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With an increasing trend in development of smaller satellites owing to significant
progress in microelectronics, and together with an increasing awareness of threats to the
environment, a dedicated small launch vehicle for launching the smaller satellites,
employing environmentally friendly propellant are becoming highly demanded. To
respond this, hybrid rockets have been promising for the launch vehicle and of great
interest by many research groups. Although great efforts have been made ever, its
practical application as the launch vehicle has been found to be challenging.

In 1997, Nagata et al. proposed a simple propellant consisting of a porous combustible
soaked in a liquid oxidizer. They made an experimental investigation of pressure
dependency on regression rate of the propellant, and it was found that the propellant
could achieve excellent thrusting performance comparable to the existing chemical
rocket systems. On the other hand, unwanted burning behaviors, such as an explosion-
like burning, were frequently observed in their experiments, and data scattering of the
regression rate was measured at random pressure in their experiments. In addition, the
burning characteristics have been limited to the pressure dependency on the regression
rate since 1997. For guaranteeing safety and reliability of the propellant while
leveraging its excellent thrusting performance, it is necessary to obtain comprehensive
knowledge of the fundamental burning characteristics of the propellant and clarify the
reason for the unwanted burning and the data scattering as fundamental research. In this

work, as referred to the previous work by Nagata et al., comprehensive experimental




and numerical investigations on the fundamental burning characteristics of the
propellant were conducted.

Comprehensive experimental investigations to obtain the fundamental burning
characteristics of the specimen, consisting of a polyethylene foam soaked in enriched
hydrogen peroxide, were conducted. To examine the fundamental burning
characteristics, such as burning behavior, regression rate, its steadiness, thermal
structure during entire burning event, and one-dimensionality of burning process, an
experimental setup, testing methodology, and a simple thermal analysis were
introduced. Experiments in nitrogen-filled environment were carried out at various
pressures (0.1 MPa — 0.35 MPa) and fuel porosities (0.6 — 0.9) to obtain those of the
fundamental burning characteristics. It was found that an end-burning at which top
surface (burning surface) of the specimen moves downward at reasonably constant rate
is successfully achieved under the conditions studied in this work. From results of the
direct observation during the burning event and direct temperature measurements by
thermocouple, it was revealed that progress of the tested specimen shall be dominated
by the premixed-like surface flame established in the vicinity of the top surface.
Furthermore, it was proved that the one-dimensionality of the burning process shall be
valid by the simple thermal analysis. These facts helped to develop a simple burning
model under assumptions; the steady state, premixed combustion, and one-
dimensionality.

Based on the experimentally obtained facts, a simple one-dimensional burning model
was then developed to numerically investigate the fundamental burning characteristics.
The thermal structure and the potential regression rate under various prescribed
conditions were predicted using the burning model developed in this work. Separately
considering the estimated blow-off limit in the gas-phase over the top surface by
CHEMKIN (PREMIX-code), a range needed to achieve successive burning was
numerically predicted. The effects of oxidizer type (hydrogen peroxide and liquid
oxygen), the fuel porosity, and pressure on the potential regression rate, the thermal
structure, and blow-off limit were then discussed. Findings show that the successive
burning is widely achievable when hydrogen peroxide is used as the liquid oxidizer, but

it is only partially achievable when liquid oxygen is utilized. This fact may support the
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data scattering and the behavior observed in the previous work by Nagata et al.

Product gases of the burning specimen at nitrogen-balanced 0.1 MPa ambient to predict
thrusting performance of the present specimen were studied. In the experiments, we first
measured one-dimensional (1-D) CO; and H»>O concentration profiles over the
regression surface by a gas chromatography under various fuel porosities 0.77 — 0.84.
The concentration profiles exhibited nearly flat, suggesting that chemical equilibrium
was reached satisfactory immediately after the regression surface. The equilibrium
calculation was then utilized in order to predict optimal combination of pyrolysis gases,
oxidizer gases, and their mass fraction, and estimate the other product gases potentially
produced and thrusting performance achievable in this burning specimen. Two
important facts were noted: (1) the predicted mass fraction of oxygen shall be lower
than that of pure H,O, and (2) major pyrolysis gases components were found to be
methane (CHi4), ethylene (C;H4), and ethane (C;Hg). Expected specific impulse
potentially achievable by the present burning specimen was estimated and found to be
in the range of 95 s t0106 s, depending on the initial concentration of H,O,. This fact
implied that using pure H,O, was preferred to achieve the larger specific impulse of the

present specimen.
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Nomenclature and terminologies

Symbol Description (English — Japanese) Unit
A Pre-exponential factor BE IR -1 [1/s]
b Pressure exponent IESWAEi=F"¢ (]
Cp Specific heat at constant pressure & HEEL [J/kg-K]
D Mass diffusivity W YRR [m?/s]
d Diameter [ERES [m]
Eg 3 Activation energy EHEAL* V¥ —  [J/mol]
Eg Global activation energy i ;}E iéfjig o [J/mol]
Thrust force T [N]
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Enthalpy A E— [J/kg]
hg Latent of gasification ﬁjﬁféﬁ( {,;;L [J/kg]
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Isp Specific impulse LEHE T [s]
k Specific heat ratio FeEAEE [-]
L Length of specimen AR A RS [m]
Mc Average molecular weight NS Sy [g/mol]
m Total mass flux EXE [kg/(m?-s)]
Mo Oxidizer Mass flow flux P (b AV B R [kg/(m?-s)]
Reaction index FOGTREL
" Number of experimental trials SEBR P H H
Nu Nusselt number X v M [-]
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O/F

Pe

Pc

Ap
Pr

ar

Re

ST

Oxidizer-to-fuel mass flow rate ratio

Pressure

Pressure at nozzle exit
Pressure in combustion chamber

Pressure rises
Prandtl number

Heat generation
by chemical reaction

Thermal radiation

Non-dimensional heat generation,
= ‘I/[Cp_S (T — TO)]
Universal gas constant, = 8.31
Reynolds number
Unbiased dispersion
Stanton number
Time or student’s #-distribution
Temperature
Initial temperature

Boiling temperature
Gasification temperature

Adiabatic flame temperature
Velocity
Volume of chamber
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Average regression rate
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(K]

(K]

Xii



Spouting velocity of gas mixture

V. AN % it
g at top-surface TR [ms]
w Mass consumption rate, (see Eq. 4 - 15) BB [Kg/s]
X Mole-based concentration VIR [-]
X, X Coordinate JEEASE [m]
Y Mass fraction of species b fEE &5 [-]
Greek .. . .
symbol Description (English — Japanese) Unit
a Rosseland means adsorption coefficient LW AREK [1/m]
Zeldovich number,
BALRT 4 v FHE -
/ = Fos(Tw — To)/(RTZ) Ny
o Dried layer thickness HE SRR 7 [m]
€ Fuel porosity PR ZE B 2 [-]
Non-dimensional
p Y TR [
temperature
A Effective thermal conductivity A EhEMrE R [W/m-K]
Viscosity PRI
# Population means L) [Pa-s]
Kinematic viscosity (chapter 3) HRE AR SL
2
v stoichiometric coefficient (chapter 4) =T e [ms], -]
. BB D
Y Eigenvalue of total mass flux o -
: A .
Non-dimensional coordinate, o
¢ . . HEVR ST JEAE [-]
= (cp3mx) /23
oL Density of liquid oxidizer AR5 P [kg/m’]
Ps Density of porous combustible [E AR 5 B [kg/m’]
Pg Density of gas mixture TARA T A [kg/m’]
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Stefan-Boltzmann coefficient, AT T 7

7 =567 x 1078 R~ L E [Wim? ]
) Equivalence ratio Mkt [-]
Subscript Description (English — Japanese)
1 Wetted layer T 7P i ke
2 Dried layer Hz SRR I
3 Gas-phase layer SR BB
o0 Infinity HERR 7 7]
F Fuel PREL
g Gaseous phase A
) Deficient species (chapter 4), AL
! ith species (chapter 5) i 7% B b 7fd
L Liquid phase &R
0 Oxidizer WAL Al
S Solid phase or top surface BRI or i
* Effective A%
Abbreviation Description (English — Japanese)
ABS Acrylonitrile butadiene styrene ABS #f/l§
ADN Ammonium dinitramide i:f; z 'i
Al Aluminum particles TV = LKL
AP Ammonium Perchlorate 7%?%% o
AN Ammonium nitrate T v E=T A
GAP Glycidyl azide polymer - i ?\ /_; ;Z_
HTPB Hydroxyl-terminated polybutadiene /_ﬁ;fﬁjﬁggff +
Mg Magnesium ~ TR T A
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Other terminologies

English

Japanese

Anomalous combustion
Asymptotic analysis
Burning characteristics

Burning behavior

Blow off limit
NASA CEA (NASA Chemical

Equilibrium with Applications)
Capillary effect
Chamber
Chemical equilibrium
Combustion
Concentration
Dedicated small launch vehicle

Diffusion flame
Distillation
End burning mode
Exothermic reaction
Explosive
Extinction
Flame spreading mode
Forced ignition
Fuel porosity
Fuel rich, lean

Gas chromatography
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Heat flux
Hydrocarbon fuel
Hydrogen peroxide
Laminar burning velocity
Launch vehicle
Liquid propellant rocket engine
Molten phase
Nozzle theory
O/F variation
Payload
Polymeric solid fuel
Premixed combustion
Product gas
Propellant
Piggyback
Porous combustible
Pyrolysis gas
Quenching distance
Smallsats (smaller satellites)
Solid propellant rocket motor
Specimen
Spouting velocity
Successive burning
Thermal conduction
Thermal convection
Thermal pyrolysis

Thermal radiation
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Thermal structure B, PABERE IS

Thermocouple ENEE X}
Thrust force #ET
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Well-mixed propellant VL & 7 HE
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Chapter 1

1 Introduction
1.1 Introduction and objective of this chapter

With a recent growth in microelectronics’ technologies, many research groups have started to
develop smaller satellites for space activities. On the other hand, the current launch vehicle is
incapable of reducing manufacturing time and cost, so that the launch supply for the smaller
satellites’ customers is insufficient at this time. In addition to these limitations, it is hard for the
small satellites’ customers to select their preferable launch timing and orbit, because the launch
timing and the destination is pre-determined by the large satellites’ customers as primary
customers. To respond the trend and accelerate the space activities by the smaller satellites further,
a dedicated small launch vehicle, which can reduce manufacturing time and cost and achieve
flexible launch timing and orbit selection for smaller satellites’ customers, is highly demanded.

In this chapter, we aim to introduce not only the current situation of the space activities with
the smaller satellites, but the limitations associated with the current launch vehicles and with the
dependence on the demand from the primary customers. Together with these limitations, we also
aim to introduce necessary features for the dedicated small launch vehicle in this chapter while

introducing chemical rocket systems mainly used for the launch vehicle.



1.2 Current situation on space activities

1.2.1 Smallsats

With the recent dramatical growth and technological progress in microelectronics, materials,
and its assembling process, miniaturized artificial satellites, commonly referred to as “smallsats”,
have been drawing significant interests by engineers and researchers for the last twenty years [1]
[2] [3]- The smallsats are classified into Pico, nano, micro, and minisatellites (they all are
hereinafter called “smallsats™), depending on its mass in a range between 1 kg and 250 kg [4] [5],

as summarized in Table 1 - 1.

Table 1 - 1 Generally accepted definition of smallsats mass class under 250 kg, cost, and time

Mass [4] Cost, Millions of dollars [5]  Time, Years [5]

Minisatellite 100 — 250 kg 75 2
Microsatellites 10— 100 kg 50 1-2
Nanosatellites 1-10kg 1-5 1

Picosatellite <1lkg <0.5 <1

Examples of the smallsats are shown on the following figure [6] [7]. The satellites are now

capable of reducing its scale by the palm of the hand, thanks to the recent progress in the

technologies.



Up to present, many research groups in even university laboratories and small-medium

companies have started to develop the smallsats by their own capability due to its attractive

benefits: more reduced manufacturing time, significantly more cost effective, scale down

capability, and easier to manufacture, to name a few [5] [8], in comparison with traditional large

satellites. In the future, it is therefore expected that the great efforts made by the research groups

will make our life better further, for instance, better remote sensing technologies for the weather

forecast based on the Earth and stratosphere observation [9] [10], space communication, even

clean energy generation in the space environment (so called “space solar power system”) [11]

[12], educational projects (CubeSats projects) [13], disasters management, and more.

Fig. 1 - 1 Typical examples of hand-sized smallsats [6] [7].

In reality, as shown in Fig. 1 - 2, the weight of the satellites launched already shows a decreasing

trend, and the number of the launches for the smallsats under the mass weight of 200 kg a year



has dramatically increased over the last ten years, as shown in Fig. 1 - 3. Therefore, the smallsats

will continue to be paid much attention further for the space activities and accelerate owing to the

beneficial advantages.
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Fig. 1 - 2 World trend of time history of satellite weight [3].
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1.2.2 Current limitations on smallsats’ customers

In contrast to the increasing number of the development in the smallsats, the launch service

supplies for the smallsats’ customers are not provided enough [2]. Currently, only the launch

vehicle available for launching the smallsats into the space environment from the ground is the

“chemical rocket system”. The smallsats are loaded into the launch vehicle, namely the chemical

rocket system, as payloads and transported into a designated orbit for respective missions. A set

of the large-sized launch vehicle (Fig. 1 - 4), which consists of a combination of the chemical

rocket system of a large liquid-propellant rocket engine and composite solid rocket boosters, has

been mainly used. Typical examples of the current large-sized launch vehicle, which has ever

launched worldwide, is listed in Table 1 - 2. As it is found, the liquid-propellant rocket engine and

solid-propellant rocket boosters have been mainly used for the space missions.

Table 1 - 2 Typical examples of large sized rocket system launched ever worldwide.

Name Country Operational period Engines
Arian 4[15] Europa (ESA) 1988-2003 Liquid rocket engine
Space shuttle United states 19812011 Liquid rocket engine
[16] (NASA) Two solid rocket boosters
Liquid rocket engine
H-1I[17] Japan (JAXA) 1994-

Two solid rocket boosters




Basically, the majority of the smallsats are launched by the launch vehicle as secondary

payloads, which is so called “piggyback” payload that utilizes launch capability of the large-sized

launch vehicle, or so called “cluster launch”. Since the launching timing and the destination of

the launch vehicle depends on demands from the primary payloads’ customers, the smallsats’

customers (secondary payloads’ customers) do not have a priority to select the launching timing

and the destination, and they have to contend with the orbit pre-determined by the primary

payload customer [2]. Thus, they do not have much choice not only for the launch timing but the

selection of their orbit, as the destination is pre-determined by the primary payload customer. In

addition to the limitation related to the secondary payload, the current large-sized launch vehicles

are not capable of reducing manufacturing cost and time owing to several reasons (will be

mentioned in next section).

main engine:
liquid rocket

boosters:
solid rocket

Fig. 1 - 4 Current large launch vehicle consisting of liquid-propellant rocket engine and solid-

propellant rocket boosters [18].



With this respect, launch supplies to the smallsats’ customers have been further limited because
of the limitations associated with the dependence on the demands from the primary customer and

associated with the cost and size of the current launch vehicle.

primary payload

launch timing and
. destination decided

large sized-rocket system

]

manufacturing timelT
manufacturing cost!?

secondary payloads
“piggyback payload”
— smallsats ———————

follows the timing and destination
launches of smallsats have <:
been further limited

dedicated small launch vehicle targeted for smallsats launch

Fig. 1 - 5 Schematic explanation of a series of limitations associated with current launch vehicle

and dependence on demand from primary customers.

In especial for the research groups in the universities and small-medium companies, the reduced
cost for launching their smallsats is highly demanded. For the aforementioned reasons, a

“dedicated small launch vehicle” mainly targeted for the smallsats as the main payloads (primary



payloads), which can realize the flexible launch timing, the flexible orbit selection, the reduced

manufacturing time, and reduced cost, is now highly demanded to provide enough opportunities

to the smallsats’ customers [19]. The aforesaid limitations related to the current launch vehicle

are schematically summarized in Fig. 1 - 5.



1.2.3 Necessary features for dedicated small launch vehicle

In order to reduce the effect of the intrinsic limitations on the smallsats’ customers, the features
necessary for the dedicated small launch vehicle mainly targeted for the smallsats as the primary

payloads are summarized in Fig. 1 - 6.

dedicated small launch vehicle ——

Ulreduced size of launch vehicle

smallsats as main payloads -
. —manufacturing time [l

L] comparable thrusting performance
— for practical application

L] reduced management cost

L] environmentally friendly

achievable with chemical rocket system??
Fig. 1 - 6 Features demanded for dedicated small launch vehicle mainly targeted for launching

smallsats.

More importantly, to transport the smallsats to the space environment, comparable thrusting
performance to the existing launch vehicle shall be required for the practical uses. In the following,
we will touch ways to meet the necessary features (summarized in Fig. 1 - 6) for the dedicated
small launch vehicle by using the current launch vehicle while introducing features, advantages,

and disadvantages of the chemical rocket system used for the current launch vehicles.



1.3 Chemical rocket systems

When the launch vehicle goes upward toward the space environment from the ground, 9.8 m/s
of the velocity per a second is reduced due to the gravitational acceleration. The only launch
vehicle that can overcome the effect of the gravimetric acceleration, while ascending, is “chemical
rocket system” because of the excellent thrusting performance. As altitude of the chemical rocket
system is higher, the ambient air (oxygen) is less, and therefore the chemical rocket system are
necessary to have both the oxidizer and fuel in itself. In addition, they all are systems that converts
thermal energy generated by chemical reaction in combustion chamber (where the propellant
burns) into kinetic energy via a rocket nozzle attached downstream.

The chemical rocket systems are specifically broken up into three systems, depending on its
phase of the fuel and the oxidizer used for the propellant: liquid-propellant rocket engine and
solid-propellant rocket motor. Although the practical application has been limited, hybrid-
propellant rocket motor is well known and has been of a significant interest for rocket community.
The features, advantages, disadvantages, and the schematic illustrations for each chemical rocket
system, together with the reason for the limitations stemmed from each chemical rocket system
mentioned above will be touched. Plus, the ways to meet the necessary features shown in Fig. 1 -

6 for the dedicated small launch vehicle are discussed for each chemical rocket system here.
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1.3.1 Liquid-propellant rocket engines

The liquid-propellant rocket engines (hereinafter called “liquid rocket’) have been widely used
as the most launch vehicles for the main engine since 1920’s [20]. The schematic illustration of
the liquid rocket is drawn in Fig. 1 - 7. The liquid fuel and liquid oxidizer are physically separated
in each tank, and premixed-gas mixture that is made at the premixed chamber is injected into the
combustion chamber, occurring continuous combustion. Thrust force, as the thrusting
performance, that is power of the chemical rocket system is then generated by ejecting high-
temperature and high-pressure gas generated in the combustion chamber through the nozzle to
the atmospheric environment. The advantages of the liquid rocket are the highest specific impulse
(the terminology will be mentioned later), its flexible controllability of thrust force, re-ignition,
and re-start capability, and a wider range availability of fuel-oxidizer combination can be
available. Also, propellant combination of hydrogen and oxygen is quite environmentally friendly
to the atmospheric environment. On the other hand, the liquid rocket is composed of a set of
complex system composed of fuel and oxidizer feeding system, cooling units of the liquid oxidizer
and fuel, pumps to pressurize the oxidizer and fuel, turbines, and more, so that reduced rocket
size and reduced manufacturing cost would be hard to be achieved, hence, the liquid rocket is

found that it may not be suitable for the dedicated small launch vehicle, owing to its structural
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complexity. The longer manufacturing time and higher amount of the cost are firstly addressed in
the liquid rocket for the dedicated small launch vehicle; however, current technologies would be

incapable of achieving these issues, and the liquid rocket has not been found not to be promising

for the dedicated small launch vehicle.

liquid-propellant rocket engine

premix chambelr combustion chamber
Y ( 7T
payloads nozzle
A
\

advantages injector nozzle throat
[excellent controllability not suitable for dedicated
[higher specific impulse small launch vehicle
disadvantages

Ustructural complexity—long manufacturing

time and higher amount of cost

Fig. 1 - 7 Schematic illustration of configuration of liquid-propellant rocket engine, and
advantages and disadvantages found in liquid propellant rocket engine, together with reason for

not suitable for dedicated small launch vehicle.
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1.3.2 Solid-propellant rocket motors

The solid-propellant rocket motors (we call “solid rocket™ hereafter) have also widely used, for
instance, for the launcher boosters as illustrated in Fig. 1 - 4, tactical and strategical missiles, as
well as a small-sized launch vehicles alone for several decades [21] [22]. The schematic
illustration, the advantages, and disadvantages of the solid rocket employing general composite
solid propellant is shown in Fig. 1 - 8. They have been drawing attractive advantages: structural
simplicity, higher reliability in operation than liquid rocket, excellent thrusting performance, and

a relatively simple manufacturing process [23] [24].

solid-propellant rocket motor flame  nozzle throat

[ (solid fuel grain )
payloads B—
| (solid fuel grain 77777 )

_____

O ammonium perchlorate (AP) (e. g, HTPB)
advantages disadvantages
[structural simplicity—reduced manufacturing time [lexplosion hazard and negative impacts
[higher reliability [Jsimple manufacturing process on environment and human bodies

—higher cost due to its management

composite solid propellant free of AP with comparable thrusting <i‘

performance is promising for dedicated small launch vehicle
Fig. 1 - 8 Schematic illustration of configuration of composite solid propellant based on
ammonium perchlorate as solid oxidizer, aluminum particles as energetic additive, and HTPB as
fuel binder, and advantages and disadvantages found in solid-propellant rocket motor, together

with feasibility to dedicated small launch vehicle.

13



The general composite solid propellant consists of lots of ammonium perchlorate (AP, chlorine-

based oxidizer) as a solid oxidizer, aluminum particles (Al) as an energetic additive, and HTPB

(hydroxyl-terminated polybutadiene) as a polymeric binder to condensate all the components

together. This composite solid propellant is frequently called “AP-based composite solid

propellant”. Although the AP-based composite solid propellants have been drawing the attractive

advantages, however, AP behaves as an explosive [25], so that it is carefully handled to ensure

our safety from explosion, when manufacturing, transporting, storage, and its operation of the

propellant. Therefore, high amount of management cost associated with the management of AP is

inevitable. According to a literature, the total costs stemmed from the management of AP account

for important percentage for the solid rocket [26]. In addition, it has been pointed out that the AP-

based solid propellants release gaseous hydrogen chloride (HCl) and have given negative impacts

on the environment and our health, for instance, ozone layer depletion, acid rain, and atmospheric

contamination [27] [28]. According to the FEuropean and international agendas, the

environmentally friendly launch vehicle, which can reduce those negative impacts on the

environment and human bodies, have become a top priority for sustainable developments and

future use [29].

For aforementioned reasons, a composite solid propellant using environmentally friendly solid
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oxidizer (not AP) sounds good for the dedicated small launch vehicle. With this respect, the
reduced amount of management cost can be achieved. The rest of the features necessary for the
dedicated small launch vehicle with AP-free composite solid propellant is to guarantee the

comparable thrusting performance to the existing launch vehicles.

1.4 Traditional hybrid-propellant rocket motors

The chemical rocket system, which uses a cylindrical polymeric solid fuel and liquid/gaseous
oxidizer, is called “hybrid propellant rocket motor” (hereinafter called “hybrid rocket”). The
schematic illustration of the traditional hybrid rocket is presented to Fig. 1 - 9. The history of the
development in the traditional hybrid rocket is by no means old and can be dated back to 1930s.
The traditional hybrid rockets have paid much attention by many research groups (i.e., [30] [31]
[32] [33] [34] [35]) for a long time because of its excellent advantages; less-explosion hazard,
flexible throttle ability, re-ignition, and re-start capability [36] [37]. The advantages and
disadvantages of the traditional hybrid rocket are firstly drawn in Fig. 1 - 9. Combustion is taken
place inner the cylindrical solid fuel surface continuously reacted with the pyrolysis gas and the
injected oxidizer gas. As the combustion progresses, the diameter of the cylindrical solid fuel is

enlarging during the burning event. Since both the oxidizer and fuel are physically and chemically
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separated, and the explosive such AP is not employed under a concept of the traditional hybrid
rocket, reduced explosion hazard in comparison with the liquid rocket and solid rocket can be
emphasized on [38] [39], leading to lower management cost.

hybrid-propellant rocket motor

(e solid fuel grain
gr
payloads oxidizer =
' solid fuel grain )

| —>

k |
injector flame nozzle throat

advantages disadvantages
[Jexcellent controllability 1. slower regression rate :

) reason for low
[less explosion hazard 2. O/ F variation } y i

. . . . thrust force

[Jenvironmentally friendly 3. low combustion efficiency /

@ if overcome
hybrid rocket is suitable for dedicated small launch vehicle

Fig. 1 - 9 Schematic illustration of hybrid-propellant rocket motor, advantages and disadvantages
found in hybrid-propellant rocket motor, together with feasibility to dedicated small launch

vehicle.

Moreover, the hybrid rocket can be considered as an environmentally friendly propellant [31]
[40] because a polymeric solid fuel (e.g., hydroxyl-terminated polybutadiene (HTPB),
polyethylene (PE), etc.) is usually selected as the solid fuel. In the hybrid rocket, a wide range of
fuel-oxidizer combination is available (oxidizers i.e., gaseous or liquid oxygen, nitrous oxide N,O,
hydrogen peroxide H,O,, etc. [41]). The structural complexity can be also avoided because of the

relatively simple structure in comparison with the liquid rocket [42], as the only needs to be
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equipped with one feeding system for the traditional hybrid rocket. For this reason, the hybrid

rocket is the rocket system that has the excellent advantages of the solid rocket and liquid rocket.

On the one hand, despite of those attractive advantages, the practical application has been quite

limited as compared with those chemical rocket systems because of the disadvantage of lower

thrusting performance of the hybrid rocket. In particular, it is said that the main shortcoming of

the lower thrusting performance is attributed to the slower regression rate (rate at which the

diameter recedes) of the solid fuel [41] [43]. Other than the slower regression rate, variation of

the oxidizer-to-fuel mass flow rate ratio (O/F) during the burning event and lower combustion

efficiency due to poor mixing and diffusion at the solid fuel surface are the reason for the lower

thrusting performance. For these reasons, many research groups have been made significant effort

to upgrade the thrusting performance of the traditional hybrid rocket so far. If these intrinsic

disadvantages of the lower thrusting performance in the traditional hybrid rocket are improved,

and it sounds very attractive for the dedicated small launch vehicle due to its excellent advantages.

The advantages and disadvantages in the traditional hybrid rocket as compared with the existing

liquid rocket and the solid rocket are lastly listed in Table 1 — 3 as follows.
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Table 1 - 3 Advantages and disadvantages of hybrid rocket vs liquid rocket and solid rocket

*1.
*2.

*3,
*4,
#5,

Solid rocket  Liquid rocket Hybrid rocket

Structure Simple Complex Relatively simple
Controllability™' Difficult Easy Easy
Explosion hazard High Medium" Low
Thrust force Large Large Small
Burned gas Harmful Harmful-less Harmful-less
Specific impulse 2507 -400™ 3007

Thrust control, re-ignition, and re-start capability

Potential explosion hazard once the liquid fuel is leaked. Especially for a case when liquid
hydrogen is employed as liquid fuel, careful management and storage are necessary in
operation to avoid leakage and explosion accident.

Fuel combination is aluminum (18 %), ammonium perchlorate (68 %) and HTPB (14 %) [44]
When fuel combination is liquid oxygen and liquid hydrogen [44]

When fuel combination is liquid oxygen and HTPB [44]

1.5 Feasibility of chemical rocket for dedicated small launch vehicle

The ways that shall be introduced for each chemical rocket system, necessary to meet the

features for the dedicated small launch vehicle shown in Fig. 1 - 6, are schematically summarized

in Fig. 1 - 10. As we have already stated, the liquid rocket would be incapable of achieving the

reduced manufacturing time and reduced cost, owing to its structural complexity. Therefore, the

liquid rocket may not be suitable for the dedicated small launch vehicle. The composite solid

propellant sounds promising for the dedicated small launch vehicle, in terms of the reduced
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manufacturing time from the benefit of the structural simplicity. However, high amount of the

management cost associated with the handling of the explosive (AP) and negative impacts on the

environment and human bodies should be unavoidable. The solution is to use environmentally

friendly solid oxidizer (not AP), while achieving the comparable thrusting performance to the

existing AP-based solid propellant.

dedicated small launch vehicle —

Ulreduced size of launch vehicle

— smallsats as main payloads
. —manufacturing time JJ

U] comparable thrusting performance
— for practical application

U] reduced management cost

L] environmentally friendly

can they be dedicated small launch vehicle??

liquid-propellant rocket engine
Gﬁm |:> would be difficult due to
its structural complexity
solid-propellant rocket motor ) )
yes, when using environmentally

<E :3?’:—“ |:>friendly non-explosive oxidizer

(not AP) with comparable thrust

hybrid-propellant rocket motor
<:[( )L_]ﬂ |:> yes, if mntrinsic disadvantages
c— ) are overcome

Fig. 1 - 10 Necessary features for the dedicated small launch vehicle and ways that should be

introduced for each chemical rocket system.
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The hybrid rocket can achieve the reduced manufacturing time and reduced cost due to the use

of environmentally friendly solid fuel and oxidizer and relatively simple structure, whereas the

technical and challenging tasks to improve the lower thrusting performance, due to slower

regression rate, O/F variation, and lower combustion efficiency, still remain. Thus, if these

intrinsic disadvantages are overcome, the hybrid rocket sounds attractive to the dedicated small

launch vehicle.

