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summary

Europe is entering a phase where staged-combustion (SC) engines, critical to higher performance and
reusability, are moving from prototypes to regular test campaigns. Yet Europe lacks an affordable, read-
ily available facility for full-scale SC hot-fires, creating a bottleneck for engine maturation and program
cadence. This thesis responds to that gap by developing a high-level design for a modular, sea-level
propulsion test bench sized for engines of 2 MN, and by coupling the technical concept with siting, cost,
RAMS, and operations analyses that determine whether such a bench can be built and run sustainably
in a European context.

The design work begins from first principles of engine-facility interfacing. Top-level requirements are de-
rived around thrust capacity, chamber-pressure envelope, and cycle compatibility (FFSC/ORSC/FRSC)
for methalox and hydrolox service, with horizontal installation to simplify handling and reduce cost. The
bench architecture is sized from first principles of engine demand and facility constraints, with tanks
and lines set by worst-case mass-flow scenarios and pressurisation strategies (Ny for LOX/CHy, He for
LOX/H;). A first-order EcosimPro/ESPSS model verifies stable interface dynamics: the LOX system
can deliver 650 kg/s to the engine at 4 bar with a tightly regulated, constant run tank pressure of
20 bar, while control loops maintain steady supply. Differences for CH4 and Hs service, like helium
permeation, seal requirements, and the benefit of He recovery are outlined to generalise the LOX design.

Technical design is laid out as well as programmatic feasibility. A parametric cost model lays out the
cost of other benches and their scale, to assess the potential cost range of a to-be-built facility. This
parametric CAPEX, identified to be around €92.2 million, combined with fixed and variable OPEX,
is converted into a required day-rate via a discounted-cash-flow model under realistic utilisation, for
a specified investor payback horizon (and discount rate). A multi-criteria site shortlisting compares
European countries on permitting complexity, population density, logistics and workforce availability,
revealing a consistent tier of viable candidates, like Bulgaria, Greece, Portugal, Poland, Spain, and
Hungary, where infrastructure and operating costs align with the benchs utilisation needs. Location
cost advantages translate directly into lower required day-rates at equal investor horizons. Reliability
and safety are addressed via a FMECA spanning cryogenic flow, start transients, pressurisation and
purge, structures, and controls. The result is a set of mitigations that reduce high-criticality risks to
acceptable levels.

In sum, this work demonstrates that Europe can field a cost-effective, modular, sea-level test bench
for 2 MN staged-combustion engines, and it provides the design logic, siting rationale, and operational
blueprint to do so. The recommended next steps are proper tool selection for future work, instrumen-
tation definition, EcosimPro verification expansion, and expanding the parametric cost model.
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Introduction

High-thrust staged-combustion (SC) rocket engines are the pinnacle of rocket engine cycles. Their
appeal is rooted in cycle efficiency and durability: by burning propellants in preburners before the main
chamber, SC engines can operate at higher chamber pressures while keeping turbine inlet temperatures
comparatively low, improving performance margins and reliability. Validating such engines requires
test benches that deliver hundreds of kilograms per second of cryogenic propellant at tightly regulated
pressures, manage violent transients cleanly, and return high-fidelity data suitable for design iteration.
Yet the open literature offers little practical guidance. Test-bench design is rarely described because
it is commercially sensitive or export-controlled; when it is discussed, it is typically at (very) small or
mid-scale and isolated to subsystems rather than complete, full-thrust facilities.

European institutional and commercial programs are seeking higher test cadence at lower cost to ac-
celerate propulsion development. Despite this demand, Europe currently lacks affordable, accessible
facilities capable of routine hot-fire testing of full-scale staged-combustion engines. Existing options
tend to be legacy, limited in availability, optimized for other regimes, or economically out of reach for
New Space companies’ test campaigns. This situation constrains independent capability, causes longer
development schedules, and pushes teams toward costly workarounds such as sub-scale testing that does
not fully take away risk at engine level.

These two challenges, meeting the stringent interface requirements of full-scale SC engines and achieving
affordability and availability within the European context, are rarely addressed together. In practice,
they often diverge: the very features that stabilize starts, throttle ramps, and aborts (large run-tanks,
robust pressurization, extensive water and exhaust handling) drive civil works and operations cost.
However, programs that rely on rapid iteration need both capability and low cost per hot-fire minute.
In such cases, the objectives converge into a single design requirement: a modular, Europe-aware sea-
level test bench that satisfies staged-combustion interfaces while being economical to build, operate,
and scale.

This thesis addresses that need by developing a high-level design for a sea-level propulsion test bench
dedicated to 2 MN staged-combustion engines. The work integrates an architecture tailored to SC
start-up and control, first-order sizing of cryogenic and pressurization systems, and an approximation
of cost with an operational model. It is conducted in collaboration with the European Space Agency
(ESA) and aims to demonstrate the technical and economic viability of an affordable European facility
for full-scale staged-combustion engine testing.

1.1. Thesis Outline

e Chapter 2: Literature Review dives into sea-level versus altitude test benches, the required infras-
tructure and logistics behind the operations of a test facility, possible applications of automation
and Al in a test bench, staged-combustion engine fundamentals, and the state-of-the-art informa-
tion on rocket engine test facilities.
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e Chapter 3: Research Proposal presents the main research question as well as different sub ques-
tions that guided the work performed.

e Chapter 4: Requirements consolidates customer requirements into test-capability, safety, modu-
larity, schedule, and cost targets that drive the bench architecture.

e Chapter 5: Fluid Supply System sizes tanks, pressurisation and piping from worst-case mass flows
and verifies stable interface conditions with EcosimPro/ESPSS.

e Chapter 6: Site Selection evaluates European locations on labour cost, permitting, remoteness
and logistics, and workforce, producing a shortlist of viable countries.

e Chapter 7: Cost Modelling determines CAPEX and OPEX with top-down and bottom-up ap-
proaches and maps them to required day-rates via discounted-cash-flow analysis.

¢ Chapter 8: Failure Mode, Effects, and Criticality Analysis identifies critical risks across cryogenic
flow, pressurisation and purge, structures, controls, and operations with targeted mitigations.

¢ Chapter 9: Conclusion summarises technical feasibility, siting and economic viability, and the
operational blueprint for a modular European bench for > 2 MN SC engines.

e Chapter 10: Recommendations for Future Work proposes concrete next steps on software use,
multi-propellant configuration finalisation, and cost-model expansion.



Literature Review

This literature review aims to provide a solid background on rocket engine test facilities, their operations,
what they consist of, rocket engine cycles, and possible applications of automation and Al.

2.1. Test benches

Rocket engine test facilities (or test benches) are specialized installations where liquid-propellant rocket
engines and stages are fired on the ground under controlled conditions prior to flight. These facilities
enable engineers to validate performance, study phenomena like ignition and shutdown transients, and
ensure safety by uncovering issues on the ground rather than in flight. Ground testing is significantly less
costly and risky than inflight testing, making it the foundation of propulsion development. This section
reviews the types and capabilities of rocket engine test benches, the required facility infrastructure, the
historical evolution of these facilities from early rocketry to the present and the state-of-the-art.

Figure 2.1 shows NASA’s B Test Complex at Stennis Space Center. This large dual-position vertical
test stand was originally built in the 1960s for static-firing the Saturn V first stage. It was later used for
Space Shuttle Main Propulsion System tests and recently for the SLS core stage Green Run [69]. The
structure includes massive concrete foundations, flame deflectors, water deluge systems, and cranes for
handling large test articles.

T L
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Figure 2.1: B Test Complex at Stennis Space Center in Hancock County, Mississippi, United States [67]
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2.1.1. Types of Test benches: Sea-Level vs Altitude, Subscale vs Full-Scale, and

Orientation
Rocket engine test stands are often categorized by the environmental conditions they simulate and the
scale of the article that is being tested. The theory discussed in this section only refers to test stands
for engines with a thrust of more than 100 kN. The primary distinction is between sea-level test stands
and altitude test stands:

e Sea-Level Test Stands: These facilities operate at ambient atmospheric pressure. They are com-
monly used for booster engines or stages that ignite at or near ground level. Sea-level stands
can directly measure sea-level thrust and assess startup transients in an environment similar to
launch. However, sea-level testing does not replicate high-altitude vacuum conditions, so engine
flow expansion and performance differ from in-space operation. Sea-level stands typically have a
massive foundation to restrain the engine, and a flame bucket or trench to deflect exhaust plumes
horizontally or vertically away, with water deluge for cooling and sound suppression. Engines may
be mounted vertically, which is preferred for most liquid engines to mimic the flight orientation
and ensure proper turbopump suction head, or horizontally, which is often used for solid motors
or small engines. Vertical test stands must account for the engine’s weight component along the
thrust axis (which can slightly affect thrust measurements), whereas horizontal stands avoid that
but have other challenges in exhaust handling. All sea-level stands require robust blast protection
and remote operation due to the explosive risk of engine failure. [80]

e Altitude Simulation Test Stands: These are designed to test engines under reduced ambient pres-
sure conditions, simulating (high-) altitude or near-space operation. The term altitude simulation
is often used as an umbrella for both vacuum and (high-) altitude test environments, although in
practice, most facilities simulate partial vacuum in the range of 10 to 100 mbar. Vacuum simu-
lation, which is used for in-space propulsion testing, requires pressures well below 1 mbar and is
achieved in fully enclosed vacuum chambers with cryopumps and molecular drag pumps. These
facilities, such as ESA’s EPL at ESTEC, are typically limited to microthrusters or subscale en-
gines due to exhaust handling constraints and chamber size. The boundary between vacuum and
high-altitude simulation is not a strict one, as the term vacuum is often used in literature to
describe high-altitude simulation, as shown in [103] and [80]. ESA, DLR, and CNES documents
follow the same naming pattern!. Altitude test facilities use vacuum chambers to lower ambient
pressure prior to and during the firing. Engines are typically enclosed in a sealed test cell con-
nected to steam-ejector vacuum systems or high-capacity pumps that maintain low pressure while
exhausting the hot gases. This allows measurement of vacuum thrust and evaluation of engine
start, steady-state and shutdown in conditions similar to upper-stage flight. Altitude stands are
far more complex and costly than sea-level stands due to the vacuum systems, large flame ducts,
and refrigeration or gas injection needed to avoid damage to the vacuum equipment. For instance,
DLR’s P4.1 altitude test stand in Lampoldshausen (Germany) can simulate high-altitude back-
pressure for upper-stage engines like Vinci by using a dual-bell nozzle and vacuum chamber. It
has a water deluge system with a centre body diffuser that requires 4000 litres per second to keep
cool. Altitude test benches enable testing of ignition at high altitude and expansion nozzles at
proper pressure ratios, which cannot be done at sea level. [102]

Figure 2.2 and Figure 2.3 show a horizontal sea-level test bench and a vertical altitude simulation test
bench, respectively. As can be seen, a high-altitude simulation test bench is significantly more complex
than a sea-level bench.

1Personal correspondence with Fehmi Mejri
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Figure 2.2: ESA P3.2 rocket engine test bench at Figure 2.3: Cross-section of the ESA P4.1
DLR Lampoldshausen [30] high-altitude simulation test bench at DLR
Lampoldshausen [102]

Another distinction is the scale of the test article. Facilities range from subscale component test rigs to
full-scale stage test stands:

o Component/Subscale Test benches: These are smaller stands dedicated to testing individual com-
ponents, like injectors, turbopumps, thrust chambers or subscale combustion devices. For example,
the European P8 test facility at DLR Lampoldshausen has been used to test subscale thrust cham-
ber assemblies and preburners for technology development [95]. Component test rigs often allow
frequent testing and easier instrumentation. They are crucial for assessing combustion stability
or injector performance before committing to full-scale hardware.

e FEngine and Stage Test Stands: Full-scale engine test stands hold complete engines or even entire
stages. A vertical engine test stand usually supports a single engine (or a pair) firing into a flame
trench. A stage test stand can mount an entire rocket stage (with multiple engines) for integrated
firing. For example, the B-2 stand at NASA Stennis Space Center was built to static-fire the
Saturn V first stage (S-IC) with five F-1 engines, requiring an enormous concrete foundation to
absorb 7.5 million pounds of thrust (33.4 MN). Stage test stands are among the largest and most
capable, often featuring multiple positions. They provide system-level verification. The Saturn V
S-1C stage, Shuttle Main Propulsion Test Article with three RS-25 engines, and SLS core stage
Green Run were all tested in such facilities. [116]

Finally, orientation is either vertical or horizontal firing. Vertical stands position the engine/stage up-
right, which closely mimics flight orientation and ensures propellants settle similarly to flight. Horizontal
stands orient the motor sideways; these simplify some structural aspects and eliminate the hydrostatic
pressure head effect on thrust measurement, but they require effective flame deflection and can have
higher acoustic impact on surroundings. Horizontal firing is more common for solid rocket motors and
small engines. For solid rockets, this is because of their immense weight, making vertical positioning
very difficult, not to mention the additional required infrastructure for a large vertical solid rocket motor
(flame trench, foundation to keep the engine on the ground). As the combustion behaviour is largely
insensitive to gravity, and solid motors have no turbopumps or sloshing, it is mostly cost that is a driver
for horizontal solid motor testing. Horizontal setups are cheaper, give easier access, and simplify post-
test grain and nozzle inspection. For small engines, horizontal orientation is typically preferred because
of cost constraints. These are primarily used in microgravity environments, and because of that their
ground test orientation is generally not critical. In space, these engines operate in conditions where
gravity is absent, and thrust vectoring is decoupled from gravitational alignment. Most ground tests
use externally pressurised feed systems and do not replicate flight tanks, making gravitational effects ir-
relevant. Both orientations require extensive hold-down structures: vertical stands use hold-down posts
or cages, and horizontal stands use saddles and reaction frames to contain the thrust. For a realistic
and precise recording of thrust and moments, the vertical installation of the rocket engine is usually
better suited due to the orientation of the thrust. Vertical tests direct the thrust in the real direction
of flight, which simulates the actual load case during rocket launch. This allows axial thrust forces
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and the resulting bending moments and torsional forces to be measured precisely, just as they occur in
flight. Another reason for the vertical position is to minimize lateral interference factors. In a horizontal
setup, lateral forces have a stronger effect, which can distort the measurement results. Engines that are
tested horizontally have to be able to sustain their own weight in such a position, and their subsystems
still have to function. Furthermore, a support in a horizontal position can generate additional friction
or side forces that affect the accuracy of the load cells. The last reason is fuel behaviour and fluid
dynamics. With liquid engines, the position of the tanks and the behaviour of the propellants under
gravity play a major role. A vertical test allows realistic conditions for fuel delivery, and thus more
precise data on thrust control and turbopump performance. Vertical tests are therefore considered
technically superior for the precise measurement of thrust and torque, as they simulate realistic load
cases, minimize disturbances and reproduce the engine structure and dynamics as in real flight.?

2.1.2. Test Bench Infrastructure

Testing a rocket engine requires a vast support infrastructure. The basics of this infrastructure are
listed below in detail. At the end of the section, a Product Breakdown Structure of a high-thrust test
bench is provided.

e Propellant Storage and Handling: Large storage tanks for liquid propellants, like LOX and RP-1,
are located a safe distance from the stand, often behind berms. Tanks containing cryogens, pro-
pellants with a temperature below 123 K, are vacuum-insulated, often spherical, vessels. These
so called run tanks feed the test stand via insulated piping, with redundant pumps and vaporiz-
ers. The propellant feed system includes fast-acting emergency shutoff valves to terminate flow
instantly if required. In case of flameout or abort, dump systems safely drain propellants from
feed lines. Ground facilities use GNy purges to inert lines and engine cavities before and after
tests. All storage is designed per pressure vessel codes and has multiple relief valves leading to
flare stacks or vent ponds. For example, hydrogen flare stacks at Stennis safely burn off H boil-off
or dump gas far above ground.

o High-Pressure Gas and Power: Large high-pressure gas bottles supply gaseous Nitrogen (GNs)
for purging and sometimes Gaseous Helium (GHe) for tank pressurisation, in case the propellant
liquifies nitrogen. These gases are distributed through control manifolds to actuate valves and
pressurise engine tanks. The site also requires significant electrical power for pumps, instrumen-
tation, and potential cryogenic refrigeration systems. Backup power ensures data acquisition and
safing can continue even if primary power is lost during a test, so data of a failure event is not
lost.

e Cooling and Water Deluge: To protect the test article and stand structure from heat and acoustics,
cooling systems are essential. A water deluge system dumps large quantities of water into the flame
trench or flame diverter just as the engine fires. This water absorbs heat and damps acoustic waves,
preventing excessive reverberation that could damage the engine or bench. The sound suppression
water system at large stands can flow on the order of tens of thousands of litres per minute. The
water deluge system for the SLS testing at the B Complex of Stennis supplies 21000 litres per
second [15]. Additionally, some stands have flame duct water curtains and cooled flame deflectors.
At altitude stands, instead of open flame trenches, the engine’s exhaust is diffused into vacuum
systems and often quenched with water or liquid oxygen to cool the gas.

e Structural Mounts and Thrust Measurement Systems: The stand structure itself must withstand
and redirect the forces. Reinforced concrete foundations and steel superstructures anchored deep
in bedrock are common. For example, the B-2 stand’s foundation is a 39-ft thick concrete slab
for the hold-down arms [80]. Embedded within the mount are the thrust measurement load cells
which output to the data system. These must be calibrated and compensated for thermal and
other effects (some stands calibrate by hanging known weights or using hydraulic jacks prior to
tests). Stands often have a movable crane on top for lifting engines or stages into place.

e Control Centre and Instrumentation: A blockhouse or control bunker is located at a safe distance.
It houses the test conductor and engineers who monitor readouts. Modern control centres are
computer-equipped, but also maintain manual engine cutoff switches and emergency abort triggers.
Communications systems link the control centre to all personnel and range safety. Data from

2Personal correspondence with Andreas Haberzettl
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sensors is sent via hardened cables or fibre optics from the stand to the control room in real time,
which realises a high bandwidth. [91]

e Safety Systems: Safety is paramount, as engine tests involve explosive propellants. Facilities
maintain rigorous safety zones: typically a large cleared radius where no uninvolved personnel
are allowed during tests. Explosive Safety Reviews are done to calculate hazard distances for
overpressure and where fragments might end up. For example, NASA requires that overpressures
at the fence line remain below a threshold for engine test stand siting. Stands themselves have
blast deflectors and shields. These thick concrete walls or earthen berms protect nearby equipment
and personnel shelters. An inert gas purge system is used to prevent accumulation of flammable
mixtures in confined volumes. Hydrogen in particular needs to be carefully purge because it
can pool in pockets. That is why many stands use continuous GNy purges around the engine
interface and a hydrogen sniffer system to detect any leakage. Before a test, the facility is put in
secured mode: all personnel evacuate the stand, going to the control bunker or beyond. Automated
checklists and a countdown procedure ensure all valves and systems are in the correct configuration.
If any condition is detected that is not within the tolerated bounds, an automatic safing sequence
will abort the test. Post-test, a stand fire suppression system can be activated if any residual fire
is detected. Lightning protection is provided by tall masts and catenary wires to avoid strikes on
the bench. The facilities also maintain on-site fire and rescue crews during tests.

e Environmental Protection: Rocket tests can produce noise and release chemicals into the atmo-
sphere. Test centres are usually in remote areas to mitigate noise impact on the public. Water
residual from the deluge and cooling, and residual propellants can be collected to prevent pollution.
Before hypergolic tests, special containment is set up since those fuels are toxic. The facilities
must comply with environmental regulations, which is another driver for isolated locations.

2.1.3. Historical Evolution of Test Stands

Rocket engine test stands have evolved in scale and sophistication since the beginning of rocketry.
During the Second World War, Germany established one of the first large engine test complexes at
Peenemiinde, where the V-2 missile’s engines were fired in fortified vertical stands (Priifstande in Ger-
man) [82]. These early test benches validated the V-2’s design but also revealed critical issues, like
combustion instability. The Peenemiinde facilities were the birthplace of a lot of post-war rocketry pro-
grams, not only because the German rocket scientists were sought after by the Americans (operation
Paperclip), but also because it served as a lesson for the rest of the world on how to design rockets.

By the 1960s, the US and USSR constructed far larger test stands to support human spaceflight. NASA’s
MSFC 4670 was built in 1965 to static-fire the Saturn V first stage, which used a cluster of five F-1
engines, with a 33 MN total thrust. This steel and concrete stand, 90 m tall, enabled full-duration stage
burns on the ground. Later, Stennis B-2 was used for this. These Apollo-era stands proved their worth
by uncovering issues like pogo vibrations in the F-1, which were solved through exhaustive testing and
redesign before flight.

After Apollo, many stands were repurposed for new programs. NASA’s Stand 4670, for example, was
later modified to test the Space Shuttle Main Engine (SSME) in the 1970s and the Shuttle’s External
Tank systems. At NASA Stennis, the Apollo-era vertical stages, the A-1/A-2 stands, were converted
for single-engine SSME testing. Engineers added a gimbal mount and high-speed instrumentation, and
even installed a diffuser on A-2 to simulate altitudes up to 18 km for the hydrogen-fuelled SSME. Over
3,000 SSME tests were conducted at Stennis from 1975 to 2009, totalling more than 820,000 seconds of
firing and contributing to 135 Shuttle flights. This era established best practices in test operations and
demonstrated the value of extensive ground firing to ensure reliability of reusable engines. [71]

In recent years, the landscape of test facilities has further grown with commercial players. Old stands
have found new life through public-private partnerships. An example of this is Blue Origin refurbishing
MSFC 4670 to support its modern methane-fuelled engines, exemplifying how old infrastructure can
be adapted to new propulsion technologies [78]. Meanwhile, SpaceX has built extensive private test
facilities in McGregor, Texas for rapid engine development, and other firms also operate their own test
stands or share national facilities. This commercialization of test stands is accelerating innovation by
increasing test cadence and diversifying approaches, all while standing on the shoulders of the proven
principles developed over decades.
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2.1.4. State-of-the-Art Research

When it comes to the state-of-the-art research on high-thrust liquid rocket engine test facilities, resources
are very sparse. [111] is the most expansive source of information on test benches, but does not go deeper
than the basics on any topics besides operations. Complementing this, a small set of peer-reviewed and
agency sources focus specifically on test infrastructure: [44] documents Europe’s P-series benches at
DLR Lampoldshausen and how capability upgrades could be orchestrated to support a program like
SCORE-D. On the U.S. side, [90] provides a detailed look at mid-scale R&D infrastructure (NASA SSC
E-3), and provides an in-depth overview of data acquisition. However, the rest of this paper does not
contain any information that is missing from [80], where capabilities of all benches on Stennis premises
are listed. [57] characterises an altitude hot-fire environment (NASA’s In-Space Propulsion Facility)
where upper stage vehicles are tested in a space environment. It contains information on the full-scale
bench, but it is not a sea-level bench, and the information is concerning the vacuum, hence not relevant.

For sea-level benches, the state-of-the-art does not cover high-thrust benches. This has multiple reasons:
work surrounding high-thrust rocket propulsion is almost always confidential, and if it is not confidential,
it covers a very small part, like the ideal angle of a flame trench. Diving deeper when it comes to the
actual design of a rocket engine test bench, the following sources are the most relevant: [96], [6], and
[113] are student-built test stands consisting of a liquid stand with integrated feed system, a trailer-
mounted mobile stand, and a lab-scale hybrid stand respectively. The maximum thrust rating for these
projects is 5 kN, or ﬁ of the thrust relevant in this project. [18] is a thesis performed in collaboration
with ISAR Aerospace, where a bi-propellant rocket engine test stand with two test cells is discussed,
for a thrust of up to 35 kN. The dynamics that play with an engine that is 57 times smaller than the
engines to be considered here are different, since results at much smaller scale often do not transfer to
full scale without care. They do however show some elements that might be necessary for the large scale
bench, like a very detailed feed system, visible in Figure 2.4, that even though it lacks the scale of a big
facility and is non-cryogenic, provides valuable information on valve sequencing and instrumentation.

Hydra-Blue Steel 2.0 Schematic
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Figure 2.4: Hydra-Blue Steel schematic [96]

Thus, for large test facilities, the knowledge mostly relies on industry professionals. A lot of the findings
in this thesis are achieved with insights obtained in consultation with practising test-stand engineers and
other industry professionals. A final, less formal but highly informative source are images of SpaceXs
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McGregor site in Texas, which offers a contemporary reference for horizontal engine test benches. It is
the only horizontal bench of similar scale (Raptor thrust is currently around 2.75 MN) that has been
photographed. It can be seen in Figure 2.5.

GARY-BLAIR
Al eF

) ~

Figure 2.5: SpaceX McGregor horizontal test stand: (left) Full test bench with LOX and CHy anks clearly
visible; (right) Test cell with Raptor 3 [86].

The LOX tank and methane tank, both suspended in a steel structure (to accurately measure I, ), are
clearly visible. It can test for 460 seconds, with an unknown throttling profile [86]. The accompanying
LOX and LCH4 mass flows, if the engine was at 100% for full duration, are 510 kg/s, 0.5 m?/s and 140
kg/s, 0.333 m?/s [56, 11]. This seems impossible considering the size of the tanks, so it can be assumed
the engine was throttled. The infrastructure is clearly visible, as is the plume of the non-diverted
exhaust. The debris plume of the stand is 75 meters wide and 350 meters long, and there was no water
deluge until recently. The bench is the ideal example of a modular, easy to build and maintain test
facility. [61]

2.1.5. Product Breakdown Structure
A high-level Product Breakdown Structure (PBS) of a test bench is provided in this subsection.

1. Test Cell

¢ Engine installation structure
e Vacuum chamber (if high-altitude simulation required)

e Propane burners at the end of the engine nozzle to avoid the spread of unburned propellants
into the test cell

e Microphones for high noise levels in case of acoustic anomalies during tests
o Camera system
e Crane and support tools
2. Exhaust Gas Guiding System
(a) Diffuser
e Traditional diffuser or centre body diffuser
o Water cooling system
(b) Guide Tube
o Water cooling system
(c) Flame Deflector
o Redirect exhaust flow
¢ Optional water-cooling system
(d) Exhaust Duct (if applicable)
3. Engine Propellant Supply System

(a) Propellant Storage Tanks
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e Cryogenic tanks (for LH2, LOX, LCHy)

o Semi-cryogenic tanks (LOX with RP1)

o Non-cryogenic tanks (ambient temperature fluids)
(b) Buffer Tanks (optional, simulate operational conditions)

(c) Pipe Subsystem

o Vacuum-insulated pipes (for cryogenic fluids)

Standard pipes (non-cryogenic fluids)

Valves and control elements

Filters for cryogenic fluid supply

Chill-down systems (cryogenic)
4. Gaseous Supply System
(a) Gas Storage & pressurisation Tanks
 Nitrogen (GN2)
o Hydrogen (GH2)
o Helium (GHe)
o Oxygen (GOX)
e Methane and Propane

(b) pressurisation Subsystem

e Tank pressurisation lines
e Line pressurisation and purge lines
(c) Ignition Gas Supply
e Gaseous hydrogen and oxygen to igniters
e Ignition system valves and regulators
(d) Venting System
o Neutral gas (helium, nitrogen) venting lines
5. Water Supply System
o Water storage tank
o Refrigeration system (cooling to ~ 7°C)
e Pumping system
e Distribution pipe network

o Water-cooled subsystems (if applicable):

Diffuser cooling system
— Guide tube cooling
— Flame deflector cooling system
— Condenser and steam generator cooling lines

o Fire extinguish system
6. High-Altitude Simulation System (if applicable)
(a) Steam Generation System

o Liquid oxygen (LOX) and alcohol storage
e Steam generator combustion chamber

o Gas (GN2) pressurisation and venting system
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(b) Steam Storage Tank

(c) Steam Injection System

e Main steam ejectors

o Auxiliary nozzle (optional)

o Chill-down ejectors (if applicable)
(d) Exhaust Handling System

o Multi-stage ejectors (first and second stage)
o Auxiliary nozzle (optional)
(e) Condenser
« Cooling water spray system
o Exhaust gas condensation chamber
7. Vacuum Pump System (if applicable)
o Water-ring rotary pumps
¢ Sliding-vane rotary vacuum pumps
e Pressure monitoring & control systems
8. Measurement, Command and Control (MCC) System
o Centralized real-time monitoring and control
¢ Data acquisition (low and high-frequency channels)
o Data processing and storage infrastructure
e Safety and emergency shutdown system
o Control room infrastructure (remote monitoring)
9. Flare Stack
e Gas combustion chamber
e Ignition device
o Exhaust gas dispersion nozzle

This PBS was created using [37], [111], [101], 3, and .

