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Abstract

As part of the GreenRAIM activity of the European Space Agency (ESA), an extensive test
campaign involving various monopropellants was undertaken. In this work, design and
test results of an additively manufactured 1-Newton monopropellant thruster are shown.
The detailed design of the thruster and the experimental setup are presented. The first part
of the test campaign was conducted with 98 wt.% hydrogen peroxide as the propellant and
a commercially available Pt/ Al,O3 catalyst. The second part was carried out with the same
thruster but using nitrous oxide as the propellant and an iridium-based catalyst. The test
data acquired was used to validate a comprehensive, generic model for monopropellant
thrusters within the simulation software EcosimPro/ESPSS v3.7, which was developed
within the activity.

Keywords: chemical propulsion; green propulsion; hydrogen peroxide; monopropellant
thruster; catalytic bed

1. Introduction

Propulsion systems play an important role in every spacecraft. The tasks of the propul-
sion system can be divided into two categories: Firstly, inserting the device into orbit,
and secondly, controlling the attitude and orientation of the device. These two tasks are
usually performed by two separate subsystems known as the main engine (ME) and the
reaction control system (RCS). If the spacecraft uses chemical propellants, a distinction is
usually made between a bipropellant and a monopropellant system. Depending on the
requirements, different architectures are pursued, which either provide only a bipropellant
or monopropellant system, or even use both [1]. The advantage of a monopropellant
system is its simplicity. As the name suggests, only one propellant component is used,
which is usually catalytically decomposed in an engine, and the resulting gases are ex-
pelled through a nozzle, generating thrust. In terms of Isp, these systems have a lower
performance compared to bipropellant systems. When these propulsion systems are used

Aerospace 2025, 12, 835

https:/ /doi.org/10.3390/aerospace12090835


https://doi.org/10.3390/aerospace12090835
https://doi.org/10.3390/aerospace12090835
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/aerospace
https://www.mdpi.com
https://orcid.org/0009-0006-9085-7981
https://orcid.org/0000-0001-5859-9907
https://orcid.org/0000-0002-6599-0805
https://orcid.org/0000-0002-7574-2581
https://doi.org/10.3390/aerospace12090835
https://www.mdpi.com/article/10.3390/aerospace12090835?type=check_update&version=2

Aerospace 2025, 12, 835

2 of 26

in satellites, probes, or landers, it is usually desirable to have good storability of the propel-
lants. Since the 1960s, hydrazine has mainly been used to power monopropellant systems.
Due to its hypergolic property with Nitrogen TetrOxide (NTO), hydrazine or its derivatives
(usually MonoMethylHydrazine (MMH)) can also be found in many bipropellant systems.
However, as good as hydrazine’s performance is, its components are highly toxic, carcino-
genic, corrosive, and dangerous for the environment [2]. Numerous alternative propellants,
referred to as “green propellants,” are being studied. While the term “green” is vaguely
defined, the aim is to develop propellants that are less toxic, non-carcinogenic, and cost-
effective while still maintaining comparable performance levels to hydrazine. Among the
most promising alternative monopropellants are ADN (Ammonium Dinitramide)-based
propellants, HAN (Hydroxylammonium Nitrate)-based propellants, highly concentrated
hydrogen peroxide (high-test peroxide, HTP), nitrous oxide as a monopropellant (or pre-
mixed with a fuel), and nitromethane. Detailed information on the specific propellants can
be found in several overview papers on green propellants [3-5].

The ESA activity GreenRAIM aims to implement a universal simulation model for cat-
alytic monopropellant thrusters, enhancing understanding of pressure dynamics, thermal
behavior, and finite rate chemistry. Enhanced modelling capabilities of all kinds of green
monopropellants are needed in the future. Therefore, validation experiments with H,O»,
LMP-103S, and N>O are conducted during the activity. This paper presents the results
of the hydrogen peroxide and nitrous oxide tests. The acquired test data will be used to
validate the simulation models that are implemented in EcosimPro/ESPSS.

Since 2017, research in the field of hydrogen peroxide has been conducted at the
German Aerospace Center (DLR) in Lampoldshausen [6]. A 1-Newton hydrogen peroxide
monopropellant thruster was successfully fired together with ArianeGroup at the high-
altitude test bench M11.2 [7,8]. A sputtered iridium catalyst was developed together with
Hochschule Aschaffenburg [9]. The catalyst was tested in a 5-Newton monopropellant
thruster under high-altitude conditions. Current research with hydrogen peroxide focuses
on the development of hypergolic fuels. Therefore, DLR has identified a number of
thiocyanate-based ionic liquids (ILs). The most promising and already demonstrated
combinations are HIP_11 [10,11] and HIM_30 [12].

Due to its simple handling and high specific impulse, nitrous oxide has gained atten-
tion in start-ups and academic research as a potential green propellant. At room tempera-
ture, nitrous oxide is a colorless gas with a slightly sweet smell [13]. It is typically stored as
a liquefied gas. In the space sector, N,O can be used in various ways: It can serve as an
oxidizer in hybrid rocket engines [14] or in liquid or gaseous feed bipropellant systems [15].
Furthermore, nitrous oxide can be used as a monopropellant [16], with the use of a heated
catalyst, or in cold gas drives [17]. When exposed to a catalyst, it exothermally decomposes
into Ny and O, [4]. In this way, it can be used as a gas generator [18] or as an ignitor for
bipropellant systems. In combination with bipropellant thrusters, its application as a mono-
propellant also enables multi-mode propulsion. Moreover, N,O has already been used
as fuel for a Resistojet engine on the small satellite UoSAT-12 [19]. Furthermore, nitrous
oxide can be used in monopropellant-like fuel blends [20]. Due to its high vapor pressure
(50.8 bar at 20 °C) [13], nitrous oxide enables the design of self-pressurized systems, offer-
ing a potential weight and system complexity advantage compared to the use of external
pressurization. A significant amount of research and development into nitrous oxide bipro-
pellants and monopropellant fuel blends has been conducted at DLR [21]. A fuel blend
called premixed HyNOx, a mixture of N,O and C,H¢/C,Hy, was developed. The propel-
lant blend offers bipropellant-like performance (specific impulse I, > 300s) while using
a simplified, self-pressurized fluid system. Additionally, the components are relatively
inexpensive and non-toxic. In contrast to these benefits, the main challenges in using
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HyNOx are high combustion temperatures, high catalyst pre-heating temperatures, and the
risk of flame flashbacks across the injection system in the tank structure [6,21,22]. To avoid
these flashbacks, flame arresters were successfully developed and tested in experimental
thrusters at DLR [23]. In the frame of ESA HPPD activity, studies on propellant misci-
bility, thermal stability, adiabatic compression behavior, and material compatibility were
conducted [22]. Successful thruster tests were described under vacuum and atmospheric
conditions with different mixture ratios and chamber pressures. Combustion efficiencies of
up to 95.6% were achieved [22]. Pulse-mode and long-time operation were demonstrated,
and it was shown that the premixed propellant mixture can also be used as a coolant for
regenerative cooling [21].

