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Resumo

Considerando aplicações espaciais, nenhum fator limita mais o desenvolvimento de um

veículo espacial do que o sistema de propulsão. Aqui, os propelentes criogénicos líquidos

prevalecem devido ao seu ótimo compromisso entre desempenho e peso. No entanto,

com os propelentes líquidos a totalizar até 90% da massa do veículo, surge a preocupação

central de sloshing.

Sloshing é definido como o movimento de líquidos dentro de um reservatório e é respon-

sável por misturar o gás e o líquido. Como tal, promove a evaporação ou condensação o

que resulta em grandes flutuações de pressão no tanque.

Neste contexto, o projeto atual visa investigar experimentalmente as alterações termod-

inâmicas em tanques pressurizados devido ao sloshing, através do desenvolvimento de

uma experiência inovadora. Consequentemente, as questões de investigação procuraram

compreender o impacto dos parâmetros de excitação e de inicialização na evolução ter-

modinâmica do sistema sob sloshing lateral.

A instalação experimental desenvolvida funciona em condições de espécie única através

de líquido não criogénico HFE-7200 e é pressurizada através de um tanque externo. As

medições foram realizadas numa célula de acrílico com uma altura de 120mm e um raio

de 40.5 mm com uma relação de enchimento de h/R = 1.44. A campanha experimental

foi efetuada na mesa de sloshing SHAKESPEARE no VKI.

Na campanha experimental, diferentes procedimentos e regimes de sloshing foram in-

vestigados. As medições de particle image velocimetry demonstraram a capacidade de

mistura do sloshing. Além disso, as imagens capturadas mostram a natureza violenta e

a mistura superior de sloshing instável. As medições de pressão corroboraram esta con-

clusão, onde a queda de pressão devido ao sloshing foi avaliada sob distintas escalas de

tempo experimental e condições de excitação.

Palavras-chave

Sloshing, pressure drop, thermal stratification, sloshing induced-mixing, experimental

setup.
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Abstract

Regarding space applications, no single factor constrains the design of a space vehicle

more than the propulsion system. Here, liquid cryogenic propellants prevail due to their

optimal trade-off between performance and weight. However, with liquid propellants to-

talling up to as much as 90% of the vehicle’s mass, the central concern of propellant slosh-

ing emerges.

Sloshing is defined as themotion of the free liquid surface within a reservoir and enhances

the thermal mixing of the gas and the liquid. This promotes evaporation and condensa-

tion, leading to large fluctuations in the tank pressure.

In this context, the current project aimed to experimentally investigate and quantify the

thermodynamic changes in pressurised vessels under sloshing conditions by developing a

novel reduced-scale laboratory setup. Therefore, the research questions sought to under-

stand the impact of the excitation and initialisation parameters in the system for lateral

sloshing.

Thedesigned experimental setup operates in single-species conditionswithnon-cryogenic

liquid HFE-7200 and is pressurised through an external tank. The measurements were

carried out in a plexiglass cell with a height of 120 mm and a radius of 40.5 mm at an

initial fill ratio of h/R = 1.44. The experimental campaign was performed in the SHAKE-

SPEARE sloshing table at VKI.

Throughout the experimental campaign, different procedures and sloshing regimes were

investigated. Particle image velocimetry measurements outlined the sloshing-induced

mixing capability. Moreover, the captured footage showcased the violent nature and supe-

riormixing of unstable sloshingmotions. The pressuremeasurements further proved this,

where the pressure fluctuations were evaluated under distinct experimental time scales

and excitation conditions.

Keywords

Sloshing, pressure drop, thermal stratification, sloshing induced-mixing, experimental

setup.
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J ′
mn First kind Bessel function derivative -

k Thermal conductivity [W/m K]

kb Boltzmann constant -

Lc Characteristic length [m]

ṁ′′
δ Area-specific net mass phase change [kg/m2 s]

M Molar mass [kg/mol]

p Pressure [Pa]

q̇ Area-specific heat flux [W/m2]

Q̇ Heat flux [W]

R Tank radius [m]

RI Radii of curvature [m]

RII Radii of curvature [m]

Rs Specific gas constant [J/kg K]
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S Standard error -
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t Time [s]

T Temperature [K]

Tω Oscillation period [s]

Tmn(t) Velocity potential time-dependent function -

û Specific internal energy [J/kg]

v Specific volume [m3/kg]

V Volume [m3]

Ẇ Work [W]

X(t) Excitation function [m]

Greek Symbols

α Thermal diffusivity [m2/s]

αe Effective thermal diffusivity [m2/s]

β Thermal expansion coefficient [1/K]

βi Frequency offset -

γ Viscous damping -

ε Small parameter -

η Free surface displacement [m]

λsf Scaling factor -

µ Dynamic viscosity [Pa s]

ν Kinematic viscosity [m2/s]

ξ Minor losses -

ξmn Bessel function derivative root -

ρ Density [kg/m3]

σ Surface tension [N/m]

σ̄ Accommodation coefficient -

τ Shear stress [N/m2]
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ωmn Sloshing mode natural frequency [rad/s]

δ Damping ratio -

δT Thermal boundary layer thickness [m]

∆hv Latent heat of vaporisation [J/kg]
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∆t Time interval [s]

Φ Velocity potential [m2/s]

Subscript

0 Reference condition

i Interface

init Initialisation

L Liquid

m Mode number

min Minimum

n Wave number

p Constant pressure

press Pressurisation phase

ref Reference

relax Relaxation phase

s Sloshing

sat Saturation

sf Scaling factor

slosh Sloshing phase

strat Thermal stratification phase

U Ullage

v Constant volume

w Wall

Vectors

g Gravitational acceleration vector [m/s2]

n Normal vector -

V Flow velocity vector [m/s]
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Chapter 1

Introduction

Orbital launch vehicles have been used since the early 1950s, and up until today, they re-

main the only feasible technological solution to convey a payload from the Earth’s surface

to space [1]. To accomplish such, their mission rests upon escaping from the Earth’s at-

mosphere and gravity, to which a large fuel load is imperative.

Therefore, one can foresee from their fundamental mission, may it be low Earth orbit

or deep space expeditions, that no single factor constrains the design of a space vehicle

more than the propulsion technology. Commonly, this subsystem relies on the combus-

tion of chemical propellants, more specifically liquid propellants, due to their high thrust-

to-weight ratio and nearly altitude-independent thrust [2]. These rocket engines use fuel

and oxidisers fed under pressure from tanks into a high-pressure combustion chamber by

the propellant feed system.

While most modern propulsion systems employ liquid oxygen (LOx) as the oxidiser and

liquid hydrogen (LH2) as the fuel, significant drawbacks arise from their cryogenic nature:

(a) their low saturation temperature results in significant boil-off, leading to pressure

buildup, abnormal propellant conditions for engine usage and propellant loss (e.g. hy-

drogen saturation temperature Tsat ≈ 20K at ambient conditions) [3, 4]; (b) they cool the

tank wall far below the ambient temperature, instigating ice buildup during and prior to

launch, which increases vehicle’s inert mass and may damage the launcher once it breaks

during the initial flight phase [2]; (c) cryogenic hydrogen offers a much lower energy den-

sity per volume than kerosene, resulting in bulky tanks and airframe designs.

The next European expendable launch vehicle on behalf of the European Space Agency

(ESA), Ariane 6, is depicted in Figure 1.1 and has been in development since the early

2010s, with the maiden launch scheduled for 2023 [5]. The Ariane 6 resorts to hybrid

staging and comprises three stages: two (A62) or four strap-on boosters (A64) and a lower

and upper stage (central core) [6]. The strap-on boosters are P120C solid rocket boosters

(SRBs) with a propellant mass of 142.000 kg individually. The central core lower stage,

with an expected diameter of 5.4m, entitled the Lower Liquid PropulsionModule (LLPM),
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Figure 1.1: Artist’s view of the Ariane 6 configuration A64: four strap-on boosters, Upper Liquid Propulsion
Module (ULPM) and the Lower Liquid Propulsion Module (LLPM) [6].

is propelled by burning liquid hydrogen (LH2)with liquid oxygen (LOx) by a singleVulcain

2.1 engine carrying up to 150.000 kg of propellant. The upper stage ignited outside the

atmosphere, known as the Upper Liquid Propulsion Module (ULPM), employs the same

hydrolox system with a propellant mass of 31.000 kg through a reignitable Vinci engine

ensuring atmospheric re-entry from the upper stage [7, 8].

Hereupon, resorting to Figure 1.1 and Table 1.1 in which a mass breakdown of orbital

space launchers is displayed, it is evident that the propulsion system heavily constrains

the design as most of the launcher’s volume is occupied by the liquid propellant.

Table 1.1: Propellant mass fractions of existing and outdated LH2/LOx upper and core stages as a ratio of
the total usable propellant mass and vehicle’s gross liftoff mass [9]. The usable propellant mass accounts for

reserves, liquid residuals, engine restart, purges and boil-off of cryogenic propellants[10].

Usable propellant mass [t] Gross lift-off mass [t] Propellant mass fraction [-]

Upper

stages

SS-L9-5E 10.1 11.2 0.902

SS-ESC-B 28.2 32.2 0.878

Atlas V SS 20.8 22.9 0.908

Delta IV-H SS 27.2 30.7 0.886

Core

stages

H158 Ariane 5G 158.1 170.3 0.928

Shuttle ET 721.1 748.1 0.964

Delta IV-H CS 199.6 226.4 0.882

Ares V CS 1587.6 1760.9 0.902

1.1 Motivation and objectives

Liquid sloshing is defined as the movement of the free liquid surface within a reservoir

[11] and is induced by dynamic perturbations (e.g. booster separation or aerodynamic

loads) during propelled flight phases [12]. Sloshing is responsible for inducing two types
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of undesirable side effects:

• Dynamical phenomenon where the displacement of the fuel tank’s centre of

mass causes undesired forces and undermines the stability and manoeuvrability of

the spacecraft;

• Thermodynamical phenomenonwhere thermalmixing between the pressurised

ullage and subcooled liquid may cause large fluctuations in the tank pressure cou-

pled with thermal variations, leading to structural instabilities and thrust oscilla-

tions in the propulsive system.

Prior to launch, the propellant tanks are pressurised according to the optimal operating

conditions for the propellant feed system, typically in the order of 300 kPa for a pump-fed

system [13, 14, 15]. As such, if the holding time is large enough, a vertical thermal strat-

ification develops in the liquid due to natural convection and conduction. As depicted in

Figure 1.2a, the liquid’s thermal field features a warmer region extending from the inter-

face until a depth δT and a subcooled region defined by a quasi-homogeneous condition.