2.2. Operations

The way a commercial test bench operates is an established, and universal procedure. For completeness,
the differences compared to a test bench owned by a company that tests their own engines will be
mentioned at the relevant points in this section. This section describes the typical logic flow of when

industry asks a commercial test bench operator if they can test their engine.

2.2.1. Roles and Responsibilities
For the overall test campaign, three roles are established:

o Test Engineer: Responsible for the preparation of the test article and defining which tests the

bench must execute.

o Test Bench Operator: Responsible for designing and running the test bench so that it carries out

the Test Engineer’s prescribed procedures.

e Independent Safety Responsible: Responsible for assurance of safety, independently of the Test

Bench Operator and Test Engineer.

3Personal correspondence with Dirk Schneider
4Personal correspondence with Jérn Bellermann
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The Test Engineer, Test Bench Operator and Independent Safety Responsible are not individuals, but
teams. Within these teams, there are more detailed definitions of roles and responsibilities. At the Test
Readiness Review (TRR), the responsibilities are assigned to individual persons, to define the team
that will conduct the test campaign.

2.2.2. Planning and Preparation

An engine test usually begins with the customer, represented by the previously mentioned test engineer,
submitting a test plan to the test bench operator, a few months before the intended test(s). This plan
outlines what the engine developer wants to test, like thrust levels, chamber pressure, and throttling se-
quences. It provides the operator with some ‘redlines’: a sensor value limits that should not be exceeded,
and if exceeded, should lead to an automatic abort of the test [33]. Furthermore, it includes details on
the engine hardware (mass, dimensions, type), propellants, and necessary capabilities provided by the
test facility (mass flow, measurements).

This plan is then reviewed by the test facility engineering team. In the current testing landscape in
Europe, the capabilities of commercial test benches are known at companies that develop rockets. It is
thus unlikely that they would request to test an engine at a bench where it cannot be tested. However,
if something were to be requested outside of the normal operating envelope of the bench, the facilitator
can assess whether modifications are possible. This applies to all areas of the test facility, including
process engineering, MCC and specimen. Besides the technical feasibility, the test plan is also evalu-
ated for safety concerns, for example regarding the pressures in the preburners, or the thrust level with
respect to the structural limits of the stand. The customer and the operator iterate on the plan until
both are satisfied that the test(s) can be done safely and meet the objectives.

The contract that is set up between a test operator and a customer contains the roles and respon-
sibilities. A very important note in the contract with a commercial test bench operator is that the
facility operator controls all facility systems and thus that the customer does not interfere with the
test. This means that the customer is condemned to watch the test being carried out. If any crucial
errors were made in the test plan, this could mean catastrophic failure. After the contract is signed, the
main responsibility of the customer is delivering the engine in test-ready configuration. The operator
is responsible for the propellants, data acquisition systems, control hardware and the personnel that
should run the test. In some cases, like for example with the Airborne Engineering Ltd test bench in
Westcott, using a customers own propellant tanks is possible if properly discussed with the operator.

Once the contract is signed and the test plan is accepted, the facilitators prepare the bench for the test.
The sensor locations and measurement channels have been planned, the sampling rates agreed upon
and now the bench needs to be made ready for testing. As all relevant parameters of the engine are
known, the propellant feed lines can be adjusted, the connectors put in place to mate with the engine,
and the support systems (fire suppression, water deluge or ignition source) are in place and ready to be
used. Leak and pressure tests are performed to see if the pressurised propellant feed lines have leaks
and if the valves operate correctly. A cryogenic chilldown, where gaseous nitrogen or helium is used
to pre-cool the propellant feed lines and valves to avoid temperature shock when the propellants flow
to the engine, has to be performed to see if the system works properly. After the bench checkout is
completed, a formal TRR is convened. In the TRR the operator and customer jointly verify that:

o All mechanical, electrical and instrumentation tasks are closed out.
e Safety analyses and redline limits are correctly implemented in the control logic.

e Emergency procedures, communication protocols and abort scenarios are understood by all par-
ties.

During the test, the operators execute the test according to the aforementioned test plan. As stated
before, the customer cannot intervene in the test: it can only watch the data and potentially the test
through cameras. If the engine performs nominally, the test is run for the planned duration and then
shutdown is initiated. This is a pre-programmed sequence, if the rocket has its own ramp-down con-
troller, where the propellant flow is stopped. The facility now triggers safing actions, which are actions
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to put the test article and the bench in a safe state. The feed lines are purged, as well as the engine.
Once the test operator has established that the stand is safe, the test is complete. If it was an anomaly
that triggered an abort of the test, the safing is done very quickly. Emergency valves will close, and the
engine is safed in as little time as possible, to prevent any damage to the test object. Once the test is
done and the site is considered safe, after venting any remaining gases and establishing the stand safe
to approach by personnel, the operator and customer can look at the stand and engine respectively to
assess any damage done during the test.

The last step of the normal operations of a test bench is the post-processing of the acquired raw data.
For a commercial test bench, the raw data is supplied to the customer, who will use that to identify
possible new ‘redlines’ to be set and tests to be performed. Not only does the operator provide the
measured data, but also the data from the bench itself is shared. The information regarding the supply
of propellant to the engine is crucial information for the customer, as the exact numbers give insight on
the performance of the engine. If the test was part of a series of tests, the test plan might be adjusted
to incorporate the lessons learnt.

Initial Modification Testing
meeting Phase Phase

ﬁ ?—ﬂ Test campaign

Analysing of Run-up Run-down
the request Phase Phase

Figure 2.6: Standard phases for testing a rocket engine

2.2.3. Information Management

To provide a better overview of the documentation that is typically provided by the test engineer and
the test operator, this subsection sums up the most relevant documents and what kind of information
they contain.?

e Test Plan: Mentioned in detail in subsection 2.2.2. Describes the tests to be run, including the
number of tests, the test configuration, main and passenger objectives, and test details such as
hot-run durations and operating points.

o Product Assurance (PA) Requirements: Specifies the customer-required norms or standards
against which product assurance must be carried out.

o Measurement Request/ Instrumentation Plan: For each test this plan comprises a table and
accompanying narrative that lists every sensor and measurement channel installed on the test
article. Each channel is identified by a unique sensor name and described by its general type
(static pressure, temperature, strain gauge, etc.), its specific model, full-scale measurement range,
and the archiving rate defined per test phase (for instance, 1 kHz during ignition, 100 Hz during
steady-state, 10 Hz during shutdown). For each sensor, it also specifies any required filter settings
(low-pass, high-pass, or band-pass), identifies whether it is acquired by the Test Bench MCC
or an external measurement system, and enumerates which test sequences the channel is active
in. Channels designated for automatic redline logic, that feed the MCC’s safety system, are
clearly flagged. In addition, any special or non-standard measurement systems, such as high-
speed cameras or spectrometers, are described in detail, including equipment models, mounting
and line-of-sight requirements, synchronization and trigger arrangements with the main data
acquisition system, and any ancillary needs for fluid supplies or power so that installation and
operation during the test campaign are fully supported.

5Personal correspondence with Kate Underhill and Andreas Haberzettl
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o Test Specimen Risk Analysis: Identifies all risks posed by the test specimen and the required
mitigation actions. The objective is to identify possible failure modes and define mitigation
actions to be implemented to reach an acceptable risk status for each identified failure mode.
This document is updated before each test.

o Test Request: Prescribes the complete facility configuration (control-valve manifold layout, ori-
fice diameters, piping and instrumentation schematics), initial conditions (fluid type, fill levels,
pressures and temperatures in all vessels), the full test sequence (chill-down profile, interface verifi-
cation, start-up ignition and propellant flow schedule, steady-state hot-run thrust-hold, controlled
shut-down and reconditioning protocols), and all control-loop setpoints (open-loop valve timings
and stroke values, closed-loop mass-flow, pressure and temperature targets with PID tuning). In
addition, the TR defines the automatic abort thresholds (overpressure, overtemperature, vibra-
tion limits), emergency shutdown logic and manual redline criteria enforced by the MCC. As the
overarching document for the campaign, the TR establishes the common framework of configura-
tion, sequence architecture, control logic and safety limits that every complementary, test-specific
request will inherit.

e Specifications of Operational Procedures: Serves as a user manual for the test article, detailing
for each test the precise mechanical and functional steps required to install the specimen in the
test frame and verify its condition both before and after firing. It prescribes the operations for
mounting the hardware; the pre-test inspections (visual checks, leak tests, sensor verification
and dimensional surveys); the conditioning routines needed to prepare the article for ignition
(purges, pressurisation, thermal soak); and the post-test activities (controlled depressurisation,
demounting, cleaning and hardware conditioning). Where a designer’s user manual exists, it is
referenced; otherwise, the Operational Procedures fully substitute as the definitive guide. By
consolidating all installation, inspection, conditioning and control-check sequences into a single
document, the plan guarantees that every test follows a consistent, verifiable workflow.

o Test Specimen Documentation: Includes technical interface details (mechanical and electrical)
with drawings, a sensor-layout and cabling plan (positions, connections, pin assignments) and
calibration data files for all specimen sensors.

e Summary of Results: Prepared after each test to compile and publish the measured outcomes and
key observations from the test day.

2.3. Combustion Cycles

In this section, the working principle of rocket combustion engines is explained. Before diving in-depth
in staged combustion engines, a basic overview of other combustion cycles is provided, along with their
respective advantages and disadvantages compared to staged combustion. After that, a full-flow staged
combustion cycle is explained in detail. At the end of the section, the differences between full-flow,
oxidizer-rich and fuel-rich is touched upon.

2.3.1. Gas Generator Cycle

The gas generator (GG) cycle uses a small combustion chamber to burn a fraction of the propellants,
producing hot gas to drive the turbopump turbines, after which the exhaust is expelled rather than fed
into the main chamber [111]. This design is relatively simple and has been widely used in many launch
vehicles, owing to fewer complex components compared to closed cycles and a large base of operational
experience [111]. The simplicity of the GG cycle contributes to reliable and robust operation, and
it allows independent testing of the turbopump assembly, called powerpack tests, before full engine
integration. However, discarding the turbine exhaust comes at the cost of efficiency: gas-generator
engines lose some propellant mass flow that does not contribute to thrust, yielding a lower specific
impulse than staged-combustion or expander cycles [58]. Moreover, the turbine inlet conditions in GG
engines are often made extremely energetic: high-temperature, fuel-rich gases, to extract sufficient work
with minimal mass flow, which imposes thermal stress on components and still results in performance
below that of more closed cycles. This high temperature through the turbine is also one of the main
reasons why GG engines are typically not reusable, and if they are, either their performance is hurt, or
the amount of possible reuses is low. Figure 2.7 shows a schematic representation of a GG engine.
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Figure 2.7: Gas generator engine [25]

2.3.2. Expander Cycle

In the expander cycle, the fuel or sometimes oxidizer is first circulated through the engines cooling
jackets, where it absorbs heat from the chamber and nozzle, and is thus vaporized into a high-pressure
gas that drives the turbine before being injected into the main combustion chamber and burned [111].
Because this cycle eliminates the need for a separate gas generator or preburner, it contains fewer high-
temperature components and plumbing lines, which leads to lower mechanical complexity and generally
lower turbine temperatures during operation [111]. These features make expander-cycle engines highly
robust and dependable. Expander engines have extensive flight experience, often achieve high specific
impulse, and can be designed for multiple restarts in space. The principal drawback is that the expander
cycle is inherently limited by the amount of heat available for vaporizing propellant. As the engine thrust
increases, the chamber/nozzle surface area (heat source) does not scale sufficiently fast to gasify the
larger propellant flow required, imposing an upper thrust limit on practical expander engines. This is
approximately 3 MN [93]. Consequently, expander cycles are typically restricted to relatively low-thrust,
cryogenic-fueled engines, usually hydrogen-fueled upper-stage applications, where the thermal energy is
adequate for pump-driving, and they run at lower chamber pressures than pump-fed open cycles since
no combustion energy (preburner/gas generator) is added for power extraction [58]. A schematic of an
expander engine can be seen in Figure 2.8.
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Figure 2.8: Expander combustion engine [23]
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2.3.3. Pressure-Fed Cycle

A pressure-fed engine has no turbopumps at all. The propellants are forced into the combustion chamber
by high pressure in the propellant tanks (maintained by pressurant gas or ultra-strong tank structures)
[58]. The obvious advantage of this feed cycle is its simplicity. The elimination of turbomachinery yields
a propulsion system with far fewer parts and failure modes, which tends to enhance reliability and ease
of operation and maintenance [58]. Pressure-fed engines can be advantageous for moderate-thrust stages
or reaction control thrusters where simplicity and storability outweigh performance concerns. The major
disadvantages are the significant weight and performance penalties incurred: the propellant tanks must
withstand high pressurisation and thus become heavy, and additional pressurant gas and plumbing
are required, all of which increases the dry mass of the vehicle [58]. Furthermore, without pumps the
achievable chamber pressure, and as a result the thrust-to-weight and impulse, is much lower than in
pump-fed cycles, so pressure-fed designs generally deliver lower overall performance and are impractical
for very high-thrust applications [58]. Figure 2.9 shows a pressure-fed engine cross-section.
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Figure 2.9: Pressure-fed engine [26]

2.3.4. Electric Pump-Fed Cycle

In an electric pump-fed engine, electrically driven motors drive the propellant pumps in place of a gas
turbine, thereby decoupling the pump power source from the propellant combustion process [62]. This
approach enables a high degree of throttleability and operational control and it removes the need for
gas generators, preburners, and their associated plumbing, potentially simplifying the engine layout and
improving reliability. An electric pump-fed cycle can achieve high chamber pressures and performance
comparable to turbopump-fed engines while avoiding the thermal stresses of hot gas drive, and it has a
fast development turnaround for small engines [58, 62]. However, the most important drawback is the
added mass of the electrical power system: batteries, electric motors, and control electronics are dead
weight that does not contribute to thrust, which severely limits the practicality of this cycle for larger
engines or long-duration burns [62]. The energy density of current batteries constrains electrically driven
pumps mainly to relatively small-scale launch vehicles or upper stages. For higher power requirements,
the weight of the required batteries and motors grows dramatically and can negate the performance
gains [59]. An electric pump-fed system is visible in Figure 2.10.
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Figure 2.10: Electric pump-fed engine [22]

2.3.5. Tap-Off Cycle

The tap-off cycle draws off a portion of the hot gases from the main combustion chamber to power
the turbopump turbines, instead of using a separate preburner or gas generator. In essence, the main
chamber itself acts as the gas generator [58]. By eliminating the stand-alone gas generator and its feed
lines, the tap-off configuration can simplify the engine and reduce part count, as demonstrated in the
BE-3 engine of Blue Origin. The cycle can be seen in Figure 2.11.
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Figure 2.11: Tap-off combustion engine [21]

2.3.6. Staged Combustion

The combustion cycles mentioned above are divided in closed and open cycles. In open cycles, turbine
exhaust is dumped overboard or injected only downstream of the throat, adding little thrust. In closed
cycles, all turbine exhaust returns to the main chamber and expands through the nozzle, yielding some-
what higher performance at the cost of higher pressures and complexity [111]. The expander cycle and
staged combustion cycle are the typical closed combustion cycles (except the expander-bleed cycle),
with the electric pump-fed being a non-traditional closed cycle. In staged-combustion engines, the heat
of fuel used for regenerative cooling is not a limiting factor for the turbine power. Therefore, higher
pressures and thrust is possible for these engines.

This subsection dives deep into the working of a full-flow staged combustion engine, as this type of staged
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combustion engine combines the working of a fuel-rich staged combustion engine and an oxidizer-rich
staged combustion engine in one. Illustrative images, showing the different types of staged combustion
engines, are shown in Figure 2.12, Figure 2.13, and Figure 2.14.

Turbines
Fuel pump Turbine Oxidizer pump
rj Fuel Oxidizer
Pump Pump
I\- Fuel-rich
Gas Control
Valves
& Control Oxidizer-rich
valves
Gas
Fuel-rich
Gas
Chamber
Heat
exchanger
Heat
exchanger
I L 4'»
Nozzle ' WL RAAAY Nozzle
Figure 2.12: Fuel-rich staged Figure 2.13: Oxidizer-rich Figure 2.14: Full flow staged

combustion engine [27] staged combustion engine [11] combustion engine [24]

It must be noted that these are the basic forms of this combustion cycle. The diagrams are schematic
and do not represent engineering subtleties such as the number of shafts, start systems, and turbopump
arrangements, which can differ substantially across specific engine implementations.

In fuel-rich staged combustion (FRSC) and oxidizer-rich staged combustion (ORSC), a preburner par-
tially burns the propellants to create hot turbine drive gas, after which the exhaust is routed to the
main chamber (closed cycle). In FRSC, most of the fuel and a small amount of oxidizer enter the
preburner, producing a fuel-rich gas that eases oxygen-compatibility demands on hot turbomachinery
but, with hydrocarbons, can promote soot formation and coking unless temperature is controlled. In
ORSC, most of the ozidizer and a small amount of fuel are used, yielding an oxidizing gas that mit-
igates hydrocarbon coking yet imposes stringent oxygen-materials compatibility and transient-control
requirements. In both cases, mixtures are highly off-stoichiometric so that the turbine inlet temperature
is limited while still providing sufficient shaft power. FRSC is best suited to hydrogen engines, where
coking is not an issue and a fuel-rich turbine environment is benign. ORSC is favoured for kerosene,
to avoid soot and/or coking in turbines, while still reaching very high chamber pressures and compact
pumps. It is increasingly used for methane as well. The main benefit of FRSC over ORSC is that the
turbine does not have to handle a very oxygen-rich environment. This is very corroding for the turbine
blades. An advantage of ORSC is that a higher mass flow through the turbine can be achieved, pushing
up the turbine power available.

In a full-flow staged combustion cycle, all the propellant (both fuel and oxidizer) is fed through preburn-
ers and turbines before reaching the main chamber. This means the oxidizer and fuel are each split into
two paths: one path goes into a fuel-rich preburner and the other into an oxygen-rich preburner. Only
a small fraction of each propellant is diverted to the opposite preburner to allow partial combustion:

e Fuel-Rich Preburner: Almost all the fuel and a small portion of the oxidizer combine here. The
oxidizer supplied is just enough to burn a small fraction of the fuel, making the mixture extremely
fuel-rich. Essentially all the oxygen that enters this preburner is consumed, but most of the fuel
remains unburned. This produces hot, fuel-rich gases.

¢ Oxygen-Rich Preburner: Almost all the oxidizer and a small portion of the fuel combine in this
preburner. All the fuel in this preburner is consumed, while most of the oxygen stays unreacted
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(an oxygen-rich hot gas results).

Because each preburners mixture ratio is extreme (one very fuel-rich, the other very oxygen-rich), only
a few percent of the total propellant gets burned in the preburners. The rest remains as hot gaseous
propellant to be fully burned later in the main chamber. Mass is conserved at every junction: the total
fuel flow is the sum of what goes into the fuel preburner and the small amount going into the oxygen
preburner, and similarly for the oxidizer. After the preburners, the two streams pass through their
respective turbines and then reunite in the main combustion chamber. There, the remaining fuel and
oxygen finally mix and burn completely to produce high-pressure combustion products for thrust. In
summary, all propellant end up as gas in the main chamber, which is the defining feature of the staged
combustion design.

Pump efficiency increases with volume flow rate, and is between 58-76% for existing engines [121], for
which the information is public, with a maximum of 90% for very large flows (0.05m?3/s) [111]. Because
the oxidizer turbopump has a significantly higher mass flow than the fuel turbopump, the oxidizer
turbopump typically has a higher efficiency.

Pressure Staging and Injector Pressure Drops

To move propellant through the engine and ensure stable combustion, the cycle has a series of different
pressure levels. Each step of the flow, from tanks, through pumps, preburners, turbines, and into the
main chamber, has carefully managed pressures to overcome losses and drive flow. A key principle is
that propellants must be injected from a higher pressure environment into a lower pressure combustion
chamber. The injectors cause a deliberate pressure drop to atomize and mix propellants. The pressure
upstream of an injector must be a certain factor higher than the pressure in the combustion space it
feeds, the pressure drop is present“with the aim to establish sufficient decoupling between oscillations
in the combustion chamber pressure and the propellant supply pressures in the feed lines to the injector
head.” ¢ For staged-combustion, a high injector pressure drop imposes a more stringent requirement on
the turbomachinery, as there is a need for a higher supply pressure. A typical injector pressure drop is
between 15-30%, and higher mass flow and pressure allow for a lower injector pressure drop. ”[48, 49,
121]

Starting from the propellant tanks, heres how pressures rise and fall through the system:

o Propellant Tanks: Both the oxidizer and fuel have a storage pressure that is sufficient to supply
the engine with a pressure of around 4 bar. This is far below the operating pressure of the engine,
so each propellant needs significant pumping.

e Pump Discharge: Each turbopump boosts the propellant to a high pressure to meet the needs of
the cycle. Both turbopumps might raise the pressure to the high hundreds of bar. These high
pressures are required to overcome downstream drops.

e Fuel Regenerative Cooling: Before entering the fuel preburner, the fuel is often sent through a
cooling jacket around the main chamber and nozzle. This cooling circuit causes a substantial
pressure drop in the fuel line.

e Preburner Injector Pressure Drop: The propellants flow into the preburners through injectors,
which require a higher supply pressure equal to the preburner pressure times the percentual
injector pressure drop.

e Preburner Combustion Chambers: Inside each preburner, partial combustion raises the tempera-
ture. The pressures in the fuel preburner and oxidizer preburner are designed to be high because
they feed the turbines and ultimately must supply the main chamber. After the preburners, the
hot gases expand through turbines, causing another pressure drop. [104]

e Turbine Outlet Pressure: After doing work in the turbines, the gases exhaust at a lower pressure
which is set to feed the main combustion chamber injectors. This pressure is thus equal to the

6Personal correspondence with Dirk Greuel
"personal correspondence with Dirk Greuel
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chamber pressure times the drop factor of the injectors, minus some small losses in-between turbine
exit and injector inlet. Example: if the injector pressure drop is the same for both the oxidizer-rich
gas and the fuel-rich gas, the turbine outlet pressures are the same, not considering any losses
inbetween the outlet and injector.

e Main Chamber Injector Drop: Finally, the mixed fuel-rich and oxygen-rich gases are injected into
the main combustion chamber. In the chamber, the remaining propellants react completely at
a defined pressure, generating high-temperature, high-pressure combustion products that then
expand out of the nozzle to produce thrust.

Pump Outlet Pressure and Power Requirements

Achieving the high pressures in this cycle requires very powerful pumps. The pump outlet pressure
must be high enough to supply the preburners after accounting for all losses (injector drops and, for
the fuel, cooling losses). Raising a fluids pressure to such high levels requires a large energy input per
unit mass. This is usually shown via a pressure head (AH) or equivalently the pump specific work. For
example, using the guesstimates of SpaceX’s Raptor performance provided by [107] and [56], pumping
liquid oxygen from 3 bar to 633 bar corresponds to a pressure increase of 630 bar. In terms of energy per
kilogram, that is enormous. For LOX, the required head is in the order of 5.6x10% m. In other words,
the pump must impart enough energy on each kg of LOX as if lifting it 5+ kilometres upward. For the
methane, using the numbers of LOX, the pressure rise is even larger (an 640 bar increase), and liquid
methane is less dense, resulting in a head of about 1.55x10%* m (over 15 km). These figures illustrate
just how much work the pumps must impart on the propellants. [64]

Turbine Pressure Ratios and Expansion

After the preburners, the hot propellant gases expand through turbine wheels, converting pressure and
thermal energy into mechanical work. A critical parameter here is the turbine pressure ratio (TPR),
which describes how much the gas pressure drops across the turbine. Because the inlet pressure is much
higher than the exhaust, this ratio is a number less than 1 (Peyit / Pinier). Sometimes engineers refer to
the inverse as the expansion ratio; but in any case, the concept is how aggressively the turbine expands.®

In the example that is being covered, both turbines need to expand their gas from the preburner pressure
to the post-turbine pressure, both of which are equal to each other if the injector pressure drops into
the main combustion chamber are the same. The result is that the fuel-side turbine pressure ratio
(TPR) and oxidizer-side turbine pressure ratio (TPR,) are equal in this case. This is an interesting
consequence: if all injector pressure ratios are identical, the two turbine pressure ratios will track one
another closely or even match. Its important to note that the oxidizer pumps required outlet pressure
is actually dictated by the fuel side of the cycle. The oxidizer pump must feed both the oxidizer-rich
preburner and supply oxidizer to the fuel-rich preburner. In practice, this means the oxidizer pump
outlet pressure is set to equal the fuel line pressure after cooling, if the injector pressure drops are equal
for fuel and oxidizer, so that oxidizer can be injected into the fuel preburner at the same pressure. As a

consequence, the oxygen-rich preburners inlet pressure is tied to the fuel turbines pressure ratio solution.
[46]

Turbine Inlet Temperatures and Thermal Balance

Once the hot gases enter the turbine, some of their energy is extracted as work. The drop in gas
enthalpy across the turbine equals the mechanical work required by the pump (plus allowances for
efficiency). In practical terms, the gas cools down by a certain amount as it expands through the tur-
bine. How much it cools depends on how much energy must be taken out, and on the gass heat capacity.

For the oxidizer turbine, the gas has a relatively lower heat capacity. To supply the massive amount of
power needed by the oxidizer pump, the oxygen-rich gas has to surrender a certain amount of energy
per kilogram. This translates to a temperature drop, which corresponds to the required enthalpy ex-
traction (when multiplied by the mass flow and specific heat of the gas). The fact that the turbine has
an efficiency of less than 1 means the ideal isentropic drop would be a bit larger, but in reality the gas

8Personal correspondence with Dirk Greuel
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doesnt cool quite as much because not all heat is converted to shaft work. Some remains as additional
entropy/thermal energy in the exhaust.

