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ABSTRACT

In this research, the combustion performance of a novel, composite hybrid rocket fuel grain composed of
Acrylonitrile Butadiene Styrene (ABS) and Paraffin was investigated to understand the effects of incorpo-
ration of a novel nanomaterial: gel-like carbon dots (CDs), into the paraffin component. ABS fuel grains
with straight ports were 3D printed and used as molds into which base and 1 wt% CD-loaded paraffin
materials were casted separately. For control, pure ABS fuel grains were also printed. All fuel grains were
exposed to ballistic tests using the lab-scale test setup where gaseous oxygen (GOX) was employed as ox-
idizer. Test results exhibited that ABS/CD-loaded paraffin fuel grains manifested a maximum combustion
efficiency and regression rate of 88% and 1.29 mmy/s, which marked enhancements of about 8.5% and 11%
compared to ABS/pure paraffin fuel grains, respectively. Despite the compromise in the mechanical prop-
erties, the enhancement in combustion characteristics of CD-loaded fuel grains was attributed to lower
viscosity, higher particle entrainment, specific surface area and catalytic activity

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Hybrid rocket systems combine the inherent advantages of solid
fuels and liquid propellants, which renders them highly manu-
facturable, inexpensive and less sophisticated than other rocket
systems. Hybrid rockets offer increased safety due to the distinct
physical states of the fuel and oxidizer, on-demand thrust, reduced
environmental impact and low cost fabrication, which make them
a suitable option for applications such as suborbital flight missions
[1].

Despite these advantages, a potential large-scale utilization of
hybrid rockets is hindered by low regression rates due to the
classical diffusion flame-limited combustion [2-4]. Commonly em-
ployed solid fuels such as hydroxyl terminated polybutadiene
(HTPB) are known to have low regression rates due to this bound-
ary layer combustion mechanism. In order to address these short-
comings, several structural modification strategies such as intri-
cate port geometries, opposed fuel burners and impinging injec-
tors have been investigated so far [5-17]. To attain further en-
hancement in combustion properties, Karabeyoglu et al. investi-
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gated long-chained hydrocarbon fuels such as paraffin, in which
non-classical hybrid combustion where the formation of a low-
viscosity liquid layer on the fuel surface is observed [18]. In this
type of combustion, droplets of liquified fuel grain are entrained
into the gas stream, thereby ensuring higher levels of mass transfer
[19,20]. Karabeyoglu et al. also theorized that the rate of entrained
mass in liquefying fuels is inversely proportional to the viscosity
and suggested the following correlation [18]:
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where Py, h, 1 and o are dynamic pressure, melt layer thickness,
viscosity and surface tension, respectively, with «, 8, y and 7w be-
ing empirical constants. Due to the aforementioned prominence of
viscosity in combustion properties, several strategies aiming to re-
duce it via incorporation of nano or micro additives have been in-
vestigated so far. Chen et al. studied the effect of multi-walled car-
bon nanotubes (MWCNT) on the regression rate of HTPB where an
increase in thermal conductivity and regression rate for an opti-
mal MWCNT mass ratio of 1% were reported [21]. Akhter et al. uti-
lized lithium aluminum hydride (LiAlH4) and magnesium hydride
(MgH,) nanoparticles with paraffin-based fuels and achieved 3.5-
4.75 fold enhancement in regression rate [15]. Kobald et al. studied
the effect of adding nanoclay in the paraffin matrix upon which
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Fig. 1. The multi-step experimental strategy followed in this research.

appreciable improvement in combustion properties due to reduc-
tion in viscosity was reported [22].

Carbon quantum dots (CDs), are a class of unique carbon-based
nanomaterials that were serendipitously discovered in 2000’s and
have undergone significant development since 2004. CDs were re-
ported for the first time by Xu et al. when single-walled carbon
nanotubes (SWCNT) were tentatively purified by arc-discharge soot
followed by electrophoresis which manifested new bright spots
due to the presence of CDs [23]. CDs possess many characteris-
tic advantages such as small particle size (less than 10 nm), ex-
cellent photoluminescence (PL), good biocompatibility, non-toxicity
and abundant surface functionalities [24-26]. Up to now, CDs have
been successfully utilized for various purposes such as drug de-
livery, nanomedicine, stereolithography 3D printing, photocatal-
ysis, thermoelectric energy conversion, sensing and bioimaging
[27-32]. CDs were also demonstrated to increase thermal conduc-
tivity in phase change materials [33], enhance combustion effi-
ciency with mitigated emissions in diesel engine fuels by triggering
better air/fuel mixing [34] and possess low viscosity due to their
anionic nature [35,36], which make them an excellent candidate
for augmenting combustion properties of fuel grains.

