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Abstract: Ammonia dinitramide (ADN)-based liquid monopropellants are considered to be envi-
ronmentally friendly alternatives to the toxic and carcinogenic hydrazine-based propellants. Hence,
Space Solutions Co., Ltd. is developing a 1N ADN-based liquid monopropellant thruster by conduct-
ing a combustion performance in different types of reactors. Various parameters, such as preheating
temperature and the size of thermal and catalyst beds, were examined. The results showed that the
decomposition of the propellant in a Pt-LHA catalyst bed, which was used in the Type-1 reactor,
resulted in insufficient combustion at low preheating temperatures. Furthermore, increasing the
preheating temperature led to partial reaction of the propellant, but resulted in low combustion
efficiency due to disintegration of the catalyst. However, when a thermal bed (STS ball) was used in
addition to the catalyst bed (Pt-LHA) in the Type-2 and Type-3 reactors, the combustion efficiency
was improved, with a minimal pressure drop of 0.2 bar. It was also confirmed that the catalyst was
not damaged even after repeated operations. In conclusion, this study suggests that the propellant
needs to vaporize before decomposing on the catalyst bed to achieve optimal combustion efficiency.

Keywords: ammonium dinitramide; monopropellant; thruster; green propellants

1. Introduction

Ammonium dinitramide (ADN)-based liquid propellants, such as LMP-103S and FLP
106, are being used as environmentally friendly monopropellants for satellites [1–4]. LMP-
103S consists of 63% ADN, 14% water, 18.4% methanol, and 4.6% ammonia, while FLP-106
consists of 64.6% ADN, 23.9% water, and 11.5% mono-methylformamide (MMF) [5]. The
main component of the propellant is ADN, which is an energetic ionic salt that generates
non-toxic gaseous products upon combustion [6]. These green monopropellants serve as
alternatives to the hydrazine-based fuels. Hydrazines are the commonly used propellants
in space launch vehicles and satellite propulsion systems [7]. However, hydrazines are
toxic and corrosive fuels that pose hazards during handling and storage [8]. A SCAPE
suit is required for fueling with hydrazine and thus increases mission costs. The Euro-
pean Union classified hydrazine as a substance of very high concern (SVHC) under the
REACH (Registration, Evaluation, Authorization, and Restriction of Chemicals) regulation
in 2011 [9]. Therefore, the development of environmentally friendly monopropellants is
a highly demanded research area in space science. LMP-103S and FLP106 have emerged
as promising green monopropellants and alternatives to the hydrazine fuels in recent
years. LMP-103S, manufactured by ECAPS, was first used in space in the mango-PRISMA
satellite in 2010 [10,11]. Similarly, FLP-106, developed by the Swedish FOI (Swedish De-
fense Research Agency) in cooperation with SSC (Swedish Space Corporation), is a mature
propellant blend [12]. Compared to hydrazine, LMP-103S offers improved performance,
with a specific impulse of 6% or higher and a propellant density 24% higher [13]. Similarly,
FLP-106 also provides a higher specific impulse [14]. Therefore, satellites can either have
smaller tanks or extend mission durations while maintaining the same tank size. The fuel-
ing procedures for LMP-103S are much simpler, requiring only normal protective clothing
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for chemical handling. This makes pre-launch fueling faster and less expensive. Unlike
hydrazine, LMP-103S is also insensitive to air and humidity, making it easier to handle and
de-fuel, if necessary. Currently, Bradford ECAPS is providing green propulsion systems for
earth observation satellites such as SkySats [2]. The Lithuanian company, Nano-Avionics,
has developed an ADN-based Cubesat propulsion system [15]. Additionally, the Beijing
Institute of Control Engineering (BICE) has developed green propellant thrusters with
thrusts of 0.2 N, 1 N, 5 N, and 20 N [16]. Therefore, ADN-based propulsion systems have
become widely interesting and reliable for the space community. However, new players
in the space field who aim to become self-reliant are also showing interest in developing
green propulsion systems for satellite applications.

One such example is Space Solutions Co., Ltd. Daejeon in South Korea, which is
researching ADN-based monopropellant thrusters for satellite applications. We are consid-
ering a similar fuel composition to that of LMP-103S for the 1 N monopropellant thruster.
Additionally, numerous studies on ADN-based monopropellants have been published by
various research groups [12,13,17–25], which helps to set the parameters for thruster devel-
opment. We can also gain valuable insights that can minimize the time required for devel-
opment. However, the development of monopropellant thrusters is still a complex process
and each and every test of the development process must be experienced. Therefore, in this
paper, we focus on the development of a 1 N ADN-based green monopropellant thruster
for satellite applications by considering the reactor structure and preheating temperature.