On the fuel turbine side, the situation differs because the gas has a much higher heat capacity. The
fuel-rich preburner gas contains a lot of unburned fuel and partially burned species, which can absorb
and release a lot of heat for a given temperature change. This high ¢, means that to extract the power
needed for the fuel pump, the required temperature drop is smaller (if ¢, is 4x bigger and the mass flow
is less than 4x smaller, this is the case). The energy associated with this temperature drop is enough to
drive the pump. The turbine efficiency is accounted for as well, meaning the actual drop is a bit more
than the ideal needed.

Lastly, a fundamental requirement of any staged combustion engine is that the power extracted by the
turbines equals the power needed by the pumps, keeping into account any efficiencies. Its crucial that
these balances close, otherwise the engine wouldnt operate in a steady state: if a turbine produced too
little power, the pump couldnt maintain pressure, or if it produced too much, the shaft would overspeed.

The architecture and flow logic presented above is simplified. There are a lot of different architectures
possible for staged combustion engines, ranging from a dual-turbopump structure (first low-pressure
and then high-pressure, so a staged pressure rise) to multiple combustion chambers, a dual-shaft system
with two fuel-rich or two oxygen-rich preburners, and single shaft systems like typical oxidizer-rich and
fuel-rich staged combustion engines. The SSME shown in Figure 2.15 for example has two fuel-rich
preburners, driving the turbopumps with two turbines, thus both turbines drive one turbopump (dual-
shaft). This is different from Figure 2.12, where a single turbine runs both turbopumps.
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Figure 2.15: Schematic of the Space Shuttle Main Engine flow logic [55]

The engines considered in this thesis are fuel-rich or oxidizer-rich staged combustion engines, with a
single preburner, single turbine and thus also a single shaft. This means, as also shown in Figure 2.12
and Figure 2.13, there is cross flow of the propellants, but this is limited to either the regeneratively
cooled fuel (fuel that was used for regenerative cooling) being injected into the main chamber directly,
with a small fraction going to the oxidizer-rich preburner, or most oxidizer is directly injected in the
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main combustion chamber with the regeneratively cooled fuel partially combusted by the cross flown
oxidizer.

2.4. Al and Automation

If there’s one incontrovertible truth, it’s that rocket testing remains, even in a world where AI and
computers can make life significantly simpler, fundamentally an empirical endeavour. It’s always the
engineer with some twenty years of experience who defines a rocket engine’s true limits, not the computer.
Just because this has been the way to do it for the past 99 years, when Goddard launched the first liquid-
fuelled rocket on March 16th 1926, does not mean that it should stay that way. The fact that redlines
are set based on experience, and not by combining experience with computer models, just means the
models are not good enough. There is significant improvement to be made in this respect, especially on
the side of the engine developer. From the test bench perspective, a lot of effort is already being but
in automation of testing. Most of the logic regarding valve sequencing, pressurisation and automatic
aborts have been controlled routines for years. Countdowns, chill-down sequences and shutdown when
a redline violation occurs are all handled without the test controller having to push a button. In this
section, possible improvements to a test bench with regard to automation and applications of artificial
intelligence are discussed.

2.4.1. Tasks of Test Bench

Within the automation and Al applications that can be used on a test rig, it is important to divide the
tasks between operator and customer. Anything happening on the engine development side is part of
the responsibilities of the customer, while the operator is responsible for the rig configuration, propel-
lant supply and data delivery. Within the data delivery, there is the possibility to deliver raw data, or
sometimes the customer doesn’t know how to handle the raw data, and ask the test provider to process
the raw data before delivery. Applications of Al and automation, considering a test bench that should
be cheap, are limited to automating the bench operations, thus not including any post-processing of
the data, as this would imply extra costs on the workforce. Within this space, the LUMEN project of
DLR is the absolute best in Europe at implementing novel techniques around monitoring and control
systems for engines. The demonstrator is designed for optimised operations on a test bench without
restrictions on installation space or weight. Because of the design, LUMEN can offer a more in-depth
view of the operating behaviour of a rocket engine than would be possible in real rocket engines. [16][114]

This is a point where it is very important to distinguish between a commercially operated bench, and an
in-house bench of a company developing a propulsion system. As a company establishes redlines for com-
ponents for a test bench operator, the incentive to innovate on advanced monitoring software that can
predict anomalies rather than observe them is taken away. This is because commercial test providers
operate within fixed service-level agreements that prioritize uninterrupted throughput and strict ad-
herence to customer-defined redlines. Any predictive monitoring that might abort a test or trigger
additional hardware inspections translates directly into schedule delays. By contrast, a company-owned
development bench treats unscheduled shutdowns as valuable data for model refinement and anomaly
characterization. In that context, early warning and adaptive control are embraced as mechanisms to
accelerate learning and reduce overall development risk, rather than avoided to protect revenue. Conse-
quently, commercial benches tend to default to reactive, threshold-based alarms, while in-house benches
would deploy proactive, Al-driven prognostics. This is something that could easily be changed if the
rocket engine testing market was a competitive market, or if a bench comes on the market that is
significantly cheaper than competitors.

2.4.2. Al-Driven Anomaly Detection

A commercial bench has a unique advantage over a bench owned by a company developing an engine:
the opportunity to test different engines created by different manufacturers. By using Al, unforeseen
evolutions in vibrations or any other area can be spotted before a redline is crossed, allowing for a
shutdown. This could result in the avoidance of possible prolonging of the test campaign because of a
failure. To be able to detect this, the AI can be trained on previous test data. Different models that
could be used for this are listed below. It is important to note that to optimise detection, they should
be used in conjunction. [117]
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A LSTM-Autoencoder learns to reconstruct fixed-length sequences of multivariate sensor readings.
Anomaly scores derive from reconstruction error exceeding a predefined threshold [63][17]. Variational
Autoencoder (VAE) maps high-frequency multivariate inputs, like vibrations, to a Gaussian latent distri-
bution of healthy operation. During a burn, each window’s approximate posterior likelihood is evaluated
on an edge GPU; likelihoods below a preset percentile indicate off-nominal behaviour. The control logic
then records a high-resolution pre-abort buffer and commands safe-state transition, preserving data for
analysis after the burn [89][100]. Isolation Forest & One-Class SVM are unsupervised methods operat-
ing on engineered features to isolate outliers [105]. A CNN-LSTM Hybrid has 1D convolutional layers
that extract local spectral or vibrational patterns, feeding into LSTM units for long-range temporal
context [122]. Lastly, a Transformer-Based Anomaly Detector analyses multivariate time-series data to
produce anomaly scores, and is able to detect both local and long range dependencies in the data [32].
This allows for early and subtle detection of anomalies in a high-noise environment.

Implications

Implementing AI models on either the engine side, the bench side, or both, can have significant impli-
cations on the setup of future test campaigns. A simulation model of a bench can be used to generate
synthetic data, which can in turn be used to train neural networks. These can serve as a baseline
that can be iterated on, where complex effects can be added later on [20]. The application of the
aforementioned models is not only meant to make testing safe. By early detection of anomalies in the
operations, or by being able to predict behaviour before even testing (synthetic data and old data),
test campaigns can be adapted and possibly shortened. The test campaign becomes a feedback-driven
process rather than a fixed sequence of burns, for which the redlines have been established in a very
long and labour-intensive process.

In an ideal scenario, each burn’s outcome informs not only the immediate next test point, but also dy-
namically adjusts the underlying virtual model. As anomalies are flagged, the digital twin is recalibrated
using both the fresh hot-fire data and targeted synthetic adjustments. This means that subsequent syn-
thetic datasets more closely mirror the real engine behaviour. Such a system can enforce a dual-loop
control: an inner loop that reacts in milliseconds to preserve hardware health, and an outer loop that
retunes both the AT thresholds and the campaign plan. Rather than pre-defining a dozen intermediary
thrust levels, the operator lets the Al optimize the intermediate steps. The result is fewer burns, each
more information-rich, and an overall campaign timeline shortened. Not only does it shorten the test
campaign, it also makes it cheaper, as fewer test days and propellants are needed. ° This, in turn,
affects the rigour of rocket engine testing campaigns. As mentioned in chapter 2, a test campaign is
usually predefined, the duration contractually fixed, and the operator has other companies waiting to
test after the campaign is finished. In order for these dynamic redlines to shorten testing campaigns,
it is necessary to reassess the processes surrounding these test campaigns. Otherwise, rapid iteration
does not pay off.

2.5. Conclusions

This review narrows the problem to a European, sea-level bench for 2 MN staged-combustion engines and
makes two things explicit. Firstly, the public record is thin precisely where feasibility and cost cross
each other: propellant supply, pressurisation, exhaust handling, water systems, and MCC. Secondly
‘state-of-the-art’ sources skew to sub-scale (student) rigs and are therefore poor design templates for
a high-cadence, high-thrust, low-cost bench. Since the literature does not provide concrete know-
how, contemporary practice and industry professional input are used as architectural references, with
McGregor’s horizontal test bench serving to illustrate modular horizontal installation, fast turnaround,
and very cheap infrastructure. The PBS and operations sections fix the work breakdown and information
flows that a commercial bench must support, and the combustion-cycle discussion provides insight into
the engine-side interfaces that drive facility pressures and flows. These findings now translate directly
into the next phase: a requirements set that prioritises SC-compatibility, high-thrust fluid supply, and
economic viability. A fluid-supply architecture sized from engine demand with regulated run-tanks;

9Personal correspondence with Daniel Chipping
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a cost-model framework mapped to key PBS items; and a RAMS/FMECA baseline that targets the
high-criticality items first. The thesis plan that follows maps these into sizing, siting, and cost.



Research Proposal

This chapter describes the research proposal for this thesis. First, the problem statement is laid out,
after which the objectives of the thesis are stated. From these objectives, research questions are drafted,
for which hypotheses are stated. Finally, the initial thesis timeline is presented.

3.1. Problem Statement

Europe currently lacks an affordable, high-capacity sea-level facility for full-scale staged-combustion
engine testing. Existing benches in Europe are either not configured for high-thrust staged-combustion
or are financially unattractive for programmes of New Space companies. Adaptions of legacy infrastruc-
ture for new engines, like the implementation of a new propellant capability at an existing large test
bench at DLR Lampoldshausen, are in themselves heavy projects, illustrating the schedule and cost
penalties that arise when facilities are not designed for this purpose from the beginning.

In the public domain, there is little design-level guidance for large test benches. Cost and availability
figures are confidential, and the most consequential subsystems for feasibility, like propellant supply,
pressurisation, exhaust and water systems, are rarely treated with engineering detail. As a result, agen-
cies and companies cannot trace design choices to performance, cadence and cost with confidence in a
European context.

This thesis therefore addresses the concrete need for a cheap, high-thrust propulsion test bench in
Europe. The benchmark is a commercially operated facility where industry requirements lead. In
practice, this means:

 capability for long test durations with stable engine-interface conditions across the staged-combustion
envelope;

e low cost per hot-fire minute through simple civil works, modular utilities and site selection that
favours affordable operations;

e high test cadence supported by infrastructure decisions.

The problem addressed in this work is to define a Europe-aware, high-level design for such a facility and
to show, with quantified trade-offs, how the proposed architecture can meet the capability targets in
chapter 4 while reducing expected cost and time to operate at scale. In order to achieve this objective,
this thesis involves:

o Discussion with ESA experts and where appropriate industry specialists on the requirements (key
characteristics) of a potential high-thrust test stand - both technical (propellant type, mass flow
rate, thrust rating) and programmatic (capital expenditure, running costs).

e Scouting for innovative technologies of interest along with potential providers.

25
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« Initial concept of the test bench (components, lay-out, etc.), including where applicable innovative
technologies (AI and Automation) to reduce production and operation costs.

o Initial safety / RAMS analysis of operation, identification of critical items (After layout is defined).

o If relevant, and as a second option compared to a new test bench, identification of adaptions to
an existing test bench.

e Scout for possible bench locations.
« Initial operations plan including estimate of work force.

o Initial cost estimate for (1) Bench Development; (2) Bench operation (cost for customers); (3)
Yearly costs. Identification of the main bench requirements that drive the cost of development
and operation.

e Outline of a potential ‘business plan’ for a bench operator.

3.2. Research Questions

The research questions are divided in two categories. One is the questions that were already posed
before the literature review and have been answered by the literature review, and the other is the
questions that the literature review and the problem statement together result in. As can be seen, some
research questions have been struck through. These were research questions posed by ESA that have
been discarded. A rationale is provided. First, the main research question is the following:

What high-level architecture and configuration of a sea-level propulsion test bench best en-
ables routine hot-fire testing of 2 MN staged-combustion engines in Europe, while remaining
economically viable under realistic utilisation?

The subquestions used to answer this question are the following, divided over the two categories that
were mentioned in the introduction of the section.

1. What innovative technologies (Al, automation, smart sensors, materials) are relevant to test bench
efficiency or safety?

o This is answered in section 2.4.

2. How can innovative technologies reduce production costs and operational costs?

o This is answered in section 2.4.

3. What are the workforce and operational logistics required for routine testing?
o This is answered in section 2.2.
These are the research questions that will be addressed in the rest of the thesis:

1. How do the specific characteristics of high-thrust staged combustion engines influence the design?
2. What location for a bench is both feasible and cost-effective?

3. What are the critical technical and programmatic requirements for a 2 MN staged combustion
engine test bench?

. What are the RAMS and safety implications of testing high-chamber-pressure engines?
What are the key cost drivers of test bench development and operation?
. What are benchmark costs from similar facilities globally, and how would this bench compare?

. What could a viable business model for operating the bench look like?

TN B S BN

e As measurements are not something that is investigated in this thesis, nor is the structure,
the layout of the components is outside of the scope.

10. Wheo-are-the potential suppliers-and-technologypartners?
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o This is a question that is answered internally, but it does not provide any value for the thesis.

3.3. Hypotheses

1.

High-thrust staged combustion engines (2 MN) have extreme chamber pressures and thermal loads.
The test cell or clearance (if no test cell is used) will have to account for this. Furthermore, the
high thrust imposes an extreme requirement on the mass flow, and thus the storage capability
and piping of the test facility.

Eastern European countries have lower wages than the countries where rocket engines are being
developed. Countries in this area with relatively low population density areas and good infras-
tructure are possibly good contenders.

Besides customer requirements, that still have to be refined based on the initial research done, the
requirements that follow from the thrust level and type of engine are critical for the design. Pro-
grammatically, the site selection is probably of the largest influence, as well as typical propulsion
test bench operations.

A rigorous RAMS strategy, using real-time monitoring and fault detection, is essential to manage
the risks of high chamber pressure, high mass flow testing.

Structural reinforcements, advanced cryogenic systems, and staff cost will be the primary cost
drivers.

. The bench should be significantly cheaper than benches that are currently capable of testing

engines of that thrust level.

The bench can be used for purposes of the company that funded it, offering the possibility for
other companies to test on the bench as well (if said company is an industry player). The financial
gain to be made by the funding party can be focused on earning back the original investment, or
a scheme can be thought of that saves on the own testing costs of the funding company.

3.4. Timeline

Table 3.1: Thesis Timeline

Time Period Tasks
Weeks 7-10 (Early | Requirement Refinement & Site Selection Trade-Off
April — Early May) e Refine technical and programmatic requirements in collaboration

with ESA /industry experts.
e Perform a trade-off for site selection, following system engineering

principles
Preliminary Safety & RAMS Considerations
e Begin a high-level safety analysis focusing on high-chamber-

pressure operation.
o Identify critical items for deeper study in later weeks.

Initial System Architecture
o Sketch major subsystems (propellant feed, thrust frame, measure-

ment layout, etc.).
« Identify potential integration of innovative technologies (automa-

tion, Al-driven data analysis).
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Table 3.1 — Continued from previous page

Time Period

Tasks

Weeks 11-15 (Early
May — Early June)

Preliminary Conceptual Design
e Develop a first-pass layout for the test bench, including major com-

ponents, piping, and instrumentation.
o Incorporate design decisions (e.g., modular construction, dedicated

safety systems).
Cost and Operational Analysis (Initial)
o Identify main cost drivers (propellant logistics, staff cost, cooling
capacity).
e Draft an outline of the business model, including potential revenue
streams and target market segments.
Prepare for Mid-Term Review
e Compile progress: highlight design concepts, preliminary safety
findings, and updated cost estimates.

Mid-Term Review (04
June, Week 16)

e Present the design concept, preliminary cost and safety findings,

and updated research plan to the committee.
o Gather feedback and agree on adjustments or additional analyses.

Weeks 17-25 (June —
Late July)

Refinement of Design & Safety Analysis
e Incorporate feedback on design aspects, safety, and cost assump-

tions.
o Expand the RAMS analysis (Reliability, Availability, Maintainabil-

ity, Safety), focusing on test operations at 2 MN thrust.
Technology Scouting
» Investigate feasibility of integrating advanced diagnostics, automa-
tion tools, and data-driven control systems.
Operations Plan & Workforce Considerations

e Detail operational flow.
o Define any specific training or skill sets needed.

Weeks 2628 (06 Aug —
27 Aug)

Holidays (3 weeks). Minimal or no thesis work unless specifically ar-
ranged.

Weeks 29-30
Aug — Early Sep)

(Late

Pre-Finalisation Sprint

o Re-check final details before the Green Light Review.
e Complete any outstanding design or feasibility tasks paused during

the holiday.
e Finalise draft chapters for design, cost analysis, and safety.

Green Light Review
(10 Oct, Week 30)

e Present near-final concept, safety analysis, cost model, and opera-

tions/business plan.
o If approved, proceed to finalise the thesis document.

Weeks 34-37 (Mid to
Late Oct)

Final Thesis Preparation and Hand-In

e Incorporate last feedback from the Green Light Review.
o Polish all chapters (summary, technical details, cost/operations,

references, consistency).
o Submit thesis by the expected hand-in date (03/11/2025).

Weeks 38-39 (Early to
Mid Nov)

Thesis Defence Preparation
o Prepare presentation materials, rehearse defence, address final re-

marks from the committee.
o Officially present and defend the thesis results (17/11/2025).
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The Gantt chart presented in Appendix A shows the detailed project planning.



Requirements

From the problem statement, a clear objective is to specify, at system level, the capability envelope and
programme constraints of a commercially operated, sea-level test bench for full-scale staged-combustion
engines.

The requirements were compiled and refined from three complementary sources:

1. Stakeholder input from prospective users and facility operators, gathered via correspondence *.

2. A literature and benchmarking review of public information on engine cycles, facility capabilities,
and operating constraints.

3. Business-case drivers developed in this thesis, like capital cost targets and utilisation.

Because detailed facility data in Europe are often confidential, stakeholder inputs were normalised
to public, checkable quantities and ranges of values. This chapter summarises all top-level customer
requirements. Their labels will be used throughout this report for reference purposes. Each requirement
includes a short rationale, notes on related challenges, and an intended verification method (Analysis,
Review, or Demonstration).

1Personal correspondence with Kate Underhill
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4.1. Customer Requirements

Table 4.1: Customer Requirements

‘ ID ‘ Type ‘ Requirement
. The test stand shall accommodate rocket engines providing a nom-
CR-1 Thrust capacity inal thrust of 2MN at sea-level.
CR-2 Engine cycle | The test stand shall support FFSC, ORSC, and FRSC rocket
compatibility engine cycles.
Propellant stor- | The test stand shall incorporate low-pressure propellant tanks,
CR-2.1 . .
age with nominal tank pressures between 5 - 20 bar.
CR-2.2 Propellants The. tegt stand shall support testing of methalox and hydrolox
engines.
CR-3 Cost Tl'le' test stand capital expenditure cost shall not exceed €150
million.
CR-3.1 Orientation The tes.t sta.nd shz'ill allow for safe }nstallatlon and operation of
test articles in horizontal configurations.
CR-A Modular Thg test sjcand §h§11 be demgne@ so that it can be used by different
engines with minimal adaptations.
CR-5 Test duration The test stand shall enable continuous hot-fire test durations of
at least 600 s.
CR-6 Combustion The test stand shall safely support rocket engine operation at
pressure rating chamber pressures ranging from 150 bar up to 300 bar.
Full-engine test- | The test stand shall accommodate full-scale liquid rocket engine
CR-7 . . .. .
ing tests without requiring partial or sub-scale hardware.
The test stand shall be fully operational no later than 36 months
CR-8 Schedule from the start of the creation of the design.

Detailed Description of Customer Requirements

ID Type Requirement
. The test stand shall accommodate rocket engines providing a nom-
CR-1 Thrust capacity inal thrust of 2MN at sea-level.

Rationale for CR-1

A 2 MN capability ensures compatibility with the staged-combustion engines that will be developed in
the coming decade(s) in Europe.

Comments on related challenges

The fluid system needs to be compatible with a range of engines with different thrust levels and efficiency.

Validation method

Analysis
ID Type Requirement
CR-2 Engine cycle | The test stand shall support FFSC, ORSC, and FRSC rocket
compatibility engine cycles.

Rationale for CR-2

Ensures the stand can test full-flow, oxidizer-rich and fuel-rich staged-combustion cycles, which will be
the dominant configuration in next-generation engines.

Comments on related challenges
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Safety considerations should take into account that staged combustion, and especially full-flow, involves
very high pressures. Furthermore, as these engine cycles have high temperature gas flowing through the
turbine(s), catastrophic failure of the turbines is a risk. Instrumentation should be placed and adjusted
according to this higher complexity. The fluid supply system has to be sized for a reasonable range of
possible engines.

Validation method

Analysis
ID Type Requirement
Propellant stor- | The test stand shall incorporate low-pressure propellant tanks,
CR-2.1 . .
age with nominal tank pressures between 5 - 20 bar.

Rationale for CR-2.1

As the cycles being tested on the bench are pump-fed, rather than pressure-fed, and the bench tests
only full engines (CR-8), the pressure of the propellant should be between 5 and 20 bar, as the typical
pressure being fed into the engine is 4 bar.

Comments on related challenges

Sizing the tanks to provide required run time while maintaining the pressure limit. The pressurisation
infrastructure has to maintain the pressure when running, and the pressure has to be sufficiently high
to maintain the mass flow.

Validation method

Analysis

ID Type Requirement

The test stand shall support testing of methalox and hydrolox

CR-2.2 Propellants .
engines.

Rationale for CR-2.2

CH,4/LOX and Hy/LOX are the main propellants considered for staged combustion engines, keeping in
mind reusability of the engine. Methalox is more common, because hydrolox is more difficult to handle.

Comments on related challenges

Cryogenic handling (insulation, boil-off management) is required for both LOX/CHy and LOX/H,
systems. Different pressurisation infrastructure is required for both, as well as different venting systems.

Validation method

Ideally, demonstration of boil-off control and temperature maintenance during the run. Within the
scope of this thesis, demonstration by designing for it. Analysis

ID Type Requirement
CR-3 Cost Ell?ﬁzi (;c;:st stand capital expenditure cost shall not exceed €150

Rationale for CR-3

This is the most important requirement by the customer. The solution should be cheap to build, because
current estimates on what high-thrust benches would cost are (too) expensive 2. The cost of benches
across the world is laid out in Table 7.1. The cost should not be too high, because it should be an
interesting investment. What is being investigated here is a commercial test bench, thus the investors
have to earn their money back within a reasonable horizon.

2Personal correspondence with Jean-Noel Caruana,
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Comments on related challenges
Selecting a country to build the bench, and finding public data to build a cost model from.
Validation method

Review/Analysis

ID Type Requirement

The test stand shall allow for safe installation and operation of

3.1 i i . . . :
CR-3 Orientation test articles in horizontal configurations.

Rationale for CR-3.1

Horizontal mounting simplifies plumbing and exhaust management for large engines. It is also signifi-
cantly cheaper than vertical testing, when the scale is considered. That is why it is a child of CR-3.

Comments on related challenges
Ensuring proper support for different engine geometries when mounted horizontally.

Validation method

Review/Analysis
ID Type Requirement
CR-A Modular The. test sjcand sﬁgll be demgne@ so that it can be used by different
engines with minimal adaptations.

Rationale for CR-4

Reduces downtime and tooling cost when switching between engine types. The adaptations of current
test benches is a costly and time-intensive endeavour.

Comments on related challenges
Requires a flexible mounting interface and quick-change connectors.

Validation method

Review/Analysis
ID Type Requirement
CR-5 Test duration g‘ggestest stand shall enable continuous hot-fire test durations of

Rationale for CR-5

Long burns are required to characterise thermal and performance stability under steady-state conditions.
Some current engines burn for such a long duration. As an example, Vulcain burns for 605 seconds
when it is fired on Ariane 5 or 6 [9]. Industry wants to be able to test their engines for that duration,
even though it might be fired for less time when launching their rockets.

Comments on related challenges

Thermal protection and cooling systems must handle prolonged heat loads without degradation. The
propellant tanks must be designed to hold enough propellant to support a burn time of this magnitude,
and the pressurisation system should be designed to manage this.

Validation method

Review/Analysis
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ID Type Requirement
CR-6 Combustion The test stand shall safely support rocket engine operation at
pressure rating chamber pressures ranging from 100 bar up to 300 bar.

Rationale for CR-6

These combustion pressures are not achieved in European (staged combustion) engines yet, but are
within a range of values that is to be expected of staged combustion engines in development. Chamber
pressure is an engine-internal parameter. The bench must accommodate the consequences of operating
in this envelope: thrust-reaction loads, exhaust thermal and acoustic loads, and instrumentation/data-
handling ranges.

Comments on related challenges
Sizing the thrust structure and load distribution.
Validation method

Analysis and review

ID Type Requirement

Full-engine test- | The test stand shall accommodate full-scale liquid rocket engine
CR-7 . . .. .

ing tests without requiring partial or sub-scale hardware.

Rationale for CR-7

Avoids the complexity and cost of designing separate sub-scale test rigs.

Comments on related challenges

The envelope, thrust structure, and support systems must be sized for the largest engine expected.

Validation method

Analysis
ID Type Requirement
The test stand shall be fully operational no later than 36 months
CR-8 Schedule from the start of the creation of the design.

Rationale for CR-8

Aligns final commissioning with programmatic timelines and engine development schedules.
Comments on related challenges

Requires strict project management, early risk mitigation, and phased procurement.
Validation method

Review



Fluid Supply System

To test an engine with a thrust of 2 MN for ten minutes, the volume of a little bit less than half an
Olympic swimming pool of liquid hydrogen is necessary in the tanks'. This provides an insight in the
extreme needs of rocket engine testing. The comparison is instructive: the fluid supply system is a
primary driver of bench layout, safety zoning, cost, and operability.

The fluid supply system determines whether the bench can run representative tests safely and repeatably.
In this chapter, the run tanks, pressurisation, and feed lines are sized for engines in the 2 MN class,
with an explicit focus on mass flows and stable engine-interface pressure. The analysis is limited to
sea-level testing and considers both methalox and hydrolox operation. First, performance points are
generated with NASA CEA (via RocketCEA) to obtain specific impulse as a function of mixture ratio
and chamber pressure. These results are translated into total, fuel, and oxidiser mass flows for a 600s
run, and then into liquid volumes using real-fluid densities from CoolProp. Ullage, stratification, and
end-of-test residuals are added to derive tank geometric volumes. Next, pressurisation requirements
(Ng is used to pressurise LOX, He is used for LHy and LCH,) are computed. Finally, pipe diameters
are set by velocity limits, and a complete setup is built and simulated in EcosimPro. The result is a
bench layout that can accommodate rocket engines, delivers 650kgs™! LOX at approximately 4 bar to
the engine interface, and provides a clear basis for propellant operation and dual pressurisation.