In this research, we report a novel composite hybrid rocket fuel
grain fabricated via additive manufacturing of Acrylonitrile Butadi-
ene Styrene (ABS), followed by casting of paraffin loaded with a
unique class of CDs, gel-like CDs, into it. As opposed to the nu-
merous previously reported research studies concerning additively
manufactured hybrid rocket fuel grains with intricate port geome-
tries [37-39], the main focus of this research is the investigation of
the effect of gel-like CDs on combustion properties of a solid fuel
grain with straight port. Ballistic properties of each type of fuel
grain were correlated with microstructural, rheological and ther-
mal properties.

2. Materials and methods

The multi-step experimental strategy as illustrated in Fig. 1 was
followed to fabricate three different types of fuel grains. In novel
grains, gel-like CDs were fabricated and mixed with paraffin. For
control, both ABS/paraffin and pure ABS fuel grains were also fab-
ricated, the latter being fully 3D printed.

2.1. Preparation of gel-like CDs

The materials used to synthesize and purify gel-like CDs were
reported in [40]. Initially, 5 mL of 1,2-ethylenediamine (EDA)
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(=99.0%, MP Biomedicals, Irvine, CA, USA) was transferred into
a 50 mL round-bottom flask with argon flux (ultra-high pu-
rity, Airgas, Miami, FL, USA) which lasted for 5 min and heated
with constant stirring in an oil bath on a hot plate (Chemglass,
OptiMag-st). When the temperature reached 160 °C, 1 g of citric
acid (99.5-100%, VWR, West Chester, PA, USA) was added with
vigorous stirring. The reaction sustained for 50 min until complete
dissolution of citric acid in EDA was ensured. Argon gas was
applied through the whole reaction to prevent EDA from oxidizing.
After cooling the system for 15 min down to room temperature,
gel-like CDs formed at the bottom of the flask. The remaining
unreacted EDA supernatant was then extracted three times using
10 mL acetone (99.9%, VWR, West Chester, PA, USA) and discarded.
Subsequently, 0.8 g of gel-like CDs was dispersed in 1 mL of
deionized water, which was later processed by vacuum evapora-
tion at a constant temperature of 70-80 °C. The deionized water
was purified by a Modulab 2020 water purification system from
Continental Water System Corporation (San Antonio, TX, USA),
which had a pH of 6.62 + 0.30, surface tension of 72.6 mN m~!
and resistivity of 18 MQ cm at 25.0 &+ 0.5 °C. All chemicals were
used without further treatment.

2.2. Fuel grain fabrication

Three different types of fuel grains were fabricated with straight
port. Initially, pure ABS fuel grains were 3D printed. Subsequently,
composite fuel grains consisting of ABS and paraffin were fab-
ricated. Each sample had a standard length of 60 mm. Cross-
sectional dimensions of each fuel grain are shown in Fig. 2.

In all fuel grains, ABS component was 3D printed using a com-
mercial ABS filament supplied by Hatchbox as feed stock for a Cre-
ality Ender 3D printer where a nozzle with a diameter of 1 mm
was employed. In the slicing software, raft feature was activated
to ensure better adhesion onto the build plate. To further enhance
adequate adhesion on the heated bed, double sided tape was ap-
plied. For the ABS/paraffin fuel grains, paraffin blocks (supplied by
MilliporeSigma) were heated up to 110 °C, right below the soften-
ing temperature of ABS to prevent deformation during casting. For
the CD-doped novel fuel grains, paraffin was mixed with gel-like
CDs at a ratio of 1% by mass upon melting. In both ABS/paraffin
and CD-doped novel fuel grains, the approximate weight ratio of
ABS-to-paraffin was maintained at 2:1. Fuel grains were ready for
ballistic testing once the casted paraffin cooled down to room tem-
perature. On average, all fuel grains weighed 52 g and took a total
of 2 h to fabricate.

