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Abstract: Hybrid rockets are safe and inexpensive; however, boundary-layer combustion poses a
problem in achieving a fuel regression rate equivalent to that of solid propellants. The fundamental
combustion conditions, such as the fuel regression rate of LT421, a paraffin-based low-melting-
point thermoplastic fuel, were investigated using a swirling-flow combustion method. Firing tests
were conducted using the oxygen mass flow rate and burn time parameters. The LT fuel exhibited
an ignition delay compared to polypropylene, and the pressure increased slowly relative to the
thrust. The combustion pressure increased or remained constant with time, suggesting that the fuel
regression rate was more dependent on the oxygen mass flow rate than the oxidizer mass flux. The
shear force generated in the grain owing to the swirling flow caused fuel-grain separation when the
oxygen mass flow rate exceeded 100 g/s. Fuel-grain separation was prevented by modifying the
case geometry. The maximum fuel regression rate obtained in the tests was 4.88 mm/s at an oxygen
mass flow rate of 190 g/s and mass flux of 72.4 kg/(m2s), which was four times higher than that
of polypropylene at the same oxidizer mass flux. The fuel regression rate correlation was obtained
using the oxygen mass-flow-rate-based parameter, although further modification was necessary to
apply this correlation when the burning time was varied.

Keywords: hybrid rocket; liquefying fuel; swirling flow; fuel regression rate

1. Introduction

Hybrid rockets generally use solid fuels and liquid or gaseous oxidizers. Combustion
is heterogeneous and usually takes the form of diffusion combustion, wherein the boundary
layer formed on the solid fuel surface has a dominant influence. The fuel regression rate
in boundary-layer combustion is related to many physical and chemical processes, such
as the boundary-layer thickness, heat transfer from the flame, and heat of melting and
vaporization of the solid fuel [1]. The fuel regression rate in hybrid rocket engines is less
than the burning rate of solid propellants, such as ammonium perchlorate (AP)/hydroxyl-
terminated polybutadiene (HTPB)/Al composite propellants, which makes it difficult to
realize a large thrust with the same propellant volume as that of solids. This is a major
factor delaying the practical use of hybrid rocket engines.

In addition to the different phases of the fuel and oxidizer before combustion, diffusion
combustion is less prone to explosive events, both in propellant storage and during com-
bustion. Shimada et al. referred to hybrid rocket propulsion as an essentially non-explosive
propulsion system [2]; these characteristics are difficult to realize in rockets that utilize
solid or liquid propellants. One advantage of hybrid rocket engines is their safety. Virgin
Galactic has continuously used hybrid rocket propulsion systems in its manned spacecraft
SpaceShipTwo owing to their safety [3]. Hybrid rocket engines are also used globally
for sounding rockets, student rocket projects, etc. [4–6], but there have been a few major
accidents during their launch and handling.
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Owing to the high safety features of hybrid rocket engines and the low cost resulting
from the aforementioned safety features, the research and development of small hybrid
rockets conducted by venture companies have been active in meeting the demand for
launching nanosatellites [7–11]. Gilmour Space, TiSpace, and HyImpulse are developing
small launch vehicles that use hybrid rocket engines to launch small satellites into low-Earth
orbits. Mjolnir SpaceWorks specializes in the sale of CAMUI-type hybrid rocket motors for
small launch vehicles. Letara is a venture company that developed a modular propulsion
system for small satellites and spacecraft developers [12]. A more comprehensive status of
hybrid rocket R&D and market observations on the use of hybrid rockets for nanosatellites
and microsatellites was summarized by Mazzetti et al. [13].

Although hybrid rocket engines are characterized by safety and low cost, increasing
the fuel regression rate remains an inherently important issue. Methods for increasing
the fuel regression rate include the use of oxidizer injection or grain geometry to create
a flow field [14–16] and the use of cryogenic fuels such as frozen pentane [17]. Several
other methods have also been proposed. In recent years, liquefied fuels, particularly
paraffin wax, have attracted considerable attention. In this case, a fuel with a low melting
point that is easily liquefied is used to obtain a high fuel regression rate owing to the
entrainment effect [18,19]. The effect of viscosity on the entrainment mechanism was also
investigated [20,21].

The main drawback of paraffin wax fuel is its mechanical properties, and research is
being conducted to improve these properties. One method of improving the mechanical
properties of paraffin wax is to mix it with additive materials. The mechanical and combus-
tion properties of paraffin-blended fuels have been investigated for various materials such
as polyethylene (PE), polypropylene (PP), ethylene vinyl acetate copolymer, and stearic
acid [22–25]. The effects of a wide range of additives, including metal particles, on the
combustion and mechanical properties of paraffin wax were summarized in a review by
Veale et al. [26]. The addition of small amounts of additives increases the strength and
ductility of paraffin wax but increases the viscosity coefficient, which often results in lower
fuel regression rates. Another method comprises the reinforcement of the mechanical
properties of paraffin wax using additive manufacturing [27–30]. The mechanical and
combustion properties of paraffin wax fuel are balanced by the reinforcement structure.
Paraffin wax (FT-0070, Nippon Seiro Co. Ltd., Tokyo, Japan) was used by the authors; if a
shallow crack remained during the grain molding, the fuel receded significantly from the
crack during combustion, and the burned area changed irregularly [31]. These cracks were
caused by the volume change of the molten paraffin wax as it solidified.

The LT fuel is a paraffin-based, low-melting-point thermoplastic fuel with excellent
mechanical properties. Several LT fuels of different compositions have been developed, as
listed in Table 1 [32]. All of these have slightly higher melting points than paraffin wax, and
it has been confirmed that they have the same entrainment mechanism during combustion
as paraffin wax [33]. LT fuels have a higher fuel regression rate than other polymer fuels,
such as PE, PP, and polymethyl methacrylate (PMMA) [32,34]. The disadvantage of LT fuel
is that it has a lower theoretical specific impulse than the majority of HR fuels, as shown
in Figure 1. The theoretical specific impulse was calculated using the NASA program
Chemical Equilibrium with Applications (CEA) [35]. The chemical composition of LT421
is C7.08132H13.41038O0.08358, based on the analytical results of Wada et al. [36]. The molar
mass of LT421 is 99.96 g/mol, and the heat of formation is −1088 kJ/mol. Table 2 lists the
maximum specific impulse and O/F values at combustion chamber pressure Pc = 4 MPa.
The lower specific impulse of the LT fuel was due to the lower adiabatic flame temperature
of the LT fuel and the higher molar mass of the burned gas. The thermal analysis of LT fuel
is currently being conducted to understand its combustion mechanism [37]. The authors
also conducted firing tests using LT fuel in a swirling-oxidizer-flow-type (SOFT) engine
and found that cracks did not remain in the grain after the molding in the LT fuel, the grain
was almost uniform, and no cracks occurred in the grain during combustion.
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Table 1. Compositions and properties of LT fuels.

Sample No. LT421 LT462 LT464 LT460

Composition

Styrene series resin [%] 8 9 11 13
Low melting resin [%] 13 33 32 31

Liquefacient (fatty acid) [%] 4 0 3 6
Paraffin oil [%] 75 57 53 49

Element ratio
C [%] 35 36 36 36
H [%] 65 63 63 63
O [%] 0.4 0.6 1 1

Physical property Specific gravity 0.89 0.92 0.92 0.92

Mechanical
property

Yang’s modulus [kPa] 37.7 169.3 267.7 617.7
Maximum stress [MPa] 0.09 0.26 0.41 0.58

Maximum strain [%] 378.8 319.4 344.0 300.2
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Figure 1. Theoretical specific impulse of LT421-oxygen and typical HR fuels calculated using
NASA CEA.

Table 2. Maximum specific impulse and O/F values at Pc = 4 MPa.

