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summary

The Stratos V rocket, developed by Delft Aerospace Rocket Engineering (DARE), is powered by the
Firebolt liquid rocket engine, using a pressure-fed cycle. While mechanically simple, this cycle scales
poorly to higher thrust levels due to heavy tanks and complex pressurisation systems. Pump-fed cycles
resolve these limitations: electric pump-fed systems are operationally simple but remain constrained by
battery mass and scalability, whereas turbopumps provide higher performance. Radial inflow turbines
(RITs) are of particular interest for small-scale open-cycle engines such as Firebolt, as they may be able

to achieve high pressure ratios in a single stage, leading to high-power-density designs.

The objective of this thesis was to investigate whether a radial inflow turbine can be a suitable solution for
a small-scale open-cycle rocket engine and whether it can provide a performance advantage compared

to a typical axial turbine, in the context of a hypothetical Stratos VI rocket.

A methodology combining system-level trade studies, reduced-order turbine models, and CFD was
applied. Candidate rockets were sized for different cycles, based on which turbine requirements
were derived, after which vaned and vaneless RITs were designed in AxStream and evaluated using
steady-state RANS simulations in Ansys CFX at nominal and off-design conditions. An axial turbine

was also designed for comparison.

Both RITs satisfied the 24 kW shaft power requirement, with mass flows well below the 222 g/s limit
needed to outperform the electric pump-fed rocket. As a result, the turbopump-fed rocket outperformed
both pressure-fed and electric pump-fed configurations, though the margin over the latter was modest.
However, CFD simulations revealed efficiencies far lower than predicted by AxStream, dominated by

outlet swirl and flow separation losses due to mismatched stator and rotor flow angles.

At nominal conditions, the vaneless turbine achieved a lower mass flow of 72 g/s and higher thermo-
dynamic power of 31 kW, benefiting from a larger rotor and higher tip speeds. The vaned turbine
performed worse, at 104 g/s and 24 kW, but offers greater potential for optimisation through a redesigned
stator with better flow guidance. A preliminary axial turbine design suggested significantly higher
efficiency due to more favourable duty coefficients, but this was not validated against CFD. Off-design
simulations confirmed the sensitivity of RITs to ambient pressure, reaching outlet Mach numbers up to
3.0 at near-vacuum conditions. The vaned turbine’s efficiency and power increased, while the vaneless
turbine gained power but lost efficiency, necessitating a choked nozzle to maintain constant performance
throughout the flight. Simulations at double the shaft speed attained almost double the efficiency and
power, indicating the need for higher tip speeds.

In conclusion, RITs are a viable solution for powering the Firebolt engine in Stratos VI, having met the
power and mass flow requirements and enabling higher performance than both pressure-fed and electric
pump-fed architectures. Yet, their advantages at this scale are not clear-cut. Axial turbines remain
attractive due to their design flexibility, ease of manufacturing, staging potential, and extensive heritage.
Further optimisation and CFD are needed to identify the most suitable architecture for DARE.
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[ntroduction and Research Context

Rocket propulsion systems are central to the performance of launch vehicles. As such, the choice of
propellant feed cycle has a major influence on the overall architecture and performance of the rocket. For
Delft Aerospace Engineering (DARE), this choice has become increasingly more important, as the Stratos
project has evolved to use a more advanced and complex bi-propellant liquid rocket engine and continues

to seek increased performance, ultimately leading to the development of turbomachinery.

This chapter provides the research context for this thesis and explains the necessity for turbomachinery
research within DARE. In Section 1.1, an introduction to DARE and the Stratos V project is given. This
is followed by a brief overview of the current architecture and its limitations in Section 1.2. Section 1.3
explains how turbomachinery can provide a feasible solution to these limitations and how it can be
implemented. Finally, Section 1.4 introduces the current state of turbomachinery development in
DARE.

1.1. DARE and Stratos V

Delft Aerospace Rocket Engineering (DARE), founded in 2001, is a student rocketry organisation at TU
Delft focused on the design and testing of advanced rocketry systems, providing hands-on engineering

experience [1].

Stratos, DARE’s flagship project, reflects these efforts by designing high-performance rockets. With the
overarching goal of "Breaking Boundaries”, Stratos has always aimed higher, breaking altitude records
with Stratos I and II+, powered by a solid and hybrid! rocket engine respectively [1].

In parallel, Project Sparrow was founded in 2020 in an effort to explore new advanced propulsion
technologies. Within two years, the team designed and successfully tested Firebolt, a regeneratively
cooled, 3D-printed liquid rocket engine operating on Liquid Oxygen (LOx) and an 80/20 ethanol-water

mixture, producing up to 10 kN of thrust at a 30 bar chamber pressure.

Following these achievements and the cancellation of Stratos IV, the Firebolt engine became the
foundation of a new, liquid bi-propellant rocket: Stratos V. Whereas previous rockets aimed for

increasingly higher altitudes and breaking records, Stratos V’s main goal?® is to demonstrate reusability

1A hybrid rocket engine is powered by both a solid propellant (typically the fuel) and a liquid propellant (typically the oxidizer),

as opposed to fully solid or liquid propellants.
2At the time of writing.
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by recovering the rocket with a parachute and re-launching it. This is partly made possible by the
Firebolt rocket engine, which allows for multiple hotfires with minimal refurbishment, as opposed to
most solid or hybrid rocket engines.

Despite this shift in focus to technology demonstration, the long-term plan for future iterations of the
rocket is still to reach higher. As became clear during the design phase, the current architecture does
not scale well for higher altitudes and more powerful engines. This is primarily due to the use of the

pressure-fed cycle, as explained in Section 1.2, which limits the design in several significant ways.

1.2. Limitations of the Pressure-Fed Cycle

A rocket engine cycle is the method by which the propellants are fed to a rocket engine. The current
design of Stratos V uses a pressure-fed cycle, in which the propellant tanks are pressurized by an inert
gas (in this case Helium) to a pressure higher than the chamber pressure, allowing the propellant to flow
from the tanks to the chamber. While a relatively simple system on the surface, it has some significant
drawbacks. In fact, while Firebolt was initially designed for a 50 bar chamber pressure, providing ~15
kN of thrust, the team has decided to limit it to 30 bar and ~10 kN due to these limitations, which are as
follows.

Due to the high pressure, in the order of 40-45 bar, the propellant tanks are required to be very thick
and heavy. Additionally, design and manufacturing become more challenging because of the need for
high-quality welds. Longitudinal welds are generally avoided, instead requiring seamless cylinders
which are difficult to source or manufacture in the required dimensions [2]. Unfortunately, DARE does
not have the capability to manufacture lightweight, high-pressure and cryogenic composite tanks and is

therefore limited to using heavier, fully metallic tanks.

To supply the inert pressurant gas, a separate high-pressure tank is required. The first design iteration
of Stratos V used a 40-litre composite overwrapped pressure vessel (COPV) from Safer Cylinders; the
largest reasonably priced, commercially available option [2]. Despite this, the tank’s volume still limited
the rocket’s burntime. With a dry mass of 18.5 kg and a length of 1.4 m, the COPV significantly impacted
the rocket’s efficiency and design [3]. To maximize gas storage, the tank operated at 400 bar, requiring

an expensive gas booster system and introducing leakage and safety concerns.

In addition, the weight of the gas is not negligible. Using Nitrogen as pressurant, the pressurant mass
inside the COPYV at lift-off amounts to approximately 18.0 kg. This excludes the ullage gas inside the
propellant tanks. Helium (Stratos V’s pressurant of choice) is more efficient and lightweight, resulting
in a pressurant mass of 2.6 kg, but has its own drawbacks, such as significantly higher cost and leakage

rates.

Lastly, this system requires a large and complex pressurization system, using heavy pressure regulators

and active control.

At the higher engine chamber pressure of 50 bar, many of these limitations are further amplified and,
while a higher chamber pressure increases the efficiency of rocket engines, the mass increase of the

system far outweighs the benefits for this particular rocket [4], [5].
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1.3. Turbomachinery
A possible solution to the limitations described in Section 1.2 is the pump-fed cycle. In this cycle,
propellant is pumped from low-pressure tanks to the high-pressure combustion chamber by increasing

the pressure of the propellant at the discharge side of the pump.

Historically, most pump-fed rocket engines have used turbopumps, in which the pump is driven by
a turbine [6]. This turbine can be powered in various ways, corresponding to different rocket engine

cycles.

Robert H. Goddard’s first turbopump featured two turbines (one per pump), placed partially in the
engine’s exhaust stream [6]. Due to the high temperature of the exhaust gases, the steel turbine blades
melted. His solution was the gas generator (GG) cycle, also called the open cycle: a smaller "rocket
engine" produces high-energy warm gas for the turbines, keeping the temperature low enough to avoid

melting of the turbine [6]. After passing through the turbine, the gas is bled off outboard.

Other rocket cycles exist which can increase the efficiency, power or simplicity of the system, such

as:

¢ Tap-off cycle: hot gas is tapped off from the main combustion chamber instead of a GG [7].

¢ Staged combustion cycle: turbine exhaust is injected into the main combustion chamber instead
of being discarded. As this forms a closed circuit, this cycle is called a closed cycle. In this case,
the GG is called a preburner.

* Expander cycle: propellant, heated by the combustion chamber’s regenerative cooling circuit,
drives the turbine®. The turbine exhaust can be discarded, or injected into the main chamber,

resulting in an open or closed cycle.

Recent advancements in battery and electric motor technologies have led to the electric pump-fed cycle,
where an electric motor powers the pumps. This may lead to a less complex and possibly more reliable
system, a simpler start-up sequence and easier throttling by changing the motor’s rotational speed (in
case of a dual shaft system). A prominent example is Rocket Lab’s Rutherford engine, which is the first

battery-powered, electric pump-fed engine to have flown [8].

1.4. Turbomachinery in DARE

In 2021, a small DARE team, initially part of project Sparrow, recognized the aforementioned limitations
of pressure-fed systems and began developing an electric fuel pump. Its design is detailed in
Subsection 2.6.1. The pump has been successfully demonstrated with water at lower power, paving the

way for further turbomachinery development in DARE.

However, more work is needed to achieve a flight-ready system. A new design revision is necessary to
improve the performance and reliability, and a new pump needs to be designed for LOx, which poses
additional challenges related to its cryogenic and oxidizing properties. Additionally, the electric drive

system needs to be upgraded in order to reach the pumps’ design point.

During the development, the limitations of electric-powered pumps became clear, particularly the

availability of compact, high-power electric motors and the need for large battery packs. Therefore, it

3Typically, this involves heating a cryogenic propellant enough to change it to its gaseous or supercritical state.
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was recommended to commence the development of turbine-powered propellant pumps to achieve a

high-performance, yet efficient and compact propulsion system.

To support this, a literature review was performed, with the goal of identifying the key design elements
of small-scale rocket engine turbopumps, and to provide a foundation for the development of reliable
and efficient turbine-powered pumps for the DARE Stratos rocket family. This review is summarised in
Chapter 2.



[1terature Review

A literature review is performed, which aims to identify key design elements of small-scale rocket
engine turbopumps and lay the groundwork for reliable and efficient turbine-powered pumps for the
DARE Stratos rocket family. Emphasis is placed on turbines and turbopump architectures commonly
used in rocket engine turbopumps, for small-scale applications in particular, while other elements such

as pumps and mechanical aspects are briefly discussed to provide additional context.

In Section 2.1, different configurations of turbopump assemblies are introduced. Section 2.2 and
Section 2.3 go into more detail on pumps and turbines, respectively. Section 2.4 explains the decision-
making of the turbopump’s rotational velocity. Section 2.5 introduces the gas generator and its influence

on the turbine design. Finally, several case studies are presented in Section 2.6.

2.1. Turbopump Configurations
Turbopumps can come in many forms, whether it be electric-driven, turbine-driven, single-shaft,
multi-shaft, etc. This section introduces some of the more common turbopump configurations and their

advantages and disadvantages.

2.1.1. Electric and Turbine Driven Pumps

Asmentioned in Chapter 1, historically most rocket engine pumps have been driven by a turbine, whereas
pumps driven by electric motors have seen a surge in popularity in recent times. Both architectures
have their own distinct advantages and disadvantages and are suitable for different design points. A
simplified schematic overview of single-shaft electric pump-fed and gas generator cycle engines is

shown in Figure 2.1.

One of the main advantages of electric pumps is their relative simplicity and flexibility. From an
operational standpoint, the startup and shutdown of an electric pump-fed engine are relatively
straightforward, as the pumps can be started on demand and regulated to any desired rotational speed.
The startup sequence of a turbopump-fed engine is significantly more complicated, as it typically
requires a spinstart of the TPA to achieve some initial fluid flow to the gas generator or preburner, which
is then ignited to drive the turbine and supply power to the pumps!. The development of a start-up

sequence is a non-trivial problem and requires a significant amount of analysis and experimentation,

ITurbopumps may be bootstrapped as well, which has its own complications.
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(a) Electric-pump cycle (b) Gas-generator cycle
Oxidizer Fuel Fuel
Tank Tank Tank

Chamber Chamber

Nozzle Nozzle

Figure 2.1: Schematic overview of rocket engine cycles. a) Single-shaft electric pump cycle, b) single-shaft gas generator cycle.

Source: [9].

particularly in closed-cycle engines.

Throttling and (active) flow regulation are also much simpler in electric-driven pumps, where the
rotational speed of the motor can be easily controlled. This is not the case for (GG cycle) turbine-driven
pumps, where throttle valves are used to regulate the GG and thrust chamber mass flows. The GG
itself is fed by the same pumps it is powering, resulting in a coupled system that requires careful

tuning.

Another significant difference is the influence of the engine cycle on the mass of the rocket. The
drive systems of both electric pumps and turbopumps come with a certain fixed mass and burntime-
dependent mass. In electric pump systems, the electric motor, electronic speed controller (ESC) and
battery management system (i.e. the electronics that monitor and control battery operation) are
components with a fixed mass, as they are independent of the burntime, while the required battery mass
does scale with burntime. The batteries maintain a constant mass throughout the burn duration and,
once depleted, essentially become dead weight. It is for this reason that Rocket Lab’s Electron launch
vehicle ejects some of its used battery packs during take-off, allowing it to gain some performance
[10].

In the case of turbopumps, the turbine, gas generator and control valves have a fixed mass. However,
open-cycle engines consume a portion of the total engine mass flow to drive the turbines, which
negatively affects engine performance. A common metric for rocket engine efficiency is the specific
impulse, or I;,, which represents the total propellant consumption (mass flow, 7iz) for a given thrust
level (Fr), see Equation 2.1. The increased engine mass flow therefore results in a lower engine I
compared to electric pump-fed engines. The total propellant mass consumed by the turbines increases
proportionally with burntime. Unlike batteries, this propellant mass is automatically expelled overboard,

reducing the vehicle’s total mass as the mission progresses.
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Fr
Isp = — 2.1
sp g ot ( )
The solution to the reduced I5, of open cycle engines is to use a closed cycle, such as the staged combustion
or expander cycle, where the propellants driving the turbine are injected back into the combustion
chamber. Open cycles generally increase the complexity significantly and are not recommended for a

student-developed rocket engine.

Combined with the high power requirements for large TPAs, this means electric pump-fed engines are
not very scalable. It is most likely for this reason that Rocket Lab decided to switch from an electric

pump-fed cycle to a staged combustion cycle for their more powerful Archimedes engines [10].

2.1.2. Turbopump Arrangements
Many different arrangements exist for turbopump assemblies, each with their own set of advantages
and disadvantages, the most common and relevant ones of which are discussed here. An overview of

common shaft configurations is shown in Figure 2.2.

In rocket engines where a different shaft speed is desired for each pump to achieve maximum efficiency,
e.g. in case of considerably different densities and/or flow rates, it is common to use a dual shaft system,
such as the oxidizer-rich staged combustion cycle Rocketdyne RS-25 Space Shuttle Main Engine (SSME)
and gas generator cycle Rocketdyne RS-68 (a simplified version of the RS-25) [11]. In this case, each
pump is driven by its own turbine, which in turn can each be powered by either one common gas
generator or two separate ones. This is also the case in full-flow staged combustion engines, such as
the SpaceX Raptor engine. Alternatively, geared pumps can be used, in which a gearbox allows for a
difference in shaft speed between both pumps. This increases the complexity of the system and adds
additional failure points.

Dual Shafts
Direct Drive Geared Hot Gas

ol Ty 4D

A. Pumps

Back-To-Back d G A. Pancake 3
o G F A. Turbines in Series
GE < >

B. Turbine B. Off-Set Turbine
Between Pumps

o o

Hot
Gas

L1

O = Oxidizer Pump
F = Fuel Pump

T = Turbine

G

= Gears B. Turbines in Parallel

C. Single-Geared Pump

Figure 2.2: Different turbopump assembly configurations. Source: [4].
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Similar configurations apply to electric pumps, where each pump can be powered by separate motors or
by a singular motor, with optional gearing. That being said, using separate motors for each pump allows
for an operational advantage: the ability to easily and accurately control the mass flows individually
without the need for throttle valves, as well as easier testing of each pump as a stand-alone unit.
Additionally, with the lack of affordable high-power commercial off-the-shelf (COTS) brushless direct
current (BLDC) motors and electric speed controllers (ESC), a dual shaft system would be recommended
for the DARE's electric pumps, as the lower power requirement for separate motors makes it easier to

find an acceptable solution [12].

In a single shaft system, there are three main ways in which the turbine and pumps can be arranged,
two of which are shown in Figure 2.2 [4]. In the first configuration, the turbine is placed between the
oxidizer and fuel pump. One of the advantages of this system is the separation of the fuel and oxidizer,
reducing the risk of inter-propellant leakage (this same advantage is true for dual shaft systems). This
does mean that the turbine needs to be sealed off from both the fuel and oxidizer. Another advantage is
that both propellants can directly enter the pumps axially and do not require additional considerations
to straighten the flow path. In the two other configurations, sometimes called direct-drive, the turbine
is located at one end of the shaft, followed by either the oxidizer pump and then the fuel pump, or
vice versa. The latter configuration would be preferred for the DARE turbopump, as it reduces the
temperature difference between the turbine and the neighbouring pump, since the ethanol fuel is kept

at room temperature while the LOx oxidizer is cryogenic.

It is important to take into account the possible leakage from the pumps to the turbine. For example, in
the case of a fuel-rich gas generator or preburner, a small amount of leakage from the fuel pump to the
turbine can be tolerated, as it will only slightly lower the temperature of the fuel-rich mixture, which the
increased mass flow may compensate for. However, leakage from the fuel pump to an oxidizer-rich
preburner can have larger implications, as this will shift the oxidizer-to-fuel ratio in the turbine towards
a more stoichiometric ratio, increasing the temperature of the gaseous oxygen (GOx) and potentially
significantly increasing the shaft power, which can be catastrophic in some cases. The same goes for

leakage from an oxidizer pump to a fuel-rich GG/preburner.

2.1.3. Staging
It is common for rocket engine turbopumps to employ multi-stage systems (not to be confused with

staged combustion), where the fluids pass through multiple turbines or pumps in series [7].

For turbines, this allows more energy to be extracted from the gas and can increase the efficiency, or
reduce the required diameter. In rocket engine turbopumps, this is most commonly done with axial
turbines, as the length of the assembly can be relatively easily extended to integrate more stages. Radial
turbines are more difficult to stage and are restricted by the diameter of the assembly. When a cantilever
radial turbine (see Subsection 2.3.1) is used, multiple blade rows can be integrated onto the same blisk.
An example of this is the Ljungstrém turbine, shown in Figure 2.3, which features counter-rotating rotor
stages [13]. A typical ("3D") radial inflow turbine, where the outlet flow is axial, is more difficult to stage

due to its geometry. Alternatively, an axial stage can be placed in series with a radial stage.

Pumps also commonly employ multiple stages when a large head rise is needed. In some engines, these

pump stages can be separated onto different shafts, typically operating at different speeds. In this case,



2.2. Centrifugal Pumps 9

Figure 2.3: Diagram of a Ljungstrom turbine. Adapted from [13].

the separate low-speed "boost pumps" increase the available net positive suction head (NPSH4) of the
main pumps, allowing them to operate at a much higher RPM without cavitating [6]. This seems to
be most common in staged combustion engines. An example of such systems is the fuel-rich staged
combustion RS-25 engine, used in the Space Shuttle, which features four TPAs: a low-pressure and

high-pressure one, for each propellant [14].

In staged combustion engines, additional stages are also often used in the form of "kick pumps"
(sometimes also called "boost pumps", not to be confused with the aforementioned type of boost pumps)
and increase the head of only a portion of the propellant flow, after it has passed through the main
pump, in order to be used in the high-pressure preburner [6]. Less commonly, these can be powered by

separate turbines.