For the abovesaid reasons against each chemical rocket system, the composite solid propellant,

which is free of the explosive (AP), and the hybrid rockets have been of significant interests by

many research groups all over the world for the dedicated small launch vehicles. In the next

chapter, a literature review on great efforts by many research groups, to realize the dedicated small

launch vehicle by the AP-free composite solid propellant and the hybrid rocket, will be made.
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1.6 Concluding remarks in this chapter

The current situation of the space activities with smallsats and the limitations related to the
current launch vehicles and to the dependence from the primary payloads’ customers were stated.
We have also touched the chemical rocket systems used for the space activities: the liquid rocket,
the solid rocket, and the hybrid rocket, and the configuration, advantages, and disadvantages of
the chemical rocket systems were summarized. In addition, to reduce the effect of the limitations,
it was stated that the dedicated small launch vehicle for the smallsats has been highly demanded.
It was summarized that the features necessary for the dedicated small launch vehicle were the
reduced manufacturing time, reduced cost, environmentally friendly, and together with the
comparable thrusting performance to the existing launch vehicle. It was found that the liquid
rocket would be hard to become the dedicated small launch vehicle because of the disadvantages
associated with the structural complexity, and the AP-based composite solid propellant is not
promising to become the dedicated small launch vehicle, due to the higher amount of management
cost and negative impacts on the environment and human bodies. For this reason, it was concluded
that the composite solid propellant free of the explosive such as AP, and the hybrid rocket, which
can guarantee the comparable thrusting performance to the existing launch vehicle, were found

to be promising for the dedicated small launch vehicle.
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Chapter 2

2 Literature review, motivations, and objectives
2.1 Introduction and objective of this chapter

In this chapter, we aim firstly to introduce equations to describe the thrusting performance of
the composite solid propellant and the hybrid rocket and to discuss methodologies to increase the
thrusting performance of those propellants, since many research groups have been upgrading the
AP-free composite solid propellant and various type of the hybrid rockets, which are based on the
methodologies. The literature review of the significant effort made by many research groups,
concerning various type of the composite solid propellants and the hybrid rockets to increase their
thrusting performance will be then made here. Based on the literature review, the motivations and

objective of the present dissertation will be stated in the last of this chapter.

2.2 Thrusting performance evaluation
It was mentioned that the comparable thrusting performance to the existing launch vehicles is
of great importance for the replacement into the dedicated small launch vehicle. First of all, brief

explanation for evaluating the thrusting performance on the hybrid rocket and the AP-free
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composite solid propellant is made here. The following figure can be referred to for good

readability of the following discussion.

thrust force (F) molecular weight(M) pressure at nozzle exit (p,)

combustion chamber -
e B
payloads :
_________________ } X\__,

\

cylindrical propellant burning temperature (7,)

ambient pressure (p,)

»

mass flow rate (m)

r regression rate (1)
O burning surface area (4,)  area at nozzle throat (4,)
propellant density (p,,)

Fig. 2 - 1 Schematic illustration of location of each physical properties and explanation used for

evaluating thrusting performance.

2.2.1 —Mass flow rate m—

Since the chemical rocket system is a system that converts the thermal energy generated by
chemical reaction into the kinetic energy, it should be paid attention to know how large amount
of the propellant is burned and ejected from the propellant through the rocket nozzle into the
atmospheric environment. The indictor to exhibit “how large amount of the propellant is burned”
is a mass flow rate. The mass flow rate denotes a unit mass burned at the burning surface of the

propellant per a second, m [kg/s] and is defined as the following equation. The equation is divided
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into two cases, and the former equation and the latter equation are expressed as the mass flow

rates for the composite solid propellant and hybrid rocket, respectively.

m = ppVrAp or i = pgVrAp + mig Eq.2-1
where pp [kg/m’] is the average density of the propellant, V¢ [m/s] is the regression rate (the rate
at which the propellant is consumed), and Ap [m?] is the burning surface area of the propellant,
ps [kg/m?] is the density of the solid fuel, and mi, [kg/s] is the oxidizer mass flow rate injected
into the solid fuel port, respectively. As is expressed, the large amount of the mass of the propellant
can be released for the case of (1) higher density of the propellant or the solid fuel (pp, ps), (2)
faster regression rate (Vy), and (3) larger burning surface area (A4p). In the hybrid rocket, it is also

important to inject higher amount of the oxidizer mass flow rate (iy).

2.2.2 — Specific impulse Isp —

Next, the specific impulse is introduced here. The specific impulse denotes the thrust force
produced per unit rate of the consumption of the propellant, thus the specific impulse shows a
propellant efficiency. The specific impulse (unit: second), which is defined as the following

relation derived from so called the “nozzle theory” [44], is frequently used for performance
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evaluation of the chemical rocket system.

Iop = ljiin {1 _ (&)}% Eq.2-2
Gok—1Mc Pc
where Igp [s] is the specific impulse, g, [m/s?] is the gravimetric acceleration at the sea level, k
[-] is the specific heat ratio of the burned gas, R [J/mol-K] is the universal gas constant, M.
[kg/mol] is the average gas molecular weight of the burned gas, T [K] is the burning temperature
of the burned gas, p, [Pa] is pressure at the nozzle exit, and p. [Pa] is pressure in the combustion
chamber. The specific impulse is helpful to know the efficiency of the propellant. It is seen that
obtaining the lower average molecular weight (M) and the higher burning temperature (T;)
plays vital role in obtaining the higher efficiency of the propellant. On the one hand, the burning
temperature and the average molecular weight of the burned gas are essentially pre-determined,
depending on the oxidizer and fuel combination employed for the propellant, its oxidizer-to-fuel

mass flow ratio (O/F), etc. Therefore, the specific impulse is essentially design value.

2.2.3 — Thrust force F —

The higher value of the specific impulse is a helpful indicator to know not only the propellant
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efficiency but how fast burned gas is ejected from the rocket nozzle. The velocity ejected from

the nozzle (v,) is quite important since the rocket system goes upward according to the action and

reaction by the Newton’s third law. The velocity at the nozzle exit can be estimated with the

following relation by using the specific impulse.

Ve = Jolsp Eq.2-3

With using the velocity, the thrust force (£) is estimated by the following equation.

F =mv, + A.(pe — Do) Eq.2-4

where F [N] is the thrust force, v, [m/s] is the exit velocity (Igp X g), A, [m?] is the area at the

nozzle exit, and p, [Pa] is the ambient pressure. The former term and latter term are so called

“momentum thrust force” and “pressure thrust force”, respectively. From a series of explanation,

it can be understood that increase in the specific impulse (Isp), mass flow rate of the propellant

(m), and pressure in combustion chamber (p.), and pressure at the nozzle exit (p,) plays very

important role in the larger thrust force.

The ways to increase thrust force in the composite solid propellant and hybrid rocket mentioned

above are summarized in Table 2 - 1. Based on this fact, most of the research in the composite

solid propellant and the hybrid rocket has been focusing on increasing the “mass flow rate (1)
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or regression rate (V¢)” and the “burning surface area (Ap)” of the propellant.

Table 2 - 1 Methodologies to increase thrust force in solid rocket and hybrid rocket.

Regression rate (V) Faster
Burning surface are (4p) Larger
Burning temperature (7¢) Higher (pre-determined)
Average molecular weight (Mc) Lower (pre-determined)
Pressure (Pc) Higher

2.3 Regression rate enhancement

Having stated that the key parameters to obtain the large thrust force was the faster regression
rate as we have introduced from the last section, we will discuss the method to increase the
regression rate with a following schematic illustration. The general expression to describe the

regression rate (V) is shown as follows [45] [46] [47].

dT

=z Eq.2-5
dx 4

Vf X

where dT /dx [K/m] is the temperature gradient between the flame and the top surface of the solid
fuel. Therefore, it is fact that the regression rate enhancement can be possible by making the
temperature gradient close to the top surface of the solid fuel steeper. In order to achieve this, it

is well-known that, as shown in the case (1) on the figure, the higher burning temperature (T)
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and employing the solid fuel having lower melting temperature (Ts) of the solid fuel make the

temperature gradient steeper, resulting in the faster regression rate. With this regard, achieving

the higher burning temperature helps not only to increase the specific impulse, but also to enhance

the regression rate, simultaneously.
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Fig. 2 - 2 Schematic explanation of ways to enhance regression rate: (case 1) increase in burning

temperature (T;) and decrease in gasification temperature (Ts) at solid fuel and (case 2) decrease

in distance between flame and solid fuel surface to increase temperature gradient (dT /dx).
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In addition to that, case (2) shows another methodology to increase the temperature gradient. It is

also possible to enhance the regression rate by making the flame established closer to the top

surface of the solid fuel. In reality, development in the composite solid propellant free of AP and

the hybrid rocket has been focused on the methodologies based on Table 2 - 1 and Fig. 2 - 2. From

the next section, we will make a literature review on the past research and the recent research and

development concerning the composite solid propellant free of AP and the hybrid rocket.
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2.4 Trend of research and development in composite solid propellants

In this section, we will review the previous works and recent works made ever for replacing
the AP-free composite solid propellant into the dedicated small launch vehicle. Up to now, it has
been extensively reported that various type of the composite solid propellants using
environmentally friendly new solid oxidizer has been proposed all over the world. First, the AP-

based composite solid propellant is reviewed.

2.4.1 Composite solid propellant with ammonium perchlorate (AP)

Ammonium perchlorate (“AP”, NH4ClO4) has exhibited excellent performance, and the
thrusting performance of the AP-based composite solid propellant can be tailored by its physical
parameters [48]. The combustion of the AP-based composite solid propellant is firstly initiated by
thermal decomposition of AP. Although the thermal decomposition of AP differs from its
decomposing temperature, the typical processes of the thermal decomposition for AP above 573

K are governed by Eq. 2 — 6 [49].

2NH4Cl104 = CL, + 2N,0 + O, + 4H,0 Eq. 2-6

As can be seen from the thermal decomposition process, chlorine (Cly) is released as the
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decomposed product. The burning mechanism in the AP-based composite solid propellant at the

propellant surface is schematically illustrated from a viewpoint of flame structure as presented to

Fig. 2 - 3 [50].

geseous HCI

I

premixed monopropellant flame [ oxidizers rich final diffusion flame

\combustion /4 /

product

\ \ thermal pyrolysis (HTPB)
—hydrocarbon fuel gas

primary diffusion flame

propellant surface

HTPB

decomposition (AP)
4NH,CIO, = 2CL, + 2N,0 + 30, + 8H,0

Fig. 2 - 3 Schematic illustration of flame structure and decomposition process of AP.

More importantly, chlorin (Cl,) generated by the thermal decomposition process then combines

with hydrogen component generated from the same thermal decomposition process and the

combustion products to form gaseous hydrogen chloride (HCI), releasing to the atmospheric

environment. As the gaseous HCl has decomposing nature of the ozone layer (Os), it has been

considered negative impacts on environment and human bodies, by releasing the combustion gas

from the AP-based solid propellant. According to the literature [51], in the space shuttle boosters

employing AP (containing around 503 tons of its propellant), each of booster produces on an
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average of 100 tons of the gaseous HCI during its flight. In addition, in the European space
launcher Arian-5 and the Vega launcher, 476 and 122 tons of the propellant produced 270 and 71
tons of the gaseous HCI, respectively, resulting in that more than half of the gaseous HCI was
produced from the initial mass of the propellant during the flight. The amount of the emission of

the gaseous HCI from the abovementioned launch vehicles is summarized in the following table.

Table 2 - 2 Propellant mass and amount of emission of gaseous HCI from launch vehicles.

Launch vehicle Propellant mass HCI emission

Space shuttle booster 503 x 10° kg 100 x 10° kg

Arian 5 booster 476 x 10° kg 270 x 10° kg

Vega launcher 122 x 10° kg 71 x 10° kg
AP—explosive

high amount of management cost
@ new solid oxidizer
decomposition process for environmentally

friendly and reduced cost
4NH,CIO, = 2Cl, + 2N,0 + 30, + 8H,0

gaseous HCI will be released

not environmentally friendly

while guaranteeing comparable thrusting performance

Fig. 2 - 4 Schematic illustration of decomposition process of ammonium perchlorate and reason

for demand in new solid oxidizer.

33



Therefore, in the AP-based composite solid propellant, it has been a key word to achieve the
reduced gaseous HCl so as not to give the negative impacts on the environment and human bodies.
Also, AP is the explosive, so the replacement of AP into the environmentally friendly new (non-

explosive) solid oxidizer and reduced management cost is required, as presented to Fig. 2 - 4.

2.4.2 Composite solid propellant with magnalium particles

As one of the ways to reduce the amount of the gaseous HCI, a composite solid propellant
employing mixture of two kinds of metal particles consisting of aluminum and magnesium (so
called “magnalium”), as the energetic additive, has been found to be promising [52] [53]. When
the magnesium (Mg) particles burn together with the gaseous HCI, the gaseous HCI will be then
transformed into the liquid phase, namely, magnesium chloride (MgCl,) under the following

chemical reaction is produced.

Mg + 2HCl — MgCl, (liquid) + H (gas) Eq.2-7

With this way, the gaseous HCI is transformed into the liquid phase, and it has been highly
expected to reduce the amount of the gaseous HCI released into the atmospheric environment.

Belal et al. investigated the regression rate characteristics and its pressure dependency using a
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propellant consisting of HTPB (14 wt.%), AP (71 wt.%), and magnalium (15 wt.%, Al: Mg = 1:

1). It was found that the regression rate of the propellant employing magnalium was measured at

the rate of 9.9 mm/s (at 5 MPa) [52], and its mass flux can be calculated as 18.3 kg/(m?s). Habu

et al. carried out firing experiments using a propellant composed of HTPB (15 wt.%), AP (65

wt. %), and magnalium (20 wt. %, Al: Mg = 1: 1) to examine its pressure dependency on the

regression rate [53]. The regression rate obtained in their experiments was reported as about 8.5

mm/s at 5 MPa, and the corresponding mass flux can be calculated as 15.7 kg/(m?'s). For a

comparison purpose of the performance among the two cases and the conventional AP-based

composite solid propellant, the corresponding mass fluxes for each propellant using the neat

aluminum and magnalium are summarized as the following table.

Table 2 - 3 Regression rate and mass flux for AP-based composite solid propellant and composite

solid propellant with magnalium corresponding to its oxidizer/fuel combination at 5 MPa.

Oxidizer/Fuel 0 Density, . Mass flux,
combination Mass, % 10° kg/m’ Regression rate, mm/s ke/(m?s)
AP//?;/A{]ITPB 68/18/14 1.77 5.30 (5 MPa) 9.38
AP/Mg-
AVHTPB [52] 71/7.5-7.5/14 1.85 9.9 (5 MPa) 18.3
AP/Mg-
AVHTPB[53] 65/10-10/15 1.85 8.5 (5 MPa) 15.7
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As it is seen from the table, the regression rate and the corresponding mass flux are dramatically

increased in both the cases when the magnalium is employed as the energetic additive. Although

the composite solid propellant based on magnalium sounds attractive for the dedicated small

launch vehicle from viewpoints of the excellent thrusting performance and reduced negative

impacts on the environment and the human bodies, however, it is reported that the gaseous HCI

is not completely reduced with this manner, and this propellant still uses AP, therefore, the high

amount of the management cost associated with AP shall be inevitable in this manner. The

problems raised here about the use of the AP-based composite solid propellant with magnalium

are summarized in Table 2 - 4.

Table 2 - 4 Feasibility of composite solid propellant with magnalium for dedicated small launch

vehicle.
Features Feasibility
Reduced rocket size Achievable
Comparable thrusting performance Achievable
Reduced management cost Not achievable
Environmentally friendly Achievable
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2.4.3 Composite solid propellant with ammonium nitrate (AN)

The replacement of AP into ammonium nitrate (AN, NH4NO3) as the environmentally friendly

solid oxidizer is found to be promising. The thermal decomposition is governed by Eq. 2 — 8 [27].

6NH4sNO3 = N>,O + 2NO; + NH4sNOs+ 10H,0 + 3N, Eq. 2-8

It can be seen that the thermal decomposition process is free of chlorine (Cly). To know its
thrusting performance of AN-based composite solid propellant, Levi et al. investigated its
pressure dependency on the regression rate characteristics of a propellant consisting of AN (68
wt.%) as the solid oxidizer, Al particles (18 wt.%) as the energetic additive, and HTPB (14 wt.%)
as the polymeric binder, under a pressure-controlled environment [55]. They reported that 3.5
mm/s of the regression rate at 5 MPa was successfully measured in their experiment. The
corresponding mass flux is found to be 5.88 kg/(m?:s). So, the AN-based composite solid
propellant has the great potential to reduce the negative impacts on the environment and human
bodies. However, it was found that achieving the comparable thrusting performance to the AP-
based composite solid propellant is challenging with this propellant (Table 2 — 5), because of its
slower regression rate and the lower mass flux than these of the AP-based composite solid

propellant. Additionally, AN is also the explosive, so that it is hard to achieve the reduced
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management cost.

The comparison between the regression rate of the AP-based composite solid propellant and AN-

based composite solid propellant is summarized above, and the feasibility of the AN-based

composite solid propellant for the dedicated small launch vehicle is evaluated in Table 2 - 6.

Table 2 - 5 Regression rate and mass flux performance for AP-based composite solid propellant

and ammonium nitrate (AN) with its oxidizer/fuel combination.

Oxidizer/Fuel o Density, . Mass flux,

combination Mass, % 10° ke Pac Regression rate, mm/s ke/ (mz-s)
AP/AI/HTPB [54] 68/18/14 1.77 5.30 (5 MPa) 9.38
AN/AI/HTPB[55] 68/18/14 1.68 3.50 (5 MPa) 5.88

Table 2 - 6 Feasibility of composite solid propellant with ammonium nitrate (AN) for dedicated

small launch vehicle.

Features Feasibility

Reduced rocket size Achievable

Comparable thrusting performance  Not achievable

Reduced management cost Not achievable

Environmentally friendly Achievable

2.4.4 Composite solid propellant with ammonium dinitramide (ADN)

Ammonium dinitramide (ADN, H4N4O4) has also paid an attention as the environmentally

friendly solid oxidizer. ADN is a chlorine free oxidizer that has been considered a possible AP
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replacement for the last 20 years [54]. One of the pathways of the thermal decomposition process

of ADN is governed as follows.

NH4N(NO,), = NH; + N,O + HNO; Eq.2-9

As can be clearly seen, ADN does not release any hazardous chemicals such as chlorin.

Larsson and Wingborg reported the regression rate characteristics with a propellant composed

of ADN (70 wt.%) and glycidyl azido polymer (GAP, 30 wt.%) and its pressure dependency. They

successfully achieved about 18 mm/s of the regression rate at 5 MPa, and the corresponding mass

flux can be calculated as 29.0 kg/(m?*-s). This value is three-times higher than that of the AP-based

composite solid propellant, indicating more the excellent thrusting performance than AP-based

composite solid propellant. However, the pressure dependency on the regression rate in the ADN-

based solid propellant is much stronger than that of the AP-based composite solid propellant. It

has been pointed out that the regression rate of ADN-based solid propellant is too fast to apply

this propellant to the solid rocket. Although the excellent thrusting performance shall be promised,

the practical application of the ADN-based solid propellant has not been made so far. Moreover,

ADN is also the explosive, thus, the reduced management cost shall be difficult to be achieved

with this manner. The comparison between the regression rate of the AP-based composite solid

propellant and ADN-based solid propellant is listed in Table 2 - 7, and the feasibility of the ADN-
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based solid propellant is shown in Table 2 - 8.

Table 2 - 7 Regression rate and mass flux for AP-based composite solid propellant and ADN-

based solid propellant corresponding to its oxidizer/fuel combination.

Oxidizer/Fuel 0 Density, . Mass flux,

combination Mass, % 10° ke/m’ Regression rate, mm/s ke/(m’s)
AP/AI/HTPB [54] 68/18/14 1.77 5.30 (5 MPa) 9.38
ADN/GAP [54] 70/30 1.61 18.0 (5 MPa) 29.0

Table 2 - 8 Feasibility of composite solid propellant with ammonium dinitramide (ADN) for

dedicated small launch vehicle.

Features Feasibility

Reduced rocket size Achievable

Comparable thrusting performance Achievable
Reduced management cost Not achievable

The result of the comprehensive survey on the composite solid propellant using magnalium, AN,

or ADN is schematically explained in Fig. 2 - 5, with advantages (in blue) and disadvantages (in

red) for each composite solid propellant. As can be seen in Fig. 2 - 5, all the new solid oxidizers

considered to be environmentally friendly are found to be the explosive, so that it may be hard to

achieve the reduced amount of cost associated with its management for all the cases made ever.

At a first glance, the use of ADN looks like promising for the dedicated small launch vehicle

in terms of the excellent thrusting performance and environmentally friendly propellant, however,
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it is reported that ADN is difficult to use because of the strong pressure dependency on the

regression rate. Even though technologies to inhibit the pressure dependency have been growing,

it is now under investigation. For this reason, another series of the propellant to realize the

dedicated small launch vehicle, which does not use such the explosive, has to be sought.

Especially, the management cost related to the explosive is so high that propellant free of the

explosive is better to achieve the reduced management cost.

— substitution of Al into magnalium — substitution of AP into AN
AP—explosive AN—explosive
comparable thrusting performance environmentally-friendly
difficult to reduce HCI completely low thrusting performance
—  substitution of AP into ADN  — {}
ADN—explosive reduced cost difficult
(_envu'onm_entally-fnendly :> difficult to be the dedicated
high thrusting performance )
strong pressure dependency small launch vehicle

Fig. 2 - 5 Feasibility of various type of composite solid propellants free of ammonium perchlorate

for dedicated small launch vehicle.
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2.5 Traditional hybrid rocket and boundary layer combustion theory

The traditional hybrid rockets do not use such the explosive in the solid fuel, the management
cost is dramatically reduced accordingly. If the intrinsic disadvantage of the low thrusting
performance, which is mainly attributed to the slower regression, is overcome, the traditional
hybrid rocket has the potential to realize the dedicated small launch vehicle. In this section, the
reason for the lower thrusting performance will be discussed with a well-known theory, and the
ways to improve the thrusting performance will be reviewed.

The burning process of the traditional hybrid rocket is quite complicated, but by the great effort
made by Marxman and Gilbert [56], the well-known theory to predict the regression rate and the
theoretical burning model widely accepted have been provided. The schematic illustration of the
burning model is presented in Fig. 2 - 6. Under some assumptions that thickness of thermal
boundary layer is identical to velocity boundary layer, and Reynolds’ analogy can be adopted, the

following relation between the regression rate and other physical parameters has been provided.

Gx\" %% /St (up\ (Ah\ q
V: = 0.03G (—) (—) (—e> (-) =L Eq.2-10
Ps's U Sto/ \uy/ \h,, + h d

where ps [kg/m’], Vr [m/s], G [kg/(m*s)], x [m], p [Pa's], (St/Sty), u, [m/s], u, [m/s], Ah

[J/kg], h, [J/kg] and q, [W/m?] are the density of solid fuel, the regression rate, the total mass
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flux of the gaseous oxidizer and the gaseous fuel gasified at the solid fuel surface, the coordinate

of flow direction, the viscosity, the ratio of the Stanton number with/without gasification of the

solid fuel at the solid fuel surface, the velocity at the main stream, the velocity at the flame, the

total enthalpy difference between the flame and the solid fuel surface, the enthalpy of the

gasification of the solid fuel, and the radiative heat flux from the diffusion flame sheet. The first

term shows convective heat transfer rate, and the second term is expressed as radiative heat

transfer rate.

boundary layer combustion theory

oxidizer flow

diffusion flame

convective heating

cylindrical solid fuel surface / gasified fuel flow

T: temperature Y,: fuel concentration Y,: oxidizer concentration

Fig. 2 - 6 Schematic illustration of turbulent boundary layer combustion theory proposed by Marxman

and Gilbert [56] applicable to traditional hybrid rocket combustion.

Although it is seen that the regression rate tends to be increased with the increase in the injected

amount of the oxidizer mass flux because the diffusion flame is established closer to the solid fuel,

the Stanton number (S7) decreases simultaneously with the increase in the oxidizer mass flux. This
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is because “hot” fuel mass flux gasified (hot pyrolysis gas) at the solid fuel surface increases,

leading to thicker thermal boundary layer and poor convective heat transfer exposed onto the solid

fuel surface. Therefore, it is understood that the limiting effect on the regression rate appears when

the oxidizer mass flux is increased to obtain the faster regression rate in the traditional hybrid

rocket, as found in the Marxman’s theory. This is so called “blocking effect” [57]. This series of

the explanation is drawn in Fig. 2 - 7.

(top) oxidizer mass flow rate 4

E— X diffusion flame
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oxidizer mass flow rate 11 4
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— ______________

surface i l l 4 4 4 hot pyrolysis gas
+ ]'
eylindrical solid fuel regressionl ¥v |

oxidizer mass flow rate 1T—regression ratell
hot pyrolysis gasTT leads to limited regression rate

Fig. 2 - 7 Schematic illustration of blocking effect in traditional hybrid rocket.
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This effect results in physical separation between the diffusion flame and the solid fuel surface,

leading to the reduced heat flux exposed onto the solid fuel surface further [30]. For this reason,

the regression rate achievable in the traditional hybrid rocket has been limited. Fig. 2 - 8 shows a

typical result of the average regression rate as a function of the oxidizer mass flux with various

type of the solid fuels (HTPB, PMMA, and high-density polyethylene (HDPE)) and oxygen [58].
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Fig. 2 - 8 Typical result of regression rate characteristics as a function of oxidizer mass flux with

various type of polymetric materials and oxygen [58].

As it is clearly seen, the regression rate is increased in one order of magnitude with the increase

in the oxidizer mass flux for all the cases. In the conditions reported in the literature, a maximum

regression rate was obtained as 1.5 mm/s at 300 kg/(m?*-s) in the case when HTPB is employed.
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The corresponding fuel mass flux can be estimated as 1.37 kg/(m?*'s). Taking into the account the

regression rate and its mass flux in the conventional AP-based composite solid propellant (5.3

mm/s, 11 kg/(m?:s) at 5 MPa), it is well-understood that the reason for the less practical

application is attributed to its slower regression rate. With this regard, it is found that enhancing

the regression rate and its mass flux further in the traditional hybrid rocket is quite important but

is found to be challenging.

To overcome the intrinsic disadvantage of the lower thrusting performance owing to the slower

regression rate in the traditional hybrid rocket, various type of hybrid rockets has been proposed

and updated ever with significant effort made by many research groups. In particular, two aspects:

(1) the large burning surface area (Ap) and (2) improvement of the convective heat transfer onto

the solid fuel surface have been focused on. The literature review on the various type of the hybrid

rockets will be made hereafter. Please note that the terminology of the traditional hybrid rocket is

to use the combination of the gaseous/liquid oxidizer and the “cylindrical” polymeric solid fuel

having the “single port”. The hybrid rocket which will be touched from next section is different

from the concept of the traditional hybrid rocket.
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2.6 Trend of research and development of various type of hybrid rockets

2.6.1 To enlarge burning surface area

The new ideas applicable to the hybrid rockets have been extensively proposed by many
research groups (e. g., [59] [60] [61]). The basic idea shown here at first is to enlarge the burning
surface area. It is reported so far that employing a polymeric solid fuel having multi ports or an
intricate fuel port for the traditional hybrid rockets is found to be attractive. Some examples of

the unique geometries of the solid fuels are shown in Fig. 2 - 9.

(A) complex fuel port (B) mult1 fuel ports

Fig. 2 - 9 Solid fuel having unique geometry used for hybrid rocket: (A) fractal star fuel port
[60] and (B) multiport solid fuel [61].

Funami et al. conducted firing experiments using a cylindrical acrylonitrile butadiene styrene
(ABS) having a star fractal fuel port, as shown in Fig. 2 - 9 (A) [60], with nitrous oxide (N,O).

It was revealed that they achieved the large burning surface area as compared to that of the
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traditional hybrid rocket, and 1.7 mm/s of the regression rate at 140 kg/(m*-s) of the oxidizer

mass flux was obtained in a range where they tested. Kim et al. conducted firing experiments

with a propellant employing polymethyl methacrylate (PMMA), which has four ports arranged

around the center as shown in Fig. 2 - 9 (B), and gaseous oxygen [61]. It was reported that the

achieved regression rate was 0.55 mm/s at the oxidizer mass flux of 120 kg/(m?'s), whereas

approximately 0.5 mm/s of the regression rate at the same oxidizer mass flux for the case of

HDPE and PMMA in the traditional hybrid rocket was measured. With this respect, the solid

fuel having multiport is capable of achieving not only the slightly higher regression rate than

that of the HDPE and PMMA used in the traditional hybrid rocket, but also the larger burning

surface area, at the same oxidizer mass flux. However, although these methodologies sound

attractive for the dedicated small transport vehicle, the thrusting performance remains low for

the practical application level.
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2.6.2 To enhance convective heat transfer in hybrid rocket

According to the beforementioned Marxman’s turbulent boundary combustion theory, it was
explained that the regression rate is enhanced by improving the poor convective heat transfer rate
from the diffusion flame exposed onto the solid fuel surface. Hence, there has been extensive
research on challenging improvement in the convective heat transfer rate further by adding a
change in the gas flow field (e. g., [33] [35] [34] [57] [62] [63] [64] [65] [66] [67] [68]).

Karabeyoglu carried out firing experiments using a paraffin-based solid fuel and the gaseous
oxygen to improve the convective heat transfer rate by taking advantage of lower melting
temperature of the solid fuel than that of the solid fuel, such as polyethylene, HTPB, PMMA, etc.
[35] [40] [57]. As shown in the following burning model, the solid fuel starts to melt at the lower
temperature and is then liquified to numerous droplets at the vicinity of the solid fuel surface,
generating entrainment phenomena of the droplets into the diffusion flame by shearing force
induced by the oxidizer flow. The blocking effect occurred in the traditional hybrid rocket shall
be overcome by adopting the paraffin-based solid fuel. This is due to the formation of the droplets
fuel near the solid fuel surface, and higher thermal conductivity of the droplet than that of the fuel
gases.

In Fig. 2 - 10 (B), a result of the regression rate characteristics for two types of the solid fuels

49



(paraffin base and HTPB) with oxygen are presented with the oxidizer mass flux controlled for

comparison purpose. It is clear that, at the mass flux of 200 kg/(m?*-s) three-times faster regression

rate than that of HTPB typically used for the traditional hybrid rocket can be achievable for the

case when the paraffin or wax based solid fuel is employed.
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Fig.2-10 (A) Schematic illustration of burning model proposed by Karabeyoglu and (B) testing
results of the paraffin based solid fuel and the traditional solid fuel in hybrid rocket [40].