Fuel LT421 Paraffin Wax
(FT0070) PE PP HTPB

Isp [s] 257.3 289.6 290.2 286.7 287.0
O/F, mass 3.02 2.46 2.44 2.44 2.08

As mentioned above, although the LT fuel is inferior to many hybrid rocket fuels
in terms of specific impulse, it has a high fuel regression rate and excellent mechanical
properties to compensate for a specific impulse. However, a series of studies conducted by
Wada, Kawabata, and Banno et al. concentrated on one of several types of LT fuel, LT460,
while research on other compositions is thus still lacking [32–34,36,37]. In particular, LT421,
which has a lower melting point and viscosity than LT460, as shown in Figure 2 [38], may
have a higher fuel regression rate based on the aforementioned previous studies [18,20,21].
It is also interesting to observe the fuel regression rate that can be obtained when using
a SOFT engine, which the authors have been working on. Kawabata et al. also studied
the effect of swirling combustion on the regression rate of LT460 and demonstrated that
the swirling flow increased the fuel regression rate by a factor of nearly three compared to
the non-swirling case [34]. The maximum fuel regression rate obtained in their study was
3 mm/s at an oxidizer mass flux of 70 kg/(m2s). A higher fuel regression rate is expected
for LT421 with a low viscosity.
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The objective of this study was to clarify the fuel regression rate of an LT421-oxygen
propellant when a swirling flow is applied. This is our first study on the application of swirl
flow to LT421, and the combustion conditions were studied in detail to obtain fundamental
data. First, firing tests were conducted by varying the oxygen mass flow rate, and the
relationship between the obtained fuel regression rate and oxidizer mass flux is discussed.
In this study, phenomena such as ignition delay of the LT fuel and grain separation due to
the shear force of the oxygen-swirling flow were observed. Firing tests were conducted by
varying the burn time to examine whether the fuel regression rate could be organized in
terms of the oxidizer mass flux. In tests with burn time as a parameter, the temperatures of
the nozzle and engine components increased as the burn time increased. The erosion and
heat resistance of the components were also investigated.

2. Experimental Setup and Conditions
2.1. Experimental Setup
2.1.1. Hybrid Rocket Engine

A cross-sectional view of the engine used in the experiment is presented in Figure 3a.
The engine consisted of a single-port fuel grain (LT421), swirler injector, igniter, post-
combustion chamber, and nozzle. The igniter was prepared using model rocket A8-3, and
the burned gas was ejected orthogonally to the grain surface through four injection holes in
the igniter. Figure 3b presents a swirler injector that generates a swirling flow of oxygen.
The swirl number S is defined by the following equation, using both the axial flux of the
angular momentum Jϕ and axial thrust Jx [39]:

S =
Jϕ

Jxrex
, (1)

Jϕ =
∫ rex

0
uθrρux2πrdr, (2)

Jx =
∫ rex

0
uxρux2πrdr +

∫ rex

0
p2πrdr. (3)

The following equation, which omits the static pressure term, estimates the input
velocity distribution in the swirler injector based on the injector geometry, thus providing a
good approximation of the swirl number.

Sg =
Jϕ

J′xrex
, (4)

J′x = 2π
∫ rex

0
ρu2

xrdr. (5)
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In this study, we refer to this as the geometrical swirl number Sg. The geometrical
swirl number depends on the oxidizer mass flow rate and representative radius of the
swirler, as shown in Equations (4) and (5). The Sg of the swirler injector used in this study
is calculated using the following equation based on Equation (4):

Sg =
rex − w/2

rex

πr2
ex

nAslit
. (6)

The swirler used in this study had a representative radius of rex = 20 mm, w = 3 mm,
n = 8, Ainj = 7.5 mm2, and thus, Sg = 19.4. The authors conducted several firing tests using
similar swirlers with

.
mox up to 1.35 kg/s and rex = 2.5–28 mm, and the fuel regression

rate correlated well with Sg. The oxidizer mass flow rate and representative radius of the
swirler in this study were also within the experimental range.

A post-combustion chamber was installed to improve combustion efficiency [40]. The
post-combustion chamber comprised graphite. In this engine, the swirling motion of the
burned gas was maintained up to the nozzle inlet because the oxygen was provided with a
strong swirl [41]. The post-combustion chamber actively utilized a swirling flow and had
a trailing edge to create a recirculation flow, as shown in Figure 3a. This was intended to
increase the combustion efficiency by mixing the burned gas and unburned fuel.

A graphite plate was installed on the injector side of the grain as a refractory material
to protect the stainless steel from high-temperature burned gas. Bakelite plates, which are
thermosetting phenolic resins, were also used in these experiments. A Bakelite plate was
placed between the fuel grain and post-combustion chamber as an insulator to prevent
the end face of the fuel grain from melting owing to the heat from the post-combustion
chamber. A cylindrical insulator fabricated using Bakelite or Lossna board, which is a
heat-resistant inorganic material reinforced using glass fiber, was installed around the
periphery of the fuel grain and post-combustion chamber to reduce the heat transferred to
the stainless-steel case.

Three nozzle types with different throat diameters and expansion ratios were used
in the experiment. The C4M nozzle had a throat diameter of 18 mm, expansion ratio of
5.4, and designed combustion chamber pressure of 4 MPa. The C1M nozzle had a throat
diameter of 12 mm, an expansion ratio of 2.5, and a designed combustion chamber pressure
of 1 MPa. The C1Mr nozzle had a designed combustion chamber pressure of 1 MPa and a
throat diameter of 18 mm, which is similar to the case of the C4M nozzle, with an expansion
ratio of 2.18. Firing tests were conducted with the combustion chamber pressure set to
approximately 1 MPa. Because there were no data on the fuel regression rate of the LT421
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at the beginning of the study, the oxygen mass flow rate was increased stepwise during
the test. In the first test, a C1M nozzle was used; however, as the oxygen mass flow rate
increased, the combustion-chamber pressure exceeded 1 MPa, and a C4M nozzle with a
larger throat diameter, which was in stock and could be used immediately, was temporarily
used. In this case, the nozzle was used under overexpanded conditions; however, in this
study, emphasis was placed on the fuel regression rate. As the data on the regression rate
increased with each firing test and the accuracy of the preliminary prediction of engine
performance improved, a C1Mr nozzle with the same throat diameter as that of C4M was
fabricated and used in the experiment.

2.1.2. Fuel Grain Fabrication

Figure 4a presents the molded LT fuel for the PMMA case. First, the LT421 was
placed in a glass beaker and heated to 393 K using an electric heater. The melted fuel was
then poured into a PMMA cylindrical case and solidified by natural cooling to a room
temperature of 283–301 K. A round polypropylene (PP) rod was inserted at the center of
the cylinder. A round PP rod was pulled out after solidification to form single-port fuel.
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As described below, the LT fuel peeled off from the PMMA fuel when the oxidizer
mass flow rate increased. Firing tests were conducted using a finned case fabricated using a
3D printer. Figure 4b presents the LT fuel molded into a finned case. The molding method
was the same as that used for the PMMA case, and the LT Fuel was poured into the finned
case. A schematic of the finned case is presented in Figure 4c. The main objective of this
study was to prevent grain separation. Therefore, the case shape was simple. However,
as there are some studies in which the shape of the case induces a flow that is effective in
increasing the regression rate [42], we plan to study the shape of this case in the future.
The material used was AR-H1, a photocurable resin mainly comprising acrylic monomers,
and a Keyence AGILISTA-3200 was used for the fabrication. The cause of the fuel grain
separation, in this case, is considered to be the shear force of the swirling oxygen flow
acting on the inner surface of the grain. Hence, the fins protruded into the cylinder in six
circumferential directions to support the circumferential forces acting on the grains. The fin
shape was determined to increase the LT fuel-filling rate inside the case. The mass-filling
ratio of the LT fuel in the designed finned case is 94.4 mass% compared to that in the PMMA
case without fins.