The main disadvantage of multi-stage systems is the increase in mass and complexity.

2.2. Centrifugal Pumps

Arguably the most important part of the turbopump, the pumps produce the mass flow and pressure
increase of the propellants. Several types exist, of which centrifugal pumps are the most prevalent in
rocket engine turbopumps. They generate pressure by accelerating the flow radially outwards using a

rotating impeller, after which it is decelerated in a volute and diffuser [15].

As seen in the Baljé chart, Figure 2.4, centrifugal pumps typically operate in the lower range of specific
speeds of roughly 10-150 (imperial units) or 4-60 (metric units) and are commonly used for low flow
rate and high head rise applications, making them well-suited for rocket engine turbopumps. Staging is
possible but is typically avoided as it requires a more complicated assembly with an inter-stage flow

passage, resulting in an overall less compact design.

Because of their suitability for low specific speeds, the simplicity of a single stage and the extensive use
and documentation of centrifugal pump designs in rocket engines, the DARE pump was also chosen to
be of the centrifugal type.
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Figure 2.4: Pump Baljé diagram. Source: [16].

Similarly to pumps, many different turbine designs exist. Some of these design options and elements

are introduced in this section. A Baljé chart of different turbine types is shown in Figure 2.5.
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Figure 2.5: Turbine Baljé diagram. Source: [16].

2.3.1. Radial Turbines

As the name implies, radial turbines are characterized by the radial flow of the gas in the turbine.

Two main types of radial turbines can be distinguished: radial inflow turbines (RIT) and radial outflow

turbines (ROT), examples of which are seen in Figure 2.6 and Figure 2.7. RITs are a common choice in

automotive turbocharger systems and some aircraft engines [17]. Additionally, they are gaining traction

in waste heat recovery systems, particularly those using the Organic Rankine Cycle (ORC).
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Figure 2.6: Radial inflow turbine and volute. Source: [18] Figure 2.7: Radial outflow turbine. Source: [19]

Advantages of RITs include a high expansion ratio and high work produced by a single-stage design.
According to Boyce [13, p. 359-361], RITs can produce as much work as two or more axial turbine stages
due to the higher tip speeds. Baljé [16, p. 96] also identifies a specific speed regime of roughly 30-100
(imperial units) or 12-40 where radial turbines can provide equivalent performance to axial turbines,
as indicated in Figure 2.5. In partial admission radial turbines, however, the efficiency is likely to be
reduced due to pumping losses. NASA [7, p. 44] on the other hand, indicates a slightly lower efficiency

of RITs compared to single-stage impulse and 50% reaction turbines, as seen in Figure 2.8 (a).

RITs can have a more compact and lightweight form factor compared to axial turbines, depending on
the design point [20]. Additionally, they are sometimes considered to be more affordable and easier to
manufacture, as is made clear by large-scale automotive turbocharger production. NASA [7, p. 44],
however, claims RITs to be heavier than axial turbines for the same ratio of turbine pitchline velocity to

isentropic spouting velocity (U/C,).
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Figure 2.8: Efficiency versus velocity ratio for various turbine designs and stage numbers. Source: [7].

RITs seem to be relatively insensitive to off-design conditions and are especially suited for use with
variable stators, as the total efficiency remains high with varying flow rates, posing a significant
advantage in applications requiring high efficiency at different operating points, such as ORC plants

[17]. On top of that, the implementation of variable geometry stators in RITs is likely mechanically less
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complicated compared to axial turbines.

There are two common ways radial turbines are designed: planar/cantilever designs, and "3D" radial
turbines [13], [21]. Radial inflow turbines are typically of the 3D type, which feature thin, curved
blades and discharge the gas axially, as seen in Figure 2.6, meaning the flow turns 90°inside the turbine.
Cantilever turbines feature blades akin to axial impulse turbine blades and are typically two-dimensional.
Cantilever RITs are much less common. An example of this is Mario Hernandez’s turbine, the design of
which is discussed in Subsection 2.6.2. They can have several advantages, such as ease of manufacturing
due to their planar design, and the possibility of adding multiple turbine stages onto the same blisk, as
explained in Subsection 2.1.3. This increases the amount of power extracted from the turbine, without
requiring additional parts and while maintaining a very compact system. However, they suffer from
lower efficiencies and flutter issues, and have a higher moment of inertia, resulting in a structural

disadvantage.

RITs may be configured with or without stator vanes/nozzles. The former configuration is being studied
for ORC applications while the latter is commonly used in automotive turbochargers. While a stator
stage results in a more complex system, it allows for better control of the flow angles at the rotor inlet and

allows for the use of supersonic flow expansion for high pressure impulse turbine configurations.

Despite their possible advantages, RITs are not commonly used in rocket engine turbopumps, with only
a handful of examples in small-lift launcher start-ups. This includes Latitude’s open cycle engine, whose
turbine is shown in Figure 2.9, and Astron Systems’ hybrid electric expander cycle engine, whose turbine
is shown in Figure 2.10 [22], [23], [24]. Another example is Mario Hernandez Méndez’ aforementioned
turbine, but it is untested as of yet. Additionally, Sidereus Space Dynamics investigated the potential of
RITs for their 25 [kN] open-cycle engine by comparing preliminary radial and axial turbine designs.
The RIT was found to provide similar performance to the axial turbine, in a more compact form-factor
[25].

More research is done on the use of RITs for expander cycle engines, where large mass flows and low
pressure ratios and temperatures are available. Results are promising, showing potential increased
efficiency and reduced pressure drop, compared to axial turbines. Specifically, Leto et al. [26, p. 742]
predicted an increase in efficiency of up to 13 percentage points with a pressure drop reduction of 3.15
bar for the Aerojet Rocketdyne RL10A-3-3A engine, and up to 8 percentage points and 8.4 bar for the

ArianeGroup Vinci engine.

ROTs do not seem to be nearly as common as RITs. Nonetheless, they have some advantages and use
cases, where they can have higher efficiency and a wider operating range [27]. One such use-case
being researched is ORC turbomachinery [28], [29]. ROTs typically have a cantilever design and are
therefore often staged. No research or experimentation related to ROTs for rocket engine applications is

found.

The motivation behind the lack of radial turbines is not well documented but may be attributed to the
general lack of research and development into radial inflow turbines, causing engineers to stick to what
is historically the most tried and tested. Additionally, the specific turbopump requirements of large
rocket engines, such as specific speeds and pressure ratios, may cause the design to converge to axial

turbines.



2.3. Turbines 13

Figure 2.9: Latitude’s Navier engine turbine. Source: [22]. Figure 2.10: Astron Systems’ RELIANT
engine turbine. Source: [24].

2.3.2. Axial Turbine
In axial turbines, the gas enters and exits axially. Compared to radial turbines, axial turbines are much
more prevalent in rocket turbopumps. In rocket engine turbopumps, the rotor disk and blades are

typically manufactured as a single part, called a "blisk".

To maximise energy extraction from the gas and increase efficiency, multiple stages are often used.
However, multi-staging of axial turbines significantly increases system complexity and should be

avoided unless necessary or considered worth the added complexity.

Two main types of turbine stages are distinguished: impulse turbines and reaction turbines. In the
latter, enthalpy is converted to kinetic energy upstream of the blades by expanding the flow (through
the stators or nozzles) [30], [31]. Impulse turbines can be staged velocity-compounded, where all the
fluid is expanded in the first-stage stator row, or pressure-compounded, where the pressure drops are
distributed over the different stages’ stators. A small degree of reaction is recommended in the other

stages due to adverse pressure gradients.

In reaction turbines, some of the kinetic energy is produced in the rotor, caused by a pressure drop
across the blades [30], [31]. The ratio of enthalpy drop in the rotor to the total enthalpy drop in the stage
is called the stage reaction, R, and is typically limited to 25-50%. In multi-stage reaction turbines, the

pressure drop is usually distributed roughly equally over the rotors.

A comparison of typical turbine stage efficiencies for different velocity ratios can be seen in Figure 2.8.
Impulse turbines are more efficient at velocity ratios below around 0.4 and are common in systems
with high energy fluids and high pressure ratios, such as (open cycle) rocket engines, where supersonic
flows are achieved and high specific work can be reached. While pressure-compounded turbine stages
typically have a higher efficiency, velocity-compounded turbine stages can come very close (as shown in
Figure 2.8), with the benefit of being slightly more compact. According to NASA, [7, p. 26], "... GG
and tapoff cycles generally incorporate two-row velocity-compounded turbines, and expander and
staged-combustion cycles generally incorporate either two-stage pressure-compounded or reaction

turbines".
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2.3.3. Mixed Flow Turbine
Mixed flow turbines are an intermediate form of turbines and have operational points somewhere
between axial and radial turbines. The flow enters diagonally and exits axially. They are not common in

rocket engine turbopumps.

2.3.4. Turbine Stators

Turbines can make use of stators or nozzles to guide the flow before entering the rotor stage. These can
be subsonic or supersonic, depending on the type of turbine. Open cycle designs, which commonly
feature high pressure ratios, will often employ supersonic stator vanes or nozzles whereas expander
or closed cycle designs, featuring lower pressure ratios but high mass flows, may opt for subsonic

stators.

In some designs, it may be beneficial to reduce the amount of stators or nozzles, which may only be
distributed along a section of the circumference, for example in case too short blade heights are required
for a conventional design [30]. Such turbines are called partial admission (PA) turbines. An example
of a PA turbine is the turbopump introduced in Subsection 2.6.2, which features only four nozzles. If
this turbine were made full admission (FA), both the nozzles and blades would likely be too small
to manufacture using the available methods and the clearance-to-blade height ratio may be too large,

resulting in significant losses.

2.4. Shaft Speed

An important choice in the design of turbopumps is the shaft speed, or rotational velocity. This choice

influences and is influenced by many factors, some of which are explained here.

2.4.1. Size

An important factor to consider is the influence of shaft speed on the size of the system, in particular the
diameter. The Baljé pump chart in Figure 2.4 shows the relationship between the ratio of the pump rotor
diameter to suction diameter, also known as the diameter coefficient or specific diameter Dg, and the
pump specific speed Ns. Here it can be seen that, as Ns increases, Ds decreases. This is advantageous,

as it results in a more compact design.

A similar relationship is found for turbines, as shown in Figure 2.5.

2.4.2. Efficiency

A significant effect of the shaft speed is the efficiency of the system. As the shaft speed affects different
parts of the turbopump differently, no general statement can be made about whether or not a higher
shaft speed will result in a more efficient design, as seen by the efficiency islands in the Baljé charts.

Instead, this is very design dependent and will need to be investigated on a case-by-case basis.

While a higher specific speed pump can achieve higher hydraulic efficiencies, this is quickly negated by
hydraulic and volumetric losses. This includes secondary losses such as disk friction losses and leakage
losses [15].

Another form of losses due to high shaft speed is mechanical losses. As the shaft speed increases, the
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surface speed of contacting elements increases. Examples of this are the dynamic seals, where the
rotating and stationary surfaces may rub against each other, and the bearings. Therefore, an increased

shaft speed will increase the friction and have a negative impact on mechanical efficiency.

Similarly for the turbine, the shaft speed influences many factors which can have varying effects on
the turbine efficiency, such as tip clearance losses, the ratio between the rotor tip speed and isentropic

spouting velocity (also called the velocity ratio) etc.

2.4.3. Mechanical Considerations
The primary mechanical consideration is the centrifugal loading of the pumps and turbines, which
increases with the shaft speed. This is compensated for by the smaller required diameters.

High shaft speeds can also increase friction on rotating components such as seals and bearings. This not
only reduces the mechanical efficiency, but also accelerates the wear on those components, shortening
their lifespan. As a result, some parts need to be replaced more often, and additional bearing cooling

may be necessary.

Finally, the shaft speed influences the axial thrust on the assembly, as it affects the diameters of the

pumps and turbine.

2.4.4. Electric Drive Considerations

Another important factor is the electric drive system. As explained in Subsection 2.6.1, the choice of
affordable COTS BLDC motors and ESCs is very limited, which influences the design space of the
pumps. Even if a turbine-powered design is chosen, it is likely that early pump prototypes will be tested
with electric motors. For this reason, it is beneficial to ensure the compatibility of the pumps with the

existing electric drive systems.

While this poses a limiting factor to the design, this must be traded off against the significant advantage of
being able to easily and safely test the pumps separately from the turbine. More operational advantages
include the ability to more easily test the pumps at varying shaft speeds in order to generate pump

curves.

2.4.5. Shaft Speed Selection

As the turbine and pumps have different requirements in terms of working fluids, mass flows and
pressures, it is very likely that each component will have its own ideal shaft speed design point. However,
for practical reasons, it is beneficial for all components to share the same shaft speed, especially in a single
shaft system. Therefore, it is advantageous for the pumps and turbines to be designed simultaneously
and to optimize the system as a whole. However, as the pumps are already being designed by DARE,
the current shaft speed of 40 krpm can be used as a starting point.

2.5. Gas Generator

An essential element of a turbopump assembly is the gas generator or preburner (in the case of a staged
combustion engine), which provides the warm gas for the turbine. Due to the high risk and complexity
involved in closed cycles, it is recommended to use the most common and simplest cycle for Firebolt:

the open (gas generator) cycle.
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Designing a gas generator is an extensive topic on its own and falls outside the scope of this thesis and
literature review. However, it is still important to consider the important design elements and their
implications on the turbopump. This includes factors such as the oxidizer-to-fuel ratio and chamber
pressure of the GG, which directly influence the exhaust gas temperature, gas composition and other
critical properties. Because the turbine housing and blades/blisk are typically not actively cooled, it
is important for the gas temperature to stay low enough. This can be achieved by running the gas
generator (or preburner) either very fuel-rich or very oxygen-rich. In GG systems, the former option is
nearly always used, as a high temperature oxidizer can be detrimental to the system without the use of

highly specialised alloys.

2.6. Case Studies

This chapter presents the design of the DARE electric pump, as well as two turbopump designs. While
many examples of turbopumps exist, a small selection is made of well-documented, recent designs
made for similar requirements as the DARE Firebolt engine. The first design, DARE's current electric
pump, is presented in Subsection 2.6.1. In Subsection 2.6.2, an amateur turbopump with similar
specifications is shown. Finally, LUMEN, a liquid rocket engine demonstrator platform, is presented in
Subsection 2.6.3.

2.6.1. DARE DTP-E74 Fuel Pump

The first example is DARE’s own DTP-E74 fuel pump prototype. The design is documented in more
detail in [5] and [12]. All information in this chapter is taken from these sources as well as from internal
communications within the team unless specified otherwise. While this pump does not currently use
a turbine, it is important to establish the context for the turbine, as well as outline its interfaces and

specifications.

It is worth noting that at the time of writing, a new pump design is already being worked on. However,
all information presented in this chapter only concerns the original iteration of the pump design,
DTP-E74.

This design is shown in Figures 2.11-2.13. The pump was initially designed for the 50 bar version of the
Firebolt engine and is powered by BLDC motor. To lower the risks during the first tests, along with the
high power requirements and the fact that Firebolt is currently run at a lower chamber pressure, it was
decided to lower the rotational velocity (also denominated as shaft speed) from 50 krpm to 30 krpm
for the first iteration of the pump, while keeping the same geometry. This is because the impeller and

volute were already manufactured when this decision was made.

Overview and Specifications The pump features a full emission (FE), closed centrifugal impeller and
volute, 3D printed out of Titanium Ti 64. The parts were post-processed in-house, which proved to be
non-ideal and resulted in precession and imbalance of the rotor, as well as large clearance requirements.
This can be largely attributed to improper fixturing during machining, the high surface roughness of
the printed parts, and the difficulty of machining Titanium.

The specifications for the pump, as originally designed, can be found in the first column of Table 2.1. The
specifications for the pump at reduced shaft speed are presented in the second column. These are found

by using the Affinity Laws, which relate pump or turbine parameters for geometrically similar designs.
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Figure 2.12: Assembled DARE fuel pump. Image Figure 2.13: Assembled DARE fuel pump with motor and (partially
courtesy of DARE. disassembled) shrapnel box. Image courtesy of DARE.

These relations, in this case for identical diameters, are shown in Equation 2.2. For both cases, the
specific speed of the pump, N, is 18.98 (metric units). Note that these are predicted parameters, based
on results from empirical calculations, computational fluid dynamics simulations (CFD) or CFturbo?

and do not necessarily represent the reality.

Q1 N

A (2.2a)
H (N1

pr_ (M)

" (Nz) (2.2¢)

2CFturbo is a turbomachinery design and analysis tool and was used to design the DARE fuel pump [5], [32].
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Table 2.1: Specifications of the DARE DTP-E74 pump.

where Q is volumetric flow rate, N is rotational velocity (or shaft speed), H is head and P is power.

Property As designed | Lower RPM | Unit
Shaft speed 50k 30k [rpm]
Hydraulic Power 21.9 4.73 [kW]
Shaft Power 34.33 7.42 [kW]
Massflow 2.74 1.65 [kg/s]
Volumetric Flow 3.35 2.01 [1/s]
Inlet Pressure 8.42 ~8 [bar]
Pressure Rise 65.43 23.54 [bar]
Head 815 293 [m]
Specific Speed (metric) | 18.98 18.98 [-]

As can be seen in Table 2.1, the shaft power as designed is very high, which has serious implications
on the system, such as the need for a much larger power pack, high current and/or voltage, and the
need for a more capable and more expensive electronic speed controller (ESC). Due to the affinity laws,
the shaft power required at a lower RPM is significantly lower, making it easier, cheaper and safer
to perform the initial tests. This also presented DARE with the possibility to use a more affordable
BLDC motor and ESC. Additionally, the lower RPM decreases the mechanical strain on the system. This
includes lower friction between the ceramic surfaces of the mechanical seal, lower bearing friction and

less radial force acting on the shaft and bearings due to an imbalance in the rotating assembly.

Nonetheless, the mechanical design of the system is made to be compatible with 50 krpm to ensure
compatibility with future design iterations. The design can also relatively easily be adapted for use with

cryogenic LOx.

Due to the new operating point of the Firebolt engine, the geometry of the fuel pump needs to be

redesigned to provide the correct pressure rise and flow rate at the best efficiency point (BEP).

The approximate mass of the pump assembly is summarised in Table 2.2. This excludes the sensors or

other hardware required.

Table 2.2: Approximate masses of the 30 rpm DARE pump assembly for a 30 [s] burntime[33], [34].

Component Mass [kg]
Pump assembly 1.35
Motor 1.25
Batteries 1.06
ESC 0.52
Total 418

Electrical Drive System High-power electric motors and ESC are not affordable. Fortunately, the
reduced RPM eases some of the requirements, allowing more affordable options to be used.

A BLDC by [33] is used, configured with a motor velocity constant Ky of 809.2 rpm/V. At 30 krpm, the



2.6. Case Studies 19

system is expected to run at 37.1 V and 200 A, ignoring any efficiencies. To control the motor, a Radio
Control (RC) ESC was borrowed from [34] has been purchased.

At the time of writing, the DARE Turbomachinery team has not performed any analysis or preliminary
design on the power delivery system of the pump at the 30 and 50 krpm design points. However, using
the methods presented in [5] and [35], which are further explained in Subsection 4.3.2, an estimate can

be made of the required battery pack, assuming a 30 s burntime.

In order to provide the required voltage and account for voltage sag, two 6S batteries can be used
in series for the 30 krpm pump, amounting to an available voltage of 44.4 V. Each battery requires a
capacity of 3898 mAh and a C-rating of 57 for the specified burntime. Two 6S Li-Po batteries from [36]
are used, weighing 1.056 kg in total.

To run the pump at 50 krpm for 30 seconds, a combination of three 7S batteries in series times three in
parallel is required. With a required 5273 mAh, nine batteries from [36] can be used, weighing 6.651 kg

in total.

2.6.2. Mario Hernandez Méndez’' Turbopump

The second representative design is an "amateur" turbopump designed by Mario Herndndez Méndez,
who is a Pump Thermo-Mechanical Engineer at The Exploration Company and an advisor for the DARE
Turbomachinery team (LinkedIn: [37]). His goal is to develop an open-source, low-cost and simple
turbopump. This is done by cutting some corners to simplify the design - albeit with a reduction in
efficiency or long-term reliability - and outsourcing manufacturing to affordable companies overseas.

The design is shown in Figure 2.14.

Note that, as of writing, this design has not been tested, formally documented or officially published.
As such, although Mario is an experienced turbomachinery engineer, this design should be considered
with due scepticism, especially considering the unconventional design decisions. Nonetheless, it can
serve as a source of inspiration for the turbopump design. All information here is sourced from X
(formerly Twitter), a public Discord thread (r/rocketry) or directly from Mario unless specified otherwise
[38].