Nagata et al. proposed a quite unique idea of the gas flow field in the hybrid rocket, named the

cascaded multistage impinging-jet (CAMUI) hybrid rocket, to enhance the convective heat
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transfer further [33]. A schematic illustration of the CAMUI hybrid rocket and its burning process

are presented to Fig. 2 - 11. In the CAMUI hybrid rocket, solid fuel blocks having two holes

drilled around the center are arrange in a row, and each solid fuel block is arranged at 90 degrees

out of the phase. The oxidizer and burned gas are injected onto each solid block’s surface as

impinging jet flow. By taking advantage of the impinging jet flows and the larger burning surface

area, the convective heat transfer and the total heat exposed onto the solid fuel are dramatically

intensified. Even though such the intricate geometry in the CAMUI hybrid rocket is quite hard to

compare the regression rate between the traditional hybrid rocket and the CAMUI hybrid rocket,

it is reported that the average regression rate in the CAMUI hybrid rocket is increased up to three

times as compared with the traditional hybrid rocket [69].

CAMUI hybrid rocket

— oxidizer flow

»

N (ylindrical solid fuel blocks

Fig. 2 - 11 Schematic illustration of CAMUI hybrid rocket proposed by Nagata [33].

Swirling jet flow type hybrid rockets have been paid attention as the research interest by many

research groups worldwide [34] [63] [64] [65] [67] [68] [70]. Great effort by Shimada et al. in the
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Japan aerospace exploration agency (JAXA) is one of the well-known examples of the

development in the swirling jet flow type hybrid rocket. A schematic illustration of the swirling

jet flow type hybrid rocket is drawn in Fig. 2 - 12 [70].

swirling jet type hybrid rocket

Vortex injection from . )
the top of the fuel port burning surface

/]
1/

/N

centrifugal force

Fig. 2 - 12 Schematic illustration of burning mechanism of swirling jet type hybrid rocket
proposed by Shimada in JAXA, burning surface location, and schematic illustration of centrifugal

force generated in solid fuel [70].

The oxidizer and the burned gas are flown along the radius direction while enhancing its mixing

effect between the oxidizer and the fuel gas. The centrifugal force generated by the swirling flow

pushes the oxidizer and the burned gas onto the solid fuel surface further, making the thermal

boundary layer thinner and the temperature gradient steeper. With this methodology, it is expected

to improve not only the poor convective heat transfer rate, but also the low combustion efficiency

that are pointed out as the disadvantages of the traditional hybrid rocket. As expected, it was

reported that they successfully achieved from two to three-times faster regression rate than that

of the traditional hybrid rocket.
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For comparison purpose, the regression rates and its corresponding “fuel” mass fluxes at almost

the same oxidizer mass flux (120 — 140 kg/(m*:s)) achieved in the various type of the hybrid

rockets are summarized in the following table.

Table 2 - 9 Regression rate and fuel mass flux at almost same oxidizer mass flux (120 — 140
kg/(m?-s)) for six hybrid rockets: traditional hybrid rocket (Traditional), hybrid rocket employing
the intricate geometry (Intricate), the hybrid rocket employing the multi ports (Multi ports), the
swirling jet flow type hybrid rocket (Swirling), and the CAMUI hybrid rocket (CAMUI).

o . Fuel density, =~ Fuel mass flux,
Type Fuel/Oxidizer Regression rate, mm/s ke/m’® ke/(m?-s)
Traditional HTPB/O, 0.9 at 140 kg/(m*s) 0.902 x 10° 0.812
Intricate ABS/N,O 1.7 at 140 kg/(m?-s) 1.05x 10° 1.79
Multi 2 3
ports PMMA/O; 0.55 at 120 kg/(m*'s) 1.18x 10 2.60 (four ports)
Paraffin Paraffin base/O» 2.5 at 140 kg/(m?-s) 920[35] 2.3
Paraffin  Laraffinbased oo 60 ke/(m?-s) 984 0.87
composite/O;
Swirling PMMA/O, 1.4 at 140 kg/(m?-s) 1.18x 10° 1.65
CAMUI HDPE/O; 3:0169]at 140 950 2.85
kg/(m*-s)

In the table, the combination of the oxidizer and the solid fuel, together with the density of the

solid fuel, are summarized. As it is clearly seen, more excellent thrusting performance of the

abovementioned hybrid rockets, in terms of the regression rate and the mass flux as compared

with those of the traditional hybrid rocket, is demonstrated. On the other hand, even though the
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significant efforts by many research groups have been made ever as summarized in the table, the

practical application of these hybrid rocket for the dedicated small launch vehicle, which can be

applicable to the launch of the smallsats, has not been made so far. Therefore, it is suggested that

further update on the hybrid rocket should be required.

A flowchart is lastly created here in order to recall the series of the abovesaid explanation about

the various type of the hybrid rockets and the composite solid propellant free of AP as follows.

— dedicated small launch vehicle

—> composite solid propellant e explosive
achievable ——
(] environmentally-friendly oxidizer=AN, ADN |+ reduced HCI and
[ ] AP with magnalium as metal additive — size, good thrusting
solution —— not achievable
l} | | reduced management cost
— various type of hybrid rocket uses non-explosive
yP Y e achievable —
[ multi ports, intricate port, and paraffin fuel — reduced HCI, size,
L] swirling jet type, CAMUI type — and management cost

— solution not achievable
update thrusting further with hybrid rocket <::|7 excellent thrusting

Fig. 2 - 13 Flowchart of a series of explanation of development in various type of hybrid rockets

and composite solid propellant using magnalium as energetic additive or AN or ADN as

environmentally friendly solid oxidizer.
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2.7 Thrust force achieved ever hybrid rockets and challenging in update

It is interesting to note the thrust force achieved ever in various type of the hybrid rockets to
evaluate its thrusting performance. The launch year since 1990 and the thrust force achieved in
the various type of hybrid rockets, including static experiments, is presented to Fig. 2 - 14,
together with the thrust force of the Epsilon rocket consisting of the three stages of the AP-based
composite solid propellant based on AP [71] for comparison purpose. The horizontal and the
vertical axes are launch year and logscale thrust force in kilonewton, respectively. It is found that
the thrust force achieved in the various type of hybrid rockets shows an increasing trend towards
the launch year. As found, the thrusting performance in the hybrid rocket is becoming higher as a
year basis. To the author’s best literature review, the research group in Stuttgart University
(Germany) has achieved the highest performance in terms of the thrust force in 2016. Although
the great efforts by many research groups to upgrade its thrusting performance of the hybrid rocket
are demonstrated ever, however, it can be seen that the thrusting performance in the hybrid rockets
has not been reached to applicable level of the AP-based composite solid propellant (1% stage, 2™
stage, and 3" stage) used for the Epsilon rocket used for the space missions. The difference is still
one order of magnitude or more. This fact proves that the upgrading its thrusting performance of

the hybrid rockets is quite challenging, as mentioned earlier. For this reason, many research
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groups have been making continuous great effort for increasing the regression rate further. The

data plotted on the figure are also summarized in the following table.

epsilon rocket three stages
LI L S solid rocket
1000 ¢ 3t stage n
5 ; = 3rdstage
& - 2nd stage B
8 100 E . . lst stage 3 ]
S E thrust is being upgraded ge 3 2nd stage
g 1o a5 1L
-E I o™ o AY ]
1 E R 6 3 E 1t stage
1990 2000 2010 2020 2030
Launch year _

A Technical university of braunschweig (Germany) [ Hokkaido university (Japan)

+ United states air force academy (US) V Calgary university (Canada)
X Tokyo metropolitan university (Japan) @ Tokai university (Japan)

WV Chiba institute of technology (Japan) B Purdue university (US)

A Bremen city university (Germany) O Stuttgart university (Germany)

Fig. 2 - 14 Thrust force achieved ever in various type of hybrid rockets, launch year, research
groups, and thrust force of three stages solid rocket for Epsilon rocket developed by JAXA for

comparison purpose [71].
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Table 2 - 10 Thrust force achieved in hybrid rocket and its launch year.

Research group Year Thrust force, N Altitude, m
United states air force academy [72] 1994 2670 3,000
United states air force academy [72] 1995 3570 4,600
Tokyo metropolitan institute of
technology [73] 2001 700 600
Hokkaido university 2001 500 Static
experiment
Hokkaido university 2006 780 780
Hokkaido university 2007 2450 2450
Purdue university [74] 2009 4000 1859
Hokkaido university [75] 2012 2310 2310
Hokkaido university [76] 2013 5000 8,300
Stuttgart university [77] 2016 10000 32,300
Tokai university [ 78] 2016 1000 1,900
Technische universitit braunschweig 2016 1250 5.400
[79]
Bremen city university [80] 2016 2500 6,500
Tokai university [78] 2018 1800 6,200
. . Static
Calgary university [81] 2018 4400 experiment
o Static
Chiba institute of technology [82] 2021 6900 .
experiment
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2.8 Well-mixed propellants for further update

As it is noticed, the thrusting performance of the hybrid rocket should be more updated to
achieve the practical use level. For the further update, there has been great interests in a
methodology to increase dramatically not only the burning surface area, but also the heat transfer
and mass transfer, resulting in the higher regression rate. The methodology is to utilize a “well-
mixed propellant” whose employs a porous combustible or metallic particles with liquid oxidizer.
Schematic illustration of two examples of the well-mixed propellant is shown Fig. 2 - 15 and Fig.
2 - 16. As can be understood from comparison between the well mixed propellant and the
composite solid propellant illustrated in Fig. 1 - 8, the well-mixed propellants resemble the
composite solid propellant. Different point is that the porous combustible or the metallic particles,
and the liquid oxidizer are initially separated before the ignition, and both can be quickly mixed,
whereas the composite solid propellant shall take time to manufacture more than the well-mixed
propellant. Clearly, although this combination of the liquid oxidizer and the solid fuel is the same
as one configurated in the hybrid rocket, please note that the burning process is similar to the
composite solid propellant rather than the hybrid rocket. In combustion of the well-mixed
propellant, once the ignition is made, the gasified fuel and oxidizer are pre-mixed quickly each

other in gas-phase layer in the vicinity of the burning surface. It is therefore expected to establish
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a flame close to the burning surface and thus increase the regression rate further with this manner.
In addition, the explosive is not used for these propellants, with this respect, the inherent explosive
hazard and costs associated with the management, which is regarded as one of the disadvantages
of the AP-based composite solid propellant, can be avoided. Based on the abovesaid advantages,
research groups have proposed various type of the well-mixed propellants and reported its
regression rate characteristics of the well-mixed propellant so far (e. g., [83] [84] [85] [86] [87]).

We will now touch three typical examples of the well-mixed propellant

2.8.1 Metal particle group soaked in liquid oxidizer

Sabourin et al. carried out a series of experiments using a mixture of 32 wt.% hydrogen
peroxide as the liquid oxidizer and numerous aluminum particles (38 nm in diameter) under
ambient pressure-controlled environments [84], as illustrated in Fig. 2 - 15. The mixture was
well-mixed before the experiments and then inserted into a vertically oriented transparent quartz
tube for good visibility. The regression rates were measured by tracking the top surface of the
mixture from recorded video, and they reported that 55 kg/m?s (five-times larger than that of the
composite solid propellant) of the mass flux at 3.65 MPa were successfully achieved.

As another work on the well-mixed propellant, Sundaram and Yang predicted pressure

59



dependency on the regression rate characteristics of a mixture consisting of the aluminum

particles and hydrogen peroxide, by developing a burning model. The mixture is almost the same

as one shown in Fig. 2 - 15. It is reported that about 13 mm/s of the regression rate at 5 MPa with

the mixture consisting of 20 pm aluminum particles and 90 wt. % hydrogen peroxide under the

condition studied in their work is predicted. The corresponding mass flux was introduced as 29.2

kg/(m?-s), and it is found that this value is much higher than that of the hybrid rocket and about

2.5 times higher than that of the AP-based composite solid propellant.

aluminum particles soaked in hydrogen peroxide

experimental setup 100 ' 5-times larger than

solid propellant

flame

view from top

aluminum particle

Mass burningrate, g/cm?
"
.
9% :
e
= v\ %
3

0.1 1 10
Pressure, MPa

quartz tube hydrogen peroxide

Fig. 2 - 15 Schematic illustration of well-mixed propellant consisting of numerous aluminum
particles initially well-soaked in 32 wt.% hydrogen peroxide and its mass flux obtained in

previous work by Sabourin et al [84].
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2.8.2 Porous combustible soaked in liquid oxidizer

In 1997, Nagata et.al investigated the pressure dependency on the regression rate of the well-
mixed propellant, consisting of a fibrous polyamide (the porous combustible) soaked in liquid
oxygen (LOX) under pressure-controlled environment, as they illustrated in Fig. 2 - 16 (top) [85].
The fibrous polyamide is soaked into LOX tank cooled by liquid nitrogen (LN;), and then the
propellant is set in the chamber, and forced ignition is made at the top surface of the propellant in
a pressure-controlled environment.

As reported, the regression rates were measured by signals from three fuses initially embedded
into the propellant before experiments. The obtained relationship between regression rate and
pressure is provided as shown in Fig. 2 - 16 (bottom). As it was expected, the regression rate was
dramatically improved and measured at the rate of 20 mm/s at 0.3 MPa in their experiments. The
corresponding mass flux can be calculated as 24 kg/(m*'s), and it is found that this value is also
two times higher than that of the AP-based composite solid propellant (of course, much higher
than that of the hybrid rocket). As proved by the three examples of the well-mixed propellant,
even though the explosive is not used for the well-mixed propellant, the thrusting performance of
the well-mixed propellant, in terms of the regression rate and the mass flux, is found to be

promising. Moreover, as can be stated, the well-mixed propellant can be scale down and
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environmentally friendly propellant and achieve the reduced management cost and the reduced
manufacturing time. Therefore, it is apparent that the well-mixed propellant can meet the

necessary features for the dedicated small launch vehicle.

A Notch 10 break
| Vesi (top) Notch to break
Stainless container 5
Acrylic pipe fibrous polyamide
Dewu\l')%uc\ . Ignidon heater R
] B
. 4 2 —T
- 10 |
LN, Fuse 1 I =
o
LOX Fuse 2 Jier=-- X o
s |
Fuse 3 X -
10 |
Kk ] Acrylic case ]
Strand sample/ [ 209
(bottom) E 103 s -
B |
&): L
= 10%F
= ..
g ; ~{ two times larger
B2 101' >~ mass flux j
@ 3
% 20 mm/s at 0.3 MPa
0]
= b5 3

10! 10°
Pressure, MPa
Fig. 2 - 16 (A) Schematic illustration of well-mixed propellant consisting of a fibrous polyamide

(porous combustible) initially well-soaked in liquid oxygen (liquid oxidizer), proposed by Nagata

et al.in 1997 and reported pressure dependency on measured regression rate [85].
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2.8.3 Uncontrollable burning behavior in well-mixed propellants

Although the excellent thrusting performance in the well-mixed propellants was demonstrated
by the previous works by Sabourin et al., Sundaram et al., and Nagata et al., however,
uncontrollable burning behaviors were frequently observed in the three works. For instance,
anomalous burning behavior (acceleration of the burning surface) during the burning event was

observed (Sabourin et al. [84]), leading to a rupture of the quartz tube as presented to Fig. 2 - 17.

D, = 38nm

L

~33% H,0, (witt)
P, = 3.65 MPa

nais

t= {0 ms t= 50 ms t= 100 ms t=110ms t= 110.5 ms

Fig. 2 - 17 System instability: anomalous burning behavior leads to rupture of quartz tube [84].

An unwanted burning behavior such as an explosion-like burning was also observed (Nagata

et al. [85]). Therefore, these facts have shown that a system stability to achieve steady burning

was not promised in the well-mixed propellant. Unfortunately, the reason for the unwanted

burning behavior was not discussed in detail in their papers. In addition, as shown in Fig. 2 - 16
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(B), it is clearly seen that the observed data of the regression rate were scattered at random

pressure environment even in the standard pressure. The reason was not also discussed in detail

in the paper. In Nagata’s experiments, as the use of LOX needs a cooling system so as not to

prevent LOX from vaporizing before the experiment, they were probably forced to do their

experiments with a very complex experimental setup. For this experimental limitation, direct

observation during the burning event was not made in their work. Moreover, the experimental

data was only limited to the signals from the fuses embedded into the propellant. This fuse-based

method allows to measure just “average regression rate”, and it is unclear whether the regression

rates plotted on the figure exhibit steady burning or not. Therefore, even fundamental burning

characteristics, such as the burning behavior, steadiness of the regression rate, have been missing

since Nagata’s work due to its limitations on the experimental setup and the methodology.

To leverage its excellent features of the good thrusting, the structural simplicity, the reduced

management cost (not use the explosive), and the less harmful combustion gas, it is necessary to

understand the fundamental burning characteristics of the well-mixed propellant in a precise

manner as a first step. Furthermore, knowing the possible reason for the data scattering and the

explosion-like burning behavior plays pivotal role in the safety use and reliability of the propellant.

To do so, re-designing the testing methodologies, including the whole experimental setup and the
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design of the propellant is highly recommended. A summary of this series of the explanation is

presented to Fig. 2 - 18.

well-mixed propellant

fibrous polyamide soaked R e
in LOX by Nagata et al. » 10 | *g
Ignidon heater = 1681
Mo g , |
Ny 10- ¢ : : : -
+ 1=-1| data scattering
525 —
g 10},
w -
w
-“_’i
ol 0 ¥ ~ .
o 10 101 | I()O even fundamental burning
pressure, MPa characteristics are missing
[
good thrusting performance was proven

“— uncontrollable burning behavior /\ limitation on experimental

setup and methodology

explosion-like burning behavior unclear why

4L 1L solution

steady burning is not promised new experimental setup and methodology

for reliable and safety use, reason for data scattering
and explosion-like burning behavior will be clarified

Fig. 2 - 18 Summary of raised issues and solutions on well-mixed propellant by Nagata et al.

2.9 Approach, motivation, and objective of this dissertation

2.9.1 Approach of the dissertation

To know the reasons of such the unwanted burning behavior and the data scattering, first it is
necessary to investigate “what was happened inside/outside the propellant” and “what triggered

such the phenomena” in a precise manner. For this purpose, visualization of the burning behavior
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during the entire burning event and investigation on thermal structure inside/outside the propellant
are necessary to be examined as a first place.

From the previous work by Sabourin et al., the visualization can be done easily by adopting
hydrogen peroxide (not LOX). Hydrogen peroxide is in a liquid phase at room temperature, and
hence complex experimental setup to keep the temperature very low is not required. In addition,
from the previous work by Nagata et al., it is found that the temperature measurement could be
conducted with the porous combustible made of “foam”, whereas it would be difficult when the
aluminum particles are used as the porous combustible since the aluminum particles moves
upward very fast. With the use of the “foam” type solid fuel as the porous combustible, a contact
type thermometer such as thermocouples can be inserted into the porous combustible for the
temperature measurement. However, in the case when the contact type thermometer is inserted,
it should be noted that we only obtain time history of the temperature as illustrated in Fig. 2 - 19.
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Fig. 2 - 19 Methodology to obtain thermal structure by direct measurement with thermocouple.
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As the aim is to obtain the thermal structure (temperature vs coordinate), to convert the time

history temperature profile into the thermal structure, the elapsed time should be multiplied by

the steady (constant) regression rate. For this reason, a system that achieves the steady burning

process is necessary to be established.

For the abovesaid reason, the propellant is replaced from the research by Nagata et al. and

Sabourin et al. as follows. A polyethylene foam is used as the porous combustible, whereas

enriched hydrogen peroxide (not liquid oxygen) is employed as the liquid oxidizer. Following this

replacement, a simple experimental setup which is equipped with a pair of quartz windows is

configurated so as to enable us to conduct the direct temperature measurement by the inserted

thermocouple and to visualize the entire burning behavior. Then, a methodology to trace the

instantaneous location of the burning surface to measure the regression rate by using image

processing software is introduced. With this approach, the regression rate, steadiness of the

regression rate, the burning behavior, the thermal structure, and its effect of physical parameters

on these burning characteristics will be examined in detail in a precise manner.
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2.9.2 Motivation and objective of the dissertation

The organization (flowchart) of this dessertation, based on the abovesaid explnation, is

presented to Fig. 2 - 20.

Chapter 1

Dedicated small launch vehicle is highly demanded for smallsats

. 1. Small (manufacturing cost and timel)
Dedicated small launch b

. 2. Non-explosive and environmentally friendly
vehicle for smallsats

Chapter 2 3. Comparable thrust force to existing propellant
| -

Well-mixed propellant by Nagata et al. is found to be promising

but. steady burning is not promised (e.g.. explosion was observed)

Fundamental burning characteristics of the propellant are missing.

! Objective

| | 1. To obtain fundamental burning characteristics

Chapter 3 2. To know the reason for the explosion
| |
Comprehensive experimental investigation; ¢ Target
A new experimental setup is introduced to 1. Steady burning process??
obtain fundamental burning characteristics 2. Premixed or diffusion combustion ??
1 3. One-dimensional burning ??
C hapter 4 4. Thermal structure during burning event
l |
Comprehensive numerical investigation; Based on the findings
One-dimensional steady burning model is developed
T Target
v
1. To elucidate conditions out of steady burning process
2. Regression rate is predicted under various imposed condition
Chapter S
Gas species analysis; Target

Chemical equilibrium state is analyzed

1. Chemical equilibrium state is discussed.

A 4

2. Specific impulse is experimentally estimated

Fig. 2 - 20 Organization (flowchart) of this dissertation.
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Motivation of this dissertation

Specifically speaking, the motivation of this dissertation is that the fundamental burning
characteristics of the well-mixed propellant consisting of the porous combustible soaked in the
liquid oxidizer, have not been well investigated in detail in the previous work, due to the
limitations associated with the experimental setup and methodology. In addition, the reason for
the data scattering and the explosion were not clearly discussed in the previous work. This work

i1s motivated to address these issues.

Objective of this dissertation

In this work, the fundamental burning characteristics of the well-mixed propellant consisting
of the porous combustible soaked in the liquid oxidizer, developed in accordance with the
previous work by Nagata et al., are experimentally and numerically investigated.

With the replaced propellant and the experimental setup, the steadiness of the regression rate,
the burning behavior during the entire burning event, thermal structure inside/outside the
propellant are then experimentally investigated under various fuel porosities at various pressure
environment.

In theoretical modeling, based on the experimental findings, a simple one-dimensional burning
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model is developed, and its validity is evaluated by the experimental results. Effects of the type

of liquid oxidizer (hydrogen peroxide and liquid oxygen), fuel porosity of the porous combustible,

and ambient pressure on the potential regression rate, on the thermal structure, and on the pressure

exponents are examined. Considering blow off criteria given by CHEMKIN premix code, the

blow off criteria under the imposed conditions is examined accordingly. With this manner, the

possible reason of the data scattering and the explosion-like burning, observed in the previous

works are discussed to aid optimal design of the well-mixed propellant for future use.

In addition to the obtained burning characteristics, our interest is to evaluate thrusting

performance of the present propellant. To evaluate the thrusting performance, product gases of

the propellant at 0.1 MPa ambient are studied. In the experiments, we first measure one-

dimensional (1-D) concentration profiles over the regression surface by a gas chromatography

under various fuel porosities. The achievable thrusting performance of the present propellant is

then obtained from the experiment and chemical equilibrium calculation by CEA (NASA

(Chemical equilibrium with Applications).
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2.10 Concluding remarks of this chapter

In this chapter, the equations to describe the thrusting performance of the composite solid
propellant and the hybrid rockets and the methodologies to enhance the thrusting performance
were introduced. The comprehensive literature review concerning the various type of the
composite solid propellants and the hybrid rockets to increase the thrusting performance, based
on the methodologies, was then made. Based on the literature review, the well-mixed propellant,
consisting of the porous combustible or metal particles soaked in the liquid oxidizer was found to
be promising for the dedicated small launch vehicle, in terms of the excellent thrusting
performance, whereas it was reported that the steady burning process is not promised in the well-
mixed propellant. To obtain the fundamental burning characteristics which have been missing
since the previous work by Nagata et al., and to seek the potential reason for the explosion-like
burning and the data scattering observed in the previous work by Nagata et al., the approach, the

motivation, and the objective of the present dissertation were stated in this chapter.
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Chapter 3

3 Comprehensive experimental investigation

3.1 Introduction and objective of this chapter

In the previous work initially conducted by Nagata et al.,, the fundamental burning
characteristics of the well-mixed propellant consisting of the fibrous polyamide soaked in liquid
oxygen were not fully understood, owing to its limitations associated with experimental setup and
methodologies (i.e., the difficulty in the use of LOX and the measurement method). To leverage
its excellent thrusting performance of the well-mixed propellant, it is necessary to know
fundamental burning characteristics, such as the whole burning behavior, parameter dependency
on the regression rate, its steadiness, thermal structure, etc., as a first step. This chapter therefore
aims to make comprehensive experimental investigations to clarify those fundamental burning
characteristics of the porous combustible soaked in the liquid oxidizer, as referred to the previous
work by Nagata et al. in 1997 [85]. The experimental setup, including the design of the propellant
(hereinafter called “specimen”) and its measurement methodology of the regression rate, is firstly
replaced into a following. A polyethylene foam (PE foam) for the porous combustible and

enriched hydrogen peroxide for the liquid oxidizer for easy to handle at room temperature are

73



used in this work. Following the replaced specimen, a large volume chamber, which simply equips

with a pair of transparent quartz window to allow direct observation, is newly introduced. With

the replaced specimen and the chamber, the fundamental burning characteristics of the specimen

and its effect of ambient pressure (0.1 MPa — 0.35 MPa) and fuel porosity (0.6 — 0.9) of the PE

foam are experimentally examined in this work. Additionally, direct temperature measurement

trials using an R-type thermocouple initially embedded into the specimen are conducted to know

a thermal structure inside/outside the specimen during the burning event. Taking advantage of

results of the temperature measurement trials, a global activation energy of the specimen is

obtained by plotting relation between top surface temperature (burning surface temperature) and

the regression rate. By comparing the global activation energy obtained in this work and global

activation energies of the polymeric material reported by other research groups, its reliability of

the results of the temperature measurement trials is discussed. Lastly, with the careful observation

of the burning behavior during the burning event and with a simple thermal analysis, discussion

of an applicability of the one-dimensional burning model in the present specimen is made.
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3.2 Experiment

3.2.1 Experimental setup and tested specimen

Fig. 3 - 1 (A) and (B) show schematic diagrams of the whole experimental setup and an
enlarged view of the tested specimen used in this work, respectively. All experiments are carried
out in the large volume chamber (300 mm x 300 mm % 400 mm) which is equipped with a pair
of quartz windows to allow direct observation during the entire burning event. The tested
specimen is composed of the polyethylene (PE) foam (Sakai Chemical Industry Co., Ltd.; 99 %
PE composition, 185 kg/m® apparent density), which measures 18 mm in diameter and 60 mm in
height, and it is fully soaked in enriched hydrogen peroxide, H,O, (Mitsubishi Gas Chemical
Company, Inc.; solvent of 60 wt.% H>O, concentration from an original product) as the liquid
oxidizer. Ideally the solvent is enriched up to 100 wt.% by distillation. The tested specimen is
then inserted into the vertically oriented transparent quartz tube for good visibility, which
measures 18 mm in inner diameter and 50 mm in height, and one end of the quartz tube is closed
off. As shown in Fig. 3 - 1 (B), about 10 mm of the PE foam is placed over the top edge of the
quartz tube for ease of forced ignition. In the temperature measurement trials, the R-type
thermocouple, TC (The Nilaco Cooperation, 0.1 mm in diameter and about 0.2 mm of junction

size in diameter) is embedded into the center of the specimen in radius direction at the distance
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of 25 mm below from the top edge with an inclined angle of about 30° as shown in the figure.

The TC is tensioned moderately not to be dragged by force, such as viscosity of melted PE foam,

from the original position, during the entire burning event.
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Fig. 3 - 1 Schematic diagram of (A) whole experimental setup and (B) enlarged view of tested
specimen and (C) typical time history of pressure (p = 0.22 MPa) inside the chamber measured

by the pressure sensor.
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The forced ignition is induced by a U-shaped nickel-chrome wire (ignitor) that measures 0.8

mm in diameter. Once the specimen is set in the chamber, the U-shaped ignitor is set to be attached

to the top surface of the specimen, and pressurization by nitrogen gas is initiated. The oxygen

component in the air would affect the burning characteristics, so that nitrogen environment is

adopted to investigate the burning characteristics of the present specimen itself. Only for the

experiment at p = 0.1 MPa in absolute, the nitrogen and the purge lines remain open during its

experiment to supply nitrogen gas into the chamber to make a nitrogen environment. Except for

p=0.1 MPa, the purge line is closed off to make high pressure environment, and the pressurization

is done by manual operation. In this work, since the pressurization with nitrogen gas is started

from when air (21 % oxygen concentration in vol.) is contained in the chamber before the

pressurization, it is considered that the inside the chamber is not fully filled with pure nitrogen

for all the cases. Pressure inside the chamber during entire the experiment is then measured by a

pressure sensor (Valcom Co., LTD, VPRT (F), rated capacity: 1 MPa) which is connected to a

wall of the chamber. Temporal signals from the pressure sensor and the TC are recorded by a data

logger (GRAPHTEC midi LOGGER GL900) at a 100 Hz sampling rate. After completing

pressurization up to a desired value, 210 W power is applied to the ignitor for 5 — 10 s to achieve

successful ignition. The ignitor is then removed from the top of the specimen to prevent any

77



disturbance by the ignitor on the burning event. The whole burning behavior is recorded by a

digital video camera (Canon iVIS HF G20; 60 fps frame rate, 1/250 shutter speed, 18 dB gain,

2.8 F number) through the view window. The moving burning surface is traced using an image

processing software ImagelJ [88]. The experiments are conducted at an initial pressure range from

p =0.1 MPa to p = 0.35 MPa in absolute and a fuel porosity range from 0.6 to 0.9. As a typical

example of the pressure during the entire experiment, Fig. 3 - 1 (C) shows overall time history of

the pressure inside the chamber when the averaged pressure is set as p = 0.22 MPa in absolute.