If side accelerations induce sloshing, the warmer liquid in the thermal boundary layer

mixes with the subcooled liquid from the bulk, lowering the temperature at the free sur-

face. The destratification (depicted in Figure 1.2b) results in the cooling of the ullage gas,

as well as condensation. Consequently, the pressure within the tank drops, altering the

propellant flow to the combustion chamber [2]. The magnitude of this drop depends on

(a) the sloshing regime, (b) the pressurisation technique, (c) the pressurant type and (d)

the ullage volume [14, 16].

The above-mentioned characteristic pressure drop has been reported to occur in ESA (Eu-

ropean Space Agency) flights at the Ariane’s 5 upper stage during the ascent phase, and

sloshing was identified as the most likely source [17]. Thereby, pinpointing the relevance

of studying the thermodynamics of closed containers carrying cryogenic liquids, which

can be further extended to long-term storage, and propellant loading scenarios of cryo-

genics [18].

The current research framework focuses on evaluating the thermodynamic evolution of a

closed container, characterised by the enhancement of the heat andmass transfer between

the liquid and surroundings due to its dynamic behaviour. The research questionswe seek

to answer in this master’s thesis project are:
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(a) Thermal profile before sloshing initialisation. (b) Thermal profile after sloshing induced mixing.

Figure 1.2: Schematic representation of the evolution of vertical temperature profiles and the thickness of
thermal boundary layers in the liquid’s uppermost region adapted from Lacapere et al. (2009) [19].

1. RQ1:What is the sloshing excitation condition’s impact on the thermodynamic evo-

lution of the system?

2. RQ2: What is the impact of different initial thermodynamic conditions (e.g., tank

pressure, ullage temperature and thermal boundary layer thickness) on the evolu-

tion of the system under lateral sloshing conditions?

To do so, this study aims to develop a reduced-scale experiment using non-cryogenic re-

placement fluids such asHFE-7200 andHFE-7000 to characterise the heat andmass trans-

fer due to sloshing-induced mixing in orbital launch vehicles during the propelled flight

phase [20]. Here the quantities to measure are ullage pressure, gas and liquid tempera-

ture, and external wall temperature. Furthermore, optical measurements must be used

for sloshing condition’s characterisation.

In addition, the resulting small-scale experiment developed for ground-based characteri-

sation represents the first iteration of the VKI (von Karman Institute for Fluid Dynamics)

experimental campaign under reduced gravity conditions, which will take place in 2023

onboard the 80th European Space Agency (ESA) parabolic flight [21]. The facility’s op-

erational learning outcomes will translate the results on-ground into an improved design

for the parabolic flight campaign.
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1.2 State of the art

Even though substantial information is available on liquid sloshing dynamics [11, 22, 23,

24, 25], the coupling with thermodynamic phenomena present during the sloshing of

cryogenic liquid propellants is yet a field with many open questions. The most relevant

works done up to date are hereafter briefly exhibited.

Moran et al. [26] resorted to a 1750 litre spherical tank instrumented with silicon diodes

for temperature and pressure transducers. They experimentally characterised liquid hy-

drogen sloshing by varying the following parameters: (a) slosh frequency and amplitude;

(b) pressurant type; (c) ramp pressure; (d) ullage volume. This work still prevails as one

of the most complete experimental parametric studies on non-isothermal sloshing. Here

the test series revealed that the nature of the sloshing regime has dramatic effects, where

under unstable chaotic sloshing (ω = 0.74 Hz and Af = 0.0381m), the pressure dropped

about 50% while for stable planar sloshing (ω = 0.74Hz and Af = 0.0127m) the pressure

dropped by 15%. Additionally, through sensitivity analysis for 51%, 33% and 13% ullage

volumes, it was concluded that with reduced volumes, the tank pressure was more sus-

ceptible to interfacial condensation. Hence, the sloshing regime and fill level significantly

impact the system’s thermodynamic response.

Das and Hopfinger [20] conducted experimental work using non-cryogenic replacement

fluids FC-72 andHFE-7000. The experiments were conducted in a 0.9 litre flat-bottom cir-

cular cylindrical tank, instrumented with thermocouples and a pressure transducer in the

tank lid. The experimental procedure ensured a single-species system by vacuuming and

pressurising the cell with vapour. Even though the systemwas not cryogenic, the thermo-

dynamic condition was such that a pressure drop could be achieved. Das and Hopfinger

studied the sloshing regime’s impact on the heat and mass transfer enhancement at the

liquid-gas interface by vertically oscillating tank. Moreover, an empirical correlation was

derived for the pressure drop as a function of an effective diffusion coefficient. This ef-

fective diffusion coefficient model was later extended by Ludwig et al. [27] to a forced

convection empirical Nusselt correlation.

Lacapere et al. [19] evaluated the sloshing thermal destratification phenomenon through

an experimental and numerical approach. The sloshing experiments were performedwith

liquid nitrogen (LN2) and liquid oxygen (LOx) using a cryostat with radius R = 0.091 m

and height H = 0.8 m, instrumented with ten temperature sensors to measure thermal
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stratification. Two pressure sensors were added at the bottom and the top of the cryostat.

The dewar was filled to 55% of its total volume and pressurised to about 2.5 bar, after

which chaotic sloshing was induced (ω = 2.1Hz andAf = 0.003m). Here a pressure drop

of around 40% was measured for experiments with LN2 after GN2 pressurisation.

At ZARM, pressure fluctuations induced by lateral sloshing were experimentally explored

in a cylindrical dewar with a spherical bottom holding LN2. The tank pressure was mea-

sured with a pressure sensor located in the tank lid, and the temperature was monitored

by silicium diodes. The results of such research are described across the works of Arndt

[14], Ludwig [27] and Van Foreest [16]. Arndt [14] applying three different methods to

pressurise the system self-pressurisation, external nitrogen (GN2) pressurisation, and ex-

ternal helium (GHe) pressurisation evaluated the characteristic pressure drop for stable

planar sloshing (ω = 1.4Hz andAf = 0.01m). From this experimental campaign, he con-

cluded that using a non-condensable inert gas (GHe) decreases the impact of the pressure

drop. Moreover, this effect could be entirely eradicated for high helium pressurant gas

concentrations, which is in agreement with the results acquired by Moran et al. [26].

Van Foreest [16] using Arndt [14] experiments as a reference, developed a 1D engineering

model for the simulation of thermal stratification in the liquid and heat andmass transfer

during sloshing [28]. Ludwig et al. [27] studied the impact of different sloshing condi-

tions for GN2 pressurisation and performed pressurisation and relaxation tests [13, 29] to

parametrically characterise the active pressurisation system behaviour.

1.3 Outline

The remainder of this master’s thesis is structured as follows:

• Chapter 2, the fundamentals of liquid sloshing dynamics are introduced by describ-

ing the potential and Miles’ weakly nonlinear theories. Besides, thermal stratifica-

tion and sloshing-induced mixing are overviewed ahead of defining the characteris-

tic pressure drop phenomenon. This chapter showcases modelling equations and a

complete problem characterisation by resorting to previous research in the field.

• Chapter 3, a scaling analysis for the current gravity-dominatednon-isothermal slosh-

ing problem is developed where similarity between the full-size facility Ariane 6 and
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the reduced-scale laboratory experiment is assessed, resorting to characteristic ex-

perimental conditions and distinct working fluids.

• Chapter 4 introduces the experimental setup and methods used throughout the ex-

perimental campaign. The design approach is set here, and the active-pressurisation

system 0D ROM (Reduced Order Model) is derived and parameterised. Lastly, the

procedure is described and the experimental matrix defined.

• Chapter 5 showcases the results acquired from the facility troubleshooting and oper-

ational tests. Furthermore, the overall results that answer to the proposed research

questions are presented and scrutinised.

• Chapter 6 closes the thesis by summarising themain findings derived from this work

and proposes improvements to the small-scale laboratory facility that will embark

on board the 2023 ESA parabolic flight campaign.
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Chapter 2

Theoretical background

The present chapter establishes the theoretical foundations of sloshing. It starts with an

introduction to sloshing dynamics, described through potential flow theory (section 2.1.1).

Likewise, Miles’ weakly nonlinear theory couples the amplitude-frequency response of

the tank to the sloshing regime (section 2.1.2). Furthermore, as the focus of the research

turns into the thermodynamical phenomena during sloshing, thermal stratification (sec-

tion 2.2), as a significant contributor to pressure drop effects, is brought to light before

diving into the coupling between heat transfer and sloshing (section 2.3). Subsequently,

the physics behind pressure fluctuations in liquid propellant tanks (section 2.4) are scru-

tinised, and emphasis is given to the liquid-vapour phase change (section 2.4.1).

2.1 Liquid sloshing dynamics

Liquid sloshing dynamics research became of significant interest in the early 1960s, with

the ongoing space race and the central concern of propellant sloshing in launch vehicles.

The major linear and nonlinear theories that describe this phenomenon were derived in

this decade and to the present day, the work developed by Abramson [11] is still one of the

most complete compendiums that highlight the fundamentals of liquid sloshing.

The response of liquids enclosed in a container is determined by its geometry, as well as

the frequency and amplitude of the excitation. Therefore, the analysis must be tailored

to a given tank shape and external disturbance to proceed further. Figure 2.1 showcases

an illustration of a flat-bottom circular cylindrical reservoir, which is the configuration in

analysis for the present research. Furthermore, experimental testing at VKI is performed

in a sloshing cell with the aforementioned characteristics (section 4.1.2). On the other

hand, a sinusoidal lateral excitation is the external input that most accurately describes

the circumstances a full-size facility would stand for [14, 16].

The cylindrical tank has a radius R and is filled up to a height denoted by h, representing
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Figure 2.1: Schematic illustration of the tank consisting of a liquid and an ullage phase. The axes are
defined in cylindrical and cartesian coordinates, with the stationary free surface acting as the origin.

the vertical position of the liquid free surface from the bottom of the tank. Due to an

external sinusoidal excitation in the x direction, with an imposed amplitude of Af and

forcing frequency ω, the free surface will oscillate and be vertically displaced as much as

η, relative to the stationary reference.

2.1.1 Linear sloshing theory

This section introduces the linear sloshing theory, in which analytical expressions for the

velocity potential function, fluid free surface motion and natural frequencies, and mode

shapes are derived. Even though this analysis does not consider complex free surface

phenomena near resonance conditions, it is still the predominant theory behind the study

of sloshing dynamics with the following set of assumptions [11, 22]:

1. The pressure vessel is rigid;

2. Inviscid fluid (µ = 0);

3. Incompressible fluid (∇ ·V = 0);

4. Homogeneous fluid;

5. Small displacements, velocities, and slopes of the liquid-free surface;
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6. Irrotational flow field (∇×V = 0);

7. No sinks or sources;

8. Gravity-dominated flow (Bo≫ 1);

9. Harmonic forced excitation: X(t) = Af sin(ωt).

Resorting to assumption (6), which is compatible with the assumption (2) of zero viscos-

ity, it is possible to ensure a single velocity potential function, Φ(r, θ, z, t), exists and its

gradient derives the velocity field (equation 2.1).