5.1. Tank Sizing

To size the run tank, and assess the necessary capacity of the storage tanks, a method was established.
Tanks are sized to the worst credible mass-flow case, which is the lowest plausible Iy, at the required
thrust and sea-level pressure. In practice, this may occur with a conservatively tuned staged-combustion
engine, like an ORSC engine at sea level with a non-optimal expansion ratio, rather than an FFSC
operating at its typical higher P.. According to the thrust equation,

Ft = mIspQOa

an engine with higher Iy, produces the same thrust with less propellant mass flow. Therefore, the tanks
are sized using the lowest I, scenario within the design envelope, ensuring the bench remains adequate
for any staged-combustion variant without any works having to be performed.

5.1.1. Identification of Peak Operating Points

For each combination of chamber pressure P,., mixture ratio O/F, nozzle expansion ratio ¢, and pro-
pellant inlet temperatures (hot fuel/cold LOX for FRSC; cold fuel/hot LOX for ORSC), the NASA
CEA (Chemical Equilibrium with Applications) program is used via the RocketCEA Python interface
to compute the sea-level I, curve as a function of mixture ratio. CEA determines the equilibrium com-
position and thermodynamic properties of the combustion products by solving the chemical equilibrium

1Personal correspondence with Jérn Bellermann
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and energy conservation equations. The peak Iy, and corresponding mixture ratio are extracted from
the computed curve for each scenario. These curves are shown for a specific set of conditions, that is
summed up in Table 5.1.

Table 5.1: Input parameters used to generate the Is, vs. O/F curves

Parameter Value(s)

Chamber pressure, P, 100 bar, 150 bar, 200 bar
Nozzle expansion ratio, € 20, 25, 30, 35, 40

CHy inlet temperature (FRSC, hot) 650K, 700 K, 750 K

LOX inlet temperature (FRSC, cold after pump) 90K
CHy4 inlet temperature (ORSC, cold after regen) 250K

LOX inlet temperature (ORSC, hot) 650K, 700K, 750K
Mixture-ratio sweep, O/F 1.5-5.0

Typical NASA CEA offset, n 0.95

Ambient pressure for sea-level I, 1.01325 bar

The curves for cold LOX and hot CH,4 can be seen in Figure 5.1, and those for hot lox and cold CHy in
Figure 5.2. The lowest inlet fuel temperature and the lowest pressure result in the lowest peak I5,. An
increase in temperature of the fuel and/or oxidizer, as well as an increase in pressure, results in a curve
that is shifted upwards.
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Figure 5.1: Sea-level specific impulse vs. mixture ratio for FRSC (hot CHy, cold LOX) at various chamber

pressures and nozzle expansion ratios.
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Sea-Level |z vs O/F: Cold CHa, Vary LOX Temp

LOX T=650.0 K LOX T=700.0 K LOX T=750.0 K

100.0 bar

Isp(s)

Pr=

Pn=150.0 bar
kp(s)

Pa=200.0 bar
lip(s)

1:5 2:0 2:5 3.‘0 3.'5 4:0 4:5 5.‘0 1:5 2:0 2:5 3.‘0 3.‘5 4.‘0 4:5 5.‘0 l.l5 2:0 2:5 3.‘0 3.‘5 4.‘0 4.'5 5:0
ofF ofF oJF
Figure 5.2: Sea-level specific impulse vs. mixture ratio for ORSC (cold CHy, hot LOX) at various chamber
pressures and nozzle expansion ratios.

There are a few considerations at play that have to be addressed:

o Firstly, the ‘worst-case scenario’ that is being considered here is testing an engine that is designed
to deliver a thrust of 2.5 MN at sea-level, but that is not necessarily optimised for sea-level. The
nozzle expansion ratio is bigger than ideal, because it should also perform well at higher altitudes.
In Figure 5.1, it is clearly visible that an expansion ratio of 35 has the lowest I, peak. Because
the mixture ratio used in current methalox engines is not public information, but rather based on
guesstimates, the governing assumption in this analysis is that the engines are designed for the
maximum I, they can achieve for their respective expansion ratios. An expansion ratio of 35 is,
for a LOX/CHy engine, a reasonable worst-case estimate [11, 8, 73, 72]. For LOX/Ha, the range of
engine expansion ratios is different, because hydrogen-oxygen combustion products have a much
lower molecular weight and higher characteristic velocity than methane-oxygen. Their exhaust
expands more rapidly and to a higher velocity, which means higher optimal expansion ratios.

e The code cannot model the fuel-rich, partially combusted mixture, or oxygen-rich mixture, that
comes into the combustion chamber, nor the uneven propellant mixing by injectors. Instead, it
assumes all propellants are burnt in the combustion chamber. As it assumes complete combustion,
the modelling of the mixtures is not of importance. Since the engines considered are only staged
combustion engines, in which all propellant that flows in also flows out, using this assumption is
not very far from reality. As explained in [19], CEA’s deviation from reality tends to decrease with
increasing engine size, and to make sure that the engine is accurately represented, an efficiency
factor of 0.95 was included, which covers the 5% overstatement of I,, by CEA.

e The nozzle expansion ratios used result in small bumps that can be seen in Figure 5.1, in the 100
bar-case for an expansion ratio of 35. This means CEA reaches a certain state in which it switches
polynomial to solve for the I, curve, later correcting itself. As the peak is still in the expected
place, this behaviour is ignored.
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e As the focus of future engines will be on reliability and re-use, the temperature range chosen was
between 650 and 750 Kelvin. This was done, because limiting the temperature of the preburner
exhaust benefits the lifetime of the turbine blades. Running a very fuel-rich LOX/CH, mixture,
or a very oxygen-rich mixture, through the preburner ensures the temperature of the partially
combusted end product is not too high for the turbine.

For LH,/LOX, ambient pressure and the limited nozzle area ratio at sea level cause a proportionally
larger reduction from vacuum Iy, than for methalox. While sea-level LHy/LOX engines are viable and
widely used, designs optimised solely for sea-level operation accept a relatively larger efficiency trade-
off. This explains the use of moderate expansion at lift-off and very high expansion in upper-stage
applications. Moreover, LHy significantly less dense than CHy (70 vs 422 kg/m?), meaning very large
storage tanks are required on the spacecraft. That is why rocket engines using hydrolox are not designed
for the mixture ratio that maximises the specific impulse, which would be in the proximity of O/F =
3.3 - 4. Rather, the O/F-ratio is a trade-off between performance and storage volume, snowballing
into vehicle mass and drag. For the sake of this thesis, a 2-MN sea-level engine for hydrolox will be
considered. The input parameters are shown in Table 5.2. The logic for this is different from the
LCH4/LOX engine. Here, ‘worst case’ for tank and feed sizing is defined as the lowest plausible sea-
level I, within the operating band. A broad sweep of O/F = 3-7 is used to map the trend, but modern
hydrolox engines typically operate near O/F = 6.0 (about 5.9-6.1). For clarity, the maximum LHy mass
flow would occur at the lower bound of this range O/F = 5.9. That case is not selected, because the
current selection method with a range of high expansion ratio options is considered to be enough of a
buffer to deal with any deviations. [112]

Table 5.2: Input parameters used to generate the Hy /LOX I, vs. O/F curves

Parameter Value(s)

Chamber pressure, P, 100 bar, 150 bar, 200 bar
Nozzle expansion ratio, 50, 55, 60, 65, 70

Hs inlet temperature (FRSC, hot) 600K, 650K, 700 K

Hy inlet temperature (FRSC, cold after regen) 250K

LOX inlet temperature 90K

Mixture-ratio sweep, O/F 3.0-7.0

Typical NASA CEA offset, n 0.95

Ambient pressure for sea-level I, 1.01325 bar

The results from this analysis are shown in Figure 5.3.
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Sea-Level I, vs OfF: FRSC Cases

H, T=600.0 K H, T=650.0 K H, T=700.0 K

— €=45

380 4

370 4

360 1

100 bar
Sea-Level fsp(s)

350

Pc

340 4

— =45

€=50
— &=55
390 4

P-=150 bar
Sea-Level (s)

200 bar
Sea-Level Isp(s)

— =45 — €=45 — =45

Pe=:

| — e=55 | — e=55 | — e=55
— €=60 — E=60 — &=60
375 4 —— &=65 4 —— £=65 4 —— £=65
— &=70 — e=70 — =70

30 35 40 45 50 55 60 65 7.0 30 35 40 45 50 55 60 65 7.0 30 35 40 45 50 55 60 65 7.0
ofF ofF ofF

Figure 5.3: Sea-level specific impulse vs. mixture ratio for FRSC (hot Hz, cold LOX) at various chamber
pressures and nozzle expansion ratios.

In the Hy/LOX ambient-I,, sweeps a constant nozzle expansion ratio is specified, ¢, but RocketCEA
sometimes changes polynomial to solve for the I,, which was also seen in Figure 5.1 and Figure 5.2.
This switch produces a small jump in a lot of I, vs O/F curves. [112]

5.1.2. Computation of Propellant Mass Flows and Worst-Case Selection
Once the peak performance point is known, the total propellant mass flow

F
Isp 90

Mtot =

is split into oxidizer and fuel flows according to the mixture ratio O/F:

Mot o . (O/F)
1+ (O/F) 7~ " 14 (O/F)

Miyel =

The scenario yielding the maximum 7, defines the worst-case CHy tank requirement, while the
scenario with maximum 1y, defines the worst-case LOX tank requirement. Integration over the burn
duration Aty produces total propellant masses:

Mprop = mprop Atpyrn.

5.2. Conversion to Liquid Volumes Using CoolProp

The CoolProp library is used to obtain accurate liquid densities of methane and oxygen at typical tank
conditions. CoolProp computes real-fluid properties from fundamental equations of state [5]. At 111
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K and 4 bar, liquid CHy density is approximately 422 kg/m?; at 90 K and 4 bar, liquid Oy density is
approximately 1140 kg/m3. Propellant masses are converted to liquid volumes via
Mprop

Vorop = .
pprop

For the simulations using the parameters as laid out in Table 5.1, the graph is presented in Figure 5.4.
Figure 5.4a shows the peak I, for each run, and the associated O/F ratio. Using the mass flow formulas
presented in the previous section, this can be transformed into a graph showing the necessary volume
per propellant. This is Figure 5.4b. This volume does not correspond to the volume of the tank, because
it does not yet include the ullage volume, which is discussed in the next subsection.

Overview of Peak |- vs O/F

Liquid Volumes for All Scenarios
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Figure 5.4: Liquid volume based on the input parameters

Table 5.3 presents the worst-flow scenarios for both CHy and LOX.

Table 5.3: Worst-case scenario results for CHy and LOX liquid volume in the FFSC engine at P. = 100 bar,
T =600K, and € = 35.

Scenario O/F Iy [s] hen, [kg/s] 1o, [kg/s]  Atpum [5] Viquia [m?]
CH4 worst-flow (FRSC)  3.345 292.27 200.75 - 600 284.36 (CHy)
LOX worst-flow (FRSC) 3.381 290.78 - 676.60 600 355.21 (O9)

The mass flow that can be seen in Table 5.3 for LOX is a reasonable estimate. Current industry wishes
for LOX flow for high-thrust engines are centred around a LOX flow of approximately 650 kg/s. More-
over, rocket engine manufacturers would not fly an engine with an I,, this low, but since there is no
estimation available as to the minimum they would consider designing, the I, in the table is used.
Lastly, the O/F ratio is on the low side, considering that methalox engines mixture ratios are usually
in a range of 3.5 to 3.8. Once again, because the margin on the I, is considerable, this is ignored. The
results for Hs liquid volume are shown in Figure 5.5, with Table 5.4 showing the worst-case flow results
for a hydrolox engine.
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Liquid Volumes: FRSC Worst-case

65| © FRSCcases 9K
X Worst-case o
260 4 ~ P
= 255
E
2 250 1 "
g @o&‘&v
o
2 2051 3°
5]
= 240 4 04'.
OO
[ )
235 «**
o0
230 4%
620 640 660 680 700

LH; Volume (m?)

Figure 5.5: LH> vs LOX Liquid Volume Requirements for the FRSC Worst-Case Thrust Scenario

Table 5.4: FRSC worst-case results at P. = 100 bar, Ty = 600 K, € = 60.

Scenario O/F Iy, [s] rhwm, [kg/s]  7hoox [kg/s]  Atbu [8] Viquia [m?]

Worst-flow (FRSC)  6.00 344.15 84.66 507.94 600 708.74 (LHa)
266.69 (LOX)

Verification

To cross-check the CEA-based results, an independent equilibrium analysis was performed in CANTERA
using the same input sets (P., €, O/F) and inlet temperatures as in Table 5.1 [41]. The chamber state
is obtained via an enthalpy-pressure equilibrium (‘HP’) solve that accounts for the sensible enthalpy
of the inlets by treating CH4 as a hot gas and LOX either as a cold liquid, with the thermophysical
properties coming from a fluid database, for the FRSC cases, or as a hot gas for the ORSC cases
[85]. The nozzle expansion is modelled as isentropic, shifting equilibrium down to sea level, from which
the thrust coefficient and I, are computed including the (pe — pg)A. pressure term; the same global
efficiency factor n = 0.95 is applied as for CEA. The resulting I5,(O/F) curves are shown in Figure 5.6a
and Figure 5.6b.

Isp vs O/F | Pc=100.0 bar, Tf=650.0 K, Tox=90.0 K FRSC Isp vs O/F | Pc=100.0 bar, Tf=250.0 K, Tox=650.0 K ORSC
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(a) Sea-level Ig, versus mixture ratio for the FRSC (b) Sea-level Isp versus mixture ratio for the ORSC
case (hot CHy at 650K, cold LOX at 90K) at case (cold CHy at 250K, hot LOX at 650K) at
P, = 100 bar with an expansion-ratio sweep € = 15-35. P, = 100 bar with an expansion-ratio sweep € = 15-35.

Figure 5.6: Sea-level I, comparison between RocketCEA and Cantera at P. = 100 bar and € = 35: FRSC (left;
T = 650K, Tox = 90K) and ORSC (right; Ty = 250K, Tox = 650 K).

These differences are consistent with expected variations between thermochemical databases and equi-
librium solvers, and are deemed acceptable for sizing the fluid supply system.

Validation
As validation of the above-mentioned results, the values for the BE-4 engine, Blue Origin’s oxidizer-rich
LOX-LCH4 staged-combustion engine, Vulcain 2.1 and LE-7 are used. For BE-4, these numbers are
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Table 5.5: Sea-level I, comparison: RocketCEA vs. Cantera at P. = 100 bar and ¢ = 35.

(a) FRSC: Ty = 650 K, Tox =90 K (b) ORSC: Ty = 250 K, Tox = 650 K
MR Lipoga 8] Lepor 8] Afs] A [%] MR Lipoga 8] Lepor 8] Afs] A [%]
3.1 289.54 292.37 2.83 0.98 3.1 291.09 293.83 2.74 0.94
3.2 290.25 292.99 2.74 0.94 3.2 291.88 294.49 2.61 0.89
3.3 290.67 293.30 2.63 0.90 3.3 292.34 294.82 2.47 0.85
3.4 290.77 293.29 2.52 0.87 3.4 292.47 294.80 2.33 0.80
3.5 290.54 292.94 2.40 0.83 3.5 292.25 294.45 2.20 0.75
3.6 289.97 292.26 2.29 0.79 3.6 291.68 293.76 2.08 0.71
3.7 289.09 291.29 2.20 0.76 3.7 290.80 292.79 1.99 0.68

unverified, but reasonable estimates exist [8][73][72]. For Vulcain, the numbers used are the only official
ESA numbers released in 2001 [13]. The results are closer to reality with the numbers released since,
but these are not official. For LE-7, which is an LH,/LOX FRSC engine, the values are taken from [36].

For the BE-4, the nozzle expansion ratio is between 21 and 25, and the temperature of the gas exiting the
turbine before injection into the main chamber is between 650 and 750 Kelvin, as higher temperatures
might melt the turbine. Running the turbine cooler increases the lifetime of the turbine, and thus
improves reusability. Running the code for the values known for the BE-4, the results look as shown in
Table 5.6. A mixture ratio of 3.5 is used, along with a chamber pressure of 140 bar. The temperature
of the regeneratively-cooled methane is set to 250 K [45]. Figure 5.7 shows the results for Vulcain 2. As
the parameters for this engine are known, a range of values is unnecessary. One additional assumption
for the Vulcain is that 2%?2 of the specific impulse is lost through the expelled propellants used to run
the turbine [9].

Vulcain 2 Vacuum Isp vs O/F

Table 5.6: Sea-level I, of the BE-4 at O/F =3.5 29 /\ . brhemor —ba
and P.=140 bar with CH4 at 250 K, 4300 42965
for varying LOX temperatures and expansion w75
ratios. i 4250
E 422.5
LOX T (K) e Iy (S) £
650 21 318.37 s i
650 25 317.11 oo
700 2 1 3 1 8 ’ 86 40 45 5.0 55 6.0 6.5 7.0 75 8.0
700 25 3 1 7 . 6 1 Mixture Ratio O/F
750 21  319.36

Figure 5.7: Vulcain 2 vacuum I, at O/F 6.1 and
750 25 318.12 P.=115 bar with CHy at 250 K and € = 58.2.

2Personal correspondence with Amaya Espinosa Ramos
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LE-7: Isp vs OfF at Sea Level and Vacuum
(Pc=127 bar, =52, Tr=250 K)
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Figure 5.8: LE-7 I, vs O/F at Sea Level & Vacuum and P.=127 bar with CH4 at 250 K and € = 52.

From the plots it can be deduced that the I, of the BE-4 should be within the range of 317.11-319.36
s, and the Vulcain should be around 429.6 s. For the BE-4 and the Vulcain, both values are within one
percent of the reported values for these engines, 315 s and 433 s. This is an error that is considered
acceptable, as a worst-case specific impulse is used to size the propellant supply system.

5.2.1. Ullage Volume

A cryogenic run tank cannot be filled to the brim. Having a so-called ullage volume, the gas space
above a liquid in a cryogenic tank, is essential for several reasons, which are listed below.

1. Boil-off: A cryogenic tank is, even though it is vacuum-insulated, not exempt from radiative
heating and heat conduction through support structures. This makes some of the liquid boil-
off. If there was no ullage volume, the pressure in the tank would rapidly rise, forcing to vent
propellant. Boil-off rates for Hy, CH4 and LOX are 0.5, 0.4, and 0.3 % of total volume per day
respectively. [66]

2. pressurisation: The ullage volume is used to pressurise the propellant, allowing for a constant
feed pressure to the pipe subsystem and thus the engine.

3. Cavitation prevention: Pressure-fed lines require liquid to fully occupy their inlets. If vapour
pockets are drawn in, cavitation can occur, leading to pump damage or flow instabilities.

4. Sloshing: As the engine is fired, the propellant will shift (‘slosh’). To make sure the outlet is not
exposed, ullage volume is necessary.

5. Stratification: Cryogenic liquid that is under constant pressure stratifies, after which it hydrauli-
cally expands to a percentage of the total volume. This makes the bulk liquid expand, resulting
in an increased volume. The effect for LH2 is 22.5%, 12.5% for LOX and 7% for LCH4. 3

The void space is often set empirically. The test data informs the adjustments based on actual boil-off
rates, heat soak and sloshing dynamics. A high performance engine test that requires ultra-stable in-
let pressures may require a larger ullage or accumulator to compensate for transients in the feed line.
Cryogenic systems start with a relatively big empty space and then adjust the values based on test
behaviour and thermal load evaluation.

3Personal correspondence with Jérn Bellermann
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Besides the empiric approach, there are reasons to consider different ullage volumes for different propel-
lants. A percentage of about 5-30% is a typical ullage volume in cryogenic running tanks, depending on
the liquid, operating pressure and tank dynamics. Hs tends to have the highest ullage volume percent-
age, followed by O2, and then CHy4. This is mostly due to the earlier mentioned stratification. Hy tanks
are typically filled to a maximum of 70-72%, while LOX and LCH, have a maximal liquid volume of
89% and 92-94% respectively, also dependent on the shape of the tank. For the results from the analysis
performed earlier this chapter, this results in total (rounded) tank volumes as shown in Table 5.7. The
last factor that should be included in this is the volume left in the tank at the end of the test. To avoid
cavitation, this is typically between 5-10%. The values are rounded from 998 to 1000, 399 to 400 and
309 to 310 respectively, and then a 5% buffer is applied.

Table 5.7: Volumes of Hy and LOX Tanks

Tank  Volume (m?)

Hy 1050
LOX 420
CH,4 326

5.2.2. Tank Setup

Because of the large volume required to run an engine for 10 minutes, which is an industrial wish,
considering the possibility of using multiple tanks is relevant. Moreover, investigating the possibility of
using a single tank for both Hy and CH,4 can be a major cost saver. First, the advantages and challenges
of a system using multiple tanks are listed below.

Advantages

¢ Redundancy: Individual-tank failures, like pressure control or valve failure, can be isolated without
shutting down the entire supply system. Secondary tanks can take over feed duties or permit
partial-load testing while repairs are made.

o Staggered Operations: You can pre-cool, pressurise or fill one tank while another remains opera-
tional. This can shorten turnaround times between tests and allows planned maintenance on one
tank without interrupting the flow from the others.

e Flow Management: Multiple tanks permit progressive valve sequencing and differential tank dis-
charge rates. This is critical in case of a multi-engine setup, precision mixture-ratio adjustments
or rapid throttling profiles.

e Thermal Control: Smaller vessels have higher surface-area-to-volume ratios, making them easier
to insulate, pre-cool or prepare for cryogenic operations.

e Scalability: New tanks can be added in parallel to expand capacity as testing needs grow, without
major re-engineering of pipework.

Challenges

e System Complexity: Each additional tank brings extra valves, piping, pressure regulators and
sensors, complicating the supply system.

e Synchronization Difficulties: Managing equal flow and pressure between multiple tanks requires
careful design.

 Additional Failure Modes: Every new component (valve, sensor or fitting) adds a potential leak
path or failure point, increasing the overall risk of system faults.

o Infrastructure: Multiple vessels take more space than a single tank, increasing the cost of foun-
dations, frames and any infrastructure related to safety.

o Higher Operational Overhead: The cost of purging, cooling and standby checks increases with
the number of tanks.
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The conclusions that can be drawn from the pros and cons are that the development and creation of a
system using multiple tanks is more expensive, but the cost of operations, and the flexibility it offers
regarding testing of engines is superior. In a test bench that is to be used for multiple years, it would
be worth it to build a multi-tank system, even though the initial investment might be high.*

Closely related to the logistical considerations around the use of one or more tanks is the possibility
to use a tank for more than one propellant. In principle, a single run-tank can be engineered to alter-
nate between liquid hydrogen (LH2) and liquid methane (LCHy), since the stainless-steel or nickel-alloy
construction used to prevent hydrogen embrittlement is also compatible with methane. However, seals
and elastomers selected for hydrogen service may swell or degrade under hydrocarbon exposure, and
vacuum-jacketed, actively cooled insulation sized for LHj is inefficient for CHy; repeated thermal cycling
between the two temperature regimes further stresses the insulation and tank walls. Hydrogen’s small
molecules penetrate materials and form flammable mixtures at very low concentrations, making cleaning
a difficult process. Switching from LH5 to LCH4 demands extensive purging, leak testing and outgassing,
while the reverse change, although somewhat safer, still requires absolute cleanliness. Because hydrogen
systems must maintain explosion-proof zoning, running methane in a hydrogen-rated facility poses no
extra hazard, but transitioning back remains an important task. Methane’s higher density and lower
volatility also mean very different delivery pressures and pump dynamics: large LHs tanks must be
checked to ensure their supports can handle heavier methane loads, and pipes must be dimensioned or
throttled accordingly. A 200 m® tank designed for hydrogen will reach it weight load limit at 1/6t"
that volume when it is filled with CH4. The control behaviour is completely different because of the
large gas volume that is now above the liquid phase. With careful choice of dual-compatible materials
and seals, adaptable insulation and venting, and acceptance of the downtime, the same infrastructure
can serve both propellants, as long as the system is extremely cleanable and flushable.’

Two separate tank systems are always more expensive overall, but if quick turnaround times are required
to switch between a LOX/LHy and LOX/CH, engine, which is highly unlikely, this is not feasible. The
combination of having multiple tanks per propellant and this dual-use property is in the long run the
most beneficial option.®

5.3. Pressurisation

Maintaining a constant tank pressure during running is critical to have a stable engine feed and avoiding
cavitation or flow instabilities. In propulsion run tanks, but also in rocket propellant tanks, this is done
by introducing a pressurant gas into the tank to occupy the volume vacated by the liquid propellant, the
earlier discussed ullage volume (and more). Because the gas may exist under high-pressure conditions,
it is essential to account for real-fluid behaviour rather than relying on ideal approximations. In the
following subsections, the methodology for calculating the required gas mass flow rate and sizing the
pressurant supply cylinders is presented.

5.3.1. Thermodynamic Properties

Consider a tank of total internal volume V; containing a liquid propellant at pressure P (in pascals)
and temperature Ty (in kelvins). Above the liquid surface resides a layer of pressurant gas at the same
pressure but potentially a different temperature 7. Denote:

P =Py x10° [Pa], T,=Tk, K], T,=Tk, [K].

At these conditions, the liquid density py(P,T;) is obtained from a real-fluid property database, and
the ullage-gas temperature T}, is estimated by treating the pressure relief to ullage pressure drop as an
isenthalpic (Joule-Thomson) throttling across the filling valve. This is appropriate for a high-AP flow
with negligible heat exchange. It is followed by a small fixed thermal offset to account for mixing and
boil-off equilibration. The procedure is as follows:

4Personal correspondence with Jérn Bellermann, Kate Underhill and Jean-Noel Caruana
5Personal correspondence with Andreas Haberzettl
6Personal correspondence with Andreas Haberzettl
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1. Enthalpy h; at buffer pressure Ppuger and temperature Thyuger is evaluated.

2. The corresponding expansion temperature 75 at run-tank pressure P is solved for constant en-
thalpy hq.

3. A cooling decrement (-10K, an approximation) is applied to yield the run-tank gas temperature
T,".

4. The gas density py(P,T,) and molar mass M are then extracted at these conditions.

The molar mass M of the pressurant gas (either nitrogen or helium) is likewise obtained from a fluid
property database at (P,Ty).

5.3.2. Gas Mass Flow Rate Calculation

Let V; be the initial volume occupied by the liquid propellant, so that the initial gas volume is
Vi=Vi—V.

As the propellant is drawn from the tank, the void left by the departing liquid must be replaced by
pressurant gas in order to hold the tank pressure constant. If the liquid mass flow rate i, is known
and maintained for a time interval ¢, then the volume of liquid displaced is

myet

V;emoved = .