An initial time when confirming the ignition at the top surface is adjusted to ¢ = 0. Four periods

are then shown; a period while the ignitor is turned on and off, a period during the burning event,

and a period after burning event, and a period during the purge event, respectively. An averaged

pressure at the two points of the initial pressure P;; (when we confirm the ignition) and the final

pressure P, ; (when the burning event finishes (flame quenches)) is employed in this work (see

Fig. 3 - 1 (C)). We confirmed that all the experiments are conducted under almost the constant

pressure environment as denoted on the figure (C), thus granting quasi-steady burning conditions.

The reason for the slight fluctuation of the pressure in the burning time is due to the manual

operation to achieve the desired pressure. After confirming that the burning event is completed,

the purge line opens, and burned gas is exhausted outside the chamber.
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3.2.2 Large volume chamber

In this work, the self-made large volume chamber which measures 300 mm in length, 300 mm
in width, and 400 mm in height is used. When the specimen is burned in a pressurized
environment (in the chamber), it may affect the pressure inside the chamber. Furthermore, if the
dimension of the specimen is large, large amount of burned gas from the specimen is ejected.
These may lead to deviation from the initial pressure and affecting the overall burning
characteristics. Therefore, it is necessary to design the chamber large enough, together with
considering the specimen dimension, so as not to be deviated from the initial pressure and affect
the burning characteristics during the entire burning event. Here, the reason for determination of
the dimension of both the chamber and the specimen, and its validity will be stated by considering

simple calculation.

closed chamber closed chamber

burned gas, m initial volume, V7

‘H (nitrogen gas)
burned gas inlet, kg/s

burning >
specimen burned gas,
‘.I 0.1 MPa, 300K

Fig. 3 - 2 Explanation of validity for large volume chamber dimension.

!

400 mm

300mm
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An explanation, with a schematic illustration, of the determination and its validity for the
chamber dimension is presented to Fig. 3 - 2. Let us consider the situation in the right figure where
the burned gas at the rate of kg/s is injected from the “burned gas inlet” into the chamber in which
pure nitrogen (300 K, 0.1 MPa in absolute) is initially filled. Assuming that the top surface of the
specimen moves downward at the rate of 2 mm/s (V), the mass flow rate of the burned gas ()

injected into the chamber is calculated as follows (Eq. 2 - 1).

m = ppVrAp

The apparent density of the specimen (pp) of 1344 kg/m® and the burning surface area (4p) of

0.254 x 10°> m?* (calculated based on 18 mm in diameter) are used for the calculation of the mass

flow rate. Thus, the burned gas (1) is injected into the chamber at the rate of 0.684 x 10~ kg/s.

Considering that an ideal gas and rapid diffusion of the burned gas in the entire volume (V) in the

chamber are assumed, pressure rise (4p) per second, Pa/s, can be estimated by the combined gas

law (Boyle-Charle’s law).

Ap=——T Eq.3-1

where R [J/(mol-K)] is the universal gas constant, M [kg/mol] is the average molecular weight of

the gas in the chamber, and 7 [K] is the average temperature of the gas in the chamber. The
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“average” means average values of the mixed gas (the burned gas and nitrogen). Let us assume
that the PE foam is a polymer of ethylene (C,H4), and pyrolysis gas is pure ethylene. The

following overall chemical reaction can be considered.

C,H, + 6H,0, = 2C0, + 8H,0 Eq.3-2

Hence, the molecular weight of 23.2 x 10~ kg/mol for the burned gas is introduced, and the
average molecular weight (M) of 25.6 x 10 kg/mol can be finally estimated by assuming that the
average molecular weight is the average value of the burned gas and nitrogen gas for simple
purpose. Hence, the pressure rise (4p) is estimated as 6.17 x T [Pa/s]. The initial volume (V) is
much larger than the total volume of the burned gas, thus, the average temperature is considered
as much as low =~ 300 K. Therefore, the pressure rise can be estimated as 1851 Pa/s and negligible
(small enough), judging that the effect of the burned gas on the pressure rise and the burning
characteristics is negligible. For this reason, we can say that the dimension is valid, and the size
of the present specimen is enough so as not to occur the pressure deviation after finishing the

combustion.
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3.2.3 Thermocouple tensioner and methodology of tension and inclination

As already mentioned, the TC is moderately tensioned and inclined about 30 degrees toward
the horizontal direction. The methodology to make the tension and the inclination is schematically
illustrated in Fig. 3 - 3. Each metal wire of the TC is fixed by the compensated wires, and the
compensated wires are fixed at the tensioner and allowed to move the horizontal direction by the mover.
One of the metal wires for the TC is located upper than another TC to make the inclination about 30

degrees toward the horizontal direction.

hole insertion

hole

tensioner thin needle SN

metal wire

Lr: specimen

+—>
mover

@ @ compensated wire

solid phase

|:> §

mover

adjustor for specimen

Fig. 3 -3 Methodology of tension and inclination with thermocouple tensioner.
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After making the junction of the TC by a burner, one of the metal wires is fixed at the compensated

wire, and then the junction of the TC is inserted into the specimen by using the thin needle, which has

a hole to pass through. Two holes are drilled at the side of the quartz tube to insert. After inserting

the junction and the other side of the metal wire is fixed to the other side of the compensated wire,

the setup is finished. It was found in the preliminary experiment that the melted PE foam dragged

the TC downward when the TC is set horizontally as shown in Fig. 3 — 4 (left). Holding the TC

inclined 30 degrees as shown in the right figure, although the left side of the TC (not junction) is

passing through the flame, the right side of the TC remains in solid phase. With this respect, it is

reasonable that the TC is inclined at 30 degrees to hold at the original location even during the

burning event.

horizontal direction inclined at 30 degrees
TC is dragged in gas phase
by melted PE h
‘\h___’, . .
PE @ junction of TC {1 solid phase
difficult to hold disturbance by the melted PE can be minimum

Fig. 3 -4 Methodology of tension and inclination with thermocouple tensioner.
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3.2.4 Distilling process of hydrogen peroxide

As have stated previously, the concetnration of the original solvent of hydrogen peroxide
(comercially-available product) is 60 wt.%, and the rest is purified water. When pure hydrogen
peroxide is heated and reached to its boiling temperature, molecular oxygen and water are
generated while releasing much of heat by an exthothermic decompoition reaction. Fig. 3 - 5 and
Fig. 3 - 6 show the relationship between oxygen liberation capacity and the H,O, concentration
and the relationship between the latent heat (vaporization and decomposition) and the H>O;

concentration.

Oxygen Liberation Capacity
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H202 Concentration, w3

Fig. 3 - 5 Relationship of oxygen liberation capacity and H,O, concentration [89].

In Fig. 3 - 5, higher ammount of the molecular oxygen shall be liberated in the case when the

H>O; concentration is enriched. More importantly from Fig. 3 - 6, the exothermic reaction shall
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be intensified for the case of the higher H,O» concentration. For this reason, the original product

of hydrogen peroxide is enriched in order to obtain a lot of heat in this work. .

Self-Accelerated Decomposition

800
g
700
= /
. 600 ot
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= ] 10 20 30 a0 50 0 70 80 90 100

H202 Concentration, wt.%

Fig. 3 - 6 Relationship of heat of vaporization and decomposition of hydrogen peroxide and H,O,

concentration [90].

A following distilling procedure is adopted to enrich the H,O, concentration. Firstly, a spirit

lamp, thermocouple (CHINO CORPORATION, 0.5 mm sheeth-type (K-type)), the data logger,

and the original product of 40 mL pored into a beaker are prepared. As shwon in Fig. 3 - 7, the

beaker is heated by the spirit lamp, and its temprature is monitored by the data logger to keep the

boiling point of water (373 K).

Assuming that only water component in the solevnt and no hydrogen peroxide component are

vaporized at the boiling temperature, the mass-based concentration (wt.%) is determined as
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follows.
ainm

wt. %) =
W) = T = @)™ = Prragy]

Eq.3-3

where a;;,, [wt.%] is the initial H,O, concentration (60 wt.%), m [kg] is the initial mass of the

original product (water-dilluted hydrogen peroxide) poured into the beaker, py,o [kg/m’] is the

density of water, and y [m’] is the water volume necessary to be reduced. Therefore, as soon as

the initial mass of the original solvent poured into the beaker is determined, the concentration

corresponding the reduced water volume (y) is determined accordingly. The electronic balance

(Shimadzu Corporation, UW820S) is used for measuring the initial mass of the original solvent.

Ideally, to obtain 100 wt. % at the left hand side of Eq. 3 - 3, it can be calculated that 16 mL of

the water volume should be reduced from the original solvent (initial volume: 40 mL) left at the

boiling temperature of the water all the time. The detailed characteristics of hydrogen peroxide

are summarized in the Appendixes (B — 3 —2).

thermocouple

data logger

® [beaker
4gl> SSSSSSSSSSSSSS
. metal mesh

e | e |

AN N N NN NN

spirit lamp

Fig. 3 - 7 Whole experimental setup to enrich original product of hydrogen peroxide.
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3.2.5 Image processing

To track the instantaneous location of the top surface of the specimen and measure the
regression rate, the top surface of the specimen during the entire burning event is firstly detected
by using the image processing software (Image J). Procedure of the image processing to obtain
the top surface is shown in the following flowchart. Firstly, the video during the burning event,
recorded at 60 fps, is split into 10 frames. Typical example of sequential flame shapes at an
interval of 2 seconds under an experimental condition (p = 0.1 MPa in absolute and € = 0.72) is
presented to Fig. 3 - 8 (top). Scale image taken beforehand is inserted into image J to determine
the relationship between the scale (mm) and pixel. The split images shown on Fig. 3 - 8 (top) are
then converted into 8-bit images, and binarized images shown on Fig. 3 - 8 (bottom) are produced.
As it is seen, luminosity of the flame shapes is varied depending on time and experimental
conditions, hence, the most suitable method, which can detect the top surface clearly, by
comparing 16 types of the methods built-in the image J, was adopted in this work. The “Otsu”
method is adopted in this work. From the binarized images (bottom), the white areas show the
flame shapes detected by the image processing, and it is considered that the lowest point of the

white area is the flame tip. In this work, the top surface of the specimen is defined as the lowest
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point of the white area for convenient purpose. The top surface location obtained with this manner

is then saved into CSV file.

[ start ] p=01MPa, ¢=0.72 top-edge of quartz tube  quartz tube

V

[ split recorded video

V

[ input scale image

obtain relationship - .
{ mm vs pixel ‘] l> [ convert into 8bit ]-—

}
\/ <J [ Otsu method ]b

10 mm

detected flame shape flame tip defined as top surface

[ csviile |

Fig. 3 - 8 Procedure of image processing and typical example of the image processing: (top)
sequential flame shapes during burning event and (bottom) binarized images of sequential flame

shapes (p = 0.1 MPa in absolute and € = (0.72).
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3.2.6 Statistical analysis

After measuring the regression rate by the image processing, the repeatability of the regression
rate will be confirmed by applying a statistical analysis. In practice, we rarely know the true values
of experimentally obtained data, because a lot of considered errors are included in the data, so
that the experimental data is always different even though the experimental procedure and the
conditions are the same. However, it is possible to estimate the true values based on the
experimentally obtained data by adopting the 95 % confidence interval using the student’s ¢-
distribution. The definition of the 95 % confidence interval of the regression rate is “a range of
the regression rate so defined that there is a specified probability (95 %) that the regression rate
lies within it”. We will obtain the 95 % confidence interval (so called “error bars”) from student’s
t-distribution and show the error bars on the experimental results. The student’s #-distribution is
used instead of the normal distribution when the experimental trials are limited (small number of
experimental trials).

An example of the explanation of the student’s #-distribution is schematically illustrated in Fig.
3 - 9. In the figure, the example of the regression rate and the average regression rate (l7f) are
displayed. The true value of the regression rate based on the example values of the regression rate

on the table can be calculated with the following manner. First, ¢-distribution formula is expressed
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by Eq. 3 - 4, and the right-hand side of Eq. 3 - 4 is calculated.

t Y H
52 Eq.3-4
n
1 n
_\2
szzn_lzz(vf_i—vf) Eq.3-5
i=1

where ¢ is the values of the #-distribution, I7f is the average regression rate obtained in nth-runs

experiments, 4 is the population mean of the regression rate, and s” is the unbiased dispersion.

A

95 % confidence
intelrval

77

I

»la
Lt

A 4

error bars

Regression rate ~ regression rate $2
A 7 °

1.98 mm/s T rtt n 2.08

1.8 mm/s N S V=193 mm

1.88 mm/s l _ s?

Vp—t |—=178
2.05 mm/s error bars
i)arameter

true value # shall be within the error bars

Fig. 3 - 9 Schematic illustration of error bars obtained from student’s z-distribution and example

of calculation of error bars.
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In this work, four-runs measurement (n = 4) of the regression rate at the same experimental
conditions will be carried out, and the 95 % confidence interval is estimated based on the results
of the four-runs experiments. ¢ value () shown in Eq. 3 - 4, is then derived from the #-table. In
the case of the 95 % confidence interval and four-runs experiments (n = 4), ¢ value of 2.776 can
be used. Hence, the true value of the regression rate (¢) based on the experimentally obtained
regression rate is finally estimated as follows. The left-hand side and the right-hand side of the

following relation show the error bar.

7 s 7 52 Eq.3-6
Ve—t|—<u<Ve+t |[— q.5 -
7 n S HS Yy n

The obtained range, estimated by Eq. 3 - 6, is between 1.78 < u <2.08 mm/s from the example of
the regression rate. This indicates that the true value of the regression rate (i) is within the
obtained range. This analysis methodology will be affected to the experimental results in this

chapter.
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3.2.7 Definition of global equivalence ratio depending on fuel porosity

The fuel porosity of the PE foam is one of the fuel properties that affect the burning
characteristics. In the present work, the experiment will be conducted under various fuel porosities

to examine its effect. The definition of the fuel porosity is given as follows

Eq.3-7

where ¢ [-] is the fuel porosity of the PE foam, V;, [m®] is the total pores’ volume of the PE foam,
V [m?] is the total volume of the H,O,-soaked PE foam, m; [kg] is the initial mass of H,O»
contained in the PE foam, mg [kg] is the initial mass of the PE foam, ps [kg/m’] is the density of
the PE foam, and p; [kg/m’] is the density of H,O», respectively. The fuel porosity of the PE foam
can be adjusted by making each mass (m; and mg) control from the original product (PE foam)
by uniformly drilling along vertical direction with a very thin drill (0.1 mm in diameter). m; and
mg are measured by electronic balance (Shimadzu Corporation, UW820S), and the fuel porosity
can be determined accordingly. We made our best to fully soak H,O, into the pores of the PE foam
for every experiment. In case when H,O, is completely soaked in all the pores, and assuming that

the steady burning process is achieved, an oxidizer-to-fuel mass ratio (namely, O/F) is introduced
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as a following relation with using the fuel porosity (&) or each mass (m; and mg). Thus, global

equivalence ratio (¢) is given as follows with the fuel porosity expression.

O __tn  _m
<F)ex (A -eps my Eq. 3-8
0 0
¢ = (g)”‘ (525" Eq.3-9
(F)ex (1 - S)PS
g 5 T I T l T ] T l T —
7.29
o 4 - — —
1T 4 i ¢ €pL 1
; 3 (1—-¢)ps
2 L p,=1450kg/m’ |
'% = ps= 920kg/m3 _
> = - - - -
= stoichiometri !
o - 1 - -7 T T —
O condition :
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Fuel porosity (¢), -

Fig. 3 - 10 Relation of global equivalence ratio (¢) and fuel porosity (&) determined by Eq. 3 - 9.

Assuming that one-step overall reaction (Fuel + v Oxidizer — (1 + v) Product, v is the

stoichiometric coefficient based on a mass) is adopted, and pyrolysis gas of the PE foam mainly
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consists of ethylene (C,H4), a stoichiometric oxidizer-to-fuel mass ratio (O/F ), shall be 7.29 as

calculated using the molecular weights (C>Hs: 28 g/mol and H,O;: 34 g/mol) from overall

chemical reaction shown in Eq. 3 - 2. By giving the densities (p, ; 1450 kg/m® and pg ; 920

kg/m?), the relation between the global equivalence ratio and the fuel porosity is obtained in Fig.

3 - 10, and the fuel porosity to achieve the stoichiometric condition is determined as € = 0.82.
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3.3 Experimental results and discussion

3.3.1 Effect of pressure on flame shapes and location of surface flame

Fig. 3 - 11 shows the effect of pressure (A) p = 0.1 MPa, (B) p =0.22 MPa, and (C) p = 0.29
MPa in absolute with almost the constant fuel porosity € = 0.65 on the typical sequential flame
shapes during the burning event. The origin of the x" coordinate (x" = 0) is fitted to the top edge
of the quartz tube. The global equivalence ratio that corresponds to € = 0.65 is ¢ = 2.5, calculated
based on Eq. 3 - 9. Therefore, combustion for all the cases here is taken place under the fuel-rich
condition. After the successful ignition at the top surface of the specimen, it is confirmed that the
top surface of the specimen moves downward for all the cases. In addition, it is identified that two
distinctive flames are established. One is an elongated diffusion flame (an outer flame), the other
is a surface flame (a brighter flame) around the exposed surface, as illustrated in Fig. 3 - 11 (D).
For this type of combustion, thermal pyrolysis (gasification) of the PE foam gradually occurs at
the location beneath the top surface, and vaporization of the H>O» is expected to occur deeper
than the location where the thermal pyrolysis is initiated. Taking into the account this fact, the
premixed-gas mixture (mixture of the gasified fuel and the vaporized oxidizer) is formed inside
the PE foam and will be supplied into the flame, establishing the premixed-like surface flame near

the top surface. The outer flame is then established because the premixed-gas mixture which does
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not consume at the surface flame reacts again with the oxygen slightly containing in the ambient

gas. Hence, if nitrogen gas is fully filled in the chamber, it is expected that the outer flame does

not appear. Additionally, it is also identified that the luminosity of the surface flame increases as

pressure increases. As pressure increases, in general, adiabatic flame temperature and soot

formation are increased [91]. These may contribute to the change in the flame brightness.

top edge of quartz tube ar PP
POgE LY e (D) enlarged view

outer
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Fig. 3 - 11 Typical sequential flame shapes after forced ignition at top surface of specimen with
& =0.65 of fuel porosity at (A) p =0.1 MPa, (B) p =0.22 MPa, and (C) p = 0.29 MPa in absolute,

and (D) schematic diagram of surface flame and outer flame.
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In order to quantitatively evaluate the regression rates for the conditions of (A) p = 0.1 MPa,

(B) p=0.22 MPa, and (C) p = 0.29 MPa, time histories of locations of the surface flame attached

to the top surface are plotted in Fig. 3 - 12, by adopting the image processing software. In the

figure, lines obtained from the least squared method for each condition are shown together. The

gradient of the lines shows the linear regression rate (in this chapter, called “overall regression

rate” hereafter). It is obvious that the surface flame moves downward with reasonably constant

rates of (A) 1.6 mm/s (R”: 0.9655), (B) 2.4 mm/s (R’: 0.9897), and (C) 2.9 mm/s (R*: 0.9762),

respectively, with satisfactory R® (coefficient of determination) values. For the sake of

convenience, the burning event when obtaining overall regression rate with more than 0.96 R’

value are dealt with as “steady burning” in this work.
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Fig. 3 - 12 Time history of locations of surface flame obtained from image processing software
under (A) p = 0.1 MPa, (B) p = 0.22 MPa, and (C) p = 0.29 MPa in absolute with almost the

constant fuel porosity € = 0.65.
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3.3.2 Effect of fuel porosity on flame shapes and location of surface flame

Fig. 3 - 13 shows the effect of the fuel porosity (A) € =0.65, (B) € =0.72, and (C) £ = 0.80 on
the burning behavior during the burning event at standard pressure (p = 0.1 MPa in absolute),
respectively. The global equivalence ratios that correspond to those fuel porosities are (A) ¢ =
2.5 (¢ =0.65), (B) ¢ = 1.8 (¢ =0.72), and (C) ¢ = 1.2 (& = 0.80), respectively. Therefore,
combustion in (A) and (B) is taken place under fuel-rich condition, and combustion in (C) is taken
place under almost the stoichiometric condition. For all the cases, the outer flame and the surface
flame as described in the previous section are identified. As mentioned, it is considered that inside
the chamber is not completely full of nitrogen gas, so that the outer flames are pronounced. In
comparison with all the conditions, as the fuel porosity approaches to the stoichiometric condition
(e = 0.8), the luminosity of the two flames is increased. This is attributed to an increase in the
flame temperature when the fuel porosity approaches to the stoichiometric condition. Moreover,
it is seen that the outer flame elongates when the fuel porosity approaches to the stoichiometric
conditions. Especially for when the fuel porosity approaches to the stoichiometric condition from
such a fuel-rich condition, the regression of the specimen is promoted, and the amount of the (fuel
rich) premixed-gas mixture which does not consume at the surface flame is increased. This leads

to that the outer flame elongates.
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Fig. 3 - 13 Typical sequential flame shape after forced ignition at top surface of specimen around
p = 0.1 MPa in nitrogen environment with fuel porosity (A) € = 0.65, (B) € =0.72, and (C) ¢ =
0.8.

Again, the time histories of the locations of the surface flame are plotted in Fig. 3 - 14 for (A)

£=0.65,(B) £=0.72,and (C) € = 0.8 at p = 0.1 MPa in absolute, together with the lines obtained

from the least squared method. It is obvious that the surface flame moves downward with

reasonably constant at the rate of (A) 1.6 mm/s (R*: 0.9655), (B) 1.8 mm/s (R’: 0.9932), and (C)
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2.7 mm/s (R’: 0.9950), respectively with satisfactory R* value as well. By these facts, we may
safely say that the present specimen can achieve steady burning event experimentally in the
conditions studied. On the other hand, it is seen that slight fluctuations of the locations of the
flame surface are plotted in both the figures (Fig. 3 - 12 and Fig. 3 - 14). This is attributed to
formation of molten PE adhered to the inner wall of the quartz tube during the burning event.
Although this makes it difficult to visualize the exact location of the surface flame, it does not

hinder the experimental computation of the overall regression rate in this system.
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Fig. 3 - 14 Time history of location of surface flame obtained from image processing software at
p = 0.1 MPa in absolute with (A) € = 0.65, (B) ¢ = 0.72, and (C) € = 0.8, together with lines

obtained from least squared method.

In all the experimental conditions, it was found that the surface flames were attached to the top

surface of the specimen all the time. At least, we did not observe phenomenon such as flame

spreading mode under studied conditions. The direct observation reveals that the burning event
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occurs at which the top surface moves downward constantly and indicating that combustion in

this specimen occurs as an end burning mode.

3.3.3 Effect of fuel porosity and pressure on overall regression rate

In this section, we would like to summarize the overall regression rates obtained under various
pressures and the fuel porosities. Fig. 3 - 15 (A) shows the overall regression rate versus the fuel
porosity for p = 0.1 MPa, 0.15 MPa, 0.2 MPa, 0.25 MPa, 0.3 MPa in absolute. The global
equivalence ratios corresponding to the fuel porosities are shown on the second horizontal axis.
Four-runs experiments for each porosity and pressure are carried out for reproducibility. The error
bars shown in the figure are calculated by 95 % confidence interval, based on Eq. 3 - 6. It is
clearly seen that the overall regression rate varies depending on the fuel porosity and pressure.
The reproducibility (the error bars) is found to be less than 1 mm/s for all the cases. In this work,
the overall regression rates are obtained with a wider range of the fuel porosity (¢ = 0.6 - 0.9) at
p = 0.1 MPa, and it is found that the overall regression rates vary from 1.4 mm/s to 2 mm/s,
depending on the fuel porosity. The maximum overall regression rate is measured with € = 0.8.
The reason for the trend of the overall regression rate obtained for the fuel porosity is because, as

mentioned, the combustion follows the fuel porosity as shown in Fig. 3 - 10. This increasing or

101



decreasing trends of the regression rate versus the fuel porosity at p = 0.1 MPa, across the

stoichiometric condition are essentially similar to the trend of the laminar burning velocity of

premixed-gas mixture versus the equivalence ratio. Looking at the result at p = 0.1 MPa, it is,

therefore, expected that the overall regression rate is influenced by the (premixed-like) surface

flame, and premixed burning model is found to be valid. However, the experiments in a wide

range of the fuel porosity are limited only at p = 0.1 MPa, further experiments with various fuel

porosity under high pressure environments are needed to support this expectation.

Fig. 3 - 15 (B) summarizes the overall regression rate (V) versus pressure (p) with the fuel

porosity € =0.65 £ 0.05 and € =0.75 + 0.05. The logarithmic display for both the axes is adopted.

It is seen that the overall regression rates span from 1 mm/s to 3.2 mm/s under the conditions

studied, and that the overall regression rate increases as pressure increases and has pressure

dependency. This increasing trend of the regression rate with the increase in pressure is

qualitatively consistent with one found in the AP-based composite solid propellant [92] and the

previous work by Nagata et al. [85].

As the abovementioned results, we could successfully obtain those fundamental burning

characteristics of the tested specimen (i. e., the pressure and the fuel porosity dependency on the

overall regression rate, its steadiness, and the burning behavior, which the data have been missed
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since the previous work by Nagata et al. (1997) [85]. In this work, it made us possible to develop

the simple experimental setup to investigate those burning characteristics by adopting H,O; (not

LOX). For this reason, adopting H»O» is suitable to employ as the liquid oxidizer as a first place

for the deep understandings of the well-mixing specimen.
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Fig. 3 - 15 (A) Overall regression rate vs fuel porosity under various pressure (p = 0.1 MPa, 0.15

MPa, 0.2 MPa, 0.25 MPa, 0.3 MPa) and (B) regression rate vs pressure with € = 0.65 + 0.05 and

0.75 + 0.05.

3.3.4 Effect of pressure on thermal structure

Assuming that a dominant heat flux from the flames to the specimen is thermal conduction

through the gas-phase layer between the surface flame and the top surface of the specimen,
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examining thermal structure (e.g., profiles of temperature, temperature gradient, and top surface

temperature) is of significant importance to know the reason for the increasing or decreasing trend

of the regression rate as found in Fig. 3 - 15. In the AP-based composite solid propellant, the

methods to tailor the regression rate have been discussed from a viewpoint of the thermal structure.

In order to examine the thermal structure in the AP-based composite solid propellant, many

research groups have made a significant effort to measure the thermal structure by various type

of methodologies. Especially, temperature measurements using a fine thermocouple have been

widely conducted (e. g, [93] [94] [95] [96] [97]).

To know the thermal structure in the present specimen, additional experiments for temperature

measurements using the R-type thermocouple (junction size: 200 um) are carried out. Before

presenting results of the temperature measurement, we would like to show the location of the top

surface of the specimen, the location of thermocouple, and its corresponding temperature signal

measured by the thermocouple as schematically illustrated in Fig. 3 - 16 for easier understanding

of the temperature measurement. As shown in Fig. 3 - 16, after when the ignition at the top surface

is made, the temperature signal measured by the thermocouple will increase by the boiling

temperature (77) of H,O» (top). A few second later, the burning surface (the top surface of the

specimen) will move downward, and finally reach the liquid surface where H,O, vaporizes and
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decomposes into the oxygen molecular and the water vapor (left). The thermocouple will then

reach the top surface of the PE foam and passes through the gas-phase layer finally. Since the

steady burning is achieved as well in the experiments of the temperature measurement, the time

history of the temperature profile obtained can be converted into profiles of the x coordinate

versus temperature by multiplying elapsed time by the overall regression rate.
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Fig. 3 - 16 Schematic illustration of location of moving top surface, location of thermocouple,

and corresponding temperature signals measured by thermocouple.
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The obtained results of the temperature measurement for p = 0.1 MPa, 0.17 MPa, and 0.24 MPa

(absolute pressure) with a constant fuel porosity (around & = (0.7) is presented to Fig. 3 - 17 (A).
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Fig. 3 - 17 Profiles of (A) temperature and (B) temperature gradient obtained from direct
temperature measurement trials using R-type thermocouple during the entire burning event for p
=0.1 MPa, 0.17 MPa, and 0.24 MPa with a constant fuel porosity € = 0.7, and (C) enlarged view

of regions (3) and (4) with values of top surface temperature.
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The horizontal and vertical axes show measured temperature and the coordinate, respectively.

The overall regression rate (Vy) and the top surface temperature (7s), obtained for each condition

are denoted on the figure. x = 0 is adjusted to the top surface temperature, and the definition of

the top surface temperature will be explained hereafter. All the axes are adjusted to the same for

better visibility. As it is seen in Fig. 3 - 17 (A), the TC passes through certain distance around the

vaporization temperature of H,O, (410 K, 0.1 MPa in absolute), and then temperature increases

monotonically up to maximum temperature about 1450 K (p = 0.1 MPa), 1550 K (p = 0.17 MPa),

and 1600 K (p = 0.24 MPa), respectively. It is found that the temperature profiles converge to the

maximum temperature beyond the distance of 1 mm from the location of the top surface

temperature. It is suggested that a reaction surface, which may act as “main” heating source to

promote the regression of the specimen, namely, the surface flame, is located within the distance

of 1 mm. Furthermore, quenching distance between the top surface and the surface flame is found

to be less than 1 mm. However, only with this temperature profiles, it would be hard to precisely

identify an exact thermal structure (i.e., a gas-phase (the surface flame)) layer and a solid-phase

layer)

The temperature profiles are then converted into profiles of temperature gradients (d7/dx), in

order to know the exact thermal structure. The temperature gradients are presented in Fig. 3 - 17
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(B) for the same experimental conditions, and an enlarged view of Fig. 3 - 17 (B) is shown in Fig.

3 - 17 (C) for better visibility. In Fig. 3 - 17 (B), it is seen that the peak of the temperature gradients

increases from 13 x 10° K/m (p = 0.1 MPa) up to 17 x 10° K/m (p = 0.24 MPa), as pressure

increases. With careful observation of the temperature gradients, four regions can be identified:

(1) a region where the temperature gradients are almost the constant under about 500 K (blue-

colored region). (2) a region where the temperature gradients increase sharply between about 500

K and a point below from x = 0 (green-colored region), (3) a region where the temperature

gradients slightly decrease or be flat (gray-colored region), and (4) a region where the temperature

gradients increase sharply again (red-colored region).

