liquid
paraffin. A linear actuator moves the piston forcing the lig-
uid wax to pass through a small nozzle, where it entrains
with a heated dry airflow, coaxial to the liquid film, which
atomizes the paraffin that then solidifies on the print bed.
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To assess the effect of the atomization of paraffin, the
head of the extruder has been conceived to allow both a
straight and a swirled airflow, and to allow the introduction
of a secondary nozzle to control the multiphase flow. The
scope of this experimental print head is to observe how
the airflow and the paraffin interact to tune the printing
parameters and control the atomization. A similar system
has been exploited to 3D print sugar glass, but the airflow
was just used to cool down the dense liquid film and not
to atomize the liquid film [28].

Being an evolution of the ram extruder, the atomizer
extruder inherits both its advantages and disadvantages.
Moreover, also the dry air supply needs to be controlled
both in temperature and flow rate. The big limitation of
this system remains, as for the ram extruder, the necessity
to stop the printing process to reload the material in the
syringe. If the heating and feed system are moved outside
of the print head, however, it allows the manufacturing of
a larger mass of fuel.

While the preliminary results have proven to be inter-
esting, a prototype has not been manufactured yet. The
exploitation of this technology comes with several techni-
cal challenges, mostly related to the necessity of a reliable
design of the air injection system, necessary to guaran-
tee good atomization and low dispersion of the paraffin
droplets. Moreover, the theoretical printing speeds this
technique could achieve are lower than the other sys-
tems, since a very small flow of paraffin can be ejected
to ensure good control of the atomization process. Even
though this technique is already exploited in other fields, it
proved to be more suitable for the realization of small and

Fig. 8 Functional scheme of
the coaxial heat exchanger
system with solidification in the
extruder

Compressed air inlet I

N

detailed elements like jewellery moulds than bulky and
less detailed pieces such as HREs fuel grains.

4.6 Coaxial Heat Exchanger Extruder

The extrusion techniques suggested and analysed in the
previous sections are suitable for understanding the basic
mechanisms of paraffin printability, but lack on the point of
view of a real 3D printer integration. The following extru-
sion process discussed in this article comprises a large res-
ervoir of wax and a feed system that conveys the melted
or semisolid material to a smaller extruder located on the
3D printer, thus eliminating the need to stop the process to
recharge the system, or vibrations induced by variation in
the inertia of the extruder.

As for the atomization extruder, liquid paraffin can be
cooled down in a controlled way to reach the solidification
point at the printing bed. One proposed solution exploits a
large tank where paraffin is heated and melted, and a pres-
surization system that pushes it through the extruder. A heat
exchanger is placed on the extrusion head, where a cool-
ant flows through a tube coaxial to the paraffin line, to cool
down the wax until solidification just before the extrusion
through a nozzle. The functional scheme is shown in Fig. 8.
A prototype has been successfully tested with wax for lost-
wax casting at the Association Electrolab of Nanterre [29].

The extruder is a coaxial heat exchanger, in which liquid
paraffin flows through the inner tube, while a refrigerant
circulates in the external tube, with temperature and flow
rate controlled by a recirculating chiller. Paraffin is liquefied
in a separate tank, and a flow of compressed air keeps the
tank pressurized, pushing the melted wax to the extruder.

Manometer

/ Depressurization
; ] valve

Pressure regulator

Paraffin wax purge valve |

Water inlet
|

I Resistance heating | |.|
1 Water outlet
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The mass flow rate is controlled regulating the pressure in
the wax reservoir, and careful design of the exchanger length
and diameters can lead to a controlled solidification process.

The advantages of this design are the possibility to work
with a large reservoir, where liquid paraffin can be mixed
with additives, and the lack of rotating mechanical parts that
can clog or oscillate altering the quality of the extrusion.
If needed, a mixing device can be included in the tank, to
keep the flow in movement and avoid stratification and local
solidification. The main disadvantages are the size of the
extruding system, which comprises the heat exchanger and
feed pipes both for paraffin and refrigerant, making the print
head heavier and less flexible. Moreover, the feed pipes must
be heated to ensure that the wax remains liquid, and both the
pressure and temperature of the system must be controlled
precisely. Lastly, a recirculating system with a constant tem-
perature refrigerating liquid is needed, which adds cost and
complexity to the system.

A thorough numerical analysis of the cooling behaviour
has been carried out in order to correctly design the heat
exchanger. In particular, the length and diameter necessary
for a complete heat exchange and a good solidification at
injection. However, considerable limitations are present,
since most of the properties of paraffin wax necessary for
convective heat exchange calculation are not available in the
literature, to the author's knowledge, therefore, an investi-
gation and characterization of the flow of liquid paraffin in
heated and cooled pipes, as well as in phase change condi-
tions, should be necessary.