V = ∇Φ (2.1)

The solution to the field equation that satisfies the boundary conditions for a cylindrical

reservoir is expressed for individual wave modes and wave numbers by equation 2.2 (for

full derivation resort to [22, 23]).

Φmn(r, θ, z, t) = Jm (λmnr)︸ ︷︷ ︸
f1(r)

cos(mθ)︸ ︷︷ ︸
f2(θ)

cosh [λmn(z + h)]

cosh (λmnh)︸ ︷︷ ︸
f3(z)

Tmn(t)︸ ︷︷ ︸
f(t)

(2.2)

Where Tmn(t) is a time-dependent function determined from the imposed forcing condi-

tions,m is themode number and n is thewave numberwhich describe the number of wave

peaks in the circumferential direction and the number of wave peaks in the radial direc-

tion, respectively. Jm is the first kind Bessel function of themth order and λmn = ξmn/R,

in which ξmn is given by the nth root of the derivative of the Bessel function (J ′
m (ξmn) = 0).

For the free-oscillations solution the time function, in equation 2.2, was assumedbyAbram-

son [11] to be of the form eiωmnt, leading to the following solution for the velocity poten-

tial,

Φmn(r, θ, z, t) = Jm (λmnr)︸ ︷︷ ︸
f1(r)

cos(mθ)︸ ︷︷ ︸
f2(θ)

cosh [λmn(z + h)]

cosh (λmnh)︸ ︷︷ ︸
f3(z)

eiωmnt︸ ︷︷ ︸
f(t)

(2.3)

where ωmn defines the natural frequency of a given mode frequency, as described in

section 2.1.1.1. Figure 2.2 showcases the first kind of Bessel function of mth order, and

Table 2.1 displays the derivative roots of the first order Bessel function.
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Figure 2.2: First kind Bessel function of themth

order.

Table 2.1: Roots of the derivative of the Bessel
function of the first order J ′

m (ξmn) = 0.

ξmn J ′
0 J ′

1 J ′
2 J ′

3

1 3.831 1.841 3.054 4.201

n 2 7.016 5.331 6.706 8.015

3 10.173 8.536 9.969 11.346

2.1.1.1 Normal modes frequency

Liquid slosh inside a finite domain leads to the reflection of the waves at the container

boundaries. Under a specific frequency, superposition between the waves reflected back

and forth takes place. This coupling develops a normal mode, creating a standing wave

with a given spatial pattern. Understandably, modal analysis is of vital importance to

determine the liquid-slosh natural frequencies since one must ensure the control system

natural frequencies, the elastic body frequencies and any of the dominant slosh frequen-

cies are widely separated [11, 22].

Resorting to the velocity potential, equation 2.3, one can obtain the following expression.

ω2
mn =

gξmn

R
tanh

(
ξmnh

R

)
(2.4)

The equation reveals that the natural frequency of propellantmotion is dependent on tank

dimensions, vertical acceleration magnitude, and fluid depth but not on fluid properties.

This is a consequence of assumption (8), which leads to a properties independent free

surface boundary condition [22]. Additionally, equation 2.4 might be simplified by ne-

glecting the influence from the tank bottom, under the consideration of high fill ratios

(h/R) in which h/R ≥ 1 [14, 30]. Figure 2.3 depicts the plot of dimensionless natural fre-

quencies ωmn(g/R)−1/2 versus fill ratios for various asymmetric modes, showcasing the

validity of this premise.

As such, the natural frequency for high fill ratiosmight be computed through equation 2.5.
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Figure 2.3: Dimensionless natural angular
frequencies of the asymmetric sloshing modes as a

function of the fill ratio h/R.

Figure 2.4: Representation of tanks
compartmentalisation’s (a) sectored tank and (b)

annular tank.

It shows that for high Bond number (Bo) flows, the natural frequency of a given mode is

only a function of the tank radius and its axial acceleration [22, 24].

ωmn =

√
gξmn

R
(2.5)

As a result, if a shift in the sloshing frequency range is required, themost effective strategy

is to modify the pressure vessel geometry. Baffles are fairly ineffective, and partitioning

the tank into sub-tanks or compartments by radial or concentric walls is better [24]. Fig-

ure 2.4 displays an example of two compartmented tanks. Despite this, one should note

that radial compartmentation is less effective than ring baffles in lowering the amplitude

of slosh forces and torques [11].

2.1.1.2 Normal modes

To characterise a sloshingmode it is fundamental to formulate the resulting surface shape

under the respective natural frequency.

The resulting surface shapes for 0 ≤ m ≤ 3 and 1 ≤ n ≤ 3 are displayed in Figure 2.5,

in which two kinds of modes are observed: (a) asymmetric modes which are related to

horizontal oscillations of the centre ofmass; (b) symmetrical modes along the vertical axis

that do not cause any resultant forces and are often difficult to generate and thus rarely

observed [24]. Hereupon, the frequencies of major relevance in symmetric cross-section

tanks are the lowest few, corresponding to the first few anti-symmetric sloshing modes.
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Figure 2.5: Different sloshing modes of excited liquid in a cylindrical tank. The surface contour of the
sloshing liquid is depicted.
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Mode m = n = 1, characterised by a slosh wave with one peak and one valley, gener-

ating approximately a flat disk, is the fundamental wave since it is defined by the lowest

eigenfrequency as depicted in Figure 2.3 [23]. Consequently, this mode is usually found

in space launcher tanks during the ascent phase [16, 31].

2.1.2 Weakly nonlinear sloshing theory

In the previous section 2.1.1 the linear sloshing theory was introduced, considering the

amplitude of the sloshing wave is sufficiently small that the wave responses are linear.

Nonetheless, it does not take into account non-linearities that can arise from three classes:

(a) the geometry of the pressure vessel; (b) as a result of high wave amplitudes; (c) those

involving fundamentally distinct types of sloshing regimes as a result of instabilities near

resonance [11, 24]. For the present study case, it is critical to define the nonlinear be-

haviour of liquid sloshing that leads to distinct sloshing regimes since, as analysed in sec-

tion 1.2, different regimes lead to distinct interface heat and mass transfer behaviours.

Experimentally observed [25, 32], these free surface instabilities develop into non-planar

unstable motion linked with rotation of the nodal diameter (rotary sloshing) and chaotic

sloshing beyond the stable planar motion. Consequently, the sloshing characteristics for

the different regimes are as follows:

1. Stable planar waves are a harmonic steady-state liquid motion, defined through

the linear theory, depicted in section 2.1.1, with a fixed peakwave height and a single

nodal diameter that is stationary and perpendicular to the direction of excitation.

This planar motion is observed far off the neighbourhood of the natural frequency

of a given mode [33]. The maximum wave amplitudes, b, of the stable, planar wave

motions can be estimated from equation 2.6 [27].

b

Af
≈ 2


(

ω
ω11

)2
1−

(
ω
ω11

)2
 (2.6)

2. Chaotic sloshing is a non-planar unstable motion close to the natural frequency.

Under a chaotic regime, wave breaking might arise, provided that the maximum

downward acceleration (bω2) exerted on a liquid particle at the free surface is equal

to the gravitational acceleration. This phenomenon takes place when the amplitude
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reaches a maximum of approximately 25% of the tank diameter [24]. Eventually,

the wave collapses, and a new cycle starts. One must notice that wave breaking

causes substantial surface disturbanceswith plunging jets that produce surface layer

mixing. The wave amplitude rises linearly in time and is almost proportional to the

forcing amplitude, as defined in equation 2.7 [27], where t defines the time instant

and Tω the oscillation period.

b

R
≈ π

Af

R

t

Tω
(2.7)

3. Rotary sloshing is defined as rotational non-planarmotion about the normal axis,

arising near and above the resonance conditions of a givenmode. The swirlmotion is

characterised by local breaking near thewave top, but once established, is very stable

and transfers angular momentum to the whole liquid [25]. This regime yields what

is referred to as a ”beating” by Abramson (1966) [11], since the rotational motion

increases in angular velocity in one direction (e.g. counterclockwise) until reaching

a maximum and collapsing to nearly zero. Afterwards, it reverses direction and re-

gains angular momentum. The average swirl wave amplitude is approximately 35%

of the tank diameter [27].

Figure 2.6 displays experimental observations performed at VKI for the aforementioned

sloshing regimes.

Figure 2.6: Images of (a) swirl wave mode with breaking near the top, (b) chaotic sloshing near wave
breaking conditions, and (c) stable first asymmetric wave mode [34].
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These free surface instabilities can be investigated by resorting toMiles’ weakly nonlinear

theory [33], from which it is possible to extract the bounds between regimes depending

on three parameters. The first parameter is the viscous damping, γ, defined in equation

2.8, where δ represents the damping ratio and ε a small parameter [25].

γ =
2δ

ε2
(2.8)

Considering the damping occurs mainly at the side-wall boundary layers, the damping

ratio is defined through equation 2.9, for the lowest asymmetric mode [35]. Additionally,

the small parameter is obtained by equation 2.10 as a function of the dimensionless forcing

amplitude, Af/R.

δ =

(
ν2

R3g

)1/4

(2.9)

ε =

(
1.684

Af

R

)1/3

(2.10)

The current theory is only valid provided low damping conditions are met, where γ2 ≪ 1,

which implies the use of low-viscosity liquids [25]. Likewise, experiments show that the

theory remains valid as long as ε ≤ 0.5 [35].

The second parameter is the frequency offset, βi, detailed in equation 2.11, for the lowest

asymmetric mode. It relates the driving frequency and amplitude to the mode natural

frequency [33].

βi =
ω2 − ω2

11

ε2ω2
11

(2.11)

The third and last parameter is the fill ratio since one must ensure the requirement of

deep-water conditions is met (section 2.1.1.1). Otherwise, the non-linearity changes and

different sloshing regimes arise under the same forcing conditions [33].

Under these parameters and respective restrictions, Miles determined the bounds be-

tween the distinct regimes through the definition of specific frequency offsets: β2 = −0.36,
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β3 = −1.55, and β4 = 0.735. The graphical representation of the relation between dimen-

sionless forcing amplitude, Af/R, as a function of ω/ω11 depicted in Figure 2.7 is formu-

lated through equation 2.12.