2. Hydrogen Peroxide as Monopropellant

Hydrogen peroxide (H,O3) is a chemical compound consisting of hydrogen and
oxygen. As a low-concentrated aqueous solution, it is mainly used as an oxidizing agent for
the bleaching of paper and textiles or as an agent for water treatment [24]. It has been used in
high concentrations as an oxidizer in propellant combinations for almost 90 years. The first
application in an engine dates back to 1938. At that time, 80 wt.% hydrogen peroxide was
used as a monopropellant by means of the catalyst permanganate [25]. As hydrazine and
its derivatives became increasingly important in the 1960s, hydrogen peroxide faded into
the background [2]. Hydrazine achieves a high specific impulse Isp of 230s, with catalysts
such as Shell405 and HKC-12GA. However, due to its high toxicity and carcinogenicity,
a replacement has been sought for years [2]. Today, hydrogen peroxide is considered one of
the most promising green rocket fuels in monopropellant systems [26], as its exothermic
decomposition releases only water, steam, and oxygen:

2H,O, (1) — 2H,0 (g) + Oy (1)

The decomposition of highly concentrated hydrogen peroxide, also known as high-test
peroxide (HTP), is achieved either by use of a catalytic material or thermally at tempera-
tures over 400 °C. The latter is less known and is currently being investigated [27]. The
98 wt.% hydrogen peroxide version has a significantly high density of 1444 kg m 3. While
the specific impulse is 20% lower (189 s) than the specific impulse of hydrazine (230s),
the density specific impulse plsp, is about 17% higher. Calculations were carried out with
NASA-CEA [28] at 10 bar for chamber pressure and a nozzle expansion ratio of € = 81. The
most significant technological challenge in the realization of hydrogen peroxide mono-
propellant thrusters is the development of effective, reliable, and durable catalytic beds
providing fast and reproducible performance that is insensitive to poisoning by stabilizers
and impurities contained in the propellant [29]. In recent years, intensive research has been
conducted to investigate the catalytic decomposition of H,O; [29-31]. The conventional
catalyst for the decomposition of H,O; is metallic silver. However, its relatively low melt-
ing point temperature of 961 °C makes it unsuitable for decomposing 98 wt.% HTP, as the
adiabatic decomposition temperature is at 950 °C. Alternatively, other precious metals such
as Pt, Pd, Rh, Ru, and Ir are potential catalysts and have been studied in detail, as well as
manganes oxides. A final consensus on the most effective metal for decomposing HTP has
yet to be reached. According to Casu et al. [32], the most effective combination currently
was found to be 5 wt.% Pt/ Al,O3, a ceramic microporous pellet. The Institute of Aviation
(IoA) developed a metal foam based on NiCrAl/MnxOy that performs similarly to the
platinum alumina pellets [31].



Aerospace 2025, 12, 835

4 0f 26

3. Nitrous Oxide as Monopropellant

Nitrous oxide, N,O, is a widely used chemical compound. In mixture with oxygen,
it is known as laughing gas and applied as an anesthetic for surgery and dentistry. In the
food industry, it is used to neutralize bacteria growth in food, and in car racing, it is used
to increase the engine’s power output [33]. The theoretical specific impulse Isp (all values
calculated with NASA CEA [34], frozen at throat, pressure p = 10bar; expansion ratio
¢ = 81) of NoO monopropellant is Isp = 202 s; therefore, it is not as high as that of hydrazine
(Isp = 235s) but is higher than monopropellant H,O, (Isp = 1895s). Furthermore, it has
a wider range of possible storage temperatures than hydrazine. N;O can be stored as a
liquid at room temperature and a moderately high pressure of about 50 bar [33]. However,
its storage density is about 25% lower than that of hydrazine.

Its high vapor pressure makes self-pressurization of the tanks possible. In this case,
the nitrous oxide is stored in two phases in the tank. The propellant is drained from the
gaseous or liquid phase, depending on the design of the draining system. The remaining
volume is filled with vaporized liquid. Through the enthalpy of vaporization, the pro-
pellant inside the tanks cools down while draining propellant from the tank. As a result,
the pressure inside the tank decreases. Tank pressure control, and therefore also thrust
control, could be achieved via temperature control of the tank. By controlling the tank
temperature, a constant thrust level through blowdown could be maintained.

Accompanying the positive effects of self-pressurization, heavier tanks suitable for the
high pressures are required to store the propellant [35]. Alternatively, COPV (composite
overwrapped pressure vessels) can be used to decrease the tank’s structural weight. Due to
the propellant’s ability to “self-pressurize,” a straightforward feed system configuration
without pumps or helium pressurization may be possible. Tank and feedline materials can
be chosen from a range of materials, like stainless steel or Inconel. However, for seals in
valves or pressure reducers, the choice of materials is limited [22].

It should be mentioned that the greenhouse potential of nitrous oxide is approximately
300 times higher than that of CO,. Additionally, the residence time of nitrous oxide in the
atmosphere is about 120 years, which is comparably long [36]. Therefore, the release of
large amounts of unburned nitrous oxide into Earth’s atmosphere has a potential impact
on global warming.