2.1.3. Engine Test Facility

An overview of the experimental apparatus used is presented in Figure 5. The engine
was fixed to the thrust stand, and oxygen was supplied from the cylinder. To suppress
combustion, nitrogen was supplied to the engine through the same piping as that used for
oxygen. An electric spark was used to ignite the igniter installed inside the engine, and an
electric wire was connected to the igniter through the nozzle outlet.
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The oxygen supply pressure was set to choke the flow such that the mass flow rate
was not subject to fluctuations in the combustion chamber pressure. The oxygen mass flow
rate under choke conditions is expressed as follows:

.
mox = Cd

AtPu√
RoxTu

√√√√
κ

(
2

κ + 1

) (κ+1)
(κ−1)

. (7)

During the experiments, the orifice diameter and oxygen supply pressure were ad-
justed to achieve the specified mass flow rate. The flow coefficient was determined
for each orifice type through calibration experiments of the oxygen gas flow rate under
choked conditions.

The combustion chamber pressure was measured at the nozzle inlet, where the burned
gas flow stagnated. The oxygen mass flow rate was measured using pressure and tempera-
ture sensors installed upstream of the orifice. The wall temperature of the post-combustion
chamber was measured using a K-type sheathed thermocouple with an outer diameter
of 1 mm installed on the outer wall. The nozzle-throat wall temperature was measured
6.3 mm from the inner surface of the throat using a K-type sheathed thermocouple with an
outer diameter of 1 mm. The thrust force was measured using a load cell.

The pressure, thrust, and temperature were recorded using a data logger. The sampling
rate was set as 1 kHz. However, the response time of the thermocouples was slower than
the sampling rate by approximately 10 Hz. The pressure sensor used for the combustion
chamber pressure measurement had a frequency response of the order of 10 kHz, but the
sampling rate of the data logger was a rate-limiting process, and its frequency response was
less than 500 Hz according to the sampling theorem. The pressure sensors used to evaluate
the oxygen mass flow rate were low-pass filtered at a threshold of 300 Hz to increase the
signal-to-noise ratio. The load cell output was low-pass-filtered at a threshold of 300 Hz.

The load cell output was calibrated before each firing test after the engine and piping
were installed. The maximum uncertainty of the measured values was ±5 N. The experi-
mental results confirmed that the thrust stand experienced a natural vibration of 15–16 Hz
after the engine was installed.

2.2. Data Analysis and Experimental Condition
2.2.1. Setting Targets for Equivalence Ratios

As fundamental data for setting the experimental conditions, the specific impulse of
LT421-oxygen for the equivalence ratio was calculated using NASA CEA at combustion
chamber pressures of 1 and 4 MPa. Figure 6 presents the calculation results. The equivalence
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ratio with the highest Isp varied with the combustion-chamber pressure. At Pc = 1 MPa, Isp
peaked at an equivalence ratio of approximately 1.3. As pressure increases, the equivalence
ratio value at which Isp maximizes decreases with ϕ = 1.2 at 4 MPa. The experimental
conditions were set based on these data.
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2.2.2. Regression Rate and Oxidizer Mass Flux

The oxidizer mass flux is expressed by the following equation and varies with the
oxygen mass flow rate and time-averaged port diameter:

Gox =
4

.
mox

πd2
ave

, (8)

The time-averaged port diameter is defined by the following equation, and the port
diameter at the end of combustion varies with the burn time [43]:

dave =
di + d f

2
, (9)

d f =

√
di

2 +
4∆w f

πLρ f
. (10)

The time-averaged fuel regression rate across the grains (referred to as the fuel regres-
sion rate in this study) was calculated using the following equation:

.
r =

d f − di

2tb
. (11)

2.2.3. Experimental Conditions

Firing tests were conducted using the oxygen mass flow rate and burn time as param-
eters for investigating the effect of the oxidizer mass flux on the fuel regression rate. The
experimental conditions and target values for each firing test are listed in Table 3.

When the oxygen mass flow rate was varied, the target burn time was set to a constant
of 4 s. The firing tests were initiated at a low oxygen mass flow rate, and its value was
increased in steps. For each test, the correlation formula of the fuel regression rate for
predicting the engine performance was modified, and the conditions were set sequentially
to achieve an equivalence ratio with a high specific impulse at a combustion chamber
pressure of approximately 1 MPa. Therefore, the number of nozzles used in each test was
varied. In particular, the C1Mr nozzle caused a large erosion at #719, which is described
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later. To indicate the history of use of this nozzle, the order in which it was used is indicated
by a number such as C1Mr-1. In addition, the finned cases were used under conditions
#715 and #719 because fuel grain separation occurred frequently in the PMMA case when
the oxygen mass flow rate was 100 g/s or greater.

Table 3. Experimental conditions and target values for each firing test.

3.1. Firing Tests Varying Oxygen Mass Flow Rate

Exp. No.
.

mox tb L Nozzle dt ϕ Grain Case Refractory Plate
(g/s) (s) (mm) (-) (mm) (-) (-) Leading-Edge Side

#688 50 4 50 C1M 12 1.28 PMMA Graphite
#690 85 4 111 C1M 12 1.28 PMMA Bakelite
#698 115 4 111 C4M 18 1.17 PMMA Bakelite
#701 115 4 111 C4M 18 1.17 PMMA Bakelite
#704 150 4 111 C4M 18 1.34 PMMA Graphite
#707 115 4 111 C1M 12 1.46 PMMA Bakelite
#715 150 4 111 C1Mr-3 * 18 1.34 Finned Graphite
#719 200 4 111 C1Mr-5 * 18 1.29 Finned Graphite

3.2. Firing Tests Varying Burn Time

#711 80 10 91.4 C1Mr-1 * 18 - PMMA Bakelite
#714 80 13 91.4 C1Mr-2 * 18 - PMMA Graphite
#717 80 16 91.4 C1Mr-4 * 18 - PMMA Graphite

* The numbers indicate the number of times the nozzle was used.

When the burn time was varied, the oxygen mass flow rate and grain shape remained
constant. At a burn time of 13 s at #714, a fuel grain with a thickness of 30 mm was expected
to burn out based on the fuel regression rate correlation at an oxygen mass flow rate of
80 g/s. To validate this prediction, a firing test #717 with a longer burn time of 16 s was
conducted. All the nozzles used in this series of firing tests were C1Mr. Bakelite was used
as insulation between the PMMA and stainless-steel cases. The heat insulator plate on the
swirler injector side of the grain was changed from graphite to Bakelite only for #711.

2.2.4. Data Analysis

The relative error of each value based on the experimental measurements was evalu-
ated using the following equations [43]:

R =
d f

di
, (12)

Ed f
=

[(
Edi

R

)2

+ 0.5
(

1− 1
R2

)2(
E2

∆w f
+ E2

ρ f
+ E2

L

)2
]1/2

, (13)

E .
r =

[(
R

R− 1
Ed f

)2
+

(
1

R− 1
Edi

)2
+ E2

tb

]1/2

, (14)

EGox =

[(
2R

R− 1
Ed f

)2
+

(
2

R− 1
Edi

)2
+ E2.

mox

]1/2

, (15)

The following values were used for each firing test: E∆w f = 0.062, Edi
= 0.008,

Eρ f = 0.01, EL = 0.005, and E .
mox

= 0.025.
The C* efficiency can be expressed by the following equation, assuming a uniform

pressure field in the engine:

ηC∗ ≡
C∗exp

C∗th
=

Pc,exp At
.

mexp
/

Pc,th At
.

mth
, (16)
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Assuming that the experimental time-averaged propellant mass flow rate is equal to
the theoretical mass flow rate, the C* efficiency can be determined from the ratio of the
experimental and theoretical pressures [44]:

ηC∗ ≡
C∗exp

C∗th
=

Pc,exp

Pc,th
, (17)

The theoretical pressure was calculated using the following equation, with the values
calculated using NASA CEA, the experimental time-averaged equivalence ratio, and the
nozzle throat area:

.
mth = Pc,th At

√√√√ κMw

R0Tc,th

(
2

κ + 1

) (κ+1)
(κ−1)

. (18)

