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Summary

For Liquid Rocket Engines (LREs) which employs cryogenic fluids, chill-down process rep-
resents a fundamental phase before turbopumps operation. The propellant, before being
sent to the combustion chamber, is employed to perform cooling function of both fuel and
oxidizer fluidic transfer lines. In this manner, no pumps cavitation and correct ignition
during engine operation are ensured.

This thesis, carried out at the Avio Company based in Colleferro, has the main objec-
tive of analysing and optimizing chill-down processes in cryogenic LREs, using EcosimPro
software.

The thermal conditioning process of cryogenic propellant transfer lines is essential due to
the high temperature difference existing between the cryogenic liquid in the storage tanks
and the wall of ducts at the ambient temperature. The chill-down process requires an
amount of propellant which will cool the solid walls of the pipes, bringing them to the
same temperature of the liquid fluid and establishing a continuous cryogenic propellant
flow in liquid phase. Important parameters of this process are chill-down time, defined
as the time required to complete the desired cooling of the feeding lines, and propellant
consumption, which must be minimized because unusable for propulsive purposes.
Following the exposition in chapter 1 of the general principles on cryogenic LREs, in ch. 2
the generalities on the chill-down process are described and the behaviour of the cryogenic
fluid in the feed lines is explained. Moreover, the influence of the main parameters, such
as the inlet driving pressure and the gravity acceleration, as well as the various possible
methodologies suitable to successfully complete chill-down process, are detailed.

To pursue the main objective of this thesis, a preliminary analysis of several chill-down
techniques, going deeper in each strategy advantages and drawbacks understanding, is
performed, and subsequently analyzed with the EcosimPro software. For this reason, the
goal of ch. 3 is to realize an initial sorting of different chill-down methods to evaluate a
preliminary trade-off, as compromise between low propellant consumption and low cooling
time.

In ch. 4, the focus is to reproduce, simulate and analyse various experimental test cases
on chill-down process, available in literature, to validate EcosimPro models and to iden-
tify software weakness points in the simulation of this kind of phenomena. This activity
leads to the conclusion that the software is not able to correctly simulate the chill-down,
therefore appropriate margins shall be considered in the results employing standard com-
ponents of ESPSS EcosimPro Library.



In ch. 5, let’s get to the heart of the experimental work of this thesis, in which the objec-
tive pursued is the analysis and optimization of the open loop full flush flow chill-down
technique for the cryogenic oxidant feed line, for application in the framework of VEGA-E
program. The aim is to ensure, assigned the boundary conditions, the cooling of the lines
within a certain target time, with the lowest propellant consumption.

Eventually, in ch. 6, the design of a closed-loop chill-down method follows for the recov-
ery of the propellant used in the lines cooling, which otherwise would be expelled into
the environment and therefore lost. It is an innovative design, currently not yet used in
present main launchers, for reasons related to the costs, complexity, and feasibility of the
process. However, this is a topic that will largely find its way into future developments.
Indeed, launcher mass budget reduction leads to a further increase in the payload mass.
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"Space is not a void, but a volume, and it is
the volume of space that gives meaning to
any motion we make."

[Steven Soter]
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Chapter 1

Generalities on liquid
propellant rocket engines

In the field of chemical space propulsion, liquid rocket engines (LREs) are considered to
be the most dominant technology and are continuously studied to develop innovative so-
lutions that can enhance their performance and capabilities, ensuring continuous progress
in the current space scenario.

Despite being more complex in design and having a higher number of components com-
pared to other types of chemical engines currently available, LREs offer numerous ad-
vantages that make them indispensable for certain applications and mission types. For
instance, LREs offer higher specific impulses I, (possibility of higher thrust levels, with
the same propellant consumption or lower propellant consumption, with the same thrust
level), greater propulsive efficiency, and the ability to adjust the thrust level by regulating
the propellant flow rate and pressure level in the combustion chamber. They can also be
switched on/off multiple times during a mission and can reusable. In addition, LREs can
be more environmentally friendly compared to solid rocket motors (SRMs). While the
construction complexity of LREs may lead to higher costs, weight, and reduced system
reliability, their advantages clearly outweigh these drawbacks.
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Generalities on liquid propellant rocket engines

1.1 General principles on LREs

Liquid Rocket Engines, also known as LREs, differ from Solid Rocket Motors (SRMs) and
Hybrid Rocket Engines (HREs) primarily because they use propellants in liquid state of
matter instead of solid or hybrid ones.This difference in propellant state leads to a more
complex structure for the engine and entire propulsion system.

The structure of a LRE has been illustrated in the following figure.

1=tank

i

(O —

1= tank

2=

feed system

3=thrust chamber

Figure 1.1. Structural scheme of a liquid propellant rocket engine.

As illustrated in Figure 1.1, the LRE has three main systems, each consisting of several

subsystems:
1. main storage tanks for liquid propellants, such as oxidizer and fuel,
2. liquid propellant feed system, which in turn includes:

« feeding mechanism (distinction between gas pressure feed systems and
turbopump feed systems);
o feeding lines (pipes);

o valves.
3. thrust chamber, articulated in:

e injectors;
e combustion chamber;

e mnozzle;
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1.2 — Introduction to cryogenic liquid propellants

» ignition system;

o refrigeration system.

Always in figure 1.1, upstream of the propellant tanks, it is also depicted the Zero system,
denoted by 0, which is the Pressure Management system. It generally consists of gas
tanks containing GHe/G Ny used for the pressurization of the main propellant tanks.
The number and arrangement of these tanks are chosen based on various factors such as
optimization of dimensions, weight, and other relevant considerations. The function of
the Zero system is to manage and maintain the pressure level required by the main tanks.

1.2 Introduction to cryogenic liquid propellants

Cryogenic fluids are a commonly used choice for liquid bi-propellant rocket engines when
higher performance is necessary. This is due to their high energy content and resulting
high specific impulse ().

Liquid propellants can be classified into two main categories: bi-propellants and mono-
propellants.

Two-propellants are further classified as cryogenic or storable, depending on whether they
are in a liquid state at extremely low temperatures or ambient temperatures, respectively.
Two-propellant systems store the oxidizer and fuel separately, in distinct storage tanks, to
prevent them from reacting upstream of the thrust chamber, and they are combined later
in the combustion chamber. Furthermore bi-propellants that ignite and undergo combus-
tion spontaneously when they come into contact, leading to a rapid and self-sustaining
combustion process, without requiring an ignition system, are known as hypergolic pro-
pellants.

Mono-propellants, on the other hand, consist of a single substance that decomposes
exothermically with the help of a catalyst, producing gas at a high temperature. They
require simpler feed systems than bi-propellants but can provide less high performance.
Cryogenic liquids have the advantage of being more energetic and environmentally friendly
than storable propellants, resulting in a higher specific impulse I,,. However, a significant
disadvantage of cryogenic liquids is that they remain in a liquid state only at extremely
low temperatures, which limits their storage times and requires special handling and stor-
age techniques.

The Vega E launcher, currently under development at AVIO SPA, will feature a new en-
gine for its third stage, called the M 10. This engine will use cryogenic liquid propellants,
specifically liquid oxygen LOx and liquid methane LC'H4. Oxygen exists in a liquid state
at extremely low temperatures, around 90K, while methane is in a liquid state at slightly
higher temperatures, around 110K. The use of these cryogenic propellants will provide
high performance and reduced environmental impact compared to traditional propellants.
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1.3 Functioning phases of a LRE

The functioning scheme of a liquid propellant rocket engine can typically be divided into
several phases, as follows:

1. The first phase, called feeding, concerns the transfer, through suitable ducts and
fluidic feed lines, of the liquid propellant, from the tanks in which it is stowed to
the injectors upstream of the combustion chamber. Afterwards it is injected into
the chamber, according to an appropriate mixture ratio and specific conditions, by
means of the injectors.

2. The second phase, called ignition, is the engine firing phase, it consists in the ignition
of the mixture present in the combustion chamber by means of the igniters.

3. The third phase follows, the actual combustion, in which we can distinguish two
stages:

o steady state, in which the stationary conditions of the propulsion system are
reached;

o shut down, final phase in which the engine is switched off.

During the feeding phase, the liquid propellants are usually pressurized by a pres-
surization system, which may consist of pressurization tanks, helium gas, or turbopumps.
The pressurization system allows the propellants to flow from the tanks to the combustion
chamber against the pressure drop that occurs along the flow path.

In the ignition phase, a spark or other energy source is used to ignite the propellant
mixture in the combustion chamber. The igniter typically consists of a spark plug or a
pyrotechnic device that produces a hot flame.

During the steady-state combustion phase, the propellant mixture burns continuously,
generating a high-temperature, high-pressure exhaust gas that produces thrust. The com-
bustion process is carefully controlled to maintain a stable, efficient burn, while also pre-
venting excessive heat buildup that could damage the engine.

In the shutdown phase, the fuel and oxidizer flow is terminated, and the combustion
process gradually comes to a stop. The engine is typically shut down by closing valves
that regulate the flow of propellants into the combustion chamber. The shutdown phase is
critical to prevent damage to the engine and to ensure that it can be restarted if needed.

1.3.1 Cryogenic propellants vs storable propellants:
need to chill-down

The operating pattern of a liquid propellant rocket engine depends on whether it uses cryo-
genic or storable propellants. When using storable propellants at ambient temperature,
the engine follows the feeding-ignition-combustion process described earlier. However,
when using cryogenic fluids, an additional stage known as the "chill-down" is necessary
before the feeding phase to the thrust chamber.

The chill-down stage involves cooling the transfer lines of the propellants to overcome
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the high thermal difference of over 150 degrees between the components and the pipes
downstream of the tanks which are in thermal equilibrium with the external environment,
and the cryogenic fluids. This is crucial for ensuring that the cryogenic fluid remains in
liquid phase in the combustion chamber, feed system, and bearing compartment, where
it serves as a lubricant and coolant for bearings. Failure to achieve this could result in
cavitation of the pumps and other complications, such as a poorly functioning engine.
The cooling process brings the components to a temperature close to that of the cryogenic
liquid in the storage tank.

Cryogenic
propellants

Storable
propellants

Feeding Chill-down
| b 4
) A 4 . Feeding
Ignition ¥
) iy} ’ Ignition
Steady state 9 )
| ) Steady state
_® .
Shut down Shut down

Figure 1.2. Functioning of a LRE for storable propellants vs cryogenic propellants.
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Chapter 2

Chill-down: Generalities on
the process

The thermal conditioning process of the cryogenic propellant transfer lines, also known
as chill-down, is crucial in cooling the feed lines that connect the main propellant storage
tanks to the thrust chamber and the thruster feed system. The process is necessary to
overcome the significant temperature difference between the cryogenic liquid and the ducts
at ambient temperature. To achieve a continuous cryogenic propellant flow between the
various system components, an adequate amount of propellant must be estimated to cool
the walls of the pipes, bringing them to the same temperature as the liquid fluid. The
chill-down time is the duration required to establish a stationary monophasic liquid flow
at the temperature of the cryogenic liquid in the tank and stable pressure levels in all the
lines that carry the cryogenic propellant. Failure to achieve this can result in a disruption
of the engine operation and potential damage to the components.

2.1 Behavior of cryogenic fluid in propellant transfer
fluidic lines

The process of chill-down involves cooling the propulsion system components and trans-
fer pipes to the temperature of the cryogenic liquid, in order to establish a stationary
monophasic flow of the liquid propellant. This cooling process is a transient thermal
transfer problem that involves rapid heat exchanges from a solid structure at a higher
temperature T, to a liquid flux at the tank temperature Ty, , which can result in
monophasic and biphasic flows and phase changes. Due to the high thermal difference
between the cryogenic fluid and the solid walls, the physical phenomena that occur during
the process are complex and difficult to determine, such as heat transfers with changes of
state, pressure and velocity instabilities of the fluid.

Studies on chill-down have been conducted since the 1960s, but the subject is still
complex and ongoing research is focused on simulations and experimentation in order to
optimize its characteristics.
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During the cooling of the tubes, the wall temperature T,,,; decreases over time, al-
though not necessarily monotonically, passing through a series of regimes between the
initial flow condition 0 and the final steady state.

The chill-down process begins when the inlet fluid is in subcooled conditions, meaning
it is in a liquid state at a temperature lower than its saturation temperature at the given
pressure. This means that there is some margin for the fluid to absorb heat and increase in
temperature before reaching the saturation point and boiling. This reduces the chill-down
time since the vapor phase of the fluid is reduced, increasing the liquid phase which is
more efficient at convection.

In contrast, if the fluid is at its saturation point, then any decrease in pressure will
cause it to boil, which means that the fluid will start to vaporize as soon as it enters the
system, even before the cooling process starts. This can result in a less efficient cooling
process and a longer chill-down time.

Therefore, subcooling of the inlet fluid is preferred for a more efficient chill-down pro-
cess.

At the moment the fluid in the liquid state is injected into the ducts, due to the high
AT = Tyau—T4,0 between the fluid and wall, the fluid vaporizes almost instantly, creating
a monophasic flow of pure steam. In this phase, the thermal exchanges between the fluid
and solid are of the convective type, with heat exchanges occurring by forced convection,
where the wall transfers heat to the fluid in the liquid state, which vaporizes due to the
high AT.

Continuing to inject the propellant flow rate 7 opeiiant, not all the liquid introduced
vaporizes, and a dispersed flow condition occurs, where the first liquid drops appear dis-
persed in a film of continuous steam. As time progresses, the volume fraction of the liquid
increases, and the flow regime changes to become annular, known as annular flow, where
a core of central liquid, the liquid core, denser, is surrounded by a layer of external vapor,
the outer vapor ring, lighter, which is placed in contact with the walls of the pipes. This
biphasic flow condition is called film botling, where the thermal exchanges are established
by convection, both natural and forced.

As the wall temperature T4 decreases further (Tiyau — T ruia < 30°C'), the liquid fraction
increases, and the annular pattern is replaced by a biphasic non-homogeneous flow, with
a continuous liquid phase and then a vapor phase dispersed in the form of bubbles. This
fluid regime is called nucleated boiling, which is more efficient from the point of view of
the convective heat transfers, which are increased since a continuous fluid in liquid state
is in contact with the walls, creating greater friction with them. Since hiiguia > hvapor
(because h o< 1 and 1 o p), there is a sudden increase in the Heat Transfer Coefficient.
This phase is characterized by a more rapid and marked collapse of the Tyyqu = f(t) curve.
Downstream of the nucleated boiling, only a monophasic flux of liquid passes through the
ducts, and the walls of the transfer lines have now reached the cryogenic liquid temperature
T1,,.. required in the turbopumps, indicating that the chill-down process is complete.
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Cryogenic fluid

Figure 2.1.
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Typical thermal transfer and visualization of the flow regimes, long the pipe,

during chill-down process of the cryogenic transfer lines. Jin et al., 2019, pag. 32.

2.1.1 Heat exchanges between the fluid and the solid walls of
the pipes: T,,,; as a function of time

Below, in figure 2.2 is proposed a qualitative graph of the typical Tiy.u and Tlq trend
during chill-down, with distinction between the various phases and the flow regimes char-
acterizing the process, under full flush flow conditions. The two curves shown in fig. 2.2
are referred to the temperatures measured by the thermocouple located at the outlet of

the pipe used for the chill-down test.

Figure 2.2.
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When the propellant is injected into the pipe, due to the high temperature difference
between the ambient temperature tube wall and the very low cryogenic temperature fluid,
it tends to vaporize almost instantaneously. This vapor-only phase represents the first
flow regime characterizing the process, which is visible in the Ty,q = f(f) curve in Figure
2.2. This phase is characterized by a weak decrease in wall temperature due to convective
exchanges. Subsequently, as time progresses, the vapor-only phase is followed by the
film boiling regime, which is characterized by a two-phase flow in which a thin layer of
vapor is in contact with the walls, overlaid by the liquid phase. This vapor layer forms
when the surface temperature is much higher than the boiling point of the liquid, and
the liquid rapidly evaporates upon contact with the surface, forming a gaseous film. This
vapor layer acts as a thermal insulator between the surface and the liquid, preventing the
liquid from coming into direct contact with the surface and significantly slowing down the
tube’s cooling by convection (hyapor < Riiquid). This physical phenomenon is known as the
Leidenfrost effect. As the chill-down progresses and the wall temperature (T3,4;) decreases
over time, the film boiling regime is followed by the nucleate boiling regime, in which the
liquid is in contact with the tube walls and therefore more efficient for convection. This
results in a more marked drop in wall temperature. Downstream of this regime, the
fluid inside the tubes and the tubes themselves have almost reached the cryogenic tank
temperature, and the cooling process can be considered complete.

2.1.2 Heat Transfer Coefficient as a function of time

During the chill-down process, the primary mechanism of heat exchange between a fluid
and a solid wall at different temperatures is convection, which can be categorized as either
forced convection induced by external factors such as a pressure differential between the
upstream tanks and downstream environment, or natural convection resulting from con-
vective motion that arises spontaneously due to differences in density between the liquid
and gaseous phases of the fluid.