In the region (1), the vaporization of H,O; is initiated, and the heat is absorbed continuously to

vaporize H>O,. The reason for the certain distance around the vaporization point may be because

the boiling H»O is pushed upward through capillary effect. In this region, it is expected that input

heat, which affects the temperature gradients, is a constant net heat of thermal conduction from

the top surface of the specimen and the heat adsorption by the latent heat of the vaporization, so

that the constant temperature gradients are obtained in the region (1). Then, it is considered that

the profiles of region (2) may be attributed to peculiar reaction phenomenon of H>O,, namely, the

exothermic reaction processes. As mentioned, H,O is vaporized (decomposed) around 410 K (p
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= 0.1 MPa in absolute) into the vapor, and the vapor will then decompose into the water vapor

and the molecular oxygen while releasing a lot of heat by the exothermic reaction process until

around 760 K [98]. Based on the fact, it is considered that this region receives the thermal

conduction and the heat by the exothermic reaction process. Therefore, the temperature gradients

increase sharply accordingly. In the region (3), it can be seen that the decrease or flat trend of the

temperature gradients are measured. This may be affected by continuous heat adsorption due to

the thermal pyrolysis of the PE foam. In the region (4), it is measured that the temperature

gradients are sharply increased. Thus, the region (4) is considered as the gas-phase layer where

the premixed-gas mixture evolved from the top surface is reacted. In this work, there is always

the minimum temperature gradient around the regions (3) and (4) before the sharp increase as

shown in Fig. 3 - 17 (C). With this respect, we defined the point where the temperature gradient

becomes minimum around the regions (3) and (4) as the top surface temperature of the specimen.

The abovementioned thermal structure inside/outside the specimen is depicted in Fig. 3 - 18.

Although the diameter of the used thermocouple is large, namely, the spatial resolution is not well

enough, the temperature profiles are very smooth, hence, we can safely say that the thermal

structure obtained in this work could be clarified qualitatively.
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As mentioned, the dominant heat flux is determined by the temperature gradient near the top
surface in the gas-phase layer. It is seen that the peak value of the temperature gradients increase
as pressure increases, hence, the heat flux exposed onto the top surface increases, leading to the
increasing trend of the overall regression rate as shown in Fig. 3 - 17. Additionally, after the TC
passes at x = 0.5 mm, the temperature gradients (in the outer flame) are much lower than that of
the surface flame. Therefore, it is found that the outer flame does not affect the overall regression
rates, rather, the dominant heating source shall be the surface flame. This fact supports our

expectation mentioned in this section.
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Fig. 3 - 18 Profiles of temperature during the entire burning event for p = 0.1 MPa, 0.17 MPa,
and 0.24 MPa with a constant fuel porosity € = 0.7, together with locations of wetted, dried and

gas-phase layers (reaction surface).
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3.4 Effect of pressure on top surface temperature and activation energy

In this section, reliability of the temperature measurement results is confirmed by obtaining a
global activation energy of the present specimen and comparing the obtained global activation
energy with the activation energy of the polymeric solid fuel reported by other research groups.
The global activation energy can be obtained with use of the top surface temperature and the

regression rate by adopting the Arrhenius pyrolysis law [99] as follows.

Es
Vi < exp [— R_TS] Eq.3-10

where Es [J/mol] is the global activation energy at the top surface temperature, which is
characteristic of the family of chemicals that the propellant belongs to [46], R [J/(mol-K)] is the
universal gas constant, and T [K] is the top surface temperature of the specimen, respectively.
Many research groups have ever tried to obtain the global activation energy of polymeric fuels
used for the AP-based composite solid propellant by means of the same methodology adopted in
this work [93] [94] [95] [96] [97] [99] [100]. Since the top surface temperature shall be varied
depending on pressure and heating rate [93] [96], the pressure dependency on the top surface
temperature and the overall regression rate are first measured, and then the global activation

energy is obtained by plotting the regression rate and the top surface temperature.
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Fig. 3 - 19 (A) displays the pressure dependency on the top surface temperature and the overall
burning rate. The horizontal axis, the vertical axis, and the second vertical axis are denoted as
pressure, the top surface temperature, and the overall burning rate measured in the temperature
measurement at the same time. The dashed lines obtained by the least squared method are depicted
together. It is found that the top surface temperature is in a range between 740 K (p = 0.1 MPa)
and 750 K (p = 0.24 MPa), and the overall burning rates are increased accordingly. As expected,
the top surface temperature is varied, depending on pressure and increases as pressure increases.
In addition, it is seen that the top surface temperature increases with the increase in the overall

burning rate, and these trends are the same as one obtained in the previous works [99] [100].
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By taking a logarithmic expression of Eq. 3 - 10, the global activation energy at the top surface
temperature can be derived from a gradient of the log natural burning rate (In V) and a reciprocal
top surface temperature (1/Ts). Fig. 3 - 19 (B) shows the relationship between (InVf) and
(1073 /Ts). The horizontal axis, the vertical axis, and the second horizontal axis are shown as the
reciprocal top surface temperature (1073 /T), the log natural burning rate (In V), and the
corresponding top surface temperature (Ts). The obtained data are then fitted with a relation
denoted on the figure. This result reveals that the global activation energy at the top surface
temperature is determined as 100.7 kJ/mol. It is reported that the conventional values of the global
activation energies of the polymeric solid fuels, such as PMMA and HTPB, were in a range
between 70 kJ/mol and 200 kJ/mol [97] [101] [102]. Especially for the PE foam, an article has
revealed that the global activation energy was derived as 119 kJ/mol [103]. Therefore, the
obtained global activation energy exhibits the same order as the polymeric fuels and fairly good
agreement with the previous work by Park et al.. Additionally, the global activation energy
obtained in this work is not pressure dependent and is rather determined as an eigenvalue of the
present system [99] [100]. For aforementioned facts, our methodology for the temperature
measurement is found to be sufficient. On the other hand, however, as it is seen in Fig. 3 - 15 (A)

and Fig. 3 - 19 (A), the overall burning rate varies about 1 mm/s at maximum (& = 0.63, p = 0.3
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MPa), and the top surface temperature varies about 5 K from the dashed line at maximum (p =
0.17 MPa) in the present work. Taking into the account the fact, the global activation energy shall
vary in a range between 75.5 kJ/mol and 153.7 kJ/mol within the measurements conducted in this
present work. In any cases, the global activation energy obtained in this work shows quantitatively
good agreement with one reported by the previous work, and thus the reliability of the temperature

measurement results is considered to be sufficient.

3.5 Applicability of one-dimensional burning model

As found from the previous section, the steady end-burning at which the top surface moves
downward was confirmed, and the regression of the top surface of the specimen is found to be
dominated by the surface flame, which is established close to the top surface. If we can know its
one-dimensionality of the burning process, a further investigation on those of the fundamental
burning characteristics of the specimen shall be possible by developing a “simple” burning model
under the assumptions: the steady end-burning, premixed combustion, and one-dimensional
burning. Therefore, the applicability of the one-dimensional burning mode in the present
specimen will be examined in this section using a simple thermal analysis. In this work, the one-

dimensionality of the burning process is confirmed by comparing heat losses to wall of the quartz
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tube with total enthalpy of the burned gas. Namely, if the heat losses to the wall of the quartz tube

is negligible as compared to the total enthalpy of the burned gas, the applicability of the one-

dimensionality to the present specimen shall be valid. For understandable purpose of this

explanation, Fig. 3 - 20 shows an actual image recorded during the burning event, a schematic

illustration depicting the total enthalpy of the burned gas and the heat losses, and together with

its directions and size of the present specimen.
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Fig. 3 - 20 Actual image (left) during burning event and schematic illustration (right) of heat loss

direction to wall of quartz tube and total enthalpy of burned gas.

To estimate both the heat losses to the wall (Q;,5) and the total enthalpy of the burned gas

(Qient), following equations are adopted in this work.
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Total enthalpy of burned gas
Qent = McpTeA Eq.3-11

Heat losses to wall

L
Quos = hAs f (T() — To)dx Eq.3-12
0

where Q. [W] is the total enthalpy, ¢, [J/(kg-K)] is the specific heat of the burned gas at constant
pressure, T, [K] is the burning (flame) temperature, 4 [m?] is the burning surface area (7d*/4), d
[m] is the diameter of the specimen, Q;,5 [W] is the heat losses to the wall of the quartz tube, A
[W/(m?-K)] is the heat transfer coefficient between the wall and the burned gas, 4, [m] is 7d (x:
pi), L [m] is the length of the quartz tube, T (x) [K] is the temperature of the burned gas with
respect to x coordinate, and 7)) [K] is the surface temperature of the wall. Under some assumptions,
such as, the constant surface temperature (7)), laminar flow in circular tube, hydrodynamically
developed flow, thermally developed flow, and short pipe (L/d < 60). the heat transfer coefficient
(h) is assumed to follow the Hausen’s empirical correlation, referred from [104].

The Hausen's empirical correlation

0.104 x (Re X Pr x %)

hd

1+ 0.016 x (Re x Pr x%)
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Re = — Eq.3- 14

where Nu [-] is the Nusselt number, 4 [W/(m-K)] is the thermal conductivity, Re [-] is the
Reynolds number, Pr [-] is the Prandtl number, u [m/s] is the velocity of the burned gas, and v
[m?%/s] is the kinematic viscosity. To estimate the heat transfer coefficient (h) from Eq. 3 - 13, the
velocity of the burned gas (u), the kinematic viscosity (v), and the Prandtl number (Pr) should
be firstly known. In this simple thermal analysis, the velocity of the burned gas can be estimated
from the mass continuity at the burning surface of the specimen (the top surface) and assumed to

be constant velocity towards the gas flow direction.

m = pgu=Ve[(1—&)ps + ep,] Eq.3-15

where pg [kg/m?] is the density of the burned gas, V¢ [m/s] is the regression rate, € [-] is the fuel
porosity, ps [kg/m’] is the density of the solid fuel, and p, [kg/m’] is the density of the liquid
oxidizer, respectively. The regression rate (V¢) and the fuel porosity (¢) are referred from the
experiments, and the others (pg, Pr, v) are calculated by NASA CEA calculation under almost
the same conditions of the conducted experiment. The typical values used for the thermal analysis
are listed in Table 3 — 1, together with the specific heat of the burned gas (c,), the flame

temperature (T ), and the Prandtl number
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The calculated Reynolds number (Re), the Nusselt number (Nu), the heat transfer coefficient
(h), the total enthalpy of burned gas (Q.y;), the heat losses (Q;,5) to the wall of the quartz tube,
and its ratio (Q.pnt/Q;0s) are listed as the following table. Looking at the table, it is found that the
heat losses to the wall is small in comparison with the total enthalpy of the burned gas
((Quos/Qent) < 17.2 %). Hence, we judged that the applicability of one-dimensional burning

process in the present specimen shall be valid.

Table 3 - 1 Typical physical properties used in the simple thermal analysis.

Name Symbol Value Unit
Diameter d 18 mm
Length L 50 mm
Density of polyethylene Ds 920 kg/m?
Density of hydrogen peroxide oL 1.45x 10° kg/m’
Fuel porosity £ 0.65 -
Global equivalence ratio 1) 2.49 -
Regression rate Ve 1.65 mm/s
Total mass flux m 2.09 Kg/(m?*:s)
Velocity of burned gas u 23.5 m/s
Kinematic viscosity % 8.77x 10* m%/s
Density of burned gas Pg 8.89x 102 kg/m®
Prandtl number Pr 0.607 -
Specific heat Cp 3.22x10° J/(kg-K)
Thermal conductivity A 0.304 W/(m-K)
Flame temperature To 2.34x10° K
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Table 3 - 2 Values calculated by thermal analysis.

Name Symbol Value Unit
Reynolds number Re 482 -
Nusselt number Nu 10.24 -
Heat transfer coefficient h 173 W/(m*-K)
Total enthalpy of burned gas Qent 496x 10° W
Heat losses to wall Qlos 0.853 x 10° W
Ratio of Qo 0 Qen Quos/Qent 0.172 .
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3.6 Concluding remarks of this chapter

The comprehensive experimental investigations to gain the fundamental burning characteristics
of the polyethylene foam soaked in the enriched hydrogen peroxide were made in this chapter.
The experiments were carried out at the initial pressure range from 0.1 MPa to 0.35 MPa in
absolute pressures and the fuel porosities range from 0.6 to 0.9 under nitrogen-balanced
environment. The direct temperature measurements inside/outside the specimen during the entire
burning event using the R-type thermocouple embedded into the specimen were carried out to
examine the thermal structure and global activation energy of the specimen. Lastly, the simple
thermal analysis was performed in order to confirm the applicability of the one-dimensional
burning process in the present specimen. The following findings were obtained in this experiment
work:

The burning behavior in the present tested specimen was considered to be the end-burning
mode at which the top surface of the tested specimen moves downward.

The reasonably constant regression rates (steady burning), ranging from 1.2 mm/s and 3.2 mm/s
under the conditions conducted in this work were measured.

With the careful observation of the flame, it was found that the distinctive two flames were

identified; one is the surface flame exposed onto the top surface that is considered to be premixed
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flame, the other is the outer flame that is established far away from the top surface of the specimen

that is considered to be diffusion flame.

The thermal structure (temperature 0 coordinate) inside/outside the specimen was successfully

obtained by the signal from the thermocouple (time history of temperature) and the steady

regression rate.

The global activation energy of the specimen obtained in this work was 117 kJ/mol. This value

shows quantitatively good agreement with the typical value for the polymeric solid fuel. From

these facts, the reliability of our methodology for the temperature measurement was considered

to be sufficient.
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Chapter 4

4 Theoretical modeling
4.1 Introduction and objective of this chapter

In this chapter, the fundamental burning characteristics of the tested specimen out of the range
of the experimental conditions, together with the reason for the data scattering and the explosion-
like burning, observed in the previous work by Nagata et al., is numerically investigated. To do
so0, a simple burning model is firstly developed, based on the experimental findings in Chapter 3.
Using the simple burning model, further investigations on the fundamental burning characteristics
of the specimen under various prescribed conditions are made. In this work, not only hydrogen
peroxide (hereinafter described “H»0,”) but also liquid oxygen (hereinafter described “LOX”) is
used for a target of this numerical investigation, in order to examine the possible reasons for the
data scattering and the explosion-like burning, observed in the previous work. The effect of the
fuel porosity, ambient pressure, and type of the liquid oxidizer on the fundamental burning
characteristics of the present specimen is examined accordingly. In addition, considering the
nature of the premixed combustion in the specimen, it is fact that there must be a critical condition

to achieve the steady burning process. Therefore, separately taking into the account a criterion of
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blow-off limits of the premixed combustion given by CHEMKIN (PREMIX-code), the range

needed to achieve the steady burning process is predicted. Not only the effect of the imposed

condition on the fundamental burning characteristics of the specimen, but on the blow-off criteria

are discussed in this chapter. Based on findings, the possible reasons for the data scattering and

the explosion-like burning will be examined.
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4.2 Model description

The one-dimensional universal burning model applied in this work is shown in Fig. 4 - 1. The
burning model is developed with the assumptions of the premixed combustion, the steady state,

and the one-dimension, as reported in the previous chapter.
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Fig. 4 - 1 One-dimensional burning model considered in this work.

To make the problem simple, boiling (gasification) temperature of the liquid oxidizer (T}) is

assumed to be lower than the pyrolysis temperature of the porous combustible (Ts). Further, we

assume that the porous combustible does not melt during the burning event, namely, the fuel

porosity of the porous combustible stays as constant [105]. Based on those assumptions, the entire

domain is divided into the three layers as shown in the figure. Since steady burning is assumed,
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the burning surface (top surface) as well as the boiling surface (liquid interface) moves at a

constant rate (namely, the regression rate, V). For convenient purpose, the origin is fixed at the

top of the specimen accordingly.

The upper part of the porous combustible, whose temperature is higher than the boiling

temperature of the liquid oxidizer (T},), shall be called as the “dried” layer, whereas the lower part

is the “wetted” layer, where the porous combustible is fully soaked in the liquid oxidizer. The

oxidizer is fully vaporized above the liquid interface, whereas the porous combustible is fully

gasified at the top surface of the porous combustible. Above the top surface of the specimen, the

premixed-gas mixture of the gasified fuel gas and the oxidizer is evolved at the rate of I,

(calculated from the total mass flux 1 [kg/(m?:s)]), which is consumed by the premixed flame in

the gas-phase layer. With this respect, when the steady burning is achieved, V; shall be the same

as the laminar burning velocity (V). Then, the regression rate of the specimen Vy is given as a

function of the total mass flux m. The temperature at the top surface is assumed to be constant at

the pyrolysis temperature (Tg), and we limit the pyrolysis to only occur at the top surface

(nevertheless, the pyrolysis rate shall vary). In reality, pyrolysis may occur in the dried layer (not

limited to the surface), and the top surface temperature shall vary depending on the local thermal

balance, as reported in the chapter 3. Nevertheless, the pyrolysis rate increases sharply around T,
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the use of a constant pyrolysis temperature as first model assumption shall be acceptable.

The following assumptions are also made in the following analysis.

1 The overall reaction of pyrolysis gas (fuel) in gas-phase, F (fuel) + O (oxidizer) — P

(product), and its rate shall be expressed as an Arrhenius law (see Eq. 4 - 15).

2 The solid part and the gaseous part in the dried layer, and the solid part and the liquid part in

the wetted layer are in local thermal equilibrium.

3 The gaseous mixture can be considered as an ideal gas.

4  Changes in density and specific heat in the dried and wetted layers are negligible.

5  The boiling temperature of the liquid oxidizer varies by imposed pressure following the

Clausius—Clapeyron equation.

6  The pyrolysis gas is assumed to be pure C,Hy4 [106].

7  The spouting velocity of premixed gas mixture is ejected from the top surface as the initial

velocity (V)), and the spouting velocity is assumed to be constant with respect to the x

coordinate (V= V)

8 A species conservation equation in the gas-phase layer uses a deficient species and is

separately used, depending on the equivalence ratio, namely, the mass fraction of the fuel

gas Yy for ¢ < 1, the mass fraction of the oxidizer gas Y, for ¢ < 1.
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9  The Lewis number (Le) of the fuel gas, the oxidizer gas, and the premixed-gas mixture are
unity, and the mass diffusion coefficient (D) of each gas are the same.

In the meantime, it is well-known that the exothermic reaction is taken place when H>O,

decomposes into the molecular oxygen and water vapor, as we have already mentioned. The effect

of the heat release is neglected in the present burning model, however, the heat release rate due

to the decomposition is found to be at most 6 % of the total heat transfer rate in the dried and the

gas-phase layers. Hence, the effect of the exothermic reaction is negligible, and this assumption

shall be acceptable.

4.2.1 Equations in each layer

Under the aforementioned assumptions, the following simplified equations in terms of energy
conservation, species conservation, and boundary conditions are introduced. The wetted, dried,
and gas-phase layers are denoted by subscripts of “17, “2”, and “3”, respectively.

1. Wetted layer (energy)

dTy d*T,
; =) Eq.4-1
mey 4 I ¥ ) q
x=-0 T=T, Eq.4-2
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X = —00 T =T, Eq.4-3

where m [kg/(m?*-s)] is the total mass flux; ¢p 1 [J/(kg'K)] is the effective specific heat, defined
by (1 —&)cp s + &y 1; € [-] is the fuel porosity of the porous combustible; ¢, s [J/kg-K] is the
specific heat of the porous combustible; ¢, ;, [J/kg K] is the specific heat of the liquid oxidizer; T
[K] is the temperature; A7 [W/m-K] is the effective thermal conductivity, defined by (1 — €)As +
el ; As [W/m-K] is the thermal conductivity of the porous combustible; 1; [W/m-K] is the
thermal conductivity of the liquid oxidizer; T, [K] is the initial temperature; and § [m] is the dried

layer thickness.

2. Dried layer (energy)

daT, d>T,
; 2ol 2 Eq.4-4
mey 2 I A5 2 q
x=0 T =Ts Eq.4-5
x=-8 T=T, Eq.4-6

where ¢, , [J/(kg'K)] is the effective specific heat; defined by (1 —&)c, s +ecp 45 Cp g
[J/(kg-K)] is the specific heat of the gaseous oxidizer; A5 [W/(m-K)] is the effective thermal
conductivity in the dried layer, defined by (1 —e)As+ el 4+ 1607 /3a [107]; A, 4

[W/(m-K)] is the thermal conductivity of the gaseous oxidizer; ¢ [W/m*K*] is the Stefan—
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Boltzmann coefficient; T, [K] is the mean temperature in the dried layer; and « [1/m] is the
Rosseland mean absorption coefficient. The thickness of § is determined by the following thermal
balance (interfacial matching condition).

, dT;3

LAl .
ZE:A —+mhv+mcp_1Y0TL Eq4'7

Ldx

where h,, [J/kg] is the latent heat of vaporization for the liquid oxidizer.

3. Gas-phase layer (energy)

e, 3 L3 "‘dZT3+qW (i=F,0) Eq.4-8
mecy,3— =A3——+—,(i =F, q.-4-
P3 dx dx? v
x=o T=T, Eq.4-9
X = 0 " dT3 " dTZ .
3 E = AZ E + (1 - 8)p5thg + YFCp_zmTS Eq 4-10
m=pgV, = (1 —e)psVs+ep Vs Eq.4-11
3. Gas-phase layer (species)
_dY; d*Y; .
mang iW_ViW'(l:F'O) Eq4'12
=0 dy;
g Viemoth = Yot + pg D — Eq.4-13
X
P ( Eq. 4-14
ix=0 — YO + YF q.%-
n Ea_3
w = A3(ngi) exp(— ) Eq.4-15
RT,
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where ¢, 3 [J/kg-K] is the specific heat in the gas-phase layer; ¢ [J/m?] is the combustion heat by

the chemical reaction; w [kg/m’-s] is the mass consumption rate; v; [-] is the stoichiometric

coefficient based on a mass basis, namely, vy = 1 and vy = v; T, [K] is the adiabatic flame

temperature; hy [J/kg] is the latent heat of gasification; pg [kg/m®] is the density of the gas

mixture; v, [m/s] is the spouting velocity of the premixed-gas mixture from the top surface; D;

[m?%s] is the ith species mass diffusion coefficient ; A3 [1/s] is pre-exponential factor of the

premixed-gas mixture; E, 3 [J/mol] is the activation energy of the gas mixture. The mass

consumption rate (w) is assumed to be proportional to the nth power of the mass fraction of the

reactant Y; [-]. and the density of the gas mixture (pg). Y; x=o [-] given in Eq. 4 - 16 is the initial

mass fraction of ith species reactant at the top surface (x = 0). Again, oxidizer-to-fuel mass ratio

(O/F) is recalled as;

Y
Y yeo = i %
l,x=O_YF+Y0_1+E
Yp
1
% (p < 1,i =F)
1+~
Yp
€pr
1_
( ;)olzs (¢ = 1,i =0)
1+
(1 =8)ps
0  ep
F o (1-¢)ps
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The specific heat (c, 3), adiabatic flame temperature (T, ), thermal conductivity (43), and
density of the gas mixture (pg), for the gas-phase layer, are obtained from Chemical Equilibrium
with Applications (CEA) codes [108]. Interfacial boundary conditions are adopted between the

wetted and dried layers and between the gas-phase and dried layers to connect each layer.

4.2.2 Obtaining the regression rate

The mathematical formulations provided in the previous section indicate that the incoming total
mass flux (m) must be known at first. Because the gas-phase layer is the same as the premixed
laminar flame structure, we employ a theoretical approach [109] [110] to obtain the total mass
flux (m). Then, the thermal structure of the entire domain is determined accordingly.

For i = F, transforming Eq. 4 - 8 and Eq. 4 - 12 into non-dimensional forms with the following
non-dimensional variables: non-dimensional temperature (6) non-dimensional coordinate (§),
non-dimensional heat generation (q*), and Zeldovich number (£). Under the assumption of the

fast reaction (i.e., f is large enough), it is possible to find m as eigenvalue of the system.

_ (T B TO) _ (Cp_3mx) * __ q _ Ea_3 (Too - TO)

0=— "~ = =
(Too — To) FH ¢p 3(Tw — Tp) (RT2)
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d6;  d26,

d_f d_fz + q*AYFnEXp[—B(l - 93)] Eq 4-18
dY, d?%y
d—; = _dng — AY;"exp[-B(1 — 65)] Eq. 4-19

where A [-] is the eigenvalue of the total mass flux of this system and is defined as the following:

TAzA E
_Po’s 2 ex (— ag) Eq.4-20

With the addition of ¢* X Eq. 4 - 19 from Eq. 4 - 21, the following relation is introduced:

d93+ *dYF_d283+ L d?Yg
ac "1 qg Tqez T ge2

Eq. 4-21

In this work, since the Lewis number (Le) is assumed to be unity, temperature distribution (65(£))
and mass fraction distribution (Yz(£)) in the gas-phase layer shall be similar. For this reason, Eq.

4 - 21 is necessary to meet the following relation at & = oo:
05 + q*Yr = Const Eq.4-22

Solving Eq. 4 - 22 with the boundary conditions (§ = o0, 8; = 1, Yz = 0), the following relation

on the mass fraction of the reactant Y» and non-dimensional temperature #; can be obtained:

1
Y= (1065 Eq.4-23
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The following non-dimensional conservation equation corresponding to the gas-phase layer can

be obtained by substituting Eq. 4 - 23 into Eq. 4 - 18:

d6;  d*6,

dé - dé? +A(g) (1 — 65)"exp[—B(1 — 65)] Eq.4-24

The non-dimensional conservation equation is also transformed into the following form by
introducing new independent variables, namely, p = df5/d&, dp/df; = d?03/dE?, and t =
B (1 — 63). The first term on the left side and the first term and the second term on the right side

are denoted as the convection, diffusion, and chemical reaction terms, respectively.

dp t\"
=p—+ *)1-n (—) — 4 -
P =P A(q7) 3 exp[—t] Eq.4-25
eXP (_ ) diffusion transport

balanced with
chemical reaction

gas-phase
layer (0 <x) Y Y hpupiilitpapupipapt 24

flame i

top surface 0

N . — B
chemical reaction Xp(— a-?:)IT

specimen term negligible

Fig. 4 -2 Two layers in gas-phase layer: a layer where convective transport term is balanced with
diffusion transport term (negligible chemical reaction term), a layer where chemical reaction term

is balanced with diffusion transport term.
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Two layers in the gas-phase layer are then introduced as illustrated in Fig. 4 - 2. In a layer where
convective transport term is balanced with diffusion transport term, the chemical reaction term

shall be negligible and can be omitted. The following outer solution (called “p,“) is introduced:
d
Po=—7=03+C Eq.4-26

C is a constant of integration. In order to determine the constant of integration C, the boundary

condition Eq. 4 - 10 at £ = 0 is transformed into the following non-dimensional equation:

% _p2 @ (1—&)psVrhy Cp 2TsYr
d§  cp3 dé  mey 3(Tew —To)  ¢p3(Teo — Tp)

Eq. 4 -27

In addition, with solving Eq. 4 - 4 with the boundary condition Eq. 4 - 5, the following relation at

& = 0 can be obtained:

¢~ 5 T T, —T,

Eq. 4 -28

With Eq. 4 - 26, Eq. 4 - 27, and Eq. 4 - 28, the following outer solution (po) can be given by

determining the constant of integration C:

do c 1—¢8)psVeh Cy, 2 TsY,
—3_9 +<,,__2_1>95+( 0sVihy | Coalste Eq.4-29

Do = = -
°T a8 T 7 T \eps ey 3(Tow — To)  Cp 3(Too — To)

Next, in a layer where the diffusion transport term is balanced with the chemical reaction term,
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the convective transfer term shall be negligible and can be omitted. Thus, the following equation

shall be solved to obtain the inner solution (called p;):
dp;
dt

B = 4@ (3) expl=t] Eq.4-30

With solving Eq. 4 - 30 with the variable separation method in an integration range of ¢ between

0 and ¢, the following relation is introduced:

_ [2(g)Hrma In+1,t]
pl_\/wr(n'Fl)\/[l—m] Eq. 4 -31

where I'(n + 1) and I'(n + 1, t) are the Gamma function and incomplete gamma function. Since
the two solutions p, and p; share the same boundary interface, namely, t~oo0 and 65~1 a perfect
matching is required at the interface for each solution. By this perfect matching, the eigenvalue

of the total mass flux (A) can be introduced as follows with an assumption of n = 1:

c 1—&)psVsh ¢ 2TsYr |
/1~y[1+<p—‘2—1>95+,( 0sVhy | Co2Tslr Eq.4-32
Cp_3 mcp_3 (Too - TO) Cp_3 (Too - TO)
ﬁn+1
m (p < 1,i =F)
ﬁn+1
(¢ 2 1,i =0)

2(g)t i Inl

By obtaining the eigenvalue (A) using Eq. 4 - 32, depending on the equivalence ratio, the
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incoming total mass flux (1) and then the regression rate (Vy) are derived with Eq. 4 - 20

accordingly. Using the solved total mass flux (1), all dependent variables in solid phase are solved.

4.3 Definition of blow-off

Recalling that the analysis above assumes the fast reaction (f is large enough), the blow off

criteria (blow-off, steady burning, or successive burning) is not properly predicted. In order to

find the blow-off criteria, we separately employ the software CHEMKIN v. 18 (with GRI-Mech

3.0) to obtain the laminar burning velocity (V;;). The laminar burning velocity is calculated using

temperature at the top surface (Ts) as a function of ambient pressure and equivalence ratio (¢).

Comparing with the spouting velocity of the premixed-gas mixture (V; dashed lines) calculated

by the analysis above and the laminar burning velocity (V;; solid lines) calculated by CHEMKIN,

blow-off condition is identified as V; > V. In Fig. 4 - 3, an example using LOX (pure oxygen)

as the oxidizer is shown.

As is understood, at the condition at V; = Vi, steady burning can be achieved. In case of V; <

Vi, flame can stay above the top surface and the regression rate may increase by time. We call

this condition as “successive burning”, denoting that blow-off is not occurred yet the burning of

the specimen can continue. When the difference between V; and Vy, gets larger (Vi > V),
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accelerating the regression of the tested specimen shall be pronounced.