Af

R
=

1

1.684

[
(ω/ω11)

2 − 1

βi

]3/2
(2.12)

Figure 2.7: Dimensionless forcing amplitude-phase diagram as a function of frequency ratio according to
Miles’ weakly nonlinear theory [33].

From Figure 2.7, it is possible to assess that at small values of dimensionless forcing am-

plitude, and at forcing frequencies away from the natural frequency, planar motion arises

as predominant sloshing regime. As one increases the frequency to near resonance con-

ditions, it reaches a critical value, where bifurcation to chaotic sloshing occurs. It should

be noted that wave breaking conditions are predominant near the boundary β3 while ad-

jacent to β2 chaotic wave motion endures without wave breaking. Between β2 < βi < β4

the motion is dominated by rotary sloshing that due to its robustness, it is possible to pre-

vail up to ω/ω11 ≈ 1.3 [25]. All in all, as one starts by forcing frequencies away from the

natural frequency, dominated by planar motion, and approaches resonance, the sloshing

regime will bifurcate to swirling motion if ω > ω11 or too chaotic motion if ω < ω11.
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2.2 Thermal stratification

Thermal stratification refers to the formation of a growing layer of thermally stratified liq-

uid that is hotter than the bulk. This is the primary phenomenon behind the characteristic

pressure drops that take place in pressure vessels under sloshing conditions [19, 27, 31].

As such, it is critical to develop a complete picture of the problem related to the heat trans-

fer mechanisms. In the current analysis, heat transfer inside the reservoir is considered

to be dominated by convection and conduction, while external heating arises mainly from

radiation.

While considering cryogenic propellant tanks, one must understand that outside temper-

ature control is difficult to achieve, unlike storable propellant tanks. Thus, cryogenic pro-

pellants may be up to 38◦C below the outer wall temperature, mainly due to solar heating

[11, 36]. Therefore, unavoidable external heat leaks develop convective flows that, due to

buoyancy effects, transport the warmer liquid to the tank interface, leading to the forma-

tion of a warm liquid ”pocket” that evolves over time [37, 38].

On the other hand, conduction mechanisms across the walls and the ullage also have an

impactful role in increasing the thermal stratification. From the warm ullage vapour, heat

is conducted to the interfacemainly by twomechanisms: (a) tangentially through the tank

walls; (b) direct interaction between the vapour and the cold liquid at the free surface.

The wall tangential heat flux develops due to the much higher wall temperature in the

warmer ullage region. This heat is conducted across the ullage walls and enters the liquid

near the free surface [16, 28, 29]. Additionally, since the quiescent superheated gas is in

direct contact with the subcooled liquid, a conductive heat flux across the free surface will

also coexist. It should be noted that heat transfer at the interface might be enhanced with

vapour bulk motion.

A schematic representation of the aforementioned heat fluxes across a closed reservoir

with a liquid height h and the respective development of a thermal boundary layer δT , as

a time function t near the liquid-gas interface, is represented in Figure 2.8.

To evaluate the growth rate of the stratified region due to liquid natural convection, one

must develop an integral boundary layer analysis by assessing mass flow rate and energy

exchanges [36]. Levy et al. [11] developed this analysis for a constant wall heat flux, and
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Figure 2.8: Formation of thermal stratification in a liquid due to natural convection and conduction for a
closed reservoir.

concerning a laminar natural convection boundary, the following equation was derived.

δT (t) = h− h

(
1− 0.62

νt

Rh

Gr∗
1/5

Pr0.388

)5

(2.13)

Where ν = µ/ρ is the liquid kinematic viscosity given by the ratio of dynamic viscosity

to density and Gr∗, depicted in equation 2.14, represents the modified Grashof number

which defines the ratio of buoyancy to viscous force.

Gr∗ =
gβq̇wR

4

kν2
(2.14)

The modified Grashof number takes into account the area-specific external heat flux, q̇w,

and the liquid thermal conductivity k, for the characteristic length R. Furthermore, it

considers the liquid thermal expansion coefficient β defined by the following equation,

β =
1

v

(
∂v

∂T

)∣∣∣∣
p

= − 1

ρ

(
∂ρ

∂T

)∣∣∣∣
p

(2.15)

where v stands for the specific volume and the derivative’s subscript p denotes that the

pressure remains constant during the expansion. Moreover, theβ coefficient is of paramount

importance for the derivation of the liquid’s momentum equation under the Boussinesq
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approximation (section 3.1).

Equation 2.13 is only valid if the liquid Prandtl number (equation 2.16) is between 1 <

Pr < 30. This number depends only on fluid properties, where cp is the specific heat

capacity at constant pressure, and defines the ratio of momentum diffusivity to thermal

diffusivity.

Pr =
cpµ

k
(2.16)

For a turbulent boundary layer, Levy et al. [11] derived equation 2.17.

δT (t) = h− h

(
1 + 0.092

νt

Rh

1

Pr2/3

(
Gr∗

1 + 0.443Pr2/3

)2/7
)−7

(2.17)

The turbulent relation should be employed for the case Gr∗Pr > 1011, which is generally

the scenario when the launcher is standing on the launch pad. This means that under

gravity dominated flows, the growth rate of the fluid thermal stratified layer is achieved

faster than under orbit coasting conditions, where capillarity prevails, and the stratified

layer evolves accordingly to the laminar formulation [11, 36].

Concerning the energy exchange between the superheated ullage vapour and the sub-

cooled liquid through conduction, one may resort to the formulation of a semi-infinite

body, employed by Das and Hopfinger [20], and Ludwig et al. [27]. A semi-infinite solid

is an idealised body having a single planar surface that extends to infinity in all directions.

This idealised body is used to demonstrate that temperature changes in the region near

the surface are produced by thermal conditions on a single surface [37, 39]. This formu-

lation allows evaluating the transient evolution of the temperature near the free surface

(Figure 2.8) from the one-dimensional heat conduction equation 2.18 with no heat gen-

eration and constant thermal conductivity.

∂T

∂t
= α

∂2T

∂z2
(2.18)

The property α defined by equation 2.19 is the thermal diffusivity of the liquid and repre-
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sents a measure of how fast heat propagates through the medium.

α =
k

ρcp
(2.19)

The semi-infinite body assumption solution is givenby equation 2.20, for the case inwhich

the semi-infinite media is at Ti and its surface is brought to the temperature Ts andmain-

tained at that value at all times. With erfc as the complementary error function, defined

as erfc(z) = 1− erf(z) [37].

T (z, t)− Ti

Ts − Ti
= erfc

(
z

2
√
αt

)
(2.20)

Due to conduction, the thickness of the stratified layer is evaluated through the semi-

infinite body assumption and determined analytically by the following equation,

δT (t) = C
√
αt (2.21)

where C is a constant acquired by evaluating where the erfc function tends to zero in

equation 2.20 and for the present research considered to be C = 4. Bear in mind that

different correlations may be found in the literature contingent on the applied analogy

[16, 20, 27].

To summarise, the strong thermal gradient near the free surface combines natural con-

vection and conduction. Convective flows are dominant in cryogenic fluids and the evo-

lution of the thermal boundary layer is defined by equations 2.13 and 2.17 [31]. For non-

cryogenic fluids, where both walls and liquid are nearly at the same temperature, conduc-

tion between the ullage gas and the liquid surface takes a predominant role, and the time

progression of the thermal boundary layer is defined by equation 2.21.

2.3 Sloshing induced thermal destratification

In the previous section 2.2 the fundamentals that describe the settlement of a thermal

stratified layer near the interface in orbital launch vehicles tanks was introduced. The

mechanisms that transport heat to the interface were clarified, but no coupling with the

sloshing dynamics was made. Critically, free surface slosh motion enhances these mech-
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anisms, and its impact must be evaluated.

Initially, a thermal stratified layer characterised by a very steep thermal gradient settles

near the interface bymeans of natural convection and conduction. Therefore, the liquid is

branched into a warm area extending from the interface until a depth δT and a subcooled

section defined by a quasi-homogeneous condition. Sloshing, due to dynamic perturba-

tions, induces thermal destratification, forcing the liquid in the thermal boundary layer to

be efficiently mixed with subcooled liquid from the bulk, lowering the temperature at the

free surface. Once sloshing comes to an end, a thicker boundary layer δ′T characterised by

a smoother temperature gradient arises.

The sloshing induced thermal destratification can be visualised by extracting the tempera-

ture profiles previous to sloshing initialisation and once sloshing stops. Thus, a schematic

representation of the profiles from the experiments of Lacapere et al. [19] is depicted in

Figure 1.2.

Hereupon, it is clear that sloshing induces a bulkmotion to the liquid, which augments the

heat transfer. Hence, in contrast to themechanisms that create the thermal stratification,

this is defined as forced convection since the fluid is compelled to flow inside the tank by

external means [37].

(a) Thermal profile before sloshing initialisation. (b) Thermal profile after sloshing induced mixing.

Figure 1.2: Schematic representation of the evolution of vertical temperature profiles and the thickness of
thermal boundary layers in the liquid’s uppermost region adapted from Lacapere et al. (2009) [19].

(repeated from page 4)
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It is quite challenging to obtain simple analytical solutions for convection phenomenon

from the governing equations. Thus heat transfer relations are based on empirical cor-

relations built from experimental studies via the Nusselt number. This dimensionless

parameter defines the ratio of convective to conductive heat transfer and is usually repre-

sented with reasonable accuracy by a simple power-law relation of the following form:

Nu = B (Ren Prm) (2.22)

TheB parameter is a constant,m and n are constant exponents (usually between 0 and 1)

andRe is the Reynolds number, which defines the ratio of inertial forces to viscous forces

and characterises the flow regime. Ludwig et al. [27], following the power-law equation

2.22, defined an empirical correlation from experimental data [20, 26] for the thermal

destratification given by equation 2.23.

Nus =
Re0.69s Pr1/3

(Resc)
0.69 (2.23)

TheRes defines the sloshingReynolds number obtained fromequation 2.24, and (ReS)c =

4.0·103±20% is the critical Reynolds number belowwhich sloshing does not induce signif-

icant thermal destratification. As such, for this correlation B = 1/Re0.69sc and b represents

the wave amplitude.

Res =
ω

ω11

(
b

R

)2
(
gR3

)1/2
ν

√
ξ11 (2.24)

TheNusselt number definition canbe further extendedby introducing it as a ratio between

the effective diffusion coefficient αe and the liquid thermal diffusivity α without losing its

meaning [20]. This relation is showcased in equation 2.25.

Nus =
αe

α
(2.25)

All in all, by resorting to the empirical equation 2.23 and introducing the former definition

one arrives to equation 2.26.