The convective heat transfer coefficient, denoted as h, is a measure of the rate of
heat flow exchanged between the fluid and the wall of the heat exchanger. It is defined
as the ratio of the convective heat flow QQeony to the product of the area of the heat
exchange surface A and the temperature difference between the wall and the fluid AT =
Twatt — T'fiuid, as shown in Equation 2.1.

h _ QCO”U

A-AT

During the chill-down process, the heat transfer coefficient undergoes a characteristic
trend as shown in Figure 2.3.

(2.1)
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Figure 2.3. Qualitative trend of the Heat Transfer Coefficient over time,
during chill-down process.

The convective heat transfer coefficient, i, which is proportional to the heat flow, Qcone,
exchanged between the fluid and the wall, can be observed to collapse in the initial phase
of the cooling process. This is due to the fact that when the propellant flux, my opetiant,
is introduced into the tubes, the liquid vaporizes almost instantly, leading to a phase of
vapor-only inside the pipes. As gases are less efficient at convection than liquids, the
numerator in Equation 2.1, which characterizes h, decreases because the flow exchanged
between the wall and the gaseous fluid is reduced, while the AT in the denominator in-
creases with the greater thermal difference between the tubes at ambient temperature and
the cryogenic liquid. This results in a valley in the trend of h, which reaches roughly zero.

Subsequently, the graph shows a constant trend where there is a balance between
the convective heat exchanges and the temperature difference. This phase represents the
biphasic flow region of Figure 2.2 where the film boiling stage occurs. Downstream of
the film boiling comes the nucleate boiling phase, where the convective heat exchanges
between the fluid and the wall are maximized. As a result, similar to Figure 2.2, it is
possible to observe a rapid decrease in T,qy, leading to a sudden and almost vertical
increase in the heat transfer coefficient, h, which indicates the end of the chill-down pro-
cess. It should be noted that hjiquid > hvapor, and therefore, during the nucleate boiling,
h undergoes a rapid growth as the fraction of the liquid phase of the flow increases and
comes into contact with the solid surface, intensifying the heat exchanges by convection.

Overall, the behavior of the heat transfer coeflicient during the chill-down process can
be explained by the changing phases of the fluid and the resulting changes in the efficiency
of heat transfer by convective mechanisms.
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2.2 Main characteristic parameters of chill-down
process: propellant consumption and chill-down
time

The chill-down process is a critical phase in the operation of a liquid rocket engine, as it
significantly affects the correct operation of turbopumps, the proper combustion ignition
process, and the performance of the engine during the mission.

The propellant consumption mconsumption and chill-down time At,opping are two important
parameters that characterize the cool-down process, and they need to be optimized in or-
der to maximize the functioning of the overall propulsion system, which in turn improves
the performance of the engine.

However, these two parameters have an antithetical behavior, which means that in-
creasing one may negatively affect the other. For instance, increasing the mass flow rate
injected into the transfer lines results in a shorter chill-down time as the cryogenic flow
condition is achieved faster due to increased thermal exchanges by convection between
the fluid and the wall. However, this also results in higher propellant consumption, which
means that less propellant will be available for combustion in the thrust chamber for
propulsive purposes, thereby reducing the efficiency of the propulsion system.
Conversely, reducing the mass flow rate injected into the feeding lines reduces the propel-
lant consumption but increases the chill-down time as the thermal exchanges by convection
decrease and those by evaporation increase. Therefore, the optimization process of the
cool-down is a reasoned trade-off, which takes into account the application of the liquid
rocket engine and the mission analysis.
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Figure 2.4. Qualitative visualization of the mass flow rate influence on the chill-down time.
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Experimental studies have shown that the graph of Ty, = f(t) reaches the nucleate
boiling regime and cryogenic flow condition faster as the mass flow rate 1 injected into
the chamber increases. This is due to increased thermal exchanges by convection between
the fluid and the wall (1 o< h < Qeonw), resulting in a higher efficiency of the process and
a shorter chill-down time (Fig. 2.4).

The optimization of the chill-down process can have a significant impact on the safety
and reliability of a liquid rocket engine. A well-designed chill-down process can help
prevent thermal stresses and mechanical damage that can occur due to thermal gradients
during engine operation. This, in turn, can reduce the likelihood of engine failure or
malfunction during flight.

Moreover, optimizing the chill-down process can also improve the performance and
efficiency of the engine, to be intended as the correct functioning of the engine components
upstream of ignition, before the onset of thrust, which can have a positive impact on the
mission outcome. This is because a faster and more efficient chill-down process can result
in a more consistent and stable flow of propellant, which can help ensure proper operation
of the propulsion system, reliable functioning of various engine parts, and successful engine
ignition.

Overall, the optimization of the chill-down process is an important aspect of liquid
rocket engine design and development, and can have a significant impact on the safety,
reliability, and performance of the propulsion system.

2.2.1 Influence of the inlet driving pressure and gravitational
acceleration g on cooling process

Experimental tests have shown that different gravity and pressure conditions at the inlet
of the flow can affect the chill-down process. Increasing the inlet driving pressure, for
instance, reduces the cooling time of the lines. This is due to the fact that the mass
flow rate 7 is proportional to the flow velocity (i = p-w - A) , which is in turn pro-
portional to the pressure difference Ap between the inlet condition p;,e; and the ambient
condition pgmp (v x /Ap, according to Equation 2.2). Therefore, as pine: increases, the
m introduced also increases, resulting in a decrease in chill-down time (see Figure 2.5).
However, if a gas pressure feed system is used, increasing the inlet driving pressure of the
fluid means increasing the upstream pressure, i.e., the pressure of the tanks containing the
propellant, which can increase their weight due to the need to withstand higher pressure
levels and have greater thicknesses. But it is worth noting that when cryogenic liquids
are used as propellants, the liquid propellant feed system used is typically a turbopump
feeding system, as the goal of the LRE is to achieve high performance.

1 1 2-A
ptot:pstatic+§‘p‘U2:>Ap:5'/7‘U2:>U: Tp (22)
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Figure 2.5. Tyau = f(t) curve depending on the inlet driving pressure during chill-
down. Agrawal et al., 2014, pag. 8.

In terms of gravity, experiments have shown that under conditions of microgravity (0— g),
compared to normal gravity (1 — g), the characteristic curve of chill-down shifts towards
higher values of chill-down time (Figure 2.6). This is because film boiling and nucleate
boiling regions increase in duration in microgravity conditions, as the heat transfer rate
decreases with decreasing gravitational acceleration g (empirical models have been devel-
oped showing the influence of gravitational acceleration g on h).

Conversely, in normal gravity, the relationship between h and g causes an increase in the
efficiency of convective heat exchange process and a decrease in cooling time. This is be-
cause an increase in g leads to an increase in convective motions, resulting in an increase
in the heat exchange coefficient h and a reduction in the region of film boiling (1 g =1 h).
Therefore, gravity has a beneficial effect on reducing chill-down time.

Additionally, for vertically positioned pipes under gravity conditions, g positively in-
fluences the pressure at the inlet of the flow, resulting in an increase in the inlet pressure
level and a higher mass flow rate 7. This leads to an increase in convective heat transfer
(h o< ) as mentioned before.
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This can be described by the following equation:

1
Pin = Dtot = Pstatic T § P U2 + Apl—g (23)
where:
Aprg=p-g-2 (2.4)

Therefore, in normal gravity, the gravitational force presses the fluid against the walls,

intensifying its contact and resulting in greater pressure levels between the fluid and the
walls of the duct. This leads to an increase in the propellant flow injected into the transfer
line and consequently, an increase in the heat transfer coefficient.
For horizontally positioned pipes, gravity causes the liquid, which is denser, to be in
contact with the walls while the vapor, which is lighter, is positioned above the liquid phase
resulting in an inverted annular flow condition. This leads to an increase in convective
heat exchanges and a reduction in the time required for cooling, as there is no gas phase
film in contact with the wall and hjiquia > hvapor- Moreover, in the initial phase of the
cooling process when propellant is introduced into the line, the curves of the different
conditions of ¢ in Figure 2.6 are approximately coincident. This is because the greater
friction between the wall and the fluid initially caused by the effect of gravity increases the
temperature level, which works against the cooling process. However, as time progresses,
the effects of attrition on convection in 1 — g gravity become preponderant, leading to a
reduction in chill-down times.
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Figure 2.6. Influence of gravitational acceleration g on chill-down process.
Yuan et al., 2008, pag. 52.
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2.3 Chill-down techniques

The choice of methodology and system architecture for cryogenic chill-down process is
not single, but rather the result of careful consideration of various constraints and re-
quirements, particularly structural constraints of the launcher, mission target, and LRE
application. This process is extremely complex, involving numerous boundary conditions
that must be taken into account for the entire space mission.

Since the 1960s, several techniques have been developed to achieve cryogenic transfer
line cooling, each with the aim of meeting mission requirements.

The main methodologies known to date are:

Full flush flow chill-down

o Trickle flow chill-down

e Pulsed flow chill-down

o CHV (Charge, Hold, and Vent) chill-down
o No bleed chill-down

o Two-phase thermosiphon method

e Recirculating pumps

Figure 2.7 shows a simplified diagram of a typical chill-down architecture.
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Figure 2.7. Classical chill-down architecture.
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The process involves injecting propellant flow 71, from the storage tank through the
Main Propellant Valve (MPV) and transfer lines, passing through the turbopump assem-
bly to cool the lines and continuously lubricate the bearings. It is important to note that
the bearings must be continuously cooled and lubricated by the liquid propellant as they
work in rotation, imparting torque to the fluid. If the liquid heats up and becomes vapor,
it could lead to turbopump cavitation, which is to be avoided. Moreover, the lubrification
is an important thing to avoid damages to bearings and increase their life and safety of
operation. Moreover, lubrication is important to prevent damage to bearings and increase
their lifespan, as well as ensure the safety of their operation.

The flux intended for chill-down and lubrication of the bearings compartment, which
represents the "lost" propellant consumption, is continuously expelled through the Bearing
Housing Discharge Valve (BHDV) downstream of the bearings. Furthermore, the mass
flow rate employed for main feed line cooling is then ejected by the Main Discharge Valve
(MDV) upstream of the combustion chamber (CC).

Regardless of the methodology used, the Combustion Chamber Valve (CCV) that
connects the propellant to the injectors upstream of the combustion chamber is kept
closed during cryogenic cooling of the lines. Once the chill-down process is completed, the
MDYV is closed while the BHDV is kept continuously open as the bearing housing must
be constantly cooled and lubricated, to avoid damages and cavitation. Following this, the
CCV is then opened to allow a steady cryogenic flow into the chamber for ignition and
combustion. This means that the mass flow rate injected along the lines will no longer be
considered a "propulsive loss', but rather a contribution to the system’s propulsion.

2.3.1 Full flush flow chill-down

The full flush flow method is the first and most traditional technique used for chill-down.
In this method, the entire propellant flow 77,4, is taken from the tank and injected
through the completely open MPV into the turbopump system circuit, and then expelled
from the exhaust valves to cool the bearings and the main feed line. This method has
the advantage of significantly reducing the chill-down time, which is necessary in mission
phases where quick cooling is required. The full flow technique is typically used when
the solid boosters of the first stage are ignited, and the LRE must quickly reach steady
cryogenic flow conditions to avoid the expulsion of liquid propellants, which can cause
a flame outside the engine and trigger an involuntary explosion. This technique is also
required when there are strict constraints on the timing of engine ignition.

The reason for the reduced chill-down time is that, as the injected rin increases, the
liquid phase in the fluidic line grows, and the liquid fluid is more efficient at convection
than gas alone, hiiguia > hvapor, resulting in increased convective heat exchanges and faster
cooling over time.

The full flow method has the advantage of reducing chill-down times, but its main
drawback is the high propellant consumption. This is because the entire propellant flow
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Mprop 15 used for the cooling process, which is not intended for the combustion chamber
and is expelled from the exhaust valves. Therefore, this method requires a large quantity
of propellant which will need to be minimized during the design phase.

2.3.2 Trickle flow chill-down

The trickle technique is typically used to thermally condition the upper stage transfer
lines. In this method, a reduced mass flow rate 1 is continuously injected at the begin-
ning of the process to maximize the residence time of the propellant in the feed lines, thus
maximizing its capacity to absorb thermal energy from the walls through a phase change
to vapor. By injecting a lower quantity of 7, the thermal exchanges through complete
evaporation of the propellant are favored, which are added to the heat exchanges through
natural and forced convection between the fluid and the wall. As a result, the propellant
consumption is reduced, but the cooling times are longer, i.e. chill-down times are longer.
Among the different ways in which the trickle technique can be performed, the trickle
by-pass method uses an additional valve, parallel to the MPV, which regulates the mass
flow rate . Initially, a lower flux of 7 is flowed through the valve for the reasons men-
tioned above, and then the regulating valve is closed, and the propellant flow is injected
exclusively from the fully open MPV.

Both the full flow method and the trickle method involve the injection of a continuous
mass flow rate.

2.3.3 Pulse flow chill-down

The pulsed method involves operating the main valve MPV in a pulsed manner. Specif-
ically, one possible implementation of this technique involves cycling the MPV with the
discharge valve DV, which is kept open, whereby the MPV provides pulsed m streams.
Due to the Vp between the tank and the external environment, the liquid fluid is forced
into the lines at regular intervals.

By choosing an appropriate valve duty cycle, the propellant consumption fraction or the
chill-down time can be optimized depending on the mission target. The advantage of
pulsed operation is that injecting non-continuous 7 maximizes the heat exchanges by
convection and/or evaporation with the wall. Depending on the valve cycle adopted, one
of the process’s characteristic parameters will be optimized, highlighting the critical role
played by the mission phase in which cryogenic-LRE is employed.

2.3.4 CHYV - Charge, Hold, and Vent chill-down

The CHV technique aims to minimize the propellant consumption, maximizing the heat
transfer coefficient, by exploiting the latent heat of vaporization of the cryogenic propellant
to completely vaporize small amounts of propellant 7 that are trapped within the fluidic
feed lines. The method involves a sequence of phases, starting with the Charge phase,
where small quantities of liquid propellant are injected into the feed lines by opening both
the MPV and DV valves. This is followed by the Hold phase, where both valves are closed
to lock the propellant inside the transfer lines until thermal equilibrium is reached (i.e.
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the heat exchanges by convection and evaporation between fluid and wall are exhausted),
or until the pressure level in the volume does not exceed a pre-established critical value
(generally maximum pressure sustainable by tank). Finally, the Vent phase follows, in
which the DV is opened to empty the cavities, and the cycle is repeated.

The CHV method is advantageous in terms of reduced propellant consumption, as the
heat exchange power of the propellant is fully exploited, maximizing extraction of its
cooling potential. However, it requires additional sensors for detecting/monitoring pres-
sure and/or temperature levels and multiple opening/closing cycles of the valves, leading
to synchronization problems and possible delays that can result in excessive pressurization
not tolerated by the lines. Thus, this method is not suitable for "in-flight chill-down" and
is only used for "ground chill-down" due to its complexity and the need for active control.

Both the pulsed functioning and CHV techniques involve the non-continuous injection
of propellant, unlike the first two methods described that require a continuous mass flow
rate.

2.3.5 No bleed chill-down

The no bleed technique operates without purge valves DV, and instead injects propellant
and cools feed lines only through the main valve MPV, with exhaust gases being recircu-
lated and reused downstream, for example, to pressurize the main propellant tank (figure
2.8). However, the gas pressure at the outlet of the line is lower than the propellant pres-
sure in the tank, pges < Drank, requiring an additional device, such as an electric pump,
to repressurize the flow and separate the liquid from the gaseous phase of the fluid before
returning it to the tanks. While the aim of utilizing otherwise "lost" propellant makes
this technique appealing, the added complexity and drawbacks outweigh the advantages,
rendering it an unused technology at present.

I\ EP I}pexhaustgas < Ptank

TP

pexhaust_gas

A DV

Figure 2.8. Simplified no bleed chill-down architecture.
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2.3.6 Two-phase thermosiphon

The two-phase thermosiphon technique is an advancement of the previous no bleed method,
which includes an additional non-isolated fluid circuit to provide a direct path for venting
the vapor phase.

This technique involves a tank downstream of the transfer line, equipped with heaters to
completely vaporize the exhaust flow and convert it into a pressurizing gas if necessary.
To prevent back-flow of the fluid and increase the pressure in the tank, a non return valve
must be installed upstream of the heaters.

However, due to its complex design and implementation, the benefits it offers are out-
weighed by the added complexity, and it is not currently used as a technology.

2.3.7 Recirculating pumps

The architecture of the latter chill-down process is characterized by the active use of
electrically-driven pumps and valves dedicated to controlling the mass flow rate and the
path of the propellant for optimal cooling. The pumps used are generally centrifugal,
and can either be of the submerged type, where the motor coupled to the pump body is
immersed in the fluid, or boxed, where the pump, motor, and liquid to be handled are
integrated into a single block that is leak-free.

A typical chill-down operation using recirculating pumps involves two different electrically-
actuated centrifugal pumps that allow for the recirculation of liquid propellants (such
as LOx and LH,) from storage tanks to turbopumps via feed lines and back to the
main tanks. This closed loop circuit aims to save propellant consumption, but it also
increases the complexity of the system. During the initial cooling stage, the vapor phase
of the propellant and the saturated liquid phase mix with the subcooled liquid, which can
potentially increase thermal residues. It is also important to consider the destratification
of the propellant levels.