Overview and Specifications Instead of fuel or oxidizer, the turbopump assembly (TPA) is designed
to pump water due to its low cost, ease of use and safety for initial testing. The expected specifications
of the TPA are listed in Table 2.3. Note that some of these specifications, such as specific speed and
head, were derived from other properties and are subject to rounding errors. Additionally, due to the
iterative nature of the design and its documentation, some values may be outdated. Unfortunately, no

mass estimate is available for this system.

The TPA features a partial emission (PE) centrifugal impeller, also known as a Barske pump, with a
specific speed of ~16.7 (metric definition), which greatly simplifies the geometry, allowing for affordable

outsourced manufacturing. The impeller is open, which limits the axial thrust on the shaft.

The pump is driven by a partial admission (PA), supersonic 2D radial inflow turbine. Similarly to
the pump, this turbine can be easily machined on a 3-axis CNC. Four supersonic nozzles each deliver
approximately 10-11 g/s of warm gas. The turbine features an open back, allowing the hot gas to be

discharged directly outwards during testing.
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Figure 2.14: CAD renders of Mario’s amateur turbopump design. a) Isometric view, b) Cross sectional view, c) Turbine cross
sectional view, d) Pump side cross sectional view. Images courtesy of Mario Herndndez Méndez [38]

The turbine is powered by a gas generator, which uses gaseous Oxygen (GOx) and gaseous Methane at a
total mass flow of ~40 g/s. A shear coaxial injector is used, which is gaining popularity in amateur

rocket engines because of its simplicity and good performance [39], [40]. The chamber pressure is 15
bar.

All parts indicated in red are CNC machined in Aluminium (unknown grade). The inlet and four
nozzles of the turbine are 3D printed in 316L stainless steel. The turbine blisk is machined in 304
stainless steel and all remaining parts (excluding the COTS components, like seals and fittings) are a
mix of 201 and 304 stainless steel, also CNC machined.

Rotordynamics analysis is performed using an open-source Python library called ROSS [41]. The TPA
will not be balanced for the initial tests.
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Table 2.3: Specifications of Mario’s TPA.

Property Value | Unit
Shaft Speed 25k [rpm]
Shaft Power 12.4 [kW]
Pump Mass Flow 1.5 [kg/s]
Pump Volumetric Flow 1.5 [1/s]
Pump Inlet Pressure 3-4 [bar]
Pump Pressure Rise 22 [bar]
Pump Head 224 [m]
Pump Specific Speed 16.71 | [-] (metric)
Turbine Mass Flow 41.3 [g/s]
Turbine Gas Temperature 900 K]
Gas Generator Chamber Pressure | 15 [bar]

Takeaways As mentioned before, while this design is meant as a simplified and affordable path to
developing a turbopump, some inspiration can be drawn from this design. In particular, the main
advantage of this design is its simplicity and manufacturability, as most parts can be machined and do
not require high-performance materials, like Inconel. Notably, the radial inflow turbine is a promising
alternative to the more common axial turbines and, in the case of the cantilever design used here, can be
easier to manufacture than the axial type. This low-cost design also allows for rapid prototyping and is

ideal for a research and development (R&D) style turbopump.

2.6.3. LUMEN

LUMEN (liquid upper stage demonstrator engine) is a liquid upper-stage rocket engine development
project led by the German Aerospace Center, (Deutsches Zentrum fiir Luft- und Raumfahrt, DLR) [42].
Its goal is to provide a platform for research and demonstration of new technologies in a fully integrated
testbed system. According to Traudt et al. [42, p. 1], the primary objectives of LUMEN are to be a
"breadboard rocket engine for research purposes" and to have a "modular design to be able to test new

components in a representative environment”.

Design The 25 [kN] LOx-LNG (liquid natural gas) engine uses the expander bleed cycle [42]. This
means that, after having regeneratively cooled the engine, only a portion of the fuel is used to power the
turbines and is bled off afterwards, making it an open cycle. This is different from a closed expander
cycle, where all of the fuel powering the turbines is injected into the main combustion chamber, similar

to a staged combustion engine.

LUMEN features a dual-shaft turbopump system, with single-stage pumps and turbines [42], [43]. This
decision was made to increase the simplicity and modularity of the system, allowing components to
be easily replaced. The turbopumps use COTS angular contact bearings, cooled by oil rather than the
propellants, in order to enhance their lifespan.

A CAD cross-section of the oxidizer turbopump (OTP) can be seen in Figure 2.15. The TPAs feature 3D
printed components, such as Inconel 718 housings/volutes and Titanium impellers [42]. The turbine

blisks are machined out of Inconel 718. Both the OTP and fuel turbopump (FTP) use supersonic partial
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admission axial impulse turbines with a total-to-static pressure ratio of 13 and 12.5, respectively [43], [44].
With an inlet pressure of 30 bar, this ensures choked flow at the turbine exhaust in order to decouple it
from the downstream conditions. The OTP and FTP feature three and five circular nozzles, respectively,
due to the different power requirements. The turbine drive gas temperature is kept below 500 K. This
reduces the power density of the turbine but allows the Inconel to retain a high E-modulus and yield

strength, significantly reducing the fatigue and increasing its lifespan [45].

Both the OTP and FTP use closed, full emission centrifugal impellers. No inducers are used, in order to

limit the risk of contact with the wall. Instead, the inlet pressure is increased.

The specifications of the turbopumps are shown in Table 2.4. Unfortunately, no mass estimate is available

for this system.

Figure 2.15: CAD cross-section of the LUMEN oxidizer turbopump (OTP). Source: [42].

Table 2.4: Specifications of the LUMEN OTP and FTP [42], [43], [45], [44].

Property OTP | FTP | Unit
Shaft Speed 24 42 [krpm]
Shaft Power 85 100 [kW]
Pump Mass Glow 5.8 2.8 [kg/s]
Pump Outlet Pressure 77 83 [bar]
Turbine Mass Flow 1.046 | 1.046 | [kg/s]
Turbine Pressure Ratio (t-s) | 13 12.5 [bar]
Turbine Inlet Pressure 30 30 [bar]
Turbine Gas Temperature 488.36 | 487.4 | [K]
Turbine Admission 0.229 | 0.356 | [-]

According to Traudt et al. [46, p. 3], the first iteration of LUMEN will use floating ring seals; however,

other sealing solutions such as stepped seals are being developed.
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Takeaways The LUMEN turbopump is another R&D-oriented design. As such, a modular dual shaft
system is used, with externally cooled bearings and low turbine temperatures, in order to increase
its lifespan. These features are applicable to turbopump prototypes within DARE, but result in an
inefficient design for flight.

It is advisable to keep the turbine exhaust pressure above pout,min, as per Equation 2.3 (where y is the
heat capacity ratio of the turbine gas), to maintain choked flow at the outlet. This decouples the turbine
from ambient conditions [44], [47], which is especially important for a flight version of the turbine,

where the ambient pressure varies significantly throughout the flight trajectory.

y+1 71
Pout,min = Pambient T (2.3)

Lastly, at Firebolt’s scale, it is likely that a partial admission turbine is required if an axial turbine is

used.



Research Framework

As established in Chapter 1, the transition to a pump-fed system is essential to overcome the limitations
of the pressure-fed cycle and achieve higher-performing rocket architectures. While pump-fed systems
are commonplace in large-scale launch vehicles, the use of a pressure-fed system for DARE’s Stratos V
rocket has highlighted the importance of advancing such technologies within DARE. While developing
an electric fuel pump prototype for the bi-propellant Firebolt engine family, the limitations of the
electric drive system were found to be too restrictive when scaling up to more powerful engines and the
recommendation was made to develop turbine-powered pumps for future generations of the Firebolt

engine and Stratos rockets.

To support this development, Chapter 2 reviewed the most important design elements and considerations
of rocket engine turbopumps and presented several case studies. Additionally, a research gap was
identified in the underexplored potential of radial turbines for rocket engine turbopumps, as presented
in Section 3.1. This leads to the research questions and scope of the thesis, presented in Section 3.2.

Finally, Section 3.3 outlines the structure of the thesis.

3.1. Research Gap

The vast majority of rocket engine turbopumps use axial turbines. Radial inflow turbines remain
largely unused in rocket engines, despite their wide use in automotive applications, among others, and
showing significant potential in waste heat recovery and energy production, such as Organic Rankine
Cycle turbines. The motivation behind this prevalence of axial turbines in rocket engines is not well
documented, but can likely be attributed to the lack of research and development into radial inflow
rocket engine turbines, as well as the specific turbine requirements of large rocket engines. Nonetheless,
radial inflow turbines may be a suitable solution for small rocket engines, where they may be able to
provide equivalent or better performance compared to axial turbines while maintaining a small form

factor and reduced complexity.
Therefore, the research objective of this thesis is:

To investigate whether a radial inflow turbine can be a suitable solution for a small-scale open-cycle

rocket engine and whether it can provide a performance advantage compared to a typical axial turbine.

In this thesis, small-scale engines are defined as 10-kilonewton-class engines. DARE'’s Firebolt DLX-150C

24
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engine will be used as a design point for the turbine, in the context of a hypothetical successor to the
Stratos V rocket, hereafter referred to as Stratos VI, for which the aim is to reach the highest altitude
possible.

3.2. Research Questions and Scope

The following main research question and sub-questions are identified:

Are radial inflow turbines a viable solution for powering the Firebolt engine in the DARE
Stratos VI rocket?

1. What turbine performance is required to outperform electric pump-fed systems in terms of apogee for Stratos
vI?

2. Can radial inflow turbines meet the performance requirements under the geometric and operational

constraints of Stratos VI?

3. How do vaned and vaneless radial inflow turbines compare in terms of performance and aerodynamic flow
behaviour?

4. How do radial inflow turbines compare to single-stage axial turbines in the context of small-scale open-cycle
rocket engines?

5. How sensitive is the performance of radial inflow turbines to the changing atmospheric conditions during a

rocket launch?

Sub-question 5 pertains to the fact that, as the rocket ascends, the atmospheric pressure decreases. As
this can influence the performance of the turbine, its effect needs to be taken into account and quantified.

This is further explained in Section 4.2.

3.3. Approach and Thesis Outline

The thesis is structured as follows:

¢ Chapter 4 presents the methodology used to address the research questions. This includes the
system-level trade study to determine the turbine design point and requirements, the design

methodology of the turbines, and the CFD verification.

¢ In Chapter 5, the outcomes of the system-level trade study are presented, the final turbine designs

are presented and the CFD results are discussed.
¢ Chapter 6 summarises the findings and answers the research questions.

¢ Chapter 7 provides suggestions for further optimisation of the turbine designs and the development
of turbines within DARE.



Methodology

This chapter describes the full methodology adopted in this thesis. First, an overview of the general
workflow is presented in Section 4.1, followed by the turbopump requirements in Section 4.2. Next,
the system-level trade study methodology is explained in Section 4.3, after which the turbine design
methodology is explained in Section 4.5. Finally, the CFD performance assessment methodology is
described in Section 4.6.

4.1. Workflow

The methodology workflow used in this thesis is summarised graphically in Figure 4.1.

]

Define
Requirements &
Context

Outputs:

- Turbine requirements

- Pump requirements

- Working fluid
properties

- Firebolt engine
specifications

- Stratos VI parameters

2

Design Exploration

Outputs:

- Pump & turbine design
space

- Simplified pump &
vaned turbine
relationships

- Updated turbine
requirements

- Narrowed-down design
candidates

3

System-Level
Trade Study

Outputs:

- Rocket trajectories

- Optimal rocket design
point

- Optimal turbine design
point

- Updated turbine
requirements

5

Turbine Design

Assessment

utputs: Outputs:
- Vaned, vaneless, axial - Performance at
turbine geometry nominal conditions
- Predicted turbine - Off-design behaviour
performance - Flow-field behaviour
- TurboGrid .curve files - Losses
- Flow angles
- Mesh robustness

CFD Performance

6

Comparison &
Evaluation

Answers to research
questions:

- Required turbine
performance

- Viability of RITs

- Vaned vs vaneless

- RIT vs axial turbine

- Sensitivity to
atmospheric conditions

- Recommendations

1 ] 1

)

Figure 4.1: Flowchart of the methodological approach for the system-level trade study, turbine design and performance
evaluation.

Before designing the turbines, the requirements and context of the system first need to be established
(diagram block 1). This involves collecting the key parameters of the Firebolt engine, the propellant
pumps and the Stratos VI rocket, which are later used in the system-level trade study and influence the
design space of the turbines. Additionally, the turbine parameters are placed into context. Particularly,
the influence of turbine performance on the overall rocket engine performance is explained, as well as
the influence of the chosen inlet and outlet pressures on the turbine performance. Additionally, the

properties of the working fluid are defined, based on the used propellant combination and maximum
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turbine inlet temperature. This process is documented in Section 4.2.

Based on these requirements, initial design explorations are conducted in SoftinWay AxStream (diagram
block 2), a commercial turbomachinery design and analysis software [48]. It features a Preliminary
Design module, which generates thousands of turbomachinery geometries based on a set of requirements,
after which an inverse solver calculates the performance based on reduced-order and semi-empirical
loss models. Afterwards, the design space is explored using various filters, through which the design
parameters are further refined. These initial design explorations serve as a way to establish the design
space of the turbines and create simplified correlations between the rotor diameter of the turbines and
their mass and mass flow. These are based on vaned radial inflow turbines (RITs), as this was initially
assumed to be the most feasible configuration. The general design generation and exploration process is

documented in Section 4.5.

A system-level trade study is then performed (diagram block 3), trading off several high-level rocket
design decisions, such as burntime and rocket diameter, to achieve maximum altitude while maintaining
sufficient stability during ascent. The rockets are sized using a combination of empirical methods and
models developed within DARE, and are largely based on the design of the Stratos V rocket. Trajectory
simulations are then carried out to compare the pressure-fed, electric pump-fed and turbopump-fed
architectures and to determine the optimal mission profile and turbine design point. From these
results, updated turbine requirements (diagram block 1) are obtained, including the maximum physical

envelope and required mass flow. This process is explained in Section 4.3.

Due to the highly constrained design space and low efficiencies estimated by AxStream, an RPM
selection procedure is carried out using design explorations (diagram block 2), in which the optimal
rotational velocity of the turbine is selected, taking into account its influence on the propellant pumps.

This process is explained in Section 4.4.

With these updated requirements, also presented in Section 4.2, the final turbine designs are then
generated in AxStream (diagram block 4). While only vaned RKTs were considered before, the design
explorations showed that vaneless RITs could be a feasible contender. Therefore, three turbine designs
are made: a vaned RIT and a vaneless RIT, both studied in detail, as well as a preliminary axial turbine
design. Since the axial turbine is not further optimised nor validated, no formal comparison can be
made. However, it provides a preliminary indication of what may be achieved with an axial design, and
whether or not the RITs are worth pursuing in future work. The turbine exploration and design process

is explained in Section 4.5

The selected designs are subsequently evaluated using computational fluid dynamics simulations (CFD)
in Ansys CFX (diagram block 5). Steady-state RANS simulations are performed to analyse the flow
behaviour to greater detail than AxStream’s preliminary performance estimates. Off-design analyses
are carried out to assess the turbines’ performance at other operating conditions, including sea-level
and near-vacuum pressures, as well as at a higher shaft speed. A mesh refinement study is performed
to ensure sufficient robustness of the CFD results. While a full sensitivity analysis of turbulence models
and boundary conditions is not conducted in this thesis, the influence of operating conditions is assessed
through the off-design cases. Due to the inherent limitations of CFD modelling, the results presented in
this thesis can be regarded as verified within the CFD methodology, but not fully validated against
experimental data, which is beyond the scope of this work. The CFD simulation methodology is
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explained in Section 4.6.

Finally, the CFD and system-level trade study results are analysed (diagram block 6) to evaluate
the turbine performance, compare the configurations, answer the research questions, and propose

recommendations for further optimisation.

The turbines are evaluated at several locations, shown schematically in Figure 4.2a and Figure 4.2b for
the vaned RIT and axial turbine, respectively. Subscripts # and s denote the hub and shroud, while the
streamwise stations are denoted as below. The definitions for the vaneless RIT are equivalent to the
vaned RIT, but exclude the stator. Unless specified otherwise, the calculated flow quantities at each

station are mass-flow averaged along that station.
e in: Volute inlet
e (: Volute outlet, stator inlet
e 1: Stator outlet
e 2: Rotor inlet
e 3: Rotor outlet, duct inlet

¢ out: Duct outlet

out

volute stator rotor duct
duct/nozzle :

(a) Vaned radial inflow turbine. (b) Axial turbine.

Figure 4.2: Meridional view of the vaned radial inflow turbine. in and out represent the volute inlet and duct/nozzle outlet.

Numbers represent the different stream-wise stations. / and s indicate the hub and shroud. The arrow indicates the flow direction.

4.2. Turbopump Requirements
Before designing the turbines, a set of requirements and constraints must be established, which form
the basis for the AxStream input parameters. First, Subsection 4.2.1 presents the pump requirements,

based on which the preliminary pump design exploration is performed.

Then, several design parameters of the turbine are placed into context. Particularly, the influence of
turbine performance on the overall rocket engine performance is explained in Subsection 4.2.2, as well
as the influence of the chosen inlet and outlet pressures on the turbine performance in Subsection 4.2.3.

Additionally, the properties of the working fluid are defined in Subsection 4.2.4, based on the used
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propellant combination and maximum turbine inlet temperature. Finally, the turbine requirements

themselves are presented in Subsection 4.2.5.

4.2.1. Pump Requirements

As explained in Section 4.1, the preliminary turbine design explorations used for the rocket model were
performed based on a preliminary shaft power estimate of 21.4 kW, provided by DARE [49]. For the
final turbine designs, a pump design exploration is performed to obtain a more optimal design point for

the turbopump.

This design exploration is performed based on the pump requirements and fluid properties listed in
Table 4.2 and Table 4.1. The shaft speed is limited to 80 krpm to avoid complications with friction,
mechanical stresses and the availability of COTS bearings. Particularly, the seals are sensitive to friction
and may wear down rapidly at high speeds. The rotor outlet diameter is constrained to 45 mm, so as

not to exceed the size of the existing pump, and the pump inlet pressure is increased to 8 bar.

Table 4.1: Relevant fluid properties for the preliminary design exploration of the propellant pumps [49], [50].

Property Fuel (80% ethanol, 20% water) Liquid Oxygen
Density [kg/m?] 819 1141
Temperature [K] 293.15 90.00

Specific Heat at Constant Pressure [J/(kg K)] 2855 1700

Kinematic Viscosity [m?/s] 2.515e—6 2.0e—-6

Vapour Pressure [Pa] 101325 7470

Table 4.2: Pump design requirements [49], [51].

Property Fuel Pump LOx Pump
Rotational velocity range [krpm]  40-80 40-80

Inlet total pressure [bar] 8 8

Outlet total pressure [bar] 45 45

Mass flow [kg/s] 1.696 2.509
Maximum NPSH; [m] 79.7 57.2
Minimum hub diameter [mm] 12 12
Maximum rotor diameter [mm] 45 45

4.2.2. Influence of Turbine Performance on Engine Performance

Before designing the turbines, it is essential to understand their influence on the efficiency of the rocket
engine as a whole. As explained in Subsection 2.1.1, a common metric for rocket engine efficiency is the
specific impulse, or [s;,, which represents the total propellant consumption (mass flow, 7iz) for a given
thrust level (Fr), see Equation 2.1. In an open cycle rocket engine, a higher turbine mass flow results
in a higher overall engine mass flow, and therefore a lower engine efficiency, as shown graphically
in Figure 4.3 for DARE’s Firebolt engine. The distinction between turbine efficiency (1) and engine
efficiency is critical, as a more efficient turbine does not necessarily translate to a more efficient engine.
In fact, as identified in the design explorations (see Section 5.2), turbines with higher turbine efficiency

frequently feature higher mass flows, for this particular design point.
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Figure 4.3: Specific Impulse Is, of DARE’s Firebolt engine as a function of gas generator mass flow.

Consider two geometrically identical turbines, operating at the same rotational velocity (w) with the
same working fluid. Turbine A operates at the ideal pressure ratio (PR), whereas turbine B operates at a
higher pressure ratio than designed for. While turbine A will by definition achieve a higher efficiency at
its ideal PR, turbine B will obtain a lower isentropic outlet temperature, as per Equation 4.1, allowing it
to generate the same amount of work with a lower mass flow. Note that this is not universally true,
as the actual outlet static temperature (T,,;) and therefore the change in enthalpy still depends on the

total-to-static efficiency 75, see Equation 4.2.

ﬂ
Tout,is = Tt in (PR v ) (4.1)

Tout = Tt,in — Nts (Tt,z'n - Tout,is) (4-2)

Nonetheless, the turbine ;s still remains a good indicator of turbine performance. A low efficiency
indicates significant losses within the stage, implying that either the turbine design can be improved, or

the turbine is not operating at the ideal design point.