2.3. Ballistic testing and data acquisition

The lab-scale test setup as shown in Fig. 3 was constructed to
perform ballistic tests. A flow system was designed to control and
deliver the oxidizer, gaseous oxygen, to the combustion chamber.
In each test, the feed pressure was adjusted using a brass CGA-
540 hand operated regulator (HOV-1) with a 0-400 psi range. The
solenoid valve (SOV-1) enabled the remote open and shutoff of ox-
idizer flow during tests, whereas the check valve (CV-1) also pre-
vented contaminants or reactants from flowing upstream of the
system. Several measurements were recorded in order to character-
ize the performance of the hybrid rocket and the fuel. These mea-
surements included oxidizer mass flow, pressure, and temperature.

Pressure was measured at the inlet of the combustion cham-
ber with an Omega SV121 (PT-1) with a measurable range of
0-1000 psi. The temperature of the combustion chamber was
recorded using a k-type Omega thermocouple positioned at the
top of the combustion chamber. Throughout the burning process,
the oxidizer mass flow rate was measured with an Omega 1728A
0-500 SLM flow meter (FM-1). The pressure transducer operated
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Fig. 2. Cross-sectional dimensions of each fuel grain: (a) ABS; (b) ABS - pure paraffin; (c) CD-doped novel fuel.
Table 1
Combustion Sequential control of each test.
HOV-1 HOV-2 SOV-1 FM-1 cv-1 Chamber - -

Sequence Time (s) Action
1 0.0 Turn on data acquisition
2 5.0 Ignite the wire
3 8.0 Open SOV-1
4 18.0 Close SOV-1
5 23.0 Turn off PT-1
6 25.0 Turn off data acquisition

Fig. 3. Experimental ballistic test setup.

between 5 and 30 V DC of power and was supplied by 18 V DC
using a portable battery pack. The flow meter was powered by a
12 V DC adapter. The variable DC power supply and the 12 V DC
adapter were supplied by 110 V AC from a standard outlet source.
The solenoid valve was also powered directly by 110 V AC with
an integrated switch for remote operation. Finally, data acquisition
was performed using a National Instruments Compact DAQ Chas-
sis cDAQ-9178 housing an NI-9219 C Series Universal Analog In-
put Module. All sensors were recorded at the same sample rate of
10 Hz. Initially, in the tests, an aluminum-based combustion cham-
ber was used. Yet, due to the high pressure levels occurring during
the tests, a thicker stainless-steel combustion chamber with a di-
ameter of 33.1 mm was machined for use. A conical nozzle with
a diameter of 5 mm was employed. Each test was initiated manu-
ally using an ignition wire and conducted in the same sequence as
summarized in Table 1.

2.4. Evaluation of combustion performance

Characterization of the regression rate was initially performed
using the following Eq. (2) below:
I =aGly,

(2)

The variables © and Gox denote regression rate and oxidizer
mass flux, respectively. The terms a and n are the constants used
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for exponential fitting of the data. Since the fuels comprised two
different materials, regression rate for each component was deter-
mined iteratively. Because paraffin and ABS inherently possess dis-
tinct regression rate values and burning time, regression rate char-
acterization for paraffin had to be performed by taking the signif-
icant OfF transition into the account. Thus, for more accurate re-
sults, the mass balance method given in Eq. (3) was used for re-
gression rate calculations for paraffin-based fuels [40]:

) Am
r(t) ,Of.Atb.Ab (3)
where, for each component of the fuel, Am is the burnt mass, pf
is the density, Atyis the burn time and A, is the surface area on
which regression occurs. Combustion efficiency was determined by
the ratio of calculated and theoretical average characteristic veloc-
ities. The theoretical component was computed using NASA CEA
software [41], whereas the experimental data was estimated using
Eq. (4).
PA
== ()
The parameters A, P. and m represent the fuel port area, av-
erage combustion chamber pressure and average mass flow rate,
respectively.