2.3.8 Summary on chill-down techniques

To select the appropriate chill-down technique, the mission phase in which it will be
employed must be considered. There are two types of chill-down: ground chill-down,
which occurs on the ground, and in-flight chill-down, which occurs during flight, typically
for an upper stage.

Performing ground chill-down is a crucial need when the first stage of a launcher is fueled
with cryogenic liquid. However, this process requires the integration of additional valves
and lines with an already complex and highly integrated engine system. Ground chill-
down can also be considered when there is a need to save first boost propellant, although
this increases the complexity of the process and reduce its feasibility.
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Chapter 3

Preliminary trade-off of the
different chill-down techniques

The purpose of this thesis, as indicated by its title, is to conduct an analysis and opti-
mization of various chill-down techniques for a cryogenic liquid propellant rocket engine
(Cryo-LRE), specifically the M10 engine of AVIO’s upcoming Vega-E product.

In order to achieve this objective, it is essential to first select and narrow down the various
chill-down methods before conducting a detailed analysis using the EcosimPro software.
Chapter 3 focuses on this initial sorting process, as analyzing all methods would require
excessive computational costs and time.

The approach taken in this phase involves conducting a preliminary trade-off by solving
an optimization problem.

3.1 Background

To start, it is crucial to understand the context of this study. The focus is on the Cryo-
LRE, specifically the M10 engine of VEGA-E, which is an upper stage engine that uses
LOx as oxidizer and LC Hy as fuel. The engine operates with a turbopump feeding sys-
tem using an expander cycle *. The engine operates in flight, in micro-gravity conditions
(20— g), and in a vacuum (pagm, = 0) 2.

It is important to mention that due to the micro-gravity conditions and the limited
pressure difference between upstream and downstream of the line (pigns is typically in the

1t is a closed cycle in which: IN-turbine: refrigerant fluid, that has become supercritical, coming
from the refrigeration system of the thrust chamber; OUT-turbine: the exhaust gas goes into the
combustion chamber and then expelled from the main nozzle.

2Starting from the second ignition of the engine, which has to do six ignitions; the first boost has
not yet reached vacuum conditions.
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Preliminary trade-off of the different chill-down techniques

low pressure range for turbopumps powered main tanks, = 2 — 5 bar; pus, iS approxi-
mately equal to 0 bar — consequently pine; is restrained), the convective heat exchange
mechanisms are not favored, resulting in increased chill-down times.

The decision to use liquid methane instead of liquid hydrogen is due to cost-effectiveness
and efficiency reasons. Liquid methane has greater absorbency characteristics than liquid
hydrogen, allowing for heat to be removed from the walls of the thrust chamber and trans-
fer lines more efficiently, ultimately leading to a reduction in chill-down times. Overall,
this study will analyze and optimize different chill-down techniques for the Cryo-LRE in
the context of the M10 engine of VEGA-E.

Fuel Pump Turbine Oxidizer Pump.
ﬂ< I> Oxidizer tank
Control
Valves

Nozzle

Figure 3.1. Schematic view of the turbopump feeding system - expander cycle.

3.2 Preliminary trade-off: optimization strategy

To perform a preliminary trade-off analysis of different chill-down techniques, the strategy
adopted is to choose:

o Design Drivers = guide parameters for the selection process , which are the prin-
ciples, values, rules, variables and conditions that an organization or team uses to
select an option or make a choice. They can help in creating a decision matrix.

3Such as propellant consumption, chill-down time, complexity, pressure drop etc...
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3.2 — Preliminary trade-off: optimization strategy

o Compliance Criteria = decision parameters that are completely satisfied by the
considered chill-down method (the value 1 is assigned).

o Not-compliance Criteria = decision parameters that are completely not satisfied by
the considered chill-down method (the value 0 is assigned).

o Constraints = design parameters whose values are to be determined as the objective
of the current design process, such as propellant consumption and chill-down time.

o Performance Parameters = parameters whose values depend on the constraints and
provide indications of performance (AV - Thrust ).

Since it must be kept in mind that:

If:

propellant consumption my;.op, chill — down time At ooling ,

Figure 3.2. Need for trade-off.

A reasoned compromise is necessary — there is a need for trade off.
The best compromise is one that minimizes the drawbacks of the process, which always
involves a waste (of both propellant and time, in this case).

The decision matrix will assist in making the best possible trade-off between the dif-
ferent chill-down techniques based on the chosen design drivers, compliance criteria, not-
compliance criteria, constraints, and performance parameters.

3.2.1 Design Drivers

The guide parameters that were chosen for the preliminary trade-off of the chill-down
techniques are:

1. Propellant Consumption 1pop, which refers to the mass flow rate involved in the
chill-down process;

2. Chill-down time AT¢oping, which refers to the time required to achieve the thermal
conditioning of the cryogenic transfer lines;

3. Process feasibility, which refers to the level of complexity involved in executing the
process, also known as executive complexity;

4. Constructive feasibility, which refers to the level of complexity involved in the method
architecture, also known as architecture simplicity/structural complexity;
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5. Pressure drop *, which refers to the pressure losses of the fluid in the pipes, due to
viscous effects, boundary layer separation, contraction of the fluid vein, and so on;

6. Complezity, which is understood in the broad sense, and is strictly connected to 3
fundamental aspects:

e 6.1 Safety of the engine and consequently the success of the mission;

e 6.2 Reliability of the cooling process, so the good success of the chill-down
process;

e 6.3 Costs linked to the chill-down process, which are mainly due to the structural
and executive complexity of the process, as well as to the propellant consumption

Mprop-

7. Component stress, which refers to the level of mechanical stress on the propulsive
system components, mainly due to a non-continuous mass flow rate ri;

8. Bearing housing lubrication, which refers to the level of lubrication/refrigeration
efficiency of the bearings. A good efficiency is achieved when a continuous and
constant mass flow rate flows in the bearing compartment, which reduces the cooling
time of the bearing housing;

9. Upper stage thermal conditioning, which refers to the capability of the technique to
do chill-down in flight.

3.2.2 Optimization strategy adopted

In an initial phase of trade-off, during the preliminary selection of the chill-down methods,
only two values/scores will be taken into account:

o A value of 1, with positive attribution, will be assigned if the design criterion is
completely fulfilled;

o A value of 0, with negative attribution, will be assigned if the design criterion is not
fulfilled at all;

o A value of 0.5 will be assigned if the design criterion is partially fulfilled or depends
on specific conditions of the method.

Subsequently, the scores obtained for each technique will be summed up. The methods
that will have a total score lower than or equal to 4 out of 11 will be discarded.

4The higher the pressure drop in the line, the greater the amount of energy consumed to maintain
the desired process flow, requiring a higher power level. The pressure drop is mainly influenced by the
complexity of the system geometry, the length of the pipes, the number of curves in the system and the
number of components (the pressure drop increases with the increasing of the number of component
in series, if in parallel it decreases, with decreasing of mass flow rate), such as valves, flow meters,
adapters, couplings. . .
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The decision matrix presented in Table 3.1 was used to assign scores and select the
chill-down methods.

Methods = Full flush | Trickle | Pulse Two-phase Recirculating
Design Driver |} flow by-pass | flow CHV | No bleed thermosiphon pumps Ground
Propellant 0 0.5 0.5 | 05 1 1 1 0
consumption
| Chill-down time | 1 o | o | 0o | 05 0.5 0.5 1
Process
feasibility 1 1 0-5 0 0 0 0 0
Constructive
feasibility 1 0-5 1 0 0 0 0 0
‘ Pressure drop ‘ 1 ‘ 1 ‘ 1 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘
| Safety 1 [ 1 o5 o | o | o | o | 1 |
‘ Reliability ‘ 1 ‘ 0.5 ‘ 0.5 ‘ 0 ‘ 0 ‘ 0 ‘ 0 ‘ 0.5 ‘
| Costs o | 1 | 1 | 0o | 0o 0 | 0 0|
Component 1 1 0 0 0 0 0 0.5
stress
Bearing cgmpartment 1 05 0 0 1 05 1 1
lubrication
In flight
chill-down 1 1 0.5 0 0.5 0.5 0.5 0
Table 3.1. Decision Matrix
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Score Table

Method Total Score
Full flush flow
Trickle by-pass

Pulse flow
CHV 0.5
No bleed 3
Two-phase thermosiphon 2.5
Recirculating pumps 3

Ground chill-down

Table 3.2. Score summary table

As indicated by the scoring table 3.2, the only chill-down techniques that will be further
analyzed using EcosimPro software are Full flush flow, Trickle by-pass, and Pulse flow.
A separate discussion applies to the ground chill-down (yellow line in Table 3.2).

3.2.3 Ground chill-down

Ground chill-down is not a cooling technique itself, but rather a method used to implement
one of the previously discussed techniques. It is typically used when the first stage of the
launcher uses cryogenic liquid or when there are strict constraints on the time available
during the ascent phase, or when in-flight propellant consumption needs to be minimized
in order to reduce mass budget and increase payload.

As such, ground chill-down is not part of this trade-off analysis for different chill-down
techniques discussed earlier, since it is not a competing method, but rather a complemen-
tary one that can be used in addition to others to minimize propellant loss during the
cooling process of the transfer lines.

However, for informational purposes only, the assigned values are justified below, even
though this method will not be considered in the optimization.

The performance of ground chill-down has been assessed based on the following criteria:

 The propellant consumption is high (10, from the main tanks or external tanks),
but the chill-down time is relatively short and independent of the mission.

e The executive complexity is high, and the process procedure is complex.

e The structural complexity is high, and a large number of components are required.

e The fluid path and system geometry are complex, leading to a high pressure drop.
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o The safety requirement, understood as the safety of the mission, is satisfied, and the
reliability requirement is almost satisfied since the process procedure is independent
of the mission, even if it is complex. However, the costs of the process are high due
to the complexity and high propellant consumption.

o The level of stress suffered by the components depends on the process procedure.

« The efficiency of lubrication/refrigeration of the method is good, as there is a con-
tinuous mass flow rate after the end of chill-down, when the pumps are running.

o This technique cannot be used for in-flight cooling, as it requires being on the ground
to execute.

3.3 Rationale for the Selected Values

3.3.1 Full flush flow method

The following justifications were taken into account while selecting the values for the Full
Flush Flow method:

e Propellant consumption: The high propellant consumption results in a lower chill-
down time.

e Process feasibility: The executive complexity is low, making the process procedure
simple and easy to execute.

o Constructive feasibility: The structural complexity is low, and the number of com-
ponents required is also low.

e Pressure drop: The fluid path is simple, resulting in low pressure losses.

o Complexity: Due to the executive and constructive simplicity, the level of safety is
high. Also, the method meets the reliability requirement. However, the costs of the
process are high since the propellant consumption of the method is high.

o Component stress: The level of stress suffered by the components is low since there
is a continuous mass flow rate.

o Bearing compartment lubrication: The efficiency of lubrication/refrigeration of the
method is high since there is a continuous mass flow rate.

o Upper stage thermal conditioning: This technique is especially useful for in-flight
cooling as the demand for short times is met®.

5This procedure is essential when there are, for example, close engine reignitions.

45



Preliminary trade-off of the different chill-down techniques

3.3.2 Trickle by-pass method

The chill-down time for the trickle by-pass method will be higher compared to the
full flush flow method due to the reduced propellant consumption (0.5 — reduced

Mprop).

The trickle by-pass method has a simple process procedure and a low executive
complexity.

The structural complexity is quite low, but the number of components required is
slightly higher than the full flush flow method.

The fluid path is simple and includes an additional parallel valve to regulate the
flow, resulting in low pressure losses (pjoss X 1M).

Despite the slight increase in component requirements, the trickle by-pass method
still has a high level of safety ¢ due to the simplicity of its design, and the reliability
requirement is almost met with the control of the by-pass valve. Additionally, the
method is cost-effective as its main objective is to reduce propellant consumption.

The trickle by-pass method has a low level of stress on its components due to the
continuous mass flow rate.

The efficiency of lubrication/refrigeration of the method is quite high with a contin-
uous mass flow rate that starts reduced and then becomes full.

This technique is particularly useful for in-flight cooling, as it meets the demand for
low propellant consumption.

3.3.3 Pulse flow method

The propellant consumption is lower (0.5 — reduced 717y, compared to full flow
method), consequently the chill-down time will be higher.

The executive complexity is quite low, and the process procedure is quite simple
because there is the need to cycle the MPV appropriately.

The structural complexity is low, requiring a small number of components.

The fluid path is simple, with a low-pressure drop due to the simple geometry of the
system.

The simplicity of the executive and constructive aspects of this method results in a
high level of safety, though the reliability requirement is only partially satisfied due to
the delicate problem of MPV duty cycle. However, the low propellant consumption
and number of components make the costs of the process low.

5Any delay in valve control does not compromise the safety of the engine and the mission.
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The level of stress suffered by the components is not negligible, as there is not a
continuous mass flow rate and load cycles occur.

The efficiency of lubrication/refrigeration of the method is not high due to the lack
of a continuous mass flow rate.

This technique can be used for in-flight cooling, meeting the demand for low propel-
lant consumption. However, the reduced reliability can put the mission at risk.

3.3.4 CHYV method

The propellant consumption is lower (0.5 — reduced 7ipyy0p), resulting in a longer
chill-down time.

The executive complexity is high, making the process procedure complex.
The structural complexity is high, requiring a large number of components.

The fluid path is not simple, with a complex geometry resulting in high pressure
drop.

Due to the high executive and constructive complexity, the level of safety is low;
the reliability requirement is not satisfied, as the complex process procedure leads
to increased likelihood of failure; the costs of the process are high due to the large
number of components and high complexity.

The level of stress suffered by the components is significant, as there is not a con-
tinuous mass flow rate (load cycles).

The efficiency of lubrication/refrigeration of the method is not high, as there is not
a continuous mass flow rate.

This technique cannot be used for in-flight cooling, as it is too complex and unreli-
able, which could jeopardize the mission.

3.3.5 No bleed method

The propellant consumption is eliminated (1 — zero riyy0p), and the chill-down time
depends on the circuit and the amount of mass flow rate injected.

The executive complexity is high, and the process procedure is complex.

The structural complexity is high, and the number of components required is also
high.

The fluid path is not simple, and the system geometry is complex, resulting in a high
pressure drop.
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Due to the high executive and constructive complexity, the level of safety is low, and
the reliability requirement is not satisfied because of the complex process procedure.
Despite the primary goal of eliminating propellant consumption, the method has
high costs due to the large number of components.

The level of stress suffered by the components is not negligible, as there is a two-
phase flow downstream of the line that goes towards the electric pump, which poses
a risk of cavitation.

The efficiency of lubrication/refrigeration of the method is good, as there is a con-
tinuous mass flow rate.

The technique could be used for in-flight cooling, although it should be avoided due
to its high complexity.

3.3.6 Two-phase thermosiphon method

The propellant consumption is eliminated (1 — zero ri,0p), and the chill-down time
depends on the circuit and the quantity of mass flow rate.

The executive complexity is high, and the process procedure is complex.

The structural complexity is high, and the number of components required is high,
including heaters and non-return valves.

The fluid path is also complex, and the system geometry as well, resulting in a high
pressure drop.

Due to the high executive and constructive complexity, the level of safety is low, and
the reliability requirement is not satisfied because of the complex process procedure.
Despite the objective of eliminating propellant consumption, the high number of
components and complexity results in high costs.

The level of stress suffered by the components is not negligible, as there is a biphasic
flow downstream of the line which goes towards the eventual tank equipped with
heaters, increasing the risk of cavitation.

The efficiency of lubrication/refrigeration is quite good since there is a continuous
mass flow rate, but the flux downstream of the heaters is all in vapor phase, which
can be a limitation.

This technique could be used for in-flight cooling, but the high complexity makes
it less desirable, especially given the high reliability requirements for successful mis-
sions.
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3.3.7 Recirculating pumps method

The propellant consumption is eliminated (1 — zero riyy0p), and the chill-down time
depends on the circuit and the quantity of mass flow rate.

The executive complexity is high, and the process procedure is complex.

The structural complexity is high, and a large number of components are required
(centrifugal pumps and control valves).

The fluid path is not simple, and the geometry of the system is complex, resulting
in a high pressure drop.

Due to the high executive and constructive complexity, the level of safety is low, and
the reliability requirement is not satisfied because the process procedure is complex.
The costs of the process are high, despite the main objective being to eliminate the
propellant consumption.

The level of stress suffered by the components is not negligible.

The efficiency of lubrication/refrigeration of the method is good, since there is a
continuous mass flow rate.

This technique could be used for in-flight cooling, but it should be avoided due to
the high complexity, high costs, and low reliability. The success of the mission is a
very strict requirement.
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Chapter 4

Simulation and Analysis of
Experimental Reports on
Chill-Down of Cryogenic
Transfer Lines

The goal of this section is to simulate and analyze various chill-down experimental tests
available from literature in order to validate or not the EcosimPro software regarding the
cooling of cryogenic transfer lines.