4.2.3. Influence of Pressures on Turbine Performance
As hinted at, the pressures at the inlet and outlet have a great influence on the overall design and

performance of the turbine.

The total-to-static pressure ratio (PRy;) of the turbine is one of the more important parameters in
turbine design. As mentioned in Subsection 4.2.2, a higher pressure ratio results in a lower isentropic
outlet temperature, which theoretically allows more work to be extracted from a fluid. In reality, this has
its limits, as a high stage PR will typically result in a significant decrease in efficiency and may therefore

require a higher mass flow.

The inlet total pressure p;;, is often dictated by the PR and outlet pressure. Here, the p; ;, is
generated by the gas generator, and is therefore limited by its capabilities. Its maximum combustion
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chamber pressure p. GG = pt,in is subject to the same limitations as the engine’s main chamber pressure
Pcengine = 30 bar, i.e. the outlet pressure of the pumps. To account for the pressure drop across the GG’s
throttle valves and provide a margin for increased turbine PR if performance is lower than expected, the

maximum p; i, is reduced to 25 bar.

Also worth noting is the influence of the inlet pressure on the turbine geometry. As the inlet pressure
increases, so does the density. As a result, for the same mass flow and rotor diameter, a smaller
volute can be used, reducing the stage’s overall size. This also results in lower blade heights at the
stator and rotor, and therefore a higher clearance-to-blade-height ratio, which can lead to higher losses.
Furthermore, the higher density requires smaller stator throats, posing manufacturing concerns in

small, low mass flow turbines such as the ones considered here.

The outlet static pressure p,,; may be kept the same as the ambient pressure, i.e. 1 atm, as the
turbine simply exhausts to its environment. However, as the rocket ascends, the atmospheric pressure
approaches near-vacuum conditions. In order to maintain constant and predictable performance, the

turbine mass flow and pressure ratio are ideally kept constant.

One way to achieve this is to choke the flow in the turbine. As follows from Equation 4.3, valid for ideal

gases, the mass flow through a choked nozzle is independent of the downstream pressure.

The minimum pressure ratio for which the flow is choked, also called the critical pressure ratio PR,

is given by Equation 4.4. For this turbine’s driving gas (see Subsection 4.2.4), PR.,;; = 1.809.

y+1
. 2\
1 = CdAJ Y popo (7/ " 1) (4.3)
2\
PRrit = (m) (4-4)

where Cy is the discharge coefficient of the nozzle, A is the throat area of the nozzle, and pg and p are

the gas density and total inlet pressure.

In vaned turbines, the stator row is often used as the choking point, particularly in rocket engine turbines.
This results in supersonic flow in the rotor and is therefore more applicable to impulse turbines. In
vaneless turbines, the flow can be choked in or before the volute, or a choked nozzle can be installed
downstream of the rotor. The latter is common in rocket engines, even in those that use choked stators.
Examples include SpaceX’s Merlin engine and Ariane 5’s Vulcain 2 engine, see Figure 4.4-4.5 [52]. These
have the added benefit of recovering some potential and kinetic energy in the form of additional thrust
[53].

In this thesis, both a vaned (supersonic) turbine and a vaneless turbine are designed. For the vaneless

turbine, a converging choked nozzle is used downstream of the rotor.

4.2.4. Turbine Driving Gas
The driving gas for the turbine is provided by the gas generator (see Section 2.5), which combusts
the same propellants as the engine, i.e. Liquid Oxygen (LOx) and 80% ethanol. To maximise power

density, the turbine inlet total temperature should be as high as the material allows. Following the
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Figure 4.4: SpaceX’s Merlin 1D engine with visible turbine outlet Figure 4.5: Ariane 5’s Vulcain 2 engine with visible
nozzle and sooty exhaust. Image courtesy of SpaceX [54]. oxidizer and fuel turbine outlet nozzles. Image courtesy
of ESA [55].

recommendation of Van Der Lee Turbo Systems [56], the selected turbine material is Inconel 713C, with a
maximum operating temperature of 980 °C (1253.15 K).

The required mass fraction between the oxidizer and fuel, also called the OF ratio, and the resulting
properties of the driving gas are determined using the RocketCEA Python library. This is a wrapper for
NASA's CEA software, which calculates chemical equilibrium and gas properties of chemical mixtures,
such as those found in rocket engine thrust chambers or gas generators [57], [58]. The frozen flow
assumption is used, where the reaction products are considered to remain chemically frozen as opposed
to continuously reacting. While the real flow behaviour lies somewhere between the frozen and
equilibrium conditions, the frozen flow assumption yields a significantly lower heat capacity compared
to the equilibrium flow assumption (2316.23 J/ (kg K) vs. 3684.76 J/(kg K)) and thus less available total
enthalpy at the inlet of the turbine. This results in a conservative lower bound on the estimated turbine

performance to avoid overpredicting its power density.

The relationship between OF ratio and adiabatic flame temperature in the gas generator for low OF
ratios is shown in Figure 4.6. The required ratio for the desired temperature is 0.57. The gas properties
calculated by RocketCEA are summarised in Table 4.3. The species of the turbine driving gas and their
respective mass fractions are given in Table 4.4.

4.2.5. Turbine Requirements

The final requirements for the RITs, which are used as inputs for the design explorations in AxStream,
are summarised in Table 4.5. The maximum turbine and volute diameter are chosen based on the
maximum available space in the rocket, see Subsection 4.3.2. The shaft speed of 70 krpm and shaft

power of 24.4 kW follow directly from the RPM selection process, see Section 4.4.
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Figure 4.6: Gas generator adiabetic flame temperature as a function of the oxidizer-fuel (OF) ratio.

Table 4.3: Thermophysical properties of the gas mixture

Property Symbol  Value
Ratio of specific heats [-] Y 1.227
Molar weight [g/mol] M 16.1839
Specific gas constant [J/(kg K)] R 513.748
Viscosity [cP] i 4.86e2
Thermal conductivity [W/(cm K)] k 0.00207
Specific heat at constant pressure [J/(kgK)] C, 2316.226

Table 4.4: Composition of the gas mixture

Species Mass Fraction [-] Molar Weight [g/mol]

CHy 0.0047 16.042
co 0.4596 28.010
COy 0.2386 44.010
q H> 0.0526 2.016
H>O 0.2446 18.015

For the vaneless turbine, a minimum outlet pressure of 2 bar was assumed to accommodate a choked
outlet nozzle. For the vaned turbine, a minimum outlet pressure of 1 bar is used instead, as the flow
is already choked by the stator nozzles. Several additional requirements are made, pertaining to the
manufacturability of the turbine, in accordance with Van Der Lee Turbo Systems” recommendations.
Particularly, the minimum stator throat size and stator leading edge radius are limited, since Inconel is a
notoriously difficult material to machine, and a 0.3 mm rotor tip clearance is assumed. Additionally, the
rotor blade inlet metal angle is constrained to 0°(defined wrt. the normal direction) to limit the bending
deformation caused by the centrifugal loads. The maximum turbine and volute diameter are chosen

based on the maximum available space in the rocket, see Subsection 4.3.2.

The preliminary turbine design explorations, used for the system-level trade study (Subsection 4.3.2),
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were performed using an initial rotational speed assumption of 40 krpm, based on DARE’s initial sizing
estimates of the next-generation propellant pumps. Similarly, a maximum inlet temperature of only 950

°C was used.

The requirements for the axial turbine are also listed in Table 4.5. The turbine turbine is chosen to be a
High Pressure (HP) stage, as it can efficiently extract energy from high pressure fluids using supersonic
stators, and is therefore well-suited for single-stage turbines with high pressure ratios. The stator
nozzles are of the Convergent-Divergent Vaned (CDV) type. While more difficult to manufacture than
drilled nozzles, they result in a more compact design, as the drilled nozzles protrude outside the rotor
tip diameter, requiring a larger volute. A partial admission turbine is chosen, for which the admission

ratio is determined by AxStream.

Due to the axial placement of the volute, a larger rotor diameter of 82 mm can be used. Similarly to the
vaned RIT, the minimum outlet static pressure is reduced to 1 bar. The leading and trailing edge radii

are fixed at 0.25 mm, slightly more lenient than the radial inflow turbinel.

Table 4.5: Turbine design requirements.

Property Vaned RIT Vaneless RIT  Axial
Material Inconel 713C  Inconel 713C  Inconel 713C
Turbine inlet total temperature [°C] 980 980 980
Rotational velocity [krpm] 70 70 70
Minimum shaft power [kW] 24.37 24.37 24.37
Minimum hub diameter [mm] 10 10 10
Maximum rotor diameter [mm] 50 68 82

Inlet total pressure range [bar] 8-25 8-25 8-25

Outlet static pressure range [bar] 1-12 2-12 1-12
Minimum throat width [mm] 0.75 (stator) None 0.75
Minimum edge radius [mm)] 0.3 (stator TE) None 0.25 (TE, LE)
Rotor tip clearance [mm] 0.3 0.3 0.3

Inlet metal angle [deg] 0 0 None

4.3. System-Level Trade Study

As explained in Subsection 4.2.2, a lower turbine mass flow maximises rocket engine efficiency in
open-cycle systems, improving overall rocket performance. Initial design explorations showed that the
optimal turbine designs (i.e., those requiring low mass flows) featured large rotor diameters, which were
incompatible with the current rocket design. Increasing the rocket diameter would allow for a larger,
more efficient turbine, but comes at the cost of increased drag, due to the larger frontal area. As such,

the turbine efficiency needs to be balanced against the aerodynamic performance of the rocket.

To address this trade-off and find the optimal design point of the rocket and, correspondingly, the
turbine, a system optimisation is performed. The process is as follows. First, simplified numerical fits

are established in Subsection 4.3.1, which yield preliminary estimates of the turbine envelope, mass and

IThis is because the axial turbine design was created at a later point in time, and this requirement was relaxed as per Van Der

Lee Turbo Systems’ recommendation.
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mass flow as a function of the rocket diameter. Then, a rocket model is developed in Subsection 4.3.2,
estimating the geometry (mass, length, center of gravity (CG), etc.) and performance (drag, mass flow,
etc.) for every specified design point, using the original Stratos V design as baseline. Different rocket
models are created for each engine cycle, i.e. pressure-fed, electric pump-fed and turbopump-fed.
Finally, a trajectory simulation tool is used in Subsection 4.3.3 to compare the rocket architectures and

trade off different design points, such as burntime and rocket diameter.

4.3.1. Turbine Diameter Correlation
Two methods are employed to obtain a simplified relationship, correlating the turbine diameter and the

required mass flow.

For the first method, a design exploration is performed in AxStream for a range of turbine diameters,
following the method explained in Subsection 4.5.1. This design exploration was performed for
supersonic vaned turbines only, with the requirements presented earlier in Subsection 4.2.5. The results,
shown in Figure 4.7, are filtered to include only designs that meet the minimum required power, with

an upper limit of 5% above that, to avoid oversized designs requiring excessive mass flow.

A general trend can be observed, where larger rotor diameters require lower mass flows to generate
the same power. A second-order polynomial is fitted to the datapoints, which is later used to size the

rockets in Subsection 4.3.2.

Following this polynomial, the highest efficiencies are achieved with larger diameters and higher mass

flows, until a minimum mass flow of 155 g/s is reached with a rotor diameter of 105 mm.

Several of the turbine designs generated in AxStream have been selected and transferred to CAD to
obtain an empirical relationship between their rotor diameter and mass. Once again, Inconel 713C
is assumed as the material, with a density of 7913 kg/m?®. As per Van Der Lee Turbo Systems’ [56]
recommendation, a wall thickness of 3 mm is assumed for the volute, hub and shroud.
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Figure 4.7: Preliminary design exploration of the vaned RIT in Figure 4.8: Estimated RIT masses as a function of rotor

AxStream, showing the turbine mass flow as a function of the diameter, based on generated turbine designs.

rotor diameter.

The second method is based on the work by Mounier et al. [59], which introduces an updated version of
the current non-dimensional Ns-Ds maps (such as Baljé’s chart in Figure 2.5) for small-scale (supersonic)

vaned RITs. This 0D map was generated using a 1D mean-line analysis model, validated against
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CFD simulations and experimental data. While specifically developed for ORC applications, this

non-dimensional map can still serve as a good initial estimate of turbine performance.

Equation 4.5-4.6 estimate the maximum attainable isentropic total-static efficiency 7;s and optimal

specific diameter Ds as a function of pressure ratio PR and specific speed Ng [59].

Nis = 0.45 + 1.64N'S — 0.05PR — 2N S? + 0.15NS PR + 0.63N S>

—0.07NS?PR - 0.003N S PR? (4.5)
DS =9.42 - 18.3NS — 0.16PR + 17.8NS? + 0.24N S PR
+0.001PR? — 6.37NS® — 0.13N'S?PR + 0.001N S PR? (4.6)

For a given pressure ratio and outlet pressure, the relevant properties of the turbine are calculated
as follows. The isentropic temperature at the outlet is calculated using Equation 4.1, resulting in the
isentropic enthalpy change across the turbine Ah;; using Equation 4.7. The isentropic mass flow i,
and resulting isentropic volumetric flow rate Q;s are then found using Equation 4.8 and Equation 4.9,
respectively, followed by the specific speed Ns using Equation 4.10, where w is the rotational speed in
rad/s. Consequently, the isentropic total-static efficiency ;s and specific diameter Dg are computed
using Equation 4.5 and Equation 4.6. The turbine diameter is then found using Equation 4.12. Lastly, the
actual outlet temperature T;,,;, enthalpy change Ah and mass flow 7 are calculated using Equation 4.2,

Equation 4.13 and Equation 4.14, respectively.

DI|Ah: 0.25
Ahis = Cy (T i — Tout ) 47) Ds = 'Q—OJ @)
. Pshaft z(s) 5
Mis = (4.8) DsQ;;
Ahis D=——8_ (4.12)
Q‘ _ Mg Tout,is R (4 9) |Ahis| ’
" Pout ' Ah = Cp (Tt in = Tout) (4.13)
w QOS Pspaft
Ne = is 4.10 = ——"— 4.14
S = AL |07 (4.10) A (4.14)

The results of this design exploration are shown in Figure 4.9, along with a minimum-mass flow
boundary. Iso-lines for constant outlet pressures and pressure ratios are shown in Figure 4.10. Once
again, a similar general trend can be observed, where lower mass flows are achieved with larger rotor
diameters. These results are more optimistic compared to those generated using AxStream, with the
lowest mass flows of around 100 g/s being achieved with rotor diameters of around 90 mm, compared
to 155 g/s and 105 mm. Additionally, the minimum mass flows occur at pressure ratios of around 4 and,
for a given pressure ratio, lower outlet pressures result in lower mass flows, albeit with a larger rotor

diameter.

The available size for the turbine is limited by the diameter of the rocket. As the turbopump needs to
fit inside the fincan, next to the engine’s throat, not much space is available. This is visualised using
simple mock-ups, shown in Figure 4.11. While the turbopump can be mounted above the engine, this
would extend the length of the engine bay, which can significantly affect the design of the rocket due to

an increased length-diameter ratio, as explained in Subsection 4.3.3.
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Figure 4.9: RIT design exploration based on Mounier etal.’s  Figure 4.10: Iso-lines for constant outlet pressures and constant
Ns-Ds map. pressure ratios based on Mounier et al.’s Ns-Ds map.

In line with Stratos V’s design, a 5 mm fincan thickness is assumed. The thickness of the volute casing is
assumed to be 3 mm and, based on the geometries generated during the initial design exploration in
AxStream, the radial span of the volute and stator are assumed to be 10 mm and 5 mm, respectively.
Additionally, a clearance of 3 mm is maintained around the turbopump, as the turbine volute reaches

high temperatures and should not make contact with the engine or fincan.

As the current fuel pump has a maximum span of around? 71 mm and the combustion chamber’s outer
diameter is 138 mm, a minimum outer diameter of 30 cm is required for pump-fed rockets (Figure 4.11a).
As the rocket diameter increases, the volute can expand outwards until it approaches the throat of
the engine, which happens at a rocket diameter of 35.5 cm (Figure 4.11b). After this, the turbopump
assembly needs to be shifted outwards in order to maintain clearance with respect to the engine. The
maximum allowable volute diameter and corresponding rotor diameter for every rocket diameter
considered, i.e. up to 40 cm (Figure 4.11c), are shown graphically in Figure 4.12. In the rocket sizing tool,

the largest possible turbine diameter is always selected, unless it results in a higher mass flow.

=

(a) 30 cm diameter. (b) 35.5 cm diameter. (c) 40 cm diameter.

Figure 4.11: Mock-ups of the engine bay’s lower section for varying rocket diameters, showing the maximum available space for
the turbine. Blue: fincan, grey: Firebolt engine, black: DTP-E74 fuel pump volute, purple: turbine volute.

An overview of the estimated turbine mass and mass flow as a function of the rocket diameter is shown

2As the volute channel has a spiral shape, the measured maximum width of the volute is dependent on the orientation of the
pump. In this case, the pump is oriented in such a way to provide ample space to connect an L-shaped pipe and valve to the

pump outlet.
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Figure 4.12: Maximum possible volute and rotor Figure 4.13: Estimated turbine mass, mass flow and total mass as
diameter as a function of the rocket’s outer diameter. a function of the rocket diameter, for a burntime of 30 s.

in Figure 4.13, for both the AxStream and Mounier et al. method. Additionally, the sum of the turbine

mass and the propellant mass consumed by the turbine is shown for an assumed burntime of 30 s.

4.3.2. Rocket Design Parameters

Three different rocket architectures are considered: pressure-fed (like the original design), electric
pump-fed and turbopump-fed. The former two are merely used as reference and do not influence the
design of the turbines. All rockets are based on the original design of the Stratos V rocket, designed
in 2022-2023, with the necessary adjustments specific to each architecture. The rocket is split up into
several sections, housing different parts of the rocket, such as the avionics, payload and propulsion. A

graphical overview of the rocket architecture is given in Figure 4.14.

Lower LOx . Upper
Intertank Tank | Intertank Helium
Stage Stage

Engine Ethanol

| Avionics | Recovery
Bay Tank A

Bay Bay Nosecone

Figure 4.14: Graphical overview of the rocket’s architecture.

Most internal masses, such as the feed system and avionics, are assumed to be constant, aside from
minor changes inherent to the rocket architecture. The mass of the aerostructure (e.g. the cylindrical
shells) is assumed to scale linearly with respect to the diameter and length of the section. In reality, the
required thickness depends on the overall rocket mass and geometry, but the high safety factors on the
rocket structure justify this assumption for this preliminary rocket sizing. The lengths of all sections are

kept constant, irrespective of the diameter, except for the propellant tanks and pressurant tank.

The nosecone and recovery bay, which house the parachutes and deployment mechanisms, are
considered to maintain a fixed length and internal mass. The mass of the aerostructure is scaled linearly

with the diameter.

The avionics bay, which contains the flight computer, batteries and other electronics, follows a similar
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logic. In the case of the electric pump-fed rocket, however, additional mass due to the batteries is
added. The process of calculating these masses follows the same approach as [5] and [35], which is as
follows.

Each pump is powered by a separate motor, due to the low availability of COTS high-power motors,
which are each configured with a motor velocity constant Ky of 809.2 rpm/V. Dividing the desired
rotational velocity by this value results in the required motor voltage Vi;ot0r. The operating current I is
found using Equation 4.15, where Psj,,; is the shaft power of the pump and 74,y is the drive efficiency,
here assumed to be 90%. The voltage sag due to resistance losses Vs, is calculated with Equation 4.16,
where Nyra11e1 s the number of parallel batteries (assumed 1), S is the number of cells in series per
battery (assumed value between 6 and 8), 15 is the phase current to battery current ratio (1.5) and R,
Ruires battery and Ruysires phase are the internal resistance in the cells (3 m(2) and the wires (10 m(}). Based
on the resulting total voltage requirement and the assumed amount of cells per battery, the amount of
batteries in series Ny.ies is found, assuming a voltage of 3.7 V per cell. The total battery power required
Pyattery, including the losses, is then found using Equation 4.17. The required total capacity Qjota1 (in
mAh) and C-rating of the battery pack are calculated using Equation 4.18 and Equation 4.19, where
tburn is the burntime of the rocket (when the motors are powered on), SF is a safety factor (1.2) and D is
the depth of discharge of the batteries (80%). The required capacity Qpastery for each battery is then
calculated by dividing Qtotar by the amount of parallel strings®. In case the required C-rating is higher
than 80, the capacity is increased such that the C-rating remains below the limit.