Pe

Consequently, the final liquid volume in the tank becomes
Vf =V, - ‘/removed7

and the final gas volume is
Vo=V, — Vj = Vi + Viemoved-

Because T, is now computed via the post-JT expansion, the real-gas density must be recalculated at
(P, T,) both before and after refill. Denoting n; and ng as the number of moles of gas before and after
refill is

_ PN _ Ve

M M

Thus, the added moles of gas required to restore pressure are

ni 2

Pg Pg
An = - == (Vo -V :7‘/}emovev
n=mny—m =7 (V2 —W1) i d
and the corresponding added mass is
Am=AnM = Pg V;emoved'

Dividing by the refill time ¢ yields the pressurant mass flow rate, which is used as a time-averaged sizing
relation under constant ullage pressure and constant liquid outflow:

P .
=2 ‘/removed =Ny Po .
t t pe

_Am

mg =

5.3.3. Pressurant Cylinder Sizing

Selection of an appropriate pressurant storage system requires determining how many cylinders must
be connected to supply An moles of gas throughout the run. Assume each cylinder has internal volume
Veyl, typically 50 L, and is maintained at ambient temperature T (293 K). The cylinder is considered
charged to an initial pressure Py ;, 200 bar, and is allowed to deplete down to Py f, 50 bar. The gas
densities at these two pressures are

PN,i = pg(PN,ia TN)7 PN,f = Pg(PN,fa TN)-

7Personal correspondence with Jérn Bellermann



5.4. Piping 47

Accordingly, the number of moles in one cylinder initially and finally are

_ PN Veyt na o = PNLT Veyt

NN M ) N,f M )

so that the usable moles per cylinder are
Neyl = NN, — TN, f-

The total number of cylinders required to supply An moles is then

An re
Ncyl = N, L= |—Ncyl—|a

cyl
Nyl Y

where [ -] denotes the ceiling function to round up to the nearest whole cylinder. For nitrogen, using
Vey1 = 50L, Ty = 293K, Py,; = 200 bar, and Py ; = 50 bar, one obtains the required number of bottles
directly. A similar calculation applies if helium is chosen as pressurant, replacing M and p values with
those for helium.

5.4. Piping

The size and length of the pipes is important as there are limitations on the speed of fluid being
transported and there is a pressure drop the fluid experiences along the pipe. This subsection goes into
both these topics in depth.

5.4.1. Sizing

The sizing of the propellant feed pipes follows from the requirements on mass flow. Given a required
mass flow rate, i, this can be converted to a volumetric flow rate:

where p is the fluid density at the operating temperature and pressure.

To avoid excessive velocities (erosion, cavitation, vibration, explosion), a maximum allowable velocity
Umax 1S imposed, which depends on the fluid®:

H20: umax = 10 m/s,

LOX : Umax = 25 m/s,

LCHy : umax = 20 m/s,

LH; : tmax = 35 m/s.

The next step is to apply continuity and relate the volumetric flow to the flow velocity. Considering a
circular pipe of diameter D, the formula becomes:

7D? 4Q 10
- = —— < Umax - D>
4 Y=ap2 = T Upax

Q=uA=u

= Dmin-

A nominal diameter D > D, should be chosen for the pipe, adding a margin (10-20%) to account
for future flow increases, roughness uncertainty, and possible safety constraints imposed by regulatory
bodies. The minimum pipe size for the different fluids can be seen in Table 5.8.

Table 5.8: Pipe sizing from velocity limits for liquid propellants.

Fluid 1 [kgs™] plkgm™3] Q=1m/p [m®s™]  tUmax [ms™!]  Dpin [mm]

LOX 650 1140 0.570 25 170
LCH,4 200 422 0.474 20 174
LH, 84 70 1.200 35 209

8Personal correspondence with Jérn Bellermann
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5.4.2. Pressure Drop
Accurate pressure-drop prediction is crucial for selecting pump head, sizing relief valves, and ensuring
stability of the feed system. The Darcy-Weisbach equation is used for this [10]:

L pu?
A ric = J 5§ &
yZi D 2

where

e f is the dimensionless friction factor, a function of Reynolds number Re and relative roughness
e/D,

e L is the pipe length,
e D its inner diameter,
e p the fluid density, and

e u the average velocity.

Because f does not have a closed-form solution in the turbulent regime, it is approximated using the
Swamee-Jain formula [106]:

64

—_—, Re < 2300,
Re €

—2
0.25[10g,y (42 + 25%)| . Re > 2300,

Figure 5.9 shows the resulting Moody chart computed for a range of relative roughnesses [47], clearly
separating laminar, transitional, and fully turbulent regimes for Re € [103,108].
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Figure 5.9: Computed friction factor f versus Reynolds number for different pipe surface roughnesses, using
the Swamee-Jain approximation. Vertical dashed lines at Re = 2300 and Re = 4000 mark the
laminar-turbulent transition.

To capture compressibility and temperature-pressure dependence of density, the total frictional pressure
drop is evaluated by slicing the pipe into N equal segments of length Az = L/N, and summing

Az pi u? m
Apfric:;fij 5 Ui:m, pi = p(P;,T).
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At each segment the local pressure P; is decremented by the previous Ap, and p; is retrieved from an
internal database. Gravitational effects are added via

Apgrav = —poyg AZ,

where Az is the signed elevation change and pg the inlet density. The final outlet pressure is

5.5.

Pout = P)in - Apfric - Apgrav-

EcosimPro Simulations

The previous sections culminate in a simulation in EcosimPro, where the behaviour of the previously
discussed multi run tank setup is assessed. The ESPSS library was used for this [65]. The nominal test
sequence for the LOX setup is:

)

Pressurise the LOX tanks to 20 bar using a nitrogen (Ng) bottle. Once the outflow of the (N3)
tank encounters the pressure relief valve, the pressure drops to a value between 39.5 and 40 bar.
The filling valve then ensures that a pressure of 20 bar is maintained in the tank through a PID
controller. 20 bar is necessary, because otherwise the system cannot uphold the 650 kg/s outflow.

Open the test line (Valve_ Test) once 20 bar is reached.

Natural decrease of outlet pressure with Valve_ A pre-opened to 0.292. This is the percentage of
the opening of the valve, and was obtained through parameter tuning. This preopening drops the
pressure from 20 bar to 4 bar when Valve_Test is opened.

Closed-loop regulation of outlet pressure at 4 bar for the commanded mass flow of 650 kg s~! using

a PI controller on Valve A. From 2400 to 2406 s, there is a ramp-up of the mass flow. This is
necessary for the engine to start up.

For methane, the logic is as follows:

a)

Pressurise the CH, tanks to 10 bar using a helium (He) bottle. Once the outflow of the helium
tank encounters the pressure relief valve, the pressure drops to a value between 19.5bar and
20.5 bar. The filling valve then ensures that a pressure of 10 bar is maintained in the tank through
a PID controller. 10 bar is necessary, because otherwise the system cannot uphold the 200kgs—!
outflow.

Open the test line (Valve Test) once 10 bar is reached.

Natural decrease of outlet pressure with Valve A pre-opened to the tuned fraction 0.246. This
pre-opening sets the initial pressure drop from 10 bar to the outlet pressure band used for engine
admission when Valve Test is opened.

Closed-loop regulation of outlet pressure at pout,cu, for the commanded mass flow of 200kgs™?

using a PI controller on Valve_A. From 2400 to 2406 s, there is a ramp-up of the mass flow to
accommodate engine start-up transients.

There are some criteria that drive the decisions made in the simulation. These are listed in Table 5.9.
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Table 5.9: Criteria for the pressurisation and feed system LOX tanks.

Criterion Target Notes

Tank pressure during pressurisation  Slow ramp-up to 20bar ~ PID regulation; Valve_ Press is al-
ways open unless pn, < 50bar.
The ramp-up is slow because there
is no reason to quickly pressurise
the tank, which carries an inherent

risk.

Relief valve Drop pressure from 200 Relief band 39.5 bar to 40.5 bar

bar to 40 bar

Outlet pressure ~ 4 bar Achieved with Valve__ A pre-opened
at 0.292

Test mass flow 650 kgs™! From 7 seconds after the test valve
is opened

Additional valve logic Satisfied Regulation  valve  opens  if

Ptank > 25.01bar; pressurisa-
tion valve closes if pn, < 50 bar

5.5.1. System Overview

The system consists of an Ny pressurant bottle (100m? at 200 bar, 293 K) feeding the ullage of two
LOX storage tanks (400 m? total volume, 85 % liquid fill). The multi-tank setup that was discussed in
subsection 5.2.2 is implemented in this simulation. The tank liquid and boil-off gas initial temperatures
are 90.5 K and 91 K, respectively. The tank shell is SS 304L with a 20 mm wall and 16 mm outer shell,
insulated by 49.9 cm diameter vacuum panels. The pressurant line is 8 cm in diameter and 19.45 meters
long. The engine feed path comprises Valve A (regulating), Valve Test and a 30m long, 220 mm
diameter outlet line. The flows of Tank A and B are combined through a tee junction before Valve_ A.
Valve_ Test signifies the engine entry, and thus the end of Pipe_A_ outlet_ valve_ A is the point where
the supply pressure is measured (shown by the pressure_engine meter). The setup is divided in eight
pieces, left to right, top to bottom, to ensure readability of the schematic (a 4 by 2 grid). The split-up
system is visible in Figure 5.10 to Figure 5.16. The full schematic can be found in Appendix B, Fig-
ure B.5.

For methane and hydrogen, the exact same setup can be used, with a few minor tweaks; the methane
setup is not shown because the layout is exactly the same and the image would be too big to show
both in one. The results presented in this section are for the LOX system, because the other systems
are governed by the same principles, and thus the method used for LOX translates to CH, and Hs
(with helium pressurisation). Methane is pressurised using helium, because it can possibly react with
nitrogen; the Ny pressurant is thus swapped with helium. A flare stack is typically used instead of
venting to get rid of the excess gas. Assuming a CHy flow of 200,kg/s, the minimum diameter of the
lines is 17,cm; this limits the velocity of CHy below 20,m/s, which is the maximum flow speed to stay
within safety constraints. For hydrogen the same holds: the mass flow is smaller (84-85,kg/s), thus the
necessary pressure in the tank is lower, and the minimum line diameter for an 85kg/s flow of Hy is
21,cm to limit the flow velocity to 35,m/s. Hydrogen is also pressurised with helium, because nitrogen
would solidify in an LHy tank. CHy4 needs two tanks as well, while hydrogen, if 200 m? is considered to
be the default size of tanks, needs 6 propellant tanks. Hydrogen embrittlement is not a problem with
the tank used in the simulation, and is also not an issue with commercial off-the-shelf (COTS) tanks
provided by Air Liquide or other cryogenic tank providers. The pressurisation using helium differs from
nitrogen in several ways: the density and molar mass of He is significantly smaller than that of nitrogen,
which means helium either has to be stored at a higher pressure to have the same storage volume as
nitrogen, or more storage volume is needed; furthermore, helium has a higher permeability, it leaks
more, so the requirements on anything that is not a pipe will have to be tighter than for nitrogen. The
pressurisation infrastructure for a Hy tank would be more sophisticated, and thus more expensive, than
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that for a LOX tank, as the requirements on seals and elastomers are stricter. Lastly, helium is very
expensive, so a recovery mechanism would be a good investment.
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Figure 5.10: System schematic two tanks - top, tile 1 of 4.
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The bottom right image is left out, as this is empty. Therefore, the figures only run until ‘bottom, tile
3 of 4’

5.5.2. Ecosim Pressurisation

The pressurisation sequence can be seen below. The valves are opened at t=0, making the pressure rise
in Tank A and B and drop in the nitrogen tank. The pressurisation phase is taken to be 2400 seconds,
or 40 minutes, because there is no reason to rush the pressurisation, and it is safer to take time doing it.
This is common behaviour in test bench operation®. Figure 5.17 shows the pressure build-up in Tank A
and B, while Figure 5.18 shows the Ny tank pressure decreasing as the pressure rises in both run tanks.
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Figure 5.17: Tank pressure build-up
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Figure 5.18: Ny tank pressure

Figure 5.19 shows the Ny pressurant mass flow while the controller tracks a ramped LOX tank-pressure
reference that increases to 20bar over 2400s. Early in the ramp the pressure error and upstream-

9Personal correspondence with Jérn Bellermann (ESA) and Andreas Haberzettl (DLR)
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downstream Ap are largest, so the pressurisation valve opens and the Ny mass flow rises, aided by
Joule-Thomson cooling and gas densification. As the ramp progresses, the error diminishes and the
available Ap falls slightly because of decreasing pressure in the Ny tank, so the valve trims back and
the mass flow gently decreases. Consequently, tank pressure increases monotonically with a slope that
is highest early in the ramp and slowly tapers, consistent with pressure being the time-integral of ullage
inflow and the ullage gas temperature approaching steady state.

Figure 5.20 shows the mass of the non-condensable gas in the tank along with any other gas in the tank.
When the run starts, there is only boiled-off oxygen in the tank. After 2400 seconds, there is 1210 kg
of Ny in the tank. This is important information to verify the behaviour of pressurisation.
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Figure 5.19: Mass flow of nitrogen into the tanks
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Figure 5.20: Gas mass of non-condensable gas (N2) and boil-off in the run tanks

The aformentioned mass of non-condensable gas in combination with the gas temperature of the upper
control volume of the tank can be used to assess the similarity between calculations and the EcosimPro
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results. This gas temperature per control volume can be seen in Figure 5.22. Furthermore, a more
complete overview of the changing pressures in the system is shown in Figure 5.21.
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Figure 5.22: Gas temperature of control volumes in the tanks

5.5.3. Ecosim Engine Running

In this subsection, the running of the engine is simulated and explained using graphs. The logic is the

following:

At 2400 seconds, the LOX tanks are pressurised to 20 bar. At this moment, the engine asks for 650 kg/s
using a step function. Valve_ Test opens linearly in one second, and the mass flow into the engine builds
up. It takes 7s for the mass flow to settle at 650kg/s. The mass flow is extremely stable, only deviating
0.01% at the end of the run, while subject to the non-stationary effects native to the ESPSS library.

This process can be seen in Figure 5.23.
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Figure 5.23: Mass flow starting from t=2400

Once the mass flow hits 650 kg/s, the controls of Valve A start working.Valve A is crucial to the
operation of the bench. This is normally not only one valve, but multiple, focused on carefully managing
the pressure of the flow [7][97]. In this study, a single valve was used to simplify the operations. The
pressure at the inlet of Valve A exceeds 20 bar at the beginning. This is because the liquid in Tank
A and B is pushing down (gravity) on the liquid further in the pipe. Valve_A is pre-opened at 0.292
to ensure a drop to 4 bar, but this means that as liquid is depleted from the tanks, the valve should
open more and more. This is visible in Figure 5.24, where the operations of multiple valves is shown,
and Figure 5.25, where the increase in Valve_ A opening is visible. In the former, the increase for both
pressurisation valves is also shown, showcasing that the Ny supply, that is decreasing in pressure, needs
a higher mass flow to sustain 20 bar in both tanks.
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Figure 5.24: Valve position for multiple important valves
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Figure 5.25: Position of Valve A throughout the run

2900

The pressure at which the 650kg/s is supplied to the engine starts at 4.03 bar, and drops to 3.88 bar
at the end of the run. This happens because the control is not properly tuned. Valve A adjusts its
position based on to ensure a stable pressure, but because of incorrect gain tuning and integral time,

the pressure drops slowly. Figure 5.26 clearly shows this pressure drop.
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Figure 5.26: Engine supply pressure during the run

2900

The pressure in the tanks stays constant at 20bar during the entire run, with a maximum error
(|20e5 — P__Tank|) of 5 to 10Pa, or 0.00025%. This is shown in Figure 5.27, where the error is dis-
played, and Figure 5.28, which shows the tank pressure for Tank_A and Tank B for the duration of

the entire run. Only one line is visible because the pressures are equal.
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Figure 5.27: Error in tank pressure
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Figure 5.28: LOX tank pressure

After 2970s, the run abruptly stops because the pressure of the nitrogen tank has dropped to 50 bar.
This ends the run. It should be noted that 100 m? is not enough nitrogen to both pressurise the tanks
and run the test. The testing does not take into account the pressurisation phase, which is separated
from the run phase and shown in Appendix B.

The pipes are 220 mm in diameter to ensure the velocity of oxygen stays at 15m/s. The velocity of LOX
in the engine, as well as the velocity of fluids at other points in the system, can be seen in Figure 5.29,
where it is obscured by Pipe_inlet_valve A. The steady decrease of the Ny tank pressure is visible in
Figure 5.30.
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Figure 5.30: Ny tank pressure

The decrease in tank level can be seen in Figure 5.31. Theoretically, if the nitrogen tank had been
larger, the test could have run for 20 more seconds, before the fuel would be between 5 and 10% and

the test would be stopped.
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Figure 5.31: Fill level of Tank A and B

Table 5.10: Assessment of pressurisation and feed-system criteria.

Criterion Target Met?  Evidence

Tank pressure during pressurisation Slow ramp-up to 20 bar v Figure 5.17, 2400 s

Relief valve Drop from 200 bar to 40 bar v Figure 5.27, Figure 5.28, Figure 5.21
Regulated outlet pressure (during test) 4.00bar + 5% v Figure 5.26, max 3%

Test mass flow 650kgs—1! v Figure 5.23

Additional valve logic Satisfied v Figure 5.30

Verification

To verify the simulation results, the governing relations from chapter 5 are applied. For steady, in-
compressible flow in a straight pipe of constant diameter, the pressure drop is described by the Darcy-
Weisbach formulation,

Ap = f%%ﬁ + pgAh + (ZK)%F,

Verification is carried out for liquid oxygen flowing out of Tank A, at a operating pressure of p = 20.3 bar.
The roughness used in the Swamee-Jain approximation is € = 5 x 107°m, which differs from the
€ = 1.5 x 107°m value in the Moody chart shown in chapter 5. This reflects the stainless-steel grade
assumed in the Ecosim configuration, which has a higher representative roughness than the material
used to generate that chart.

m=325kgs™!, T=90K, p;=20.30 bar,
D=022m, L=15m, e=5x10"m, Ah=0, » K=0.

These values, together with LOX properties from taken from CoolProp at 90 K, p = 20.3 bar yield
A=0.0380m? wu=746ms ', Re=942x10% f=0.0142.

Hence,
L pu?

Apiotal = fBT = 0.309 bar, p2 = p1 — Ap = 19.991 bar.

This is exactly the pressure drop observed in the simulation, as shown in Figure 5.32 at 2412 seconds.
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Figure 5.32: Pressure drop in Pipe_A_ inlet_ valve_ A (15m length, 22 cm diameter)

1210 kg was the amount of nitrogen in the tank at the end of the pressurisation sequence, as shown
in Figure 5.20. There are two ways to determine this mass, first using the approximation presented in
chapter 5, and then using this same approximation, but with the control volume gas temperatures to
compute the post-JT temperature.

(a) Constant post-JT temperature from the buffer. Buffer conditions 77 = 205K, P; = 40 bar throt-
tled to P, = 20 bar at constant enthalpy give

T5 37 = 196.55 K, T5 o5t = 186.55 K.

With ullage volume Vi = V; — V; = 200 — 170 = 30 m?, the added nitrogen mass to raise the tank from
Pytart = 1.01bar to P, = 20bar at T' = T ¢ is

Am = [pn, (20 bar, 186.55 K) — p, (1.01 bar, 186.55K)] V1.

From the property library, px, (20 bar, 186.55 K) = 38.22 kg m~3 and py, (1.01 bar, 186.55 K) ~ 1.83 kg m 3.

Hence
Am = (38.22 — 1.83) x 30 =|1,091.7kg |,

(b) Using Figure 5.22. Let Tg be the time-average of the ullage temperature during the pressurisation
ramp,

_ 1 ty
T, - / T,(t)dt ~ 170 K.
tr—t

f 0 Jto

Am = [pn, (20 bar, 170K) — p, (1.01 bar, 170K)] V5.
With pn, (20 bar, 170 K) ~ 42.98 kgm~2 and pn, (1.01 bar, 170 K) ~ 2.01 kgm~3,

Am = (42.89 — 2.01) x 30 =|1,226.4kg |,

which matches the Ecosim result to within < 1.5%. The approximation thus nudges the result in the
right direction, but is insufficient to get close enough to the result. Diving further into the verification
would impede progress in other aspects of this thesis, which are more important for the high-level design.
The validity of this tool has been proven over time, as it is an industry favourite. This does not mean
further verification is unnecessary, however it is the reason why no verification is performed.

5.5.4. Conclusions from Simulation

The EcosimPro/ESPSS runs demonstrate that the baseline LOX architecture achieves the principal
functional requirements for a 2 MN test bench at sea level. First, the dual run-tank configuration can
be brought to 20bar with a controlled, low-risk ramp (2400s) using Ny ullage pressurisation. The
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tank-pressure PID holds 20 bar with an error of 10 Pa during the hot run, indicating steady operation
(Figure 5.27, Figure 5.28). Second, the feed system stably delivers the target 650 kg s~! at an engine-
interface pressure of approximately 4 bar. The mass flow settles within ~7s after Valve_ Test opening
and remains within £0.01% of the command despite ESPSS non-stationary effects (Figure 5.23). Third,
the line losses are consistent with first-principles hydraulics: the measured Ap across the 15m, 0.22m
line matches the Darcy-Weisbach prediction using the Swamee-Jain friction factor at the simulated
Reynolds number (Figure 5.32).

Operationally, the runs reveal two important implications. Firstly, the 100 m?® at 200 bar Ny pressur-
ant is not enough for a combined pressurisation4+600s hot run at 650 kg s7!: the pressurant depletes
to ~50bar around t ~2970s, terminating the sequence (Figure 5.30). This is however after a second
initialisation: the pressurisation and hot run were initialised separately, thus the volume should have
run out earlier. This sets a clear requirement for a larger Ny storage. Secondly, the outlet pressure
regulation exhibits a slow drift from 4.03bar to 3.88bar over the run (Figure 5.26), attributable to
conservative PI tuning and changing hydrostatic head as the tanks empty. This is not a fundamental

limitation, but it highlights the need for a focus on control tuning.

Taken together, the simulations verify the bench can ramp and hold ullage pressure at the demanded
set-point, meet the peak mass-flow requirement with relatively stable delivery at the interface, and keep
pipe velocities within the adopted safety limits through the selected diameters. These are the core
functional requirements for the fluid supply system.

Limitations of the simulations

The present results reflect the fidelity and scope of a deliberately streamlined EcosimPro/ESPSS model
whose objective is feasibility and sizing rather than full operational certification. The model as pre-
sented in this chapter has several limitations, which are discussed below.

First, the control architecture is intentionally minimal. A single regulating element (Valve_A) is tasked
with outlet pressure control where industrial benches commonly employ a staged train of valves. As a
consequence, the slow drift from 4.03 bar to 3.88 bar is explained by conservative PI tuning and changing
hydrostatic head as tanks empty, but other real-world contributors are not represented in this simplified
loop. A staged valve sequence would yield different results than a single valve.

Second, the scenario coverage is narrow by design. Although the system overview motivates that the
same architecture translates to CH4 and Hs, the pressurisation and hot-run shown and verified are for
LOX only. Methane and hydrogen differences are discussed qualitatively, but no full transient runs with
those fluids are included in this section, so cross-propellant conclusions remain inferential.

Thirdly, the verification was carried out only for the pressurisation and feed simulations because these
cases admit fixed, well-posed checks: for a commanded 650kgs™! and a ~4 bar interface, line losses fol-
low Darcy-Weisbach (with Swamee-Jain), ullage temperature follows a JT estimate, and mass/energy
balances can be computed independently and compared one-to-one with the EcosimPro results. By
contrast, the other runs in this chapter deliberately use time-varying conditions: valve openings evolve,
and the PI loop retunes the effective flow area, so the state is path-dependent. There is no stationary
‘reference point’ to verify against. Any check would require time-resolved acceptance data for the exact
command trajectory, which is outside the scope here. Therefore, those transients are reported as oper-
ability evidence rather than as verification cases.

Lastly, the pressurant supply sizing is demonstrated with a single storage configuration, while the 50
litre tanks depleting might cause a different pressure profile, and there is an operational split between
‘pressurisation’ and ‘hot run’. The termination around t ~2970s due to the Ny bottle reaching 50 bar
highlights the iterations on storage volume are not complete. Because the pressurisation phase is
modelled separately from the hot run in the figures, the exact depletion crossover for a continuous
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end-to-end timeline is not captured in one pass. The conclusion that 100m? at 200 bar is insufficient is
correct, but the buffer margin necessary for a full operation sequence is not yet quantified.



Site Selection

In this section, a high-level, qualitative trade-off approach is applied to narrow down the candidate
countries for site construction. Given that many of the relevant aspects, like political, strategic, and
regulatory aspects, are inherently qualitative, a full systems engineering trade-off was deemed unnec-
essary. Instead, the proposed approach relies on an iterative screening process based on key criteria
extracted from customer requirements, especially CR-3.

Initially, quantitative measures such as cost serve as a primary filter, as these are easiest to compare.
For this, average labour cost data for European countries is used. Countries that clearly exceed accept-
able cost thresholds are immediately excluded from further consideration. This first-level elimination
is efficient, as it ensures no unnecessary considerations are done in further stages of the trade-off.

Following this initial cull, the remaining countries are further evaluated using additional qualitative
factors, which will be discussed later. The goal of the analysis is not to fix the country selection, but
rather to provide an insight into which countries should be considered.

6.1. Labour Cost

For the assessment of the performance of countries based on the operational cost for a potential test
bench, the UNECE statistics for gross average monthly wage in purchasing-power-parity dollars is used
[115]. Furthermore, as an initial benchmark, the statement by ESA professionals that “for technology
demonstration and maturation projects the balance of cost should be on the technology and not on the
test infrastructure, as well as the fact that currently the principal engine test facility used by larger
engine projects is based in Germany (DLR Lampoldshausen)” !, will be used to create the following
criterion: the gross average monthly wages in the country of interest shall not exceed 80% of that of
Germany. 80% is chosen, because this still leaves a large pool of countries to choose from, but the cost
reduction regarding wages is still a meaningful amount. Labour cost is a big factor in the operation of
a test bench, and can account for a third of the yearly operational expenditure of a test facility [54].
Simply looking at countries that have a lower wage than Germany is not going to have a large impact
unless the reduction of salary budget is significant.

The countries that will be assessed in this analysis, and their respective gross average monthly wages are
shown in Figure 6.1. The bar plot shows countries exceeding the 80% benchmark in red, and countries
below in green. Changing the benchmark between >70 and 90% yields the same result.