In a monopropellant system, nitrous oxide is decomposed under the release of heat,
mainly into nitrogen and oxygen, with small amounts of nitric oxide [37]. Due to the
high amount of activation energy needed to initiate this reaction, a catalyst is used to
reduce the activation energy. Without a catalyst, the decomposition does not start below
850 K at appreciable rates [37]. The global decomposition reaction of N,O is given in
Equation (2) [37]:

N>O — Np + %Oz AHpgo = —82 k]/mol 2)

The reaction rate of this reaction is relatively low compared to other unimolecular
exothermic decomposition reactions, such as the decomposition of HyO, [37]. One reason
for the slow reaction rate is identified as the required change in the multiplicity of the atomic
oxygen in the given reaction, from triplet to singlet state, which is quantum-mechanically
forbidden [37]. Below approximately 40 bar, the reaction follows second-order kinetics,
while above 40 bar, it follows first-order kinetics [37].

Karabeyoglu shows that for a pressure of 40 bar, no substantial decomposition takes
place below 577 °C [37], which makes nitrous oxide a comparably safe and thermally
insensitive oxidizer. The adiabatic flame temperature is 1640 °C [38], which is substantially
higher than that of hydrogen peroxide, which is 950 °C [39]. The high adiabatic flame
temperature demands special materials for both the thrust chamber and the catalyst itself.
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Through the use of catalysts, the required activation energy for initiating the decom-
position reaction can be reduced. In the literature, values around 250 °C are given as lower
limits for successful decomposition [16]. Different noble metals, including Rh, Ru, Pd, Pt,
Au, and Ir, are described in the literature as possible catalyst materials for nitrous oxide [40].

Typically, two mechanisms are involved in noble metal catalytic NoO decomposition:
the Kondratenko mechanism and the Hinshelwood mechanism [41]. The Kondratenko
mechanism [42] describes that, first, N,O is decomposed into N3, and oxygen is adsorbed
on the surface. Subsequently, the adsorbed oxygen reacts with N,O, forming N, and O,.
The Hinshelwood mechanism [43] suggests that O, is produced from adsorbed oxygen.
Here, N,O is adsorbed on the noble metal surface. The adsorbed N,O is decomposed into
N, and adsorbed oxygen, which is then combined to form O,. The catalytic activity of noble
metal catalysts may be inhibited by the presence of impurity gases [41]. The following
order of reactivity was found for different noble metals by Doi et al. [44]:

Rh/A1203 > Pd/Aleg > Pt/Ale3

Further, it was found by Pachatouridou et al. that Ir/ Al,O3 performs better than Pt/ Al,Os
and Pd/AlL, O3 [45].

The experiments with nitrous oxide were performed using the H-KC12GA catalyst
with 32 wt.% Iridium on Al,O3 support from Heraeus [46]. The particle size is stated to be
between 0.6 and 0.7 mm. The thruster itself was originally designed for use with hydrogen
peroxide. For testing with hydrogen peroxide, a 5 wt.% platinum catalyst on Al,O3 support
was used in the same thruster [47].

The characteristic velocity ¢* and the specific impulse Isp are widely used parameters
to evaluate the performance of a rocket propellant. For NASA CEA [34], assuming a frozen
reaction at the throat, p = 10bar chamber pressure, T = 20°C, and € = 81, a theoretical c*
of ¢* = 1105.4m/s and the already mentioned Is, = 202 s are calculated for operation with
nitrous oxide.

4. Design of the Monopropellant Thruster “MoCa”

The “MoCa” thruster is a Monopropellant thruster with a Catalytic bed. The thruster’s
design was based on the specifications of the ESA GreenRAIM project and the literature
review that was carried out previously in the project [3]. Within the project, it is intended
to provide important experimental data required for the subsequent simulation of the
decomposition processes in EcosimPro/ESPSS v3.7. The design of the thruster allows for
a comparison of injection, decomposition processes, temperature, and pressure profiles,
as well as efficiencies in the simulation. In order to compare the results with existing data
from a 1-Newton hydrogen peroxide thruster and the test being conducted in parallel with
a 1-Newton LMP-103S thruster, a thrust target of 1 N was set. It was inspired by the work
of numerous studies of similarly sized thrusters [7,8,29,48-52]. The final design is shown
in Figure 1.

To compare with simulations in EcosimPro, static pressure measurements were pro-
vided downstream of the injector (Prny) and within the chamber (Ppc). These strategically
placed pressure sensors enable the monitoring of pressure differences both in the injector
and in the catalyst bed. To effectively track the progress and extent of decomposition,
multiple temperature measurements are placed directly in the center of the decomposition
chamber along the direction of flow. The first measuring point is put next to the injector
pressure sensor (Ppyy) and named Tyyj. Downstream, three measurements are taken in the
catalyst bed (Tcar 01, TcaT 02, and Tcar o3). Like at the injector, the chamber’s tempera-
ture is taken at the same geometrical point as the chamber pressure (Ppc) and named Tpc.
The measuring ports need to be as small as possible to minimize the gas volume in front of
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the pressure sensors and to minimize the capacity’s cooling effect. The five temperature
ports and their locations are displayed in Figure 2.

Figure 1. Computer-aided design (CAD) rendering of the “MoCa” thruster, with all measure-
ment ports.

T_CAT_01

Figure 2. Cross-section of the “MoCa” thruster, with placements of the thermocouples in the cata-
lyst bed.

A thermal standoff was designed to protect the valve from the heat released by the
decomposition process. It was additive manufactured from stainless-steel 316L. The ther-
mal standoff is connected to the thruster by use of a thread to reduce the mass that is
inherent with a flange. This design allows for changing the catalyst between tests or to
investigate degradation afterwards. The hexagon shape was designed to withstand the
torque introduced by the tools to seal it. The full setup is shown in Figure 3. A compartment
for a heater along the chamber walls was needed to investigate the effect of an already
pre-heated catalyst bed compared to a cold catalyst bed.

To attach all the sensors and the heater, enable easy access to the chamber’s catalyst
bed, and minimize the volume of the measuring ports, additive manufacturing was chosen.
Since hydrogen peroxide’s compatibility with other materials is limited and the decomposi-
tion temperature is lower than 950 °C, stainless steel (316L) was selected. Materials such as
Inconel 718 and similar nickel-based alloys, which have a higher application temperature,
have also been considered. A compatibility study is currently being carried out within
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DLR. A first hot fire test with IN718 as a chamber material has already been conducted [12].
Due to manufacturing reasons and uncertainties with material compatibility, stainless steel
was chosen instead of nickel-based alloys.

Figure 3. Computer-aided design (CAD) of the simplified “MoCa” thruster, with thermal standoff
and valve.