αe = α
Re0.69s Pr1/3

(Resc)
0.69 (2.26)
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Consequently, considering that the penetration length of the thermal stratified layer under

sloshing may still be defined through equation 2.21, the overall thickness for the thermal

boundary layer is set by the following formulation, accounting for the contributions of the

initial thermal stratification and the sloshing-induced mixing phenomenon.

δ
′
T (t) = C

√
α∆tinit + αe∆ts (2.27)

Where ∆tinit represents the time at which sloshing is introduced, or more generally, the

pressurisation/ramp and hold time for a laboratory experiment. Additionally,∆ts depicts

the sloshing excitation period until the maximum rate of pressure drop is reached [27].

2.4 Pressure drop

The pressure drop effect is a thermodynamic phenomenon in orbital launch vehicle tanks.

It arises from the coupling between sloshing dynamics and heat and mass transfer mech-

anisms amid the superheated ullage vapour and the subcooled liquid at the free surface.

This section aims to develop on this topic, which is the main objective of the present re-

search.

Briefly stating from the results of previous research performed on the topic [16, 19, 26],

the main trigger behind pressure fluctuations inside orbital launch vehicles tanks is the

enhancement of heat and mass transfer mechanisms across the interface due to sloshing.

As the launcher ascents to orbit, it will overcome distinct external perturbations that arise

mainly from aerodynamic forces (e.g. wind gusts), generating sloshing. This sloshmotion

will break the equilibrium state at the interface since it enhances the mixing between the

cold bulk liquid and the warmer liquid at the free surface that is in direct contact with the

hot ullage vapour. Once this equilibrium is broken, the systemwill seek a new stable state,

and due to the cooling effect, vapour will condensate. Likewise, contingent on the thermal

stratification, a temperature decrease across the ullage will occur. Thus, the two premises

behind the observation of the characteristic pressure drop are: (a) effective pressurisation

of the tank to develop a thermal stratified liquid layer near the interface (section 2.2); (b)

external perturbation that induces the liquid to slosh, leading to a thermal destratification

(section 2.3).
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Hereupon, the general variables that define the extent of the pressure drop when a pres-

surised vessel is subjected to sloshing are as follows [19, 26]:

1. Sloshing regime is defined by a given frequency and amplitude of slosh excita-

tion, accordingly to Miles’ weekly nonlinear theory (section 2.1.2). Understandably,

chaotic and swirl regimes outlined by high amplitude free surface responses, com-

pared to a planar motion, lead to enhanced thermal mixing and, consequently a

more considerable pressure drop.

2. Pressurisation technique and pressurant type:

• Self-pressurisation is whenever the tank is pressurised by the parasitic heat

flow that continually seeps into the system. Heat is introduced into the liquid

and leads to evaporation at the liquid’s surface and, as a result, a rise in tank

pressure. It leads to a more homogeneous temperature distribution across the

liquid and, consequently, a reduced pressure drop. It is worthy to note that this

method is highly time-consuming, especially for non-cryogenic experiments

where the liquid is nearly at the ambient temperature.

• Active pressurisation is when the working fluid, in its gaseous form, is in-

jected in the pressure vessel through an external system. This method allows

to quickly attain the desired pressure in the ullage, and build a sharp thermal

gradient near the interface, leading to a more significant pressure drop.

• Non-condensable gas active pressurisation employs active pressurisationprin-

ciples but resorts to a non-condensable gas, such as helium. Since the pressur-

ant does not condensate, the pressure drop phenomenon is minimised in such

systems.

3. Ullage volume is defined by the amount of free liquid space in the dewar. The

most significant pressure drop occurs at the smallest ullage volume because there is

less ullage mass to maintain tank pressure. In other words, ullage pressure is more

susceptible to interfacial condensation at smaller ullage volumes.

To model the pressure drop effect one may resort to the ideal gas approximation to de-

scribe the behaviour of the ullage vapour. The ideal gasmodel assumption, equation 2.28,

is valid as long the gas pressure is small relative to the critical pressure pc and/or the tem-
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perature is large relative to the critical temperature Tc [39].

p
U
= ρRsT (2.28)

In equation 2.28 vapour pressure pU is a function of density ρ and temperature T . Ad-

ditionally, Rs outlines the specific gas constant defined as Rs = R̄/M where R̄ is the

universal gas constant, andM is the molar mass of the gas. Therefore, the pressure drop

in a gas arises from a gas temperature decrease, a gas density decrease, or both. Thus,

the rate of pressure change in the system, defined by equation 2.29, may be obtained by

applying the chain rule to equation 2.28 since p
U
= f(ρ, T ).

dp
U

dt
=

dρ

dt
RsT︸ ︷︷ ︸
ρ(t)

+ ρRs
dT

dt︸ ︷︷ ︸
T (t)

(2.29)

Consequently, the pressure drop may be computed as a combination between ρ(t) and

T (t). For a closed system, ρ(t) represents the pressure drop fraction produced by conden-

sation, while T (t) describes the pressure drop fraction generated by sloshing cooling the

ullage.

As initially introduced, the primary mechanism behind the characteristic pressure drop

arises from condensation at the liquid-vapour interface due to the large amplitude waves,

meaning the T (t) term in equation 2.29 has amarginal impact in the overall phenomenon.

This conclusion was retrieved from the analysis developed by Van Foreest [16], in which

both self-pressurisation and active pressurisation tests with LN2 were assessed. In self-

pressurisation test cases, the rate of temperature change at the point of maximum pres-

sure drop rate was zero, meaning condensation is the main mechanism to describe pres-

sure drop. On the other hand, in the active pressurisation test cases, the contribution of

the temperature change on the pressure drop rate was in the order of 10−20%, depending

on the pressure of the ullage at sloshing initialisation.

The vapour condensation phenomenon might be modelled by assuming that the free sur-

face is at saturation conditions. This is because fluid can undergo phase change in such

conditions where liquid and vapour coexist. Under these conditions, the free surface tem-

perature is equal to the saturation temperature, TL = TU = Ti = Tsat, which is coupled to
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the vapour partial pressure pU (equation 2.30).

Ti = Tsat (pU ) (2.30)

The coupling between the saturation temperatureTsat and the pressure of the ullage vapour

is defined by the Clausius-Clapeyron equation 2.31.

ln

(
p

pref

)
=

∆hv
Rs

(
1

Tsat,ref
− 1

Tsat

)
(2.31)

It provides the temperature T dependence of a fluid’s saturation pressure p along the

liquid–vapour coexistence curve, considering the vapour behaves as an ideal gas (equation

2.28) and the latent heat of vaporisation∆hv is constant [40]. In the Clausius-Clapeyron

law pref and Tsat,ref define a reference known point in the saturation curve, for example

the state after pressurisation [14], while p and Tsat specify a new point of interest.

Figure 2.9 displays a qualitative representation of a saturation curve under equation 2.31.

After pressurisation, point (a) is reached where the liquid-vapour interface is in a satu-

ration state defined by the pressure pref and temperature Tsat,ref . The liquid bulk is sub-

cooled, and the vapour is superheated, except at the free surface. As sloshing unfolds,

the subcooled bulk liquid will reach the interface and cool it down, breaking the ther-

modynamic equilibrium. Ergo, the temperature at the interface decreases, meaning, ac-

Figure 2.9: Qualitative saturation curve generated by the Clausius-Clapeyron law for the equilibrium at the
free liquid surface.
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cording to equation 2.31, that for the new saturation temperature, the pressure must de-

crease as well, and point (b) is reached. Nevertheless, the ullage pressure is superior to

the saturation pressure corresponding to the new temperature at the free surface. Con-

sequently, ullage vapour condensation takes place, leading to the characteristic pressure

drop∆p = pref − pmin.

2.4.1 Liquid-vapour phase change

To evaluate the phase change rate at the liquid-vapour interface and characterise con-

densation and evaporation, one might resort to the classical kinetic theory of gases [41].

This theory is a statistical description of gas behaviour and has served as the foundation

for simulating liquid-vapour phase transition in non-isothermal cryogenic sloshing [42].

It considers that the vapour near the liquid-vapour interface may be approximated as

an ideal gas (equation 2.28), and the vapour molecules’ velocity distribution follows a

Maxwell Boltzmann distribution. Therefore, the mass flux can be expressed by the fol-

lowing equation,

jU = ρU

√
kbTU

2πM
(2.32)

where ρU , kb,M , and TU are vapour density, Boltzmann constant, molarmass, and vapour

temperature, respectively, and the subscript U denotes the vapour phase.

In equilibrium, the condensation flux equals the evaporation flux, jU = jL . The liquid-

vapour system is saturated (equation 2.30), and there is no temperature jump across the

interface. The equilibrium vapour density equals the vapour saturation density at the

associated saturation temperature. Hence, when sloshing unfolds and breaks the equilib-

rium, a net phase change is defined as a difference between the condensation and evapo-

ration fluxes.

Considering that across the vapour phase, the changes in temperature and density are

negligible and resorting to the ideal gas assumption, the area-specific net phase change J

may be approximated by the Hertz-Knudsen equation 2.33.

J = σ̄

√
M

2πR̄

(
pi√
Ti

− pU√
TU

)
(2.33)
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Where pi and Ti are the pressure and temperature at the liquid interface, pU and TU are

the vapour pressure and temperature, and σ̄ represents the accommodation coefficient,

which specifies the frequency at which the liquid/vapour phase transition occurs. This

parameter is a multiplier on the kinetic theory phase change rate that takes into account

the deviation from the theoretical maximum, due to reflection of the vapour molecules at

the interface which do not undergo phase change.

Applying equation 2.33 to the characteristic pressure drop that takes place due to con-

densation, as described by Figure 2.30, under point (a), there is no net phase change.

However, once the thermal equilibrium is broken, the vapour pressure pU is superior to

the saturation pressure at the interface pi, meaning a negative net mass flux J will arise

until equilibrium is reached as defined by point (b).
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Chapter 3

Scaling analysis for gravity dominated
non-isothermal sloshing

Upuntil now, the fundamental theoretical backgroundof gravity dominatednon-isothermal

sloshing has been described. From sloshing dynamics to heat and mass transfer, one

can picture throughout sections 2.1.1 to 2.4.1 that the problem in our hands is reason-

ably complex to scrutinise and analytical solutions impractical to be achieved. Therefore,

the present section aims to develop a scaling analysis fromwhich the dimensionless num-

bers (section 3.5) that characterise the problem are retrieved. This analysis is a premise

for the similarity study conducted in section 3.6.