2. Materials and Methods
2.1. ADN-Based Monopropellant

A liquid monopropellant based on ADN was prepared using chemicals such as ammo-
nium dinitramide (ADN, FOI), methanol (Sigma-Aldrich, Seoul, Republic of Korea, HPLC,
≤99.9%), 28–30 wt% ammonia solution (Samchun, Seoul, Republic of Korea), and deionized
water. The composition of the liquid monopropellant was similar to that of LMP-103S
liquid propellant (Table 1), and its density, as measured using gravimetric analysis, was
almost identical to that of LMP-103S (1.24 kg/L).

Table 1. Composition of ADN-based monopropellant.

Chemicals Composition (wt%)

ADN 63
CH3OH 18.4

NH3 4.65
H2O 13.95

2.2. Catalyst

The support material, lanthanum hexaaluminate (LHA), was prepared by impregnat-
ing lanthanum nitrate (Sigma, Seoul, Republic of Korea) on gamma alumina pallets (mesh
16–20, Merck, Seoul, Republic of Korea) using a wet chemical method. The impregnated
material was calcinated at 900 ◦C with a heating rate of 2 ◦C/min and an isothermal
temperature of 2 h. The catalyst was further sintered at 1400 ◦C with a heating rate of
5 ◦C/min and an isothermal temperature of 4 h. The active material, platinum (Source:
Chloroplatinic acid, PGM Research 95%), was impregnated on LHA using a wet chemical
method, and Pt-LHA was calcinated at 600 ◦C with a heating rate of 2 ◦C/min and an
isothermal temperature of 4 h. Figures 1 and 2 represent the surface images of the Pt-LHA
catalyst. A white spots on the catalyst confirm the deposition of Pt on the LHA surface.
Furthermore, the surface area measured using BET was 7.8 m2/g.
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Figure 2. SEM images of the Pt-LHA catalyst (10 wt% Pt).

Figure 3 shows the DSC-TGA analysis results of the ADN-based monopropellant
with the Pt-LHA catalyst. Rapid heat generation and weight reduction were observed
at 150 ◦C, confirming the effectiveness of the Pt catalyst in decomposing the ADN-based
monopropellant.

Aerospace 2023, 10, x FOR PEER REVIEW 3 of 16 
 

 

 
Figure 1. Image of the Pt-LHA catalyst (10 wt% Pt). 

 
Figure 2. SEM images of the Pt-LHA catalyst (10 wt% Pt). 

Figure 3 shows the DSC-TGA analysis results of the ADN-based monopropellant 
with the Pt-LHA catalyst. Rapid heat generation and weight reduction were observed at 
150 °C, confirming the effectiveness of the Pt catalyst in decomposing the ADN-based 
monopropellant. 

 
Figure 3. DSC-TGA graph of ADN-based monopropellant with Pt-LHA catalyst. 

2.3. Reactor Design 
The reactor used in this study was designed to provide a thrust of 1 N and a combus-

tion chamber pressure of 10 bar, as presented in Table 2. The theoretical specific impulse 

Figure 3. DSC-TGA graph of ADN-based monopropellant with Pt-LHA catalyst.



Aerospace 2023, 10, 686 4 of 16

2.3. Reactor Design

The reactor used in this study was designed to provide a thrust of 1 N and a combustion
chamber pressure of 10 bar, as presented in Table 2. The theoretical specific impulse and
characteristic velocity of the monopropellant were investigated, and assuming a nozzle
expansion ratio of 100, the theoretical specific impulse was found to be 268.5 s, and the
characteristic velocity was 1389.7 m/s. The diameter of the nozzle throat was calculated
to be 0.82 mm using CEA calculation, and the heat of formation of ADN in liquid was
−110.22 kJ/mol.

Table 2. Design parameter of reactor.