Pgp,
_ shaft (4.15)
Ndrive Vinotor
I
Vsag = N (S Reeti + Ruires hattery) + 12 I Ryires phase (4-16)
parallel
Pshagt
Pbattery == o +1? Reenn S + IZRwires battery T (le I)Z Ruwires phase (4.17)
Ndrive
1
=P t SF 4.18
Qtotul battery tburn 36D (Vmotor N ngg) ( )
I
C = 1000 (4.19)
total
(4.20)

The battery mass is estimated using an empirical relation based on a range of COTS batteries, as shown
in Figure 4.15. Commercial batteries from [36] are selected, as they are DARE’s preferred supplier for

the electric pumps.

The Upper Intertank Structure (U-ITS) and the Lower Intertank Structure (L-ITS) contain the
pressurisation system of the rocket and part of the feed system. Since the pressurisation system
hardware requirements are less stringent for the pump-fed rockets due to the lower tank pressures, this
system is also simplified*, resulting in a very conservative estimated U-ITS mass and length decrease of

2 kg and 10 cm, respectively.

3A string is several batteries connected in series.
4In particular, active control can be omitted and only one spring-loaded regulator is required, as opposed to two dome-loaded

regulators, one spring-loaded pilot regulator and two solenoid valves.
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Figure 4.15: Battery mass as a function of capacity, for different cell counts. All batteries considered are from [36].

The engine bay houses the engine and part of the feed system, as well as the fincan which stabilises
the rocket. The properties of the engine, excluding the turbine mass flow, are summarised in Table 4.6.
While the thrust increases with the altitude due to the lower ambient pressure, the simulations assume
a constant thrust level equal to 9888 N due to limitations of the trajectory simulator.

The mass of the cylindrical part of the fincan is scaled linearly with respect to the diameter, whereas the
fins are assumed to remain the same for all rockets. The internal masses are also kept constant, aside
from the addition of the pumps (1.35 kg each), as well as the motors and ESCs (1.77 kg per pump), or
the turbine. The turbine diameter and resulting mass and mass flow are estimated using the methods

presented in Subsection 4.3.1.

Table 4.6: Firebolt performance parameters at optimal thrust condition.

Property Symbol Value
Optimal Thrust [N] Fr opt 9888
Liquid Oxygen Mass Flow [kg/s]  rittox ~ 2.509
Ethanol Mass Flow [kg/s] TEh 1.696
Optimal Specific Impulse [s] Lspopt 2397

The propellant tanks are fully dependent on the burntime and total mass flow of the rocket. Ullage
volumes of 5% and 10% of the required propellant volume are added to the fuel tank and LOx
tank, respectively. The tanks are cylindrical with spherical domes, for which the thicknesses and
corresponding masses are calculated using a tool developed within DARE [2], which assumes a yield
design safety factor (FOSY) of 1.87 and an ultimate design safety factor (FOSU) of 2. The tanks are made
of Aluminium alloy EN AW-6082-T6 (AlSilMgMn) due to its combination of high strength and good
weldability. The maximum expected operating pressures (MEOP) for the pressure-fed and pump-fed
cycles are listed in Table 4.7, and are based on the original rocket design and the preliminary design
of the new pumps. An additional fixed mass of 2.046 kg and 2.570 kg is added to the fuel tank and
oxidizer tank, respectively, to account for internal feed lines, flanges and the capacitive LOx fill-level
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sensor, based on the original Stratos V design. If the required propellant volume is too low to fill at least
a spherical tank, resulting in either a negative cylinder length or a partially filled tank, the burntime is

constrained to ensure a feasible tank geometry.

Table 4.7: Propellant tank maximum expected operating pressures.

Tank Pressure [bar]
Pressure-fed LOx tank 45
Pressure-fed fuel tank 42
Pump-fed LOx tank 7.5
Pump-fed fuel tank 7.5

Similarly, the pressurant tank section is largely dependent on the total mass flows and tank pressures.
The composite overwrapped pressure vessel (COPV) is sized as follows. For the pressure-fed rocket,
the same Safer Cylinders COPV as Stratos V is assumed, which is the largest COTS COPV considered.
This COPV has a volume of 40 1, with a length of 1.4 m and a maximum (initial) pressure of 400 bar,

assuming a booster pump is used®. The maximum burntime is this limited by this volume.

The pump-fed rockets require a smaller COPV due to the lower propellant tank pressures. To avoid the
need for a booster pump, the initial pressure is limited to 250 bar. To size the COPV volume, the method
by Hermsen [60, p. 155] is used. The total required pressurant mass #1,ess, prop for each propellant
tank can be calculated using Equation 4.21, which assumes adiabatic heat transfer between the Helium
pressurant and the propellant and where p,,,, is the propellant tank pressure, V;,, is the volume of
the propellant tank, R and y are the specific gas constant and the ratio of specific heats of the pressurant
gas, and pcopv, finai and pcopv,init are the final and initial pressure of the COPV. T4, is the final
temperature of the pressurant/ullage gas in the propellant tank, and has a significant influence on the
required size of the COPV. If the pressurant mixes well with the cold ullage gas in the LOx tank, it results
in a lower pressurant temperature and higher density, therefore requiring more pressurant mass. The
heat transfer between these fluids is difficult to estimate and should ideally be tested. As a conservative
estimate, the pressurant is assumed to cool down to the same temperature as the propellant as soon as it
enters the tank. For the pressure-fed system, a higher, more realistic ullage temperature of 150 K is also
considered. The residual pressurant mass remaining in the COPV 11,,¢s5, copv, resid and propellants
tanks Mypyess, prop, resia after burn-out are found using Equation 4.22 and Equation 4.23. In the simulation,
a constant mass flow is assumed from the COPV to the propellant tanks. This has no influence on the
mass progression of the rocket, but only shifts the CG aftward.

5Booster pumps, or gas boosters, take a low pressure supply gas and compress it to obtain a high outlet pressure, allowing the
COPV to be filled to much higher pressures than what is normally achievable with Helium supply bottles, which are limited to
300 bar. Booster pumps are ideally avoided due to the high cost and long filling time.
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_ Pprop Vprop 1 (4.21)
Mpress,prop = RT,; 17y .
ullage 1 — (pcopv, final/ PCOPV, init)
. 1/y

pPcorv, final
Mpress,COPV, resid = (mpress,LOx + mpress,fuel) (}?CT (422)

,init

Pprop Vprop
Myress, prop,resid = 5 (4.23)
s prop RTulluge

The length and mass of the COPV are estimated empirically, based on a selection of 26 COTS COPVs.
The relationship of the mass and length as a function of the volume are shown in Figure 4.16a and
Figure 4.16b, respectively.
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Figure 4.16: Scatter plots of the length and dry mass as a function of the volume for the considered COPVs, with second order
polynomial fits [61], [62], [63], [3], [64], [65], [66], [67], [68].

Unlike the propellant tanks, which double as structural airframe components, the COPV is housed
within a composite cylinder similar to the ITSs, of which the mass is scaled linearly with respect to the

length and diameter.

4.3.3. Rocket Trajectory Simulations

For each rocket engine cycle, i.e. pressure-fed, electric pump-fed and turbopump-fed, rocket designs are
created for a range of burntimes and their trajectories are simulated. This is done using RocketPy, an
open-source, Python-based six-degree-of-freedom simulation tool, which allows for high customisability
and parametrisation and can be easily integrated with the rocket sizing tool [69]. The tool has been
validated with real flight data from various rockets [70]. The International Standard Atmosphere (ISA)
model with no wind is assumed and the drag coefficients of the rockets are computed for a range of
Mach numbers up to 25, using a simplified model in RASAero, a COTS aerodynamic and trajectory

simulation software for high power rockets [71].

An important consideration when assessing the performance of the rockets is the risk of inertial coupling.
In rockets, inertial coupling refers to the resonant interaction where motion in pitch or yaw induces roll
motion, and vice versa, caused by aerodynamic or inertial asymmetries and non-rigid body dynamics

[72]. This is particularly relevant for liquid-fuelled rockets, whose large tanks allow sloshing, which
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further contributes to these instabilities. An example of this is the Stratos III rocket, whose launch failure
is thought to have been caused by this phenomenon [73]. An important design parameter that indicates
susceptibility to these instabilities is the slenderness of the rocket, represented by the length-to-diameter
(LD) ratio. According to Eppenga [72, p. 67], non-rigid body models are not required when LD < 20.
This value was used as a requirement for the design of Stratos V [74], and is likewise applied in this

study.

Another important parameter is the tower exit velocity (TEV), which is the velocity of the rocket directly
after the lowest launch lug® leaves the launch rail. A minimum TEV of 30 m/s is required to ensure
sufficient dynamic pressure for aerodynamic stabilisation during take-off [74]. The length of the launch
rail can be extended to increase the TEV, but is limited to 16 m for practical considerations, such as
stiffness and ease of transport. This is in line with the design of DARE’s launch tower. Because the lower
launch lug is located at the top of the engine bay, for structural reasons, the effective launch rail length
is reduced to 15.09 m.

4.4. RPM Selection

After initial design explorations in AxStream, the generated turbine designs were found to be too
inefficient. A primary reason for this is the low rotor tip speeds, which are a result of the small diameter
and low shaft speed (rotational velocity). To combat this, the decision was made to increase the shaft

speed.

While this may result in a more efficient turbine, it is important to consider the effects this has on the
efficiency of the pumps, as explained in Section 2.4. For this reason, a design exploration is performed
for the pumps, leading to a relationship between the shaft speed and the required pump power. This
is discussed in Subsection 4.4.1. Next, a similar design exploration is performed for the turbines in
Subsection 4.4.2, where a relationship is made between the shaft speed and ass flow, ultimately leading

to a new design point.

4.4.1. Preliminary Pump Design Exploration
The design exploration is performed in AxStream, following a similar approach as for the turbine, which
is explained in Subsection 4.5.1. The fluid properties of the propellants and the pump requirements,

used as input for the design exploration, were established before in Subsection 4.2.1 and are listed in
Table 4.1 and Table 4.2.

To avoid cavitation, a net positive suction head” (NPSH) requirement is imposed. The available NPSH,
is found using Equation 4.24 and is dependent on the inlet pressure. A higher tank pressure reduces
the risk of cavitation, but increases the mass of the tanks and pressurisation system. A margin of 25% is
maintained with respect to the NPSH,, resulting in a required NPSH, = NPSH,/1.25, leading to 79.7
and 57.2 m for the fuel pump and oxidizer pump, respectively [15].

6A launch lug is a protrusion that guides the rocket along the launch rail, ensuring stable ascent.
7Net Positive Suction Head (NPSH) is a measure of the pressure margin at the pump inlet, often used to determine the

susceptibility to cavitation. The available NPSH (NPSH,) must be higher than the required NPSH (NPSH;). The margin between
the two depends on the acceptable level of cavitation. NPSHR is often specified as the inlet pressure at which a 3% head drop

occurs [15].
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NPSH, = Pt (4.24)
g0p

The outcome of this design exploration is shown in Figure 4.17. The minimum power required is

reached at 51.8 and 55.1 krpm for the fuel pump and oxidizer pump, respectively.
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Figure 4.17: Preliminary design exploration of the propellant pumps, showing the required power as a function of the rotational

velocity, with a second order polynomial fitted curve along the minimum power pareto front.

4.4.2. Turbine Design Exploration

A new design exploration is performed using the method in Subsection 4.5.1, for the same range of
shaft speeds as the pumps. As per Van Der Lee Turbo Systems’ [56] recommendation, the turbine inlet
temperature is increased from 950 ° C to 980 ° C, to increase the power density of the turbines. This
temperature and its resultant gas properties (see Subsection 4.2.4) are maintained for all subsequent
design explorations and designs. The results, shown in Figure 4.18, are filtered to only include those
delivering the required power at that shaft speed, based on the relations in Figure 4.17. While the lowest
power requirement occurs at a shaft speed of 53.6 krpm, the ideal shaft speed is shifted to around 70.3

krpm due to the increasing turbine efficiency with respect to shaft speed.

As such, a shaft speed of 70 krpm is used for all subsequent turbine designs, for which a turbine power
of 24.4 kW is required.

4.5. Turbine Design in AxStream

This section explains the turbine design methodology. In Subsection 4.5.1, the general methodology for
the pump and turbine design explorations is explained. These are used to obtain simplified relationships
between the pump or turbine properties, as well as to obtain the final turbine designs assessed in this
thesis. The design process of the radial and axial turbines is further detailed in Subsection 4.5.2 and

Subsection 4.5.3, respectively.

4.5.1. Design Exploration Methodology
In AxStream, the working fluid is first defined. For the turbines, an ideal gas is used, with the

properties as described in Table 4.3. For the pumps, the fluid is defined based on the properties listed in
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Figure 4.18: Second AxStream design exploration of the RIT. The required mass flow (left y-axis) is shown as a function of
rotational velocity, with a second-order polynomial fit to the minimum mass flow Pareto front. Results are filtered by the required

power at each velocity. The total required pump power (right y-axis) as a function of rotational velocity is also shown.

Table 4.1.

Then, a large set of pump or turbine geometries is generated in the Preliminary Design module using a
preliminary set of input parameters. AxStream then uses an inverse solver to calculate their performance,
based on empirical and mathematical models. The Design Space Explorer module is then used to filter
out the designs that do not meet the requirements (e.g. turbine power) and to plot various input and
output parameters. For the turbines in particular, the influence of the input parameters on the required
mass flow is evaluated, based on which the design space is further narrowed down to obtain a dense
design space centered around the minimum mass flow. Similarly for the pumps, the design space is

narrowed down to optimise for a minimum power requirement.

4.5.2. Radial Inflow Turbine Design
The refined inputs for the vaned and vaneless turbines are listed in Table 4.8-4.9 and are based on the
requirements established in Section 4.2.

The parameters for the RITs are largely similar and differ mostly in the pressures and diameters. The
outlet static pressure of the vaneless turbine is maintained at 2 bar, to accommodate a choked nozzle,
whereas the outlet pressure of the vaned turbine is decreased to 1 bar (absolute pressure), due to the
supersonic outlet flow. While higher outlet pressures are allowed, the lowest values resulted in the
more feasible results. Note that the inlet flow of the vaneless turbine’s rotor was later also found to be
supersonic as the flow is choked in the volute. The inlet pressure range was also adjusted accordingly, as
a PR of higher than 15 did not yield usable designs. The rotor diameters have been adjusted slightly with
respect to the initial estimates. Both turbines prefer a shallow volute exit angle of below 15 deg, i.e. with
a large tangential velocity component. The minimum rotor leading edge height has been constrained to
2 mm, to maintain a reasonable rotor clearance-to-blade height ratio of at least 6.7, limiting rotor blade

tip leakage.
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Table 4.8: Refined AxStream Preliminary Design module inputs for the vaned radial inflow turbine.

Parameter Min Max

Boundary conditions

Inlet total pressure [bar] 5.0 15.0
Inlet total temperature [K] 980.0 980.0
Outlet static pressure [bar] 1.0 1.0
Mass flow rate [kg/s] 0.060 0.075
Metal angle [deg] 0.0 0.0
Shaft rotational speed [rkpm] 70.0  70.0
Parameters

Stator outlet mean diameter [mm)] 50.0 50.0
Rotor blade height ratio (LTE/LLE) [[] 1.0  200.0
Rotor diameter ratio (D1/D5) [-] 1.01  3.00
Rotor LE height [mm)] 2.0 9.0
Hub reaction [-] 0.01 0.70
Constraints

Number of stages [-] 1 1
Exit angle of inlet volute [deg] 0.0 15.0
Rotor outlet hub diameter [mm] 10.0 45.0
Stator inlet diameter [mm] 450 75.0

After the design exploration, a suitable design is selected which meets the requirements and requires
the lowest possible mass flow. Not all generated designs are suitable as-is, as some are generated
without volute or feature undesirable geometries, such as a very large volute or unmanufacturable stator

throats.

Once a suitable design has been selected, it can be modified and optimised. While most geometrical
parameters are left as-is, some are adjusted to improve manufacturability or efficiency, particularly in
the stator. After initial CFD simulations, the stator design was adjusted to better match the stator inlet
metal angle to the volute exit flow angle, and the stator outlet flow angle to the rotor inlet metal angle,
to reduce flow separation along the blade. The stator trailing edge radius is also restricted to 0.3 mm, to

make the design more manufacturable.

4.5.3. Axial Turbine Design

The refined inputs for the axial turbine, based on the requirements in Table 4.5, are listed in Table 4.10.
The axial turbine design follows a similar process to the RITs, but requires more manual adjustment,
as all designs were generated with small rotor blade heights and rotor throat sizes, making them
challenging to manufacture. The design space is filtered to remove designs with a blade height of less
than 3 mm. Due to the larger rotor tip diameter of around 81-82 mm and low mass flow rate, a balance
must be struck between sufficient blade height and throat width, both of which influence the total throat
area. The chosen design is adjusted to reduce the blade count by roughly 2/3 to achieve a reasonable

throat width. The rotor blade chord length is then also adjusted accordingly, to maintain the same blade
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Table 4.9: Refined AxStream Preliminary Design module inputs for the vaneless radial inflow turbine.

Parameter Min Max

Boundary conditions

Inlet total pressure [bar] 8.0 25.0
Inlet total temperature [K] 980.0 980.0
Outlet static pressure [bar] 2.0 2.0
Mass flow rate [kg/s] 0.040 0.055
Metal angle [deg] 0.0 0.0
Shaft rotational speed [krpm] 70.0  70.0
Parameters

Stator outlet mean diameter [mm)] 68.0 68.0
Rotor blade height ratio (LTE/LLE) [[] 1.0  200.0
Rotor diameter ratio (D1/D5) [-] 1.01  3.00
Rotor LE height [mm)] 2.0 9.0
Hub reaction [-] 0.01 0.70
Constraints

Number of stages [-] 1 1
Exit angle of inlet volute [deg] 0.0 15.0
Rotor outlet hub diameter [mm] 10.0 45.0
Stator inlet diameter [mm] 450 75.0

profile shape (particularly, the same chord to blade pitch ratio).

4.6. CFD Performance Assessment in Ansys CFX

Since the Preliminary Design module in AxStream is based on 1D meanline models, it is not well
suited for turbine stages with very high work coefficients such as the ones considered here. As a result,
AxStream’s performance predictions may deviate substantially from the actual behaviour when applied
beyond the typical operating range. Therefore, the performance is to be verified using computational
fluid dynamics (CFD) simulations. Additionally, the CFD simulations give a better understanding of the
flow behaviour inside the turbines, allowing for further optimisation of the geometry and operational

conditions.

Both the vaneless and vaned RIT are simulated. Due to time constraints, the performance of the axial

turbine is not verified and is therefore merely used as a preliminary comparison.

4.6.1. Simulation Setup
While AxStream provides its own CFD solver, the Ansys CFX [75] flow solver is used instead, as it is
widely regarded as the industry standard for turbomachinery simulations and offers greater flexibility

in terms of meshing, solver setup and analysis.

Steady-state Reynolds-averaged Navier-Stokes (RANS) simulations are performed using the Shear Stress
Transport (SST) k — @ model as turbulence closure. During the simulations, the residuals and the mass
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Table 4.10: Refined AxStream Preliminary Design module inputs for the axial turbine.

Parameter Min Max

Boundary conditions

Inlet total pressure [bar] 10.0 25.0
Inlet total temperature [K] 980.0 980.0
Outlet static pressure [bar] 1.0 4.0
Mass flow rate [kg/s] 0.04 0.07
Inlet flow angle [deg] 20.0 40.0
Shaft rotational speed [rpm] 70000.0  70000.0
Parameters

Mean diameter [mm] 65.0 80.0
Nozzle outlet flow angle near hub A; [deg] 14.0 24.0
Hub reaction [-] 0.0 0.2
Module admission ratio [-] 0.1 0.6
Constraints

Number of stages [-] 1 1
Hub diameter limit [mm] 60.0 80.0
Tip diameter limit [mm] 70.0 83.0
Module axial length limit [mm] 10.0 100.0
Total blades mass [kg] 0.0 1.0

flow error (Equation 4.25) are monitored to evaluate convergence. The simulations are run until the
root-mean-square (rms) residuals are reduced by at least 4 orders of magnitude and the absolute mass
flow error is below 0.1%. While a higher order residual reduction is desirable, this could not always be

achieved, likely due to the high Mach numbers and flow instabilities inside the rotor.

_ oyt — Mlin
Min

€ (4.25)
Ideally, real gas models would be employed to better represent the thermodynamic properties of the
working fluid at high pressures and temperatures. However, the available real gas models for CO and
H, are not valid at the turbine inlet temperature. Instead, gas-phase combustion models from the Ansys
CFX material library are used, which approximate the real gas heat capacities using NASA SP-273
polynomial fits [76]. A fixed composition gas mixture is then defined, based on the mass fractions listed
in Table 4.4.