To achieve a thrust of 1N at 10bar with 98 wt.% hydrogen peroxide, the oxidator
mass flow rate was calculated via the specific impulse (Isp) of Equation (3). The Is, was
calculated with NASA CEA frozen at the throat at

F
Iy = —1
= o = 189 ®)

with an expansion ratio (throat area A; to exit area Ac) of € = 81. A mass flow rate
of 11 = 0.5gs™ ! results from the calculation. The theoretical characteristic velocity
C*theo = 1019.2m s~ ! is calculated with NASA CEA as well. The experimental C*exp can be
calculated by the chamber pressure Pc, the mass flow rate i1, and the throat area of the

nozzle A:

Cexp = Pcm : 4)

The nozzle throat area has a resulting diameter of d; = 0.8 mm. The combustion
efficiency 77c+ is the ratio of c*exp t0 " theo:

Ner = * (5)

The characteristic velocity ¢* depends on the propellant, the injector design, the mixture
ratio, the chamber pressure, and the combustion chamber size [53]. In contrast to the
specific impulse Isp, c* is independent of the nozzle shape and expansion ratio. By means of
c*, different propellant and injector combinations, as well as combustion chamber designs,
can be compared to each other [53]. A reduction in #+ is caused by heat losses to the
chamber walls and incomplete decomposition, as well as boundary layer effects [53].

The characteristic length L* was set to be 1 m, calculated using Equation (6)

Vehamb
L* — chamber — 1 . 6
A m (6)

The catalyst chosen for operation with hydrogen peroxide is the pellet-shaped 5 wt.%
Pt/ Al,O3 manufactured and sold by Hereaus. A total amount of 0.43 g fits in the chamber.
Figure 2 shows the CAD model cross-section with the five measurement ports for the
thermocouples and their positions along the chamber. Three measurements were carried
out directly in the center of the catalyst bed.

It was found in the literature that a sufficient cat-bed loading (CBL) ranges from
7-28kgs ! m~2 [51,52]. The cat-bed loading describes the mass flow rate 7t over the cat-
bed’s cross-sectional area (Acatped):
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cBL = "

=15kgs ' m~2 (7)
catbed

The diameter of the catalytic bed and, therefore, also the resulting cross-sectional area
Acatbed are a result of the chosen L* and the ratio of the length and diameter that was chosen
for the catalytic bed.

To investigate the influence of the measuring ports (dead volume and heat capacity),
a thruster with only the Ppc port (shown in Figure 3) was tested as well.

The heater and the valve are commercial, off-the-shelf parts. The heater is a Watlow
Firerod electrical cartridge heater with a maximum power of 40 W at 48 V, the valve being
a Parker Series 9 pulse valve with an orifice of 1 mm. It is powered by 24V DC.

5. Experimental Test Setup
5.1. Facility and P&ID

The hot firing tests were conducted at the M11.2 high-altitude test facility at the
German Aerospace Center (DLR) in Lampoldshausen. A 4 m? vacuum chamber (shown in
Figure 4) provides an initial pressure Pyac of below 3 mbar. The pressure in the vacuum
chamber is monitored by a CMR 363 sensor, provided by Pfeiffer Vacuum GmbH, 35614
Afilar, Germany The M11.2 uses the data acquisition system ADwin Pro II from Jager
Messtechnik. The signals of the pressure transducers are amplified by Dewetron single-
channel measuring amplifiers of type DEWE-30-16 DAQP-STG (0.1-1000 mV /V), provided
by DEWETRON GmbH, 8074 Grambach, Austria [54]. The test bench was operated with
an in-house developed control program.

Figure 4. Vacuum chamber at the DLR test bench M11.2 [55].

The majority of the components utilized are off-the-shelf parts. The tubing, which is
shown in Figure 5, consists of stainless steel (1.4404 and 1.4571) with an outer diameter of
6 mm and an inner diameter of 4 mm. The HTP is stored in a 1L stainless steel tank. All
components are specifically chosen for compatibility with HTP and have been suitably
cleaned and passivated to prevent uncontrolled decomposition. A total of four static
pressure transducers of STS were used. One on top of the tank (Prnk), one in the feeding
line (Pppy) in front of the thrusters valve, and the previously mentioned two sensors
at the thrusters injector and chamber (Ppny, Ppc). Eight thermocouples of Type-K were
used. One close to the tank (Ttnk), one in the feeding line (Tfpy), one on the thrusters
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valve (Trcy), and five inside the thruster (Tiny, Tcat 01, Tcat 02, Tcat 03, Toc). The mass
flow was acquired by an M14 Coriolis mass flow meter of Bronkhorst (CFM_H202). All
measurement devices are listed in Table 1 alongside the acquisition rate and corresponding
uncertainties. In addition, a camera was placed outside the vacuum chamber to capture
high-quality videos. To operate the thruster, the tank was pressurized with gaseous
nitrogen. A PID pressure regulator, N2_PR_02, was controlled to set the tank pressure.
A relief valve (H202_AV_01) and a safety release valve (set to 45 bar) helped to handle the
pressure safely. The main valve (H202_AV_02) was closed during the fueling process and
was only to be opened to fill the feed line for priming and before a hot fire test. The dump
valve (H202_AV_03) was used to prime the feeding line in front of the thruster valve
(H202_AV_04) to ensure the thruster is only operated with liquid HTP. For cleaning and
safety reasons, nitrogen and water flushing were installed. For testing with nitrous oxide,
a simplified P&ID was used, as the propellant was fed from a gas bottle instead of the
tank, and no pressurization was needed. The instrumentation was identical to the test with
hydrogen peroxide.

T_CAT_01

T_CAT_02

T_CAT_03

P_DC

\Vacuum Tank

Figure 5. P&ID schematics of the experimental setup.
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Table 1. List of sensors, manufacturer, acquisition rates, and measurement uncertainties, referring to

full scale (FS).
Sensor Manufacturer and Sampling Sensor

Parameter Measured Sensor Type Model Rate Uncertainty
Pressure Chamber Plezo—Re51stlve—Pa551ve STS-Type TM (0-30bar) 5kHz +0.2% FS

Transmitter
Pressure TNK/FDL ~ Liezo-Resistive-Passive  grg qv 0 T (0-100 bar) 5kHz +0.5% FS

Transmitter
Temperature Thermocouple Stainless Steel Sheathed-Type K 110Hz £1.5°C
Mass Flow Rate Coriolis Bronkhorst-M14 (FS: 8.333gs™!) 5kHz +0.2% FS

5.2. Design of Experiments

The testing of the “MoCa” thruster covers a comprehensive range of conditions to
thoroughly evaluate its performance. In the typical operating range of satellite systems
(22-5.5bar), both steady-state and pulsating operation are examined. To achieve this, three
different pressures in the feeding line were chosen: 6, 12, and 24 bar to ensure a variety of
operating scenarios. All the intended operating points are listed in detail in Table 2 and
shown visually in Figure 6.