Ethylene-LLOX

successive burning region |

[ I SR R S S
‘T 2 3 4 s

Oxadizer to fuel mass ratio O/F, -

Fig. 4 - 3 Laminar burning velocity (V;;,) and spouting velocity of premixed-gas mixture (V) as

E

2 T
- - ! U] 0.1 MPa (7,
SE: - | 0.5 MPa (V)
2ad 9 B
8y [/ Ve> Va -
sy
%D g a r’ I{g/’/’ — —;:;:
= -0 Vin
E o 2 — 0.1 MPa (V)
otk - — 0.5 MPa (V)
g 2
g 2
N

[S—

a function of mass ratio (O/F) and pressure for ethylene-liquid oxidizer combustion (V).
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4.4 Results and discussion

4.4.1 Validation of numerically predicted temperature profile

Firstly, the validity of the present burning model is evaluated by comparing the temperature
profiles measured in the chapter 3 with numerically predicted temperature profile. The measured
temperature profiles used in this validation are obtained at pressure of 0.1 MPa in absolute under
the fuel porosity around 0.7. This is the same as the conditions found in Fig. 3 - 17. All the
temperature profiles obtained by four runs measurements are summarized in Fig. 4 - 4. The

experimental results and predicted result are depicted in the circles and the solid lines (in red),

respectively.
predicted as V, = 1.9 m/s 0
m =1.5 kg/m?s, Ve=1.2 mm/s —””"”"'"""'Il"":
5
g 0.05 .
= I }
I 4 % 0.1 o prediction
& _g C experiment_|
7 5 - experiment_2
2 015 » =
: r experiment 3
02 F experiment_4
V,,:lmm/s ’ h|||| PRTITE IR IT U N A |
(experiment) 300400 500 600 700 800
wetted layer Temperature, K

Fig. 4 - 4 Temperature profiles obtained from TC and prediction, including spouting velocity of
premixed-gas mixture and total mass flux predicted by one-dimensional burning model for fuel

porosity (0.7) and ambient pressure (0.1 MPa).
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It is found that the numerically predicted profile shows a good agreement with measured

profiles. A difference in the thickness of the dried layer between the measured and the numerically

predicted values would be caused by several reasons. For example, it may be attributed to that the

liquid interface is pushed up by the capillary effect due to the vaporization of H,O,. Moreover, it

is obvious that all the measured temperature profiles are gentle slope. This is attributed to the

spatial resolution of the thermocouple. Nevertheless, it can be judged that the validity of the

presently adopted one-dimensional burning model is satisfactory.

4.4.2 Predicted one-dimensional flame structures under various conditions

The thermal structure of the tested specimen is predicted with developed burning model. As

typical examples of the prediction results of the thermal structure, one-dimensional profiles of the

temperature (7), the mass fraction of the deficient species (Y;), and the mass consumption rate (w)

over the burning surface (the top surface) under various ambient pressures and the fuel porosities

are compared in Fig. 4 - 5 and Fig. 4 - 6. The horizontal axis and the vertical axis are temperature

(T) and the x coordinate over the top surface, respectively. The mass consumption rate (w) and

the mass fraction of the deficient species are also shown on the second vertical axis and third

vertical axis, respectively. Their scales for the three cases shown below are adjusted for better
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visibility. H,O, (not LOX) as liquid oxidizer is employed in this prediction. The typical values
used in this prediction are summarized in Table 1. The total mass flux (r1) predicted for each case
is shown on the prediction results. Again, we assume that density and mass fraction dependent

index 7 is unity [110] in this prediction for all cases.

Mass fraction of deficient species, -
0 0.5 1 O 0.5 1 0 0.5 1

|IIIIIIIIII |IIIIIIII|| IIIIIIIIIIl

Mass consumption rate, 103 kg/m’s
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| »=0.1 MPa 1l L p=05MpPa| | p=10MPa | _
o e = 065 e= 0.65 e= 0.65
= 0.15 [\ =087 kg/m2s | [ m=2.0 kg/m> | [ m=28 kg/m?s |
8" - - - - —
g 0OlENeg 1T -
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S ]
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[

Fig. 4 - 5 Prediction of profiles of temperature (7), mass fraction of reactant (Y), and mass
consumption rate (w) in gas layer as functions of pressure: (a) p = 0.1 MPa, € = 0.65, and m =
0.87 kg/(m*:s); (b) p = 0.5 MPa, € = 0.65, and 1 = 2.0 kg/(m*'s); (c) p = 1 MPa, £ = 0.65, and 11
= 2.8 kg/(m*'s).

Fig. 4 - 5 shows the effect of ambient pressures (p; 0.1 MPa, 0.5 MPa, 1.0 MPa) on the one-
dimensional profiles with the constant fuel porosity (&) 0.65. As it is seen, when pressure increases,

the reaction surface, which is defined as the location where mass consumption rate (w) becomes

141



maximum, approaches to the top surface, and it is found that the mass consumption rate (w) is

enhanced. More importantly, this reaction surface shall be a “main heating surface” to promote

the regression of the specimen, leading to the increase in the total mass flux accordingly, when

pressure increases. Additionally, the adiabatic flame temperature slightly increases from 2189 K

(0.1 MPa) to 2201 K (1.0 MPa). These facts make the thermal conduction through the gas-phase

layer exposed into the top surface higher, and the pressure dependency on the overall regression

rate, obtained in Chapter 3, can explained by these one-dimensional profiles.

Next, the effect of the fuel porosities (¢ =0.65, 0.8, and 0.9) at 0.1 MPa on the one-dimensional

profiles is given in Fig. 4 - 6 as well. Findings reveals that, as the fuel porosity approaches to 0.8

from the fuel-rich side (¢ = 0.65) or the fuel-lean side (¢ =0.9), the location of the reaction surface

approaches to the top surface of the specimen, and it is found that the mass consumption rate (w)

and the total mass flux (1) are increased accordingly. As have already mentioned earlier, the fuel

porosity for achieving the complete combustion (namely, equivalence ratio ¢ = 1) in the present

specimen is around 0.82 — 0.85 (optimal value) for H,O, case as the liquid oxidizer, so that the

adiabatic flame temperature tends to be increased, and thus the total mass flux increases

accordingly as the fuel porosity approaches to the optimal value from fuel-rich side or fuel-lean

side. The dependency of the fuel porosity on the regression rate, found in Chapter 3, can be also
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explained from a viewpoint of this one-dimensional profile.

Mass fraction of deficient species, -
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Fig. 4 - 6 Prediction of profiles of temperature (7), mass fraction of reactant (¥), and mass
consumption rate (w) in gas layer and temperature profiles in dried and wetted layers as functions
of pressure: (a) p = 0.1 MPa, £ = 0.65, and 1 = 0.87 kg/(m*-s); (b) p = 0.5 MPa, £ = 0.8, and .
=23 kg/(m*s); (c) p=1MPa, € = 0.9, and m = 1.5 kg/(m*-s).
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Table 4 - 1 Physical properties used in this prediction.

Name (oxidizer) Symbol Value (H20,, LOX) Unit
Density (liquid) oL 1.45 % 10°,1.15 x 10° kg/m’
Specific heat (liquid) CpL 2.62,1.70 kJ/(kg-K)
Specific heat (gas) Cpg 2.39,0.920 kJ/(kg-K)
Thermal conductivity (liquid) AL 0.682,0.152 W/(m-K)
Thermal conductivity (gas) AL g 0.140, 0.0295 W/(m-K)
Heat of vaporization h, 1.93 x 10°,2.13 x 10? kJ/kg
Boiling temperature T, 410, 90.0 (0.1 MPa) K
Name (PE)
Density Ps 920 kg/m’
Specific heat Cp.s 2.30 kJ/(kg-K)
Thermal conductivity As 0.340 W/(m-K)
Heat of gasification hg 2.25 x 10° kJ/kg
Pyrolysis temperature Ts 710 K
Initial temperature Ty 298 K
Name (others)
Mass diffusivity Dp=Do =Dy = (Ag)/(pgcp3), (Le =1) m?%/s
wsorton cetein “ 1800 tim
Stefan-Boltzmann coefficient o 5.67x107° W/(m?*-K*)
Pre-exponential factor As 10.5 % 10”xpg [111] 1/s
Activation energy E; 3 39.2RTy[111] J/mol
Universal gas constant R 8.314 J/(mol-K)
Mass-based stoichiometric y 729 (H,05), 3.43 (LOX) i

coefficient
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4.5 Discussion with numerical prediction

4.5.1 Effect of pressure and fuel porosity on laminar burning velocity (Vi)

Like the assumption made in this work, the present specimen is fully controlled by the
premixed-type combustion as modeled, hence, there must be a suitable range to achieve
successive combustion (i.e., without causing any blow-off). As described in Fig. 4 - 3, there must
be critical conditions, i.e., boundaries between the steady-solution (successive burning) region
and the blow-off region. In the following, the effect of the kind of oxidizer (H,O, and LOX), the
fuel porosity, and ambient pressure on the range of the successive burning is numerically studied
using the developed prediction model.

First, the effects of the laminar burning velocity (V) for the (a) C;Hs+—LOX mixture and the
(b) C,H4—H>0, mixture under various pressures on the imposed fuel porosity and temperature at
the top surface (Ts) are plotted in Fig. 4 - 7. Again, the fuel porosity (&) and O/F (or equivalence
ratio, @) are varied according to Eq. 4 - 17. For better visibility, the corresponding equivalence
ratios (¢) are indicated in the figure. This result is obtained by the software CHEMKIN with the
PREMIX code (namely, purely gaseous one-dimensional premixed flame problem is solved).
Findings show that the laminar burning velocity (V;;,) decreases as the pressure increases. The

sensitivity of the laminar burning velocity to the applied pressure in the case of LOX as oxidizer
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is less than that in the case of H>O- as oxidizer. The maximum peak of the predicted laminar

burning velocity is insensitive to the adopted pressure; its value is around 0.75 of the fuel porosity

for LOX as oxidizer, and 0.82 of the fuel porosity for H,O, as oxidizer.

© 6—01MPa— IMPa —10MPa| 4| — 01MPa— 1MPa —10MPa |
? - | — 05MPa— 5MPa i | — 0.5MPa— 5MPa 1
SRS ERA :
= F 1 3r 3
o _f . - '
> 3 - o [ I
.%0 - B < =15 ®= -i“\‘\\_{-
g - ®=20 @ =0.5
o _ 1 o
<§ 1F @ =0.5- C ]
£ @LOX, | 1 [(h)H202 :
m 1 1 1 1 1 1
= 00.5 0.6 0.7 0.8 0.9 00.6 0.7 0.8 0.9
Porosity, - Porosity, -

Fig. 4 - 7 Laminar burning velocity under various pressure on the imposed fuel porosity and
temperature at the top surface (7s) for (a) C;Hs~LOX and (b) C;H4+—H>0O, combustion with

constant equivalence ratio lines.

This predicted trend is somehow opposite to what we observe in our specimen. According to

Fig. 4 - 5, the total mass flux (or the regression rate) increases with increase in ambient pressure

since the gaseous flame, which acts as the main heating source to promote the regression of the

porous combustible, is formed close to the top surface. The expectation is that, as the pressure

increases, the regression rate is promoted and the spouting velocity of the premixed-gas mixture
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from the top surface increases. To achieve a steady solution in this specimen, the spouting velocity
of the premixed-gas mixture (V) must be balanced with the laminar burning velocity (V) of the
mixture as modeled. Given that the laminar burning velocity decreases as the pressure increases,
the balance needed to achieve a steady solution (namely, V; = V;,) may fail under certain
conditions, resulting in blow-off. In the following section, we will study this issue and discuss the

potential range of achievable solutions under a wide range of imposed conditions.

4.5.2 Effect of pressure and fuel porosity on blow-off limits

The spouting velocity of the premixed-gas mixture (1) is calculated based on the obtained total
mass flux (1) and compared with the laminar burning velocity (V;) to elucidate the critical
conditions of the blow off. Examples of their relation are presented in Fig. 4 - 8 for the cases of
(a) LOX and (b) H20; as the liquid oxidizers. In the figure, the solid and dashed lines indicate the
laminar burning velocity (V;,) and the spouting velocity of the premixed-gas mixture (),
respectively. The successive burning condition, including the steady burning is the range needed
to meet Vy, = V.

This figure shows a high probability of blow-off in the case of LOX as the liquid oxidizer,

whereas such chance is rather low in the case of H,O, as the liquid oxidizer. In this sense, using
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H>O, seems more reasonable; however, the achieved Vj is rather limited. The successive burning

range is summarized in Fig. 4 - 9.
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Fig. 4 - 8 Relation between laminar burning velocity (V) and spouting velocity of premixed-

gas mixture (V) at top surface as function of fuel porosity and pressure for (a) LOX and (b) H-O:

as oxidizer and blow-off limits (blow-off region: V; > V).

In Fig. 4 - 9, the horizontal and vertical axes are the ambient pressure and the fuel porosity,

respectively. The corresponding equivalence ratio is also shown on the second vertical axis. The

achievable regression rates (V) with successive-burning region are shown in color contour, and

the white area is the blow-off region. It is found that the regression rate and the spouting velocity

of the premixed-gas mixture increase when the fuel porosity approaches 0.7 and 0.8 for the case

of LOX and H,O,, respectively. Assuming complete combustion (i.e., the equivalence ratio is
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unity) of C;Hs~LOX and CoHs—H»0, the optimal O/F values for complete combustion are about

3.4 and 7.3, respectively. Thus, the corresponding fuel porosity for complete combustion can be

given as 0.73 and 0.82 from the relation of Eq. 3 - 9, and the maximum regression rate can be

derived at the optimal fuel porosity of 0.73 (LOX) and 0.82 (H,0,).

For (a) (LOX case), a relatively large blow-off region is identified, especially at lower pressures

and around the optimal fuel porosity (0.7). At lower pressures (< 0.5 MPa), a lower fuel porosity

(< 0.55) is suitable for achieving the successive burning. In addition, a high-pressure environment

is also a suitable operating condition for achieving the successive burning at high regression rates,

especially > 5 MPa, and high fuel porosity (around 0.7). This is because the density of the gas

mixture increases with the pressure, and blow-off is inhibited as the pressure increases. Between

0.1 MPa and 10 MPa of pressure, the maximum regression rate could be over 90 mm/s (around

10 MPa and 0.7 in the fuel porosity). By contrast, the successive burning condition for (b) (H20:

case) can be achieved in a wide range of ambient pressures, namely, between 0.1 MPa and 10

MPa. Although when the pressure is reduced below 0.1 MPa, a small blow-off region is predicted.

At 0.1 MPa and fuel-rich condition, steady solution can be predicted, which might be the case we

have observed in our experiment.
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Fig. 4 - 9 Successive burning range as function of ambient pressure and fuel porosity for (a) LOX

and (b) H,O as liquid oxidizer.
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More importantly, the large data scattering in the regression rate and frequently observed
explosion-like burning, reported by Nagata et al. [85], might be explained by this predicted
mapping. Although the different porous combustibles (they used fibrous polyamide and LOX)
were used, their tested range might have been partially in the blow-off region, as shown in Fig. 4
- 9 (a). Hence, in the blow-off region, local extinction (blow-off) and re-ignition may occur. This
would lead to the data scattering and the explosion-like behavior. In the case when LOX is used,
either very rich or lean condition needed to be selected to have the successive burning to avoid
any blow-off-driven fluctuation. We are planning to work on high-pressure burning test with LOX

in order to understand the direct burning behavior measurement to prove our prediction.

4.5.3 Effect of pressure and fuel porosity on pressure exponent and

regression rate

Lastly, the potential regression rate as a function of the ambient pressure and the fuel porosity
and the potential pressure exponent (b) of this specimen are discussed. The potential regression
rate, as a function of the ambient pressure and the fuel porosity, together with the pressure
exponent () is given in Fig. 4 - 10 for (a) LOX and (b) H,O,, respectively. Please note that the

following results are obtained when the reaction index is unity (z = 1). In the figure, the blow off
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region and the successive-burning region are depicted in blue and red, respectively, together with
the potential regression rate mass that can achieve the comparable mass flux (11 kg/m?s at 5 MPa)

of the existing composite solid propellant employing HTPB, Al particles, and ammonium

perchlorate.
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Fig. 4 - 10 Potential regression rate determined as function of pressure and fuel porosity for (a)
LOX and (b) H,O» (successive burning region: solid lines; blow-off region: dashed lines) together

with (c) pressure exponent.
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In (a) and (b), it is found that the comparable mass flux (green quadrangle) can be achievable

for both the cases by adjusting the fuel porosity properly. It is interesting to note that the

comparable mass flux can be achieved even using hydrogen peroxide.

In (c), the pressure exponent (b) is derived based on a well-known formula, which is denoted on

the figure, used for solid propellant [92] (a is the empirical constant) as a function of the fuel

porosity. The pressure exponent varies depending on the fuel porosity, and the maximum pressure

exponent is obtained around the optimal fuel porosity (0.7 for the LOX case, 0.8 for the H,O,

case). The pressure exponent (b), in general, is between 0.3 and 0.6 for general propellant [92]. It

could be in the range of 0.4 — 0.5 in the composite solid propellants, especially the AP-based

composite solid propellant employing HTPB, Al particles, and ammonium perchlorate (AP) [112].

The pressure exponent in this specimen is predicted to be between 0.51 and 0.65, depending on

the fuel porosity and the type of liquid oxidizer. Thus, it is found that this specimen is more

pressure sensitive as compared with those of composite solid propellants. For this reason, it is

clear that precaution to inhibit the vibration associated with pressure and exothermic reaction by

the combustion shall be more necessary in the present specimen than that of the existing

composite solid propellant.
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4.6 Concluding remarks of this chapter

In this chapter, the comprehensive numerical investigations of the fundamental burning
characteristics of the porous combustible soaked in the liquid oxidizer were made. Based on the
experimentally obtained findings in the Chapter 3, a steady simple one-dimensional burning
model was developed, and the validity of the burning model was confirmed by the experimental
results. The thermal structure and the potential regression rate under the various imposed
(prescribed) conditions were predicted in this work. Separately considering the estimated blow-
off limit in the gas-phase layer, the range needed to achieve successive burning was predicted.
Based on the blow-off criteria introduced by the CHEMIKIN premix code, it was found that the
achieving successive burning is strongly depended on the adopted oxidizer, the adopted fuel
porosity, and the ambient pressure. When LOX (liquid oxygen) is used as the liquid oxidizer, the
blow-off can be found in wider range, suggesting that the successive burning is hardly achieved.
This finding suggested that possible reason for the data scattering and explosion-like burning,
observed in the previous work by Nagata et al., was attributed to the blow off and re-ignition
phenomena. By contrast, the successive burning condition for H>O, case can be achieved in a
wide range of ambient pressures and fuel porosities. Lastly, this chapter reveals that the potential

regression rate is found to be comparable to the existing composite solid propellant even using
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hydrogen peroxide, and the pressure exponent of the present specimen is predicted to be more

sensitive compared with those of the existing AP-based composite solid propellants. For this

reason, the precaution to inhibit the vibration associated by pressure and exothermic reaction by

the combustion shall be necessary than that of the composite solid propellant.

155



156



Chapter 5

S Product gas analysis and thrust performance
5.1 Introduction and objective of this chapter

As we have reported, the fundamental burning characteristics of the tested specimen consisting
of polyethylene foam soaked in hydrogen peroxide were experimentally and numerically obtained.
Now our interest is to predict the achievable specific impulse (thrusting performance), /,, brought
by this present specimen.

To evaluate /g, first we must know the exact end gas components in a precise manner. Because
the solid fuel in the present burning specimen is a polymeric material, its products would be quite
complicated [113] [114] and difficult to measure all directly in a precise manner. Suppose that the
adopted specimen could reach the equilibrium state, it is possible to identify the major species of
the end gas components by direct measurement and the other minor species would be identified
through the equilibrium calculation.

In the chapter, firstly we shall experimentally measure distribution of the product gas species
over the burning specimen by a gas chromatography to confirm that the present specimen could

reach the chemical equilibrium state. Then we shall predict the whole components of the end-
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gases assisted by CEA (NASA Chemical Equilibrium with Applications) code [108] in order to

evaluate the achievable specific impulse by this burning specimen.).

5.2 Experimental setup and gas species analysis methodology

5.2.1 Experimental setup and tested conditions

A schematic diagram of the whole experimental setup and the tested specimen used in this work
is illustrated in Fig. 5 - 1. Basically, the setup is similar to the Chapter 3 so that brief description
is made here.

Experiments are carried out under nitrogen-balanced 0.1 MPa environment under various fuel
porosities of the polyethylene (PE) foam, ranging from 0.765 and 0.84. A forced ignition using
the U-shaped Nickel-chrome wire (stated ignitor in Fig. 5 - 1 (A)) at top surface of the specimen.
PE foam is commercially-available (Sakai Chemical Industry Co., Ltd.; 99 % PE composition,
185 kg/m* apparent density), which is 18 mm in diameter and 60 mm in height. The PE form is
soaked in enriched hydrogen peroxide (H»0>), distilled the original solvent (Mitsubishi Gas
Chemical Company, Inc 60 wt.% H»0,). Distilling procedure is to maintain the solvent at boiling
temperature of the water at 0.1 MPa. Ideally, the distilled solvent shall reach 100 wt.% H>0O»,

however, it is not easy to have pure material. It is well-known that H,O» is decomposed into water
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vapor and molecular oxygen by heating or a catalyst [115], and the mass fraction of the

decomposed water vapor and oxygen depends on H>O, concentration, temperature, pressure, etc.

[115] [116] [117] [118]. Because the accurate control of the mass fractions of the decomposed

water vapor and oxygen is difficult, we have no way to know “enrich” condition in advance, rather,

we shall predict through the product analyses.

—— experimental setup
chamber volume : 300 x 300 x 400, mm?

losed chamber
(A) :

purge line |

Il

ignitor

video == quartz
camera window

specimen |
pecimen (— S
oL gas sampler
B | | — = N2 line
adjutor —=

nitrogen environment
injection

y

data acquisition

2 ’g - PC
chromatography
i it:
e R . Flo | needle

PE foam

. 60
polyethylene foam [e|ikigvAiilos 118 ~
soaked in H,0,

Fig. 5 - 1 (A) Schematic diagram of whole experimental setup and (B) tested specimen used in

this work.
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The enriched H>O»-soaked specimen is inserted into the vertically-oriented transparent quartz

tube. Entire burning event after the ignition is recorded by the video camera (Canon iVIS HF

G20; 60 fps frame rate, 1/250 shutter speed, 18 dB gain, 2.8 F number) through the quartz window

attached to the chamber. The product gas is collected by the gas sampler and analyzed by the gas

chromatography (call GC hereafter, GC2030, Shimadzu Corporation). The top surface of the

specimen is detected by Image J. In this work, the experimentally obtained results are organized

by range of the fuel porosities; case (A) 0.809 — 0.84 and case (B) 0.765 — 0.792.
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5.2.2 Product gas measurement

Fig. 5 -2 (A) shows the gas sampler used in this work. The gas sampler consists of the syringe
and the thin needle which measures 0.6/0.3 mm in outer/inner diameter, respectively. The
concentration of the product gas species is measured at various location above the burning surface.
We call the location as “gas collection distance” (%), and /4 is defined as the distance between the
needle location and the top surface location of the specimen as shown in Fig. 5 - 2 (B). During
the experiment, 25 mL of the product gas is sampled taking one second. Note that the sampling
volume rate (25 mL/s) is at most 0.5 % of the total product gas released from the burning specimen,

so that the sampling procedure should not affect burning event itself.

(A) gas sampler

Syringe o w*—-———:‘; ,‘

thin needle made of stainless
s

gas collection: 25 mL a second

(B) gas collection distance, A

— needle location

-I- - - -top surface location

h : distance between
top surface and needle

Fig. 5 - 2 (A) Gas sampler used in this work and (B) gas collection distance between needle

location and top surface location.
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5.2.3 Gas measurement and identification

The product gas species are measured and identified by GC. A typical signal of GC is shown in
Fig. 5 - 3 where fuel porosity and the gas collection distance are 0.828 and 4 = 21.5 mm. The
horizontal axis and the vertical axis represent elapsed time and sensitivity, respectively. In Fig. 5
- 3 (A), the detected major product gas species are found to be a mixture gas of nitrogen, oxygen,
and carbon monoxide (N; + O, + CO), and carbon dioxide (CO,), ethylene (C,H4), and acetylene
(C;H>), respectively. The concentration of each gas species is defined as volume fraction “X;”.
Fig. 5 - 3 reveals that N; is detected due to the ambient gas present in the chamber, however,
volume fraction of N is eliminated in this work in calculation of the concentration.

Fig. 5 - 3 (B) shows an enlarged graph of Fig. 5 - 3 (A). In Fig. 5 - 3 (B), a noise can be
confirmed after 8 of the horizontal axis. Taking into the account complete combustion of the
hydrocarbon fuel and H,O,, water vapor (H,O) shall be released as the product gas species.
Nevertheless, H,O cannot be detected by the present GC so that we assumed that the noise is
affected by H»>O present in the product gas, and that its concentration of H>O (Xw20) can be

estimated as follows.

Xpo=1- (Z X;),1 = C0,C04,04, CoHy, C3Hy, Ny Eq.5-1

where X; represents the concentration of each product gas species. Hence, the product gas species
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to be analyzed are decided as CO, CO;, HO, O,, C;H;, and C,Ha.
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Fig. 5 - 3 (A) Typical signal of combustion product gas species detected by gas chromatography
at 0.1 MPa with fuel porosity of 0.828 at gas collection distance # = 21.5 mm, and (B) detected

noise due to presence of H>O.

5.3 Chemical equilibrium calculation
The chemical equilibrium calculation is performed by CEA code with the prescribed mass
fraction of the fuel and the oxidizer gases. We shall vary those values to fit to the experimentally-

measured major gas species. For the fuel gases, according to the paper [119], main pyrolysis gases
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of the polyethylene are to be methane (CH4), ethylene (C2Has), and ethane (C>He). For the oxidizer

gases, the water vapor (H>O) and oxygen (O>) are chosen by assuming that pure H>O, decomposes

into the water vapor and oxygen as follows.

H202 _>H20+05 02 Eq5'2

For pure H,0,, the mass of the decomposed water vapor and oxygen shall be 18 g and 16 g, and

both the mass fractions are 53 wt.% and 47 wt.%, respectively. Each mass fraction depending on

the H,O, concentration is estimated by multiplying the actual H,O, concentration by the

abovesaid mass fractions. For instance, when 80 wt.% H>O; is used, the decomposed water vapor

and oxygen are assumed to be 0.8 x 53 wt.% and 0.8 x 47 wt.%, respectively. In the CEA

calculation, the effect of the H>O, concentration will be also considered. The input data adopted

in this work is summarized as follows.

Table 5 - 1 Input data for CEA calculation.

Oxidizer gases H,O + O,
Fuel gases CH,4, C,H4, CoHg
Pressure 0.1 MPa
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5.4 Results and discussion: experimental results

5.4.1 One-dimensional profiles of CO> and H>O concentration

In the chapter 4, it was proved that the burning event of the present specimen shall be
progressed one-dimensionally. Following this fact, firstly, one-dimensional (1-D) CO, and H,O
(major gas species) concentration profiles measured as a function of the gas collection distance
are presented to Fig. 5 - 4. The horizontal and vertical axes are the concentration [%] and the gas
collection distance, 2 [mm)], respectively. The dashed lines which are obtained from the squared
least method are depicted for easy to confirm the data trend. Although the top surface location of
the specimen moved during the gas collection are in a range between 1.5 mm and 1.8 mm under
the conditions studied in this work, the gas collection distance (%), plotted in the figure, is the
value when the gas collection is started.

Asitis seen in Fig. 5 - 4, both the concentrations profiles are converged to almost the constant
value. Taking into the account the general premixed combustion of the hydrocarbon fuel with
oxygen, it is well-known that the CO, and H,O concentrations as the product gas are converged
to the constant [ 120]. With this regard, it is understood that the product gas of the present specimen
reaches to the chemical equilibrium under the condition studied. With this respect, the prediction

of the specific impulse by the CEA code is effective by inputting the potential combination of the
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fuel (pyrolysis) gases, the oxidizer gases, and their mass fraction.
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Fig. 5 - 4 Measured 1-D concentration profiles of CO, and H,O under atmospheric pressure (0.1

MPa) and fuel porosity; case (A) 0.809 - 0.84 and case (B) 0.765 - 0.792.

5.4.2 Parametric estimation by CEA code (1): Effect of mass fraction of

fuel gases on CO; and H>O production

The CO; and H,O concentrations computed by the CEA code are presented to Fig. 5 - 5. The
input data of the calculation are summarized in Table 5 - 2. The equivalence ratios (@) are chosen
as 1.0 for the case (A) and 1.3 for the case (B), which corresponds to almost the fuel porosity
range of the experiments. The horizontal and vertical axes are ratio of the mass fractions of

ethylene (C,Hs) — ethane (C,Hs), which is defined in Eq. 5 - 3, and the concentration. Additionally,
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the solid line represents the result obtained by 0 wt.% CHas, and the dashed lines represent ones
obtained by 25 wt.% and 50 wt.% CHa, respectively. The CO; and H,O concentration at the
chemical equilibrium obtained from the experiments (value of the dashed lines in Fig. 5 - 4) are

shown as well on the figure.

C,H, (Wt. %)

@ = CoH, (Wt.%) + CyHg (WE. %)

Eq.5-3

Table 5 - 2 Condition for CEA calculation

Oxidizer gas H,O (vapor) + O (50 wt.%: 50 wt.%)
Fuel gas CHa, CoHa, CoHg (100 wt.% in total)
Pressure 0.1 MPa

equivalence ratio 1.0 for case (A), 1.3 for case (B)

e €Xperimental results CHy: — 0 wt.% == 25 wt.% === 50 wt.%

case (A) p =1.0 case (B),p=1.3

80 35 1

80

\
CH, increases
1 L | L | 1

e 40 15 —— 40
0 02040608 1 0 020406038 1
o1 o

Fig. 5 - 5 Comparison between experimental result and CEA calculation result obtained under

oxidizer gases of 50 wt.% H>O and 50 wt.% O, and fuel gases of various o and CHy.
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It can be seen that the CO, concentration decreases as the ratio (a) increases, and the H,O
concentration is increased with the increase in the ratio a for both the case (A) and case (B).
Additionally, it can be confirmed that the CO, concentration decreases, and the H,O concentration
increases, as the mass fraction of CH4 increases. As compared to both the H,O and CO;
concentrations by experiments and the CEA calculation, it is obvious that there is large deference.
Assuming that the experimental results are correct, this comparison result implies that the present
input data for the CEA code are mistakenly selected. Therefore, the fuel gases, the oxidizer gases,
and their mass fractions need to be changed to seek the potential combination of those that will

match the experimentally obtained concentrations.