Both RITs are modelled with the volute present, with a total pressure boundary condition (BC) applied
at the inlet. The vaned turbine has an exhaust duct placed at the turbine exit. For the vaneless turbine,
two separate cases are considered: one with a straight outlet duct, similar to the vaned turbine, and one
with a choked nozzle. In the former case, a static outlet pressure BC of 2 bar is applied, whereas in the
latter case, a static outlet pressure BC of 1 bar is applied. Due to time constraints, the configuration
with the outlet nozzle has not been simulated and is therefore left for future work. To mitigate flow

separation, shocks or unsteady phenomena at the rotor exit, a hemispherical hub cap is modelled in the
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duct and nozzle domains, rotating with the rotor. An example of the setup for the vaned turbine is

shown in Figure 4.19.

0.060 (m)
]

0015 0045

Figure 4.19: Computational domains of the vaned turbine in Ansys CFX, showing the volute, stator sector, rotor sector and outlet

duct sector domains.

A frozen rotor interface is used between non-rotating domains, i.e. between the volute and stator.
Between domains with relative motion, a mixing plane interface is used, with a pressure profile decay

of 0.05 and implicit stage averaging.

Finally, to assess turbine performance under flight conditions, the turbines are evaluated at both sea-level
conditions and near-vacuum conditions: po,¢ = 0.11609 bar, corresponding to the engine burn-out
altitude, according to the trajectory simulations (see Section 5.1). The turbines are also evaluated at
double the nominal shaft speed (140 krpm), to assess the influence of rotational velocity, and to assess
the hypothesis that a higher shaft speed should result in a higher efficiency for this turbine.

4.6.2. Meshing

The stator and rotors are exported as single blade sectors and meshed in Ansys Turbogrid [77]. The
meshes use proportional control, allowing the element count to be easily adjusted. Within the passage,
a proportional spanwise blade distribution method is used, with proportionality factors of 1.1 and
1.5 for the rotors and stator, respectively. The inlets and outlets are defined using an H-grid with an
expansion rate of 1.2 and a targeted maximum aspect ratio of 600. At the rotor blade tip near the shroud,
matched expansion is applied. For boundary layer refinement, a first element offset of y* = 1 is imposed.
Based on the mesh refinement study in Subsection 4.6.3, 1.6 X 10° elements are used for both rotors, and

0.6 x 10° elements for the stator.

The volutes are meshed in Ansys Meshing [78] with lower fidelity, as they are not the primary region of
interest and are not expected to feature high turbulence or flow separation. To reduce element count
and computational cost, the volutes are sliced in half and later mirrored. They are meshed with a 1 mm
default element size and a growth rate of 1.15. An inflation of 12 layers with a first layer height of 0.01
mm is applied to the wall of the volute and the volute outlet, to better resolve the boundary layer and
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volute-stator or volute-rotor interface. The volute cutwater is further refined using face sizing with an

element size of 0.1-0.5 mm.

Similarly, the ducts and nozzle are divided into 10 axisymmetric sectors to reduce computational cost.

They are meshed with a 1 mm default element size and inflation around the walls.

4.6.3. Mesh Refinement Study

A mesh refinement study is performed to assess the results’ sensitivity to mesh density. The volute inlet
mass flow, total-static efficiency 7;s (Equation 4.26), thermodynamic power Py, (Equation 4.27) and
mechanical power Py,..;, (Equation 4.28) are used as comparison metrics. The results of all simulations

in this study are normalised with respect to the results of the finest mesh.

hi,in = ht out
= 4.26
Tts ht,in - hout,is ( )
Piherm = 1 (ht,in - ht,out) (4.27)
Prech = Thiade Nplades (4.28)

where 71,4, is the torque subjected to a single blade and Npj,4¢ is the total number of rotor blades.

For the vaneless rotor, element counts between 0.8 x 10° and 4 x 10° are considered, for which the results
are shown in Figure 4.20a. Simulations are performed at the nominal operating point, with a straight

duct and outlet static pressure of 2 bar.

The 1.6 X 10° element rotor is considered to provide a good balance between accuracy and low
computational cost, with an error of less than 1%. For the vaned rotor, the same element count is used
to save time. This is considered acceptable, as the average element height hejement, av ¢, computed using

Equation 4.29, deviates only 1.46% from the vaneless rotor [20].

| Viomai

3 omain

helement,avg = - (4.29)
Nelements

where Vj,main is the volume of the considered rotor sector domain and #.jements 1S the number of

elements in said domain.

The same analysis is carried out for the stators, with element counts ranging from 0.3 x 10°to 2 x 106,
for which the results are shown in Figure 4.20b. The 0.6 x 10° element stator is considered optimal, with

an error of less than 0.75%.



4.6. CFD Performance Assessment in Ansys CFX 51

Mass Flow Mass Flow
o Mechanical Power s 1.00F Mechanical Power ]
éo 15 Thermodynamic Power § —@®—\ Thermodynamic Power
) t-s Efficiency © 0.751 s Efficiency
£ =
S o 0.50F 1
n n
_‘S 10 ¢ A g 0251 ]
g g
& S 000 ®
£ 05 g \ Te—
5 5 020 %
& 3
A 00rg— A —0.50F ]
I I I I I I 7075 I 1 1 1 I
1.0 1.5 2.0 2.5 3.0 3.5 4.0 025 050 075 1.00 125 1.50 1.75  2.00
Element Count x10° Element Count %109
(a) Vaneless turbine rotor. (b) Vaned turbine stator.

Figure 4.20: Convergence plots for the vaneless turbine rotor and the vaned turbine stator, showing the performance metrics

normalised with respect to the results of the finest mesh.



Results and Discussion

This chapter presents the results of the work described in Chapter 4. In Section 5.1, the results of the
system-level trade study are presented, which lead to the chosen turbine design point. Section 5.2
presents the selected turbine designs, generated by AxStream. As explained in Section 4.6, only the
RITs have been evaluated in Ansys CFX due to time constraints. Section 5.3 presents the CFD results at
the nominal operating point, i.e. at sea-level outlet conditions and with a shaft speed of 70 krpm, as
decided on in the shaft speed trade-off. The CFD results for near-vacuum outlet pressure, corresponding
to the atmospheric conditions of the rocket at engine burn-out, are presented in Section 5.4. Since
the generated turbine designs feature higher-than-recommended duty coefficients, CFD simulations
are also performed at double the shaft speed of 140 krpm, for which the results are also shown in
Section 5.4.

5.1. System-Level Trade Study Results
This section presents the results of the system-level trade study. For brevity, only the full results of the
turbopump-fed rockets are shown, as well as a comparison with the other rocket cycles. A full overview

of the results for all rocket cycles can be found in Appendix A.

The results for the turbopump-fed rockets using the turbine relations obtained through AxStream and
Mounier et al.’s work are shown in Figure 5.1 and Figure 5.2, respectively. Due to the large similarities,

only the relevant results are shown for the latter.

Figure 5.1a shows the simulated apogee (i.e., the maximum altitude reached by the rocket) as a function
of the burntime for varying rocket diameters. As expected, rockets with smaller diameters benefit
from lower aerodynamic drag due to their decreased frontal area, leading to higher apogees. However,
this advantage becomes less significant due to the imposed length-diameter (LD) ratio limit of 20. As
this constraint limits the total rocket length for a given rocket diameter, and thus the volume of the
propellant tanks, the burntime is limited as well. As a result, slender rockets may not fully benefit from

their aerodynamic advantage.

Similarly, rockets with larger diameters can feature much larger tanks before reaching the LD ratio limit,
therefore carrying more propellant to increase the burntime and altitude. At those longer burntimes,

however, they eventually become limited by the minimum tower exit velocity (TEV) requirement due

52
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Figure 5.1: System-level trade study results for the turbopump-fed rockets, using the relations obtained through AxStream.

to their higher mass at lift-off'. These limitations are illustrated in Figure 5.1c and Figure 5.1d, which

show the LD and TEV as a function of burntime, for varying rocket diameters.

IThis is because the TEV is primarily dependent on the thrust-weight ratio of the rocket, assuming a fixed rail length.
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Figure 5.2: System-level trade study results for the turbopump-fed rockets, using the relations obtained through Mounier et al.’s

methods.

The tank dry masses are shown in Figure 5.1e. As seen in Figure 5.1f and Figure 5.2b, the required
turbine mass flows converge to a minimum value of 155 g/s and 100 g/s for a rocket diameter of 37 cm

and 35 cm for the rockets using the AxStream relations and Mounier et al.’s relations, respectively.

Nonetheless, as seen in Figure 5.1b and Figure 5.1b, the maximum apogee is in both cases still reached
with a small rocket diameter of 31 cm, due to the significant influence of the rocket diameter on the drag
experienced throughout the flight. At this diameter, the estimated turbine mass flows are 243 g/s and
115 g/s for the rockets, resulting in an engine I5, of 226.6 s and 233.3 s (baseline: 239.7 s) and an apogee

of 47.3 km and 52.3 km, using the AxStream relations and Mounier et al.’s relations, respectively.

For the former case, the same simulations have been performed in OpenRocket with the same geometrical
parameters as the winning configuration for several rocket diameters, to verify RocketPy’s simulation
results. These are also shown in Figure 5.1b. As seen there, the verification data is slightly more
optimistic, with a maximum deviation of 4.06%, but closely resembles RocketPy’s results. Importantly,
the same general trend is observed, with the 31 cm rocket reaching the highest apogee, despite the

higher turbine mass flow.

A comparison of the different rocket cycles is shown in Figure 5.3. The pressure-fed rocket is simulated
with both a conservative LOx tank ullage temperature of 90 K and a more realistic temperature of 150
K2. The pressure-fed rockets achieve a much lower apogee of at most 14.3 and 18.3 km, respectively.
The former case is limited by the maximum burntime of 21 s, due to the size of the COPV. The latter,
with a more forgiving assumption, can reach higher burntimes, but is instead mainly limited by the
combination of high LD ratios (due to the large COPV) and low TEVs (due to the high tank and

pressurisation system masses).

The electric pump-fed rockets, on the other hand, fare very well against the turbopump-fed rockets, with
a maximum apogee of 48.7 km, in-between the two predicted maximum apogees of the turbopump-fed

rockets. This means that, in order for the turbopump-fed rocket to attain superior performance to

2As explained in Subsection 4.3.2, if the pressurant mixes well with the cold ullage, its density increases, requiring more
pressurant to account for the pressure loss. This limits the burntime that is attainable with the given COPV. Two ullage

temperatures are considered, to represent both the worst-case scenario and a more reasonable case.
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the electric pump-fed rocket, a much lower turbine mass flow is required. Specifically, with a rocket
diameter of 31 cm, a mass flow of at most 222 g/s is required to attain the same apogee as the electric
pump-fed rocket, with a 35.5 s burntime.
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Figure 5.3: Comparison of the maximum predicted apogee as a function of burntime, for different rocket cycles. The pressure-fed

cycle is simulated assumed LOx tank ullage temperatures of 90 K and 150 K.

5.2. Turbine Designs in AxStream

As a result of the system-level trade study in Section 5.1, a rocket diameter of 31 cm is chosen. Based on
this, the turbines can be designed in AxStream. The design of the vaned RIT, vaneless RIT and axial
turbine are presented in Figures 5.2.1-5.2.3.

5.2.1. Vaned Radial Inflow Turbine

Figure 5.4 shows the final design space for the vaned radial inflow turbine (RIT), generated using
AxStream. The design space has been filtered to include only designs with a minimum power output of
24.4 kW and a total-to-static efficiency of at least 30%. Designs that do not meet these requirements are

plotted with reduced opacity for context. The selected design is indicated in red.

A 3D view and meridional view of the selected vaned RIT design are shown in Figure 5.5 and Figure 5.6.
A comparison between the original stator and new stator is shown in Figure 5.7. The relevant geometrical
properties are summarised in Table 5.1, followed by the performance parameters estimated by AxStream
in Table 5.2. As the size of the volute and stator are larger than initially estimated, the rotor diameter is
made smaller than the value that followed from Subsection 4.3.1, at roughly 48 mm compared to 55 mm,

to ensure that the turbine can still fit within the rocket.

The turbine features a low total inlet pressure of only 8.15 bar, which results in an equal total-to-static
pressure ratio of 8.15 due to the 1 bar outlet static pressure. A relatively low mass flow of 73.0 g/s is
required, below the initial estimates that resulted from the system-level trade study, despite the low
total-to-static efficiency of 31.2%. The duty coefficients of ({2, ¢2) = (20.1, 2.1) at the rotor inlet are
significantly higher than the maximum duty coefficients of ({2, opt, ¢2,0pt) = (1.3, 0.43) for supersonic
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Figure 5.4: Filtered design space for the vaned radial inflow turbine, generated using AxStream. Designs meeting the minimum
requirements (24.4 kW power and 30% total-to-static efficiency) are shown with full opacity. The selected design point is

indicated in red.

ORC RITs® recommended by Majer et al. [79, p. 55]. This is largely caused by the low rotor tip speed U
of 175 m/s. Combined with the high isentropic spouting velocity due to the high pressure ratio and
high T, (as per Equation 5.1 [21]), the low tip speed leads to an isentropic velocity ratio of 0.088 that is
noticeably lower than the ideal value of U /Cy = 1/¥2 % 0.707 recommended by Dixon and Hall [21, p.
326].

Pt,in

Pout =17y
Co = V2Ah;s = ZCPT,},M 1- ( ) (5.1)

As some turbines are predicted to generate a higher power output than others, a specific fuel consumption

metric SFC is used, as defined in Equation 5.2, equal to 2.856 g/ (kW s) for this turbine.

SEC = Mturbine (5.2)
Ptherm

5.2.2. Vaneless Radial Inflow Turbine

Figure 5.11 shows the final design space for the vaned RIT. Once again, the design space has been
filtered to include only designs with a minimum power output of 24.4 kW and a total-to-static efficiency
of at least 30%. Designs that do not meet these requirements are plotted with reduced opacity for
context. While turbine designs with lower mass flows were generated, not all designs resulted in feasible
geometries and some were generated without volute, requiring some manual filtering. Like before, the
rotor diameter was maximised, while ensuring the turbine can still fit within the rocket, leading to a 68

mm diameter. The final selected design is indicated in red.

3While the exact values recommended by Majer et al. [79, p. 55] are dependent on several design parameters and specifically
tailored towards ORC applications, the values presented here are valid for low molecularly complex fluids (in this case with y =

1.15) and high volume ratios.
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(a) Original stator. (b) New stator.

Figure 5.7: Comparison of the original stator design generated by AxStream and the adjusted stator.
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Figure 5.8: Filtered design space for the vaneless radial inflow turbine, generated using AxStream. Designs meeting the
minimum requirements (24.4 kW power and 30% total-to-static efficiency) are shown with full opacity. The selected design point
is indicated in red.
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Table 5.1: Geometrical properties of the selected vaned
radial inflow turbine design. Angles are defined wrt. the
normal. Table 5.2: Performance properties of the vaned radial inflow

turbine, predicted by AxStream’s preliminary design module.

Property Value
Property Value
Number of rotor blades [-] 14
Rotor inlet diameter D, [mm] 47.76 Rotational velocity @ [krpm] 70
Rotor outlet tip diameter D3, [mm] 47.07 Rotor tip speed U [m/s] 175.05
Rotor outlet hub diameter D3, [mm]  24.94 Inlet total pressure py, iy [bar] 8.15
Rotor blade height at inlet b, [mm] 7.48 Outlet static pressure pou; [bar] 1.00
Rotor blade height at outlet b3 [mm] 11.07 Total-static pressure ratio PR [-] 8.15
Rotor axial length L,y [mm] 16.90 Inlet total temperature T ;, [K] 1253.15
Rotor tip-shroud clearance [mm] 0.3 Outlet total temperature T;, o, [K] 1117.45
Rotor inlet metal angle B,[deg] 0.00 Mass flow rate #itturpinelg/s] 73.00
Rotor outlet metal angle B3 [axial deg] 78.42 Power output Pturbine [kW] 25.556
Rotor throat width at midspan [mm] ~ 1.622 Specific speed N [-] 0.183
Specific fuel consumption SFC [g/(kW s)] 2.856
Number of stator vanes [-] 11 . -
Stator inlet di tor D 7044 Total-static efficiency 15 [%] 31.20
ator inlet diameter Do [mm] ' Work coefficient ¢, [-] 20.090
Stator outlet diameter D1 [mm] 50.00 .
S - | | 4 55.00 Flow coefficient ¢ [-] 2.144
fator inlet metal angle fo [deg] ’ Isentropic velocity ratio U/Cy [-] 0.088
Stator outlet metal angle 1 [deg] 70.00
Stator throat width [mm)] 2.31

A 3D view and meridional view of the selected vaneless radial inflow turbine design are shown in
Figure 5.9 and Figure 5.10. The relevant geometrical properties are summarised in Table 5.3, followed

by the performance parameters estimated by AxStream in Table 5.4.

While the vaneless turbines in this design space generally feature higher efficiencies at lower inlet
pressures and higher mass flows, similarly to the vaned ones, the lowest mass flow is still achieved
at a higher inlet pressure. Additionally, the vaneless turbines allow for much higher inlet pressures
(with the given requirements), resulting in even lower mass flows. With an inlet pressure of 18 bar and
an outlet pressure of 2 bar, a total-to-static pressure ratio of 9 is reached, only slightly higher than the
vaned turbine (PR = 8). As seen in Figure 5.9, the turbine has a rather unconventional design, which can
be attributed to the low mass flow, high inlet pressure and large diameter, which lead to a considerably

lower rotor inlet blade height and smaller volute.

The vaneless turbine requires a mass flow of only 52.2 g/s, around 21 g/s lower than the vaned turbine,
resulting in a 28% lower specific fuel consumption of 2.071 g/ (kW s). This can be largely attributed to
the larger rotor diameter, which results in a higher tip speed of 249 m/s and a higher isentropic velocity
ratio. The flow coefficient of 0.75 is much closer to the recommended range, while the work coefficient
of 18 is only slightly lower than the vaneless turbine. As a result, the total-to-static efficiency, while still

low, is around 10 percentage points higher than the vaned RIT, at 41.5%.
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Figure 5.9: 3D view of the selected vaneless radial inflow turbine in AxStream.

Table 5.3: Geometrical properties of the selected vaneless
radial inflow turbine design. Angles are defined wrt. the

normal.
Property Value
Number of rotor blades [-] 12
Rotor inlet diameter D, [mm] 68.00
Rotor outlet tip diameter D3s [mm] 51.89

Rotor outlet hub diameter D3j, [mm] 37.43
Rotor blade height at inlet b, [mm] 442
Rotor blade height at outlet b3 [mm] 7.23

Rotor axial length L,, [mm] 10.85
Rotor tip-shroud clearance [mm] 0.3
Rotor inlet metal angle >[deg] 0.00

Rotor outlet metal angle 83 [axial deg] 84.68
Rotor throat width at midspan [mm]  1.085

5.2.3. Axial Turbine

Figure 5.10: Meridional view

of the selected vaneless radial

inflow turbine in AxStream.

Table 5.4: Performance properties of the vaneless radial inflow

turbine, predicted by AxStream’s preliminary design module.

Property Value
Rotational velocity @ [krpm] 70
Rotor tip speed U [m/s] 249.23
Inlet total pressure py, i, [bar] 18.00
Outlet static pressure po,; [bar] 2.00
Total-static pressure ratio PR [-] 9.00
Inlet total temperature T;, i, [K] 1253.15
Outlet total temperature T; 5yt [K] 1066.02
Mass flow rate tity;pine[g/s] 52.19
Power output Py rpine [KW] 25.193
Specific speed N [-] 0.091
Specific fuel consumption SFC [g/ (kW s)] 2.071
Total-static efficiency ;s [%] 41.46
Work coefficient ¢ [-] 18.017
Flow coefficient ¢ [-] 0.745
Isentropic velocity ratio U /Co [-] 0.107

Figure 5.11 shows the final design space for the axial turbine. The design space has been filtered to

include only designs with a minimum power output of 24.4 kW and a total-to-static efficiency of at least

30%. Designs that do not meet these requirements are plotted with reduced opacity for context. The

selected design is indicated in red.

A 3D view and meridional view of the selected axial turbine design are shown in Figure 5.12 and

Figure 5.13. The relevant geometrical properties are summarised in Table 5.5, followed by the

performance parameters estimated by AxStream in Table 5.6.
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Figure 5.11: Filtered design space for the axial turbine, generated using AxStream. Designs meeting the minimum requirements
(24.4 kW power and 30% total-to-static efficiency) are shown with full opacity. The selected design point is indicated in red.