Table 2. Operating points of the test campaign.

Feeding Pressure 6bar 12 bar nominal 24 bar
Single Pulse 2 x60s 2 x60s 2 x60s
125/875 125/875 125/875
f Elze mode 250/750 250/750 250/750
ON/OFF in 500/500 500/500 500/500
ms 750/250 750/250 750/250
875/125 875/125 875/125
100 + < b b - B
80
g 60
&
2 — 0.5Hz
A 401 THz
2 Hz
4 Hz
5 Hz
20 8Hz
» Single Pulse
m 1Hz
A 5Hz
0 === FCV Limit
10 10t 102 10° 104 105

Ton / (ms)
Figure 6. Logarithmic visualization of the operating points.
The catalyst bed in the engine was carefully prepared and packaged in the M3 labora-

tory at DLR Lampoldshausen. Using a precision balance and a vibrating plate, the packing
density of the pellets was standardized to ensure the repeatability of the experiments. This
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careful approach to preparation is critical in order to maintain consistency and reproducibil-
ity throughout the testing process.

A logarithmic representation was chosen to display the operating points, with the
duty cycle on the y-axis and the time on the x-axis. The black dashed line indicates the
limit of the valve, as it cannot be pulsed any faster.

5.3. Estimation of Errors

Error propagation is applied, ensuring that uncertainties in input parameters are
properly accounted for in the final result. These uncertainties of every measurement device
are summarized in Table 1.

For every measured diameter (d;), an uncertainty of 10% is assumed. This uncertainty
directly affects the calculation of area (A;) according to the formula

2
AA = (%‘S-Ad) , 8)

where AA represents the uncertainty in area, and Ad represents the uncertainty in diameter.
Subsequently, the uncertainty in the discharge coefficient (Acp) is determined using
the uncertainties in area (AA), mass flow rate (1), and pressure drop (Adp):

- aCD 2 aCD . 2 aCD 2
e = (2284) (22 )+ (20 ) o

The cp value is calculated during steady-state tests and used to calculate mass flow rates for

pulse tests since the responding time of the Coriolis is too slow. The uncertainties in mass
flow rate (1) are calculated using the uncertainties in area AA, the discharge coefficient
Acp, and pressure drop Adp :

, it 2 onin 2 onin 2
= (a2 (2 o) o (2 aap) a0

Lastly, the characteristic velocity (c*) and the combustion efficiency 7.+ are determined for

both steady-state and pulse firing tests:

* dc* 2 ac* . 2 dc* 2
Ay = Ac _\/<aA'AA) +(am'Am) +(ap-Ap> (11)

These equations allow for systematically propagating uncertainties from the input param-

eters to the final calculated values, ensuring the reliability of the results is appropriately
characterized.

6. Results and Discussion
6.1. Hydrogen Peroxide Testing

Over three test days, over 90 tests were conducted, with an operational duration of
>30 min and an H,O, throughput of >1kg. Between each testing day, the catalyst pellets
were replaced to examine degradation and minimize their influence between tests. A
picture of the hot firing is shown in Figure 7. The catalyst bed was pre-heated to 70 °C
before each test. A concentration of 97.3 wt.% HTP was measured in the laboratory ahead
of the hot fire testing.

Three pressure levels (6, 12, and 24 bar) were applied to the tank to give an impres-
sion of a typical operating range of 22-5.5bar chamber pressure. The “MoCa” thruster
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underwent two steady-state experiments lasting 60 s each, as well as pulsed experiments at
frequencies of 1 Hz at each pressure level. The pulsed experiments comprised duty cycles
of 12.5%, 25%, 50%, 75%, and 87.5%, totaling 100 consecutive pulses.

Figure 7. Picture of the “MoCa” thruster during a steady-state firing test inside the vacuum chamber.

The steady-state test measurements are shown in Table 3. The first two tests (1 and
2) were conducted with a feeding line pressure Prpy, of 6bar, tests 3 and 4 with 12bar,
and tests 5 and 6 with 24 bar. Tests 7 and 8 were conducted at 12 bar with the simplified
thruster and only the pressure sensor Ppc attached. This was carried out to examine the
influence of the gas volume in front of the pressure sensors and the heat capacity of the
seven measurement ports.

Table 3. Steady-state tests at three different feeding pressures.

Discharge Combustion

Test Mean PrpL Mean Ppc Me:)x. TcAT 02 Maox. Tpc Meil{l 7 in Coefficient Efficiency Mean )
No. inbar in bar in°C in°C gs . o Interval in s
CDgey e+ in %
1 5.73 3.89 751.33 573.37 0.248 0.68 £ 0.06 79.20 £ 3.96 54-58
2 5.63 2.39 834.79 584.15 0.136 047 £0.04 80.69 + 4.03 50-55
3 11.58 9.98 947.16 791.95 0.536 0.80 £ 0.07 87.72 +4.39 49-59
4 11.46 9.66 950.44 798.20 0.506 0.74 £ 0.06 89.51 +4.48 49-59
5 23.72 18.46 959.26 867.86 0.938 0.70 + 0.07 92.06 £ 4.60 44-54
6 23.74 15.73 954.68 858.56 0.835 0.80 £ 0.06 88.02 £+ 4.40 40-50
7 11.92 10.55 - - 0.578 - 90.62 £+ 4.53 45-55
8 11.92 10.39 - - 0.569 - 90.44 £ 4.52 45-55

The temperature profile of Test No. 5 is shown in Figure 8. The temperatures Tcat o2
and Tcar o3 reach their terminal temperature roughly after 10s, which makes this test
thermally steady-state. The maximum temperature was measured at the second ther-
mocouple in the catalytic bed, which was Tcat g2 = 959.26 °C, indicating that a full
decomposition was achieved. The maximum temperature in the chamber was measured at
Tpc = 867.86 °C. A cooling effect could be investigated behind the injector. The tempera-
tures behind the injector Ty and at the first cat-bed position Tcar o1 stayed below 200 °C.
After the thruster’s valve was closed, the temperatures increased due to the heat-soak-back
up to 650 °C before cooling down.