C*

2.5. Imaging, rheological, mechanical and thermal characterization

With the aim of making correlations between fabrication pro-
cess and combustion performance, scanning electron microscopy
(SEM), transmission electron microscopy (TEM), viscosity and
thermal conductivity characterizations were performed. A Jeol
JSM-5600 LV scanning electron microscope was used for mi-
crostructural imaging. The samples were mechanically loaded until
failure and the specimen cross-sections were sputter coated with
Au to prevent overcharging of the sample. The surface morphology
of the CDs was investigated using a JEOL 1200X TEM device
where a drop of CDs aqueous dispersion was deposited on a
carbon-coated copper grid with subsequent air drying. In order to
understand the effect of incorporation of CDs in paraffin, compres-
sive strength of both type of samples also have been measured
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Fig. 4. Rheological properties of the paraffin samples. (a) Variation with temperature, (b) Variation with shear rate under 120 °C.

using an Instron™ 5966 universal testing frame in accordance
with ASTM D575-91. Thermal conductivity measurements were
carried out via transient hot-wire method using k-type thermo-
couples. Rheological characterization was conducted using a Haake
RheoStress 6000 rotational rheometer under the constant temper-
ature of 120 °C and between the temperature range of 85-120 °C.
Finally, thermogravimetric (TGA) characterization of base paraffin
and CD-doped paraffin samples was carried out using TG 209 F3
Tarsus at a heating rate of 10 °C/min.

3. Results

The rheological properties of each paraffin formulation with re-
spect to temperature and shear rate are provided in Fig. 4a and
b. Since ABS remains solid within the aforementioned tempera-
ture range, its viscosity data was excluded. Figure 4a displays the
variation of viscosity in both neat and CD-loaded paraffin over
the temperature range of 85-120 °C. The reduction in viscosity is
more pronounced in the CD-loaded paraffin samples. The viscosity
range recorded for pure paraffin and CD-loaded paraffin samples
were 12.49-7.91 and 11.85-7.20 cP, respectively. On the other hand,
Figure 4b represents the variation of aforementioned viscosity as
a function of shear rate under 120 °C. Under constant tempera-
ture, pure paraffin samples manifested Newtonian behavior since
the viscosity remained mainly constant with respect to shear rate.

SEM images of ABS and CD-doped paraffin fuel grains are pro-
vided in Fig. 5a and b. According to the SEM analysis, both mate-
rials exhibited porous structure. The porosity in ABS matrix can be
attributed to the process-induced limitations of 3D printing such
as poor infusion of the thermoplastic within the interface, warp-
ing in the matrix upon deposition onto the build plate and subse-
quent cooldown; whereas the porosity in the paraffin ensued due
to the cooldown upon casting. The brittleness of paraffin also con-
tributed to the formation of porosity. In comparison, the defects
in the ABS matrix were observed to be significantly larger than
those of the paraffin matrix. Gel-like CDs formed homogeneously
distributed aggregates within the paraffin matrix, indicating suffi-
cient mixing during the casting operation. The TEM image of gel-
like CDs and size distribution of 100 pristine dots are provided in
Fig. 5¢ and d, respectively. The TEM micrograph demonstrated ad-
equate dispersion with minimal aggregation and minor variations
in the CD size. The gel-like CDs exhibited quasi-spherical geometry
with a narrow Gaussian size distribution between 3.0 and 3.5 nm.
The CDs had a high specific surface area up to 15-20 m?/g.

SEM analysis also suggests that the compactly interconnected
and regularly distributed aggregates of gel-like CDs may provide
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better thermally conductive paths which agrees with the thermal
conductivity data shown in Fig. 6a. Hierarchical increase in ther-
mal conductivity shows that CD-loaded paraffin matrix possessed
a 20% higher thermal conductivity of 0.30 W/m.K, compared to
the 0.25 W/m.K of pure paraffin. Meanwhile, ABS matrix possessed
the lowest thermal conductivity of 0.18 W/m.K. Figure 6b repre-
sents the thermogravimetric analysis results of each type of paraf-
fin samples. The pure paraffin sample exhibited single-step decom-
position after around 200 °C, whereas the doped paraffin sample
was observed to decompose around 180 °C. This can be attributed
to the increased thermal conductivity due to the presence of CDs,
which increases the initial surface temperature, leading to higher
regression rates and combustion efficiency. Finally, the compres-
sive strength of each type of paraffin sample used in this research
have been provided in Supplementary Fig. 1, where addition of 1
wt% CDs has been observed to reduce the compressive strength by
5%, from 3.54 MPa to 3.37 MPa.