3. Experimental Results and Discussion
3.1. Effect of Oxygen Mass Flow Rate on Fuel Regression Rate
3.1.1. Typical Combustion Condition

Figure 7 presents the time histories of the oxygen mass flow rate, combustion chamber
pressure, and thrust for #701, and Figure 8 presents the appearance of the exhaust plume
during firing. The burn time was defined as the time at which the combustion chamber
pressure exceeded 80% of the time-averaged value. This was determined via iterative
calculations to determine the average pressure value in the section from rise to fall, while
using the start and end times of combustion as parameters, and to determine the section
with the longest burn time. It should be noted that the burn time presented in the graph
differs from the programmed sequence times for the ignition and oxygen supply. The
oxygen mass flow rate was maintained at a constant during the combustion because of the
choke. The ignition of the igniter occurs at approximately −0.5 s. After the igniter ignition,
the combustion chamber pressure increased more slowly than the thrust. Figure 8c shows
that 0.2 s after the ignition of the igniter, a strong luminescence appeared at the outlet of the
nozzle, which is an indication that the grain was ignited. The emission of the exhaust flame
was subsequently weakened until 0.1 s, and from 0.3 s, the shape of the exhaust plume
and its emission became static. During this time, it is considered that the recirculation flow
of the burned gas in the post-combustion chamber was insufficiently formed, and much
of the molten fuel was discharged unburned; therefore, the increase in the combustion
chamber pressure was thought to be slower than the thrust. Although it contained a large
amount of unburned fuel, the thrust increased more steeply than the combustion chamber
pressure owing to the large mass flow exiting the nozzle. This difference between the
combustion chamber pressure and thrust caused by the ignition delay of the grain was
observed in many cases in this study, although the degree of difference varied from test to
test. The time variations in the combustion chamber pressure and thrust did not coincide
until approximately 1 s after ignition. The pressure stabilized after 1 s. In this study, the
combustion state was transient, with significant changes from ignition to approximately
2 s. In addition, the pressure increased slowly after 2 s with an increase in the burn time.
The thrust also increased in response to an increase in the pressure.

For the same engine with PP fuel using a similar swirler injector and ignitor, the
increases in the combustion chamber pressure and thrust were in good agreement, as
shown in Figure 9. In the previous firing tests, the ignition delay of the fuel grain was
not a problem when PP was used in the SOFT engine. In a study conducted by Merotto
et al., which compared the combustion conditions of HTPB and paraffin-based fuels, it
was found that the transient condition was longer before the combustion condition settled
for the paraffin-based fuel, which is similar to the case of the present study [45]. Hence, it
is unlikely that the engine configuration was the cause of this, but rather a phenomenon
unique to LT421, which has a low melting point.
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Figure 9. Typical time history for the same SOFT engine with PP fuel using a similar swirler injector
and ignitor.
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In this study, it is highly likely that the fuel regression rate depends on the oxygen
mass flow rate rather than the oxidizer mass flux and that the effect of the port diameter
change is negligible.

.
r = F

( .
mox

)
6= F

( .
mox, dave

)
, (19)

Therefore, the fuel mass flow rate is proportional to the port diameter according to the
following equation:

.
m f =

.
rρ f πdL ∝ d . (20)

Hence, the fuel mass flow rate was considered to have increased with time. Because
the oxygen mass flow rate was constant in this test, the propellant mass flow rate increased;
thus, the combustion chamber pressure increased with time.

Small oscillations were observed in the thrust. As shown in Figure 10a, these oscilla-
tions appeared even when the thrust magnitude changed. To investigate the cause of this
oscillation, the engine was placed on a thrust stand, as in the firing test, and gas supply
piping was connected to the engine. The right end of the thrust stand, shown in Figure 5,
was struck with a hammer to apply the same excitation force as the thrust to the load cell.
The results thus obtained are presented in Figure 10b. Figure 10c presents an enlarged view
of the thrust history of #715. The oscillation frequencies of the two were approximately
15–16 Hz, which is in good agreement. Therefore, the oscillation in the thrust history is
attributed to the natural frequency of the thrust stand.
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3.1.2. Fuel Grain Separation by Shear Force of Swirling Flow

When the oxygen mass flow rate was increased to 100 g/s or greater, the LT fuel grain
often separated from the PMMA case immediately after the combustion started. When this
event occurs, the unburned grains are cleanly separated from the inner surface of the PMMA
case, passed through the nozzle, and discharged outside the engine. Figures 11 and 12
present the data and appearance of the exhaust plume at the nozzle outlet for the grain-
separation event for #704, respectively. The combustion chamber pressure increased as
the grain ignited 0.1 s after the igniter ignited at −0.37 s. However, under the present
conditions, the fuel grain is considered to have separated from the case at −0.18 s, and the
exhaust plume became small at −0.17 s, and thereafter until 0.03 s, only a large amount
of soot was visible, while the exhaust flame was not visible. At −0.10 s, the separated
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grain was observed as a black shadow ejected from the nozzle. Video images showed that
the separated grain was ejected from the nozzle from −0.10 s to 0.03 s. During this time,
combustion continued in the engine, and while the combustion chamber pressure increased
owing to the grain partially blocking the nozzle throat, a sudden decrease in thrust was
observed. After the grains were discharged, an exhaust flame was observed again at 0.05 s.
Simultaneously, the unburned gas remaining inside the engine suddenly erupted, causing
a pressure spike owing to the rapid combustion at 0.08 s. Subsequently, the exhaust plume
gradually stabilized, and the engine transitioned to stable combustion; however, at 0.80 s,
the exhaust plume momentarily became larger, and a change in the combustion chamber
pressure was observed.
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Figure 11. Data for the grain-separation event for #704.
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Figure 12. Appearance of the exhaust plume at the nozzle outlet for the grain-separation event
for #704.

Such grain separation did not always occur at oxygen mass flow rates of 100 g/s or
greater, and in some cases, such as #701, normal combustion occurred even at 107.0 g/s.
However, grain separation also occurred in the tests at 107.9 (#698), 111.9 (#707), and
140.8 (#704) g/s, and approximately 100 g/s was considered as the reference value for the
occurrence of grain separation.

To confirm the adhesive strength between the PMMA case and LT421 fuel, an LT fuel
with a thickness of 30 mm, which is the same thickness as that in the firing test presented
in Figure 13, was prepared by sandwiching it between two PMMA plates. The LT fuel
specimen was rectangular, 100 mm long, 50 mm wide, and 30 mm thick. The length of
the adhesive surface of the LT fuel with the PMMA plate was almost identical to that in
the firing test case. As shown in Figure 13, when one of the PMMA plates was fixed, and
a load was applied to the other plate, separation began to occur between the LT fuel and
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PMMA plate when a shear stress of approximately 5 kPa was applied. Subsequently, the
shear stress of the swirling flow acting on the inner surface of the LT fuel grains during
the early stages of combustion was examined. The model is illustrated in Figure 14. The
geometric swirl number in this engine can be approximated using the axial and tangential
velocities as follows:

Sg ∼=
uθ

ux
, (21)

Aerospace 2023, 10, x FOR PEER REVIEW 14 of 28 
 

 

(#704) g/s, and approximately 100 g/s was considered as the reference value for the occur-
rence of grain separation. 