Parameters Type 1 Type 2 Type 3

Thrust 1 N

Chamber pressure 10 bar

Nozzle expansion ratio 100

Nozzle throat diameter 0.82 mm

Characteristic velocity 1389.7 m/s

Ideal specific impulse 268.5 s

Diameter of reactor 10 mm

Length of reactor 30 mm

Injector orifice diameter 0.16 mm

Number of injector orifice 1

Theoretical mass flow rate 0.38 g/s

Heat of formation of ADN in
monopropellant [8] −110.22 kJ/mol

Diameter of reactor (Type 1~3) 10 mm

Length of reactor
Thermal X 15 mm 30 mm

Catalyst 30 mm 15 mm 30 mm

The reactor was manufactured up to the nozzle throat without expansion of the nozzle
because it was intended for basic research and not considered a vacuum environment. The
injector orifice for propellant injection was designed with a diameter of 0.16 mm to ensure
ease of manufacture. The reactor structure consisted of three main components, including
an injector plate for propellant injection, a reactor for decomposing the monopropellant,
and a combustion chamber that was connected to a nozzle. Each element was manufactured
in a flange type to allow for easy separation and assembly, and a graphite seal was used due
to its excellent chemical and thermal resistance, which maintained gas tightness considering
the temperature and pressure conditions of the reactor. Sensor ports were fitted to the
reactor and combustion chamber to allow for measurement of pressure and temperature
(Figure 4).

Three types of reactors were considered for experiments. For reactor Type-1 and
Type-2, one reactor structure was used, but for Type-3, two reactor structures were serially
connected. Therefore, the dimensions of reactor Type-1 and Type-2 were the same, but the
length of reactor Type-3 was double that of Type-1 and Type-2 (Figure 5). In the Type-1
reactor, only a catalyst bed (LHA) was used to investigate the decomposition feasibility of
the ADN-based monopropellant. In Type-2 and Type-3 reactors, both a thermal bed and a
catalyst bed were employed. The total length of Type-1 and Type-2 reactors was 30 mm,
and the Type-3 catalyst was 60 mm.
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2.4. Experimental Setup

The reactor test was configured as shown in Figure 6. The liquid propellant was
pressurized using gaseous nitrogen, and the flow rate of the propellant was measured
using an orifice mass flow meter. A propellant was supplied to the reactor using a solenoid
valve, and pressure and temperature were measured through a sensor port installed to
the reactor and combustion chamber. The pressure was measured using Kulite ETM-375
(1000 psia), and the temperature was measured using an R-type thermocouple.
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3. Results and Discussion

The decomposition of ADN-based monopropellant can be achieved through thermal
and catalytic processes [26–30]. However, thermal decomposition without a catalyst yields
low efficiency. On the other hand, propellant decomposition using a catalyst offers higher
efficiency but requires a preheating temperature to activate the catalyst. In this paper,
we studied three types of reactors (reactor Type-1, Type-2, and Type-3) to investigate the
thermal and catalytic decomposition of the propellant.

3.1. Type-1 (Catalyst Reactor)

A 30 mm reactor length containing LHA catalyst bed was installed and used to
study the decomposition behavior of ADN-based monopropellant. Several experiments
were performed at different preheating temperatures (Table 3). The lowest preheating
temperature of the reactor was 269 and fired for 0.3 s. It was found that the propellant
could react with the catalyst at that temperature with some initial cooling of the catalyst. It
exhibited a very low reactivity and a low chamber pressure of 1.58 bar. A representative
example containing a low preheating temperature is presented in Figure 7. In that example,
the catalyst bed was preheated to a temperature of 320 ◦C. Then, the propellant was
injected for 5 s. It was observed that the decomposition of the propellant occurred, and
the combustion chamber pressure initially rose to 3.5 bar and then decreased after the
continuous propellant injection (Figure 8a). The upstream temperature (T1) of the reactor
decreased to 60 ◦C from 320 ◦C, while the downstream temperature (T2) of the catalyst
bed of the reactor increased to 500 ◦C and then decreased again. This indicates that the
propellant absorbed heat when passing from T1 to T2, initiating decomposition, causing
the temperature rise of T2 to around 500 ◦C (Figure 7b).

Table 3. Conditions and performance results of Type-1 reactor test.