Due to the axial placement of the volute (for which AxStream did not generate any geometry), the axial
turbine tip diameter has been increased to 82.7 mm, resulting in a tip speed of 302 m/s. While a similar
or slightly lower mass flow could be achieved at different inlet pressures, a design with a lower inlet
total pressure of 11.85 bar was selected, as it resulted in stator and rotor blades that are more favourable
for manufacturing and feature lower clearance-to-blade-height ratios, compared to the other generated
designs with similar performance. This design also features a higher outlet static pressure of 3.43 bar,

resulting in a relatively low pressure ratio of 3.45.

As explained in Subsection 4.5.3, the geometry of the selected design was further adjusted in AxStream
to ensure that it meets the manufacturing requirements. Specifically, the rotor blade count is reduced
and the chord length is adjusted accordingly. This is because the combination of larger diameter and
low mass flow rate results in either low blade heights, small throats, or both. The stator has not been
adjusted, as the partial admission ratio of 0.23 allows for a larger stator throat width of 2.98 mm at the

midspan.

The axial turbine features similar performance to the vaneless turbine, with a mass flow of 50.5 g/s,
total-to-static efficiency of 51.8% and specific fuel consumption of 2.0 g/(kW s). Due to the higher blade
tip speed of U =302 m/s and the lower pressure ratio (leading to a lower Ah;), the duty coefficients are
more reasonable at ({2, ¢2) = (6.42, 1.21), while Dixon and Hall [21, p. 150] recommend ¢, = 2 and
¢2 < 0.2 for axial impulse turbines. Naturally, the isentropic velocity ratio has also increased to 0.2,

roughly twice that of the vaneless turbine.

5.3. CFD Results at Nominal Operating Point
This section presents the CFD results of the RITs at nominal design conditions, i.e. at 70 krpm and
with an outlet static pressure of 1 bar?. The results for the vaned and vaneless RIT are presented and

discussed in Subsection 5.3.1 and Subsection 5.3.2, respectively.

“While an outlet static pressure of 1 atm = 1.01325 bar would be more representative of sea-level conditions, this difference is

considered negligible for this analysis and 1 bar has been used for simplicity.



5.3. CFD Results at Nominal Operating Point

61

Figure 5.12: 3D view of the selected axial turbine in Figure 5.13:

AxStream.

Table 5.5: Geometrical properties of the selected axial

turbine design. Angles are defined wrt. the rotation axis.

Property Value
Number of rotor blades [-] 48
Rotor inlet tip diameter Dy [mm] 81.90
Rotor outlet tip diameter D3 [mm] 82.70
Rotor inlet hub diameter Dy, [mm)] 70.65

Rotor outlet hub diameter D3j, [mm] 69.86
Rotor blade height at inlet b, [mm] 5.625
Rotor blade height at outlet b3 [mm] 6.42

Rotor chord ¢ [mm] 7.47
Rotor tip-shroud clearance [mm] 0.3
Rotor inlet metal angle >[deg] 68.51

Rotor outlet metal angle 3 [axial deg] -72.36
Rotor throat width at midspan [mm] 1.51

Meridional view of the selected axial turbine in AxStream.

Table 5.6: Performance properties of the axial turbine,

predicted by AxStream’s preliminary design module.

Admission ratio [-] 0.23
Number of stator vanes [-] 6
Stator tip diameter Dys [mm] 81.65
Stator hub diameter Dy;, [mm] 70.91
Stator blade height by [mm] 5.37
Stator inlet metal angle B¢ [deg] 0.00
Stator outlet metal angle 1 [deg] 73.30

Stator throat width at midspan [mm]  2.98

Property Value
Rotational velocity w [krpm] 70
Rotor tip speed (at mid-chord) U [m/s] 301.65
Inlet total pressure p;,, [bar] 11.85
Outlet static pressure p,,: [bar] 3.43
Total-static pressure ratio PR [-] 3.45
Inlet total temperature T;, i, [K] 1253.15
Outlet total temperature T;, 54+ [K] 785.45
Mass flow rate #ity;pine[g/s] 50.48
Power output Py rpine [KW] 25.284
Specific speed Ns [-] 0.097
Specific fuel consumption SFC [g/(kW s)]  2.000
Total-static efficiency 1;s [%] 51.80
Work coefficient ¢ [-] 6.42
Flow coefficient ¢ [-] 1.208
Isentropic velocity ratio U/C> [-] 0.200

5.3.1. Vaned Radial Inflow Turbine Results

The results of the CFD simulations of the vaned RIT are summarised and compared to AxStream’s

results in Table 5.7. Like in Subsection 4.6.3, both the thermodynamic power Py, (Equation 4.27) and



5.3. CFD Results at Nominal Operating Point 62

mechanical power Py,.c;, (Equation 4.28) are evaluated. Parameters that are evaluated at specific stations
are mass flow averaged. The total-to-static efficiency (Equation 4.26) and thermodynamic power are
evaluated with the volute inlet and duct outlet as reference inlet and outlet stations. The produced
thermodynamic and mechanical power are within 5% of the predicted power, but a significantly
higher mass flow of 103.56 g/s is required to reach this point, resulting in a 49.7% higher specific fuel
consumption SFC (calculated using P;pern). The total-to-static efficiency is 9.6 percentage points lower
than predicted, at 21.6%. This mass flow results in a rocket apogee of 54.8 km, around 2.5 km or 4.9%
higher than the highest turbopump-fed apogee found in Section 5.1.

Table 5.7: Comparison of the performance parameters of the vaned radial inflow turbine, found through CFD simulations and

AxStream. N/A represents parameters not available in AxStream.

Property CFD AxStream
Outlet total temperature T;, ;¢ [K] 1151.06 1117.45
Outlet static temperature T,,; [K] 104794 N/A
Mass flow rate fity;pine[g/s] 103.56  73.00
Thermodynamic Power Pyjery, [KW] 24.341 25.556
Mechanical Power Pjy.cp, [KW] 24584  25.556
Specific fuel consumption SFC (therm.) [g/(kW s)] 4.212 2.856
Total-static efficiency 15 [%] 21.60 31.20
Rotor tip leakage ritjeqi [g/5] 14.98 0

The main contributing factor to the reduced efficiency is the significant flow separation in the stator
and rotor passage, which AxStream is not expected to account for. This is easily visualised by plotting
streamlines and Mach number contours as well as the normalised® entropy contours along the mid-span
blade-to-blade surface, see Figure 5.14-5.17. As can be seen here, the flow already attains a very high
(tangential) velocity in the volute and reaches the stator at a shallow angle of B¢ = 76.5°. As the stator
inlet metal angle of 55 does not match this flow angle, a large recirculation zone appears on the suction

side of the stator, causing a large static entropy increase.

Similarly, the flow exits the stator at a shallow angle of $1 = 76.5 and enters the rotor with a relative
flow inlet angle of B, = 69.6. This is in part due to the low tip speed Uy = 175.1 m/s. More importantly,
though, due to the stator geometry generated by AxStream, the asymmetric diverging section of the
stator does not adequately guide the flow, resulting in a more tangential outflow than designed for. As
a result, another large recirculation zone appears on the suction side of the rotor, where again a large

static entropy increase can be observed.

Another possible contributing factor to lower efficiency could be the leakage from the pressure side
to the suction side of the rotor, through the 0.3 mm blade tip to shroud clearance. While AxStream
did not predict any leakage, the CFD simulations show a 14.98 g/s blade tip leakage; 14.46% of the
total mass flow. However, as explained in Subsection 5.3.2, this leakage flow may not have as much
of an impact for this particular turbine as it normally would. For the vaneless turbine, which features
a proportionally higher leakage rate than the vaned one, conducting the same simulation with zero

clearance results in a very minor increase in performance of less than one percentage point. While this

5Normalised with respect to the minimum and maximum static entropy encountered within the turbine domains.



5.3. CFD Results at Nominal Operating Point 63

N
W\
ERCICRR AR IC SN \%»

Mach Number

Figure 5.14: Mach number contours of the vaned radial inflow turbine, along the mid-span blade-to-blade surface.

O N N
970 0 00”0020 0%0" 0PePe?n®

Normalised Entropy

Mach Number
1.765e+00

1.323e+00

8.823e-01

4.412e-01

1.000e-15

Figure 5.16: Blade to blade view of the Mach number contours ~ Figure 5.17: Blade to blade view of the normalised entropy
of the vaned radial inflow turbine. contours of the vaned radial inflow turbine.



5.3. CFD Results at Nominal Operating Point 64

comparison was not made for this turbine®, the outcome is expected to be similar.

As shown in Figure 5.18, the turbine features a strong outlet swirl downstream of the rotor, in the
opposite direction of the rotor rotation. At the inlet of the duct domain, around 10 mm downstream of
the rotor trailing edge, the flow angle is approximately 43 relative to the axial direction, with a swirl
coefficient Ny of 0.69. This swirl coefficient is calculated using Equation 5.3, with Cy the circumferential
flow velocity and C the absolute flow velocity. This swirl can also be seen in the blade to blade Mach
contours in Figure 5.16. This swirl represents a major loss source, as this kinetic energy is not converted
to useful work and cannot be recovered by a diffuser. This high tangential velocity can be attributed to
the relatively steep outlet metal angle of 78°, as well as the low circumferential speed of the rotor trailing
edge, which is a result of the small diameter and low shaft speed. Additionally, as seen in Figure 5.16,
the flow is choked in the rotor throat. The recirculation zones in the flow passage further reduce the
effective throat area of the rotor, leading to supersonic flow on the suction side of the blades near the
leading edge. Combined with the steep outlet metal angle, this results in a very high tangential velocity,

increasing the swirl.

Ng = Cg/C (5.3)
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Figure 5.18: Velocity streamlines in the rotor and outlet duct of the vaneless turbine. The streamlines are plotted in the local

reference frame, i.e. rotating for the rotor and stationary for the duct.

An overview of the contributions to the normalised entropy within each turbine section is shown in
Figure 5.19. Here, the entropy is normalised with respect to the static entropy at the inlet of the volute
and outlet of the duct, opposed to the minimum and maximum values encountered within the domains.
As expected, the largest contributors are the stator and rotor. Notably, the contribution of the duct is
larger than expected, at 14.6%. The likely cause for this is flow separation along the hemispherical
turbine exit hub cap. This is visualised in Figure 5.20. It is recommended to change the hub cap

geometry to optimise flow attachment and reduce these losses.

5.3.2. Vaneless Radial Inflow Turbine Results

The results of the CFD simulations of the vaneless RIT are summarised and compared to AxStream’s
results in Table 5.8.

6This is because the vaneless turbine has a shroud diameter ratio of close to 1, with a very sharp leading edge to blade tip
transition. When removing the clearance, Ansys TurboGrid is unable to compute the blade geometry. This is not the case for the

vaneless turbine.
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Figure 5.19: Histogram showing the contributions of each turbine section to the normalised static entropy increase in the vaned

radial inflow turbine.
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Figure 5.20: Mach number contours and streamlines along the mid-span blade-to-blade surface of the stator and rotor, and
symmetry plane of the outlet duct, showing the flow separation at the rotor exit hub cap.

Table 5.8: Comparison of the performance parameters of the vaneless radial inflow turbine, found through CFD simulations and

AxStream. N/ A represents parameters not available in AxStream.

Property CFD AxStream
Outlet total temperature T; 5.+ [K] 1065.23 1066.02
Outlet static temperature T, [K] 1040.09 N/A
Mass flow rate #ityrpine[g/s] 72.45 52.19
Thermodynamic Power Pyjery [KW] 31.115  25.193
Mechanical Power P, [KW] 26.712  25.193
Specific fuel consumption SFC (therm.) [g/(kWs)] 2.328 2.071
Total-static efficiency 1:s [%] 37.26 41.46
Rotor tip leakage #itjeqk [g/5] 16.16 0

The produced mechanical power is around 6% higher than predicted, and meets the imposed power
requirement. Interestingly, the thermodynamic power is significantly higher than expected, by 23.5%,
while the total outlet temperature closely matches the prediction. Nonetheless, this is achieved with an
increased mass flow of 72.45 g/s, resulting in a higher specific fuel consumption of 2.328 g/s, a 12.4%

increase. Like the vaned turbine, the total-to-static efficiency is lower than predicted by AxStream, but



5.3. CFD Results at Nominal Operating Point 60

less significantly, with a 4.2 percentage point decrease to 37.26%. This mass flow results in a rocket
apogee of 55.6 km, around 3.3 km or 6.3% higher than the highest turbopump-fed apogee found in
Section 5.1.

The streamlines, Mach number contours and normalised entropy contours are once again plotted to
analyse the flow behaviour inside the turbine, see Figure 5.21-5.24, where very high flow velocities are
again observed in the volute. As seen in Figure 5.21, the flow reaches M = 1 at the volute cut-water
and accelerates as it expands into the scroll and rotor volume, indicating that the volute functions as
a converging-diverging nozzle. This again leads to an extremely high tangential velocity component
and a shallow volute outlet flow angle 1 = 81.5°. With the higher tip speed, this results in a relative
rotor inlet angle of 67.6°, similar to the one in the vaned turbine (69.6°). This again leads in a large

recirculation zone on the suction side of the rotor, causing a large increase in entropy.

Mach Number

Figure 5.21: Mach number contours of the vaneless radial inflow turbine, along the mid-span blade-to-blade surface.
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Figure 5.22: Normalised entropy contours of the vaneless radial inflow turbine, along the mid-span blade-to-blade surface.

Similarly to the vaned RIT, the vaneless RIT exhibits strong exit swirl and high outlet Mach numbers, as
the recirculation bubbles once again reduce the effective area of the flow passage. In this case, however,
the flow is not quite choked in the rotor, reaching an outlet Mach number of around 0.7. Compared to
the vaned turbine, the axial velocity at the rotor exit is lower, at around 195 m/s compared to 510 m/s.

The resultant outlet flow angle is 24.3°with respect to the axial direction, and Ng = 0.89.
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Another possible contributing factor to the lower efficiency could be the leakage from the pressure side
to the suction side of the rotor, through the 0.3 mm blade tip to shroud clearance. While AxStream did
not predict any leakage, the CFD simulations show a 16.16 g/s blade tip leakage; 22.30% of the total
mass flow. However, the same simulation with zero clearance predicts similar performance, with an
unchanged total mass flow and only a 0.9 percentage point increase in total-to-static efficiency and 1.4%
increase in thermodynamic power. A possible explanation for this marginal difference is as follows.
Typically, when tip leakage flow occurs across turbine blade tips, the flow forms turbulent streams
that mix with the passage flow [80]. In a typical turbine with well-attached main flow, the tip leakage
reduces efficiency as it bypasses the rotor blades and dissipates energy in vortices instead of contributing
to work. In the turbine considered here, however, the flow passage is already dominated by strong
recirculation regions, swallowing a portion of the leakage flow, which then mixes with the main flow.

This masks the adverse effects that would otherwise be observed in a typical turbine.
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Figure 5.23: Blade to blade view of the Mach number contours  Figure 5.24: Blade to blade view of the normalised entropy

of the vaneless radial inflow turbine. contours of the vaneless radial inflow turbine.

An overview of the contributions to the normalised entropy within each turbine section is shown in
Figure 5.25. The largest contributor is again the rotor, followed by the volute. The relative entropy
increase in the duct is lower than for the vaned turbine, as the axial flow velocity at the rotor outlet is
lower, allowing for better flow attachment to the hub cap. Nonetheless, it is recommended to redesign

the hub cap to accommodate the flow better.

5.4. CFD Results at Off-design Conditions

Following the CFD simulations at the nominal design point, the turbines were also simulated under
various off-design operating conditions. This includes a near-vacuum outlet pressure boundary
condition to represent operation at high altitude and an increased shaft speed of 140 krpm to assess the
effect of lower duty coefficients. This twofold increase of shaft speed reduces the flow coefficient by a
factor of two and the work coefficient by a factor of 4. The off-design results of the vaned turbine are

presented in Subsection 5.4.1, followed by those of the vaneless turbine in Subsection 5.4.2.
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Figure 5.25: Histogram showing the contributions of each turbine section to the normalised static entropy increase in the vaneless

radial inflow turbine.

5.4.1. Vaned Turbine
The results of the CFD simulations of the vaned RIT with the reduced outlet pressure and increased
shaft speed are summarised and compared to the nominal case in Table 5.9. An overview of the entropy

increase in each section for each case is shown in Figure 5.26.

Table 5.9: Comparison of the performance parameters of the vaned radial inflow turbine at sea-level conditions, near-vacuum

outlet conditions and 140 krpm.

Property Nominal Near-Vacuum 140 krpm
Outlet total temperature T;, 5.+ [K] 1151.06 1145.75 1062.99
Outlet static temperature T, [K] 1047.94 690.87 986.703
Mass flow rate fitg,pine[g/s] 103.56 103.49 103.62
Thermodynamic Power Pijery [KW] 24.341 25.580 45.025
Mechanical Power P, [kKW] 24.584 25.950 45.321
Specific fuel consumption SFC (therm.) [g/(kWs)] 4.212 4.046 2.301
Total-static efficiency 15 [%] 21.60 26.40 39.98
Rotor tip leakage #itjeqk [g/5] 14.98 14.90 13.31

The turbine with near-vacuum outlet static pressure has increased performance compared to the
sea-level case, with a 4.8 percentage point increase in total-to-static efficiency, despite having the same
mass flow, as the flow is still choked by the stator and therefore dependent on the upstream pressure.
The thermodynamic and mechanical power are also slightly higher, by around 4-5%. Looking at the
Mach number contours in Figure 5.27, one can see that the choking effect in the rotor has become more
pronounced downstream of the rotor, as the flow expands to a much lower pressure. As a result, the
flow reaches Mach numbers of up to 3, leading to high losses, as is apparent when looking at the
normalised entropy contour at the trailing edge of the blades in Figure 5.28. The effect of this is also
seen in the outlet static temperature, which is over 350 K lower than the nominal case. The flow is more
axial compared to the turbine operating at nominal conditions, resulting in lower whirl and therefore
lower losses in the duct.

The flow inside the stator and rotor passage, however, is very similar to the nominal case, again exhibiting
strong recirculation zones.
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Figure 5.26: Histogram showing the contributions of each turbine section to the static entropy increase in the vaned radial inflow

turbine.

As expected, the turbine rotating at 140 krpm has significantly higher performance, with an 18.4
percentage point increase in total-to-static efficiency, and an 85% increase in thermodynamic and
mechanical power. With the same mass flow rate as before, this results in a 55% reduction in specific
fuel consumption. The turbine also has a lower leakage rate of 13.31 g/s compared to 14.98 g/s. This
increased performance confirms that the turbine design benefits from a higher shaft speed (and likely
an increased diameter), pushing the design towards more typical duty coefficients and U/Co.

Nonetheless, the streamlines and Mach number contours in Figure 5.29 still show similar behaviour as
before, with large recirculation zones inside the rotor, and better but still non-ideal flow angles. More
so, the supersonic region near the trailing edge of the blades is more pronounced, causing high losses.
This is also seen in the normalised entropy contours in Figure 5.30, where the main rotor passage now
has a lower relative contribution to the normalised entropy, but the flow separation at the trailing edge

has a significant contribution.
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Figure 5.27: Blade to blade view of the Mach number contours ~ Figure 5.28: Blade to blade view of the normalised entropy
of the vaned radial inflow turbine at near-vacuum outlet contours of the vaned radial inflow turbine at near-vacuum

conditions. outlet conditions.



54 CFD Results at Off-design Conditions 70

5

Normalised Entropy
0.9

Figure 5.29: Blade to blade view of the Mach number contours ~ Figure 5.30: Blade to blade view of the normalised entropy
of the vaned radial inflow turbine at 140 krpm. contours of the vaned radial inflow turbine at 140 krpm.

5.4.2. Vaneless Turbine

The results of the CFD simulations of the vaneless RIT with no outlet nozzle and with the reduced outlet
pressure and increased shaft speed are summarised and compared to the nominal case in Table 5.9. The
turbine has also been simulated with a choked nozzle at the outlet, but needs more adjustment to obtain
usable results. Due to time constraints, these adjustments have not been performed, and as such these

results are not included in this work.

An overview of the entropy increase in each section for each case is shown in Figure 5.31.

Table 5.10: Comparison of the performance parameters of the vaneless radial inflow turbine at sea-level conditions, near-vacuum

outlet conditions and 140 krpm.

Property Nominal Near-vacuum 140 krpm
Outlet total temperature T;, 5.+ [K] 1065.23 1037.86 936.382
Outlet static temperature Ty,;;; [K] 1040.09 666.934 927.263
Mass flow rate titsyrpine[g/5] 72.45 72.49 72.45
Thermodynamic Power Pijery [KW] 31.115 35.580 51.828
Mechanical Power Py, [kKW] 26.712 31.057 48.530
Specific fuel consumption SFC (therm.) [g/(kW s)] 2.328 2.037 1.398
Total-static efficiency 15 [%] 37.26 25.06 62.37
Rotor tip leakage #itjeqk [g/5] 16.16 15.65 16.64

As opposed to the vaned turbine, the vaneless turbine with near-vacuum outlet static pressure has
decreased performance compared to the sea-level case, with a 12.2 percentage point lower total-to-static
efficiency. Despite this, the thermodynamic and mechanical power are significantly higher, by 14.3%
and 16.3% respectively, and the total outlet temperature is around 28 K lower.