Figure 9 displays the acquired pressure data. This test was conducted at the end of a
test day. Compared to the beginning of the test day, the pressure drop across the catalyst
bed did increase. It was found that the catalyst mass was reduced, and the pellets were
almost pulverized, explaining the change in the pressure drop. However, one of the highest
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combustion efficiencies was achieved in this test. It was calculated over the interval from
44 5s-54 s and resulted in 77+ = 92%.

,"W'W’“N"”'"“"W”*N’\'Mw"‘
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— T_FCV T_CAT_03
— TN —— T.DC

Figure 8. Temperature profile of steady-state test 5, with a feeding line pressure of 24 bar.
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Figure 9. Pressure profile of steady-state test 5, with a feeding line pressure of 24 bar.

Table 3 indicates the maximum temperatures in the chamber and catalyst bed position
two (Tcat 02)- It can be seen that the temperature reaches around 950 °C, with feeding line
pressures greater than 12 bar. The conclusion is that tests with a feeding line pressure of
6 bar did not reach full decomposition. The hottest temperature was measured in all tests
at Tcat o2- This indicates that the catalyst bed might be slightly too long. In Figure 10, the
combustion efficiency 5.+ of all steady-state tests is displayed. The tests with a feeding
pressure of 6bar did reach about 80% while the efficiency of the higher pressure levels
reached about 90%, which corresponds to the temperature reached.
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Figure 10. Combustion efficiencies for different pressure levels are presented.

Test No. 7 and 8 operated using the simplified thruster. They show a slightly higher
efficiency (within the uncertainty) compared to the tests with the fully equipped thruster at
the same pressure level of 12 bar.

In Figure 11, a 1 Hz pulse test with a duty cycle of 75% and an FDL pressure of 24 bar
is shown. The initial pulse is shown in deep blue, which gradually changes to light blue
and light red tones until it takes on a deep red color at pulse number 100.

Pressure / (bar)

O I T T
0.0 0.2 0.4 0.6 0.8 1.0
Time / (s)

Figure 11. Pressure profile of a 1 Hz operated pulse test with a duty cycle of 75% and 100 repetitions.

The 100 pulses were, besides the first pulse, almost identical. With shorter duty cycles
or a lower inlet pressure, more than one pulse was needed to reach repeatability. Control
of the valve actuation had a delay of 4.5ms, and the valve itself had a delay of <10ms.
Taking this into account, the rise time from valve opening to 95% of the operating pressure
is tyjse < 50ms. This increases for lower input pressures as well.

Figure 12 displays the corresponding temperature profile. The temperatures Tcat (2
and Tcart o3 reach their terminal temperature in a similar timeframe, similar to the steady-
state test in Figure 8. In comparison with the steady test, the Topr time can clearly be seen
from the temperature gradient. However, most certainly, it is observed that the temperature
Tcat o1 fluctuates between 800 °C and 200 °C.



Aerospace 2025, 12, 835 15 of 26

This behavior was only observed in the 12bar and 24 bar tests in stead- state firing
and pulsing tests. In correlation with this, the pressure had a greater roughness at the
same time the temperature Tcar o1 rose and fell, and the pressure drop over the catalyst
bed increased/decreased. With a feeding pressure of 6 bar, the temperature Tcat (1 rose
directly at the beginning and stayed high. After the pulsing tests, the catalyst was almost
pulverized, and only 0.31 g remained in the chamber. The thermal shocks are suspected to
significantly reduce the catalyst’s lifespan.

Temperature / (° C)

0 25 50 75 100

Time / (s)
—— T.TNK —— T_CAT 01
—— T _FDL —— T _CAT 02
— T _FCV T_CAT_03
— T_INJ —— T.DC

Figure 12. Temperature profile of a 1 Hz operated pulse test with a duty cycle of 75%.

Figure 13 displays the combustion efficiency 7.+ over Ton of the 1 Hz pulse mode
firing tests with all three pressure levels. The calculation of 7.+ was carried out using
Equation (4), with the mass flow rate 71 determined using the discharge coefficient cp.
The error bar indicates the higher uncertainty that is inherent with this method. However, it
can be seen that the pulses with the highest feeding pressure reached the highest efficiency,
similar to the steady-state operation.

< 100 - *
& 80
>
2
8 60 -
[&]
2
R } !
2
_g 20 3
S
0

0 200 400 600 800
Pulse length Toy / (MS)
¢  Pulse tests with 24 bar
Pulse tests with 12 bar
{  Pulse tests with 6 bar

Figure 13. Combustion efficiency of 1 Hz pulse tests at three pressure levels and different duty cycles.
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6.2. Nitrous Oxide Testing

Steady-state and pulse-mode tests were conducted with the “MoCa” thruster with
nitrous oxide in the same manner as with hydrogen peroxide. In total, 90 tests were
performed, of which 32 tests saw a significant temperature increase (>20K). During the
experiments, with the given setup, it was hard to reach the desired pre-heating temperatures
to achieve thermal decomposition. In the 58 tests where no temperature increase was
observed, the initial catalyst temperature was too low to initiate a reaction. In the first part
of this section, exemplary tests with successful decomposition are shown and discussed.
In total, four tests are described in more detail in the following. Table 4 gives an overview
of these tests. At the end of this section, an evaluation of the needed conditions for
decomposition in this setup is given.

Table 4. Overview of the described tests.