Expt./Pulses
Preheating Temperature (Actual)

(◦C) Firing Time,
(s)

Temperature during
Combustion, (◦C) Catalyst Bed

Pressure, P2
(bar)

Chamber
Pressure, P3

(bar)T1 T2 T1 T2

1 332 332 0.5 110 568 4.67 3.3

2 377 377 0.5 121 627 10.72 5.17

3 431 431 0.5 143 747 12.18 4.96

4 463 463 1 143 915 13.53 5.34

5 434 434 1 173 985 13.56 5.3

6 482 482 1 155 1019 13.4 5.1

7 316 316 5 62 493 5 2.5

8 305 287 1 139 604 10.7 3.97

9 397 311 1 384 658 14.15 3.8

10 405 326 1 395 673 13.65 3.7

11 557 486 1 557 786 14 3.7

12 500 432 3 173 1069 15.3 4

13 269 286 0.3 111 548 3.33 1.58

14 480 393 0.3 291 604 12.23 3.3

15 526 468 0.3 329 655 12.71 3.25

16 511 450 0.3 336 637 12.6 3.2

17 500 429 1 199 933 15.55 3.55

18 483 453 1 173 984 15.21 3.56

19 521 502 3 160 1077 15.5 3.83
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(180 s~183 s): (a) pressure result; (b) temperature result.

In addition, it can be interpreted since the propellant absorbed heat at the T1 catalyst
bed and the temperature declined below 60 ◦C, even with the preheating temperature
above 300 ◦C, which did not allow the propellant to react with the catalyst at T1. However,
after absorbing heat at T1, the propellant passed to T2 and reacted with the catalyst; the
temperature increased. This means that the decomposition reaction started at the midstream
of the catalyst bed. However, the desired pressure and temperature of the catalyst reactor T2
were not achieved, and consequently, the chamber pressure was lowered. Furthermore, it
was observed that the propellant slowly reacted in the catalyst bed even without propellant
flow and suddenly, a pressure spike was observed at 116 s (Figure 7a). Hence, it can be
confirmed that the preheating temperature of 320 ◦C was not sufficient for steady-state
decomposition of the propellant using only the catalyst bed. Therefore, it was necessary to
increase the preheating temperature of the catalyst.

In the next experiment (Figure 9), the catalyst bed was preheated to a temperature
of 500 ◦C, and the propellant was injected for 3 s. After the propellant was injected,
the combustion chamber pressure rose and maintained at 4 bar (Figure 9a). During this
time, the temperature at T1 decreased from 500 ◦C to 170 ◦C, while the temperature at T2
increased from 430 ◦C to 1070 ◦C (Figure 9b). Since the minimum temperature of T1 was
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150 ◦C or higher, the liquid propellant passing through the injector at T1 may have had a
catalytic reaction. Therefore, it may be confirmed that the propellant started to decompose
at T1 even with cooling. Further propellant decomposition was observed by confirming
the highest temperature at T2.
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Additionally, another pulse of 3 s revealed continuous steady-state firing (see Figure 9),
similar to Figure 8. The chamber pressure was increased to 4 bar, and the temperature
reached up to 1070 ◦C at T2. However, the target chamber pressure (P3) was 10 bar; the
temperature was also significantly lower than the theoretical decomposition temperature.
Therefore, it was necessary to improve the combustion of propellant by changing the reactor
parameters.

The pressure drop is another significant factor to know about the combustion per-
formance. The pressure drop between catalyst bed and chamber pressure was measured.
Figure 10a shows the pressure drop between the downstream (P2) of the catalytic reactor
and the combustion chamber (P3) according to number of pulses. In the first pulse, the
pressure drop was 1.5 bar, but from the second pulse, the pressure drop rose sharply and
reached up to 12 bar. The increase in pressure drop as the test progressed can be explained
by the catalyst being broken or sintered, so the cross area of the flow path for the propellant
was decreased.
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Figure 10b summarizes the rising time with respect to the preheating temperature of
the Type-1 reactor. Rising time is the time required to increase to the highest temperature at
T2. It may determine the effect of preheating temperature on decomposition of propellant.
The faster the reaction rate means the shorter the response time. It was observed that the
rising time decreased when the preheating temperature was above 400 ◦C. Conversely, a
slow reaction rate was observed below a preheating temperature of 400 ◦C and vice versa.