5.4.3 Parametric estimation by CEA code (2): Effect of mass fraction of

oxidizer gases on CO; and H>O production

In this work, H,O, is enriched from 60 wt.% H,O, with the methodology stated in Sec. 5.2,
Suppose that the water in the solvent is not perfectly eliminated, the mass fraction of the
decomposed water vapor (H2O) is higher in comparison with that of 100 wt.% H>O,. Following
this scenario, the mass fractions of the oxidizer gases are changed to 65 wt.% H»O: 35 wt.% O,

and its result under this condition (listed in Table 5 - 3) is given to Fig. 5 - 6. The axes, solid lines,
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and dashed lines represent the same as Fig. 5 - 5.

Table 5 - 3 Input data for CEA calculation.

Oxidizer gas H>O (vapor) + O; (65 wt.%: 35 wt.%)
Fuel gas CHa, CoHa, CoHg (100 wt.% in total)
Pressure 0.1 MPa

equivalence ratio 1.0 for case (A), 1.3 for case (B)

s €Xperimental results CHy: — 0 wt.% == 25 wt.% === 50 wt.%
case (A) p=1.0

35 —

B =13
30 35 e ®emld g

10 b 1XH20
X g 1
S 25 F
S i
> i i
' Xcoz |
5 [ L 1 1 | 1 1 1 | I 40 15 [ 1 1 I 1 I | L 1 L 40
0 02040608 1 0 02040608 1
o

0
Fig. 5 - 6 Comparison between experimental result and CEA calculation result obtained under

oxidizer gases of 65 wt.% H>O and 35 wt.% O» and fuel gases of various a and CHa.

It is observed that the trend of the CO; and H»O concentrations exhibits the same as Fig. 5 - 5,
and the CO; and H,O concentrations obtained from the CEA calculation are found to approach to
the experimental results as compared to Fig. 5 - 5 by increasing the mass fraction of water vapor.

It can be also seen that the results of the CEA calculation match with the experimental results,
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especially for 25 wt.% CH4 and 50 wt.% CHa of the case (B). The ranges where the experimental
results and the CEA calculation results match for both the CO, and H,O concentrations are
depicted in green and blue on Fig. 5 - 6. This finding reveals that the assumption of the fuel gases
(CH4, C,H4, and C;Hp) are valid when distillation of H,O; is insufficient. In the next section, the
mass fraction of the fuel gases of CHa4, C;H4, and C;Hg for the green and blue region in the case

(B) when the oxidizer gases 65 wt.% H>O and 35 wt.% O, are adopted is discussed.

5.4.4 Pyrolysis gases and its mass fraction range

For the green region in Fig. 5 - 6, it is confirmed that the ratio of the mass fraction of ethylene
(C;Hy) — ethane (C;Hg), a, is in a range between 0 — 0.4 with 50 wt.% CHa, whereas o is 0.7 — 1
with 25 wt.% CHj for the blue region. Because the mass fractions of the fuel gases are accounted
for 100 wt.% in total, the mass fraction of C,H4 and C,Hs share the rest of 50 wt.% (green region)
and 75 wt.% (blue region), respectively. Therefore, a range of the mass fraction for CoH, and C,Hs
is determined as presented to Fig. 5 - 7. The horizontal and vertical axes on the figure are the mass
fractions of C,H4 and C,Hs, respectively.

The range of the mass fractions is varied between 0 — 20 wt.% C;H4 and 30 — 50 wt.% C,Hs for

50 wt.% CHs (the green region), whereas the range of the mass fraction is between 53 — 75 wt.%
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C,Hy4 and 0 — 20 wt.% C,He for 25 wt.% CHy (the blue region). This result will help predicting
the thrusting performance by the CEA code. With this methodology, the pyrolysis gases, the
oxidizer gases, and the range of their mass fraction, released from the burning specimen could be

predicted.

range of pyrolysis fuels in wt.%

==

-2 CH;:25%,a:0.7-1

..o CH,:50%,a:0-04

C,Hg, wt. %

C,H,, wt. %

Fig. 5 - 7 Relationship between mass fractions of C,H4 and CoHg under 50 wt.% CHs (green

region) and 25 wt.% CH,4 (blue region).
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5.4.5 Identification of the other product gases

The detected product gas species denoted as the “others” in Fig. 5 - 3 is unknown. Taking advantage
of the prediction by the CEA code, the “others” is predicted. The predicted gas species except for CO;
and H,O computed by the CEA code are summarized in Table 5 - 4. Condition for the calculation is
the same as case (A) listed in Table 5 - 3. It is seen that the detected product gas species except for
CO; and H,O are found to be small amount of CO, O, and OH (hydroxyl radical). As the
chromatograph enables to examine the CO and O», as mentioned in Sec 5.2, it is suggested that the
detected “others” would be the OH. Although the quantitative concentration of OH (Xog) is still
unknown, assuming that Xog is 0.5 %, and modifying the H,O concentration with Eq. 5 - 1 by taking

into the account Xop, the specific impulse will be estimated in the following section.

Table 5 - 4 Gas species detected by CEA calculation in order to predict “others” found in

chromatograph presented to Fig. 3.

Oxidizer gas H,O (vapor) + O (65 wt.%: 35 wt.%)
Fuel gas CHa, C2Ha4, CoHg (100 wt.% in total)
Pressure 0.1 MPa

equivalence ratio 1.0 for case (A), 1.3 for case (B)
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5.4.6 Expected specific impulse by the present thrusting system

Lastly, the specific impulse (/sp, [s]) is estimated with the concentration of the end-product
components for the case (A) and case (B) by the following equation. The concentration of the end-
product component is defined as the concentration when the chemical equilibrium is reached, namely,

the value at the dashed lines in Fig. 5 (experiment) and as the value computed by the CEA code.

k—1

1 2k R x

Iep = — T, 1_(p_e)k Eq.5-4
Jo |k—1M, Pc

where gy [m/s?], k [-], R [J/mol-K], Mc [kg/mol], Tc [K], p. [Pa], and p. [Pa] are the gravitational
acceleration (9.81 m/s?), the specific heat ratio, the universal gas constant (8.31 J/(mol K)), the
average molecular weight of the combustion gas, the burning temperature of the combustion gas,
the nozzle exit pressure (0.1 MPa), and pressure near the burning surface, respectively. For the
burning temperature (7¢), it was measured (1800 K at maximum) in the chapter 3 under almost
the same experimental conditions conducted in this work. The molecular weight (M¢) and

pressure (p.) can be estimated as follows by assuming ideal gas,

MC=ZMiXi Eq5-5
R
Pc=PM_CTc Eq.5-6
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where M; [kg/mol] and p [kg/m’] are the molecular weight of each product gas species and the
density of the combustion gas. The density (p) and the specific heat ratio (k) are obtained by the
CEA code. The average molecular weight (Mc) is firstly calculated based on the concentration at

the dashed lines shown in Fig. 5 - 4, and the pressure (p.) is determined accordingly.

Table 5 - 5 Molecular weight, and specific impulse obtained by experiments and CEA code
calculated under 25 wt.% (CHy), 60 wt.% (C,H4), and 15 wt.% (C>He).

Symbol case (A)p=1 case (B)p=1.3 Unit
Mc 24.1 24.4 g/mol
De 0.2x10° 0.2x10° Pa
De 0.1 x 10° Pa
Isp (experiment) 91.9 91.3 S
Isp (CEA) 75 wt.% Hy0» 94.7 94.8 s
Isp (CEA) 90 wt.% H>0, 101 104 s
Isp(CEA) 100 wt.% H>0» 102 106 s

The obtained molecular weight (Mc), pressure (p.), the obtained specific impulse (/;,), and the

specific impulse computed by the CEA code under the conditions of the case (A) (¢ = 1) and case

(B) (¢ = 1.3) are listed in Table 5 - 5. The input fuel gases and their mass fraction of the blue

region are selected as 25 wt.% (CHs), 60 wt.% (C;H4), and 15 wt.% (C,Hg), respectively. The

estimated specific impulse for case (A) and case (B) under various initial H,O, concentrations in
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the oxidizer are also summarized in Table 5 - 5. It is understood that the higher H,O» concentration

in the oxidizer gives better thrusting performance, however, its recovery is at most 10 %.

Nevertheless, in case one prefers to have maximum performance in the present specimen, it is

recommended to apply special methodologies such as the distillation at reduced pressure and

freezing the solvent at the freezing temperature of the water [116] [121].
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5.5 Concluding remarks of this chapter

The product gases of the burning polyethylene foam soaked with the enriched hydrogen
peroxide (H,O») at nitrogen-balanced 0.1 MPa ambient were studied to predict the thrusting
performance of the present burning specimen. In the experiment, enriched H>O; obtained through
distilling procedure was used as the liquid oxidizer. The cylinder-shaped burning specimen
embedded in the quartz tube was tested, and the steady end-burning regression was presented
after the ignition at the top surface. One-dimensional (1-D) CO; and H,O concentration profiles
over the regression surface were measured experimentally by using a gas chromatography.
Adopted porosity of the fuel form is the range of 0.765 — 0.84. It was found that the concentration
profiles exhibited nearly flat, suggesting that the chemical equilibrium state has been reached
satisfactory in the post-flame zone. The equilibrium calculation by the CEA code was then utilized
in order to predict the exact combination of the pyrolysis gases, the oxidizer gases, their mass
fraction, and the end gas components produced in this burning specimen and the specific impulse
achievable by this burning specimen. The predicted mass fraction of oxygen shall be lower than
that of pure H,O,, major pyrolysis gases components were found to be methane (CH4), ethylene
(CyHy), and ethane (C,Hs). A part of product gas species, which was not identified by the

experiments, was found to be OH (hydroxyl radical). Potential specific impulse was estimated to
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be in the range of 95 s to 106 s, depending on the initial H,O, concentration. Using pure H,O»

was preferred to achieve the larger specific impulse of the present specimen.
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Chapter 6

6 Concluding remarks of the dissertation

The objective in this dissertation is two folds as follows:

1) the fundamental burning characteristics of the specimen consisting of the porous combustible
soaked in the liquid oxidizer are investigated.

2) the reason for the data scattering and the explosion-like burning, observed in the previous
work by Nagata et al., is clarified.

3) the thrusting performance achievable in the present specimen is investigated.

In this dissertation, the comprehensive experimental and numerical investigations on the
specimen, consisting of the polyethylene foam soaked in enriched hydrogen peroxide, as referred
to the previous work by Nagata et al. in 1997, were conducted. In the experimental investigation,
the experiments were carried out with the newly introduced chamber, which is filled with nitrogen,
under pressures in a range between 0.1 MPa and 0.35 MPa in absolute pressure and fuel porosities
in a range between 0.6 to 0.9. In the experimental investigations, the following findings on the

fundamental burning characteristics of the tested specimen were obtained.
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With the careful observation of the burning event and by carefully tracking the top surface (the

burning surface) of the specimen by the image processing, (1) it was revealed that the top surface

of the specimen moved downward at almost the steady regression rates, ranging between 1.6

mm/s and 3.2 mm/s, depending on the fuel porosity and pressure. (2) The direct temperature

measurement trials by the thermocouple helped to know the thermal structure during the entire

burning event, and (3) the regression of the specimen was found to be dominated by the premixed-

like surface flame established close to the top surface of the specimen. Lastly, (4) the one-

dimensionality of the burning process was proven by the simple thermal analysis. These findings

played vital role in knowing the fundamental burning characteristics of the tested specimen which

has been missing since the previous work by Nagata et al.

Utilizing the experimental findings, the one-dimensional burning model was then developed in

this work, and the validity of the burning model was evaluated by the experimental results. The

effect of the fuel porosity, pressure, type of the liquid oxidizer on the thermal structure during the

burning event, on the potential regression rate, and on the pressure exponent were numerically

predicted. In addition, considering the blow off limits of the premixed combustion in the gas-

phase layer, the blow off limits and its effect of the imposed conditions were investigated in this

work. The numerical findings revealed that the successive burning is widely achievable when
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hydrogen peroxide is used as the liquid oxidizer, but it is only partially achievable when liquid

oxygen is utilized. The tested range where Nagata et al. conducted might have been partially in

the blow-off region, hence, local extinction (blow-off) and re-ignition may occur. It was found

that, in the case when LOX is used, either very fuel rich or fuel lean condition needed to be

selected to prevent any blow-off-driven fluctuation. This fact may support the data scattering and

the explosion-like burning observed in the previous work reported by Nagata et al.

The product gases of the specimen at nitrogen-balanced 0.1 MPa ambient to predict the specific

impulse of the present specimen were studied. In the experiments, we first measured 1-D CO, and

H,O concentration profiles over the regression surface by a gas chromatography under various

fuel porosities 0.77 — 0.84. The concentration profiles exhibited nearly flat, suggesting that

chemical equilibrium was reached satisfactory immediately after the regression surface. The

equilibrium calculation was then utilized in order to predict optimal combination of pyrolysis

gases, oxidizer gases, and their mass fraction, and estimate the other product gases potentially

produced and thrusting performance achievable in this burning specimen. The expected specific

impulse potentially achievable by the present burning specimen was estimated and found to be in

the range of 95 s to 106 s, depending on the initial H,O» concentration. This fact implied that

using pure H,O, was preferred to achieve the larger specific impulse of the present specimen.
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Appendix — A) Design of large volume chamber

Appendix — A — 1) Chamber thickness

In this work, pressure dependency on the fundamental burning characteristics of the present
specimen was experimentally examined using the self-made chamber. Prior to the making of the
chamber, the safety design of the chamber based on the maximum allowed pressure was firstly
addressed for safety experiment. In this work, the maximum allowed pressure for the chamber is
set to be 0.5 MPa in absolute pressure.

First, the chamber was designed to consists of plates. The thickness of the plates, which can
resist the maximum allowed pressure (0.5 MPa), is determined. The thickness necessary to resist
the pressure is calculated by the following equation. In this work, the rectangular-shaped chamber
is designed as presented to Fig. A— 1 — 1. This is because this shape is easy to be made and enables
us to equip the transparent quartz window for observation with the chamber. Although this
equation is valid for the cylindrical-shaped chamber, and it is not suitable for the rectangular-
shaped chamber, we judged that there should be no problem if a thickness sufficiently thicker than

the thickness calculated by this equation is adopted.

PD

t=————+C A-
7128 " Eq.A-1,1

where P [MPa] is the allowed pressure, D [m] is the diameter, S [MPa] is the allowed tensile force

for the chamber material, # [-] is the joint efficiency, and C [m] is the corrosion allowance,
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respectively. In this work, aluminum plates, which measures 15 mm of thickness, is employed for

the chamber for ease of the making. Therefore, S can be decided as 230 MPa for A5052. Width

or length of the chamber is designed to be 300 mm, so that D is decided as 300 mm. 0.2 of # is

selected to make the thickness larger for safety. The calculated thickness is 0.3 mm under an

assumption that C is zero. Therefore, thickness of the aluminum plate used in this work is large

enough in comparison with the calculated thickness to resist the allowed pressure.

500

Fig. A-1-1 Three dimension of self-made chamber used in this work.
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Appendix — A — 2) Required diameter of bolts

Each aluminum plate is fixed with multiple bolts as shown in Fig. A — 2 — 1. When the internal
pressure is applied to each aluminum plate, the aluminum plates are being fixed by the bolts, and
thus the force by the internal pressure is applied to each bolt. For this reason, it is necessary to
select suitable bolts to resist the force generated by the internal pressure. The top and bottom
plates are each fixed by 16 bolts as shown in the above figure, and the front and back plates are
each fixed by 18 bolts. The required diameter of each bolt to resist pressure up to 0.5 MPa is
estimated here. M10 Bolt, which measures 9.026 mm in the effective diameter and 58 mm? in
the effective area, made of SUS 304 is used for the chamber. The force applied to each plate plates
are calculated as follows.

Force (F) applied to the top and bottom plates: 36.5 kN (at 0.5 MPa)

Force (F’) applied to each bolt: 36.5 kN/ 16 = 2.28 kN

Force (F) applied to the front and back plates: 54.0 kN (at 0.55 MPa)

Force (F’) applied to each bolt: 54.0 kN /18 = 3.0 kN

. 300 mm ) i 1 | |
o 5 bber
g0 0 o ob o™ 0
| I bolt
= L o - S
E P 0 - o E
o i aluminum plate | : 10 S
2 Ol 10 i L2
@ : : (@] o
Ol 10 : :
| A_I Ol 10
do o o _ohb | rubber ' '
I
|| T || [

Fig. A— 2 — 1 Top view and front view of chamber, and number of bolts and location.
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In addition, as shown in the following figure, tensile force and shear force are applied to each

bolt and thread. Therefore, the bolt should resist up to 3.0 kN of the force. The force, which can

be resisted with the bolt, is calculated as follows. Physical properties used in the calculation are

listed in the following figure.

Tensile force
Tensile force = A X yield stress Eq.A-2,1
Shear force
Shear force = A X shear stress Eq.A-2,2
Shear force per a thread
= p X d X shear force Eq.A-2,3

where p [mm)] is the pitch between the threads and d [mm)] is effective diameter, respectively,

bolt | |

pitch, p = 1.5 mm

aluminum plate

d=9.026 <«— tensile force for bolt
<«— shear force for thread

name symbol value unit
yield stress oy 98  [N/mm?]
shear stress T 78  [N/mm?]

Fig. A—2 — 2 Shear force and tensile force, and its yield stress and shear stress of SUS304.
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Based on the above relations, the allowed tensile force, the allowed shear force, and the allowed
shear force per one thread are calculated as 5.684 kN, 4.524 kN, and 3.318 kN Recalling that the
tensile force and the shear force applied to each bolt, when 0.5 MPa is applied, are 2.28 kN and
3.0 kN, hence, the bolt, which is M10, made of SUS304 is enough for resisting the allowed

pressure (0.5 MPa).

Appendix — A — 3) Relief valve and acrylic plate for safety

Based on the maximum allowed pressure for the chamber, the maximum pressure were decided
for the experiment. Even though the chamber is designed to resist up to the maximum allowd
pressure, it should be necessary to consider additional matter for safety experiments. With this
respect, a relief valve and a acrlic plate are equipped with to the chamber, as shown in the

following figures.

relief valve acrylic plate
Fig. A — 3 — 1 Relief valve and acrylic plate.
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When pressure inside the chamber increases sharply, owing to unwanted burning behavior, and

exceeds certain pressure, gas inside the chamber is released via the relief valve to outside. The

certain pressure of the relief valve is selected as 0.4 MPa. In addition to the relief valve, an acrylic

plate is equippted with to the chamber. If the relief valve fails to work properly, it would cause

rupture of the chamber, and this acrylic plate plays important role in releasing the gas so as not to
pt f the chamb d this acrylic plate plays important rol 1 gtheg tt

rupture the chamber. The acrlic plate is desgined to be broken at a slightly higher pressure than

that of the relief valve (0.425 MPa). For this reason, the safety experimtns up to 0.4 MPa can be

done with this chamber.

Appendix — B) Characteristics of hydrogen peroxide

Appendix — B — 1) History and decomposition reaction process of hydrogen peroxide

The use of hydrogen peroxide has a long history and can be traced back to 1930s. Hydrogen
peroxide has been used for many applications to the aerospace propulsion and the power system
because of excellent advantages, such as its high density, its monopropellant characteristics, its non-
toxicity, and ease of handling. In recent years, there has been of renewed interests in the use of
hydrogen peroxide as an oxidizer of the growing importance in using propellant low toxicity and
enhanced versatility. Frequently called “rocket grade” hydrogen peroxide (RGHP) is highly
concentrated hydrogen peroxide [Ref B, 1] and the RGHP has employed as the liquid oxidizer for

many applications. Hydrogen peroxide exhibits a following reaction process decomposed
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exothermically into the molecular oxygen and water (steam) when heated, and this decomposition

reaction process is further accelerated by using a catalysis.

H,0, - H,0 + 0.50, Eq.B-1,1
The decomposing temperature reaches above 1000 K, so that the rocket grade hydrogen peroxide is
also used as hypergolic propellant. Furthermore, the exothermic reaction process with the high
decomposing temperature (1000 K) is useful for automatic ignition either with continuous combustion

in a bipropellant engine or with a solid fuel in the hybrid rocket.

Reference

[Ref B, 1] M. Ventura, E. Wernimont, S. Heister, and S. Yuan, Rocket grade hydrogen peroxide for
use in propulsion and power devices — historical discussion of hazards, 43rd AIAA/ASME/SAE/ASEE
Joint Propulsion Conference & Exhibit, Cincinnati, OH, (2007), AIAA 2007-5468

Appendix — B — 2) H>O» concentration

The H,O; concentration is quite important for the use of those applications. Hydrogen peroxide is
high solubility in water, so that the H,O, concentration can be adjusted by purified water. We can
purchase the product of hydrogen peroxide diluted with the purified water (solvent) up to the
concentration of 60 wt.% as the commercial availability. This percentage of the concentration is
somehow a critical condition for safety use from a thermal balance of perspective.

A part of the purified water contained in hydrogen peroxide (< 100 wt.%) is firstly vaporized at 373

Appendix - 8



K while absorbing the latent heat of the vaporization (%4,,) of the water. After completing vaporizing
the water, the pure hydrogen peroxide is vaporized at higher temperature than the boiling temperature
of the water (the latent heat of the vaporization of /).

The exothermic decomposition reaction with much of heat (%) is then initiated. The relationship
between the latent heat of the vaporization and the exothermic heat by the decomposition reaction

process, as a function of the H>O, concentration is shown as follows.

Self-Accelerated Decomposition

800
g

700
= /
& 600 =
s [—
3 e — L /
'E 500 ——-...._________ g

r—

g 300 ]
= [~
E 200 === Heat of decom position
E el 1 ==—Heal of vaporization
-1 —
s
% “ '
= 8] 10 20 30 40 50 60 70 80 30 100

H202 Concentration, wt.%
Fig. B — 2 — 1 Relationship of heat of vaporization and decomposition of hydrogen peroxide and

H>0; concentration [90].

As it is seen, when the H,O, concentration is enriched up to 65 wt.%, the total latent heat of the
vaporzation (4, + hj) becomes lower than the exothermic heat (4,), leading to that continuous
exothermic decomposition process occurs, and a lot of heat shall be released. For this reason, the
comercially available hydrogen peroxide is distillated less 60 wt.% for safety use.

On the one hand, the oxygen liberation as a function of the H,O, concentration is also shown
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as a following figure. As is found, the oxygen liberation capacity is increased when the
concentration of hydrogen peorxide is enriched further, together with the increase in the heat
generated by the exothermic reaction process. This phenomenon lead to the intensified burning
of the monopropellant and bipropellant (liquid rocket), so that the H,O» concentration employed

for the monopropellant and bipropllenat is enriched up to 90 wt.%, referring to as the rocket grade

hydrogen peroxide.
Oxygen Liberation Capacity

600 1000

- 900
g 500 -
£ /’ 800 5
-g_m sy yodume) 0 deg-C P < 700 -g.
- by weight, |20 deg-C / /_ 600
'g 300 500 'E"
z E
2 ] |
= 200 ~ 1 200 3
o = 8

100 J'—:‘//f T 200

4/ + 100

] T T T T T T T T T T T (1)

o 10 20 30 40 50 B0 70 B0 a0 100
H202 Concentration, wit

Fig. B — 2 — 2 Relationship of oxygen liberation capacity and H,O» concentration [89].
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Appendix — B — 3) Handling of hydrogen peroxide and distilling process

Appendix — B — 3 — 1) Handling of hydrogen peroxide

The high H,O, concentration plays vital role in the propellant system. However, it is known

that hydrogen peroxide shall initiate its decomposition reaction by externaol shock, heat, or

impurity inclusion in the mixture of water-hydrogen peroxide. Since many applications using

hydrogen peroxide is equipped with a tank to store, if an unwanted decomposition reaction is

initiated by the external shock, heat, or the impurities, it pressurizes the tank, finally resuluting in

a catastrophic damage to the sorroundings. Thus, careful handling of hydrogen peroxide is

necessary for the safety use. The high concentration hydrogen peroxide can be stored safely if

special engineered safety precautions and tight control of procedures are made, such as a cooling

systen so as not to occur thermal runaway and ventilatiuon system of the gas generated by the

decompositiuon process. In our laboratory, the original product (60 wt.% hydrogen peroxide) is

carefully managed and stored in the highly closed chmaber as shown in the following figure.

Fig. B — 3 — 1 highly closed chamber to store hydrogen peroxide.
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Appendix — B — 3 — 2) Distilling process of H>O» and vapor pressure

The distillation is a process whereby a mixture of liquids having different vapor pressures is
separated into its components. At first one might think that this would be quite simple: if we have
a solvent consisting of hydrogen peroxide (H>O) that boils at 410 K (100 wt.%) and water with
a boiling temperature of 373 K, all that would be necessary would be to heat the mixture to boiling
temperature of the water; this would boil off all water, leaving pure liquid H>O,. However, these
liquids will have substantial vapor pressures at all temperatures, not only at their boiling points.

In the present work, the commercially available solvent of H,O> is distillated to enrich its
concentration. Distilling procedure is to maintain the solvent at boiling temperature of the water
at 0.1 MPa. Ideally, the distilled solvent shall reach 100 wt.% H,O,, however, it is not easy to
have pure material because of unstable molecules. To determine its concentration of the solvent,
there is a way measuring the density of the solvent. The density of the solvent is varied depending
on its concentration and temperature as shown in the following figure. Hence, it is understood
that the concentration of the solvent can be decided by measuring its density after the distillation.

As have stated in the Chapter 5, it was found that the precisely increasing the concentration
would be hard to achieve. This is because the part of the H,O, component in the solvent would
be evaporated even left within the boiling temperature of the water (373 K). The evaporation rate
of H,O, shall be varied depending on its temperature, and its rate becomes higher as the

temperature is high. Hence, H,O, shall evaporate gradually even within the boiling temperature.
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According to paper, it is highly recommended that the distilling procedure is conducted at reduced
pressure (< 100 mm Hg). With this manner, the water component in the solvent can vaporized at

the room temperature, and the evaporation rate of H,O, can be inhibited, obtaining nearly pure

H»0,.
Density of H202
2 ) deg-C
g 14 ﬁ’g e 20 deg-C
E -
b e —m
kg ' '/
.E ?ﬂ’f 50 deg-C
s 30 g~ C
s 100 d2 g-C

60 70 30 90 100

H202 Concentration, wt.%

Fig. B -3 — 2 — 1 Density of H>O, solvent as a function of concentration and temperature.

As another methodology to concentrate the solvent, freezing the solvent at 273 K (freezing
point of the water) is recommended. This is the methodology to utilize difference between the
freezing temperature of the water and H»O,, as given as follows. It is clearly seen that there is
large difference between freezing temperature in a range between pure H,O, and pure water.
Although only a slight difference of temperature at the point of the pure H,O» and the pure water
can be found in the following figure, this methodology is effective when the original solvent is

around 50 wt.% with monitoring the temperature very carefully.
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As mentioned, both the liquids (H,O, and water) have substantial vapor pressure. The vapor
pressure is the pressure of a vapor in contact with its liquid or solid form at a given temperature
in a closed system. The vapor pressure is an indication of the liquid’s evaporation rate. As the
temperature of the liquid increases, the kinetic energy of the molecules also increases, thereby

increasing the evaporation rate of the liquids.

Boiling Point - Freezing Point

150 0
150 1 ——Bulbg paiit 10
— Freeminz poit
w140 - (8]
i 4
A 4
130 ¥
E tm
rED 120 E
4 .40
& 110 H
100 T-30
=i —t) ) 4 &0

1 o 20 20 40 ] 2] ] ] o0 100
H O Concendration, wi %

Fig. B—3 —2 — 2 Boiling temperature and freezing temperature of H,O- solvent as a function of

concentration.

Fig. B — 3 — 2 — 3 shows relationship among the concentration of the water-H,O» solvent, its
temperature, and the vapor pressure of the solvent. As shown here, it is seen that the vapor
pressure is increased with the decrease in the H,O, concentration and with increase in the
temperature. It can be also seen that the vapor pressures at 373 K are 101 kPa (pure water, 0 wt.%

H>0;) and 15 kPa (100 wt.% H»0O,). The vapor pressure of the pure water is one order of
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magnitude higher than that of the pure H,O,, showing that the evaporation rate of the water is
larger than that of H,Oo. It is indicated that the evaporation rate of both the liquids is much smaller
under the reduced pressure, preventing the evaporation of both the liquids under their boiling
temperatures. For this reason, the water component can be easily vaporized by the distillation at
the reduced pressure and its boiling temperature (e.g., 3 kPa, 298 K), and the evaporation of H,O»

shall be inhibited.

Total Vapor Pressure

= —_— 0% H202
A — 10% H202
m— 0% H202

100000

— 300 H2O2
— 40% H202
— S0% H202
60% H202
=70% H202
80% H202
- 90% H202
100% H202

:

:

Total Vapor Pressure, Pa

100 T T T
e] 10 20 30 40 50 75 100 125 150

Temperature, deg-C

Fig. B — 3 — 2 — 3 Relationship between vapor pressure, temperature, and H,O, concentration.

Appendix — C) Effect of other parameter on burning characteristics

C — 1) Effect of H>O» concentration on regression rate: Experiments

Hydrogen peroxide is decomposed into the water vapor and the molecular oxygen by heated or
catalysis, and its oxygen liberation capacity affects the burning characteristics. If the percentage
of the H,O; concentration is lower than 100 wt. %, ratio of the molecular oxygen liberated from

the decomposition becomes lower. To investigate the effect of the HO, concentration on the
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regression rate, experimental investigation as a function of the H,O» concentration was conducted,
prior to the main experiments shown in the Chapter 3.

The effect of the H»O, concentration is presented to Fig. C — 1 — 1. The horizntal axis and the
vetical axis represent the H,O» concentration and the regression rate, respectively. Three-runs
experiments are carried for each H,O, concentration, and the error bars denoted on the figure is
95 % confident intervals to confirm the reproducibility. The experiments are conducted at

nitrogen-balanced 0.1 MPa environment.

s 25T T T T F T
i) |

2._ —
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Fig. C — 1 — 1 Preliminary experiment: effect of H.O, concentration on regression rate at

standard pressure (0.1 MPa in absolute).