The results show that the software is not able to correctly simulate the chill-down process,
so a new pipe custom component shall be developed.

Six chill-down test cases were considered, and they all highlighted the inadequacy of the
program. In particular, three main limitations of the software were identified:

1. Firstly, EcosimPro is not able to correctly simulate the subcooled condition of the
cryogenic fluid. There are excessive numerical oscillations before reaching the steady
flow condition, making it impossible to obtain accurate predictions. This limitation
is particularly visible on the mass flow rate i and the quality factor, .x = %,

of the cryogenic fluid.

2. Secondly, in subcooled cryogenic liquid conditions, the temperature curves of the
fluid and the wall are not coincident at the end of the chill-down process. The
temperature of the fluid is different from that of the wall (Tyqu # Tfiuia), leading
to non-physical solutions and preventing the steady state from reaching equilibrium.
This limitation becomes more pronounced as the length of the pipe increases. This
limitation is visible from the graphs obtained with the software, such as those shown
in the figures 4.1, 4.2, and 4.3.
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Figure 4.1. Tfuiq and Tyen in subcooled and saturated conditions, during a classic
chill-down simulation in EcosimPro.
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Figure 4.2. Detail on the numerical oscillations of fluid and wall temperature, in sub-
cooling conditions, during a classic chill-down simulation in EcosimPro.
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Figure 4.3. Detail on fluid and wall temperature, in subcooling conditions, which do not
coincide in EcosimPro at the end of chill-down process.

3. Thirdly, the software does not consider the effects of gravity on the chill-down pro-
cess. In particular, the inlet driving pressure increases due to the presence of gravity
AP = p- g- z, resulting in an increase in the mass flow rate and a reduction in the
chill-down time. This effect becomes more pronounced as the length of the trans-
fer lines increases. However, EcosimPro shows that the solution in microgravity
conditions coincides with the solution obtained considering the presence of gravity,
indicating that the software does not consider the effects of gravitational acceleration
g in the heat exchanges and the heat transfer coefficient h.

The first two limitations are typical of the subcooled condition, while the third one is
always present, both in the subcooled and saturated fluid state.

The various experimental test cases have been analyzed in detail, and the several
limitations of the software have been highlighted and are presented below.
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4.1 Experimental Setup used in the Simulation
Environment

The basic pipe model built and used in EcosimPro to simulate various experimental tests
is shown in Figure 4.4.
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Figure 4.4. Experimental setup in EcosimPro.

The simple system comprises a horizontal pipe through which the cryogenic working

fluid flows, two valves at the inlet and outlet of the duct, which can be fully or partially
opened or closed by adjusting the stroke value, and two boundary conditions upstream
and downstream of the pipe that can be set for pressure and temperature.
The program requires other values to be set, such as the geometry of the components
(such as valves area, length L, inner diameter /D, outer diameter O D, number of nodes
of the pipe in which to evaluate the different quantities, wall thickness ¢, material), the
type of fluid and the heat transfer coefficient model, and so on.
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4.2 — Test case 1

The apparatus shown in Figure 4.4 was used to simulate the Full Flush Flow and
Trickle with Bypass chill-down techniques. For the Pulse method, a control on the inlet
valve was introduced, which we will analyze in detail later.

4.2 Test case 1

The first test case concerns the replication of the experimental setup described in the
report by Brennan et al. [1966] in EcosimPro.

The following figure displays the schematic of the experimental equipment used in the
report to conduct various chill-down tests.

SUPPLY DEWAR
Sterage

Dewar

Pressurizing
Gas

6.94 dps
{1.83gps) | Vacvum
Turbine .

Flowmeter

oy

I
Ball Vaive
Location

Vapor Fm'ssum
2 Thermometer Globe and Gate

Valve Location

Pressure Tronsducers,
Thermocouple Reference
Bath.

43.0m
{140 18}

INSTRUMENT STATION Inner Tube 61.0mi{200ft) x
L90em(34in) QD x

1.58cm(5/8in) 1.D., COPPER

Kovar Seal — Vacvum —=

Static Pressure
Tap

Thermocouple

wall
Thermocouple

Figure 4.5. Schematic of test apparatus.
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The experimental conditions obtained from the article are presented in the following
table:

Lyipe | 1D OD | tweu | material | portipiet,,,,. | working fluid | pous
[m] | [em] | [em] | [mm] [-] [em] (-] latm]
61 1.90 | 1.59 | 1.55 copper 1.9 0r 2.54 | LHy or LNy 0.1

Table 4.1. Case 1 experimental conditions

At four points along the line, labeled as 1 through 4 in figure 4.5, instrumentation
stations were placed to measure pressures and temperatures. These stations correspond
to cells 13, 77, 135, and 190 in EcosimPro, where a total of 192 nodes were defined. The
chill-down technique that was simulated is full flush flow method.

4.2.1 Liquid hydrogen LH,, Ay

For the experimental tests conducted with liquid hydrogen, both subcooled and satu-
rated conditions were considered. The inlet valve area for these tests was Ag
2.83529 - 10~4m? (D = 1.9cm).

valve,1

valve,l

When the test is run with LHs in saturated condition, the inlet liquid temperature Tj,
is set to the saturation temperature Ty,; of the liquid at the selected driving pressure p;,,
which is derived from Antoine’s equation. On the other hand, when the test is performed
with subcooled LHs, T;, is set to the subcooling temperature Ty, = 19.5K.

Saturated LHs, p;; = 5.1 atm
o Inlet driving pressure p;, = 5.1 atm = 516757.5 Pa — T}, sor = 27.4K

e Ambient temperature Ty = Tymp = 280K

The experimental paper by Brennan et al. [1966] does not provide information on the
stroke of the valve used in the tests (Valve;, in fig. 4.4). To replicate the experimental
results, the valve stroke has been set to be equal to the valve area, which is Ag,,,,.,
2.83529 - 107*m? (D=1.9cm). This choice was made to ensure that the simulated chill-
down times match the experimental ones.

As a result, the stroke value will be fixed for all the subsequent tests:
Strokeyawe = 1 — valve fully open
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Figure 4.6. T4y history with saturated LH5 at p;, = 5.1latm, experimental case.

— Pipe_1.T_wall[019]
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= Pipe_1.T_wall[135]
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TIME

Figure 4.7. Tyan = f(t) with saturated LHy at py, = 5.1atm, EcosimPro.

Comparison of the experimental results (Figure 4.6) with those obtained from Ecosim-
Pro (Figure 4.7) shows that the software performs well under conditions of saturated
liquid, with chill-down times that are almost in agreement with the experimental results.
However, the propellant consumption from the simulation is underestimated as the fluid
downstream of the chill-down process is partially in the vapor phase, whereas in reality,
it is in monophasic liquid conditions, leading to a decrease in the mass flow rate (since
Pvapor < Pliquid — ™ }). Additionally, the simulated curves appear to be excessively
smooth, similar to each other, and regular and do not match the concavities seen in the
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experimental data. As a result, EcosimPro does not reproduce the physical flow behavior
accurately, and the heat transfer coefficient model used does not reflect the complexity of
the actual heat exchanges between the fluid and the wall.

= Pipe_1.m1

1 = Pipe_1.m_cel[D19]
1 Pipe_1.m_cel[077]
= Pipe_1.m_cel[135]
4 Pipe_1.m_cel[190]
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Y
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| T : , I . , , : I : : 1
0 50 100 150 200
TIME
Figure 4.8. Mass flow rate 71 history during chill-down, in EcosimPro.
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Figure 4.9.  Quality factor .z history, in EcosimPro.

Figure 4.8 shows the mass flow rate m history in EcosimPro during the chill-down
process, and the area under the curve represents the fraction of propellant consumption
during the process until the steady-state is reached. The quality factor ! .z (vapor fraction

!The quality factor, also known as the vapor fraction or vapor quality, is a dimensionless quantity
that represents the ratio of the mass of vapor in a two-phase mixture to the total mass of the mixture.
It is often denoted by the symbol .z and can range from 0 to 1, where 0 represents a completely liquid
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in the liquid) history in EcosimPro is shown in Figure 4.9.

At the outlet of the pipe, i.e., in cell 190, the density of the fluid is pyy: = 3.8552%,

which is lower than the saturation density at the selected driving pressure, psq; = 60.3938%.

This confirms that the fluid exiting the pipe is not in the liquid phase, but in the vapor
phase.

For the test case with saturated liquid at T}, ¢+ = 27.4K, the propellant consumption
was 2.19155kg, and the chill-down time was approximately Afcoping = 70s.

,-Tin,sat = 274K — Meonsumption = 2.19155 kg, Atcooling =~ 70s
The same conditions were tested for the subcooled liquid at T, = Ty = 19.5K, and
the results are presented in the following graphs.

300 3 — Pipe_1.T_wall[019]

250 _ — Pipe_1.T_wall[077]

] Pipe_1.T_wall[135]
200 3

] = Pipe_1.T_wall[190]
=150 J
100
50
i} .

-_—
] 50 100 150 200
TIME
Figure 4.10. Tyqu = f(t) with subcooled LHy at p;, = 5.1atm, EcosimPro.
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Figure 4.11. Quality factor .x history with subcooled LHs.

mixture and 1 represents a completely vapor mixture.
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Figure 4.12. Mass flow rate rh history with subcooled LHo.

The results obtained from the simulations show that in subcooled flow conditions, the
fluid leaving the pipe is almost in the liquid phase (fig. 4.11) and the chill-down times
are consistent with those obtained from the simulation (4.10). However, in subcooled flow
conditions, the mass flow rate history does not match the real physical trend, exhibiting
excessive numerical oscillations before reaching the steady state (4.12). As a result, the
propellant consumption during the chill-down process is not correctly estimated, leading
to fictitious values. These findings confirm the previous statement that EcosimPro does
not perform well in subcooled flow conditions.

By comparing the mass flow rate graphs in both saturation (fig. 4.8) and subcooled
conditions (fig. 4.12), it can be observed that in saturation conditions, the curve is un-
stationary but not oscillatory, which is in agreement with the real physical trend, but it
underestimates the propellant consumption, since the fluid leaving the pipe is not com-
pletely in the liquid state. Overall, these results suggest that while EcosimPro may have
limitations in accurately modeling the real physical behavior and heat transfer coefficient
in subcooled flow conditions, it can still be a useful tool for simulating chill-down processes
in conditions of saturated liquid.

Subcooled LHs, p;;, = 2.5 atm

o Inlet driving pressure p;, = 2.batm = 253312.5Pa
o Inlet liquid temperature T}, s, = 19.5K

e Ambient temperature Ty = Tymp = 273K

The limitations of EcosimPro are once again highlighted in the various cases analyzed
and reported here. The graphs clearly demonstrate the software’s poor performance in
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subcooled conditions, as seen in the mass flow rate history (4.15), where it underestimates
the chill-down times and consequently the propellant consumption. The curves of Ty, =
f(t) (4.14) at different nodes also appear to be excessively regular and similar to each
other, failing to accurately represent the fluid’s actual physical behavior.
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Figure 4.13. T4y history with subcooled LHs at p;, = 2.5atm, experimental case.
— Pipe_1.T_wall[019]

= Pipe_1.T_wall[077]
— Pipe_1.T_wall[135]

— Pipe_1.T_wall[130]

Figure 4.14. Tyau = f(t) with subcooled LHy at py, = 2.5atm, EcosimPro.
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Figure 4.15. Mass flow rate 1 history with subcooled LH> at p;, = 2.5atm, EcosimPro.

At the subcooled state with T}, = Tsu = 19.5K, the propellant consumption during
the chill-down process is estimated to be 1.91418kg, and the corresponding chill-down
time is approximately = 146s.

Tinsub = 19.5K — Meonsumption = 1.91418kg, At cooring = 146s

Subcooled LHs, p;, = 4.2 atm

o Inlet driving pressure p;, = 4.2atm = 425565Pa
« Inlet liquid temperature Tj, ,p = 19.5K

o Ambient temperature T,,; = Tymp = 280K
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Figure 4.16. Ty history with subcooled LH at p;, = 4.2atm, experimental case.
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Figure 4.17.  Tyau = f(t) with subcooled LH; at p;, = 4.2atm, EcosimPro.
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Figure 4.18. Mass flow rate i history with subcooled LH> at p;, = 4.2atm, EcosimPro.
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ﬂn,sub = 195K — Mconsumption = 188054kg7 Atcooling = 83s

Subcooled LH5, p;, = 5.9 atm
o Inlet driving pressure p;, = 5.9atm = 597817.5Pa
o Inlet liquid temperature T}, s, = 19.5K

o Ambient temperature T, = Tyms = 293K

TEMPERATURE, °K

40 LL]
TIME, sec

Figure 4.19. T4y history with subcooled LHs at p;, = 5.9atm, experimental case.

g.. \ L ,\ ___\\ : Pipe_]_:T_waH[Olg]
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= Pipe_1.T_wall[150]

Figure 4.20. Tyqu = f(t) with subcooled LHy at py, = 5.9atm, EcosimPro.
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Figure 4.21. Mass flow rate 7 history with subcooled LHs at p;, = 5.9atm, EcosimPro.

71in,sub =195K — Meconsumption = 183829kg7 Atcooling = 58s

Subcooled LHs, p;, = 7.6 atm

o Inlet driving pressure p;, = 7.6atm = 770070Pa
 Inlet liquid temperature Tj, ¢ = 19.5K

o Ambient temperature T, = Tymp = 293K
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Figure 4.22. T4y history with subcooled LH5 at p;, = 7.6atm, experimental case.
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Figure 4.23. Tyau = f(t) with subcooled LHs at p;, = 7.6atm, EcosimPro.
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Figure 4.24. Mass flow rate i history with subcooled LHs at p;, = 7.6atm, EcosimPro.

Tin,sub = 195K — Meonsumption = 188479kg, Atcoolmg = 46s

Subcooled LHs, p;, = 11 atm
o Inlet driving pressure p;, = 1latm = 1114575Pa
« Inlet liquid temperature T}, s, = 19.5K

o Ambient temperature T, = Tymp = 280K
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Figure 4.25. T4y history with subcooled LH5 at p;, = 11latm, experimental case.
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Figure 4.26. Ty = f(t) with subcooled LH; at p;, = 1latm, EcosimPro.
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Figure 4.27. Mass flow rate i history with subcooled LHs at p;, = 11atm, EcosimPro.

nn,sub =195K — Mconsumption = 19231kg7 Atcooling = 32s

68



4.2 — Test case 1

4.2.2 Liquid nitrogen LN, A

The experimental tests conducted with liquid nitrogen under both subcooled and satu-
rated conditions will now be considered.

The tests were performed with an inlet valve area of Ag,,,, , = 2.83529-10"*m? (D=1.9cm).
In the case where the test was conducted with LN in saturated condition, the inlet liquid
temperature T;, was equal to the saturation temperature T,,; of the liquid at the chosen
driving pressure p;,, which was obtained from Antoine’s equation. On the other hand,
if the test was conducted with subcooled LNy, the inlet liquid temperature was set to
Tin = Tsup = T6K.

valve,1l

Saturated LN,, p;, = 2.5 atm
« Inlet driving pressure p;, = 2.5atm = 253312.5 Pa — Tjy, sar = 86.066K

o Ambient temperature T, = Tymp = 280K
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Figure 4.28. Ty history with saturated LNy at p;, = 2.5atm, experimental case.
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Figure 4.29. Tyau = f(t) with saturated LNy at p;,, = 2.5atm, EcosimPro.
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Figure 4.30. Mass flow rate 7 history with saturated LNy at p;,, = 2.5atm, EcosimPro.

The limitations of EcosimPro, as discussed earlier, are also evident in the experimental

tests conducted with liquid nitrogen. Furthermore, the software performs poorly not only

in subcooled conditions but also in saturation conditions for nitrogen.

The chill-down times obtained from the simulation, previously close to the experimental

values, are now significantly different, as seen in Figures 4.28 and 4.29.

It is worth noting that for T3, s, = 86.066K, the simulated propellant consumption is
23.6925kg, and the chill-down time is approximately 750s.

Tin sat = 86.066K — Meonsumption = 23.6925kg, At cooting = T50s

With the same boundary conditions, subcooled flow with T, s, = 76K was considered,
which resulted in the correct cooling times (fig. 4.31). However, the mass flow rate history
and propellant consumption were not consistent due to the presence of excessive numerical

oscillations (fig. 4.32).
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Figure 4.31. Tyqu = f(t) with subcooled LNs at p;, = 2.5atm, EcosimPro.
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Figure 4.32. Mass flow rate i history with subcooled LNy at p;, = 2.5atm, EcosimPro.
Saturated LN,, p;, = 3.4 atm

« Inlet driving pressure p;, = 3.4atm = 344505Pa — Ty, g0t = 89.475K

o Ambient temperature T, = Tymp = 293K
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Figure 4.33. T4y history with saturated LNy at p;, = 3.4atm, experimental case.
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Figure 4.34. Tyau = f(t) with saturated LNy at p;, = 3.4atm, EcosimPro.
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Figure 4.35. Tyau = f(t) with subcooled LNy at p;, = 3.4atm, EcosimPro.
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Figure 4.36. Mass flow rate i history with subcooled LNy at p;, = 3.4atm, EcosimPro.