A scaling analysis is themost convenientmethod to scale the actual quantities, in this case,

a full-size orbital launch vehicle cryogenic fuel tank, into laboratory size experiments. De-

veloping a ground-test facility geometrically identical to the actual tank is not feasible.

Thus, for the present research, a small scale model (section 4.1.2) is used to study the

thermodynamic side effects of sloshing. Additionally, safety constraints do not allow to

use the legitimate fuels, and oxidisers [2] meaning the experimental working fluid must

attain properties that would enable the similarity analysis to converge.

From this study, the output is a set of dimensionless numbers thatminimise the amount of

variables required for problem description and reveal which ratios dominate the problem.

Furthermore, they reduce the amount of experimental data, support the development of

empirical correlations and allow to establish an order of magnitude comparison between

both facilities by similarity. Hence, there are two possible approaches [43]: (a) dimen-

sional analysis (DA) through the Buckingham Pi-theorem; (b) scaling of equations (SE)

by defining the governing equations of the problem. The scaling of equations (SE)method

was selected for the present research. It starts with the definition of the basic equations

and boundary conditions that govern the problem, from which the relevant quantities are

directly extracted [44]. Critically, if one is unable to do such, the DA approach must be

chosen, where the relevant quantities are picked in the place of establishing the governing

equations.
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As depicted by Figure 2.1 the present problem is defined by a liquid and a vapour phase.

Therefore, the governing equations for the liquid and vapour are set in section 3.1 and 3.2,

respectively, and defined by the three classical transport equations for a single-species

system. Moreover, since it is a two-phase problem, an interface exists, and appropriate

boundary conditions must be defined. Therefore, a mass, momentum, and energy bal-

ance at a non-flat liquid-vapour interface is defined in section 3.3. Finally, the boundary

conditions that account for heat transfer at the walls and a sloshing external sinusoidal

disturbance are presented in section 3.4.

3.1 Governing equations for the liquid phase

The liquid phase is considered to be a single-species system and modelled as an incom-

pressible fluid, where density is deemed to be constant (ρL = ρref) [44]. These assump-

tions yield equation 3.1 for the mass conservation,

∇ ·VL = 0 (3.1)

whereV = (ux, vy, wz) is the flow velocity vector and∇ =
(

∂
∂r ,

1
r

∂
∂θ ,

∂
∂z

)
is the nabla oper-

ator in cylindrical coordinates. For the linear momentum balance, the fluid is assumed to

be Newtonian. Thus, viscous stresses are proportional to the element strain rates and vis-

cosity coefficient. The Boussinesq approximation was employed, considering the temper-

ature and density variations occurring in this thermal convection problem are processed

at practically constant pressure, consequentlymanifesting, inNavier-Stokes equation 3.2,

only through the mass forces term [45]. As such, ρL = ρref except in the buoyancy term

of the momentum balance where ρ = ρref − ρref β (TL − Tref ).

ρref,L

(
∂VL

∂t
+ (VL · ∇)VL

)
= −∇pL + µL∇2VL + ρref,Lg − ρref,Lβ (TL − Tref,L)g

(3.2)

Concerning the conservation of energy, it is assumed that there is no radiation heat trans-

fer and heat flow follows Fourier’s law of heat conduction [39]. The kinetic energy contri-

bution is neglected, and the total energy balance turns into the internal energy ûL equa-

tion 3.4. Additionally, the internal specific energy is expressed by the heat capacity for
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constant pressure cp, by the following equation.

dûL ≈ cpdT (3.3)

It takes into account the limited, but not negligible, compressibility of liquids (for com-

plete derivation resort to [16]).

ρref,Lcp,L

(
∂TL

∂t
+VL · ∇TL

)
= kL∇2TL (3.4)

3.2 Governing equations for the gas phase

For the vapour phase, the general compressible flow formulation is employed, and the

vapour was considered to behave as an ideal gas (equation 2.28). The compressible mass

balance for this phase is given by equation 3.5 and the compressible linear momentum

through equation 3.6. The vapour phase was assumed to be a Newtonian fluid with con-

stant dynamic viscosity µ. Moreover, Stokes’ hypothesis was introduced where the bulk

viscosity is set to zero [46]. This interpretation is usually employed in the study of low

Mach-number, variable-density flows and renders the mathematical treatment of com-

pressible flows considerably easier [47].

∂ρU
∂t

+∇ · (ρUVU ) = 0 (3.5)

∂ (ρUVU )

∂t
+∇ · (ρUVUVU ) = −∇pU + µU∇2VU +

1

3
µU∇(∇ ·VU ) + ρUg (3.6)

For energy conservation, the kinetic energy contribution was neglected. Consequently, as

for the liquid phase in equation 3.4, the balance illustrates the conservation of internal

energy ûU instead of total energy. Additionally, by introducing the ideal gas idealisation

of equation 2.28 the relation between internal energy and temperature is given by the

following approximation,

dûU ≈ cvdT (3.7)

where cv represents the heat capacity for constant volume [39, 48]. Moreover, viscous
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dissipation was considered limited and neglected, resulting in the final equation 3.8 for

the internal energy.

∂

∂t
(ρUcv,UTU ) +∇ · (ρUcv,UVUTU ) = ∇ · (kU∇TU )−∇ · (pUVU ) (3.8)

3.3 Governing equations for the interface

The above-mentioned phase equations can be applied within each phase and up to an in-

terface. However, they are not valid across the interface, where there are dramatic changes

in several properties. In order to solve the governing equations for heat, mass, and mo-

mentum transfer in the two neighbouring phases, appropriate boundary conditions at the

interface must be supplied. These must be derived through integral relations for a control

volume, and the complete derivation may be found in Faghri and Zhang [49] and Dreyer

[50].

At a liquid-vapour interface, the mass balance is given by the following equation,

ṁ′′
δ = ρL (VL −Vi) · n = ρU (VU −Vi) · n (3.9)

where ṁ′′
δ is the area-specific mass flux at the interface due to phase change. V ·n denotes

the velocity in the free surface normal direction. Vi,VL andVU define the velocity of the

interface, liquid and gas phase, respectively.

The integral momentum equation for a control volume containing two phases separated

by an interface is given by equation 3.10. The surface tension σ is constant, the liquid and

vapour phases are considered inviscid (τL = τU = 0), and the evaporation or condensa-

tion rate is neglected. The result is known as the Young-Laplace equation,

pU − pL = ∆pi = −σ

(
1

RI
+

1

RII

)
(3.10)

where RI and RII specify two radii of curvature to describe an arbitrarily-curved surface

and∆pi the pressure difference across the interface.

The energy conservation at the liquid-vapour interface is expressed by equation 3.11, con-
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sidering that the change in the kinetic energy across the interface is negligible.

(kU∇TU − kL∇TL) · n = ṁ′′
δ∆hv (3.11)

3.4 Boundary conditions

Until now, the main governing equations of the problem have been overviewed. Nev-

ertheless, it is mandatory for the scaling of equations approach to non-dimensionalise

the boundary conditions. Additionally, for the sake of completeness, other relevant phe-

nomenons that have a direct impact on the research are here introduced.

The external disturbance that induces forced sloshing motion to the free surface is har-

monic and given by the following equation.

X(t) = Af sin(ωt) (3.12)

The container walls are solid and impermeable. Therefore the no-slip condition applies

(equation 3.13). Additionally, the normal component of the fluid’s velocity w at the free

surface η equals the normal component of the free surface velocity (equation 3.14) so that

no holes appear between liquid and gas [44].

VL = VU = V
wall

(3.13) wzL = wzU =
dη

dt
(3.14)

The liquid and vapour temperatures at the interface must be the same, a condition re-

quired by equation 2.30, which is directly correlatedwith the Clausius-Clapeyron law 2.31,

considering the vapour behaves as an ideal gas.

Because of the no-slip and no temperature jump conditions at the walls, heat transfer

between solid and fluid at the solid surface occurs via pure conduction. This results in

equations 3.15 and 3.16 by setting the Fourier’s law equal to Newton’s law of cooling for

the liquid and vapour phases, respectively.

q̇L,w = − kL
∂TL

∂r

∣∣∣∣
r=R

= h̄L
(
Tw − T̄L

)
(3.15)
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q̇U,w = − kU
∂TU

∂r

∣∣∣∣
r=R

= h̄U
(
Tw − T̄U

)
(3.16)

h̄ is the experimentally measured convection heat transfer coefficient, Tw is the temper-

ature of the solid surface, and T̄ is the temperature of the fluid sufficiently far from the

surface. For the liquid T̄L corresponds to the bulk temperature.

Lastly, heat conduction across the walls arises as one of the most critical factors during

the initial thermal stratification, as analysed in section 2.2. Hereupon, one must consider

the heat conduction equation 3.17:

∂T

∂t
= α∇2T (3.17)

where α defined by equation 2.19 is the thermal diffusivity of the reservoir walls material.

3.5 Dimensionless numbers

Throughout sections, 3.1 to 3.4, the governing equations of the gravity-dominated non-

isothermal sloshing problem have been formulated, and the boundary conditions and rel-

evant phenomenons are introduced. Therefore, to extract the dimensionless numbers

through the scaling of equations method, the following four steps approach should be

employed:

1. Identify variables and constants, then define the generic non-dimensional quanti-

ties, focusing on variables only;

2. Incorporate the non-dimensional values into the governing equations and boundary

conditions;

3. Develop the equations until the non-dimensional format is attained and the dimen-

sionless numbers are extracted;

4. Appoint reference parameters that characterise the problem and correlate the final

numbers with existing dimensionless numbers.

For the incompressible liquid phase (section 3.1), the relevant variables are the spacial

coordinates, velocity, time, pressure, temperature and acceleration. These variables, in
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the following equation 3.18, are made dimensionless by dividing through the relevant pa-

rameters and indicated by hat symbols:

∇̂ = Lc∇, V̂ =
V

bω
, t̂ =

tbω

Lc
, p̂ =

p

ρref(bω)2
, T̂ =

T − Tref

∆T
, ĝ =

g

g
. (3.18)

The characteristic length scale is Lc, and the spatial derivatives are hidden in the nabla

operator ∇. The characteristic velocity is bω, in which b defines the sloshing wave ampli-

tude and ω the imposed frequency or angular velocity. The characteristic acceleration is

the gravitational acceleration g, the characteristic temperature difference is ∆T , and the

pressure scale is described by the dynamic pressure ρref(bω)
2 since sloshing is a purely

dynamic effect.

According to the expressions in equations 3.1 to 3.4, and the former scaling factors from

equation 3.18 the corresponding characteristic numbers for the liquid phase are sum-

marised in Table 3.1.

Table 3.1: Liquid phase governing equations dimensionless numbers.