To confirm the adhesive strength between the PMMA case and LT421 fuel, an LT fuel 
with a thickness of 30 mm, which is the same thickness as that in the firing test presented in 
Figure 13, was prepared by sandwiching it between two PMMA plates. The LT fuel speci-
men was rectangular, 100 mm long, 50 mm wide, and 30 mm thick. The length of the adhe-
sive surface of the LT fuel with the PMMA plate was almost identical to that in the firing test 
case. As shown in Figure 13, when one of the PMMA plates was fixed, and a load was ap-
plied to the other plate, separation began to occur between the LT fuel and PMMA plate 
when a shear stress of approximately 5 kPa was applied. Subsequently, the shear stress of 
the swirling flow acting on the inner surface of the LT fuel grains during the early stages of 
combustion was examined. The model is illustrated in Figure 14. The geometric swirl num-
ber in this engine can be approximated using the axial and tangential velocities as follows: 𝑆𝑔 ≅ 𝑢ఏ𝑢௫ , (21) 

The velocity of the burned gas is expressed as 𝑢 = ට𝑢௫ଶ + 𝑢ఏଶ = 𝑚ሶ 𝜌𝑆 ≅ 𝑚ሶ ௫𝜌𝑆 , (22) 

Here, the propellant mass flow rate is assumed to be equal to the oxygen mass flow 
rate because grain separation occurred in the early stage of combustion. Using Equations 
(21) and (22), the tangential velocity of the burned gas was 𝑢ఏ = 𝑚ሶ ௫𝜌𝑆 ඨ 11 + 1 𝑆𝑔ଶൗ  , (23) 

Assuming that the molten layer of the LT fuel flows at the same velocity as the burned 
gas, the shear stress produced can be expressed using the thickness and viscosity of the 
molten layer as follows: 𝜏௪ = 𝜇 𝜕𝑢𝜕𝑦 ൎ 𝜇 𝑢ఏ𝑦  , (24) 

When we used the calculation following values of 𝜌 = 0.9348 kg/m2, 𝑆 = 0.0099 
m2, 𝑦 = 1 mm, and 𝜇 = 0.668 Pa·s, the tangential velocity for #704, for which 𝑚ሶ ௫ = 0.141 
kg/s, was 15.2 m/s and the shear stress was estimated to be 10.2 kPa. Although an approx-
imate estimate was obtained using the same values, the oxygen mass flow rate at which 
the shear stress reached 5 kPa was 69 g/s. These calculations were considered reasonable 
with respect to the experimental results. Fuel separation was thought to be caused by 
shear stress from the swirling flow. Considering this result, firing tests #715 and #719 were 
conducted using the finned cases. 

 
Figure 13. Adhesive strength test between the PMMA case and the LT421 fuel. Figure 13. Adhesive strength test between the PMMA case and the LT421 fuel.

Aerospace 2023, 10, x FOR PEER REVIEW 15 of 28 
 

 

 
Figure 14. Schematic of the shear stress of the swirling flow acting on the inner surface of the LT fuel 
grain. 

3.1.3. Combustion Condition with Finned Case 
Figure 15 presents the data for #715. The fins were effective in preventing fuel sepa-

ration even when the oxygen mass flow rate was increased to over 100 g/s. However, be-
cause the fins mainly comprised acrylic resin, which burns more slowly than LT fuel, there 
was a concern that the fins would remain after the LT fuel was burned and consumed, 
thus impeding the swirling flow. The data showed that the combustion chamber pressure 
and thrust increased as the oxygen mass flow rate increased compared with those of #701. 
The combustion characteristics observed before the case change, such as the slow increase 
in the combustion-chamber pressure relative to the thrust and the transient condition of 
the fluctuating combustion-chamber pressure and thrust for approximately 2 s after igni-
tion, were also observed when the finned case was used, and the time history was similar 
to that presented in Figure 7. Figure 16 presents the fuel grains after the firing test for #715. 
Although the fins receded more slowly than in the LT fuel, the burned shape was similar 
to that of the LT fuel. Consequently, there was no significant change in the flow field ow-
ing to the fins. During the test, no erosion occurred at the nozzle. 

 
Figure 15. Time history of the oxygen mass flow rate, combustion chamber pressure, and thrust for #715. 

 
Figure 16. Photograph of the fuel grain after firing test for #715. 

LT421

LT421  

Fuel Grain

Liquid Layer

Side view

Fuel Grain

Cross-sectional view

Oxygen Flow
Oxygen Flow Flame

Flow near the grain surface

0

0.4

0.8

1.2

1.6

2

2.4

-50
0

50
100
150
200
250
300
350

-2 -1 0 1 2 3 4 5 6

Th
ru

st,
 F

 [N
], 

G
O

X
 M

as
s F

lo
w

 ra
te

, 
 [g

/s]

Burn Time, tb [s]

Co
m

bu
sti

on
 C

ha
m

be
r P

re
ss

ur
e,

 
P c

[M
Pa

]

#715

Figure 14. Schematic of the shear stress of the swirling flow acting on the inner surface of the LT
fuel grain.

The velocity of the burned gas is expressed as

u =
√

u2
x + u2

θ =

.
mp

ρbSp
∼=

.
mox

ρbSp
, (22)

Here, the propellant mass flow rate is assumed to be equal to the oxygen mass
flow rate because grain separation occurred in the early stage of combustion. Using
Equations (21) and (22), the tangential velocity of the burned gas was

uθ =

.
mox

ρbSp

√√√√ 1
1 + 1

Sg2

, (23)

Assuming that the molten layer of the LT fuel flows at the same velocity as the burned
gas, the shear stress produced can be expressed using the thickness and viscosity of the
molten layer as follows:

τw = µ
∂u
∂y
≈ µ

uθ

y
, (24)

When we used the calculation following values of ρb = 0.9348 kg/m2, Sp = 0.0099 m2,
y = 1 mm, and µ = 0.668 Pa·s, the tangential velocity for #704, for which

.
mox = 0.141 kg/s,

was 15.2 m/s and the shear stress was estimated to be 10.2 kPa. Although an approximate
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estimate was obtained using the same values, the oxygen mass flow rate at which the
shear stress reached 5 kPa was 69 g/s. These calculations were considered reasonable
with respect to the experimental results. Fuel separation was thought to be caused by
shear stress from the swirling flow. Considering this result, firing tests #715 and #719 were
conducted using the finned cases.

3.1.3. Combustion Condition with Finned Case

Figure 15 presents the data for #715. The fins were effective in preventing fuel sep-
aration even when the oxygen mass flow rate was increased to over 100 g/s. However,
because the fins mainly comprised acrylic resin, which burns more slowly than LT fuel,
there was a concern that the fins would remain after the LT fuel was burned and consumed,
thus impeding the swirling flow. The data showed that the combustion chamber pressure
and thrust increased as the oxygen mass flow rate increased compared with those of #701.
The combustion characteristics observed before the case change, such as the slow increase
in the combustion-chamber pressure relative to the thrust and the transient condition of the
fluctuating combustion-chamber pressure and thrust for approximately 2 s after ignition,
were also observed when the finned case was used, and the time history was similar to
that presented in Figure 7. Figure 16 presents the fuel grains after the firing test for #715.
Although the fins receded more slowly than in the LT fuel, the burned shape was similar to
that of the LT fuel. Consequently, there was no significant change in the flow field owing to
the fins. During the test, no erosion occurred at the nozzle.
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Figure 15. Time history of the oxygen mass flow rate, combustion chamber pressure, and thrust
for #715.
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Figure 16. Photograph of the fuel grain after firing test for #715.

Figure 17 presents the data for #719. The pressure decreased gradually during com-
bustion, and the thrust also decreased with pressure from approximately 0.5 s to 1.5 s.
Observations of the nozzle after the test showed that erosion occurred in the nozzle throat.
Figure 18 shows photographs of the nozzle throat before and after combustion, wherein
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the erosion was particularly pronounced. The same nozzle was used in the firing tests
described in Section 3.2, where the burn time was a parameter. However, the throat di-
ameter did not change during the firing tests. For #719, a particularly large depression
circumferentially developed in the throat at the nozzle inlet side, and the throat diameter
increased from 18 mm to 19.6 mm. Although the combustion chamber pressure decreased
during combustion owing to the nozzle throat erosion, the thrust remained constant or
increased slowly after approximately 2 s. This is because the nozzle used under these con-
ditions expanded properly at Pc = 1 MPa. As the combustion chamber pressure decreased,
it approached the design combustion chamber pressure. As a result, the exhaust velocity at
the nozzle outlet increased, and the thrust was maintained.
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Figure 17. Time history of the oxygen mass flow rate, combustion chamber pressure, and thrust
for #719.
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Figure 18. Photographs of the nozzle before and after the firing test for #719.