ﬂn,sub = T6K — Mconsumption = 252802Kg7 Atcooling = 220s

Saturated LN, p;,, = 5.9 atm
 Inlet driving pressure p;, = 5.9atm = 597817.5Pa — T}, ot = 96.332K

e Ambient temperature Ty = Tymp = 293K

In the interest of brevity, only the graphs corresponding to the subcooled condition
have been presented, as they align with the experimental chill-down times.
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Figure 4.37. T,qy history with saturated LNy at p;, = 5.9atm, experimental case.
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Figure 4.38. Tyau = f(t) with subcooled LNy at p;, = 5.9atm, EcosimPro.
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Figure 4.39. Mass flow rate 7i history with subcooled LNy at p;, = 5.9atm, EcosimPro.

711'11,sub = T6K — Mconsumption = 1600367Kg; Atcooling = 136s

Subcooled LNs, p;, = 4.2 atm

o Inlet driving pressure p;, = 4.2atm = 425565Pa
« Inlet liquid temperature T}, s, = 76K

e Ambient temperature Ty = Tymp = 293K
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Figure 4.40. T4 history with subcooled LNs at p;, = 4.2atm, experimental case.
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Figure 4.41. Tyau = f(t) with subcooled LN; at p;, = 4.2atm, EcosimPro.
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Figure 4.42. Mass flow rate i history with subcooled LNs at p;, = 4.2atm, EcosimPro

En,sub = T6K — Meconsumption = 1426432}{& Atcooling = 179s

Subcooled LNs, p;, = 5.9 atm
e Inlet driving pressure p;, = 5.9atm = 597817.5Pa

« Inlet liquid temperature T}, s, = 76K

e Ambient temperature Ty = Tymp = 293K
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Figure 4.43. Ty history with subcooled LNy at p;, = 5.9atm, experimental case.
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Figure 4.44. Ty = f(t) with subcooled LN; at p;, = 5.9atm, EcosimPro.
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Figure 4.45. Mass flow rate 7i history with subcooled LNy at p;, = 5.9atm, EcosimPro.

,Tm,sub = 76K — Mconsumption = 1600367Kg; Atcoolmg = 135s

4.2.3 Conclusions about test case 1

Conclusions drawn from the simulation of test case 1 are as follows:

o EcosimPro does not simulate the subcooling state well. The numerical oscillations
of mass flow rate are too large and the transient behavior is excessively unstable.
On the other hand, it simulates the saturation state well, which is much smoother
and numerically cleaner.

e EcosimPro does not work well with liquid nitrogen. The chill-down times do not
coincide with the experimental ones. The problem with the subcooling state is
further aggravated with LNs.

» EcosimPro does not take into account the right concavity changes of the Ty = f(t)
curves, which are too linear and similar to the different nodes. These concavity
changes are related to the phase changes of the flow, and thus the software does not
simulate the real flow behavior, which is the same for several cells along the pipe.

Physical observations include:

o The chill-down times are much greater for LN, than LH,, even though liquid ni-
trogen has greater absorbency characteristics, because AT between fluid and wall is
greater.

o The propellant consumption is higher for nitrogen than for hydrogen (= 20kg vs
2kg), both because AT is higher (consequently Atcooing higher) and because LN, is
denser.
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o The mass flow rate curve related to the last tube detection station (e.g. green curve
in 4.45), in the subcooled condition, does not present excessive oscillations. This is
because the fluid does not reach subcooled but saturated at the last cell, hence the
curve relative to the last cell is appreciable even if in subcooling conditions.

Similar analysis was also carried out with the inlet valve area Ay,,,., = 5.0671- 10~4m?
(D=2.54cm), and the results were consistent with the previously reported conclusions.
However, for the sake of brevity, these results have not been included in this report.

4.3 Test case 2

The second experimental test case, described in A.K.Shukla et al. [2017], was also simu-
lated using EcosimPro. The schematic of the experimental setup is shown in figure 4.46,
and consists of a liquid nitrogen (LN2) Dewar pressurized with high pressure gaseous
nitrogen (GN3) cylinder. Two test sections, denoted as S; and S, are made of seam-
less stainless steel 304 tubes, with inner diameters ID of 13.5 mm and 21 mm and wall
thicknesses t,q of 1.2 mm and 2 mm, respectively. The experiments were carried out for
different mass flow rates of 102 and 662 and inlet pressure values, all using liquid nitrogen
LN, as the working fluid.
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Figure 4.46. Schematic of the test setup with instrumentation details of the test section.

Three temperature sensors were placed at three different axial locations along the test
sections, namely 300mm, 650mm, and 1300mm from the inlet for both line sizes S; and
Ss. In the case of test section Sy, these detection stations correspond to nodes 2-3, 5,
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and 10 in EcosimPro, where 11 nodes were set. For test section Ss, the detection stations
correspond to nodes 1-2, 3, and 6, and the number of nodes set in EcosimPro is 7.
The chill-down technique simulated in this test case is the Full Flush Flow method.

The following table presents the experimental conditions extracted from the paper:

S L ID twall material Aintety . working fluid m Dout
[=] | [mm] | [mm] | [mm] [-] [mm?] [-] [4] [atm]
Sy | 1440 13.5 1.2 stainless steel 304 | 1.431-107% LN, 10 or 66 0.1
So | 1440 21 2 stainless steel 304 | 3.4636 - 104 LNy 10 or 66 | 0.1

Table 4.2. Case 2 experimental conditions

The boundary conditions for both test sections S7 and Sy are as follows:

e The inlet LNy temperature is set to T;, = 7T6K.

o The ambient temperature, which is the initial wall temperature, is set to
Tout = Tomp = 293.15K.

4.3.1 Test Section S;, mass flow rate 1 = 107

Two pieces of information missing from the paper have been determined for the simula-
tions. The first one is the valve stroke, which has been set to 0.22, resulting in a valve
stroke area of Ay = 0.22 - Ay, = 0.22 - (1.431 - 107*m?) = 3.1482 - 10~°m?2. This choice
was made to ensure that the simulated mass flow rate value at steady state matches the
experimental one, which is constrained to 7 = 10 or 66<.

The stroke value will remain constant for all tests.

The second missing information is the inlet driving pressure, which has been set to the
saturation pressure of the fluid at T}, = 76 K. This is because EcosimPro has been found

to perform well in saturation condition.

The inlet driving pressure is p;, = psqar = 86101.932Pa.
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Figure 4.47. Tyau = f(t) history for LNs, test section Sp, experimental case.
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Figure 4.48. Ty = f(t) history for LNy, test section Sy, 1y = 102, EcosimPro.
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Figure 4.49. Mass flow rate 7 history for LN, test section S, 11 = 102, EcosimPro.

4.3.2 Test Section 57, mass flow rate my = 66%

To achieve a mass flow rate of 662 in test section S with an inlet fluid temperature of
Tin = 76K, the inlet pressure p;, was increased to 0.85atm. This was necessary to ensure
that the simulated mass flow rate value at steady state matched the experimental value,
as the constraint was on 66<.
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Figure 4.50. Tyqu = f(t) history for LN, test section Si, rhg = 66%, EcosimPro.
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Figure 4.51. Mass flow rate ri history for LN, test section S, 12 = 662, EcosimPro.
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Figure 4.52. Tyqu = f(t) history for LN, test section Sy, 7y (branch 1) and
1y (branch 2), EcosimPro.

When comparing the experimental graph shown in Figure 4.47 with the simulation
graph shown in Figure 4.52, the following observations can be made:

o Ateooling = 130s (Tin, = 76K, pin, = psat, 1), in EcosimPro.

o Atcooling = 200s (r1), in experimental case.

o Atcooling = 35s (Tin, = T6K, pin, = 0.85atm, 1h12), in EcosimPro.
o Ateooling = 100s (1712), in experimental case.
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Relative errors on chill-down time, in EcosimPro:
r'nl, Sl — Err = 26.9%
m2,51 — Err =75%

4.3.3 Test Section S5, mass flow rate m; = 10%

For this test case, the reference is to the second row of Table 4.2.

The stroke of the valve is missing from the paper, but it is known that the simulated
mass flow rate value at steady state must coincide with the experimental one, which is
constrained to be 7 = 10 (or 66)2. In order to achieve this, the stroke of the valve is set to
0.1, so that the valve stroke area is Ag = 0.1-A;;, = 0.1-(3.4636-10~*m?) = 3.4636-10~5m?.

The valve stroke area is kept fixed for all tests.

The inlet driving pressure is also missing from the paper, but it is set to the saturation
pressure of the fluid at Tj, = 76K, since EcosimPro works well in saturation condition.

Therefore, pip, = psar = 86101.932Pa.
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Figure 4.53. Tyau = f(t) history for LNs, test section Ss, experimental case.
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Figure 4.54. Ty = f(t) history for LN3, test section Sy, 1y = 102, EcosimPro.
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Figure 4.55. Mass flow rate r history for LNy, test section So, my = 10%, EcosimPro.

4.3.4 Test Section Sy, mass flow rate 1y = 66¢

To meet the constraint of 66¢ while maintaining the same test section S, and inlet fluid
temperature T;, = 76K, the inlet pressure p;, was increased to 0.85atm.
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Figure 4.57. Mass flow rate i history for LNs, test section Sy, 1y = 66%, EcosimPro.
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Figure 4.58. Tyau = f(t) history for LN, test section Sa, 7y (branch 1) and
rhy (branch 2), EcosimPro.

When comparing the experimental graph shown in Figure 4.53 with the simulation
graph shown in Figure 4.57, the following observations result:

o Ateooting = 400s (T, = T6K, pin, = psat, 1), in EcosimPro.
o Atcooling = 500s (ri1), in experimental case.
o Ateooting = 90s (T, = 76K, pi, = 0.85atm, 1), in EcosimPro.

o Atcooling = 250s (rg), in experimental case.

Relative errors on chill-down time, in EcosimPro:
ml, Sg — BErr =12.5%
T;”LQ, SQ — Err =88%

4.3.5 Conclusions about test case 2

In test case 2, it is evident from the comparison between the simulation results obtained
using EcosimPro and the experimental data (particularly, see figures 4.52 and 4.58) that
EcosimPro underestimates the chill-down times. This leads to an underestimation of the
propellant consumption required for cooling the transfer lines.

These discrepancies become more pronounced as the length of the pipes increases and
under microgravity conditions (= 0 — g).
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4.4 Test case 3

The third test case simulated in EcosimPro corresponds to an experimental analysis con-
ducted by Yuan et al. [2008]. This experiment was chosen to demonstrate the limitations
of EcosimPro in accurately evaluating the effects of gravity on the chill-down process.
The following table presents the information available from the paper related to the test
section employed.

ID OD twall material working fluid | 7 | gravity conditions | Strokey e
[em] | [em] | [mm] -] = [¢] [-] =
0.432 | 0.635 | 1.015 | stainless steel LNy 404 0—gorl—g 1

Table 4.3. Case 3 experimental conditions

The test section was mounted vertically inside a vacuum jacket, and saturated liquid
nitrogen was injected from the beginning of the test section while the end of the test
section was opened to the atmosphere.

In EcosimPro, the stroke of the valve has been set equal to 1 since the experimental setup
does not have any valves, and therefore the flow passage area is equal to the area of the
tube.

Two thermocouples were positioned respectively at 20cm and 30cm from the pipe inlet,
which correspond to nodes 3 and 4 in EcosimPro, where 8 cells have been established.

The boundary conditions for the experiment include:

« Inlet fluid temperature at the saturation temperature of LNy at atmospheric pressure
pin = latm, resulting in Tj, = Tsq = 77.355K.

e The ambient or room temperature is Ty, = Tymp = 293K, which is the initial wall
temperature.

e The inlet driving pressure is p;, = latm.

e The outlet pressure is py,: = 0.1latm.

4.4.1 Saturated LN,, gravity condition 1 — g

The experimental conditions from the paper, p;, and Ts., were applied to the simulation.
However, the simulation results did not match the mass flow rate constraint of 40%,
yielding a mass flow rate of 7 = 3.3% and a chill-down time of At poing = 40s.

To satisfy the mass flow rate constraint, the inlet driving pressure was increased to
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The following figures show the simulation results for a mass flow rate of 40¢ under
1 — g conditions:
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Figure 4.59. Tyau = f(t) history under 1 — g condition, flow rate of 40<, experimental case.
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Figure 4.60. Tyeu = f(t) history under 1 — g condition, flow rate of 40%, EcosimPro.
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Figure 4.61. Mass flow rate 7 history under 1 — g condition, flow rate of 40%, EcosimPro.

It has been found again that EcosimPro underestimates the chill-down times, which
leads to underestimation of propellant consumption as compared to the experimental
results:

o Aleooling = 17s, experimental case;
o Ateooling = 75, EcosimPro.

The relative error on the chill-down time is of the order of 70 % (71%).

4.4.2 Saturated LN,, microgravity condition 0 — g

Under the experimental conditions outlined in the paper, with Ty, and p;, = 1.3atm to
match the mass flow rate constraint of 40¢ and microgravity conditions (= 0 — g), the
simulation results are presented below.
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Figure 4.62. Tweu = f(t) history under 0 — g condition, flow rate of 40¢, experimental case.
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Figure 4.63. Ty = f(t) history under 0 — g condition, flow rate of 402, EcosimPro.
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Figure 4.64. Mass flow rate 7 history under 0 — g condition, flow rate of 40%, EcosimPro.

The graphs show that EcosimPro does not account for the effects of gravity on the
chill-down process. Experimentally (figures 4.59 and 4.62), passing from the 1 — g to the
0— g condition shows an increase in cooling time from about 17s to 22s due to the increase
in inlet pressure p;, under gravitational acceleration g (p;, = pstatic"’% p'v2+Ap1_g, where
Api_g = p-g-z). In other words, gravity aids the decrease in chill-down time. However,
EcosimPro does not consider the effect of g on the driving pressure, and consequently, it
underestimates the chill-down times. Furthermore, the software generally underestimates
the chill-down times in gravity conditions, and this underestimation is further exacerbated
in microgravity conditions.

Chill-down times in 0 — g:

o Ateooling = 225, experimental case;

o Ateooling = 75, EcosimPro.

This results in a relative error on chill-down time of 107%.

Furthermore, setting the chill-down time (rather than the flow rate) as the constraint

to be respected, by lowering the inlet driving pressure, a reduction of the mass flow rate
and consequently the propellant consumption can be obtained: 7 = 204 (fig. 4.65).
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Figure 4.65. Tywau = f(t) history under 0 — g or 1 — g condition, flow rate of 20, EcosimPro.

The last observation regarding the software is that it does not consider the effect of
gravity in both saturation and subcooling conditions:
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Figure 4.66. Gravitational acceleration effect: saturated vs; subcooled fluid, EcosimPro.
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4.5 Test case 4

The next test case simulated in EcosimPro is the experimental analysis conducted by Jin
et al. [2019], using liquid argon (LAr), and Jin et al. [2017], using liquid nitrogen (LN3).

Although the working fluid differs, the experimental apparatus and procedure used in

both studies are identical.
Figure 4.67 shows the schematic of the test setup and sensor locations used in the exper-

iment.
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Figure 4.67. Schematic of the test setup and sensor locations.

The liquid working fluid that flows into the test section is subcooled in a LAr or LN,
bath by saturated fluid at atmospheric pressure. The fluid is then vented to the atmo-
sphere after cooling the test section. The line chill-down process begins when the inlet
fluid is in a subcooled state, with valve 2 and valve 3 fully open and valve 1 closed. The
chill-down technique employed is the full flush flow technique.

The information available from the paper related to the test section used in the exper-
iment is presented in the following table.

L | inner tube OD | inner tube ID | outer tube OD | outer tube ID material working fluid | pous

[m] [mm] [mm] [mm] [mm] [-] (-] [Pal

7 12.7 10.2 25.4 22.4 stainless steel 304 | LAr or LNy | 0.07
Table 4.4. Case 4 experimental conditions
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Two temperature sensors were used to measure the wall temperature T,,q; and fluid
temperature T’ at Location A (1m away from the inlet) and Location B (6.5m away from
the inlet) of the test section (Fig. 4.67). These two locations correspond to cells 10 and
65 of the EcosimPro pipe model, which has 69 nodes in total.

The paper provides the boundary conditions used in the experimental tests that were
simulated in the software:

o Ambient/room temperature is Tyyr = Tomp = 293K, which is the initial wall temper-
ature.

o Inlet fluid temperature is T, = Tsup = 92K for LAr and T;, = Ty = 81 — 83K for
LNs.

o Inlet driving pressure ranges from 236.7 to 505.5KPa for LAr and from 216.8 to
480.3KPa for LNs.

The average mass flux is also given, but the valve area is unknown. In order to
match the mass flow rate value with the given value in the paper, the valve area is set to
Avatvein = 3.5 - 107°m?.