In addition, in order to compare the reaction rate according to the preheating tempera-
ture of T1, Figure 10b shows how fast the temperature of T2 rises for each case. In the case
where the temperature of T2 rose within 1s, a large amount of heat was released due to
the decomposition of the propellant, and if the increase time of the temperature was 1s or
more, it indicate that the decomposition of the propellant was not smooth. Except for cases
that have failed in some reactions, it can be confirmed that decomposition of the propel-
lant is possible downstream of the catalyst reactor (P2) if it is preheated to about 400 ◦C.
In the case of experiments two and nine, there is no significant difference in preheating
temperature, but it can be seen that reactivity is quietly different (Table 1). As the pulse
continues, the sintering of the catalyst may be accelerated, and the pressure drop in the
reactor is increased. Similarly, Kjell et al. [31], mentions that direct liquid propellant contact
with catalyst bed disintegrates the porous material, thereby increasing the pressure. Mass
flow rate at experiment nine was decreased more than experiment two, so propellant was
easily heated to reactive temperature with catalyst and it decomposed quickly.

Therefore, in order to prevent the catalyst from breaking and sintering, a thermal reac-
tor was applied upstream of the catalyst reactor in Type-2, so that ADN-based propellant
may decompose or vaporize thermally first, and then react with the catalyst, so it may not
receive the pressure generated by the decomposition of ADN directly.

3.2. Type-2 (Thermal/Catalyst Reactor)

A thermal bed was installed before the catalyst bed. The purpose of the thermal
bed is to vaporize the propellant before it enters the catalyst bed, which prevents the
disintegration of the porous catalyst [32]. ADN-based propellant contains methanol, water,
and ammonia that can be vaporized when the thermal bed is heated above their boiling
temperatures. Interestingly, ADN also vaporizes thermally in the temperature range
between 80 and 140 ◦C and the effective vapor dissociation is above 160 ◦C [28]. Vyazovkin
et al. [26] studied the thermal decomposition of ADN using DSC-TGA coupled with a mass
spectrometer in the temperature range of 25 to 250 ◦C and identified the evolved gases
such as NH3, H2O, NO, N2O, NO2, and HNO3. These kinetics may help us understand the
decomposition of propellant in the thermal bed. For the thermal bed, we used an STS ball
(3 mm) because it provides sufficient heat to vaporize the propellant, has high strength to
withstand the high pressure during propellant decomposition, and has good resistance to
oxidation. A 15 mm length of thermal bed followed by a 15 mm length of catalyst bed were
employed in our Type-2 reactor. Table 4 mentions the conditions and total experiments
carried out with the Type-2 reactor.

Table 4. Experimental parameters and results of Type-2 reactor.

Expt./Pulses
Preheating Temperature

(Actual), (◦C) Firing Time,
(s)

Temperature during
Combustion, (◦C) Catalyst Bed

Pressure, P2
(bar)

Chamber
Pressure, P3

(bar)T1 T2 T1 T2

1 420 666 5 175 1094 9.8 9.7

2 327 739 5 135 1120 9.75 9.63

3 345 760 5 137 1151 10 9.9

4 408 778 5 151 1163 10 9.8

5 426 779 5 157 1151 10 9.8

6 432 831 5 164 1150 10 9.8

7 440 818 5 190 1168 10 9.8
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Figure 11 illustrates the results of first pulse operating for 5 s at a preheating tempera-
ture of 400 ◦C. The pressure drop between the thermal reactor (P1) and the catalyst reactor
(P2) was 0.2 bar, and the pressure drop between the catalyst reactor and the combustion
chamber (P3) was 0.1 bar (Figure 11a). This confirms that the pressure drop decreased
significantly compared to the Type-1 reactor. In terms of temperature, we observed that
the liquid propellant cooled the thermal reactor (T1) from 400 ◦C to around 200 ◦C, but
the temperature did not decrease further (Figure 12a), indicating that it was sufficient heat
to vaporize propellant. Furthermore, the temperature of the catalyst bed reached up to
1100 ◦C. This confirmed that the thermal reactor using the STS balls effectively vaporized
or thermally decomposed the propellant containing ammonia, methanol, and ADN before
reaching the catalyst bed.
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Figure 11. Reactor test of Type-2, 1st pulse, heating temperature 400 ◦C, valve operation 5 s (77 s~82 s):
(a) pressure result; (b) temperature result.
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Figure 12. Reactor test of Type-2, 3th~7th pulse, heating temperature 350 ◦C~450 ◦C: (a) pressure
result; (b) temperature result.