A likely explanation for this decrease in efficiency and increase in power is as follows. As the flow is
only choked in the volute, the lower back-pressure results in higher flow acceleration in the volute. This
results in an even more shallow relative flow angle, making the recirculation bubble more pronounced,

as seen in Figure 5.32 and Figure 5.33. Additionally, the lower back-pressure raises the pressure ratio
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Figure 5.31: Histogram showing the contributions of each turbine section to the static entropy increase in the vaneless radial

inflow turbine.

between the rotor passage and the duct above the critical pressure ratio, causing choked flow in the
rotor throat with a maximum Mach number of 3, which was not the case with the 2 bar outlet pressure.
This causes significant flow separation at the trailing edge, which also becomes apparent when looking

at the relative entropy increase downstream of the rotor.

At 140 krpm, the turbine does perform as expected, again almost doubling the performance. The
total-to-static efficiency is increased by 25.1 percentage points to 63.4% and the thermodynamic and
mechanical power are increased by 66.6% and 81.7%, respectively, resulting in a SFC of only 1.4 g/(kW
s). The leakage rate is only slightly higher, by about 0.5 g/s. This increased performance once again
confirms that also the vaneless turbine design benefits from an increased shaft speed (and likely an

increased diameter), pushing the design towards more typical duty coefficients and U /Co.

The rotor still shows significant recirculating flow and requires more optimisation. However, as opposed

to two distinct recirculation bubbles, the rotor now has one large bubble.
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Figure 5.32: Blade to blade view of the Mach number contours ~ Figure 5.33: Blade to blade view of the normalised entropy
of the vaneless radial inflow turbine at near-vacuum outlet contours of the vaneless radial inflow turbine at near-vacuum

conditions. outlet conditions.
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Figure 5.35: Blade to blade view of the normalised entropy
contours of the vaneless radial inflow turbine at 140 krpm.



Conclusion

The research objective of this thesis was "to investigate whether a radial inflow turbine can be a suitable
solution for a small-scale open-cycle rocket engine and whether it can provide a performance advantage
compared to a typical axial turbine". A hypothetical scenario was made, with a next generation DARE
Stratos VI rocket aiming to reach the highest altitude possible, with the same Firebolt engine and a

similar overall architecture as Stratos V. The research question that followed from that is:

Are radial inflow turbines a viable solution for powering the Firebolt engine in the DARE
Stratos VI rocket?

To answer this question, the sub-questions below will be treated first in Section 6.1, followed by the

main research question in Section 6.2.

6.1. Sub-Research Questions

1. What turbine performance is required to outperform electric pump-fed systems in terms of apogee
for Stratos VI?

A tool was developed to size the main parameters of the Stratos VI rocket for varying burntimes and
rocket diameters and to simulate the trajectory of the rockets, enabling a comparison between the
pressure-fed, electric pump-fed and turbopump-fed architectures. Simplified relationships were made

to obtain preliminary estimates of the turbine performance with respect to the rocket parameters.

As expected, both pump-fed rocket architectures showed significant performance gains over the pressure-
fed architecture due to mass savings from a simplified pressurisation system, a smaller pressurant tank
and lighter propellant tanks. Additionally, the smaller pressurant tank allows for larger propellant
tanks, while keeping the diameter small and staying within the imposed rocket length constraints.
Unexpectedly, the electric pump-fed rockets showed similar performance to the turbopump-fed rockets,

as their battery mass is not as prohibitive as initially assumed within DARE.

It was established that, in this context, the most important metric for turbine performance is the mass
flow 11, as it has a direct influence on the rocket engine specific impulse Is, and thereby the rocket
apogee. In order to attain a higher altitude than the pump-fed rocket configuration, 48.7 km, a turbine

mass flow of less than 222 g/s is required, with a total burntime of at least 35.5 s.
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2. Can radial inflow turbines meet the performance requirements under the geometric and operational

constraints of Stratos VI?

The constraints of the rocket proved to be a severe limitation on the turbine design, restricting the rotor
diameter and therefore the achievable tip speed. This, combined with the high pressure ratio required
for a power dense design, led to unusually high duty coefficients and low U/Cy, pushing the turbines
far outside the recommended design space, with low efficiency as a result. To improve feasibility, the
shaft speed was increased from 40 krpm to 70 krpm, which increased the rotor tip speed and lowered

the duty coefficients, which still remained outside of conventional ranges.

Despite these challenges, two radial turbine designs were made, which both meet the shaft power
requirement of 24.4 kW, with mass flows of below 222 g/s. A vaned turbine and a vaneless turbine were
designed, which, at their nominal operating point, with a respective mass flow of 103.6 g/s and 72.5 g/s
and a total-to-static efficiency of 21.6% and 37.3%, as found through CFD simulations. The vaneless
turbine even delivered power than required, with a thermodynamic power estimate of 31.1 kW and a
mechanical power estimate of 26.7 kW'.

These results confirm that radial inflow turbines can meet the performance requirements for the
hypothetical Stratos VI rocket, under the imposed constraints. This was, however, achieved with very

low total-to-static efficiencies, indicating that the turbines can benefit from further optimisation.

3. How do vaned and vaneless radial inflow turbines compare in terms of performance and

aerodynamic flow behaviour?

The vaneless RIT outperforms the vaned turbine at nominal conditions. Without a stator, the vaneless
turbine allows for larger rotor diameters within the constraints of the rocket, leading to more reasonable
stage parameters, yielding a 30% lower mass flow, 28% higher thermodynamic power output and 55%
lower specific fuel consumption at a comparable pressure ratio. This indicates that, in the context of the

Stratos VI constraints, the vaneless turbine is the more suitable of the two options.

However, CFD simulations showed that both turbines perform much more poorly than what was
predicted by AxStream’s loss models. Both suffer from tip leakage, outlet swirl and substantial flow
separation within both the rotor and stator passages resulting from poorly matched flow angles, limiting
their efficiency.

For the vaned turbine, this flow angle mismatch was observed in two locations. The volute significantly
accelerates the flow, reaching a mass-flow averaged Mach number of 0.76 with a highly tangential
velocity component at the volute-stator interface, resulting in flow separation and high losses in the
stator. Further downstream, the stator introduces similar problems. The stator geometry generated by
AxStream provides inadequate guidance to the flow, producing a very tangential flow at the stator-rotor
interface, which combined with the low rotor tip speed, again causes mismatched flow angles and flow

separation at the rotor inlet.

While the stator severely limited the performance of the current design, it also means the vaned turbine

has significant potential for improvement. A redesigned volute and more conventional converging-

IThe thermodynamic power is calculated using the mass flow and enthalpy at the inlet and outlet of the turbine, whereas the

mechanical power is calculated using the torque and rotational velocity of the turbine.
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diverging stator should provide more control over the expansion and flow angles, reducing flow
separation and improving efficiency. The rotor inlet metal angle can also be adjusted, provided that the

structural stresses in the blades remain at an acceptable level.

The vaneless turbine, on the other hand, avoids these losses in the stator, but exhibits the same behaviour
in the rotor. As the flow is choked at the inlet of the volute scroll, it produces a highly tangential
supersonic flow at the volute-rotor interface, which is unguided due to a lack of stator/guide vanes.
This makes the flow behaviour difficult to control, especially at off-design conditions, even with careful
adjustment of the volute geometry. As a result, the vaneless turbine is more challenging to optimise,

while the vaned design provides a better means to adjust the flow angles and prevent losses.

4. How do radial inflow turbines compare to single-stage axial turbines in the context of small-scale

open-cycle rocket engines?

For this specific design case, the preliminary axial turbine design performs similarly to the vaneless
radial inflow turbine. AxStream predicted a similar mass flow of 50.5 g/s compared to the vaneless
RIT’s 52.2 g /s, but with a roughly 10 percentage point higher total-to-static efficiency. This improvement
is a result of the axial placement of the volute, which allows for a larger rotor with higher tip speeds and

therefore more typical duty coefficients.

As with the RITs, the axial design is constrained by manufacturability, limiting the number of rotor

blades to keep the throat width above the imposed minimum.

It must be noted that the performance of the axial turbine was not validated against CFD simulations and,
given the significant discrepancies observed between AxStream’s predictions and the CFD simulations
for the radial turbines, it is possible the actual performance of the axial turbine may deviate as well.
Particularly, the partial admission losses may be more pronounced than what is estimated by AxStream.
On the other hand, given the relatively low predicted efficiency of the axial turbine, there is likely
to be significant potential for further improvement, just like the radial turbines. Moreover, the axial
turbine was designed for the same design point as the RITs, i.e. 70 krpm and 24.4 kW, whereas a more
optimal design point may exist for this turbine. Furthermore, it is important to emphasise that these
findings are only valid for this specific design case of the hypothetical Stratos VI rocket, which is greatly
driven by unique constraints such as the small diameter. Therefore, no conclusions can be confidently
drawn about the comparison of axial and radial turbines for small-scale open-cycle rocket engines in

general.

Nevertheless, axial turbines do offer some clear advantages over radial turbines. Given their extensive
historical use in rocket engines, their design and behaviour is well understood. Additionally, they may
be cheaper and easier to manufacture. Lastly, they allow for easier staging compared to radial inflow

turbines to increase power extraction.

5. How sensitive is the performance of radial inflow turbines to the changing atmospheric conditions

during a rocket launch?

The off-design CFD simulations showed that the turbine performance is indeed sensitive to varying
outlet conditions. Without a choked outlet nozzle, both turbines experienced much stronger expansion

at the rotor outlet at near-vacuum conditions, leading to outlet Mach numbers of up to 3.0.
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In the vaned turbine, the flow is already choked at both the stator and the rotor trailing edge at sea-level
conditions. As a result, the flow behaviour inside the rotor does not change significantly at near-vacuum
conditions. Directly downstream of the rotor, however, the increased flow expansion and high Mach
numbers lead to increased losses within the outlet duct. Nonetheless, the turbine reaches a lower total
outlet temperature, allowing it to deliver a 5% higher power output with a 4.8 percentage point increase
in total-to-static efficiency compared to sea-level conditions. As the turbine maintains the same mass

flow, this results in a lower specific fuel consumption.

The vaneless turbine, on the other hand, proved to be less robust if no choked outlet nozzle is used,
as the flow inside the rotor is still mostly subsonic, despite the increased flow velocity in the volute.
Lowering the back-pressure therefore further expands the flow within the rotor (increasing the pressure
ratio), until it starts choking at the rotor exit, again leading to Mach numbers of up to 3.0 and high
losses in the duct. As a result, the vaneless turbine reaches a roughly 15% higher power output and
therefore a lower specific fuel consumption, but with a 12 percentage point decrease in total-to-static

efficiency.

This sensitivity to varying outlet conditions can be mitigated by replacing the outlet duct with a choked
nozzle, as originally intended. However, preliminary CFD simulations showed that further adjustment
of the throat size is needed to achieve the correct pressure ratio, and more simulations are needed across

varying outlet conditions to confirm its effectiveness.

6.2. Main Research Question

Are radial inflow turbines a viable solution for powering the Firebolt engine in the DARE
Stratos VI rocket?

The results of the work conducted in this thesis demonstrate that the use of radial turbines is feasible
within the imposed constraints of this application. Both the vaned and vaneless turbine met the imposed
shaft power requirement of 24.4 kW, with the latter requiring a mass flow of 72.5 g/s. This is roughly
a third of the maximum allowable mass flow required to outperform the electric pump-fed rocket

configuration, achieving a 6.3% (3.3 km) higher altitude.

However, due to the restrictive geometry of the rocket, in particular its diameter which restricts the
maximum diameter of the turbine, the rocket is not able to use the radial inflow turbines at their full
potential. As a result of this, the turbine efficiencies remained low, requiring further optimisation to

minimise the mass flow and improve the overall performance of the rocket.

That being said, while radial turbines are certainly usable in this application, axial turbines may still be
a more suitable solution at this scale, taking into account their design flexibility, ease of manufacturing
and the potential for multi-stage high pressure ratio configurations. Additionally, their extensive and
well-documented heritage in space applications makes them a more suitable option in a student team

context.

In conclusion, the answer to the research question is that, yes, radial inflow turbines are a viable solution
for powering the Firebolt engine in the DARE Stratos VI rocket. However, they should not be regarded
as the only or necessarily the optimal solution, but rather as one of several feasible turbomachinery

options for this class of rocket.



Recommendations

Based on the work conducted in this thesis, a number of recommendations can be made for further
research. In Section 7.1, system-level recommendations are made pertaining to the overall use of
turbines for this rocket and how to obtain a more performant rocket design. In Section 7.2, general
recommendations are made for the turbopump assembly, such as the choice of turbine and the design
process. In Section 7.3, recommendations are made for further work on the radial inflow turbines. Lastly,

in Section 7.4, several recommendations are made for the CFD analysis of the turbines.

7.1. System-Level Recommendations

Considering the comparable predicted performance of the turbopump-fed rockets and electric pump-fed
rockets, it may be more practical in the near term to focus on the development of the latter configuration.
This would allow DARE to focus on gaining more experience with propellant pump design, mechanical
design and rotordynamics. If, at a later stage, the rocket and/or engine is upscaled, switching to the
turbopump-fed architecture may become more attractive. Nevertheless, the development of turbines
within DARE remains worthwhile, but it may be more beneficial to iterate on several prototypes first,

without the strict rocket constraints, in order to to build experience without being overly limited.

The system-level trade studies in this thesis were largely based on the current Stratos V architecture and
the Firebolt DLX150C engine. For future development, however, more flexibility in the engine design
point should be considered. It is recommended to repeat the trade studies or optimisations with varying
thrust levels and chamber pressures (and therefore required pump outlet pressure), as these have a
significant impact on the required pump power and rocket performance. The optimal rocket design
is highly constrained by drag and the minimum tower exit velocity requirement (TEV), which can be

mitigated with a higher thrust level, though at the cost of increased turbine power demand.

Finally, as the design of the rocket matures, more detailed analysis will be needed at the system level.
In particular, it is recommended to analyse the pitch—roll coupling dynamics to investigate whether
the slenderness ratio of the rocket can be increased to further improve overall performance of the

rocket.
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7.2. General Turbopump Recommendations
Several recommendations are made in Section 7.3 on how to further improve the radial inflow turbine

designs. This section, however, focuses on the general turbopump architecture and design process.

While AxStream is a powerful tool that is useful for exploring design spaces of turbomachines and
assessing the influence of certain design parameters, it is also a black-box tool. For future work, it
would be more valuable to complement or replace the use of AxStream with more flexible (in-house
developed) reduced-order design software, such as the TurboSim model developed by the TU Delft
Aerospace Engineering faculty’s Propulsion & Power department. This allows for more flexibility and
can be further extended with features or loss models, e.g. for partial admission, and gives more control

over the turbine design process.

Additionally, a more structured iterative design workflow should be developed, which includes a
parametric blade modeller, directly linked to TurboSim and Ansys CFX (or other CFD solvers), to

efficiently iterate on turbine designs with minimal manual work.

Both turbine configurations studied in this thesis require further optimisation and CFD validation
before a final decision can be made on which one is more performant for this design case. Nonetheless,
axial turbines may still be a more suitable solution at a student team level, due to their design flexibility,
ease of manufacturing and extensive and well-documented heritage in launchers. The possibility of
staging should be investigated to operate at high pressure ratios and increase power density, while
maintaining favourable design points at each turbine stage. Partial admission effects should also be
further studied through loss models and CFD.

If the radial turbine configuration is pursued instead, a vaned turbine is recommended, as a well-
designed stator provides better control over the supersonic expansion upstream of the rotor and the
flow angles at the stator-rotor interface. Partial admission could also be investigated for radial turbines,
as it would allow for more flexibility in the stator design, e.g. with larger throats. However, it may

introduce unsteady blade loading and rotordynamic instabilities.

For all turbine configurations, more analysis is required on the choked outlet nozzle’s impact across
varying ambient pressures. It is recommended to evaluate whether the nozzle is truly necessary, or if
the engine can tolerate the varying turbine performance throughout the flight. Nonetheless, the nozzle

may recover some wasted energy from the turbine exhaust in the form of additional thrust.

Another area for future work is shaft speed, as it has had a major influence on the turbine design. While
increasing the turbine shaft speed may further reduce the required mass flow through the turbine, its
influence on the overall turbopump system should not be neglected. More analysis is needed on whether
the pumps can operate at such high shaft speeds, without encountering issues such as cavitation,
rotordynamic instabilities, unavailability of high-speed and high-thrust bearings, or unacceptably low
blade heights. Moreover, the reliability of the mechanical seals should be evaluated, as they may
suffer from leakage or excessive wear under these conditions. Alternatively, geared pumps can also be
considered. While mechanically and rotordynamically more complex and risky, they would decouple

turbine and pump speeds, allowing both to run at their optimal design point.

It is also recommended to reconsider the manufacturing aspect of the turbines. Inconel 713C was

selected for its excellent structural properties at high temperatures, but it is difficult and expensive
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to machine. Alternative materials may be considered, while keeping in mind their influence on the
turbine design. If cost is not a limiting factor, more advanced techniques such as EDM (electric discharge
machining) could be considered to reduce the stator throat width and trailing edge radius.

Finally, it is recommended to consider the structural aspect of the turbines early on in the design.
This includes evaluating the centrifugal and aerodynamic blade loads, as well as thermal stresses and
expansion, and high-cycle fatigue. For example, the rotor blades of the radial turbine may be made

thinner to decrease the solidity and reduce weight.

7.3. Radial Turbine Design Recommendations

For future work on the radial turbine, the main priority is to redesign the stator. It is recommended to
use a more conventional converging-diverging nozzle design, which provides better control over the
outlet Mach number and stator outlet flow angles, preventing flow separation and recirculation in the
rotor passage. The rotor inlet metal angle may also be adjusted, provided that the structural stresses
in the blades remain at an acceptable level. It is further recommended to resize the volute, provided
enough space is available in the rocket, to reduce the flow velocity at the volute-stator interface and

reduce flow separation at the stator inlet.

As significant tip leakage was observed in the radial turbines, it is recommended to reduce tip clearance
if possible, while accounting for thermal expansion, tolerance stack-up and play in the turbopump
assembly, as well as the machining capabilities available to the team, because tighter tolerances come
with higher costs. A reduced tip clearance may also allow for smaller blade heights while maintaining
the same clearance-to-blade-height ratio. This may allow for larger stator throats while preserving the

same total throat area.

The hub cap geometry should also be revised. Instead of the current hemispherical cap, a less steep
design may reduce losses caused by flow separation in the duct.

Finally, more optimisation is needed to minimize the turbine exit swirl. This includes adjusting the

rotor outlet metal angles and throat size, and potentially implementing exit guide vanes [30].

7.4. CFD Recommendations

For future CFD work, it is recommended to model non-axisymmetric effects caused by the non-uniform
flow in the volute and, by extension, the stator. While initial simulations can still be performed using
frozen rotor and mixing plane interfaces, they should be supplemented with a full-annulus model to fully
capture the unsteady effects and further optimise the turbine geometry. This is particularly important
for the axial turbine, as the partial-admission stator design is inherently non-axisymmetric. Additionally,
transient URANS simulations can be conducted to capture the unsteady flow phenomena, which are
particularly important for the structural design of the turbines, as they directly influence the blade
loading, high-cycle fatigue, and rotordynamic behaviour. Additionally, it may be worthwhile to consider
higher-fidelity methods, such as LES or hybrid RANS-LES, to gain a more detailed understanding of

the turbulence structures that RANS cannot resolve.
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Full System-Level Trade Study Results

The full results of the system-level trade study are presented in this appendix. In Section A.1 the
results of the pressure-fed cycle are shown, for two different assumptions of ullage temperature (90
K and 150 K). The results for the pump-fed cycle are shown in Section A.2. Finally, the results for the
turbopump-fed cycle using the relations from AxStream and Mounier et al. are shown in Section A.3
and Section A.4, respectively. The results in the former are identical to those presented in Chapter 5, but

duplicated here for easier comparison.

85



Al Pressure-Fed Cycle

86

A.l. Pressure-Fed Cycle
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Figure A.1: System-level trade study results for the pressure-fed rockets, with an assumed LOx tank ullage temperature of 90 K.
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Figure A.4: System-level trade study results for the turbopump-fed rockets, using the relations obtained through AxStream.
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Figure A.5: System-level trade study results for the turbopump-fed rockets, using the relations obtained through Mounier et al.’s

methods.
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