. . Mean Ppc in Mean Prp; in CBL in .o Mean Interval
Test No. Mean rizin g/s bar bar kg/(mZs) Max T in °C ins
1 0.23 414 23.35 74 860.5 3.34.9
2 0.20 3.98 23.10 6.2 913.7 3.34.9
3 0.27 497 23.68 8.2 1216.4 20-25
4 0.20 16.84 23.46 6.3 1322.7 2.6-3.8

Figures 14 and 15 show the pressure and temperature plot of a 5-second steady test.
It can be seen that, before (P;y;) and after the catalyst (Ppc), the chamber pressure rises
slowly over the 5 s experiment duration. Pyy; increases from 3.3 bar to 4.3 bar. The mass
flow, however, was nearly constant during the test. The increase in chamber pressure is
connected with an increase in chamber temperature and, therefore, with a slow increase in
decomposition efficiency during the experiment. The experimental ¢* value was calculated
according to Equation (4) using the pressure measured after the catalyst (Ppc) and the mass
flow overserved by the Coriolis mass flow meter. For the chosen evaluation interval from
3.3-4.9 s, the mean values are shown in Table 5.

O T T T T
0 il 2 3 4 3 6 7

Time in s

— P INJ — P DC

Figure 14. Pressure plot of test 1.
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Figure 15. Temperature plot of test 1.

Table 5. ¢* Evaluation of test 1.

. * *
Evaluation Interval CExp CTheo Her

3.349s 840.6m/s 1105.6 m/s 76.0%

The theoretical value given in Table 5 was calculated using NASA CEA, assuming
frozen flow after throat, using the inflow temperature and chamber pressure from the
respective experiment. The mean pressure loss across the catalyst bed is 0.17 bar. The
catalyst bed pre-heat temperature measured at thermocouple Tcat ¢ is 420 °C. Tcar o2 was
taken as a reference for the pre-heating temperature, as it is positioned in the center of the
catalyst bed. The trajectory of the measured temperature inside the catalyst distinguishes
the different positions. During the experiment, the temperature measured after the catalyst
(Ppc) is the highest. For the first 2.5s, the TcaT o3 temperature increases nearly at the
same rate as Tpc. However, 2.5 s after opening the valve, the temperature at Tcat o3 nearly
stagnates, whereas Tcat o2, Which occurred before, rather than decreasing, starts to increase
drastically to temperatures over 800 °C and also surpasses Tpc right after the closing of the
valve. This indicates a displacement of the main reaction zone after about 2.5 s of operation
to more upstream parts of the catalyst. The exact reason for this phenomenon cannot be
clearly identified from the measurement data; maybe it is a result of heat conduction inside
the catalyst during the operation.

Figure 16 presents a temperature plot of a 5s test with nearly identical feedline
conditions to the test before. The mass flow was reduced by 0.03 g/s compared to Test No.
1. The pre-heating temperature was slightly higher, at 445 °C. In this test, a temperature
increase can be seen as well, which indicates decomposition. Interestingly, the measured
temperature distribution in the catalyst bed and the decomposition chamber is different
from the experiment shown above. In this case, the Tcar o3 thermocouple registers 913 °C,
the highest value, whereas in the test above, Tcar o2 shows the highest temperature.
The absolute value of the maximum temperature is also more than 100 °C higher than in
the experiment shown before. In this experiment, the zone of reaction was stable, located
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around the last thermocouple Tcar o3 in the catalyst. The measured c* efficiency is nearly
9% higher compared with the experiment before (see Table 6).

800 1
600 A
@) L
= /L —
& 400 A
200 A
0 - . . —_— .
0 1 2 3 4 5 6 7
Time in s
—— TN20TNK —— TINJ T CAT 03
T FDL —— TCAT01 —— TDC
—— TECV —— T CAT 02

Figure 16. Temperature plot of test 2.

In both tests, the temperature in the catalyst that was closest to the injector Tcar o1
shows lower temperatures for the pre-heating values. Moreover, the temperature measured
after the injector drops instantly after opening the valve. This indicates that, at this position
in the catalyst bed, no reaction took place.

Table 6. ¢* Evaluation of test 2.

Evaluation Interval CExp CTheo He

3.349s 9389m/s 1105.6 m/s 84.9%

In both cases, the temperature in the decomposition chamber after the catalyst bed is
lower than in the catalyst, which may be a result of heat losses.

Figures 17 and 18 show an experiment with a total firing time of 25s. In the pressure
plot, it can be seen that between 20 and 25, nearly stationary operation in terms of chamber
pressure is given. The efficiency between 20 and 25s was 88.2%. After 265, a destructive
event happened that led to a sharp increase at the chamber and injector pressure sensors
and the signal loss of thermocouple Tcart o3.

It was found that, due to the hot temperature of around 1000-1200 °C, the retainer
plate of the catalyst bed broke down and led to a partial blocking of the nozzle with the
catalyst material. This caused the sharp pressure increase at second 26. After this spike,
Ppc decreases significantly more slowly than Pjy;. This is probably induced by a blocking
of the respective measurement port with catalyst material.

Interestingly, in Test No. 3, the three thermocouples Tcar 02, Tcat 03, and Tpc do not
show such significant temperature differences as in the 5-second tests. At about 15s of
operation, Tcat g2 shows higher values than Tcat g3, and at the same time, the temperature
at Tcat o1 increases as well. This indicates, once again, a shift in the zone of reaction during
the hot run of the thruster. The performance data of Test No. 3 is given in Table 7.
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Figure 17. Pressure plot of test 3.
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Figure 18. Temperature plot of test 3.
Table 7. ¢* Evaluation of test 3.
Evaluation Interval CExp CTheo e
20-25s 976.0m/s 1106.4m/s 88.2%

The following Figures 19 and 20 show a pulse experiment. A total of 20 pulses with
a frequency of 5Hz and a duty cycle of 50% were fired. This means the valves were
opened for 100 ms each and closed subsequently for 100 ms. Due to the destruction of
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the retainer plate in the previous experiment, the nozzle was blocked partially in this
series of experiments, and therefore, the exact throat diameter is not known to the authors.
However, it can be assumed that it is substantially less than the unblocked nozzle diameter.
A hypothetically calculated diameter with an assumed efficiency of 7.+ = 80% and the
measured mass flow and pressure values results in D; ~ 0.08 mm and, therefore, L* = 100.
The mass flow rate in this experiment decreased, and therefore the CBL also decreased,
whereas the pressure inside the chamber, due to the blocked nozzle, was higher than before.

25

0 | | .
0 1 2 3 4 5

Time in s

— P INJ — P DC

Figure 19. Pressure plot of test 4.
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Figure 20. Temperature plot of test 4.
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In Figure 19, it can be seen that it takes about 2 s to reach a constant pressure level.
After this start time, the pulses are repeatable. The closing time of the valve was too short
to lower the pressure completely before the next pulse started. It has to be mentioned here
that the fitting, tube, and mounting adapter of the chamber pressure transducers (compare
Figure 1) may have influenced the dynamic pressure measurement.