Figure 7 displays the typical variations of combustion chamber
pressure, surface temperature and mass flow rate. In all tests, pres-
sure values were observed to reach a peak followed by a fluctuat-
ing trend due to the increase in the volume of the chamber caused
by regression of the fuel. The transitions from ABS to paraffin and
vice versa were observed to cause sudden changes in the combus-
tion chamber pressure. The highest maximum surface temperature
of 250 °C was attained by the CD-doped novel fuel grain, whereas
ABS/paraffin and pure ABS grains exhibited the maximum surface
temperatures of 210 and 120 °C, respectively.

Variation of regression rate with average oxidizer mass flux is
displayed in Fig. 8(a). Regardless of the presence of gel-like CDs,
all paraffin samples exhibited complete burning in the primary
ABS port. Due to the particle entrainment phenomenon, paraffin
samples manifested higher regression rates compared to the fully
printed pure ABS fuel grains. However, CD-loaded ABS + paraffin
samples exhibited higher regression rates. The difference in regres-
sion rate due to the addition of gel-like CDs became more pro-
nounced in higher values of oxidizer mass flux. CD-loaded fuel
grains attained a highest regression rate of 1.29 mmy/s, whereas
the maxima of ABS/paraffin and pure ABS samples were 1.14 and
0.90 mmy/s, respectively. Compared to ABS/paraffin and pure ABS
fuel grains, CD-doped novel fuel grains demonstrated average im-
provements in regression rate by 8.5 and 83%, respectively. Expo-
nential curve-fitting yielded Eqs. (5) to (7) for each type of sample:

Frovel = 0.3173x%-2736

(5)

0.1828

fABS/Paraffin =0.4377x (6)
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Fig. 5. Microstructural characterization of the samples and the CDs. (a) Printed ABS matrix and its porous structure due to the inherent limitations of 3D printing, (b)
Aggregates of gel-like CDs within the paraffin matrix, (c) TEM micrograph of as-synthesized gel-like CDs, (d) Particle size distribution of gel-like CDs upon synthesis.

A) 04

o o
[N w

Thermal Conductivity (W/m.K)
(=}

ABS

Pure Paraffin CD+Paraffin

B) 100 | ——Pure Paraffin
i —Paraffin+1%CD
g%
s I
8§ 60
:c:n |
.a 40 =
= I
20 |
0 L L L 1
0 50 100 150 200 250 300 350
Temperature (°C)

Fig. 6. Thermal characterization of the samples: (a) Thermal conductivity, (b) Thermogravimetry.

Tpure aps = 0.1267x%-3728

(7)

Calculated combustion efficiency data using the average pres-
sure values in the middle of the combustion phase is provided in
Fig. 8(b) where the solid lines identify the theoretical characteris-
tic velocities for paraffin-based samples and the dashed line indi-
cates the same for ABS samples. Per this figure, addition of gel-
like CDs in the paraffin matrix enhanced the combustion efficiency
by an average of 7%. The highest combustion efficiency attained is
87% with CD-loaded fuels at an oxidizer-to-fuel ratio (O/F) of 1.384.
The ranges of combustion efficiency are 80-87% for CD-loaded fuel
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grains, 73-83% for ABS/paraffin composite fuel grains and 66-76%
for pure ABS samples.

The enhancement in the combustion properties of the paraf-
fin due to the addition of CDs can be attributed to certain mech-
anisms. Generally, paraffin-based hybrid rocket fuel grains suffer
from low combustion efficiency, due to the insufficient vaporiza-
tion during regression of the fuel which leaves behind high masses
of paraffin unburned. Higher catalytic activity due to the presence
of CDs was observed to cause higher levels of radiant heat trans-
fer, shortened ignition delay and faster decomposition of the fuel
as corroborated by TGA and ballistic tests, which are beneficial to



C. Oztan, E. Ginzburg, M. Akin et al.

Combustion and Flame 225 (2021) 428-434

15 250

= Surface Temperature
©
2 Mass Flow Rate
(0] 1 200 ~
=100 $)
N & o
a2 ©
0410 =
O g ]
5 @ 150 3
23 g
5 E

L [}
59 { 100 &=

a Q
c® 5 ¢ o
= £
35 S
> . 9]
.g Combustion Chamber Pressure 4 50
Q
(@)

0 1 " " 1 1 1 " " 0

6

9 12 15

Time (s)

Fig. 7. Typical variations of mass flow rate, combustion chamber pressure and surface temperature over time for the composite fuels.