A pulse sequence mode experiment was conducted to observe the combustion be-
havior in five pulses, each five-seconds long. Figure 12a shows the pressure curve of the
thermal bed, catalyst bed, and chamber. In all cases, the pressure in the combustion cham-
ber increased to about 10 bar, and there was no increase in pressure drop in the reactor. The
temperature remained stable under the preheating condition of 350 ◦C, and the maximum
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temperature at T2 of each pulse was similar even though the thermal reactor temperature
was increased further.

In conclusion, we found that the STS ball protected the catalyst from breaking and
ensured stable decomposition and combustion reactions, even when the propellant was
repeatedly injected. However, the combustion efficiency was 50%, at a flow rate of 0.75 g/s,
so we conducted further experiments to consider the reactor length in order to improve the
combustion efficiency.

3.3. Type-3 (Long Thermal/Catalyst Reactor)

The configuration of the Type-3 reactor was similar to the Type-2 reactor, however the
reactor length was changed to 60 mm. Specifically, 30 mm was allocated for the thermal bed
and 30 mm for the catalyst bed, as depicted in Figure 5. The doubling of the length of each
bed in the Type-3 reactor compared to the Type-2 reactor is because sufficient heat should be
exchanged in the thermal bed to vaporize the propellant and complete the decomposition
in the catalyst bed. Moreover, additional pressure and temperature sensors were installed
in the thermal and catalyst beds to reveal detailed combustion phenomenon.

Figure 13a,b illustrates the pressure and temperature curves, respectively, obtained
from monopropellant combustion over a duration of 5 s with preheating temperature of
280 ◦C. The average chamber pressure during reactor operation was 9.2 bar, similar to the
results obtained with the Type-2 reactor. However, the mass flow rate was 0.63 g/s, which
was lower than that of the Type-2 reactor, resulting in a slightly improved combustion
efficiency of 55%.
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Figure 13. Reactor test of Type-3, 2nd pulse, heating temperature 310, valve operation 5 s (32 s~37 s):
(a) pressure result; (b) temperature result.

Upon propellant injection, the temperature upstream of the thermal reactor (T1) de-
creased from 280 ◦C to 130 ◦C and remained constant over the pulse, while the temperature
at the mid-stream of the thermal reactor (T2) increased to 529 ◦C (Figure 13b). This indicates
that the propellant was sufficiently vaporized at T1 and initiated thermal decomposition,
by confirming the exothermic reaction, at T2. Consequently, it can be inferred that the pro-
pellant transitioned into the gas phase at this point [33]. Downstream of the thermal reactor
(T3), the gas phase propellant experienced further decomposition, and the intermediate
products continued to flow towards the catalyst. When the gas phase propellant reached
the upstream of the catalyst reactor (T4), partially decomposed propellant reacted with the
catalyst, resulting in further decomposition by delivering the maximum temperature of
1100 ◦C.
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The pressure drop between the upstream of the thermal reactor (P1) and the combus-
tion chamber (P4) was 0.4 bar, representing an increase of 0.2 bar compared to the Type-2
reactor. It can be determined that this pressure drop, which may double due to the doubled
reactor length, was not significant compared to the pressure in the combustion chamber.

Additionally, Figure 14 presents experimental data from two consecutive pulses, each
lasting 5 s, which exhibited similar pressure and temperature patterns to those of Figure 13.
As propellant injection occurred, the temperature upstream of the thermal reactor (T1)
decreased to around 140 ◦C but did not decrease further, indicating that the propellant
passing through this section was converted to the vapor phase. The increasing temperatures
at the midstream (T2) and downstream (T3) of the thermal reactor suggest heat release
during ADN decomposition. Unlike the previous pulse, the temperatures at the midstream
(T2) and downstream (T3) of the thermal reactor were nearly identical, indicating that
thermal decomposition initiated at the mid-stream (T2) of the thermal reactor, and at
the downstream (T3) of the thermal reactor, the gaseous propellant that passed through
the thermal reactor and contacted the upstream (T4) of the catalytic reactor experienced
catalytic reaction, reaching temperatures of 1100 ◦C or higher. These observations provide
insights into the decomposition characteristics of the ADN-based monopropellant.
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Figure 14. Reactor test of Type-3, 4th~5th pulse, heating temperature 290, valve operation 10 s:
(a) pressure result; (b) temperature result.