In Figure 20, it can be seen that, at position three inside the catalyst bed, high temper-
atures were measured, which indicates a high rate of decomposition. However, the tem-
perature in the decomposition chamber downstream of the catalyst is much lower. This is
probably due to heat loss effects at low cat-bed loadings, as described by Lohner [56].

In Figures 21 and 22, all experiments are marked with the information about whether
there was a temperature increase in any of the thermocouples inside the thruster of more
than 20K during the experiment. The experiments with such an increase are marked as red
circles, and the others without temperature increases are marked as blue squares. The in-
crease in temperature is assumed to be a hint, at least partially, of successful decomposition.
It can be seen that in the presented experiments, there is no exposed pressure or CBL/mass
flow dependence on whether there was decomposition or not. The main influence parame-
ter for successful decomposition is a high pre-heating temperature. For all experiments with
pre-heating higher than 500 °C, decomposition was observed. Some tests with pre-heating
between 400-500 °C showed decomposition; however, this was not repeatable.

C

D

(o

(=
!

400 1

200 1

Initial Catbed Temp. in °

0 5 10 15 20 2% 30
Mean P INJ in bar

Temp. Increase No Temp. Increase

Figure 21. Visualization of temperature increase with dependence on mean injection pressure and
pre-heat temperature.

For the experiments with a blocked nozzle and, therefore, a drastically increased
L*, it is observed that decomposition was easier to achieve. This may be a result of the
comparably low reaction speed and the longer residence time in contact with the catalyst,
leading to better decomposition. However, this does not directly correspond to a high
ne+ efficiency, as the heat losses for small catalyst bed loadings are high. As for some of
the tests, the nozzle throat area is not known, and no statement about the influence of
chamber pressure or catalyst bed loading on the decomposition efficiency is possible from
this test series. Other parameters may influence the decomposition characteristic as well.
For example, the age of the catalyst, the inflow temperature of nitrous oxide, or impurities.
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Figure 22. Visualization of decomposition with dependence on CBL and pre-heat temperature.

Compared to the experiments with hydrogen peroxide in the same thruster, the

following observations can be made:

Higher pre-heating temperatures are needed to achieve decomposition (room temper-
ature for H,O, and >500 °C for N;O).

Only efficiencies below 90% can be observed for N,O experiments; for HyOy, the
observed efficiencies were mostly above 90%.

The increase in c* efficiency during operation is much slower than with H,O,. This
may be a result of the decreased reaction rate.

Through the higher adiabatic decomposition temperature of N,O in comparison with
H,0,, other thrust chamber materials should be considered.

The storage of N,O is relatively uncomplicated. A wide range of materials is available,
and, unlike HyOj, there is no need to worry about the decomposition of the propellant
inside the tank.

Catalyst bed loading should be optimized for the given thruster and the specific
catalyst/propellant combination to achieve better performance.

The position of the hottest point inside the catalyst bed is not stable and can be
nonlinearly influenced, for example, by the mass flow, chamber pressure, pre-heating
temperature, or the age of the catalyst.

Pre-heating to temperatures above 500 °C is challenging in the given setup. The tem-
perature must be equally distributed in the catalyst bed, and the overheating of the
cartridge heater must be avoided. Moreover, an effective thermal standoff is needed
to avoid temperature loss through heat conduction into the feedline system on the one
hand, and to prevent the pulse valve from too-high temperatures on the other hand.
Heating to such high temperatures required long pre-heating times; in this setup, it
was over 30 min.

A cold start is not possible or will only deliver cold gas performance.

7. Conclusions and Outlook

In this work, parts of the test campaign within the ESA project GreenRAIM are pre-

sented. An extensive test campaign with 98 wt.% hydrogen peroxide was carried out in the

vacuum chamber on the M11.2 test bench. The primary goals of collecting temperature,

pressure, and mass flow data for the development of the ESPSS/EcosimPro simulation
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model were successfully achieved, with over 90 tests demonstrating decomposition. In ad-
dition, the design of a 1-Newton hydrogen peroxide thruster is described, and the selection
of a suitable catalyst is discussed.

Building on prior research conducted in Europe, the design of the thruster and the
selection of the catalyst are meticulously determined. Using additive manufacturing,
the thruster and its thermal standoff were manufactured to meet the requirements of the
sensors and operational implementations. Stainless steel 316L was chosen as the material
due to its compatibility with hydrogen peroxide and ease of post-processing. Higher-
temperature-resistant materials such as Inconel 718 or other nickel-based alloys were also
considered and will be investigated in future tests. The pellet-shaped Pt/ Al,O3 catalyst
from Hereaus was selected because it is commercially available and ranks among the most
suitable catalysts for hydrogen peroxide thrusters.

The results with hydrogen peroxide indicate a combustion efficiency of over 90% with
the designed thruster. The temperature data recorded in the thruster showed complete
decomposition for inlet pressures greater than 10bar. It was observed that fluctuations in
pressure, changes in pressure loss across the catalyst bed, and variations in mass flow result
in significant temperature fluctuations in the front catalyst area. These thermal shocks are
suspected to significantly reduce the lifespan of the catalyst material. This effect requires
further investigation.

In addition, the decomposition of nitrous oxide (N>O) was investigated using the
“MoCa” thruster in a subsequent campaign. In 32 of the total of 90 tests, decomposition
was observed via a temperature increase. For the used H-KC12GA 32 wt.% Iridium Al,O3
support catalyst, a pre-heating temperature of over 500 °C was needed to achieve reliable
decomposition of nitrous oxide. A maximum c¢* of 976 m/s and c* efficiencies of up to
88% were observed. In future developments, a study on the ideal cat-bed loading CBL and
characteristic chamber length L* for nitrous oxide monopropellants has to be performed.
Different catalyst materials should be screened in a thruster-like setup in order to reduce
the needed pre-heating temperature.

Overall, this study not only contributes to a better understanding of hydrogen peroxide
and nitrous oxide monopropellant propulsion systems but also lays the foundation for
accelerated and improved development processes through improved simulation models.
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