Reference Dimensionless number Expression Definition Equation

Π1 FrL
(bω)2

gLc

Inertia
Gravity 3.2

Π2 ReL
ρref,L(bω)Lc

µL

Inertia
Viscosity 3.2

Π3
Gr
Re2L

gβ∆TLc

(bω)2
Buoyancy
Inertia 3.2

Π4 PeL
Lc(bω)
αL

Advection
Diffusion 3.4

From the gravity force term in equation 3.2 the Froude number (Π1) arises and denotes

the ratio between the flow inertia and the external acceleration field, for this case, ex-

pressed by gravity. FrL defines an essential effect in free surface flows and can be ne-

glected when there is no free surface [44]. Additionally, due to the employment of the

Boussinesq approximation, the Π3 parameter, which defines a ratio between buoyancy

and inertial forces, emerges. GrL / Re2L introduces the effects of combined natural and

forced convection, and their relative importance [51]. Likewise, from the viscous force

term in equation 3.2, the Reynolds number (Π2) appears, defining the ratio of the inertia

to viscous forces in the fluid. ReL is an essential element in sloshing applications because

it is directly related to the dissipated energy at the walls and free surface due to viscous

boundary layers and in the liquid bulk due to viscous strains. Through equation 3.4 the

Péclet number (Π4) surfaces from the net heat flux term, and it compares the advective
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heat transport rate and the molecular diffusion of heat, in other words, the ratio of heat

transfer by the motion of fluid to heat transfer by thermal conduction.

For the compressible gas phase (section 3.2), the former adimensional quantities still

hold, but density and thermal conductivity now arise as new variables:

ρ̂U =
ρU

ρref,U
, k̂U =

kU
kref,U

(3.19)

where the reference density is ρref,U and the characteristic thermal conductivity is kref,U .

Table 3.2 summarises the gas phase characteristic numbers.

Table 3.2: Gas phase governing equations dimensionless numbers.

Reference Dimensionless number Expression Definition Equation

Π5 FrU
(bω)2

gLc

Inertia
Gravity 3.6

Π6 ReU
ρref,U (bω)Lc

µ
Inertia
Viscosity 3.6

Π7 PeU
ρref,U cv,U (bω)Lc

kref
Advection
Diffusion 3.8

Π8 EcU
(bω)2

cv,U∆T
Advection kinetic energy

Enthalpy 3.8

By resorting to the compressible formulation of themomentum equation 3.6, direct buoy-

ancy effects are now accounted in the density variable (equation 3.19) and the Grashof

number (Gr) vanish. Additionally, from the gas internal energy equation 3.8 the Eckert

number (Π8) appears from the pressure work term and compares the kinetic energy of

the flow relative to the boundary layer enthalpy difference. EcU is crucial in high-speed

flows where viscous dissipation is significant, meaning for sloshing applications may be

neglected [38].

Concerning the interface boundary conditions (section 3.3), the mass flux is divided by

the characteristic mass flux J and the radii of curvature by Lc:

m̂′′
δ =

ṁ′′
δ

J
, R̂I =

RI

Lc
, R̂II =

RII

Lc
. (3.20)

The extracted dimensionless numbers from the interface describe both the behaviour of

the liquid and the vapour phase and are showcased in Table 3.3.

The conservation balances in the interface (section 3.3) are inherently a function of both

liquid and vapour phases, as such, special care must be taken to properly identify the dif-
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Table 3.3: Interface governing equations dimensionless numbers.

Reference Dimensionless number Expression Definition Equation

Π9 D
ρref,U
ρref,L

Vapour density
Liquid density 3.9

Π10
RePr
JaEvL

ρref,L(bω)

J
Advective transport rate
Diffusive transport rate 3.9

Π11
RePr
JaEvU

ρref,U (bω)

J
Advective transport rate
Diffusive transport rate 3.9

Π12 WeL
ρref,L(bω)

2Lc

σ
Inertia

Surface Tension 3.10

Π13 EvL ∆hvLcJ
kL∆T

Released or absorbed heat
Conductive heat transfer 3.11

Π14 EvU ∆hvLcJ
kU∆T

Released or absorbed heat
Conductive heat transfer 3.11

ferent properties through the subscripts L and U . The interfacial mass balance equation

3.9 yields a total of three dimensionless numbers: the density ratio (D) and the Π10 and

Π11 parameters, which are equal but depend on liquid and gas properties, respectively.

TheRePr/JaEv number is a function of four numbers where Ja= cp∆T
∆hv

is the Jacob num-

ber. Light can be shed in its definition by resorting to Fick’s law of diffusion [37], where

the diffusion coefficient is used to describe themass flux J at the interface. Consequently,

Π10 andΠ11 resemble a mass transfer Péclet number at the interface, which define a com-

parison between the advective and diffusive transport rates.

From the Young-Laplace equation 3.10 the Weber number (We) is retrieved. It defines

a ratio of inertia to surface tension forces. The Weber is only significant when it is of

order unity or smaller, meaning the surface curvature is comparable in size to the liquid

depth (e.g. in droplets and capillary flows) [11, 44]. Regarding the energy equation 3.11

the evaporation number (Ev) for the liquid and vapour arise [13, 14]. It compares the

released/absorbed heat due to condensation or evaporation to the heat conducted across

the interface due to thermal gradients.

Concerning the boundary conditions defined in section 3.4, only the harmonic sloshing ex-

citation, the saturation condition at the interface and the consideration of the heat transfer

across the walls raise dimensionless numbers, which are summarised in Table 3.4.

The amplitude ratio (As) and the wave amplitude number (Ws), which is a function of the

forcing frequency ratio ω/ω11 in the wave amplitude b term, are of paramount importance

to define the sloshing regime and are well characterised through Miles’ weekly nonlinear

theory defined in section 2.1.2. Concerning the Clausius-Clapeyron number (Cli), it is

purely a function of the saturation properties of the fluid and retrieved from the RHS of
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Table 3.4: Boundary conditions dimensionless numbers.

Reference Dimensionless number Expression Definition Equation

Π15 As
Af

Lc

Forcing amplitude
Characteristic length 3.12

Π16 Ws
b
Lc

Wave amplitude
Characteristic length 3.12

Π17 Cli ∆hv
Rs

(
1

Tsat,ref
− 1

Tsat

)
Clausius-Clapeyron law 2.31

Π18 NuL
h̄LLc

kL
Convective heat transfer
Conductive heat transfer 3.15

Π19 NuU
h̄ULc

kU
Convective heat transfer
Conductive heat transfer 3.16

Π20 Fow
ατ̄
L2
c

Diffusive transport rate
Storage rate 3.17

the non-dimensional Clausius-Clapeyron law. From the fluid-solid interaction the Nus-

selt number (Nu) appears and introduces the convection phenomenon discussed across

sections 2.2 and 2.3. Lastly, the Fourier number (Fow) yielding the ratio of the conduc-

tive transport rate to the quantity storage rate specifies the heat transport across the tank

walls by employing a generic time scale defined as τ̄ .

3.6 Similarity analysis

The similarity analysis can be performed with the dimensionless numbers retrieved from

the governing equations and boundary conditions of our non-isothermal two-phase flow

problem. Themain objective of such a study is to ensure our laboratory setup (chapter 4),

where HFE-7200 was used as the working fluid, can be translated to a full-size prototype,

in which experiments would be unfeasible. Through similarity, the model and prototype

are described by the following formal statement:

”Flow conditions for a model test are completely similar if all relevant dimensionless

parameters have the same corresponding values for themodel and the prototype” (Frank

White, 1999 [44]).

Thus, in this section, the most important dimensionless numbers characterising the re-

search are considered and depicted in Figure 3.1. As one could foresee, some numbers

lose their meaning when picturing the overall sloshing dynamics problem and are here-

after disregarded. Moreover, the similarity approach was simplified into four types: ge-

ometric, kinematic, dynamic, and heat and mass transfer processes. Each is investigated
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Figure 3.1: Summary of the relevant dimensionless numbers in non-isothermal sloshing applications.

separately and to compute the dimensionless numbers for dynamic (section 3.6) and heat

and mass transfer (section 3.6), the planar waves sloshing excitation condition Af/R =

0.025, ω/ω11 = 0.80 was fixed for the batch of working fluids: HFE-7200, HFE-7000, ni-

trogen (N2) and hydrogen (H2).

3.6.1 Geometric similarity

Geometric similarity has the primary purpose of ensuring all the body dimensions are

linearly related through a geometrical scaling factor λsf. It is the first step of the similarity

analysis andmust be ensured ahead of any experimental testing. Any deviations from this

consideration must be well evaluated and duly substantiated.

Sloshing small-scale experiments are commonly performed in circular cylindrical reser-

voirs, as this is the most renowned shape for orbital launch vehicle tanks [2, 52]. Con-

sequently, the geometric similarity is accomplished based on two dimensions: radius R

and heightH . At VKI, sloshing experiments are carried out in a flat bottom plexiglass cell,

with the full dimensions described in section 4.1.2 and here summarised in Table 3.5. The

quartz cell has a radius R = 40.5 mm, and a total available height H = 120 mm. Here-

upon, since no new tank will be developed for the present research, geometric similarity

was employed by taking the tank’smost relevant characteristic length scale (Lc), its radius

R [22].
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The full-size facility was established as Europe’s new Ariane 6 launch vehicle, expected to

attain a radius R = 2700 mm for the core and upper stage’s cryogenic propellant tanks.

This dimension follows the previous version, the Ariane 5. Therefore, from the radius

ratio a scaling factor λsf = 66.7 was extracted through equation 3.21.

RAriane

RVKI
=

HAriane

HVKI
= λscaling factor (3.21)

Therefore the full-size tank must beH = 8000mm. Although this is generally not true for

the core stage cryogenic liquid hydrogen tanks, it is in excellent agreement with the core

stage’s oxidiser, and upper stage’s tanks [14, 16].

Table 3.5: Laboratory model and full-size cryogenic tank dimensions.

Radius R (m) HeightH (m) Fill level (%)
VKI sloshing cell 0.0405 0.120

h/R>1.0
Full size facility (Ariane 6) 2.70 8.10

Moreover, the shape of the tank bottom was also a critical element to consider under ge-

ometric similarity since most orbital launcher tanks employ concave and convex geome-

tries for sloshing damping [30, 53]. For this reason, as discussed in section 2.1.1.1, high

fill ratios h/R ≥ 1.0must be ensured to neglect the tank bottom geometry.