As it is seen, although the error bars are large, the average regression rate is increased with the
increas in the H,O, concentration. As mentioned, the heat generated from the exothermic reaction
during the decomposition process is intensiied with the increase in the concentyration, and the

oxygen liberation capacity increases as the concentration increases, leading to that the achievalble
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burning temperature shall be higher. For this reason, heat to help promoting the regrssion of the
specimen was intensified, resulting in that the faster regression rate could be achieved as the H,O,
concentration is increased. For the pupose of obtaining faster regression rate in this work, based
on this results, the H,O, concentration was enriched ideally up to 100 wt.%, and all the

experimetns were conducted using the enriched hydrogen peroxide..

Appendix — C — 2) H>O, concentration effect on regression rate: Prediction

As we have been known, the enriched hydrogen peroxide may trigger explosion, deflagration,
and detonation, initiated by heat, external shock, and impurities inclusion because of the
continuous exothermic reaction during the decomposition process [Ref C,1]. Once the exothermic
reaction of the enriched hydrogen peroxide is activated, the heat is continuously released, and it
will be uncontrollable and eventually cause unwanted accidents. In fact, explosion accidents of a
container of hydrogen peroxide occurred, for instance, in Taiwan, Japan, and US [Ref C 2, 3]).
According to an article, it was revealed that when hydrogen peroxide is enriched up to 90 wr%
(90 wt% hydrogen peroxide diluted with 10 wt% water), it has possibility of the detonation due
to the exothermic reaction [Ref C, 2]) For safety point of view, it is the desire to reduce the H,O»
concentration (< 90 wt%) to minimize the unwanted accident hazards, while achieving the
comparable thrusting performance. To respond this issue, possibility of the present specimen

employing the reduced concentration hydrogen peroxide (not pure) is discussed by comparing the
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total mass flux of the AP-based composte solid propellant and the total mass flux of the present

specimen employing the reduced concentration hydrogen peroxide.

Appendix — C — 2 — 1) Equivalence ratio vs fuel porosity and H>O»

concentration

A stoichiometric mass ratio (O /F;,) for complete combustion in the present specimen (fuel:

C,Ha, oxidizer: H,O, diluted with H,O) is determined from the following chemical reaction.
6 2
C,H, + - [(1 = a)H,0 + aH,0,] = 2C0, + E(a + 3)H,0 Eq.C-2,1

where a 1s the H,O, concentration on a mass basis. For instance, a = 0.8 when the concentration
is chosen as 80 wt.%. Thus, if steady burning is achieved, the global equivalence ratio (¢)

corresponding to the fuel porosity (¢) is given as follows.

= (%)”l — z_? Eq.C-2,2
¢ = (Q) - gpeff_L q.- L -4
F ex (1 - g)ps

where (v /vr) and effective density of the oxidizer (the solvent) p,rr are determined by the

following relations.

6
vo gl = @Wi,o + aWyo,|

Up We,H,

Eq.C-2,3

Perr = (1 — @pu,o0 + apu,o, Eq.C-2,3
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where py, o [kg/m®] is the density of water (1000) and PH,0, [kg/m®] is the density of pure
hydrogen peroxide (1450), respectively. The global equivalence ratios based on Eq. C—2,2 as a
function the fuel porosity and the H,O» concentration are depicted in Fig. C — 2 — 1. The
stoichiometric condition of the fuel porosity to achieve the complete combustion (¢ = 1) is chosen
between ¢ = 0.82 and ¢ = 0.85, depending on the concentration. Fuel rich and lean conditions are
determined accordingly. We define the range of fuel porosity between ¢ = 0.82 and ¢ = 0.85 as

“optimal value” hereafter.

4 —T— a=10
.......... a—0_9
-—— a=08

I stoichiometrié\\
condition

O 1 | 1 | 1 | 1

06 0.7 08 09 1

Fuel porosity (¢), -

Fig. C—2 —1 Relationship between global equivalence (¢) ratio and fuel porosity (¢) as a function

Global equivalence ratio (¢), -

of concentration.

Appendix — C — 2 — 2) Effect of pressure and H>O» concentration on total

mass flux: Prediction

With the 1-D burning model developed in this work (Chapter 4), the effect of pressure and the

H,0» concentration on the total mass flux with a constant fuel porosity (¢ = 0.8, ¢ = 1.2-1.4) is
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presented in Fig. C — 2 — 2. The horizontal and vertical axes correspond to pressure and the total
mass flux, respectively. For the case shown here, it is found that the total mass flux increases as
pressure increases. This trend is similar to one found in the conventional AP-based composite
solid propellant. In terms of the effect of the H,O, concentration, it is clearly shown that the total
mass flux is increased as the concentration increases.

Under the conditions studied in this work, the predicted total mass flux is varied in a range

between 1.5 kg/(m?-s) and 35 kg/(m?s), depending on pressure and the H,O, concentration.

= a=1.00
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0.1 1 5 10
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Fig. C — 2 — 2 Total mass flux as a function of pressure and H>O, concentration with constant fuel

Total mass flux (m), kg/m?s
=

porosity (¢ =0.8).

Assuming that the burning surface area is the same in both the specimen and the AP-based

propellant, the same or higher total mass flux in the present specimen is the desire to obtain the
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comparable thrusting performance to the AP-based composite solid propellant. Since the total
mass flux of the AP-based composite solid propellant, consisting of ammonium perchlorate (68
wt.%), aluminum particles (18 wt.%), and hydroxyl-terminated polybutadiene, HTPB (14 wt.%),
at 5 MPa, is reported as about 11 kg/(m?-s) (shown with dashed lines in red on the figure [Ref C,
4]), it is proved that the present specimen has potential to obtain the same or higher mass flux at
the same pressure. Furthermore, it is interesting to note that the H,O, concentration is not always
necessary to be enriched up to 100 wt.% (a = 1), and it can be rather decreased up to 85 wt.% (a
= 0.85) as can see in the figure. As described, the enriched hydrogen peroxide has the possibility
to have the detonation nature by the heat, the external shock, or the impurities. However, it is
proven that it is not always necessary to enrich H,O» concentration up to 100 wt.%, and potential
risk by the detonation could be prevented while achieving comparable or more total mass flux to
one achievable by the AP-based composite solid propellant.

Reference

[Ref. 1] Wu, D. and Qian, X.: Experimental Study on the Thermal Runaway of Hydrogen Peroxide
with In-/organic Impurities by a Batch Reactor, Journal of Loss Prevention in the Process
Industries, Vol. 51 (2018), pp.200-207.

[Ref. 2] Rarata, G and Smetek, J.: Explosives Based on Hydrogen Peroxide-A Historical Review
and Novel Applications, Materialy Wysokoenergetyczne / High-Energetic Materials, Vol. 8
(2016), pp. 56-62.

[Ref. 3] Chi, C. Wu, S. Charpentier, J. I, Y. Shu, C.: Thermal Hazard Accident Investigation of
Hydrogen Peroxide Mixing with Propanone Employing Calorimetric Approaches, Journal of Loss
Prevention in the Process Industries, Vol. 25 (2012), pp. 142-147.

[Ref. 4] Tomita, N, Kitoh, K., Kohsetsu, K., Hasegawa, K. and Maeda, N.: Fundamentals of
Rocket Technology, Corona Publishing Co. Ltd, Tokyo, 2015, pp. 58 (in Japanese).
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Appendix — C — 2 — 3) Effect of fuel porosity and concentration on pressure

exponents: Prediction

The pressure exponents obtained in the prediction, together with a typical range of pressure

exponents of the AP-based composite solid propellant (the composition of the propellant is the

same above) are shown in C — 2 — 3. The pressure exponents are calculated with the same manner

shown in Chapter 4. The pressure exponent is obtained for various fuel porosities (¢: 0.7 - 0.9)

and the H,O; concentration (80 wt.% - 100 wt.%)
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Fig. C — 2 — 3 Pressure exponents obtained in prediction as a function of fuel porosity and

Pressure exponent (b)

concentration, together with pressure exponent of AP- based composite solid propellant.

As found from the figure, it is seen that the pressure exponents are in a range between 0.52 and
0.6 and show an increasing trend as the H,O» concentration increases. Additionally, the sensitivity

of the fuel porosity to the pressure exponents is higher as the fuel porosity approaches to the
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optimal value. Considering that the pressure exponents of the AP-based composite solid
propellant are in a range between 0.4 and 0.5, it is found that the pressure exponents obtained in
the present specimen is always shown above the one found in the AP-based composite solid
propellant and shall be more pressure-sensitive in comparison with the AP-based composite solid
propellant under conditions studied in this work. With this respect, more careful treatment on the
pressure-coupled vibration (instability) in the combustion chamber shall be required than that of

the compared with the AP-based composite solid propellant.

Appendix — C — 3) Effect of pore diameter

Appendix — C — 3 — 1) regression rate variation

Here, the effect of the pore diameter of the porous combustible on the burning characteristics
is examined qualitatively. As described as follows, the pore diameter (Dp) is described as a

function of permeability (K, m?) and the fuel porosity (¢) [Ref C, 5] (Kozeny — Carman equation).

DPZM F’_K Eq.C—-3, 1
& &

The permeability is defined as the state or quality of being permeable. From the above relation,
the pore diameter, Dp, is determined by giving the permeability and the porosity. Assuming the
porosity is constant value, and the pores inside the porous combustible are uniformly distributed,
the pore diameter is determined by giving the permeability K into the above equation. The

relationship between the permeability [m?] and the pore diameter [um], calculated from the above
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relation is presented to Fig. C —3 — 1 — 1. As it can be seen, the pore diameter increases for the
case when the permeability is constant. In addition, the pore diameter is increased with the
increase in the fuel porosity (K is constant). As the fuel porosity is defined as the ratio of the total
pore volume (V) to the total volume (V), the pore diameter will be changed at the constant fuel

porosity by altering the permeability.
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—e=0.7
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Fig. C - 3 - 1 - 1 Relationship among pore diameter (Dp), permeability (K), and porosity (g).

When the pore diameter (Dp) is changed to be large, it is known that the pore-to-pore distance
(D) increases as shown in Fig. C — 3 — 1 — 2. In this case, it is understood that fuel rich, or fuel
richer, or stoichiometric zones will be emerged locally, as shown in Fig. C—3 — 1 — 2. Hence, the
regression rate will be varied as denoted in red, in such a case. This is remarkably appeared when
the pore dimeter (Dp) and the pore-to-pore diameter (D) increase. Despite the same fuel porosity,
the variation (amplitude) of the regression rate shall occur as the D and Dp become large, leading

to local acceleration or deceleration. In this sense, the overall regression rate (average) shall not
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be theoretically changed if the fuel porosity is constant, but it is considered that the steady burning
would be hardly achieved in reality (experiment).
In our burning model, the following oxidizer to fuel mass ratio (O/F) has been adopted to

predict the potential regression rate.

0 EPL
—=— Eq.C-3,2
F~ (-ops a

Therefore, as stated, the regression will not be varied for the case when the fuel porosity remains
constant. However, if the pore diameter is increased under the same fuel porosity, the pore-to-
pore distance shall be increased. In this case, this locally ununiform pore distribution or ununiform
porosity distribution would cause local acceleration or deceleration. For this reason, it is indicated
that even if the same fuel porosity is, using the porous combustible with small pore diameter and
small pore-to-pore distance would be important to ensure the validity of the above O/F relation

and to inhibit the local acceleration and deceleration.
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Fig. C - 3 - 1 - 2 Schematic illustration of different pore diameter (same porosity), pore-to-pore

distance, and variation of regression rate.
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Figure 3 — 1 — 3 shows the pressure dependency on potential regression rate obtained in the
Chapter 4, together with considering the effect of the pore diameter. The shaded areas in blue and
red represent the amplitude of the regression rate caused by the pore diameter as explained Fig. 3

— 1 —2. Note that the shaded areas show qualitative range.
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Fig. 3 — 1 — 3 Potential regression rates as a function of ambient pressure and fuel porosity,

S
[

together with effect of pore diameter (Dp) and pore-to-pore diameter (D).

Appendix — C — 3 — 2) Pore diameter and quenching distance

In the temperature measurement reported in Chapter 3, it was indicated that the surface flame
was established across the quenching distance (200 pm) between the top surface of the specimen
and the flame edge as presented to Fig. C — 3 — 2 — 1. Assuming that the porous combustible with
larger initial pore diameter is used, and then the flame edge becomes closer to the top surface, the

flame can enter the pores, causing the breakdown of the 1-D combustion assumption and an
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anomalous burning behavior, such as the backfire or flame spreading mode as shown in the
following figure. In previous work by Nagata et al, they investigated the relationship between
pore diameter and backfire (or flame spreading mode), which the flame enters the pores. It has
been revealed that the flame could enter the pores easily when the initial pore diameter is large,
leading to the backfire and causing transition from the 1-D combustion mode to flame spreading
mode [Ref C, 6] [Ref C, 7]. For this reason, porous combustible with the small pore diameter

plays vital role in inhibiting the anomalous combustion and breakdown of the 1-D combustion.

flame edge can enter the pores

s flame edge fl
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specimen 1 —D assumption is broken

Fig. C - 3 -2 - 1 Schematic illustration of backfire which is potentially occurred when initial pore

diameter is increased.
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Hokkaido University Doctoral dissertation (2018) 98-100 (in Japanese).

Appendix - 28



Appendix — C — 3 — 3) Effect of pore distribution

Here, we would like to give an example of the unwanted burning behavior observed in our
experiment. In the experiment conducted in the Chapter 3, the porous combustible is uniformly
drilled to have uniform pore distribution inside the combustible. In this appendix we report
importance of the uniform pore distribution to the burning characteristics form a viewpoint of our
experimental observation..

As it can be seen in Fig. C — 3 — 3 — 1, the pore distribution is drilled to become ununiform
intentionally in the experiment done in this appendix (the pore diameter : about 1 mm). The
experiment is done with this specimen at 0.25 MPa under overall fuel porosity of 0.84, and a part
of the observed burning behavior is presented to Fig. C — 3 — 3 — 1. After the forced ignition is
made as usual, it is barely seen that the flame is established at the top surface of the specimen.
However, after 4 s of the ignition, the flame attached to the top surface went towards inside the

specimen rapidly and anomalous combustion (uncontrollable combustion) could be observed.

flame fail toll-D combus on

i after ignition
1~ 71 ununiform pore
I I - . .
L -1 distribution

Fig. C - 3 - 4 - 1 Ununiform pore distribution and observed anomalous burning behavior at 0.25

MP under overall fuel porosity of 0.84.
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If there is locally ununiform pore distribution and the larger pores. as presented in the figure, it
would occur that the flame enters the pores, resulting in the anomalous combustion and causing
the breakdown of the 1-D burning model assumed in the present work. In the present work, this
phenomenon was frequently observed especially when the initial pressure and the fuel porosity
are high. When pressure increases, kinetic time to react is decreased, leading to the thinner
quenching distance and to that the flame is pushed onto the top surface of the specimen, This
easily causes the flame enter the pores. In addition, in the case when the initial porosity is high,
the flame can enter the pores easily. The result of the steady solution presented in the Chapter 4
must be valid only for the case when the burning event keeps progressing one-dimensionally. For
the abovesaid reason, it was found that the porous combustible having the uniform pore
distribution and the small pore diameter should be prepared to prevent the anomalous burning
behavior, and it will lead to utilizing the prediction results indicated in the Chapter 4. Otherwise,

the 1-D combustion would be hardly achieved.

Appendix — C — 4) Effect of concentration and density dependent index »

In the present work, the reaction index (n) is assumed to be unity. In this appendix, the effect
of the reaction index on the potential regression rate and the blow off limit is examined.
Kadowaki et al. have investigated the burning characteristics of the premixed combustion for

the case when the reaction index was parametrically changed [Ref C — 4, 1]. As referred to the
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work by Kadowaki, the potential regression rate for the LOX case is examined as a function of

the fuel porosity, the ambient pressure, and the reaction index (n), as presented to Fig. C—4 —1..
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Fig. C -4 - 1 Potential regression rate as a function of ambient pressure, fuel porosity, and reaction
index (n =1 and n = 1.5).

It is evident that the potential regression rate for n = 1 is higher than that of » = 1.5 in the
pressure range up to 0.6 MPa. As it was found in the eigenvalue (A1) relation stated in the Chapter
2, this is because the potential regression rate is proportional to the (pY)™. As the density of the
gas mixture ejected from the specimen is proportional to the ambient pressure, and the density is
less than unity below the certain pressure range, the potential regression rate for the case of n =
1.5 is slower in comparison with the case when the index (») is unity. When the density exceeds

the unity, we can find the transition point where the potential regression (n = 1.5) rate overlaps
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one for the case of n = 1. Finally, it can be seen that the potential regression rate for the case of
= 1.5 becomes higher.

In terms of the blow off region and the successive-burning region, we found that both the region
is strongly dependent on the reaction index (n), namely, the blow off region is widely found with
the increase in the index, especially for the case of ¢ = 0.9. This is because the potential regression
rate increases, and the spouting velocity (V;) evolved from the top surface of the specimen exceeds
the laminar burning velocity (V) as the index (n) increases. Therefore, it is revealed that the
gradient of the relationship between the regression rate — pressure will be increased with the

increase in the index.

Reference

[Ref C — 4, 1] Kadowaki et al., Asymptotic Analysis on High-temperature Premixed Flames;
Instability of Flame Front under the Constant-enthalpy Conditions, Journal of Thermal Science
and Technology, Vol. 10 (2010) pp. 1-10.
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Appendix — D) Top surface detection by image processing (image J)

As we have stated in Chapter 3, the top surface of the specimen during the entire burning event

was detected by the image processing software image J (a Java-based image processing program).

We would like to show the prgoram code, written in this work, to detect the top surface as follows.

D — 1) Program code for the detection of the top surface

// Chose input and output directory

inputdirectory = getDirectory("Choose a input directory");
filelist = getFileList(inputdirectory);

outputdirectory = getDirectory("Choose a output directory");

// input the length for a pixel

defaultValue = 0;

pixcelLength = getNumber("Input Length of one pixel [mm/pixel]", defaultValue);
EndSurface=newArray(filelist.length);

run("Clear Results");

close("window Results");

// loop through all the images in the selected directory

for (i=0; i<filelist.length; i++) {

open(inputdirectory + filelist[i]);

// image processing program code (Otsu method)
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//setTool("rectangle"); select rectangle

makeRectangle(714, 0, 564, 1080); select the rectangle range
run("Crop"); crop image based on the rectangle range
run("RGB Stack");

run("Stack to Images");

close("Green");

close("Blue");

selectWindow("Red");

run("Auto Threshold...", "method=0Otsu white");

run("Median...", "radius=20");

// detection of top surface

h=getHeight();

w=getWidth();

EndSurface_y=runMacro("FindEndSurface", ""+h+" "+w+" "+pixcelLength);
EndSurface[i]=EndSurface y;

run("Clear Results");

close("window Results");

close("window ROI Manager");

//save processed images

saveAs("Tiff", outputdirectory + filelist[i]);//

close();
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}

// save location of top surface to CSV file

run("Clear Results");

for (i=0; i<filelist.length; i++) {
setResult("EndSurface y", i, EndSurface[i]);

}

saveAs("Results", outputdirectory + "End Suface.csv");

close("window Results");

// "FindEndSurface"

h=getHeight();

w=getWidth();

arg=getArgument();

s=split(arg);

h=s[0];

w=s[1];

pixcelLength=s[2];

EndSurface y=0;

p=0;

for (j=0; j<=h; j++){

for (i=0; i<=w; i++) {

p=getPixel(i,));

if (p!=0){
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EndSurface y=j;

break;

}

EndSurface y=EndSurface y*pixcelLength;

return ""+EndSurface y;

The abovementioned program ("FindEndSurface") code is schematically illustrated as a following
figure. First, the original image during the burning event is cropped with selected rectangle range,

and the original image is converted into the binarized images as follows.

(4,7)=1(0,0) B target pixel

| .
| rectangle range for processing

D —1-1 Procedure of image processing to detect top surface location of specimen during burning

event.
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The selected rectangle range will be targeted for the image processing. The white area is identified
as the flame area. In this program code, coordinates (i, j) are defined, and an origin of the
coordinates are put on the lowest left of the rectangle range. Since the top surface of the specimen
is assumed to be the lowest location of the white area, the detection of the lowest location of the
flame is started from the origin. The detection is started at the origin, and a target pixel moves
from (0, 0) towards (n, 0). If the white area corresponding to the flame is not detected, the target
pixel moves to (0, 1) and then moves towards (n, 1). By repeating this method, the lowest location

of the white area is detected.
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Appendix — E) How to operate the gas chromatography

E — 1) How to operate the gas chromatography

The gas chromatography (GC2030, Shimadzu corporation) used in this work is shown in Fig.
E — 1 — 1. The gas chromatography (GC) can analyze chemical composition contained either in
liquid phase or gaseous phase by injecting sample (liquid or gas) into the GC. Here, procedure of

the analysis with the GC is described.

, -
11 T

gas inlet
power button

syringe

Fig. E—1 — 1 Gas chromatography used in this work.
1. Open the regulator for carrier gas (helium is used) up to 0.5 MPa (secondary pressure) in gauge

pressure.
2. Turn on the PC and the power button located at right side of the GC.

3. Open “LabSolutions” on PC and enter “OK” (ID: “Admin”, password is not required)

Appendix - 38



4. Select “2030” and push the button “GC kidou” on the LabSolutions.

5. Wait for about an hour (you can see “startup machi” on the LabSolutions)

6. After the LabSolutions says “GC junbityu”, turn on the button “laser” and “column”.

Please note that it is necessary to push these buttons repeatedly until the LabSolutions says “GC
junbi-kanryo” (you will see green-labeled screen on the “GC junbi-kanryo)

7. Collect gas, which is targeted to be analyzed, by the syringe.

8. The syringe is then connected to the gas inlet of the GC.

8. At this moment, please make sure that both the LOAD/INJECT tab is set to be “LOAD”.

9. The gas collected is injected into the GC, and both the LOAD/INJECT tab is set to be “INJECT”

10. Push the button “analysis start” on the LabSolutions.

E — 2) How to determine the concentration of gas species

As have mentioned in Chapter 5, the concentration of the specific gas species can be determined
by multiplying the pre-determined constant given to the specific gas species with the wavefront
area which is detected by the chromatograph for the specific gas species. Thus, it is more
important to know the pre-determined constant for each gas species. Here, we will explain a
methodology for introducing the pre-determined constant.

As a first place, we will focus on deciding the pre-determined constant for ethylene (C,Hs). The

pre-determined constant is obtained by drawing s calibration curve for C,Hs. To draw the
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calibration curve for C;Ha, it is necessary to have C,H, standard gas whose the gas species and

the concentration are known beforehand (Fig. E — 2 — 1 (top)). The gas species and its

concentration of the standard gas are described as “C,Hs, ethylene” and 99.5 %. The procedure to

draw the calibration curve is as follows.

1. Inject the standard gas into a sampling bag.

2. Collect the standard gas by the syringe from the sampling bag.

3. Inject the collected standard gas into the gas chromatography.

4. Obtain the wavefront area corresponding to 99.5 wt.% of ethylene.

5. Plot the wavefront vs concentration as shown in Fig. E — 2 — 1 (bottom).

G

[N &1
07%58
fieFLrr 99.5%
ethylene
FHIES  0.8MPa350)
HAR 45
A
X (bottom)
S 193% . »
$ ©
g o |
. I
§ )(\o“ ' detected area by
RS
5 c}\{o i chromatograph
1
2 i
=} L—>
o

Wavefront area

Fig. E — 2 — 1 (top) Standard gas (ethylene, 99.5 vol. %) (bottom) how to draw calibration curve.
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As the relationship between the wavefront area and the concentration is regarded as linearity, the

pre-determined constant is obtained from a gradient of the calibration curve.
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Appendix — F) Reviewers’ comments at defend (in Japanese)

Comments from Prof. Nagata
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[Ref 1] P. A. Giguere and 1. D. Liu, Kinetics of the thermal decomposition of hydrogen peroxide vapor,

Canadian Journal of Chemistry Vol. 35, 1957 pp. 283 - 293

3. 1M & 7 KK I fBE BT K G fE L D & FEAE V> D D,

A-3 KBESTRLEZBEME, £F—2Tdh, BENHIE OESEGEL % EE
LA, BT L0284 Mi1E, ZEFEEANTORES i CiToChh, ZToRE
FEI (740 K BUT) CIIEAEX I3/RE-e 37 (BEGHBR OB IT/N T ), 23T I i
G20 E LT, WEHBRICEZHIERTo-CuEeA. —HT, WHBREZEEL -
Bty DB IEIREE T, 1% Kaskan DFfiIEX[Ref 2] H W CRkd 2 Z 23 c& 9.

eoT*d

Tm =T+ o7

22T, TKIFAEMSETRE (1500K &3 5), o[-[[dEHIEORBEHE (2 —7 4 v 7%
N7-HEDEAT0.22 [Ref3]), o [WmMKHIFAT 77 vHRAL Y~V ER (5.67x10%), d
[mFEHAERER (02 mm), % LT A [W/(mK)]IZEHIRE DA o BmER (0.7, Fiiet
Bolfs) & Lxd. AXdomrid, BENFHIEZRE L E L 23560 Nu &) £
FRHATHEONBIEREIZ ISI0K & 720 £7. =5 L v & u@ERRKER D KR K KR
3, CFEEFRZ VT, FSMFET2500 KERETH Y, MFICKRERECHGELTRET,

ZOMEIE, BT AR F L v TikRnC E, BENERIICAMREREYRH B Z L,
TRMER TRV L, MERWKkE GEREIEAT2) cldtn bicBRL 5.

[Ref 2] W. E. Kaskan, The dependence of flame temperature on mass burning velocity, Proceeding of
the Combustion Institute, Vol. 6, 1957 pp. 134 — 143.

[Ref 3] Y. Nakamura et al., Feasibility study of temperature measurement in poor fire, Bulletin of

Japan Association for Fire Science and Engineering Vol. 59, 2009 pp. 9 — 16.
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Publication, conference, award, and research grant

Publications (peer review)

1. D. Matsugi, T. Matsuoka, and Y. Nakamura, Study of successive-burning characteristics of
porous combustible soaked in liquid oxidizer, Combustion and Flame, Vol. 233, (2021),
111571.

2. D. Matsugi, Y. Hasebe, T. Yamazaki, T. Matsuoka, and Y. Nakamura, Experimental
investigation of burning characteristics of porous combustible soaked in liquid oxidizer,
Journal of Thermal Science and Technology, Vol. 16, (2021), pp. JTST0036

3. T.Matsuoka, T. Nishihara, D. Matsugi, D. Paul, K. Matsuyama, and Y. Nakamura, Necessary
condition for measurement of heat flux sensor using a thermoelectric module, Fire Safety

Journal, Vol. 125, (2021), 103427

International conferences (peer review)

1. D. Matsugi and Y. Nakamura, Study of Burning Characteristics of Porous Combustibles
Soaked with a Liquid Oxidizer, 7" World Congress on Mechanical, Chemical, and Material
Engineering (MCM’21), Virtual conference, 4™ Aug. (2021), Session: Combustion, HTFF
124.

2. D. Matsugi and Y. Nakamura, Effect of Concentration of H,O, on Burning Characteristics
of H,0,-soaked Polyethylene Foam, 33™ International Symposium on Space Technology and
Science (33" ISTS), Virtual conference, 4™ March. (2022), Session: Finalist Student Session
2.

Domestic conferences (no peer review)

1. S. Kawamura, D. Matsugi, T. Matsuoka, and Y. Nakamura, Study on combustion control of
liquid fuel using porous media, The Japanese Society for Multiphase Flow, Fukuoka, Aug.
(2019). P090, in Japanese.

2. D. Matsugi, T. Matsuoka, and Y. Nakamura, Study on end-burning characters of porous
solid with liquid oxidizer, 57" Symposium (Japanese) on Combustion, Sapporo Hokkaido,

Nov. (2019), Session: Propulsion I, B312, in Japanese
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3. D. Matsugi, T. Yamazaki, T. Matsuoka, and Y. Nakamura, Study on potential Performance
of propellant made by polyethylene foam soaked in hydrogen peroxide, Virtual conference,

Nov. (2021), Session: Solid combustion I, C111, in Japanese.

Awards

1. D. Matsugi and Y. Nakamura, Best Paper Award: Study of Burning Characteristics of

Porous Combustibles Soaked with a Liquid Oxidizer, 7" World Congress on Mechanical,
Chemical, and Material Engineering (MCM’21), Online, Aug. (2021), Session: Combustion,
HTFF 124.

2. D. Matsugi and Y. Nakamura, JSASS (Japan Society for Aeronautical and Space Science)

President Award: Effect of Concentration of H>O, on Burning Characteristics of H,O,-

soaked Polyethylene Foam, 33™ International Symposium on Space Technology and Science
(33" ISTS), Online, March (2022), Session: Finalist Student Session 2.
3. RAAR KHE, 2021 AFEEMEAMFFZRFPFAERE, 2022423 /] 8

Research grants

1. D.Matsugiand Y. Nakamura, Experimental investigation of burning characteristic of porous
combustible soaked in liquid oxidizer, Research Foundation for the Electrotechnology of
Chubu, Publishing grant, Sep. (2021)

2. AR KM, R M, BBk, =R Yy FEIUBERIRBREHC L DA T

RARHEEAI O S PERE L, B ARUPATRIUY L, 2021 4 12 42023 4 12 /]

Social activities
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3. D. Matsugi, Japan Seminar on Technology for Sustainability 2019 facilitator, July, 7 — 12,
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2019, Fukushima National Institute of Technology,
4. D. Matsugi, International Seminar on Technology for Sustainability 2019 facilitator, Oct., 8

—12, 2019, Thammasat University, Thailand.

Others
1. D Matsugi, T. Yamazaki, T. Matsuoka, and Y. Nakamura, “Effect of End Gases Produced
by H>O, Soaked Polyethylene Foam on Its Thrusting Performance, The proceeding of the

Combustion Institute, (2022), Vancouver, Canada. (under review).
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