3.1.4. Time-Averaged Engine Performance and Fuel Regression Rate Correlation

Table 4 lists the time-averaged results of the firing tests. Except in the case of #688,
the equivalence ratios did not deviate significantly from the theoretical optimum values.
As mentioned in Section 2.1.1, the lack of data on the fuel regression rate of LT421 at the
beginning of this study made it impossible to predict the engine performance in advance
and prepare a nozzle that would expand optimally to match the combustion chamber
pressure. Therefore, in the first test (#688), the equivalence ratio deviated significantly
from the optimum value for the maximum specific impulse. In addition, as listed in
Table 4, the nozzles used in each test did not reach the optimum expansion conditions.
Therefore, Isp was much lower than the theoretical value and is not listed in the table.
The tests were conducted with a stepwise increase in the Gox activity as the oxygen mass
flow rate increased. The fuel regression rate increased with Gox; however, the relationship
between the two is discussed later. The C* efficiency was very good, and in some cases,
the C* efficiency exceeded one. This is because the C* efficiency was calculated using
Equation (17), which assumes a uniform pressure field in the combustion chamber, as
described in Section 2.2.4. In contrast, swirling-flow-type engines create a large pressure
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gradient in the combustion chamber owing to the swirling flow [46]. Past evaluations of
the authors’ engine have estimated that the pressure near the wall is several percent higher
than that at the center of the combustion chamber [47]. Because the combustion chamber
pressure was measured at the periphery of the nozzle inlet in this study, it is possible that,
in this study, the experimental value was evaluated to be a few percent higher. The exhaust
plume at the nozzle outlet was observed to swirl owing to the short engine length, and it is
highly possible that the swirling flow also affected the pressure. Therefore, the main reason
for the C* efficiency being greater than one is that the combustion chamber pressure in the
test was estimated to be several percent higher. In addition, the time-averaged equivalence
ratio was used to estimate the theoretical combustion chamber pressure; however, in reality,
the equivalence ratio was likely to change during combustion, which also affects the C*
efficiency as an error factor.

Table 4. Time-averaged results of the firing tests varying oxygen mass flow rate.

Exp. No.
.

mox
.

mf df Gox tb ϕ Pc F
.
r ηC*

(g/s) (g/s) (mm) (kg/(m2s)) (s) (-) (MPa) (N) (mm/s) (-)

#688 48.9 ± 0.6 11.3 53.46 28.5 ± 2.4 3.78 0.77 0.775 84 1.77 ± 0.08 0.97
#690 77.8 ± 1.0 34.1 57.03 42.1 ± 3.4 3.78 1.46 1.524 176 2.26 ± 0.10 0.99
#698 107.9 ± 1.3 Grain separation – – – – – – –
#701 107.0 ± 1.3 53.8 64.10 50.3 ± 3.8 3.64 1.67 0.977 229 3.32 ± 0.13 1.07
#704 140.8 ± 1.8 Grain separation – – – – – – –
#707 111.9 ± 1.4 Grain separation – – – – – – –
#715 140.3 ± 1.8 62.8 68.58 62.8 ± 4.6 3.63 1.49 1.274 281 3.93 ± 0.15 1.04
#719 190.3 ± 2.4 82.8 75.69 72.4 ± 5.1 3.66 1.45 1.698 425 4.88 ± 0.18 1.11

Figure 19 presents the fuel regression rate based on the oxidizer mass flux. In addition
to the data obtained from these tests, data previously obtained by the authors for PP
fuel [48] and data obtained by Kawabata et al. for LT460 fuel in a swirling-flow-type
engine [34] are presented. The fuel regression rate of LT421 was fairly correlated with
Gox, except in the case of #690. The data-fitted correlation formula was

.
r = 0.0834G0.9335

ox .
Although the data for #690 were different from the other test data, the reason for this was
unclear. Compared with the fuel regression rate of the PP fuel with the same Sg = 19.4 in
a similar engine, the fuel regression rate of LT421 was more than four times higher than
that of the PP fuel. The fuel regression rate was also higher for LT421 than for LT460 for the
same Gox. This was owing to the lower viscosity of LT421 than that of LT460.

Figure 20 presents the burned surface of the grain after the test conducted for #701.
The upper and lower parts of the photograph show the swirler injector and nozzle sides,
respectively. The left and right ends correspond to the lower surfaces of the grain when
installed in the engine, and the central part corresponds to the upper surface of the grain.
A large circumferential indentation was observed on the injector side. Fifty millimeters
downstream of the leading edge of the grain, below the large depression, there was a
pattern of small rings arranged from left to right. This pattern is related to the eddy scale of
turbulence generated during combustion. The direction of the ring pattern was consistent
with that of the oxygen flow from the swirler injector. A similar pattern was observed in a
study conducted by Kawabata et al. [34]. The ring pattern at the center of the fuel grain
was absent, and the reason for this remains unclear.

The authors proposed the following fuel regression rate correlations for the SOFT
hybrid rocket engines [49]:

.
r f = 5.63× 10−5

( .
mox/Ainj

µox
Sg

)0.541 (
x = 0 ∼ L f

)
, (25)

.
rr = 2.33× 10−3

( .
mox +

.
m f

Aave

dave

di
Sg

)0.729 (
x = L f ∼ L

)
, (26)
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L f = 0.328× di
3
4 ·
( .

mox

µox
·Sg

) 1
4

. (27)
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Figure 19. Relationship between fuel regression rate and oxidizer mass flux: LT460 data (Kawabata, Y.;
Banno, A.; Wada, Y.; Ozawa, K.; Shimada, T.; Kato, N.; Hori, K.; Nagase, R. Experimental Investigation
of Fuel Regression Rate of Low-Melting-Point Thermoplastic Fuels in the Altering-Intensity Swirling-
Oxidizer-Flow-Type Hybrid Rocket Engine. Transact. Jpn. Soc. Aeronaut. Space Sci. Space Technol.
Jpn. 2018, 16, 267–273. [34]), PP data (Yuasa, S.; Shiraishi, N.; Hirata, K. Controlling Parameters
for Fuel Regression Rate of Swirling-oxidizer-flow-type Hybrid Rocket Engine. In Proceedings of
the 48th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Atlanta, GA, USA,
30 July–1 August 2012. AIAA Paper 2012-4106. [48]).
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Figure 20. Burned surface of the grain after the test conducted for #701.

In the leading-edge region, the swirling oxygen acts as a wall jet and dominates the
boundary layer thickness and, thus, the fuel regression rate. In the rear region, wherein
the turbulent boundary layer was well-developed, the propellant mass flux dominates the
boundary layer thickness and fuel regression rate. In this study, we examined whether
these correlations could be applied to LT fuels. The lengths of the leading-edge regions are
summarized in Table 5. It was found that, for the range of oxygen mass flow rates in these
tests, the fuel grain length was approximately equal to Lf, and the leading-edge correlation
of Equation (25) could be applied over the entire length of the grain. Figure 21 presents the
relationship between the regression rate and the leading-edge parameter. In the regression
rate correlation, the exponent for the parameter was the same as that for the PP fuel. It can
be observed that the data for the LT fuel were also in good agreement with the correlation
equation for the leading edge. This result was consistent with the earlier discussion of the
pressure history in Figure 7, wherein the fuel regression rate was considered to be more
strongly related to the oxygen mass flow rate than to the mass flux. In this study, the fuel
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grain length was short, and the oxidizer swirling flow strongly affected the entire grain
length. However, as the engine is scaled up in the future, the grain length will increase,
and correlation Equation (26) for the rear region, which depends on the propellant mass
flux, will also become important. This will be a subject of future research.

Table 5. Lengths of the leading-edge regions in each firing test.