IPersonal correspondence with Kate Underhill and Jean-Noel Caruana
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Figure 6.1: Gross Average Monthly Wages by Country

The result of this first iteration is that there are only 16 countries left to consider, from an initial 29.
The countries are listed below, in Table 6.1

Table 6.1: European countries with average monthly wages below 80% of Germany’s (in PPP USD)

Bulgaria Hungary Greece Romania
Poland Latvia Slovakia Croatia
Estonia  Portugal Czech Republic Lithuania
Cyprus  Spain Italy Slovenia

6.2. Ease of Doing Business

In 2020, the World Bank Group released a ranking of 190 economies on their ease of doing business (it
was the last version of the Ease of Doing Business ranking, because of corruption around some Middle-
Eastern countries). The ranking assesses the conductivity of the regulatory environment to starting a
business. Among the criteria in this ranking is the category ‘Dealing with construction permits’, which
is very relevant to this project. A smooth and streamlined process to construction will ensure that the
requirement to be operating in three years is met. The respective ranking of these countries is given in
Table 6.2. The lower the rank, the better the country performs in the category. [118]
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Table 6.2: Dealing with Construction Permits: Rankings and Scores from Doing Business 2020

Country ‘ Rank ‘ Score ‘
Poland 39 76.4
Bulgaria 43 75.9
Portugal 60 73.2
Spain 79 70.8
Greece 86 69.5
Ttaly 97 68.3
Hungary 108 67.0
Slovenia 119 65.3
Cyprus 125 64.2
Slovakia 146 59.4
Romania 147 58.4
Czech Republic 157 56.2

6.3. Population Density and Logistics

To minimize external disturbance from test-stand operations, site selection was guided by a quantitative
measure of regional ‘remoteness’. Eurostat’s NUTS 2 population and land-area datasets were combined
to compute density (inhabitants per km?) for every NUTS 2 unit across the candidate countries. [31]

For each nation, its NUTS 2 regions were ranked by ascending density, and the three least-populated
regions were identified. The mean of those three densities then defined a country-level remoteness index,
ensuring that isolated locations drive the score.

As the dataset still contains 12 countries, the computed population density of Portugal is given as an
indication in Figure 6.2.

Population Density by Region in Portugal
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Figure 6.2: Population Density by Region in Portugal

To reflect the need for logistics, two transport/infrastructure metrics (motorway density and railway
density) were incorporated. All three indicators (remoteness index, motorway density, railway density)
were normalized to a 0 to 1 scale and combined into a single Suitability Score according to project-
specific priorities: 45% weight on remoteness, 35% on motorway connectivity, and 20% on rail access.
The results of this analysis can be seen below, first showing how each metric was analysed.
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Regional remoteness was quantified using Eurostat NUTS 2 population P, and area A, data to compute
regional density

For each country ¢, the three NUTS 2 regions with lowest d, were selected (denoted S.) and an area-
weighted average density was calculated:

ZTESC dr AT
ZTGSC AT

Larger values of Remoteness, correspond to greater isolation, which is a pro when considering the noise
of a 2 MN rocket engine.

Remoteness, =

Transport connectivity metrics were drawn from the European Environment Agency [29], compris-
ing total motorway length and total railway length per 1000 km?, denoted MotorwayDensity, and
RailwayDensity,.. Each raw indicator X; . with Xpop . = — Remoteness., to ensure that higher isola-
tion yields a larger score, was rescaled to the [0, 1] interval via a Min-Max transform:

X; . — min. X;
Sl = e crne i € {Pop, Motorway, Railway}.
e = s Xoo — ming Xog {Pop y v}

The composite Suitability Score is given by

SC =0.45 Si’op,c +0.35 Sll\/[otorway,c +0.20 Sﬁailway,c‘

These scores were determined as follows:

 Population density (0.45) For a 2 MN engine stand, blast/noise hazard distances, public exposure,
and social licence to operate dominate site feasibility. Low surrounding population directly reduces
exclusion zones, mitigations, and legal challenge risk; hence the largest weight.

o Motorway access (0.35) Day-to-day logistics depend primarily on road: oversize components (tur-
bomachinery, ducts, valves), frequent dangerous-goods traffic (LOX, LHy/CHy, LNy /He), and
emergency access. Proximity to high-capacity roads lowers transport cost, schedule risk, and
response times, thus resulting in a substantial weight.

 Railway access (0.20) Rail is valuable for bulk and occasional heavy lifts, but is less time-critical
and more substitutable via road than motorway access. Useful, but not decisive in most European
contexts; thus a supportive, lower weight.

Robustness of the resulting country ranking was assessed via a Monte Carlo procedure. Weight vectors
w ~ Dirichlet(100 [0.45,0.35,0.20]) were drawn ngy, = 1000 times and used to compute perturbed

scores
Se(w) = Z w; S} .
i

Distributions of {S.(w)} were summarised by mean, standard deviation and quartiles, and visualised
in a box-plot, shown in Figure 6.3 (for k=3), where k is the number of sparsest regions used to create
the baseline for population density. The choice for three (k=3) NUTS regions is backed up by the
stability that can be seen in Figure 6.4. Furthermore, having more than one region is essential for
proper selection of a country, because this increases the probability that a proper site can be found in
this region.
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6.4. Availability of Skilled Workforce

A test bench cannot operate without operators. For these operators, it is essential that they have a
background in their respective fields. Standard practice is to have someone with a university degree as
responsible person for the test bench. The level of education is preferable tertiary for the people working
on the test bench. Tertiary education means education after high school. This can be university, but
also vocational schooling or any other type of education after high school. This is why the tertiary
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education attainment rate per country is relevant for shortlisting countries. These rates are shown in
Table 6.3.

Table 6.3: Tertiary Education Attainment Rates (Age 25-64) [88]

Country Rate (%)
Spain 41.0
Slovenia 40.0
Greece 35.0
Poland 34.0
Cyprus 33.2
Portugal 31.0
Bulgaria 30.0
Hungary 29.0
Slovakia 29.0
Czech Republic 27.0
Italy 20.0
Romania 20.0

This data is used under the assumption that in a country with a higher tertiary rate of education, it
is easier to get a skilled workforce. The size of the population is not taken into account, because the
criterion is how likely is it that any candidate will already be qualified, which depends on the share of
tertiary-educated adults rather than the total head-count. If a specific number of hires per year needs
to be ensured, the population of working-age adults can be incorporated to get absolute figures.

6.5. Final Results

By combining the results from all previous subsections, a shortlist of potential countries can be made. To
integrate the four quantitative indicators, which are labour cost, ease of doing business, site suitability,
and workforce education into a single metric for each country, the following steps are performed:

1. Normalization of individual scores. The first step is to derive four normalized indices on a common
scale [0-1]. The logic behind this derivation is shown below.

7=0.8 WDE, WDE = 4353 (6.1)
CostScore; = — Wi (6.2)

T

P

BizS P = —— 6.3
izScore; = 55 (6.3)
Ecanada = 63%(Canada has the highest tertiary education rate in the world) (6.4)
EduScore; = ( ch:ada) (6.5)

o W;: average monthly wage of country ¢ (in PPP USD).
e P;: raw permit-score (0-100) for country i.
e E;: tertiary-education attainment rate (%) for country .
o Ecanada: reference tertiary-education rate for Canada.
2. Composite score under scenario s. For each weighting scenario s with weight vector
(w, wf, s w)),

the composite score for country i is

Si(s) = w; CostScore; + w; BusScore; + w; SuitabilityScore; + w’ EduScore;. (6.6)
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3. Weight-scenario generation.
The weights in weight vector are determined as follows:

o Cost (30): The cost of labour is one of the driving requirements of building a new test bench
altogether. The weight of this requirement is determined as such.

o Business (30): Building a test bench is a difficult endeavour that requires complex permits
and multi-agency approvals. Countries with clear, predictable, and timely administrative
processes cut schedule risk and uncertainty, hence the high weight.

« Suitability (20): Adequate safety/exclusion zones, favourable topography, logistics infrastruc-
ture, and low natural-hazard exposure determines feasibility and performance for a 2 MN
staged-combustion stand. It is important, but some deficits can be engineered at cost, justi-
fying a medium-high weight.

o Education (20): Availability of experienced propulsion/test engineers, cryogenic technicians,
controls/safety specialists, and QA reduces ramp-up time and incident risk. This criterion
is significant but augmentable via training and mobility, resulting in a 20% weight.

Starting from a baseline weight vector
w O = (we, wy, ws, we) = (0.30,0.30,0.20,0.20),

the following scenarios are considered:
« Original: keep w(©).
 Equal: (0.25,0.25,0.25,0.25).
o k-Heavy (for k € {cost, biz, suit,edu}): double the kth weight and scale the others to sum to
1:
wh, = 2wy, (6.7)

12w (i # k). (6.8)

= W;
' lfwk

This preserves the ratios among the non-bumped weights.

4. Composite score and ranking.
For each country ¢ and scenario s with weights (w?, w;,w?, w?), compute

Si(s) = w; CostScore; + wj BizScore; + w? SuitabilityScore; + w; EduScore;.
Countries are then sorted by SZ.(S) (highest first) and assigned integer ranks (1 = best).
Weight Scenarios
The different weight scenarios that have been established following the principles of the previously

described step 3 result in the weight vectors given in Table 6.4.

Table 6.4: Weight Vectors

Scenario Cost  Business Suitability Education
Original 0.30 0.30 0.20 0.20
Equal 0.25 0.25 0.25 0.25
Cost-focus 0.60 0.1714 0.1143 0.1143
Biz-focus 0.1714 0.60 0.1143 0.1143
Suit-focus 0.225 0.225 0.40 0.15
Edu-focus 0.225 0.225 0.15 0.40

Using these weights, it is possible to generate the composite score for each country, for each scenario.
This is shown in Figure 6.5.
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Figure 6.5: Ranking of Countries by their Composite Score, per Scenario

By aggregating the composite ranks from all six scenarios and computing the average rank for each
country, we obtain the following ordered list (lowest average rank = best):

Country Average Rank

Bulgaria 1.33
Greece 3.00
Portugal 3.50
Poland 4.00
Spain 4.67
Hungary 5.00

6.5.1. Shortcomings of the Selection
There are a few shortcomings to this method of country shortlisting. These problems are listed below,
in no particular order.

e Short supply lines are important to minimise cost of propellant, but this is not quantifiable. The

availability of liquid methane, liquid hydrogen and liquid oxygen can be a deal-breaker for the
selection of a country: even though Bulgaria has low wages, a few low density regions and good
overall infrastructure, if there are no LOX or LCH4 plants, the test bench cannot be built there.

e The analysis of population density would have been better with the NUTS 3 regions, because

this divides the country in even more regions. When looking at SpaceX’s McGregor test facility,
it is indeed quite in the middle of nowhere, but Waco, a city with 150,000 inhabitants, is still
within 30 km. Ideal data would have been a Gini coefficient of the degree of urbanization per
NUTS 3 region, along with its population density, to assess the availability of city clusters in
relative proximity to the test site. Having cities close means that the infrastructure is better,
and coming back to the previous shortcoming, better infrastructure and (relative) proximity to
a city increase the chances for a working propellant infrastructure, and it can be easier to retain
employees. These employees can live in the city, and don’t have to live in the middle of nowhere
to go to work. Lastly, the terrain of the respective regions is not taken into account. Building a
bench in a sparsely populated mountainous area is a lot more costly than on flatland.
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e For the analysis on infrastructure, only nationwide numbers are available on motorway and railway
density. There is therefore no information on the density of these two criteria in the ‘sparsest
regions’, rendering conclusions uncertain. Regional data, when available, can refine and potentially
strengthen these conclusions.

e The ‘Ease of Doing Business’ metric, and then especially the ease of getting a construction permit,
is a general metric that is in this case used to describe a quite intricate process. The fact that
tanks that can explode, containing liquids (gases at room temperature) that are bad for the
environment, are on the premises might make it more difficult to get permits in some countries
than in others.

e Export control rules are largely the same in Europe, but some countries have extra strict policies
when it comes to their equipment being transported out of the country. France and Italy are
examples of countries that have stricter export control. This would argue in their favour, because
a lot of aerospace companies making engines in Europe are based in one of these two countries.

 (Geo-)Politics are not taken into account. This would require a scrutinization of the entire political
history and current political course of the country. Other large developments, especially economic
development, are also not taken into account. This would be an economics thesis by itself. The
Polish economy is steadily growing, as are the Polish wages. It is not unlikely that in 10 to 15
years, the wages in Poland are on par with the wages in Western Europe. This would make Poland
a significantly less attractive option than a country with a stagnant economy, where wages are
low and will remain on the low end of European wages.

o Military test sites can provide a remote test location to local, regional, or national test companies.
Old military sites often already have some of the necessary infrastructure, like anchored, reinforced
concrete walls, and proper roads that lead to the site. This makes them very feasible locations,
but they also tend to be nationalistic in their approach. Testing an Italian engine on an old
French military base might cause diplomatic issues that would rather be avoided, or rule out the
testing from happening at all. A country with a lot of abandoned military bases would be a good
option. The same holds for mines, as these already have the necessary documentation surrounding
explosives that is necessary to build a test bench, and noise constraints are typically less stringent.

e Heritage in propulsion testing is not considered, even though this is a very important metric.
Building a bench is significantly easier if you have the experience readily available in your country,
rather than starting from scratch. Heritage is difficult to quantify, but when considering the
countries in the final selection, this could be an argument to choose Poland, where ILOT is
experienced in testing (smaller scale) engines, and Spain, where PLD, a recent winner of the
European Launcher Challenge (ELC), tests their engines.



Cost Modelling

Building a test bench is, based on historical data, not a cheap endeavour. The scarce data that is
available sketches an image of concrete and steel superstructures that are 60 years old and that were
built in a time when budget did not matter: the Cold War and the associated Space Race. The
transparency of cost towards the public was non-existent, thus there is no information on the cost of
benches that were built in this period. They would also not be proper representations of the current
reality: as budget was not an issue, building a cost-effective bench was not really on the agenda.
Furthermore, the capacity that the benches were built for at the time is exorbitant. As an example,
the Stennis B test complex was designed for a thrust of 11 million 1bf, approximately equivalent to 48.9
MN, or 24 times the capacity of the bench considered in this thesis. In this chapter, the cost of the
bench will be assessed by using a dual approach. First, a top-down approach is performed, after which
a bottom-up approximation is done based on the PBS and ESA asset information.

7.1. Top-Down Cost Approximation

To know the cost of a propulsion test bench, it is necessary to know the costs of the subsystems, add
them up and add construction cost. But the cost of these subsystems is not known, and the design is
not in-depth enough to approximate it. It is however possible to use information from benches built
in other parts of the world, or Europe, of which there is cost data available. With this cost data, a
parametric model can be built [81]. The input data for this model was acquired through extensive
research, and is gathered in Table 7.1.

78
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Region Test Stand Currency  Amount Cost Type Thrust Range Orientation Year Source

USA NASA A3  MUSD 349.0  Full Up to 4.4 MN  Vertical 2014 [74], [70]
(SSC)

USA NASA B-2 MUSD 230.0 Partial (Reno- Up to 13.3  Vertical 2023  [75], [70]
(SSC) vation) MN

USA NASA A-2 MUSD 267.0 Partial (Mod- 2.9 MN to  Vertical 2023  [109]
(SSC) ernization) 14.7 MN (Up-

grade)

USA Stand 4670 MUSD 62.5 Partial (Refur- 3.3 to 4.4 MN  Vertical 2019  [77], [78], [28],
(MSFC) bishment) [60]

USA USAF 2-A MUSD 18.5 Partial (Refur- Up to 2.05  Vertical 2004  [1]
(Edwards) bishment) MN

Europe DLR P5.2 MEUR 70.0 Full 0.18 MN Vertical 2023 [39]

India Semi- MINR 7400.0  Full Up to 2.6 MN  Vertical 2016 [12], [94], [99],
cryogenic (3], [14], [53]

Integrated En-
gine and stage
Test  facility
(SIET)
China Vertical High- N/A - - 6.9 MN Vertical - [120]
Altitude
Simulation
Test Stand
Russia, NPO Energo- N/A - - Up to 1.92 Vertical - [110]
mash MN

Table 7.1: Overview of Rocket Engine Test Stands by Region

Notes: Amounts are in the stated currencies and millions thereof (MUSD, MEUR, MINR).

For the Russian and Chinese bench, hardly any information is available. These were added for com-
pleteness of the table, when it comes to countries developing high-thrust engines. All costs mentioned
in the table can be found in the sources mentioned in the table, except for the cost of the Indian test
bench, the MSFC 4670 stand and the A-2 stand.

The cost for the Indian bench was deduced using [12], [94], [99], [3], [14], and [53]. Tt is stated that India
initiated three space projects at a cost of 1800 crore!. The three projects are the PSLV Integration
Facility, a Trisonic Wind Tunnel and the Semi-cryogenics Integrated Engine and stage Test facility
(SIET). Firstly, the PSLV Integration Facilities, is a project costing 475 crore. The cost of the Trisonic
Wind Tunnel was estimated using the Current Replacement Value (CRV) of a trisonic wind tunnel that
is used at Marshall Space Flight Center. Using a value of $§ 15 million for this trisonic wind tunnel
(MSFC TWT)[12], the cost of the Indian Trisonic Wind Tunnel can be established. This was done the
following way:

0.55 oys
(15 x 0.5) + (15 x 0.5 x 15) } x ) ;).85 X oo = €43.66 million (2016)
Céig ﬁjassle)] (fgsy?ggg]e rate [USD-EIgJR] (4) Regional
adjustment

The factors mentioned in the equation above are the following:

(1) Base cost: Original cost (15 M) x fixed cost factor (0.5). Approximately 50% of the costs are fixed
for big construction projects. This means that 50% of the 15 million can be considered as the first
factor of cost.

(2) Variable cost: The other part of the cost is variable. As the two wind tunnels are not of similar
size, the Indian one being significantly larger than the American one, the diameter of the tunnels
is compared, and a factor is associated to this. 0?545% ~ 15, which will be multiplied by 15, and
0.5 as it represents ‘the other 50% of the cost’ 2.

1A crore is 1,00,00,000 rupees, or 10,000,000 when formatted as the decimal quantity.
2Established in discussion with ESA cost engineers
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(3) Exchange rate USD-EUR: This signifies the exchange rate between USD and Euro. All costs are
assessed in Euro, to create a common axis.

(4) Regional adjustment USA=1.30, Europe=1.00, India=0.55. Construction in India is cheaper than
in Europe. For this, an established factor is used.

Especially step 2 is not very accurate, but for the parametric cost model, an approximation is all that
is necessary.

For the MSFC 4670 bench, the cost mentioned in the relevant sources is $50 million. However, when
these projects are announced in the US, they typically underestimate the cost, as exemplified by work
on the B-2 at Stennis, which was supposed to cost $143 million (2014), and ended up costing $230
million (2023). The inflation in this time was 28.71% [52], so the multiplication factor is {230,
resulting in a factor of 1.25. This results in a cost of $ 62.5 million. For the A-2 stand at Stennis, the
given total investment that Relativity Space is doing in Stennis is given to be $267 million [109]. There
is a discrepancy in sources, where some sources mention the investment is only in the development of
A-2 [119], and others mention it to be investment in its Stennis operations, being more vague [109][35].
In this analysis, it is assumed that the investment is only done on modernizing the A-2 bench.

There are various steps in establishing the equivalent cost for 2025 in euros. Firstly, every project was
initiated or finished in a certain year. The fact that the cost is in some cases only mentioned before
the project, and in some cases is the total project cost, makes the estimate slightly more inaccurate.
However, as it is all that is available, this is an acceptable limitation. The year and mentioned budget
together give an idea what effect inflation has on this number: a bench constructed in 2025 is 28% more
expensive than it would have been in 2014. Secondly, the exchange rate needs to be taken into account,
to ensure all currencies mentioned are the same. Thirdly, a regional cost adjustment is necessary. A
bench constructed in the US is more expensive than in Europe, and building in India is significantly
cheaper than either.

The initial adjustment factors (inflation to 2025, currency conversion, and regional cost indices) are
objective and verifiable from published datasets®. By contrast, the factor distinguishing maintenance,
refurbishment /modernization, and new-build construction is judgment-based rather than directly mea-
surable; it is modelled with discrete levels (0.25, 0.50, 0.75, 1.00) derived from the documented scope
of works, which is analysed in Appendix C, and should be interpreted as indicative rather than exact.
Lastly, a performance factor is assigned. For a bench that can test at sea-level conditions in one position,
a factor of 1 is applied. If a bench has the capability to test in multiple positions, a factor of 1.33 is
applied. In case the bench can test multiple engines at the same time in different configurations, a
factor of 1.66 is used. When vacuum testing is possible, a factor is 2 is used. The rationale for this
can also be found in Appendix C. By multiplying the costs mentioned in Table 7.1 with the first two
factors, and dividing by the last three, an equivalent cost in 2025 euros is found.

-Finﬂ,r FFX,T

Fiotal,r =
onnr Fregion,r Frefurb,r Fperf,r

By combining this with the thrust, a graph can be made that provides an estimate of the cost evolution
of a test bench with increasing thrust. The factors are shown in Table 7.2, and the resulting graph is
shown in Figure 7.1.

3The Regional Cost Adjustment was provided by ESA cost engineers Javier Serrano Gomez and Andrea Polomini
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Table 7.2: Adjustment factors and 2025-equivalent costs for rocket test stands [52][50][51]

Regional Cost

. Performance Total )
Raw EC to Exchange Rate Adjustment Refurbishment Factor Adjustment  Equivalent Cost
Test Stand 2025 EC to EUR (Europe=100%) vs Construction (e.g., vacuum) Factor (2025 MEUR)
NASA A-3 (SSC) 1.36 0.86 1.30 1.00 2.00 0.44985 157.00
NASA B-2 (SSC) 1.06 0.86 1.30 0.75 1.00 0.93497 215.04
NASA A-2 (SSC) 1.06 0.86 1.30 0.75 1.00 0.93497 249.64
Stand 4670 (MSFC) 1.19 0.86 1.30 0.50 1.33 1.18381 73.97
USAF 2-A (Edwards) 1.71 0.86 1.30 0.50 1.00 2.26246 41.86
DLR P5.2 1.06 1.00 1.00 1.00 2.00 0.53000 37.10
SIET 1.54 0.01 0.55 1.00 1.66 0.01855 137.30
2501 @ Computed EC 8
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Figure 7.1: Computed equivalent cost (in 2025 MEUR) as a function of thrust equivalent (MN), including a
linear regression fit (R* = 0.810).

From this graph, an estimate can be made that a 2 MN, vertical test bench would cost approximately 80
million euros in Europe. This is only the capital expenditure (CAPEX) within Europe, there are again
differences in price levels, as also exemplified in the chapter on site selection. The figure presented here
is a European average. This does not yet take into account that big construction projects cost tends to
be underestimated. An extra 28% will be added to this 80 million in section 7.4 to calculate operating
expenses and return on investment, a value that is backed by [2][34]. To create an estimate of the
cost saving, considering the horizontal nature of the bench, and hence the less complicated structure,
another approach is necessary. Therefore, a bottom-up approach, where the known cost of subsystems
is used to create an estimate for the whole, horizontal system, is performed in the following section.

7.2. Bottom-up Cost Assessment

ESA has a large amount of assets when it comes to propulsion testing. The costs of these assets is known
and managed by the Infrastructure and Value Chain team (STS-I). This means that it is possible to
build a model of a test bench from the ground up from a PBS, and gauge the total cost of a bench
based on that. The hypothesis for a cost estimate like this is that the outcome is lower than the cost
estimate done in the top-down approach, since the design is considering a horizontal test bench, which
is inherently cheaper than a vertical bench. Furthermore, for the top-down approach, the final reported
cost of the benches is used. This cost does not only include the acquisition cost of the bench elements,
but also the integration cost and labour cost, while the cost in the asset database is the acquisition cost
with occasionally the infrastructure costs merged into it. This section will provide a Rough Order of
Magnitude (ROM) estimate of what a horizontal test bench would cost, using the ESA assets database
to establish the difference in cost between a horizontal and vertical bench.
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A trimmed-down version of the PBS describing a test bench is used in Table 7.3. This table compares
the presence of elements of a test bench between the Lampoldshausen facilities (and thus the ESA
database) and a to-be-built high thrust test bench. This can then be used to determine which elements
of a bench should be taken into account for costing, and which shouldn’t. The full PBS can be found
in chapter 2.

Table 7.3: Comparison of Lampoldshausen vs. High-thrust bench capabilities (‘yes’ = available, ‘no’ = not
available).

Component LAM  HTBench

1. Test Cell
Engine installation structure

Vacuum chamber (if high-altitude simulation required)
Microphones
Camera system

Crane and support tools

2. Exhaust Gas Guiding System
2.1. Diffuser
Traditional diffuser or Centre body diffuser
Water cooling system

2.2. Guide Tube
Water cooling system

2.3. Flame Deflector
Redirect exhaust flow
(Optional) water-cooling system

2.4. Exhaust Duct (if applicable)

3. Engine Propellant Supply System
3.1. Propellant Storage Tanks
Cryogenic tanks (LHs, LOX, LCHy)
1000 m® LHy, 400 m?® LOX, 310m?® methane
Non-cryogenic tanks (ambient-temperature fluids)

3.2. Buffer Tanks (optional)

3.3. Pipe Subsystem
Vacuum-insulated pipes (cryogenic fluids)
Standard pipes (non-cryogenic fluids)
Valves and control elements
Filters for cryogenic fluid supply
Chill-down systems (cryogenic)

4. Gaseous Supply System
4.1. Gas Storage & Pressurization Tanks
Nitrogen (GN3)
Hydrogen (GHz)
Helium (GHe)
Oxygen (GOX)
Methane and Propane

4.2. pressurisation Subsystem
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Table 7.3 (continued)
Component LAM HTBench

Tank pressurisation lines
Line pressurisation and purge lines

4.3. Ignition Gas Supply
Gaseous Hs & Os to igniters
Ignition system valves and regulators

4.4. Venting System
Neutral gas (He, N3) venting lines

5. Water Supply System (noise abatement)

Water storage tank

Refrigeration system

Pumping system

Distribution pipe network

Water-cooled subsystems (EU noise rules):
Diffuser cooling system
Guide tube cooling
Flame deflector cooling
Condenser/steam-generator cooling lines
Fire-extinguish system

6. Measurement, Command & Control (MCC) System
Centralized real-time monitoring & control
Data acquisition (low/high-frequency)
Data processing & storage infra.
Safety and emergency shutdown

Control room infrastructure (remote monitoring)

7. Flare Stack
Gas combustion chamber

Ignition device

Exhaust gas dispersion nozzle

Using the ESA assets database, it is possible to determine the cost of most element as percentage of
the whole bench. The analysis has been performed based on the data from the ESA asset database
related to test benches but limited to the analysis of acquisition costs. All subsequent investments have
been excluded as to separate maintenance or upgrade costs. After mapping the assets in the database
as closely as possible from the PBS, the following cost shares, shown in Table 7.4 have been identified.



7.2. Bottom-up Cost Assessment 84

Table 7.4: PBS element cost shares. Yes = excluded from horizontal bench. *

Block 1 Block 2 Block 3
PBS % Excl. PBS % Excl. PBS % Excl.
1.1 0.3 2 4.5 Yes 3 12.0
1.2 1.6 Yes Total (2) 4.5 Total (3) 12.0
1.3 0.4
1.5 0.3
1.6 0.2
Misc 1.2
Total (1) 4.5
Block 4 Block 5 Block 6
PBS % Excl. PBS % Excl. PBS % Excl.
4.1.1 8.3 5 5.2 Yes 6.1 9.0
4.1.2 1.2 Yes 6.2 2.8
4.1.3 5.4 6.5 1.7
4.1.4 0.5 Yes Misc 7.2
4.1.5 0.1
4.4 0.9
Total (4) 15.5 Total (5) 5.2 Total (6) 20.7
Block 7 Infrastructure
PBS % Excl. PBS % Excl.
7 0.9 I 36.5
Total (7) 0.9 Total (Infra) 36.5 Total 100%

The rationale for the exclusions is the following:

e The water supply system is partially excluded, and exhaust gas guiding system fully excluded,
because noise rules are not taken into account.

e The ignition gas supply is excluded because staged combustion engines have built-in igniters.

o Buffer tanks are excluded because this is extra cost that is unnecessary with proper valve sequenc-
ing. Buffer tanks are sometimes present to account for a pressure drop, and can be used to provide
more stable flow.

e The bench does not need GOX nor GHy, which would have been used for ignition.