Overall, it can be concluded that the thermal decomposition of the propellant occurred
at mid-stream of the thermal bed and the heat released at the downstream of reactor
(catalyst bed) was higher because the partially decomposed propellant contacted with
the catalyst and released high energy. Furthermore, the temperature of the thermal bed
increased from upstream to downstream and the temperature of the catalyst bed decreased
from upstream to downstream. This indicates that the propellant began to decompose
in the midstream of the thermal bed and may have been fully decomposed at the initial
stage of the catalyst bed. This suggests that the thermal or catalyst bed does not need
to be lengthy. Only the vaporized propellant, rather than the thermally decomposed
propellant, should enter the catalyst bed to achieve the desired combustion performance.
In addition to the thermal bed, the catalyst bed may be durable. However, the catalyst
may experience decreased activity if it is poisoned. Therefore, the appropriate length of the
catalyst bed should be determined based on the intended long-term operation time or total
propellant consumption.
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3.4. Catalyst Analysis

The combustion of the propellant in the catalyst bed generates a hot stream of gases
at high pressure [21]. This can cause active material loss or catalyst sintering, so it was
important to determine the physical and chemical condition of the catalyst after the hot fire
test. Figure 15 shows slight differences in the physical condition of the catalyst before and
after the Type-3 reactor test. It was found that the surface area of the catalyst decreased to
5.5 m2/g. Furthermore, a high-resolution scanning image of Pt-LHA was recorded using
SEM (Figure 16). Dark dots were spotted on the surface of the catalyst, which may indicate
catalyst sintering. Additionally, mapping images were recorded to determine the material
composition present on the catalyst’s surface. The distribution of elements such as Al, O,
La, and Pt was revealed by the mapping images (Figure 17). The dark spots confirm the
presence of elements viz., aluminum and oxygen; hence, the dark spots may be attributed
to the Al2O3 phase.
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Overall, the combustion efficiency of the reactor also depends on the catalyst activity.
In this study, the catalyst was sintered, and the surface area was also reduced. The overall
performance of the catalyst may be compromised by repeated combustion tests, so further
research into catalyst development is necessary.
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4. Conclusions

This study aimed to test the three types of reactors for decomposing ADN-based
monopropellant. The initial Type-1 reactor test revealed that direct injection of the mono-
propellant into the porous catalyst without vaporization may not be suitable. The local
pressure generated during the phase change from liquid to gas proved to be structurally
intolerable, causing the ceramic catalysts to break. Consequently, the reactor experienced
a gradual increase in pressure drop, which could eventually lead to blockage of the flow
path. Thus, it is important to avoid direct contact between the liquid propellant and the
catalyst at low temperatures to maintain the catalyst’s activity and lifetime.

To prevent catalyst damage caused by propellant phase change, a metal ball was used
as a thermal bed between the injector and catalyst for Type-2 and Type-3 reactors. This
arrangement allowed for vaporization or thermal decomposition of the propellant. The
liquid propellant encountered the metal ball, resulting in heat exchange, vaporization of the
propellant occurred and was confirmed by steady temperature at T1 during combustion.
The vaporized propellant mixture then passed through the thermal reactor section and
entered the catalytic reactor, where further decomposition occurred. Notably, the Pt-LAH
porous catalyst support remained intact even after multiple operations, and the reactor
experienced minimal pressure drop.

In order to gain a detailed understanding of the decomposition characteristics of the
thermal reactor and catalyst reactor, the reactor length in Type-3 was significantly increased,
and temperature sensors were installed at various points to monitor temperature changes
during the reaction. It was found that propellant vaporization was observed at T1 and
thermal decomposition at T2. However, thermal decomposition of propellant before the
catalyst bed may not be suitable to achieve good performance, and chamber temperature
was lower than desired. Interestingly, combustion efficiency of Type-3 reactor (55%) was
improved compared to the Type-2 reactor (50%), but it was still quite lower than the desired
value. Therefore, the appropriate length of thermal and catalyst bed should be determined
for reactor performance. Further, catalyst Pt-LHA modification is also required to achieve
good propellant combustion.

Overall, it was revealed that the thermal bed was required to vaporize the propellant.
It helps to avoid disintegration of the catalyst and blockage of the propellant, ensuring
long-term endurance during combustion. However, further study is required to find
the appropriate length of the thermal and catalyst bed, along with catalyst development.
Further study has been initiated to find appropriate dimensions of 1N ADN-based mono
propellant thruster.
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