Furthermore, although the inlet flow was subcooled for the experiment, it was decided to
work in saturated conditions in the software since it handles saturated fluids well:
Din = Psat — Tin = Tsat (Antoine’s equation).
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4.5.1 Liquid Argon
Tuning case

Experimental conditions:
o pin = 382.6KPa — Ty = 102.15K;
o Avg. mass flux G = 60%.

Simulation results:
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Figure 4.68. Time history of temperature, pressure and mass flow rate, experimental case.
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Figure 4.69. Ty; and Tyqy time history, tuning case, in EcosimPro.
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Figure 4.70. Tyau = f(t) history, tuning case, in EcosimPro.

Comparison between experimental cases and simulations

Table 4.5 shows the experimental cases with LAr from the paper, reproduced using the
software. The experimental conditions are given, which include the input pressure and
average mass flux.

Case | avg. pi, [KPa] | avg. mass flux [kg/m? s]
1 236.7 33.2
2 259.5 38.5
3 279.0 40.8
4 296.0 44.4
5 299.4 47.2
6 307.7 45.4
7 325.1 52.4
8 340.7 04.1
9 359.0 55.6
10 361.7 56.9
11 373.7 58.6
12 382.6 60.0
13 398.7 62.7
14 412.3 64.7
15 420.2 66.5
16 446.8 70.1
17 458.4 69.3
18 505.5 79.5

Table 4.5. Experimental cases with LAr

Figures 4.71 and 4.72 show the comparison of cooling times, while Figures 4.73 and 4.74
show the comparison of fluid argon consumption during the chill-down process, between
the experimental cases and EcosimPro simulations. The limitations of the software are
obvious.
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Figure 4.71. Line chill-down time of liquid argon experimental cases.
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Figure 4.72. Line chill-down time of liquid argon simulated cases, EcosimPro.
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Figure 4.73. Propellant consumption during chill-down process with liquid
argon, experimental cases.
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Figure 4.74. Propellant consumption during chill-down process with liquid argon, EcosimPro.
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4.5.2 Liquid Nitrogen

Tuning case

Experimental conditions:
o pin = 337.9KPa — Ty, = 89.252K;
o Pout = 329.9KPa;
e Avg. mass flux G = 47.5%.

Simulation results:
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Figure 4.75. Time history of temperature, pressure and mass flow rate, experimental case.
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Figure 4.76. Ty and Tyqy time history, tuning case, in EcosimPro.
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Figure 4.77. Tyau = f(t) history, tuning case, in EcosimPro.

Comparison between experimental cases and simulations

Table 4.9 shows the experimental conditions for each of the experimental cases with LN,
from the paper, reproduced using the software. It includes the average values of the inlet
pressure (pi,), outlet pressure (poy:), and mass flux.

Case | avg. pi, [KPa] | avg. pouwr [KPa] | avg. mass flux [kg/m? s]
1 480.3 469.3 73.6
2 426.6 416.9 09.4
3 387.7 379.1 54.0
4 372.6 363.8 55.6
b} 359.7 351.2 51.3
6 337.9 329.9 47.5
7 328.6 320.7 43.8
8 307.7 300.6 42.1
9 301.3 294.5 40.1
10 290.7 283.4 41.9
11 263.1 256.8 35.5
12 252.0 246.1 41.1
13 250.0 244.3 32.3
14 216.8 212.1 26.0

Table 4.6. Experimental cases with LNy

Figures 4.78 and 4.79 show the comparison of cooling times, while Figures 4.80 and
4.81 show the comparison of fluid nitrogen consumption during the chill-down process,
between the experimental cases and EcosimPro simulations.
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Figure 4.78. Line chill-down time of liquid nitrogen experimental cases.
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Figure 4.79. Line chill-down time of liquid nitrogen simulated cases, EcosimPro.
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Figure 4.80. Propellant consumption during chill-down process with liquid ni-
trogen, experimental cases.
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Figure 4.81. Propellant consumption during chill-down process with liquid
nitrogen, EcosimPro.
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The table below (tab.4.7) displays the percentage of relative errors in chill-down time
and propellant consumption for both LAr and LN,, as observed in the experimental
analysis from the paper and the simulated results in EcosimPro.

Argon Nitrogen
Location A Location B Location A Location B
Errchilldownm,w -E7’7‘chz’lldowntimc -E7’7‘chilldown,gimc E‘Trchilldown“mc
22.7% 14.18% 6.38% 6.01%
Errpropetiant o aumprion 7T propellant, o sumprion BT propetiant o aumprion 7T propellant o sumprion
19.18% 8.9% 29.55% 35.81%

Table 4.7. Relative errors

As can be readily observed, the errors are substantial, indicating a need for the devel-
opment of a new pipe model to accurately estimate the characteristic parameters of the

chill-down process.

4.6 Test case 5

In the next test case simulated using EcosimPro, the experimental analysis conducted by
Jin et al. [2016] is considered.
The experiments described in this paper involve cryogenic chill-down on a stainless steel
horizontal pipe with 12.7mm outer diameter (OD), 1.25mm wall thickness (t,q;), and
7m length (L) using liquid nitrogen (LN3). The pipe is vacuum insulated during the

experiment to minimize the heat leak from room temperature.

The temperature and

pressure profiles of the chill-down line are obtained 5.5m downstream from the pipe inlet.
The experiments are conducted under a mass flux range of approximately 19kg/m?s to

49kg/m?s.

The experimental apparatus for cryogenic line chill-down is schematically illustrated in
figure 4.82. It mainly consists of an LN, supply tank, a subcooler, a bypass line, and a
test section. The detailed information of the test section and the location of the sensor
are depicted in figure 4.83. The specifications of experimental tests are listed in table 4.8.

The subcooler is characterized by a copper tube coil and is submerged in an LN, bath
which is approximately 77K at atmospheric pressure. The chill-down process is considered
to have started when the entire line upstream of the test section has already been cooled,
and the valve 3 is closed while the valves 1 (Main Propellant valve) and 2 (Discharge

Valve) are left open.

105




Simulation and Analysis of Experimental Reports on Chill-Down of Cryogenic Transfer Lines

Figure 4.82.

LMz supply tank

Mass flow meter

VALVE 1

Subcooler

VACUUM JACKETED

VALVE 2
(=]

d, =12.7mm

Figure 4.83. View of test section.

Schematic diagram of experimental apparatus for cryogenic line chill-down.

L | inner pipe OD | inner pipe tqu | outer pipe OD | outer pipe tyau material working fluid Pout

[m] [mm] [mm] [mm] [mm] (-] (-] [mTorr]

7 12.7 1.25 25.4 1.50 stainless steel 304 LNy vacuum
(< 0.5)

Table 4.8. Case 5 experimental conditions
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The experimental analysis comprises a total of six different conditions, as follows:

Case | avg. pin [KPa] | avg. pewt [KPa] | pressure drop Ap [KPa] | avg. m [g/s]
1 176.4 174.8 1.6 1.6
2 254.9 252.5 2.4 2.5
3 293.1 290.6 2.5 3.6
4 315.5 313.0 2.5 3.7
5 382.5 379.6 2.9 4.0
6 433.1 429.5 3.6 4.0

Temperature conditions:

e The ambient temperature is Tyt = Tomp = 293K, which is the initial wall tempera-
ture.

e The inlet fluid LNy temperature is T3, = 77K.

The temperature sensor A is placed at the reference section of the pipe, corresponding

Table 4.9. Experimental conditions with LN

to node 54 in EcosimPro, where 69 cells have been set up.

The chill-down process is simulated using the full flush flow method.

However, the paper does not provide information on the stroke of the valve used in the
experiments. For the purpose of matching the experimental mass flow rate values with
the simulated ones and enabling a comparison of chill-down times, a valve stroke area of
Ag=0.1-A;, = 1.2668-10°m? (Strokeyae = 0.1) is assumed and kept constant for all

tests.
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4.6.1 Experiment 1: p;, = 176.4K Pa, pyy = 174.8 K Pa, m = 1.6g/s

With these input conditions, the software produces a mass flow rate value of 6.48¢/s,
which is higher than the desired value of m = 1.6g/s. To adjust the flow rate to the
desired value while keeping the stroke fixed, the pressure drop Ap is reduced, which in
turn slows down the flow and reduces the mass flow rate. The new pressure drop is
Appew = 0.1K Pa, which is underestimated by the software.
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Figure 4.84. Comparison on AT¢yeing between the experimental case and EcosimPro.

4.6.2 Experiment 2: p;, = 254.9K Pa, poy: = 252.5K Pa, mm = 2.5g/s
o Apesp =2.4KPa — 1 =7.95g/s; Appew = 0.25K Pa — 1 = 2.56g/s.

300 . . : . . 10
o700 . «— Mass flow rate
[ b "~ Tfin8 =
LN ~TAA o
r LY ~—T w, Alg g
- [=]
i \1 R
1hd ) L +r]4 B
E ot d L H A At iy o ol &
- ' i/ L y'h o P <
— - -
0 50 100 160 200 250 308 0
Time [s] 0 1.000 2,000 3,000 4,000 5.000
(b} TIME
Experimental EcosimPro
(paper) (2100s)

(185s)

Figure 4.85. Comparison on AT¢ying between the experimental case and EcosimPro.
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4.6 — Test case 5

4.6.3 Experiment 3: p;, = 293.1K Pa, pywt = 290.6K Pa, m = 3.6g/s
o Apesp =2.5KPa — 1 =8.12g/s; Appew = 0.5K Pa — 1 = 3.63g/s.
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Figure 4.86. Comparison on AT¢yeing between the experimental case and EcosimPro.
4.6.4 Experiment 4: p;, = 315.5K Pa, pyw = 313.0K Pa, m = 3.7g/s
o Apeyp = 2.5KPa — 1 = 8.12g/s; Appew = 0.55K Pa — 1 = 3.79¢g/s.
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Figure 4.87. Comparison on AT¢ying between the experimental case and EcosimPro.
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4.6.5 Experiment 5: p;, = 382.5K Pa, poy: =

o Apeyp =2.9KPa — 1 = 8.759/s; Appew = 0.65K Pa — 1 = 4.12g/s.

4.6.6 Experiment 6: p;, = 433.1K Pa, pou =

(k)
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o Apesp =3.6KPa — 1 =9.76g/s; Appey = 0.65K Pa — 1 = 4.12g/s.
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4.7 — Test case 6

The comparison between the experimental and simulated results shows a significant

discrepancy in the cooling times. However, it should be noted that Test Case 5 cannot
be used to evaluate the accuracy of the model due to the lack of information about the
boundary conditions of the LNy at the test section inlet when the cooling process actually
begins (as depicted by the red circle in fig. 4.82). In fact, the chill-down process is
considered started when the whole line upstream of the test section has already been
cooled, but there are not sufficient information to establish the new boundary conditions
of the LNs.
This can be observed from the experimental graphs in the paper, such as fig. 4.89, where
the mass flow rate shows a mainly constant trend throughout the experiment. In contrast,
during a typical cryogenic chill-down test, the mass flow rate first experiences a transient
phase of approximately increasing magnitude before reaching a steady state with constant
trend, as shown in fig. 4.90.
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Figure 4.90. Classic mass flow rate 7 trend in a cryogenic chill-down process.

4.7 Test case 6

The last test case simulated in EcosimPro is based on the experimental analysis conducted
by Ramé et al. [2014], which involved performing chill-down tests on a warm cryogenic
line with liquid hydrogen.

The experimental setup used for these tests is shown in Figure 4.91.
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Figure 4.91. Schematic of the chill-down equipment showing the test section line.
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The experimental conditions obtained from the paper are reported in the following table:

L OD material working fluid | mass flow rate chill-down DPout
[m] | [mm)] -] [—] [1b/min) technique [atm]
2.26 | 12.7 | stainless steel 304 LH, =2 trickle and pulsed | 0.1

Table 4.10.

Case 6 experimental conditions

A sight glass section was installed in the flow line about 1.86m downstream of the line inlet
to allow observation of the flow near the downstream end of the line (as shown in Figure
4.91). Temperature and pressure were measured at instrumentation stations correspond-
ing to nodes 21-22 in EcosimPro, using a silicon diode temperature transducer (SD23)
and a pressure transducer (P4). The chill-down techniques simulated in EcosimPro were
the trickle with bypass and the pulsed method.

The experimental conditions used in the simulation are as follows:

e Ambient temperature Ty = Tymp = 265K, which is the initial wall temperature.
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o Inlet fluid LH; temperature T;, = Tso; = 20K, indicating that the fluid is in satu-
rated conditions (EcosimPro works well with saturated LHs).

 Inlet driving pressure T}, sot = 20K = pip, = psar = 90717Pa.

However, the wall thickness of the test pipe t,q; was not provided in the paper, so it
was assumed in order to match the experimental chill-down times.

4.7.1 Trickle chill-down test

Two flow strategies, namely trickle with bypass and pulse, were used for line chill-down.
In both cases, the mass flow rate of hydrogen was approximately m = 2lb/min =
0.01512kg/s. During the trickle flow set, hydrogen was continuously injected into the
chill-down test section. In contrast, during the pulse test, LH> flowed for noy seconds,
followed by nopp seconds of zero flow.

During the trickle chill-down test, a reduced mass flow rate initially flows through the
inlet valve with bypass (Valve;, in fig. 4.4, valve stroke is fixed equal to 10% of the pipe
area) for the first 20 seconds, after which the valve is fully opened (valve stroke equal
to 100% of the pipe area, Ayaipe,, = Apipe) until the end of the chill-down process. The
discharge valve (Valvey,: in fig. 4.4) is kept open continuously during the trickle test.
From the experimental graph, it can be deduced that there is a reduced flow rate for the
first 20 seconds.

The pipe wall thickness typically varies between 1 — 3 mm. However, by selecting
tway in this range with the given OD, the chill-down times obtained from the simulations
are too low (approximately 20 seconds) compared to the available experimental results
(approximately 150 seconds). Similarly, with these same conditions, the mass flow rate
values are too low (approximately 1.131b/min).

Therefore:

o To increase the chill-down time, it is necessary to increase the wall thickness.
T twall :>T Atcooling

o To increase the mass flow rate, it is necessary to increase the flux passage area, i.e.
the inner diameter ID. This is because p and V are respectively fixed with the fluid
and with Ap.

TID >t A=>tm=p-V-A

To perfectly match the chill-down time of approximately 150 seconds and the mass
flow rate of approximately 2(b/min = 0.015kg/s of the available experimental trickle test,
the following values are fixed:

twan = 20mm
ID =12.2mm
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Figure 4.92. Time history of wall temperature (red line) and mass flow rate (black line)
of a medium trickle flow test, experimental case.
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Figure 4.93. Tyqu = f(t) history of a medium trickle flow test, EcosimPro.
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Figure 4.94. Time history of mass flow rate for medium trickle flow test (black
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4.7.2 Pulse chill-down test

The paper experimented with a second chill-down strategy known as the pulsed technique,
specifically a 3-3 pulse test (i.e. 3 seconds on and 3 seconds off of LH, flow). After
perfectly tuning the simulated trickle test to match the experimental one by forcing the
physical dimensions of the pipe, the simulation was used to test whether EcosimPro could
accurately simulate the pulse methodology.

The pipe model used to simulate the full flush flow and the trickle method (fig. 4.4) in
the software environment is different for the pulse strategy. The new tube model, shown
in figure 4.96, includes a control on the inlet flow valve to regulate the number of seconds
non/norr in which the valve is open/closed. The outflow valve remains permanently
open.

e T e R e e b e e S s e i S o £ 1 o P € o o e e e o e e s 1 oy

SourcebPulse_1 BooleanToReal_1

o~ i T—DE—? vel=0_a.0
& o—o > : )
o~ WorkingF luid_1 ¥ Valve_out -®
VoIPT_BC_in1 by VolPT_BC_out1
1 Pipe_1 ==

Figure 4.96. Experimental setup for pulse chill-down tests in EcosimPro.

The temperature and pressure boundary conditions applied are the same as those used
in the trickle test.

116



4.7 — Test case 6

The simulation results are compared with the experimental results from the paper in
the following figures:
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Figure 4.97. Time history of wall temperature (red line) of a medium flow 3-3
pulse test, experimental case.
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Figure 4.98. Ty = f(t) history of a medium flow 3-3 pulse test, EcosimPro.

It can be seen that by adjusting the physical dimensions of the model, EcosimPro
is able to simulate the chill-down time well (= 300s), although it does not capture the
correct trend of the curve, i.e., the real behavior of the fluid flow in all its phases.
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Figure 4.99. Time history of mass flow rate for medium flow 3-3 pulse test (red
line), experimental case.
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Figure 4.100. Mass flow rate 7 history for medium flow 3-3 pulse test, EcosimPro.
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4.7.3 Conclusions about test case 6

The following results and differences have emerged between the simulations and experi-
ments regarding the propellant consumption:

EcosimPro Experimental Paper
Trickle Pulse Trickle Pulse
MLH, MLH, MLH, MLH,

3.947 kg | 1.32 kg 5 kg 1.5 kg

Table 4.11. Propellant consumption m results

Overall, EcosimPro underestimates the propellant consumption, with values of 3.95 kg
and 1.32 kg for the trickle and pulse tests, respectively, compared to 5 kg and 1.5 kg in
the experimental analysis. However, Table 4.11 shows that the reduction in fluid mass for
cooling in the pulse test compared to the trickle test is about 67 % in EcosimPro
( Meonsumption p,,.. = 33% * Meonsumption.,..,. )» Which is consistent with the 70 % reduction
in propellant consumption observed in the experimental results. In fact, the cumulative
mass spent in pulse flow is only 30 % of that in trickle flow due to the off-time during
pulsing, as shown in figure 4.101.