Some exclusion costs have not been specifically identified in the database and are thus still included
in the cost. As the infrastructure costs register in the ESA database lacks details (and includes civil
engineering activities not to be considered in this case), the analysis has been performed with and with-
out those costs in order to identify a range. As a result, the calculation shows that the share of costs
not to be considered for a horizontal bench range between 13% and 21% of the bench total cost. The
13% corresponds to the table above, and the 21% is the result when you remove infrastructure from
the table and scale the other values. As a fire suppression system is a necessity, this range should be
lowered to 10 - 17%, because some water infrastructure is necessary, but the database lacks granularity
to distinguish this from the whole water infrastructure. As noise reduction can be a future requirement,
already having the (partial) water infrastructure for this is beneficial.

Using the parametric model established in the previous subsection, it is possible to determine a range
for the cost of a horizontal bench. Using the 102.4 million deduced in the previous section (80 million
+ 28%), a 10-17% reduction for a horizontal layout yields a cost range of €92.16 M (-10%) to €84.99 M
(-17%). It is very important to note that this cost does not take into account licensing for the site. The
other sites considered in the parametric model already have (almost) all the necessary licenses, because
they are on established testing grounds. These licenses are also the reason that defining a timeline for
building a bench is not possible with the information presented in this thesis. For this, a deep dive

4Personal correspondence with Edouard Gourier
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into the regulatory environment of each site selection country is necessary. Besides this additional cost,
there is a discrepancy between the bottom-up and top-down model that has to be addressed. It is
unknown which costs are exactly taken into account in the reported values of the test benches, while
for the bottom-up model, this is quite clear. This uncertainty is why the upper bound of the range,
€92.16 M (-10%), will be used in further analyses.

7.3. OPEX

NASA’s Rocket Propulsion Test Program had a yearly budget of $46-49 million per year, before the
major budget cuts at NASA in 2025, which terminates the NASA Rocket Propulsion Test Program [76].
For ESA, this number is confidential, but it is a non-negligible amount of money. Operational expendi-
tures (OPEX) for a rocket propulsion test program typically include personnel costs for staff, utilities,
like compressed gases and cryogens; maintenance, including periodic refurbishment of test stands, re-
placement of valves; and compliance activities such as emissions monitoring, and hazardous-materials
handling.

Annual operating expenses are often benchmarked as a percentage of the initial CAPEX. Table 7.5
summarizes typical OPEX ranges by facility type and age for the aviation industry, which serves as an
indication. Note that these percentages cover only day-to-day facility maintenance.

Table 7.5: Annual OPEX as a percentage of initial CAPEX, by facility type and age®

Facility Type 0-10 years 10-20 years 20-30 years

Category I: Regular buildings (offices, apartments, etc.) 1.00% 1.25% 1.50%

Category II: Industrial buildings (warehouses, maintenance facilities, workshops) 2.00% 3.50% 4.00%

Category III: Civil works (pavements, bridges, car parks) 0.50% 1.00% 2.00%
Notes:

(1) OPEX here covers only the facilities themselves, not specialized systems or machinery inside.

(2) Repex (heavy maintenance) such as HVAC replacement, major overhauls, or resurfacing is additional and
highly facility-specific.

(3) Technological equipment (PCs, printers, data systems) is typically amortized and fully replaced within 10
years, rather than maintained.

The values in this table do not properly cover the annual OPEX that would be spent in the space
transportation industry. The complexity of a rocket engine test facility is significantly higher than that
of a warehouse or plane hangar. For a test bench, the value hovers around 4%, but it hardly grows, and
can even decrease with cost-effective measures. OPEX in the space context is usually called ordinary
maintenance (OM). The 4% doesn’t usually go up, even after decades, because of extraordinary mainte-
nance (EM). Every x years on a given segment, EM happens to keep the facility running, which gives a
skewed view of the annual OPEX as percentage of the initial CAPEX. Changes that are applied to the
functionality of a bench, like the methane capabilities of P5 Lampoldshausen for Prometheus, are not
included in the OM or EM, because they are not included in the nominal operations that the bench is
designed for.

For a commercial bench, the cost of OM and EM has to be included in the user fees, as the operation
would be loss-making if it was not. The business plan that would work for such a bench is discussed
in the next section. The logic presented in this section is used to support the business model, and a
breakdown of the OPEX factors used in the model and the logic behind their respective values can be
found in Appendix D.

7.4. Business Plan

To operate a commercial test bench, a solid business plan is necessary. With significant running costs,
a high initial CAPEX and a goal to earn back the initial investment and generate margin, this sec-
tion formalises a quantitative operating and valuation model. Specifically, it establishes the price per

5Provided by Javier Serrano Gomez
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test day and utilisation required for breakeven and assesses profitability under inflation and discounting.

To establish a model that quantifies what a feasible operation looks like, an economic analysis is per-
formed. The assumptions used in this analysis are shown in Table 7.6.

Table 7.6: Base assumptions and dynamics

Parameter Symbol Base Unit Dynamics / Notes

Horizon T 35 years Aim is a positive NPV after 25 years.
For completeness, 35 years are
analysed.

Currency - 1 kEUR All amounts expressed in thousands
of euros.

Inflation ™ 25 %/yr Price/cost index I; = (1 + )" %

Discount rate r 4.0 %/yr NPV factor d¢ = 1/(1 +r)".

Price per test day P 85 kEUR/day Bi-yearly escalated with inflation.
Flexible depending on ROL.

Utilisation (days used) D: 60— 110 days/yr Ramp: 60, 80, 90, 100; then 110

maximum. During a typical test
campaign, utilisation is maximally 3
days per week.

Annual revenue R - kEUR Ry = P; - Dy.

Inelastic OPEX (year 1) Inely 1844 kEUR/yr Escalated yearly with inflation. In
base year it is equal to 2% of
CAPEX.

Elastic OPEX (year 1) Elas; 1006 kEUR/yr Escalated yearly with inflation, and

is based on the amount of test days:
the more test days, the higher the
elastic OPEX.

Repex (year 1) Repex; 922 kEUR/yr Escalated yearly with inflation.
Initial value is 1% of CAPEX.

Initial CAPEX (at t = 0) CAPEXo 92200 kEUR Based on the parametric model.

Amortization Amo 2634 kEUR/yr  92,200/35; yearly earn-back of initial
investment. Purely an indicative
column.

Net cash flow NCF; - kEUR NCF; = R; — Inel; — Elas; — Repex;,.

Net present value NPV - kEUR —CAPEX, + Z;‘le di NCF;. This

value determines whether an
investment is interesting to make. It
has to be positive.

As can be read in the table, an initial CAPEX of €92.2 million is used, as well as an initial test cost
of €85 thousand per day. For the CAPEX in this analysis, a range of €70-115 million, a ~€22 million
range around €92.2 million, is considered. The initial cost value is achieved by parameter tuning in
Excel. The figures that follow will provide more depth into the full range of values. First, one term
that is mentioned in the analysis has to be discussed in more depth:

NPV measures today’s value of all future cash flows after the initial outlay. Future euros are discounted
using the hurdle rate r via d; = (1 +r)~t. Example: at r = 4%, one euro received in year 10 is worth
1/1.041° ~ 0.68 EUR today. In this analysis, a discount rate of 4% is used. This is based on data
available from Norway, Great Britain and France, where the typical discount rate for projects of up to
30 years are 4%, 4.5% and 4% respectively [83, 84, 87]. These discount rates decrease after 30 years.
Discount rates are different in the US, but considering this is a European test facility, this is irrelevant
for the analysis. [38, 40, 42, 43]
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With nominal cash flows NCF; and horizon T,

T

NCF,
NPV = — CAPEX, + »  —
= @+

(7.1)
where amortisation is non-cash and therefore excluded from NCFy; the investment appears as —CAPEX,
at ¢t =0.

A commercially viable project requires NPV > 0 by a finite horizon K for investor acceptability. Define
the present-value splits up to K,

PVR() =S T Py =Y

£
= ) =

Inel; + Elas; + Repex;,
(T+7)t

If the entire price path is scaled by a uniform uplift v (P; — (1 + w)P;), then
NPV (C,u) = —C + (1 + u) PVR(K) — PV (K),

and the zero-NPV frontier is
O+ PVe(K)

C) =
U = T EVAE)
Comparing K = 20 with K = 30 quantifies the trade-off: a shorter recovery horizon demands a higher
starting price. This can be seen in Figure 7.2.
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(a) NPV heatmap, target horizon K = 20. (b) NPV heatmap, target horizon K = 30.
Figure 7.2: NPV vs. CAPEX and P; (evaluated at r = 4%); zero-NPV frontier shown.
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For a realised CAPEX C, any point right of the frontier in Figure 7.2 (higher price or lower CAPEX)
yields NPV > 0; points below/left do not. The upward shift from K = 30 to K = 20 reflects the
higher price level required for earlier recovery. Figure 7.2 also shows three indicative operating points.
A (€92.2 M, €82 k/day) represents an institutional access model of the bench. At this combination
of CAPEX and test cost, the project remains to the left of the K=20 zero-NPV frontier (negative
discounted value by year 20, achievable with €98 k/day), but achieves break-even at a longer horizon
(K=30). B (Bulgaria: €80 M, €91 k/day) reflects a cost-advantaged build. Tt lies to the right of the
frontier and thus achieves NPV > 0 within 20 years. C (Germany: €105 M, €105 k/day) represents
a higher-cost build priced to remain on the profitable side of the K=20 frontier. The location effect is
transparent: to clear the 20-year hurdle, the German build requires a day-rate that is about €14 k/day
higher than the Bulgarian build (105 vs. €91 k/day). In other words, the cost advantage of the Bulgar-
ian site converts directly into a pricing advantage of roughly 15 % for achieving the same discounted
breakeven horizon, which is strategically important in a competitive test-services market. Following the
logic presented in [4], the difference might be even bigger. While Sofia scores a 95 in the construction
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cost index, German cities score consistently higher (135 for Frankfurt, 155 for Berlin, and 196 for Mu-
nich). This suggests a difference in construction cost of a factor 1.5-2x.

The discounted cash balance over time is

t

NCF,
CumNPV(t) = — CAPEX, + Y ( ¢
=1

14+7r)7’

starting at —CAPEX( in year 0. Figure 7.3 reports when the project pays back in discounted terms
and how value accumulates thereafter. In this model, operating cash flows do not depend on CAPEX.
Therefore, alternative CAPEX values shift the curve vertically. As can be deduced from the figure
below, 85k/day is not enough to hit positive NPV in 25 years.

Cumulative NPV vs Year (CAPEX=92 200 kEUR; P1=85 kEUR/day; r=4.0%)
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Figure 7.3: The cumulative NPV plotted over time, payback at 26.9 years.

Different test bench operators prioritise the outputs of Figure 7.2 differently. For a commercial operator,
the primary objective is value creation at a finite investor horizon with a relatively high hurdle rate.
The heatmap is used as a pricing indication: for the achieved CAPEX C, tariffs are set such that
the operating point lies safely right of the K =20 frontier, or any other short horizon that is deemed
necessary by investors. In practice, the price lever is the base-year day rate P;; a target is

C +PV¢e(K) P,
Pl(K):K77 at:E?

ZdtoztDt

t=1

evaluated at the commercial K, in this case set at 20 years.

On the other hand, an institutional operator’s most important goals are access, capability retention and
schedule assurance. Tolerance for a longer horizon and lower financial return is higher. Pricing aims at
long-run cost recovery rather than maximising the margin, so the relevant period and price is in this
case is the K'=30 frontier and P, (30). Multi-year agreements can reduce volatility in cash flows.

Further details of the spreadsheet structure and formulas used to generate the figures are provided in
Appendix D.



Failure Mode, Effects, and Criticality
Analysis

This chapter compiles a FMECA for the rocket engine test bench. For each credible failure scenario
(cryogenic flow, start/combustion transients, pressurisation/purge, structures, instrumentation and con-
trols), a Severity (S), Probability of occurrence (P), and Detection (D) rating is assigned; their product
gives the Criticality Number (CN = SxPxD). Initial and post-mitigation values are reported to show
risk reduction. Entries that remain at high criticality (CN > 12) after mitigations are highlighted,
requiring additional design controls or procedural barriers. Each entry has a unique identifier, and is
called a Critical Item (CI).

For each failure mode, consequences are stated at bench and test-article level, then ranked on a 1-4
scale, 1 being the best and 4 the worst score, for

e Severity: the impact on the bench or test object
e Probability: the likelihood of such a failure occurring
e Detection: the ability of the bench to detect anomalies before there are consequences

The Criticality Number is
CN=SxPxD.

Initial values reflect the baseline design, final values include the mitigation listed in the table. The
intent is to surface the small set of residual high-CN hazards. It is important to keep into account that
the Severity is intrinsic to the consequence and is not reduced by mitigations: risk reduction can be
achieved through P and D.

Table 8.1: Pressurisation/purge, instrumentation/controls, and utilities FMECA items

CI Scenario S/P/D |S/P/D |CN |CN |Primary mitigation
(init) (final) |init |final

CI-01 | Delayed internal ignition, causing a |4/3/3 |4/2/2 |36 16 | Enforce tight start-sequence

hard start windows with automatic cut-off

on delay.
CI-02 | No ignition detected within the per-|3/3/3 |3/2/2 |27 |12 | Block further propellant admis-
mitted window sion and abort the sequence if

no light-off is detected.

CI-03 | Rough combustion or high-frequency |4/3/3 |4/2/2 |36 16 | Apply redlines on p. oscilla-
instability in main chamber tions that command immediate
cut-off.

Continued on next page
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CI Scenario S/P/D |S/P/D |CN |CN |Primary mitigation
(init) (final) |init |final

CI-04 |Ignition of residual propellant vapours | 4/2/3 |4/1/2 |24 |8 Purge the engine before and af-

around the stand ter start attempts.

CI-05 | LOX main valve fails to close 4/2/3 |4/1/2 |24 |8 Use fail-closed spring-return ac-
tuation, as these have a safe de-
fault state.

CI-06 | LOX line rupture 4/2/2 |4/1/2 |16 |8 Install mechanical restraints
and size reliefs to prevent over-
pressure.

CI-07 | CH4 or LHj leak 4/2/3 |4/1/2 |24 |8 Fit flammable-gas detectors
that trigger automatic abort.

CI-08 | Ice blockage at LOX valve or orifice |3/3/2 |3/2/2 |18 |12 |Perform controlled chill-down
and temperature conditioning
of the valve, and system as a
whole.

CI-09 | Water-hammer in cryogenic line 3/3/2 |3/2/2 |18 |12 |Limit valve closure rate or in-
crease the diameter of the pipes
to limit the flow velocity.

CI-10 | Cavitation in CH4/LH> feed 3/3/2 |3/2/2 |18 |12 | Control inlet temperature, flow
velocity, and pressure.

CI-11 | Cross-connection mis-routing of pro-|4/2/3 |4/1/2 |24 |8 Use keyed quick-disconnects

pellants and interlocks so wrong
hookups cannot be made.

CI-12 | Embrittlement crack in cryogenic pip-|4/2/2 4/1/2 16 8 Conduct periodic checks on

ing cryogenic lines. Keep track of
the producer provided life-limit
of the pipes.

CI-13 | Pressurisation regulator fails high 3/3/2 |3/2/2 |18 |12 |Add a downstream slam-shut
valve that trips if regulator
spikes the pressure.

CI-14 | Over-pressurisation of run tank 4/2/2 |4/1/1 |16 |4 Install pressure relief valves,
and possibly even a burst disc
sized for the worst case.

CI-15 | He/N2 supply depletion mid-test 3/2/2 |3/2/2 |12 |12 | Cut-off test, and evaluate tank
sizing.

CI-16 | Purge not established / lost purge flow | 3/3/2 | 3/2/2 |18 |12 | Prove purge flow with a switch
and hold the countdown if not
met.

CI-17 | Sensor drift causing false safe reading | 3/2/3 |3/2/2 |18 |12 |Implement 2003 voting.

CI-18 | Safety comms loss during firing 4/2/2 |4/2/1 |16 |8 Provide a hard-wired safety
PLC with an independent emer-
gency stop.

CI-19 |Interlock logic error, or mis-|4/2/3 |[4/1/2 |24 |8 Run a dry-run of all interlocks

configuration of software

before hot-fire.

Table 8.2: Structures/mechanical, operations/human factors, and architecture-specific FMECA items

CI Scenario S/P/D |S/P/D |CN |CN |Primary mitigation
(init) (final) | init |final
CI-20 | Restraint/hold-down failure (engine|4/2/3 |4/1/2 |24 |8 Proof-load all anchors and fit
movement) secondary restraints.
CI-21 | Lifting/crane incident during integra-|4/2/2 |4/1/2 |16 |8 Execute a certified lift plan

tion

with exclusion zones.

Continued on next page
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CI Scenario S/P/D |S/P/D |CN |CN |Primary mitigation
(init) (final) |init |final

CI-22 | Wrong unit or wrong set-point in red-| 3/3/3 |3/2/2 |27 |12 | Apply a two-person check of all

lines limits before arming.

CI-23 | Countdown procedural error (wrong|3/3/2 |3/2/2 |18 |12 | Use read-do checklists with en-

step order) forced hold points.

CI-24 | Foreign-object debris left in line 3/2/1 |3/2/1 |6 6 Conduct checks on bench close
environment before test.

CI-25 | Hydrocarbon contamination in|4/2/3 |4/1/2 |24 |8 Enforce oxygen-clean materials

oxygen-rich environments and cleanliness certification.

CI-26 | Wrong run-tank selected in sequence | 4/2/3 |4/1/2 |24 |8 Verify the active tank map be-

(routing error) fore arming.

CI-27 | Unequal pressurisation across tanks |[3/3/2 |[3/2/2 |18 |12 |Use per-tank pressure control
with independent set-points.

CI-28 | Common-cause failure of pressurisa-|4/2/2 |4/1/2 |16 |8 Split the manifold into two in-

tion manifold dependent regulator trains.

CI-29 | Orifice installed in the wrong branch | 3/3/2 |[3/2/2 |18 |12 |Part-number check at installa-

of pipes tion with sign-off.

CI-30 | Vent header capacity exceeded during | 4/2/2 [4/1/2 |16 |8 Size the vent header for worst-

abort dump case simultaneous dump and
prove using cold-flow.

CI-31 | System purge leaves dead-leg pockets | 3/3/2 |3/2/2 |18 |12 | Add multiple points where the

unpurged purge enters the system.

CI-32 | Transient spike when multiple tanks |3/3/2 |[3/2/2 |18 |12 Stagger valve openings with

open to a common line ramped commands or merge
flow while filling tanks.

CI-33 | Back-pressure on an inactive tank af-| 3/3/2 |3/2/2 |18 |12 |Fit a relief valve to vent.

ter a downstream closure
CI-34 |He/N; supply routed to the wrong|3/2/3 |3/1/2 |18 |6 Use couplings and validate pres-
pressurisation branch surisation is only on the se-
lected tank.
CI-35 | Temperature stratification biases den-| 2/3/2 |2/2/2 |12 |8 Place a temperature sensor ad-
sity in mass-flow calculation jacent to the metering element
and compensate in real time.

CI-36 | Helium blow-by cools an actuator|3/2/2 |3/2/2 |12 |12 |Heat-trace vulnerable actua-

causing a seal to shrink tors and limit the He purge tem-
perature ramp rate.

CI-37 | Wrong valve-stroke calibration creates | 3/3/2 |3/2/2 |18 |12 Calibrate stroke versus C

partial flow area (valve flow coefficient) and
store a signature before en-
abling automatic control.

CI-38 | Logic enables two tanks to shut simul-| 3/3/2 |3/2/2 |18 |12 |Create a sequence in which

taneously, causing water-hammer valves are closed with a mini-
mum separation time.

CI-39 | Purge valve stuck closed near engine | 4/2/3 |4/1/2 |24 |8 Verify local purge flow with a

inlet switch that inhibits the main-
valve from opening.

CI-40 | Software error toggles the wrong phys-|4/2/3 |4/1/2 |24 |8 Run a test before each cam-

ical valve paign.

CI-41 | Loss of site electricity during test 4/2/2 |4/1/1 |16 |4 Provide UPS autonomy and au-
tomatic transfer to a generator
sized to complete the full safe-
down sequence.

CI-42 | Loss of test data storage (disk or net-| 3/2/2 |3/2/1 |12 |6 Use dual recorders; verify log-

work failure)

ging before arming.

Continued on next page




92

CI Scenario S/P/D |S/P/D |CN |CN |Primary mitigation
(init) (final) |init |final
CI-43 | Environmental conditions outside lim-| 2/3/2 |2/2/2 |12 |8 Define environmental go/no-go
its (too hot / too cold / high wind) limits and postpone or pre-
condition hardware if limits are
exceeded.
CI-44 | Key test roles not staffed (for example, | 3/2/2 [3/1/2 |12 |6 Enforce a sign-in staffing check-
test conductor or safety responsible) list; test is no-go if any critical
role is unfilled.
CI-45 | Fire crew not on standby 4/2/2 |4/1/2 |16 |8 Confirmation of fire coverage
before arming; otherwise hold.

The performed FMECA highlights several important trends regarding the residual risks within the test
bench design. After mitigation, most failure scenarios are reduced to acceptable levels, with only a
limited amount of scenarios remaining above the criticality threshold of CN > 12. The highest residual
criticalities are associated with ignition and early-combustion events, pressurisation, procedural errors
and purging. These items, except for the procedural errors, share a common characteristic: they in-
volve fast physical processes where procedural mitigations alone are insufficient, and where safety must
therefore be achieved through a robust architecture and automatic detection.

The ignition sequence remains the dominant contributor to risk. Delayed ignition and rough combustion,
CI-01 and CI-03, retain the highest CN value even after mitigation, while CI-02 also has a criticality
value of 12. This stresses that the start sequence represents the most safety-critical phase of a test.
The detection of ignition and instability must therefore occur within milliseconds. This suggests some
future work on monitoring chamber pressure oscillations and the control system in general.

A second cluster of residual CN=12 items originates from the pressurisation system. Failures such as
regulator malfunction, unequal tank pressurisation, and transient spikes when multiple tanks interact
reveal that the dynamics of the pressurisation circuit can introduce coupling between otherwise inde-
pendent subsystems. However, in this case, these subsystems are dependent, as the same pressurisation
infrastructure is connected to both tanks. Using individual pressurisation infrastructures for both might
be the way to solve these issues, or at least mitigate them to below CN=12. A trade-off would have to
be performed to weigh the benefits of the same pressurisation infrastructure versus individual.

A third theme concerns the purge and vent systems. Several failure modes (CI-16, CI-31, CI-39) show
that purge performance is sensitive to the configuration of lines and the ability to verify flow at different
points. A purge system that is only monitored upstream cannot guarantee that hazardous pockets near
the engine are cleared. This analysis therefore supports a design philosophy in which purge is treated
with the utmost care, with proper measurement taken along the line to ensure the MCC has a good
overview of the quality of the purge. Such instrumentation should form part of the go/no-go criteria in
the start sequence.

Human-factor related errors, such as incorrect limit settings or installation mistakes (CI-22, CI-23, CI-
29, CI-37), remain a residual risk. The procedures laid out in chapter 2 are critical in successfully
testing an engine. Automated verification tools, proper communication on redlines, and consistency
checks between physical hardware and control logic are recommended.

Finally, several residual CN=12 items are linked to detection capability. Sensor drift (CI-17) and
similar issues show that limited anomaly detection capability can create unsafe conditions. Increasing
redundancy on critical measurements can provide significant safety improvement without any advanced
redesign on the bench side.



Conclusion

This thesis addressed a concrete gap in Europes propulsion ecosystem: the lack of an affordable, high-
capacity sea-level facility for routine hot-fire testing of 2 MN staged-combustion (SC) engines. The
central research question was:

What high-level architecture and configuration of a sea-level propulsion test bench best en-
ables routine hot-fire testing of 2 MN staged-combustion engines in Furope, while remaining
economically viable under realistic utilisation?

To answer this, the work integrated requirement derivation, architecture definition, and analytical sizing
of cryogenic storage, pressurisation, and feed lines with dynamic verification of engine-interface stability
using EcosimPro/ESPSS, a multi-criteria European site selection analysis, and a two-tier cost model
coupled to an operational day rate. The findings are summarised below in line with the initial research
questions.

(1) How do the specific characteristics of high-thrust staged-combustion engines influence the de-
sign? The defining parameter is the propellant mass flow (m,ox = 650kg/s, mcn, = 200kg/s, and
g, = 85kg/s). These drive large tank volumes, reinforced piping, and stable pressurisation con-
trol. Simulation results confirmed that the proposed dual LOX tank setup, regulated-outlet concept
can sustain 4 bar at the engine interface with 20 bar ullage pressure, maintaining flow stability within
+3% during transients. The design therefore meets the dynamic interface requirements imposed by SC
engines.

(2) What location for a bench is both feasible and cost-effective? The site-selection trade-off based on
labour cost, ease of construction, logistics, and education levels identified Eastern and Southern Europe
as favourable regions. Bulgaria, Greece, and Portugal consistently ranked highest. Bulgaria emerged
as the most attractive overall when combining cost, infrastructure, and workforce indicators. These
findings confirm that a low-cost site in Europe is feasible without compromising access or staffing.

(3) What are the critical technical and programmatic requirements for a 2 MN staged-combustion
test bench? Key technical requirements include stable propellant delivery over 600-second firings,
compatibility with both CH4O2 and Hy0O, propellant combinations, and a dual pressurisation loop
for cost reduction. Programmatically, schedule feasibility is out of scope: without jurisdiction-specific
permitting and licensing timelines, this thesis cannot substantiate a construction duration or verify a
36-month target.

(4) What are the RAMS and safety implications of testing high-chamber-pressure engines? The
FMECA identified ignition and pressurisation transients, purge loss, and configuration errors as the
dominant residual risks (CN > 12). These require architectural rather than procedural mitigation: re-
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dundant sensing, automatic abort logic, and independent pressurisation regulation significantly reduce
criticality. The resulting design philosophy prioritises fast detection during high-energy phases.

(5) What are the key cost drivers of test bench development and operation? Civil infrastructure (flame
duct, foundations, and deluge), cryogenic storage, and staff costs dominate the capital and operational
expenditures. Labour cost was found to be the most influential programmatic parameters, accounting
for roughly one-third of annual operating expenses. Propellant logistics, and the associated maintenance,
is the major recurring cost drivers.

(6) What are benchmark costs from similar facilities globally, and how would this bench compare?
Comparisons with DLR, NASA | and ISRO facilities show that the proposed concept lies in a realistic cost
envelope of 8592.2 million capital investment and a competitive operational day rate of approximately
82000/day, excluding propellants, for a 30-year horizon. For this thrust range, that is incredibly cheap.
These figures position the facility within reach of both public and commercial customers while meeting
modern SC engine requirements.