Exp. No.
.

mox µox Lf L
(g/s) (Pa·s) (mm) (mm)

#688 48.9 ± 0.6 2.015 × 10−5 76.8 50
#690 77.8 ± 1.0 2.031 × 10−5 86.1 111
#701 107.0 ± 1.3 2.020 × 10−5 93.4 111
#715 140.3 ± 1.8 2.026 × 10−5 99.9 111
#719 190.3 ± 2.4 2.034 × 10−5 107.7 111

Note: di = 40 mm and Sg = 19.4 were used for the calculation.
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Figure 21. Relationship between the regression rate and leading-edge parameter: PP data (Sakurai,
T.; Yuasa, S.; Ando, H.; Kitagawa, K.; Shimada, T. Performance and Regression Rate Characteristics of
5-kN Swirling-Oxidizer-Flow-Type Hybrid Rocket Engine. J. Propuls. Power 2017, 33, 891–901. [49]).

3.2. Effect of Burn Time on Fuel Regression Rate
3.2.1. Combustion Conditions and Fuel Regression Rate

To investigate the fuel regression rate of LT421–oxygen, the oxidizer mass flux was
varied with the burn time rather than with the oxygen mass flow rate. The objective of the
firing tests was also to investigate the presence of erosion in the post-combustion chamber
and nozzle. Fundamental data on the graphite used in the post-combustion chamber and
nozzle are available in [50], and the data on erosion in hybrid rocket motors are available
in [51,52].

The time histories of the combustion chamber pressure and thrust are presented
in Figure 22a,b, respectively, and the time-averaged values are listed in Table 6. The
combustion-chamber pressures of #714 and #717 demonstrated almost the same profile,
showing an increasing trend as the burn time increased. The time variation of the thrust
with the burn time was also in good agreement with the time variation of the pressure.
If the fuel regression rate depended only on the oxygen mass flow rate, as discussed in
Section 3.1, it can be explained that the fuel mass flow rate increased with the surface
area of the grain port during combustion; thus, the combustion chamber pressure also
increased. In contrast to the results for #701 shown in Figure 7, the pressure gradient
remained constant as the burn time increased, and this trend did not change. This suggests
that the fuel regression rate characteristics did not change as the burn time increased.
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Figure 22. Time histories of the combustion chamber pressure and thrust.

Table 6. Time-averaged results of the firing tests varying burn time.

Exp. No.
.

mox
.

mf df Gox tb ϕ Pc F
.
r ηC* Tc,th

[g/s] [g/s] [mm] [kg/(m2s)] [s] [-] [MPa] [N] [mm/s] [-] [K]

#711 75.2 ± 0.9 38.4 86.59 23.9 ± 1.6 9.82 1.70 0.787 188 2.37 ± 0.08 1.24 2223
#714 82.8 ± 1.0 33.1 91.19 24.5 ± 1.6 12.95 1.33 0.739 183 1.98 ± 0.06 1.02 3006
#717 82.5 ± 1.0 32.7 97.88 22.1 ± 1.4 15.59 1.32 0.750 199 1.86 ± 0.06 1.04 3018

The same nozzle, C1Mr, was used for all the tests. The designed combustion-chamber
pressure at which the nozzle expanded optimally was 1 MPa. The increase in thrust was
attributed to an increase in the combustion-chamber pressure and propellant mass flow rate.

Observation of the experimental data shows that the pressure for #711 was higher
than those for #714 and #717, although the slope of the pressure increase was similar to
those for #714 and #717. Although the oxygen mass flow rate for #711 was less than those
for #714 and #717, as listed in Table 6, the fuel regression rate was higher; thus, the fuel
mass flow rate was higher. The adiabatic flame temperature for #711 was lower than those
for #714 and #717, which is unlikely to be the cause of the higher fuel regression rate for
#711. To investigate the cause of this, we examined the conditions of the engine parts after
the firing tests were conducted and found that the Bakelite plate used for the leading edge
of the grain was significantly burned in #711, as shown in Figure 23. In contrast, #714 and
#717 comprised graphite as the leading-edge plate, and no erosion or other burn damage
occurred. This suggests that the fuel regression rate for #711 was affected by the burning
of the Bakelite plate. However, Bakelite does not burn easily, and even if the mass loss
of the burned Bakelite was considered, the fuel regression rate was inconsistent with the
experimental values. Therefore, it is highly likely that the fuel mass flow rate increased
owing to the change in the flow field at the leading edge of the fuel grain caused by the
combustion of the Bakelite plate.

On comparing the combustion-chamber pressure and thrust histories for #714 and
#717, both the pressure and thrust for #717 were observed to change from an increasing
trend to a decreasing trend after approximately 13 s. This burn time was the time when
the LT fuel was expected to burn out in the preliminary estimation; even after the LT fuel
burned out, there was a PMMA case with LT fuel grains molded into it in the combustion
chamber, and this case continued to burn in #717. However, the fuel regression rate of
PMMA was lower than that of the LT fuel, thus resulting in a lower fuel mass flow rate
and, consequently, a lower combustion chamber pressure and thrust. Figure 24 presents
photographs of the LT fuel after the firing tests, as observed from the swirler injector side. In
#714, the LT fuel remained in the PMMA case, although the bottom of the case was thicker
because the molten LT fuel flowed and was collected after the firing test. This indicates
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that the LT fuel maintained its cylindrical shape during combustion even though the burn
time was increased. When combustion was suppressed with the supply of nitrogen gas,
the molten fuel flowed to the bottom and accumulated. In #717, the LT fuel was almost
completely consumed, except at the bottom of the PMMA case. It can also be confirmed
that the PMMA case burned. However, residual LT fuel was also observed at the bottom
of the PMMA case. This suggests that the LT fuel that was liquefied during combustion
remained in the combustion chamber for a long time owing to the swirling flow.
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Figure 25 presents the fuel regression rates for #714 and #717 according to the leading-
edge parameter. The data for #711 were excluded from the graph based on the above
discussion. Compared to the correlation equation for the fuel regression rate for LT421
obtained in Section 3.1, the values for #714 and #717 with varying burn times were lower.
Even when compared to the data deviation for the PP fuel, this difference in values is
considered significant, thus indicating that this leading-edge parameter alone is insufficient
for sorting the data. It is suspected that one factor causing this difference is the change
in the thickness of the boundary layer formed by the swirling flow in the leading-edge
region as the port diameter increased. In the tests conducted, the port diameter of the
LT fuel varied from 40 to 100 mm. In contrast, the firing tests were conducted by the
authors [49] when the fuel port diameter was increased to 110 mm. Thus, in this study, the
correlation equation covers the range of port diameters. Hence, the change in the swirling
flow field due to the increase in the fuel port diameter is not considered to be the cause
of the deviation from the correlation equation. This factor is yet to be elucidated and is a
subject to investigate in future research.
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Figure 25. Fuel regression rates for #714 and #717 according to the leading-edge parameter: PP
data (Sakurai, T.; Yuasa, S.; Ando, H.; Kitagawa, K.; Shimada, T. Performance and Regression Rate
Characteristics of 5-kN Swirling-Oxidizer-Flow-Type Hybrid Rocket Engine. J. Propuls. Power 2017,
33, 891–901. [49]).

3.2.2. Effect of Burn Time on Wall Temperatures

The wall temperatures of the nozzle throat and post-combustion chamber are pre-
sented in Figure 26. The same post-combustion chamber and nozzle were used for tests 711,
714, and 717. The time histories of the nozzles showed that the temperature changes were
small from the start of combustion until 2 s. Subsequently, the temperature increased from
2 to 4 s. From 4 s, the temperature increase slowed and continued at an almost constant rate,
reaching its peak value 2–3 s after the end of combustion. The change in the temperature
gradient from 2 s to 4 s and after 4 s appeared to correspond to the effect of the transient
phase from the start of combustion to approximately 2 s, as shown in Figures 7 and 15.
During this period, the combustion state changed significantly, and the flow of the burned
gas through the nozzle was unsteady. After 4 s, the combustion state was stabilized, the
burned gas flow through the nozzle was nearly steady, the boundary layer near the nozzle
wall developed, and the heat transfer decreased. A difference in the temperature gradient
was observed in the temperature history after 4 s, with the gradient increasing in the order
of the total nozzle usage time. The inspection of the nozzle after each firing test showed no
change in the nozzle-throat diameter until #719; however, the surface became rough at the
nozzle inlet contraction.
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Figure 26. Wall temperatures of the nozzle throat and post-combustion chamber.