The chill-down time in the pulse test is also accurately matched by the software.

In conclusion, with the initial forcing of the pipe dimensions, EcosimPro is able to
simulate well the cooling time Atcyoing and the propellant consumption m of the pulsed
chill-down technique. However, it is worth noting that the software is not able to capture
the real physical behavior of the flow, as evidenced by the trend discrepancies between
the simulated and experimental curves.

— trickle
pulse

Mass (b}

T

Elapzad Tima (sac)

Figure 4.101. Time history of mass for trickle and pulse tests, experimental cases.

Moreover, in agreement with the experimental analysis, the pulse technique is found
to require lower propellant consumption than the trickle method, at the cost of longer
chill-down times.
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Chapter 5

Analysis and optimization of
full flush flow chill-down
process of the cryogenic LOx
transfer line

The goal of this new chapter is to use EcosimPro software to optimize and analyze the
chill-down process for the transfer line of the M10 engine’s cryogenic oxidant, liquid oxy-
gen LOs. This engine is powered by a combination of liquid methane and liquid oxygen
and serves as the new upper stage of AVIO’s Vega-E launcher.

In particular, the objective is to ensure the chill-down of the entire complex feed line
within a certain target time, fixed by requirement, deriving from mission analysis needs,
with the lowest propellant consumption. Thus the aim of this section is to realize the best
trade-off between chill-down time Afcooiing (xxx ), which is a preset value, and propel-
lant consumption Meopsumption (kg), which must be calculated, performing an open loop
optimization of full flush flow chill-down technique. Therefore the Main Propellant Valve
MPYV is completely open and the propellant employed in the process is vented into the
environment through the discharge valves, for both the main compartment, which sends
the fluid in the combustion chamber, and the bearing housing.

The input data will not be reported, or they will be appropriately non-
dimensionalized, due to Avio’s company privacy reasons.

The assigned boundary conditions are as follows:

o The inlet driving pressure, p;,, is a fixed value of A bar. This pressure level is within
the typical pressure range of tanks that require feeding systems by turbopumps.
P;,, corresponds to the pressure of the liquid oxygen (LO3) in the storage tank.

e The ambient pressure is pgmp = 1 bar.
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Analysis and optimization of full flush flow chill-down process of the cryogenic LOx transfer line

e The ambient temperature is T, = 25°C = 298.15 K.

o The inlet subcooled temperature of fluid is at most 3 degrees subcooled, due to
EcosimPro limitations.

The cryogenic fluid used as an oxidizer is liquid oxygen LOs, and its saturation tem-

perature is determined from the given inlet pressure p;, using Antoine’s equation.
Pin = A bar — Ty = B K

The inlet fluid temperature is chosen to be in subcooled conditions to reduce chill-down
times, and it is set to be equal to the saturation temperature at the given pressure minus
2 degrees for subcooling, in accordance with software limits.

Tin,sub = Toar — 2 K

The first run of software will be the baseline of the analysis, in which all valves of
schematic, Main Propellant Valve, Main Discharge Valve and Bearing Housing Discharge
Valve, will be set completely open, i.e. the valves stroke will be selected at 1.

At the end of the full flush flow chill-down process, the Main Discharge Valve will be
closed and the liquid propellant will be sent into the combustion chamber.

tank

MPV

A

. 1
Bearlng R flcross,BHDV = EACTDSS,MDV
housing

BHDVi

I

Figure 5.1. Simplified schematic of Cryogenic LOx transfer line, during chill-down.
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Analysis and optimization of full flush flow chill-down process of the cryogenic LOx transfer line

Chill-down is necessary for both the main propellant line and the bearing housing in
order for the engine to work correctly in all its parts, ensure ignition guarantees, avoid
cavitation of the pumps, and lubricate the bearings. Since the propellant also serves as a
lubricant for the bearings, it must be in liquid form in the dedicated compartment.

The figure 5.1 shows in a very simplified way the cryogenic oxidizer transfer line, in
which substantially there are two feed lines downstream of the oxidizer storage tank, the
main propellant one (green path), where the liquid oxygen destined to the thrust chamber
flows, and the bearing housing one (magenta path), where the cryogenic fluid employed
for the cooling of bearing housing flows. It shall be noted that the main transfer line is
characterized by much larger pipes than the bearing transfer line, so this leads to longer
chill-down times for the bearing housing, since a reduced mass flow rate flows through
the ducts, in comparison to the ducts of the main line, therefore the heat exchanges are
reduced. Additionally, the chill-down time required to cool the bearing housing is longer
because there is a larger mass that needs to be cooled.
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Analysis and optimization of full flush flow chill-down process of the cryogenic LOx transfer line

5.1 Baseline: Saturated LO,
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Figure 5.2. EcosimPro schematic model of Cryogenic LOx transfer line, open
loop chill-down design.

The figure 5.2 displays in a simplified way the schematic used in EcosimPro to simulate
the open loop chill-down process of cryogenic LOx feeding system.

The initial run of the transfer line model serves as the baseline for the analysis and opti-
mization work.
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5.1 — Baseline: Saturated LO-

For this baseline, the liquid oxygen will be assumed to be in a state of saturation, at the
given inlet pressure.

The boundary conditions are as follows:

o Damp = 1 bar; Ty, = 298.15 K

® DPin = Ptank; Tin,fl = Tsat,fl
o All valves completely open: Strokey py = Strokeypy = Strokeguypy =1

Based on these conditions, the graphs indicate that the chill-down process, so the
liquid state of fluid, is not reached in both the main propellant feed line and the bearing
housing. This is evident from the quality factor .z (fig. 5.3), which represents the vapor
fraction in the injected liquid propellant mass, remaining constantly equal to 1 over time.
As a result, it is not possible to calculate the chill-down time Atcong or propellant
consumption meonsumption -

16 -MO_pipe
1 -BH_pipe

T T T T 1
0 1.000 2.000 3.000 4.000 5.000
Time [s]

Figure 5.3. Quality factor .x history for Main Oxidizer pipe and Bearing Housing pipe.
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Analysis and optimization of full flush flow chill-down process of the cryogenic LOx transfer line

-MPV.m
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Figure 5.4. Mass flow rate 7 history for Main Propellant Valve.

The propellant consumption represented by the area under the curve in fig. 5.4 until
steady-state is reached, is not truthful and accurate, but it is underestimated because
the chill-down process is not achieved. This is due to the fact that the liquid propellant
remains in a saturated state, and does not reach the necessary subcooled state for chill-
down.

5.2 Baseline: Subcooled LO,

To ensure chill-down and achieve the liquid state for the stored oxygen, it is necessary to
bring the liquid oxygen LO; in the tank to a subcooled state. Specifically, the subcooling
temperature chosen for the oxidizer is two degrees below its saturation temperature at
the given inlet pressure. This is because it has been observed that EcosimPro does not
function properly with subcooled conditions.

Therefore, the new boundary conditions are as follows:

e Pamp = 1 bar; Ty = 298.15 K

* DPin = Ptank; Lin,s1 = Tsat,fi — 2 K= Tsup g1

o All valves completely open: Strokey;py = Strokeypy = Strokeggpy = 1

These conditions form the new baseline for the analysis.
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5.2 — Baseline: Subcooled LO2

- MO_pipe
- BH_pipe
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Figure 5.5. Quality factor .x history for Main Oxidizer pipe and Bearing Housing
pipe, subcooled conditions.

Based on the results obtained, it is possible to evaluate Atcyoling for both transfer lines
(fig. 5.5). Specifically, the chill-down time for the main oxidizer feed line is calculated
to be Atcooling,,, = X s, while the chill-down time for the bearing housing feed line is
calculated to be Atcpoling,,, = Y s, with Y = 3.18X. Although the transfer line for the
bearing housing undergoes chill-down, it requires a significantly longer time compared to
the main transfer line. This is due to the larger pipes diameter of the main feed line,
which allows for a higher mass flow rate and more efficient heat exchanges.

Having a different Atcooing between the two transfer lines can negatively impact the
performance of the propulsion system. This is because even after reaching a steady liquid
state in the main feed line, oxidizer injection must continue in both lines to achieve chill-
down also in the bearing compartment. This results in a significant amount of propellant
loss, due to the much larger pipes in the main feed line, leading to an increase in propellant
consumption.

Moreover, apart from the longer chill-down time for the bearing transfer line, the results
also indicate that the required time for achieving chill-down exceeds the 35 % target time
requirement (without considering that EcosimPro already underestimates chill-down times
when simulates with liquid oxygen, whereas in chapter 4 it was observed that the software
overestimates chill-down times for tests with liquid argon LAr and liquid nitrogen LN3).
This is not an ideal situation since it leads to additional propellant consumption and
reduces engine performance. Therefore, it is crucial to optimize the transfer line design to
achieve chill-down for both transfer lines at the same time, and to match the target time
requirement.
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Figure 5.6. Mass flow rate 7 history for Main Propellant Valve, subcooled conditions.

From the graph in Figure 5.6, it is possible to determine the propellant consumption,
which is the mass flow that flows through the M PV from the beginning of the cooling
process up to the point of steady state achievement:

Meconsumption = C kg

To evaluate Atcooring has been considered the quality factor .z over time and not the
wall and fluid temperatures history, Tyay = f(t) or Tria = f(t).

The quality factor over time is a more appropriate parameter to use for evaluating the
chill-down time in this case because the temperature graphs (fig. 5.7) do not reach steady-
state conditions and therefore do not accurately reflect the chill-down process. This is
because given the nature of EcosimPro as a lumped parameter model, the analysis of
quality .x, which derives from an energy balance, is more suitable than temperature,
which is affected by the specific type of model used for the evaluation of h. Therefore, the
EcosimPro model used for the heat transfer coefficient to simulate the thermal exchanges
of the pipes is inaccurate.

Thus, the quality .z provides a more accurate indication of the chill-down process and
can be used to evaluate the time required to achieve the liquid state.

-MO.T_wall
- BH.T_wall

Ti“fluid = TSllbﬂuid

A L B R B
Time [s]

Figure 5.7. Tyqy history for Main Oxidizer pipe and Bearing Housing pipe,
non-steady state detail.
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5.2 — Baseline: Subcooled LO2
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Figure 5.8. Tyqu history for Bearing Housing pipe in three different sections (inlet,
middle, outlet of the pipe), non-steady state detail.
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Figure 5.9. Tyqu history for Main Oxidizer pipe in three different sections (inlet, middle,
outlet of the pipe), non-steady state detail.

The plots in figures 5.8, 5.9 not only show the non-steady state condition but also the
different temperature range of the walls for the MO feed line and BH feed line, both
between the two lines and with respect to the inlet LOy temperature (T, 1 = Tsup, 1)
This is because the propellant transfer line is a complex system of tubes, valves, pipes,
and other components, so there are other parts of the engine that wrap around the lines
and heat them. This complex motor structure, with various components and systems
surrounding the transfer lines, leads to heat transfer between the components and the
transfer lines, resulting in different wall temperature ranges for the MO feed line and BH

feed line (fig. 5.10).

T amb
-------------------------------------------------- ====* -MOT_wall
-BH.T_wall
TIK]
Tinguq = Tsubﬂuid

Time [s]

Figure 5.10. T4y history for Main Oxidizer pipe and Bearing Housing pipe,
different wall temperatures detail.
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Analysis and optimization of full flush flow chill-down process of the cryogenic LOx transfer line

To confirm that the quality .z is a more convenient parameter to evaluate the chill-
down process compared to temperature, it has been observed that the mass flow rate
mapy graph reaches steady-state at the same time as the quality of BOp;,. reaches the
final liquid steady-state, indicating that the entire oxidant transfer line has achieved chill-
down. This suggests that using the quality .x parameter can provide a more accurate
indication of the chill-down process than temperature.

Furthermore, the figure 5.10 demonstrates that when considering the temperature
curves instead of the .x parameter to evaluate the process, the chill-down is achieved
first for the BH feed line and then for the MO feed line. This is a significant error and
inconsistency, as it is well-known that the Main feed line, characterized by larger pipes
and lines, shall reach chill-down first followed by the Bearing Housing feed line, which
consists of ducts approximately 42.5 times smaller than MO pipes in size.

From the baseline results, it was found that even with all valves completely open,
the chill-down process could not be achieved within the target time. Therefore, the only
variable that can be adjusted is the inlet fluid temperature Tj, y;, while keeping other
boundary conditions fixed, such as the inlet driving pressure, environmental conditions,
and the design and size of the oxidizer feeding system. Lowering the inlet fluid tempera-
ture, i.e., increasing the subcooling of the stored fluid, can reduce the chill-down time and
achieve chill-down faster, but this ideal solution cannot be realized and simulated with
the current version of pipe model, due to the limitations of the EcosimPro software in
subcooling conditions, leading to inaccurate estimations. However this issue will have to
be investigated when the new component will be developed.

Hence, it is accepted that achieving chill-down within the target time is currently neither
feasible nor simulatable. However, it is possible to investigate the required modification
in the transfer system design to achieve optimization on propellant consumption.

Thus the optimization will focus on the fraction of propellant consumption by finding the
optimal configuration of valve strokes that provides the best balance between At yoling

and Meconsumption -

5.3 Open loop optimization of full flush flow
chill-down technique

After establishing the baseline for the analysis, the objective is to optimize the chill-down
process using the full flush flow technique with an open loop approach. The aim is to
achieve chill-down almost simultaneously for both the lines, M Oy;ne and BOy;pe, to reduce
propellant loss, while keeping chill-down times not too long (although they will still be
beyond the target time!).

11t will be possible to return to the correct target time by appropriately choosing the subcooling
level of fluid.
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5.3 — Open loop optimization of full flush flow chill-down technique

Given the fixed boundary conditions, pipe sizing, and inlet subcooling temperature,
the parameters to adjust are the strokes of the discharge valves, namely Strokey;py and
Strokepppy (Strokepypy remains fixed at 1 since the chill-down method is full flush
flow). To reduce propellant consumption, the chill-down of the MO feed line, where a
large mass flow rate continuously flows, needs to be delayed to match its Atcyoing With
that of the BH feed line. Different combinations of Strokeyopy and Strokegrpy have
been tested and simulated in EcosimPro.

The results obtained in terms of Atcooiing and Meonsumption have been summarized in
Figure 5.11.

Full flow chill-down optimization
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Figure 5.11. Dimensionless Afcooting and Meonsumption Tequired by Strokenropv
and Strokepypy combinations.

The dimensionless graph in figure 5.11 presents the required propellant consumption
and chill-down time for different combinations of strokes valves, where the chill-down time
is normalized to the target time and the consumption is normalized to Mmconsumption Of the
baseline configuration (Strokeypy =1 ; Strokepypy = 1).
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Analysis and optimization of full flush flow chill-down process of the cryogenic LOx transfer line

The optimal configuration, shown in figure 5.12, achieves the best compromise between
a reasonable chill-down time and reduced propellant consumption. This configuration
uses strokes valves (0.02;1), reducing the mass flow rate through MOp;pe and maintaining
full mass flow rate through BHpp.. This configuration results in an 83 % reduction in
consumption compared to the baseline, with a chill-down time approximately twice the
target time:
Meconsumption = 0.17- mconsumptionbase”ne ; Atcooling = 2.06 - Attargettime
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Figure 5.12. Dimensionless Atcooting and Meonsumption required by strokes valves com-
binations, focus on the optimal configuration and minimum Mmconsumption configuration.

Figure 5.12 also displays the configuration with the minimum mconsumption, Which
requires the couple of strokes valves (0.01; 0.8). This combination of values significantly
reduces the consumption loss by 90 % compared to the baseline configuration, but it leads
to a very long Atcooling, almost three and a half times the target time, and thus hardly
reducible within the limits of the target time by only subcooling the propellant:

Mconsumption = 0.10 - Meonsumptionygserine Atcoolmg =3.385- Attargettime
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5.3 — Open loop optimization of full flush flow chill-down technique

1y ta'rget -MO_pipe
0,8 ] time : - BH_pipe
0,6 :E(—’ s
x[1 A

0,2 -

] %

°3 Chill-down,;,,.
V= ¢+ == ¢ = m s omm - O g A —Y — ’
' ' ‘ Time [s] ' ' '
Atcaolingmgé Atcoolinggﬂ

Figure 5.13. Quality factor .x history for MO pipe and BH pipe, optimal configuration.

The figure 5.13 shows the .z parameter over time for the MO feed line and BH feed line
for the chosen optimal strokes valves configuration. Compared to the baseline configura-
tion (fig. 5.5), the chill-down process of MOp;pe has been delayed to match its Atcooring
with that of BHp;pe and reduce the propellant loss. There is a difference of almost 50
seconds in Atcpoling between the two feed lines.