(7) What could a viable business model for operating the bench look like? The business model depends
mostly on the investor horizon. Two cases were assessed in this thesis: a private model with a horizon
of 20 years, and a 30-year institutional model. The private model represents a commercial operator
seeking full capital recovery within two decades and therefore requires a higher day rate or lower
CAPEX to achieve a positive discounted value. The institutional model represents an agency-backed or
hybrid publicprivate operator, where accessibility and strategic capability retention outweigh short-term
return, allowing a longer recovery horizon and thus lower user pricing. Under the base assumptions
(CAPEX, =€92.2M, r = 4%, m = 2.5%, and utilisation ramp D; = 60— 110 test days/year), the model
yields a positive net present value at a day-rate of approximately €82k/day for a 30-year horizon, with
a discounted payback time of 29.4 years.

In conclusion, the thesis answers the main research question affirmatively. A European sea-level test
bench for >2 MN staged-combustion engines is technically feasible and economically viable. The modu-
lar, dual-propellant concept satisfies the required mass-flow, pressurisation, and stability targets, while
remaining competitive in cost. The remaining steps, like detailed structural design, refined controls and
safety validation, permitting, and contractor-grade cost verification, represent an implementation phase
rather than a reconsideration of feasibility. The work thus provides a validated conceptual baseline for
establishing a next-generation European propulsion test facility.



Recommendation for Future Work

This section presents the recommendation for any future work to be performed using the outcomes of
this thesis, or in this field in general. Three main points are identified.

Firstly, with a changing geopolitical landscape, it is necessary to reassess the tools that are used to
model combustion in rocket engines. Using NASA CEA in anything that is to be published might
incur consequences once it is not open source any more and subject to export control rules. To avoid
consequences of export control altogether, use Cantera instead. Cantera is open-source under the BSD-
3-Clause licence. Its publicly available for anyone to use and redistribute [41]. Furthermore, it is free.
RPA is another possible alternative, and does have a free ‘lite’ version which provides a comprehensive
interface, but large parametric sweep visualisations, and as a result rapid iteration, is significantly more
difficult using RPA [92]. Cantera is compatible with Python, unlike RPA Lite Edition v.1.x. NASA
CEA is distributed through NASAs Software Catalog. Its broadly available, but NASA explicitly re-
minds users that export laws still apply [68].

Secondly, instrumentation necessary to dynamically adjust redlines should be investigated. Staged
combustion engines are complex engines, and thus require more redlines than traditional gas-generator
engines. Since there are more points of ‘failure’, this might prolong already long test campaigns. By
testing and then dynamically changing the relevant redlines, based on known behaviour of heritage
engines, test campaigns might run into less costly delays. Europe is moving into a new design space
with the staged combustion engine, and with reusability, but responsible spending in the back of mind,
effective staged-combustion test campaigns are crucial to maintain independent access to space.

Thirdly, the verification for the EcosimPro simulations has to be expanded, as does the simulation setup.
As diving too deep into the EcosimPro simulations was not the goal of this thesis, the system is not
fully verified. The next step is to include valve sequencing and possibly staggered operations of the
individual tanks, which is most interesting to look at for Hs, as the capacity necessary for Hy might
allow for simultaneously filling one tank and depleting others, prolonging test duration.

Lastly, it would also be of great interest to expand parametric cost models of test benches with specific
data from European test benches. The Arcadis report [4] can be used to establish European factors
for national cost differences. Document what is included in each cost, and align these scopes before
fitting, so the model does not learn artefacts of accounting. Make the model more robust and less
sensitive to construction factors by using methods that down-weigh outliers and validate the fit with
cross-validation. If more than eight data points become available once the confidential information is
added, exclude benches for which the final cost has not been published or cannot be verified, as these
entries are significantly less accurate than known cost entries. Furthermore, it is important to note
that the exchange rate used in the model (April 2025) might not be correct any more when reading
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this thesis. Consider deleting all overseas benches for the baseline fit, because European data is more
reliable for predicting a European build. Keep an international reference set in parallel, or in the same
model, to explain large discrepancies and to capture effects specific to the high-thrust domain that are
better represented outside Europe. Another note on the cost model would be to include the different
propellants that benches can handle. This is valuable information, as a semi-cryogenic infrastructure is
cheaper than a fully cryogenic one, and a bench that has capabilities of testing with multiple fuels will
be more expensive than that same bench without this capability.
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Gantt Chart

On the next page, the Gantt chart for this project can be found. This is a more in-depth dive into the
work performed from February to November than the preliminary timeline presented in the Research
Proposal. Pink marked days are holidays, sick days, or miscellaneous days on which no full-time work
on the thesis was performed. The diamonds show milestones in the project.
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EcosimPro Background

This appendix provides the design iterations performed before arriving at the full system, shown in
Figure B.5.

B.1. Design Iterations

A run tank is typically pressurized in more than 30 minutes, to avoid unnecessary risks of pressure
spikes. The first iteration considered an approach with a dedicated bypass loop. The intuition was
straightforward: lines sized to pressurise a run tank over ~30 minutes are, by definition, too small
to support the much higher mass flows demanded once the engine is drawing propellant. A bypass
offers an additional flow path, avoiding over-sizing the pressurisation line. The layout can be seen in
Figure B.1 and Figure B.2. This solution is historically common and operationally robust, but it comes
with tangible drawbacks: more piping in different sizes and extra fittings increase CAPEX and points
of failure, and complicate maintenance and hazard analysis. Moreover, the cost-reliability balance has,
in recent time, shifted: modern instrumentation and electrically actuated control valves are cheap, fast,
and proven, so the extra path the bypass used to provide can be replaced by closed-loop control. By
keeping a single pressurisation line and letting the control system handle pressure drop and mass flow,
less hardware is necessary, as well as fewer interfaces. This simplifies the layout, and moves complexity
into software where it is easier to test, monitor, and update.
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Figure B.1: Simplified model architecture for a single-tank pressurization using a bypass, and engine feed
system (1 of 2).
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Figure B.2: Simplified model architecture for a single-tank pressurization using a bypass, and engine feed
system (2 of 2).

In the refined concept Figure B.3 and Figure B.4, the bypass is eliminated. Instead, a single pressuri-
sation line feeds the tank, and an electrically actuated control valve manages both the pressure drop
and the delivered mass flow. If the system is scaled and adjusted accordingly, this system can be used
for all different propellants. However, it is not yet the final design form. Creating a working design
for one tank is a setup to the design where a multi-tank setup is realised. This design can be seen in
Figure B.5. The only difference here is the added tank, and junctions and extra piping to merge the
flows. This image is in A3 format for readability
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Adjustment Factors for Rocket Test
Stands

The adjustment factors in Table 7.2 are supported by (a) a performance factor based on functional
capability and (b) a construction factor based on scope of works inferred from public records, news
reports, and agency documentation. These are shown in Table C.1 and Table C.2.

Criteria

Table C.1: Performance factor criteria by type of bench.

Performance factor Type of bench

2.00 Altitude simulation hot-fire

1.66 Sea-level; simultaneous multi-engine in different configurations

1.33 Sea-level; multiple positions/configurations (e.g., vertical/horizontal)
1.00 Sea-level; single position

Table C.2: Construction factor criteria by scope of works.

Construction factor Scope definition

1.00 New build: full (re)build of infrastructure and systems

0.75 Modernization: major upgrades; civil work, usually major, focused on expanding
the capabilities of the bench, but reusing the core stand.

0.50 Refurbishment: upgrades; limited civil work, typical of a legacy stand
reactivation.

0.25 Maintenance: overhauls/minor works only, similar to Repex.

The criteria mentioned in the previous tables are used in the following sections to assess each test bench
mentioned in chapter 7. The sources used for this assessment are stated per bench in Table 7.1. For
each bench, rationales are provided for the construction factor, and the performance factor is inferred
from the aforementioned sources. If additional sources were necessary, these are stated in the respective
analyses.
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C.1. NASA A-3 (SSC)

Table C.3: Assessment for NASA A-3 (SSC). Performance factor chosen per Table C.1; construction factor per

Table C.2.
Criterion Assessment
Altitude simulation capability v
Simultaneous multi-engine (no altitude simulation) X
Multiple positions (no altitude simulation) X
Sea-level single position X

Performance factor
Scope of works

Construction factor
Rationale

2.00 (Altitude simulation)

Built from the ground up. Enables both
atmospheric and sea level testing.

1.00 (New build)

The facility has been fully built using the budget
mentioned.

C.2. NASA B-2 (SSC)

Table C.4: Assessment for NASA B-2 (SSC). Performance factor chosen per Table C.1; construction factor per

Table C.2.
Criterion Assessment
Altitude simulation capability X
Simultaneous multi-engine (no altitude simulation) X
Multiple positions (no altitude simulation) X
Sea-level single position v

Performance factor

Scope of works
Construction factor
Rationale

1.00 (Sea-level, can only test SLS in one
position)

Extensive upgrades on legacy structure (SLS era)
0.75 (Modernization)

Large sea-level, vertical stand that was modified
and upgraded for SLS. It included major civil
work on the height of the stand, as well as the
flame trench.
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C.3. NASA A-2 (SSC)

Table C.5: Assessment for NASA A-2 (SSC). Performance factor chosen per Table C.1; construction factor per

Table C.2.
Criterion Assessment
Altitude simulation capability X
Simultaneous multi-engine (no altitude simulation) X
Multiple positions (no altitude simulation) X
Sea-level single position v
Performance factor 1.00

Scope of works

Construction factor
Rationale

Turning a system built for sea-level and altitude
testing into a sea-level, single position stage test
facility

0.75 (Modernization)

Relativity Space is modernizing an underutilized
legacy test stand with modifications to existing
A-2 infrastructure. They are performing upgrades
to the thrust capabilities of the bench, and
removing the altitude simulation capabilities.
The foundations stay intact, but the bench is
stripped of a lot of original infrastructure (it was
used for altitude simulations as well as sea-level
testing) to allow stage testing. As most of the
work is stripping the bench, it could be argued
that the construction factor is too high, but it fits
the definition as presented at the beginning of
this appendix. When it is considered that a new
flame trench capable of withstanding 14 MN
needs to be built, the construction factor is not a
topic of discussion anymore. [35, 108, 109, 119]
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C.4. Stand 4670 (MSFC)

Table C.6: Assessment for Stand 4670 (MSFC). Performance factor chosen per Table C.1; construction factor
per Table C.2.

Criterion Assessment
Altitude simulation capability X
Simultaneous multi-engine (no altitude simulation) X
Multiple positions (no altitude simulation) v
Sea-level single position X

Performance factor
Scope of works
Construction factor
Rationale

1.33 (Multiple positions)

Limited works relative to legacy structure

0.50 (Refurbishment)

The bench was originally designed for Saturn V
engines. Blue Origin refurbished the bench, to fit
its engines and improve the steel infrastructure,
as they found corroded steel. The civil works
done on the bench are non-negligible, but they
are purely focused on the existing infrastructure,
and not on building new infrastructure.

C.5. USAF 2-A (Edwards)

Table C.7: Assessment for USAF 2-A (Edwards). Performance factor chosen per Table C.1; construction factor
per Table C.2.

Criterion Assessment
Altitude simulation capability X
Simultaneous multi-engine (no altitude simulation) X
Multiple positions (no altitude simulation) X
Sea-level single position v

Performance factor
Scope of works

Construction factor
Rationale

1.00 (Sea-level; single position)

Minor upgrades, would be called extraordinary
maintenance in Europe.

0.50 (Refurbishment)

Work performed on the bench was no civil work.
It rather included the exchange of old elements
(the bench was built in the 60’s) to more modern
components.




C.6. DLR P5.2 (Lampoldshausen) 116

C.6. DLR P5.2 (Lampoldshausen)

Table C.8: Assessment for DLR P5.2 (Lampoldshausen). Performance factor chosen per Table C.1;
construction factor per Table C.2.

Criterion Assessment

Altitude simulation capability v

Simultaneous multi-engine (no altitude simulation) X

Multiple positions (no altitude simulation) X

Sea-level single position X

Performance factor 2.00 (Altitude simulation)

Scope of works New facility build with dedicated systems
Construction factor 1.00 (New build)

Rationale Dedicated altitude simulation engine stand; new

construction, but for relatively low thrust (180
kN), especially considering the other benches.

C.7. SIET (India)

Table C.9: Assessment for SIET (India). Performance factor chosen per Table C.1; construction factor per

Table C.2.
Criterion Assessment
Altitude simulation capability X
Simultaneous multi-engine (no altitude simulation) v/
Multiple positions (no altitude simulation) X
Sea-level single position X
Performance factor 1.66 (Simultaneous multiple positions)
Scope of works New construction
Construction factor 1.00 (New build)
Rationale Parallel testing in different configurations is

possible [98].




Valuation spreadsheet: structure and
formulas

This appendix enables exact reproduction of the business-case figures, Figure 7.2 and Figure 7.3, from
the provided workbook. All flows are nominal (inflated by 7) and discounted at a nominal rate r. There
is no hidden stochastic element; results are deterministic given inputs. Monetary units are kEUR. De-
preciation/amortisation is not included in cash flows and therefore not in NPV.

Project inputs are specified on Table 7.6. Year index ¢ starts at t = 0, the total investment done over
the previous years (building the bench) aggregated in one value, and ¢ = 1 for operating years. The
nominal discount factor is entered as (1 + r) and used as d; = (1 + r)~*. Price per test day P is
generated from a base P; using the following escalation rule: bi-yearly steps, where the price is raised
following an inflation of 2.5% per year. The reasoning behind this is that fixing the price for two years
allows for customers to make long-term plannings, knowing what to expect. Utilisation D; follows an
operational ramp, capping at 110 days. This is done because engines usually follow test campaigns
where they are tested a maximum of three times per week, but during start-up and at the end of the
campaign, this frequency is less. Therefore, it was argued that half of the work days in a year can be
the maximum test cadence. This assumption is valid, until a SpaceX like testing campaign is possible
in Europe (testing every day with multiple different engines on the same bench). There is a ramp-up
from 60 to 110, because a new bench first has to establish itself in the market before it will be fully
booked.

Cost components (inelastic OPEX, elastic OPEX, Repex) inflate annually and start as a percentage
of CAPEX, with the inelastic OPEX being fixed at 2%, the elastic OPEX a function of utilisation,
with maximum utilisation being 2% of CAPEX, and the Repex fixed at 1%. The inelastic and elastic
OPEX are both 50% of the total OPEX, set at 4% of the CAPEX. While this percentage can lower
once operations have been streamlined, and the goal is usually to have an OPEX around 2%, for this
analysis 4% is used. If the OPEX ends up being lower, either the prices should be adjusted, or this is
extra margin. Annual revenue is R, = P,D;, cash flow is NCF,; = R; — Inel; — Elas, — Repex,, and the
per-year present value is d;NCF; with ¢t = 0 set to —CAPEX,. Cumulative NPV is the running sum of
per-year PVs.

D.1. Core equations.

The most important equations, some of which were briefly mentioned in the previous paragraph, are
shown below.
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I = (147t di = (1+7)7", (D.1)
Ry = Py Dy, NCF; = R; — Inel; — Elas; — Repex,,
(D.2)
T
NPV = —CAPEX + » d; NCF, (D.3)
t=1
K K
PVg(K) = Z di Ry, PV¢o(K) = Z di(Inel; + Elas; + Repex, ), (D.4)
t=1 t=1
CAPEX, + PV (K)
(K) = 0 CASVAN D5
“ PV (K) ’ (D-5)
%) CAPEX, + PVc(K) P
pHO = = - Fj' (D.6)
Z dt atDt
t=1

D.2. Excel sheet layout

To be able to reproduce the results as discussed in section 7.1, the sheet layout is discussed in detail,
and pictures are provided. With the abovementioned equations, it should be possible to recreate these
results.

C: Year t D: CAPEX,

E,F,G: Inelastic OPEX, Elastic OPEX, Repex  1J: P, (kEUR/day), D; (days)

KiR,=1-J L:NCF,=K-E—-F-G

N: per-year PV d;NCF; with N;—o = —CAPEX, O: cumulative NPV >~ N

Q: PV_Rev, := R; N;/NCF, (if NCF;#£0) R: PV__Cost, := (Inel; + Elas; + Repex,) N;/NCF;

Breakeven calculations.

PVg(K)=> PV_Rev,,  PVc(K)=)» PV_Cost,
t<K t<K

are inserted into u(*) and PI(K) to generate the heatmaps and the required P; curves. These are shown
below in Excel format. In the chapter, Python was used for the visualisation.

D.3. Model verification

The valuation workbook was verified with four deterministic checks:

(1) Row identities. For selected years t € {1,5,10,20,30} the revenue, cash-flow, and present-value
identities evaluate to zero: Ry — P,D; = 0, NCF; — (R; — Inel; — Elas; — Repex,) = 0, and d;NCF; —
NCF, /(1 + )t = 0.

(2) NPV closure. The final cumulative NPV equals Zthl d:NCF; — CAPEX,, and the ¢t = 0 check
doNCFy + CAPEX( = 0 holds.

(3) Discounted payback. The first year where the discounted cumulative NPV crosses zero is found by
linear interpolation between the last negative and first non-negative years.

(4) Heatmap NPV frontier consistency. Using PVp(K) =3, di Rt and PV (K) = 3, o di(Inel; +

() _ C+PVo(K)

Elas; + Repex,), the analytic zero-NPV frontier u V()

— 1 is compared against grid cells;
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Year  Capex InelasticOpex ElasticOpex Repex Amortization CostoffestDay  DaysinUse Revenue  MNetCashFlow  Runningtotal NPV Cum.NPV  Accinf.  PV_Rev_t PV_Cost_t CumPV_Rev  CumPV_Cost
o[ Too000| 100000 -100000  -100000
inflation 1 [ 2.000 1001 1000 2857 85, & 5100 1009 -98.991 o0 030 100 490385 393357 490385 393357
1025 2 [] 2.050" 1491 1025 2857 85 80 6800 2234 96.757" 2066 96964 103 628698 421144 1119063 815,01
3 [] 2.101” 1719 1051 2.857 89 0 8037 3166 535917 2815 M9 105 714511 4330,37 18335,94. 12485,38
Discount . 4 [ 21547 1958 1077 28577 89 100 8930 3742 89.849" 3198 90951 108 763367 243528 25969,61 1692066
104 5 [ 2.208" 2007 1104 2857 o 00 9382 4064 -85.785" 330 -g7ell 110 771166 437131 33681,27 2129198
3 [ 2.263" 2263 1131 28577 £ 1m0 10321 4664 -s1121” 3686 83925 113 B156,56 247084 4183783 2576282
7 [] 2319” 2319 1160 2857 ) 10 10843 5045 76.077" 3834 80081 116 5239.89 240636 50077.7: 30168,18
8 ] 2377”7 2377 1189 28577 ) 140 10843 4900 71.177" 3560 76511 119 792297 434281 58000,60 34511,98
[ [ 24377 2437 1218 2857 104 10 11392 5300 65.877" 3724 72788 122 8003.92 4280,17 6600460 38792,15
10 [ 2.498" 2498 1249 2857" 104 10 11392 5148 -60.729" 3478 69310 125 471844 7370068 4301058
1 [ 2560 2560 1280 2857 109 10 11969 5.568 -55.161" 3617  -65693 128 415759 81475,37 47168,18
12 [] 26247 2624 1312 2857" 109 10 11869 5408 49.752" 3378 62315 131 409763 88951,05 51265,80
13 [ 2690" 2690 1345 114 140 12575 5850 439027 3514 58801 134 403853 9650309 55304,33
14 [ 27577 2757 1379 114 140 12575 5682 38.220" 3281 55520 138 726158 3980.28 103764,67 5028461
15 [ 282" 2826 1413 120 10 13211 6146 -32.074" 3413 52107 141 733577 3922,87 11110044 63207,
16 [] 2897 2897 1448 120 1 1321 5970 26.104" 3167 48920 145 705362 386,29 118154,07
17 [] 2969 2969 1485 126 10 13880 6458 19,696 3315 45605 148 712569 3810,53 125278,75. 70884,30
18 [ 30437 3043 1522 126 10 13880 6272 13.374" 3096 42508 152 685162 375557 132131,37 74639,87
19 [ 3119”7 3119 1560 133 10 14563 6785, -6590" 3220 39288 156 692162 370140 139052.99 78341,27
20 [ 3197" 3197 1599 133 10 14563 6590 0" 3007 36281 160 665540 3648,02 145708,40 81989,28
21 [] 3277 3277 1639 139 10 15321 7.128 7.128" 3128 33153 164 672340 3595,40 152431,79 85564,68
2 ] 3350”7 3359 1680 139 1o 15321 6923 14.051" 2921 30233 168 6464,81 354354 158896,60 89128,23
23 [ 34237 3443 1722 146 10 16097 7.489 215407 3038 27193 172 653085 392,43 9262066
2 [ 3529" 3529 1765 146 10 16097 7.274 28814" 2838 -2435% 176 627967 3442,06 96062,72
25 [ 3617 3617 1809 154 10 16912 7.868 36.682" 2951 21404 181 634382 332,42 99455,14
% [] 3708 3708 1854 154 10 16812 7.642 443237 275 18648 185 608963 334349 184150,77 102786,63
27 [ 3801" 3801 1900 162 10 17.768 8266 52.590" 2867 15781 190 616215 3285.26 190312.91 10609389
b13 [ 389" 3896 1948 162 10 17.768 8029 606187 2677 1314 185 5925,14 3247.74 196238,05. 10934163
2 [ 3993” 3993 199 170 10 18667 8685 69.303" 2785 -10319 200 5985,67 320089 202223,72 112542,53
30 [] 4.083" 4003 2.046 170 10 18667 8435 77.738" 2601 7718 205 5755.46 315473 207979,18 115687,25
31 [] a185” 4195 2.088 2.857 178 10 18612 9124 86,863 2.705 5013 210 5614,25 3108.23 21378343 118806.48
32 [ 4300 4300 2.150 28577 178 10 19612 8862 957257 25% 2487 215 5590.63 3064,38 219384,06 121870,86
33 [ 2408 4408 2204 2857 187 10 20605 9566 105.311" 2628 4 22 5647.75 3020.18 225031,81 124891,05
34 [ a518” 4518 2259 2857" 187 10 20605 9311 114.622" 2.454 2595 226 5430,52 207662 230452,33 12785767
35 [] a631” 4631 2315 2857 197 10 21648 10,072 124,694 2.552 5147 232 5486,00 203369 235048,34 130801,37

Figure D.1: Valuation spreadsheet: base-case inputs and year-by-year nominal cash flows with discounted
series (PV_Rev,, PV_Cost,) and cumulative NPV (CAPEX 100M, P; = 85k/day, 7 = 2.5%, r = 4%).
CAPEX and cumulative NPV are marked in red.

at u(®) the grid returns NPV ~ 0.

All residuals are within £1 kEUR tolerance due to rounding; therefore the implementation is consistent
with the economics and discounting used. Table D.1 and Table D.2 show the residuals of the analyses.
After that, the full sheet is shown in Figure D.1, and an Excel heatmap is added as background to the
Python heatmaps, visible in Figure D.2.

Table D.1: Verification checks and outcomes

Check Expression / Years Result  Verdict

Revenue identity Ry — P,D; t =1,5,10,20,30 0 Pass

Cash—flow identity =~ NCF; — (R: — Inel; — Elas; — Repex,) 0 Pass

PV identity d;NCF; — NCF;/(1 +r)* 0 Pass

t = 0 closure doNCFg + CAPEX, 0 Pass

Final NPV closure Z d;NCF; — CAPEXy — CumNPVy —2.4 x 10 "Pass
t>1

Discounted payback Interpolated zero crossing (yr) 32.63 Pass

Table D.2: Zero-NPV frontier u(©) at sample CAPEX values.

CAPEX (kEUR) u®9 (%) u®” (%) NPV at u(“)

80,000 11.11 —-5.91
100,000 24.84 3.71
120,000 38.56 13.33

{
o oo

Q
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Targetyear K PV_R_<K PV_C_=K
30 207979,2 115697,3

CAPEX + / Uplift » -30,0%  -25,0% -20,0% -15,0% -10,0% -5,0% 0,0% 5,0% 10,0% 15,0% 20,0% 25,0% 30,0%
80000 -50111,8 -39712,9 -29313,8 -18915 -8515,99 1882,966 12281,92 22680,88 33079,84 43478,8 53877,76
85000 -55111,8 -44712,9 -34313,9 -23915 -13516 -3117,03 7281,925 17680,88 28079,84 38478,8 48877,76
90000 -60111,8 -49712,9 -39313,9 -28915 -18516 -8117,03 2281,925 12680,88 23079,84 33478,8 43877,76 54276,72
95000 -54712,9 -44313,9 -33915 -23516 -13117 -2718,08 7680,884 18079,84 28478,8 38877,76 49276,72
100000 -59712,9 -49313,9 -38915 -28516 -18117 -7718,08 2680,884 13079,84 23478,8 33877,76 44276,72 54675,68

105000 -54313,9 43915 -33516  -23117 -12718,1 -2319,12 8079,843 18478,8 28877,76 39276,72 49675,68
110000 -58313,9 -48815 -38516 -28117 -17718,1 -7319,12 3079,843 13478,8 23877,76 34276,72 44675,68
115000 -53915  -43516  -33117 -22718,1 -12319,1 -1920,16 8478,802 18877,76 29276,72 39675,68
120000 -58915 -48516 -38117 -27718,1 -17319,1 -6920,16 3478,802 13877,76 24276,72 34675,68

Figure D.2: Heatmap showing cumulative NPV values for different CAPEX and P;. P, = 85k/day

Lastly, as mentioned in the chapter, the discount rate is fixed at 4%. This is not a typical discount
rate for a project where private investors are present (7% according to [40]), which is why it is relevant
to show the sensitivity of the analysis to changes in discount rate. This is shown in Figure D.3 and
Figure D.4.

NPV vs. discount rate and dayé)rice, horizon K=20
CAPEX = 90 000 kEUR CAPEX = 100 000 KEUR CAPEX = 130 000 KEUR
200000
=
©
T 100000
<
2 z
3 pl
pt ¥
g 0 <
$ g
o
] ~100000
©
o
—200000
2 4 6 8 10 12 2 6 8 10 12 2 4 6 8 10 12
Discount rate r (%) Discount rate r (%) Discount rate r (%)

Figure D.3: NPV as a function of discount rate r and base price P; for three CAPEX cases (90, 100, 130 M);
horizon K = 20.

NPV vs. discount rate and day price, horizon K=30
CAPEX = 90 000 KEUR CAPEX = 100 000 kIfUR - CAPEX = 130 000 KEUR

400000
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Figure D.4: NPV as a function of discount rate r and base price P; for three CAPEX cases (90, 100, 130 M);
horizon K = 30.

As can be expected, and can be seen in the graphs, changing the discount rate has a bigger effect on
higher CAPEX projects. With more money tied up upfront, a larger share of value comes from late cash
flows; raising the discount rate discounts those cash flows more aggressively, so the zero-NPV frontier
shifts up faster for 130 M than for 90 M. Practically, each 1 pp increase in 7 requires a larger increase
in the day rate P; (or utilisation) at high-CAPEX builds to hold breakeven. Extending the horizon
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from K =20 to K = 30 partly offsets this because the longer window restores present value, but the
CAPEX-driven sensitivity remains.
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