Aerospace 2023, 10, 713 23 of 28

The wall temperature of the post-combustion chamber exhibited greater temporal
variation than the time history of the nozzle wall. Post-experimental inspections showed
that, although the wall temperature was higher in the post-combustion chamber than in the
nozzle, no degradation of the surface properties or erosion occurred. It was hypothesized
that this is because the flow path in the post-combustion chamber has an enlarged shape,
as shown in Figure 3, resulting in a slower burned gas velocity near the wall surface
and a lower heat flux owing to heat convection. However, because the surface area was
greater than that of the nozzle, the amount of heat transferred from the burned gas was
greater than that from the nozzle, and the temperature gradient was higher than that of
the nozzle. The difference in temperature change among the firing tests is thought to
be related to the condition of the Bakelite used as the heat-insulation material outside
the post-combustion chamber, as shown in Figure 27. Before the firing test in #711, the
Bakelite was partly carbonized to a gray color because of the heat from the post-combustion
chamber. The backside of the Bakelite was not burned, corresponding to the position
of the LT fuel, and no change in the color of the Bakelite occurred. In the firing test in
#714, the carbonization of Bakelite progressed further, and fine crack-like surface features
were observed. In the firing test in #717, the thickness of the Bakelite did not change,
but carbonization progressed further in the direction of the thickness. The temperature
history of #711 exhibited a gradual temperature gradient from 2 s to 6 s, and the gradient
increased after 6 s. According to one study [53], the thermal degradation of phenolic resins
proceeds slowly up to approximately 700 K, and the rate of degradation increases beyond
this temperature. Based on this characteristic, Bakelite was considered to have acted as
an ablator and absorbed heat from the post-combustion chamber until approximately 6 s
after the start of combustion in #711. However, because of the thermal degradation of the
Bakelite surface in this test, the ablation effect of Bakelite was weakened in #714 and #717,
and a large temperature gradient and continuous increase in temperature were observed
after 2 s.
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Figure 27. Condition of the Bakelite used as the heat-insulation material outside the post-
combustion chamber.

4. Conclusions

The fuel regression rate of LT421, a low-melting-point thermoplastic fuel combined
with a swirling-flow-type engine, was investigated to obtain a high fuel regression rate.
Gaseous oxygen was used as the oxidizer, and Sg = 19.4 was set as the swirl strength.
The oxygen mass flow rate and burn time were varied as the parameters of the oxidizer
mass flux. In addition, the heat resistance of the engine components, which is necessary
for the practical use of the engine, was investigated via firing tests with different burn
times. In particular, the presence of erosion in the post-combustion chamber and the nozzle
fabricated using graphite are discussed. The findings of this study are as follows.
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When the LT fuel was applied to the SOFT engine, an ignition delay of the fuel grain
occurred. This did not occur in the case of the PP fuel in a similar engine. A transient
combustion state, wherein the combustion chamber pressure and thrust fluctuated, was
observed for up to approximately 2 s after ignition. After this state, the combustion
stabilized, and the combustion pressure tended to increase or remain constant over time.
This trend with respect to the burn time did not change until 13 s, when the fuel burned
out, thus suggesting that the fuel regression rate was strongly dependent on the oxygen
mass flow rate rather than the oxidizer mass flux.

The LT fuel was molded into a cylindrical PMMA case for the firing tests. When the
oxygen mass flow rate was 100 g/s or greater, the shear force generated by the swirling
oxygen flow caused the fuel grains to separate from the PMMA case. Fuel separation
occurred immediately after the start of combustion, and the separated fuel passed through
the nozzle throat and was exhausted outside the engine because of its high flexibility.

By attaching fins to the inner surface of the cylindrical PMMA case, the LT fuel was
burned without separation, and the highest fuel regression rate of 4.88 mm/s was achieved
at an oxygen mass flow rate of 190 g/s, which corresponded to Gox = 72.4 kg/(m2s).
Although the fins mainly comprised acrylic resin and the fuel regression rate was lower
than that of the LT fuel, the change in the flow field due to the fins was small. The pressure
and thrust profiles did not differ from those of the case without fins.

At the same oxidizer mass flux, the fuel regression rate of LT421 was approximately
four times greater than that of PP when using the same engine. The fuel regression rate
of LT421 was even higher than that of LT460, owing to its lower viscosity coefficient. The
correlation between the fuel regression rate and oxidizer mass flux obtained with the
oxygen mass flow rate as a parameter was

.
r = 0.0834G0.9335

ox , which had a higher mass
flux exponent than those of PP and LT460. When the fuel regression rate was organized
in terms of the grain leading-edge parameter, the data could be organized with the same
exponent as the correlation obtained for the same engine using PP fuel. Based on the time
history of the combustion-chamber pressure, it was more appropriate to organize the fuel
regression rate for this engine as a parameter based on the oxygen mass flow rate. However,
the results of the firing tests with the burn time as a parameter could not be organized well
using only this parameter.

The fuel grain, which was 30 mm thick, burned out after a burn time of 16 s. In contrast,
the molten fuel remained at the bottom of the combustion chamber after combustion. LT421
was considered to be the fuel that was liquefied during combustion, it remained in the
combustion chamber for a long time owing to the swirling flow.

The roughness of the nozzle inlet surface became more noticeable as the number
of uses increased and the wall temperature gradient during combustion increased. The
erosion of the nozzle throat occurred when the oxygen mass flow rate increased from 140
to 190 g/s. The increase in the wall temperature of the post-combustion chamber was
significantly affected by the condition of the Bakelite installed outside the chamber. The
post-combustion chamber reached a higher wall temperature than the nozzle owing to its
larger surface area; however, no erosion was observed.
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Nomenclature

Ainj area of circle with swirler exit diameter
Aslit cross-sectional area of swirler slit
At nozzle throat area
C* characteristic exhaust velocity
Cd flow coefficient
d grain port diameter
dave time-averaged grain port diameter
di initial grain port diameter
d f final grain port diameter
dt nozzle throat diameter
E relative error
Gox oxidizer mass flux
Isp specific impulse
Jϕ axial flux of angular momentum
Jx axial flux of the axial thrust
L length of fuel grain
L f axial distance of flow-development region
.

m f fuel mass flow rate
.

mox oxidizer mass flow rate
.

mp propellant mass flow rate
Mw molar mass of burned gas
n number of swirler slit
p static pressure of fluid
Pc combustion chamber pressure
Pu orifice upstream pressure
R final to initial grain port diameter ratio
R0 universal gas constant
Rox gas constant of oxygen
r radius
rex radius of swirler slit exit
.
r time-averaged fuel regression rate
.
r f fuel regression rate in grain leading-edge region
.
rr fuel regression rate in grain rear edge-region
S swirl number
Sg geometrical swirl number
Sp total surface area of grain port and post-combustion chamber
tb burn time
Tc burned gas temperature at combustion chamber
Tu orifice upstream temperature
u absolute flow velocity
ux axial flow velocity
uθ tangential flow velocity
w width of swirler slit
∆w f burned mass of fuel grain
x axial distance along fuel grain port
y thickness of molten fuel layer
ηC∗ C* efficiency
κ specific heat ratio
ρ density of fluid
ρb density of burned gas
ρ f density of fuel grain



Aerospace 2023, 10, 713 26 of 28

ϕ equivalence ratio
µ viscosity coefficient
µox viscosity coefficient of oxygen
τw shear stress
Subscripts
exp experimental
th theoretical
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