An alternative to this design is shown in Fig. 9. This pro-
posed solution is a compromise between the ram extruder
and the coaxial heat exchange extruder. In particular, a
heated reservoir is used to store a large quantity of paraffin,
which is taken to its semisolid state, and a piston is used
to push it into the feed system. The reservoir is detached

Fig.9 Functional scheme of the
coaxial heat exchanger extruder
to work with semisolid paraffin

from the 3D printer, and the semisolid wax is fed through a
flexible hose which is kept heated using a recirculating flow
of temperature-controlled liquid. The extrusion nozzle is at
the end of the line, mounted on the printing head of the 3D
printer. To reduce the length of the tube where the paraffin
has to flow, a machine where the head moves in the horizon-
tal axes while the printing bed moves down after each layer
on the vertical axis could be used. This system is currently
being investigated at ULB and a prototype will be developed
in the near future.

5 Conclusions

Paraffin-based fuels have been in the spotlight of the research
related to hybrid rocket propulsion systems since the tech-
nology had a renewed interest in the last decade. Charac-
teristics like the high regression rate of the solid fuel, high
c* efficiency, low cost of acquisition, and environmentally
friendliness make paraffin an attractive option to be used as
hybrid rocket fuel. However, pure paraffin has poor struc-
tural characteristics and sometimes low combustion perfor-
mance, in terms of Isp efficiency, which has hindered the
development and application of HREs for commercial use.

These problems can be addressed using different
approaches such as 3D printing and the mixing of wax
with energetic and/or nano-sized metallic particles, that
can help to increase burning rates and provide mechanical
strength to the fuel grains. On the other hand, the capa-
bility of 3D printing to manufacture complex geometries
rapidly and cost-effectively, sometimes not achievable with
traditional processes, can be applied to HREs fuel grains,
allowing the realization of advanced port geometries and
non-conventional swirl patterns, improving turbulence
in the combustion chamber and the burning surfaces,

Heating coil
power supply

\S

T

Extrusion nozzle
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increasing the motor combustion efficiency, regression
rate, and control on shifting mixture ratio.

This study presented a review of the principal tech-
niques that have the potential to be applied to produce
paraffin-based fuel grains by extrusion devices to enable
a 3D printing manufacturing process, mainly gear pump
extruder, ram extruder, screw extruder, atomization, and
coaxial heat exchanger extruder.

As pure paraffin wax cannot be manufactured in fila-
ments necessary for conventional FDM 3D printing, it
is necessary to develop a new type of 3D printer able to
manufacture paraffin-based fuel grains. After the inves-
tigation of several interesting extrusion concepts, it has
been decided to design and manufacture a screw extruder
type at ULB-ATM due to its simplicity. After the screw
parameters have been chosen in analogy to clay extruders,
a first prototype has been built and tested, comprising an
aluminium hopper and barrel, heated by heating pads, and
wrapped in a polyethylene foam tube to maintain the heat.
The extruder support structure and the inlet tube for par-
affin have been printed in PLA. The screw is actuated by
a stepper motor, and the temperature at the wall is meas-
ured with a thermocouple. After the preliminary tests, the
points that were identified as technological challenges are:

e The heat provided by the pads was not enough to keep
the paraffin in its semisolid state, which was compact-
ing and solidifying towards the end of the barrel.

e The stepper motor was used in direct drive, but the
torque was not enough to push the paste through the
nozzle when the temperature decreased.

e The hopper was not heated, so paraffin was already
solidifying and clogging before entering the barrel.

To overcome these problems, several improvements
have been conceived and discussed. A stepper motor with
a gear reductor has been introduced, to provide more
torque, and a flexible coupling shaft has been added to
compensate for the misalignments induced by an inhomo-
geneous distribution of the flow in the barrel. The heat is
then provided by a nickel-chrome wire, which is powered
by a more powerful power supply.

Another concept investigated is based on a coaxial heat
exchanger extruder, where liquid paraffin can be cooled
down in a controlled way to reach the solidification point
at the printing bed. An alternative design has been pro-
posed, being a compromise between the ram extruder
and the coaxial heat exchange extruder. In this concept, a
heated reservoir is used to store a large quantity of paraf-
fin, which is taken to its semisolid state, and a piston is
used to push it into the feed system. The extrusion nozzle
is at the end of the line, mounted on the printing head of
the 3D printer.

Based on the concepts presented in this work, the proto-
types are currently being manufactured and the results will
be presented in the future.
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