The chill-down time of the entire LO, transfer line system coincides with At copting,,, -
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Figure 5.14. Mass flow rate rin history for MPV, optimal configuration.
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Analysis and optimization of full flush flow chill-down process of the cryogenic LOx transfer line

The figure 5.15 shows the evolution of quality .z over time for MO and BH feed
lines in the minimum consumption configuration (strokes valves [0.01;0.8]). As previously
stated, this configuration requires almost three and a half times the target chill-down
time, resulting in a longer duration of the process.
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Figure 5.15. Quality factor .x history for MO pipe and BH pipe, minimum
Meconsumption configuration.

The figure 5.16 shows the mass flow rate variation of the MPV up to the steady state.
This configuration allows for a significant reduction in propellant consumption (90 % less
than the baseline configuration), but it leads to a very long chill-down time.
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Figure 5.16. Mass flow rate 7 history for MPV, minimum mconsumption configuration.
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Chapter 6

Closed loop optimization of
full flush flow chill-down

technique for the cryogenic
LOx transfer line

In this new chapter of the thesis, the main objective is to optimize the chill-down process
of the cryogenic LO, transfer line using a closed loop approach in EcosimPro. The tra-
ditional open loop approach results in the loss of the propellant used for the chill-down
process, which is vented towards the environment. However, in a closed loop approach,
the mass flow injected through the feeding lines is re-entered into the circuit and re-used
for a specific purpose, instead of being vented and lost. This approach is necessary when
there are strict requirements on the mass budget, as the mass flow employed for chill-
down and engine operation decreases the payload that can be inserted into orbit. It is
also preferred for performance reasons, as it is desirable to use the stored propellant in the
tank for producing thrust instead of cooling the transfer lines. Additionally, the closed
loop approach, if it has been well designed, is desirable for economic reasons as it reduces
the costs, weight, and complexity associated with increasing the total required 7.

6.1 Closed loop optimization of full flush flow
chill-down technique

The proposed approach involves reusing and recirculating the propellant downstream of

the MO transfer line by employing it as pressurizing gas for the cryogenic propellant stor-

age tank, instead of venting it into the environment. The Bearing Housing continues to
discharge into environment.
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Closed loop optimization of full flush flow chill-down technique for the cryogenic LOx transfer line

However, since the fluid used for chill-down downstream of the MO pipes exists in a
biphasic state, as a mixture of liquid and vapor phase, it needs to be converted into a
monophasic flow of only vapor state before it can be used as pressurizing gas. To achieve
this, the biphasic flow is collected downstream of the main line in a collection tank and is
forced to flow through a heater that raises its temperature and pressure levels, converting
it into all gas and allowing it to go back upstream into the circuit. The heater, collection
tank, and required power have been carefully sized to ensure the complete vaporization of
the mass flow, bringing it to its saturation point at the local pressure downstream of the
line. This allows it to be recirculated back into the circuit by increasing the pressure level
necessary to overcome the pressure drop along the circuit. To prevent any back-streaming
of the propellant, non-return valves have been added to the EcosimPro closed loop model,
including a Valvengy, located upstream of the collection tank and heater to impede the
propellant from flowing in the opposite direction and heating the MO pipes instead of
cooling them.

The chill-down method used in the process is always a full flush flow, which means
that the stroke of the main propellant valve (Strokeyspy) is set to 1.

6.1.1 Closed loop chill-down of MO feed line

The simplified schematic that shows the closed loop chill-down idea of MO feed line is
represented in the following figure:

MPV

o/ =

1
Across, BHDV = EACT()SS, MDV

Bearing
housing

heater (1p,17)

MA— |

collection
tank

Figure 6.1. Simplified schematic of closed loop chill-down of Main Oxidizer transfer line.
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6.1 — Closed loop optimization of full flush flow chill-down technique

In essence, as previously explained, while the BH feed line continues to vent into the
environment and lose its fraction of injected propellant, the propellant used in the MO
feed line is collected in a dedicated tank. It is then vaporized and pressurized by a heater
that is correctly sized in terms of required power. A Non Return Valve has been added
in the schematic upstream of the heater to prevent back-stream of the flux.

The fluid pressure level ensured by the heater outlet is exactly the same as the inlet fluid
driving pressure, adding it to the pressure drop of the fluid along the path from the outlet
of the heater to the return in the storage tank:

pflout,heatcr - pln + AplOSS
However, the analysis of the closed loop proposal shows two significant issues in Ecosim-
Pro.

17 —Collection_tank.x

T T T T T T T T T 1
Time [s]

Figure 6.2. Quality factor .x history of the collection tank during a closed
loop chill-down simulation.

The first one is that from the graph in figure 6.2, it turns out that the collection tank
begins the chill-down instead of the MO pipes. This is because the mass flux flows in
the opposite direction, meaning it turns in reverse, from the tank to the heater, through
the recirculation circuit (red path in fig. 6.4). This happens because Ecosimpro does not
consider the effect of gravitational acceleration in the pressure contribution:

Ptot = Pin,fl = Pstatic + %P ’ U2+ ﬂ%

This is what really happens in microgravity conditions (remember that the engine

must perform several re-ignitions, therefore as many chill-down processes even in 0 — g
conditions).
Therefore, both in the software and in the physical reality of the phenomenon, there are
two possible paths completely equal for the fluid in which it can flow, the MO (green) path
and the recirculation (red) path. The stored propellant flows where less energy content is
required, meaning where the fluid encounters less hydraulic resistance. Instead of cooling
the MO transfer line, the propellant flows through the red path, characterized by less
structural complexity of lines and pipes.
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Closed loop optimization of full flush flow chill-down technique for the cryogenic LOx transfer line
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Figure 6.3. Pressure level over time during a closed loop chill-down for
storage tank and MOpipe,1.

The second significant issue that has been evidenced by the software is that after a few
seconds of the beginning of the simulation, the pressure level in the first pipe of MOype
overcomes the pressure p;, in the propellant tank, i.e., pro,,., > pin (fig. 6.3). This is
translated into a back-flow that goes again into the storage tank. Before the process and
the propellant injection begin, the pipes are all in conditions of Py = 1 bar, and the
tank is pressurized to the p;, level, so prank = pin > PMOyipe, s and the mass flow rate flows
in the correct direction. Right after the oxidizer injection begins, the tank loses pressure
(because there is the propellant that flows in the pipes), and the pipes downstream of
the tank increase their pressure level because there is m that flows inside them. This is
translated into a back-stream of the flux.

Bearing
housing

Across, BHpy = 2 Across, MDV

BHDV

heater (1p,1T)

I

Figure 6.4. Simplified schematic of closed loop chill-down of Main Oxidizer
transfer line, addition of NRVs.
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6.1 — Closed loop optimization of full flush flow chill-down technique

The solutions adopted for these two problems are the addition of different check-valves
(NRVs) in the EcosimPro model of the transfer system (fig. 6.4). In particular, NRV3 is
added to prevent the propellant from flowing clockwise along the recirculation path, while
N RV, is added to prevent the propellant from flowing back to the tank. Additionally,
N RV; is installed to prevent the monophasic flux downstream of the heater from flowing
back.

The results of the simulation with the new closed loop chill-down configuration reveal
that the BH feed line experiences chill-down before the MO feed line, which is unrealistic
given that the main pipes are larger than the BH pipes.

T —
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Figure 6.5. Quality factor .x history for MO and BH pipes, closed loop
configuration with NRVs.

This occurrence is attributed to the fact that the propellant tends to flow in the
BH,pes rather than the M Oppes due to a higher pressure drop Ap between the upstream
and downstream of the BH feed line, as it discharges its mass flux in the environment.
Consequently, it is essential to develop and design a closed loop chill-down model for both
the MO and BH transfer lines.
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Closed loop optimization of full flush flow chill-down technique for the cryogenic LOx transfer line

6.1.2 Closed loop chill-down of both MO and BH feed lines

In this paragraph, the goal is to implement a complete closed loop chill-down process for
the entire cryogenic LO, transfer line. The schematic used for simulating this process in
EcosimPro is displayed in the figures 6.6 and 6.7.

—

recirculation_circuit

FreeConvec_UserDefined_1
= Cylinder_Al_1

FreeConvec_UserDefined_1_2_1_1

=

MO_pipe3

FreeConvec_Userefined_1_1.2 % MO_piped
Ambifnte_1
MO_pipe2 T Cylinder_Al_1_1_2

OX TurboPump

—
MoDV

e

]
BH_pipe2

Figure 6.6. EcosimPro schematic model of Cryogenic LOx transfer line, closed
loop chill-down design.

With this new configuration, both the mass flow rate through the MO feed line and
the BH pipes are recirculated using a collection tank with a heater and NRVs to pre-
vent any flux returns. After setting the boundary conditions for the inlet pressure, ini-
tial ambient conditions, inlet fluid temperature, fully open valve strokes (Strokeypy =
Strokeyopy = Strokegypy = 1), and the required heater power, the simulation results
are shown in the figures below.
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Figure 6.7. Simplified schematic of closed loop chill-down of both Main Oxidizer and
Bearing Housing transfer lines, addition of NRVs.

First of all, the results show that initially, only the MO feed line undergoes the chill-
down process, as seen in the graph of figure 6.8. This is due to the insufficient mass flow
rate in the BH;pes, as depicted in figure 6.9. In order to ensure the cooling of the BH
pipes, the stroke of the MPDV should be reduced to force the flow to pass through the
bearing housing, even though this will result in a further increase in chill-down times,
which are already too long for a closed-loop approach.

1
- MO_pipe.x
l/ -Pip
- - BH_pipe.x

" Timels]

Figure 6.8. Quality factor .x history of both MO and BH feed lines.
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- MO_pipe.m
- BH_pipe.m

rm— 7 T 7 T T T T T T T T 7]

Figure 6.9. Mass flow rate 72 over time for MO and BH feed lines.

The simulation results show that this closed loop design cannot achieve the complete
chill-down process for both MO and BH feed lines. At the initial instant ¢ = ¢,
Ptank = Pin > PMO,yi., » CAUSING the cryogenic fluid to enter the circuit pipes.
However, after a short time from the injection start, the tank loses pressure, and the
downstream pipes increase their pressure level ( figures 6.10 and 6.11) due to the certain
mn flowing through the MPV. As a result, pin < pymo,,.,, causing the check valve N RV;
to close and subsequently the MPV. Thereafter, there is no more propellant mass flowing
in the fluidic lines. The graphs in figures 6.12 and 6.13 show that, with that quantity of 1
which initially enters in the lines, the heater is unable to re-pressurize the tank sufficiently
to enable N RV5 to reopen, which is necessary to ensure the re-opening of the main valve
of propellant MPV, through which the propellant flows. A check valve opens when:

pupst'ream > Pdownstream

-MO_pipe_1.p

P [Pa] F/

T
Time [s]

Figure 6.10. Pressure level over time for LO> tank and M Opipe, -
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Figure 6.11. Pressure level over time for LO, tank and MOpipe, -
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Figure 6.12. Opening area over time of N RV5.
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Figure 6.13. Mass flow rate 7h over time for M PV tank and M Opipe, -
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Based on the simulation results, it appears that the current closed loop approach using
a collection tank and heater is not sufficient to achieve the desired chill-down process for
both the MO and BH transfer lines. The issue is that the tank loses pressure quickly, and
the heater is not able to re-pressurize the tank enough to allow the check valve NRV; to
reopen and continue the flow of propellant through the system.

One potential solution to this issue is to add an electric pump downstream of the heater
to pressurize the vapor flux and bring it to a higher pressure level than that of the pipes,
which would allow for the reopening of the main valve of the propellant MPV.

Ptank > pMOm'][761 — MPV, NR% open
However, this solution may be too expensive, complex, and heavy when considering the
benefits of propellant savings and mass budget reduction.

Another feasible option is to implement a partial closed loop system, acknowledging
that not all of the propellant injected into the lines can be recovered. In this solution, the
previous closed loop method with heater is combined with appropriate venting phases.
Orifices are strategically placed along the fluid path to expel a certain amount of propel-
lant into the environment every t seconds. This is done to maintain a tank pressure level
of Prank = Pin > PMO,ipe, » PrEVENt flow stall in the lines, and allow the transfer line to be
reopened. A semi-pulsed semi-closed loop chill-down strategy is performed.

However, implementing this solution in EcosimPro may not be possible due to software
convergence issues with the check-valves, which would require excessively long computa-
tional times.

Therefore, it may be necessary to explore alternative approaches to achieve the de-
sired chill-down process for both the MO and BH transfer lines while balancing the cost
and complexity of the system with the benefits of propellant savings and mass budget
reduction.
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6.1.3 Closed loop chill-down with electric pump

The final proposed solution for achieving closed loop chill-down is shown in the following

EcosimPro schematic.
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Figure 6.14. FEcosimPro schematic model of Cryogenic LOx transfer line, closed loop

chill-down design with Electric Pump.

The original approach using a heater with a collection tank has been replaced, because
too heavy and redundant, with a new model using only an electric pump, which will work

with biphasic flow.

The compression ratio 5 required by the pump has been estimated to pressurize the flux
downstream of the entire circuit without exceeding the tank’s pressure limit.
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Figure 6.15. Quality factor .x over time for MO and BH pipes.
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Figure 6.16. Pressure level over time for LO> tank and M Op;pe, -

However, simulation results indicate that this new approach cannot achieve chill-down
with only the EP, as the issue of prank < prmo,,., still exists (as seen in fig. 6.16). Addi-
tionally, the BH transfer line does not undergo chill-down, so the MPDV stroke needs to
be reduced (fig. 6.15).

To solve the issue of p;, being at a lower pressure level in MOp;pe1 and allowing the
propellant flux to flow inside both MO and BH lines, a pump with a compression ratio 8
too high would be needed, which could burst the storage tank. Oversizing the propellant
tank could be a solution, but this would result in increased weight and complexity, nulli-
fying the advantage of propellant recovery.

However, this alternative solution will not be considered as the engine design, includ-
ing the propellant tanks sizing, has already been determined by the Vega E project of
Avio S.p.A.. Therefore, a new feasible approach must be devised and implemented. But
this requires time, not available within the end of this thesis project, and advanced and
updated simulation tools, such as a new pipe model in EcosimPro, to accurately simulate
the chill-down process, including subcooled conditions of cryogenic fluids.
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Chapter 7

Conclusions & Future Work

This experimental thesis was conducted at Avio S.p.A. Company, with the aim of ana-
lyzing and optimizing chill-down processes in cryogenic liquid propellant rocket engines,
employing the EcosimPro simulation tool with the ESPSS library.

Physical phenomena involved in chill-down processes are detailed, highlighting require-

ments to be fulfilled to ensure correct propulsion subsystem operation. In particular,
proper operation of the turbopumps, ignition, and pumps cavitation avoidance are dis-
cussed.
Moreover, the behavior of cryogenic fluids in propellant transfer lines during chill-down,
as well as the parameters that most influence it (such as inlet driving pressure, gravity or
microgravity conditions, injected mass flow rate etc.), and possible chill-down techniques
are deeply investigated.

A preliminary trade-off is conducted to select suitable methodologies for application
on VEGA-E upper stage, which resulted in the identification of three possible techniques:
Full Flush Flow, Trickle Flow, and Pulsed method. This is achieved with the help of the
creation of a decision matrix.

Then, several experimental test cases, available in literature, are reproduced and an-
alyzed to validate and identify weakness points in EcosimPro components necessary to
study chill-down processes. As outcome of validation process, strong numerical instability
and unacceptable error budget is obtained as consequence of wrong subcooled and micro-
gravity conditions simulation.

As consequence, the necessity to develop a new custom pipe component is justified.

The second part of the thesis is first devoted to analyzing and optimizing the full flush
flow chill-down process with an open loop approach, and subsequently to designing closed
loop chill-down circuits for the cryogenic oxidizer transfer line in both cases of the
VEGA-E program.

In the first section of this second part, the objective was to achieve the chill-down of the
entire LOx feed line within a certain target time, set by requirement, by identifying the
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optimal circuit configuration with the lowest propellant consumption. Various possible
configurations are examined, and software limitations are highlighted.

Subsequently, the possibility of totally or partially recovering the propellant employed
for chill-down purposes is studied, considering the option to introduce heat-exchangers,
non-return valves, catch tank and/or electrical pumps. All the architectures presented
have shown that the application of these methods for the cryogenic oxidant transfer line
of VEGA-E upper stage is not possible for several detailed reasons, such as too large
power consumption, complexness, excessive oversizing of tanks etc.

Nevertheless, the study highlighted the possibility of designing a partial closed loop.

In conclusion, this thesis work has highlighted the need for the development of a new
custom pipe in EcosimPro to accurately simulate phenomena involved during chill-down
processes. This is essential to have realistic propellant consumption and accurate chill-
down time estimations, so as to have a correct evaluation of the launcher mass budget
and consequently payload that can be put into orbit.

Moreover, after analyzing possible design ideas, the thesis has proposed a viable solution
for achieving a partially closed loop chill-down of cryogenic oxidant transfer line in the
VEGA-E program.

Further research and development in this area will be necessary to effectively implement
and actualize this idea, while also optimizing propellant consumption and reducing the
overall system’s costs.
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