A)
15
2
E
= ]
o125 | g o - w8
15:“ ] oa e -8 -.
= a - - .
2 1l PP ABS+Paraffin
9 il
g wn 5--2--" ABS
©0.75 SR
> u _.,——’l m®
g &
0.5 —— t — — — — ———
60 80 100 120 140 160 180

Average Oxidizer Mass Flux (kg/s-m2)

200

B) 1700

o Novel Fuel
m ABS/Paraffin
@ Pure ABS

90% Efficiency

1500

Characteristic Velocity (m/s)

1300
-’ ] ™ [ ]
‘. ]
.7 75% - ABS
e
1100 ) ) ! L L L
1 1.25 15 1.75 2 225 25 275
O/F Ratio

Fig. 8. Ballistic properties of the fuel grains, (a) Comparison of regression rates of CD-doped novel, ABS/paraffin and pure ABS fuel grains, (b) Combustion efficiency of each

fuel grain.

both regression rate and combustion efficiency. On the other hand,
thanks to the high specific surface area and the presence of addi-
tional oxygenic functional groups in CDs, higher O/F ratios during
combustion were observed to increase the combustion efficiency
[34]. Although the reduction in viscosity due to the macromolec-
ular degradation caused by the oxygenic groups increases the re-
gression rate [35]; it hampers the controlled release of the paraf-
fin particles. The oxygenic groups and high specific surface area of
CDs counterbalanced this limitation and increased the heat trans-
ferred during combustion. In addition to these, low combustion ef-
ficiency of the ABS fuel grains may be ascribed to the rather larger
presence of intensive microstructural artifacts such as porosity and
poor layer infuse, which are inherent to additive manufacturing.

Conclusions

In this research, the effects of gel-like carbon dots on the com-
bustion properties of ABS + paraffin hybrid rocket fuel grains were
investigated. A straightforward and inexpensive multi-step fabrica-
tion strategy which involved additive manufacturing of ABS molds
followed by casting of neat or CD-doped paraffin was utilized. Pure,
fully 3D printed ABS samples were also used as baseline for com-
parison with the composite fuel grains. The versatile, freeform and
adaptable nature of 3D printing allowed rapid production of each
type of sample without the need of retooling or post-processing.
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After the ballistic tests where gaseous oxygen was used, it was
concluded that the addition of gel-like CDs into the paraffin ma-
trix at a ratio of 1% by mass resulted in an enhancement in the re-
gression rate and combustion efficiency values by 11% and 8.5%, re-
spectively, compared to ABS/pure paraffin samples. These enhance-
ments were corroborated via microstructural imaging, rheological
and thermal characterizations. SEM images and thermal conduc-
tivity characterization evidenced that gel-like CDs formed aggre-
gates with uniform distribution within the paraffin matrix that led
to an increase in thermal conductivity due to the thermally more
conductive network. Moreover, the viscosity of paraffin matrix was
observed to decrease upon introduction of gel-like CDs, which en-
sured better entrainment of liquid paraffin particles within the
combustion flame and higher combustion temperatures, leading to
enhanced regression rates. This can be ascribed to the reduction in
viscosity through macromolecular degradation within paraffin due
to the presence of oxygen groups in CDs. On the other hand, the
improvement in combustion efficiency may be attributed to the in-
crease in specific contact surface, presence of the aforementioned
oxygenic functional groups and the enhancement in the catalytic
activity, as proven by thermogravimetric analysis. Nonetheless, cer-
tain reasons like process-induced limitations of 3D printing such
as porosity impacted the combustion behavior of all samples, lead-
ing to a maximum combustion efficiency of 88% in the novel fuel
grain. Although, using a rather larger nozzle with a diameter of
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1 mm during the 3D printing step significantly shortened manu-
facturing time, it led to larger porosity in the ABS matrix, impact-
ing the combustion properties. On the other hand, addition of CDs
in the paraffin by 1 wt% compromised the compressive strength by
5%. The promising effects of gel-like CDs on hybrid rocket propul-
sion may pave the path towards more efficient, larger-scale hybrid
rockets for aerospace industry. Future efforts may be devoted on
the improvement of mechanical properties of the novel fuel, opti-
mization of carbon dot size and concentration and implementation
of structural modifications such as intricate port geometries and
multiple ports.
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