3.6.2 Kinematic similarity

Kinematic similarity demands that the model and prototype have the same length-scale

and time-scale ratios. As a result, it implies that geometric similarity is met, and the

velocity-scale ratio is the same for both. Frictionless flows with a free surface are kine-

matically similar by ensuring the wave-motion is scaled, which is achievable through the

Froude number since it introduces length and time scales [44]. Hereupon, equation 3.22

establishes the kinematic similarity condition,

Fr VKI =
(bω)2VKI
gRVKI

=
(bω)2Ariane
gRAriane

= Fr Ariane (3.22)

where the characteristic length is the tank radius Lc = R. Therefore, this condition is

met by establishing the same sloshing regime in both facilities, which is defined through

Miles’ weekly nonlinear theory (section 2.1.2). Thus, the free surface motion is fixed at

the hand of dimensionless forcing amplitude Af/R and dimensionless forcing frequency
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ω/ω11 similarity [25, 54].

The characteristic velocity in the Froude number numerator can be expanded to equation

3.23, by introducing equation 2.6 for thewave amplitude b. Ergo, the velocity scalemay be

rewritten using equation 2.5 for the natural frequency ω11 and by fixing the dimensionless

forcing frequency:

bω = 2


(

ω
ω11

)2
1−

(
ω
ω11

)2
[ ω

ω11

]
︸ ︷︷ ︸

cte.

ω11Af (3.23) bω ∝
√

g

R
Af . (3.24)

The retrieved characteristic velocity from equation 3.24 may be introduced in equation

3.22 leading to the following formulation for the Froude number:

Fr VKI = FrAriane ∝
(
Af

R

)2

. (3.25)

Consequently, fixing the forcing amplitudeAf/R and the dimensionless forcing frequency

ω/ω11 ensures kinematic similarity where the inertia and gravity effects have the same

relative importance in both facilities. Moreover, this approach ensures that the ampli-

tude ratio number (As) and wave amplitude number (Ws) are equal. Since viscosity and

surface tension effects are crucial in our problem, kinematic similarity will be inherently

dependent on dynamic similarity [44].

3.6.3 Dynamic similarity

Dynamic similarity is attainable when the model and prototype showcase identical force-

scale or mass-scale ratios. Here the premise that the gas phase does not significantly

affect the sloshing motion is employed [22]. This is due to the tremendous difference in

inertia between the gas and the liquid. Therefore, the dynamic similarity of the problem

is established in terms of liquid Reynolds number (ReL) and Weber number (WeL).

From Figure 3.2, a difference in Reynolds number that ranges over three orders of mag-

nitude between the experiment and the full-size application is showcased. The viscous

forces have higher relative strength in the small-scale model than in the full-size facil-
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Figure 3.2: Π2 similarity versus tank radius. Figure 3.3: Π12 similarity versus tank radius.

ity. This translates into superior sloshing damping due to energy dissipation at the walls,

attributable to the cell radius difference. Additionally, in Figure 3.3 the Weber number

scaling demonstrates that surface tension prevails relative to inertia in the model, which

is not the case for the full-size facility. Once again, due to a radius difference in the order

of 102. However, for both cases,We≫ 1 indicating the system is relatively unaffected by

surface tension effects, and the equilibrium liquid surface is reasonably flat [55].

3.6.4 Heat and mass transfer similarity

Lastly, the heat and mass transfer similarity describes the scaling of the dimensionless

numbers that define heat transfer processes and integral quantities of heat and mass

transfer.

Figure 3.4: Π3 similarity versus tank radius.

The Π3 parameter characterises the forces

that govern sloshing thermal destratifica-

tion and is displayed in Figure 3.4. It is de-

fined by setting the characteristic length as

the fill level (Lc = h) and the thermal field

as the temperature difference between the

liquid and vapour reference states (∆T =

Tref,L−Tref,U ). Thus, one can conclude that

the Gr/Re2L ratio has the same order of

magnitude between facilities and, as such
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Figure 3.5: Π4 similarity versus tank radius. Figure 3.6: Π7 similarity versus tank radius.

analogous buoyancy to inertia forces.

On the other hand, Figures 3.5 and 3.6 display the Péclet number (Pe) scaling for the

liquid and gas, respectively. In both cases, thermal diffusivity dominates in the small-scale

model compared to the heat transport by advection. Once again, properties diffuse due

to gradients, and through diffusion the small-scale system tends to thermal homogeneity

faster than the full-size facility.

For the Π10 and Π11 dimensionless numbers, the mass flux J was computed through the

Hertz-Knudsen equation 2.33, considering the pressure drop corresponds to the pressure

difference between the vapour and liquid reference states. The scaling in Figures 3.7 and

3.8 showcases that the order of magnitude between facilities is identical. Therefore, in

both cases, the diffusive mass transport rate dominates the problem in both facilities.

The liquid evaporation number (Figure 3.9) showcases a difference that ranges over two

Figure 3.7: Π10 similarity versus tank radius. Figure 3.8: Π11 similarity versus tank radius.
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Figure 3.9: Π13 similarity versus tank radius. Figure 3.10: Π14 similarity versus tank radius.

orders of magnitude between the experiment and the full-size application, and off three

decades for the gas (Figure 3.10). Here the characteristic length was set as the radius

(Lc = R) since it best describes the mass transfer phenomenon at the interface. Evi-

dently, it scales the magnitude of released/absorbed energy where its relative importance

is superior in a larger tank. Lastly, the scaling analysis for the fluid-solid interaction re-

garding the liquid Nusselt number (Nu) and the walls Fourier number (Fo) is displayed

in Figures 3.11 and 3.12, respectively. Here, the Nusselt number was computed according

to the forced convection empirical correlation detailed in section 2.3. The Π18 parame-

ter showcases that for the full-size facility, convective heat transfer has a predominant

role, a consequence of less viscous dissipation, which enhances the thermal mixing phe-

nomenon.

Figure 3.11: Π18 similarity versus tank radius. Figure 3.12: Π20 similarity versus tank radius.

On the other hand, the walls Fourier number was computed with the plexiglass thermal

diffusivity [56] for the experimental facility and aluminium 2219 alloy for the actual tank

[53]. The time scales are defined accordingly to the pressurisation cycles (τ̄ = ∆tpress)
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and the characteristic length as the vertical tank heightH . For both facilities, the ratio of

the wall heat transport to storage matches, which is a critical factor considering the initial

thermal stratified layer at the liquid surface, discussed in section 2.2. Additionally, for

completeness, the Fourier number for the gas phase is rendered for the different working

fluids.
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Chapter 4

Experimental setup and methods

This chapter overviews the fundamentals of the measurement techniques and main char-

acteristics of the experimental facilities employed throughout thismaster’s thesis to inves-

tigate non-isothermal sloshing. The sloshing apparatus (section 4.1), includes an active

pressurisation system (section 4.1.1) responsible for pressurising the sloshing cell (sec-

tion 4.1.2) from an external reservoir (section 4.1.3). The harmonic motion that stimu-

lates sloshing is induced through the VKI SHAKESPEARE sloshing table (section 4.1.4).

Likewise, throughout section 4.2, the measurement system implemented to acquire the

essential output data, including tank pressure, temperature distributions, table displace-

ment and optical devices that implement the suggested measuring methodologies, are

described.

4.1 Experimental apparatus

Under the current research framework, a state-of-the-art small-scale experimental setup

was developed. Aware of the initially proposed objectives, a set of high-level requirements

to reach the project’s overall goal was defined to drive the design. Notwithstanding, these

constraints hereafter revealed arise particularly from the final target of employing this

experimental apparatus in the 80th ESA parabolic flight test campaign.

1. Compact setup due to the size limitation imposed by the transportation box for

the parabolic flight test campaign and the SHAKESPEARE sloshing table attaching

plate, with dimensions of 1500 mm x 1500 mm (section 4.1.4). Such dimensional

constraints lead to using non-cryogenic replacement fluids such as HFE-7200 and

HFE-7000, avoiding the burdens and risks of operating cryogenic nature liquids,

such as liquid nitrogen (LN2). Therefore, the maximum allowed length for the over-

all setup is parametrically evaluated between 500 mm and 1500 mm. Moreover, it

must allow for an agile mounting and dismounting process to quickly troubleshoot
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and reverse engineer the facility, leading to the added value of resorting to threaded

connections.

2. Rapid initialisation, since the timescales for each pressurisation cycle should be

short enough to allow multiple experiments under distinct initial conditions. Con-

sequently, this constraints the apparatus to an active pressurisation system where

gaseous HFE from an external pressurant reservoir is fed under pressure into the

sloshing cell, achieving the desired sharp thermal gradient near the interface (sec-

tion 2.4). Such setup must resort to a connecting pipeline meeting the maximum

allowed dimension, where valves are used to control the flow.

3. A single-species system must be assured. Such a requirement eases an accurate

comparison between experimental and modelled results for non-isothermal slosh-

ing. Therefore, vacuum ports must be added, through which the air is evacuated to

a residual absolute pressure.

4. Non-intrusive measurement techniques capability, where optical access to

the sloshing cell must be provided, allowing optical techniques usage during the

experiment’s pressurisation, thermal stratification and sloshing phases. This con-

straint enables the investigation of the non-isothermal sloshing problem through

tracer-based laser techniques, such as Particle Image Velocimetry (PIV). Likewise,

it allows for characterising sloshing conditions and coupling between the free sur-

face/liquid dynamics to the thermodynamic evolution of the system. Thus, the cen-

treline in the sloshing cell must be cleared of any internal instrumentation such as

thermocouples mitigating any scatter of the laser sheet.

5. Redundant measuresmust be employed to meet safety constraints under over-

pressure operation. Therefore, depressurisation capability must be ensured. Addi-

tionally, heating elements must be adequately identified and duly insulated.

Figure 4.1 depicts the final small-scale setup developed and employed in this project.

4.1.1 Active-pressurisation system design and modelling

The experimental apparatus development started from the active-pressurisation system

definition, as this is the heart of the setup and constraints the overall project. As such,
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Figure 4.1: Test setup with the insulated pressurant reservoir, insulated pressurisation line with ball and
swing-check valve, and backlight illuminated sloshing cell.

a reduced order model (ROM) was developed so that a quick trade-off of the dominant

effects can be performed in order to capture the behaviour of its source sub-systems.

A zero-dimensional (0D) thermodynamicmodel employing a control-volume analysis was

chosen, and the Reynolds transport theorem was applied to derive the fundamental laws

of mass, momentum and energy conservation [39, 44]. 0D models have no spatial de-

pendency and are only time-dependent, meaning each sub-systemmay be described with

an ordinary differential equation (ODE) that can be integrated in time to calculate the

transients, having specified initial conditions.

Hence, the 0Dmodel, defined by the schematic representation in Figure 4.2, is described

in this section. Overall, it targets the description of the thermodynamic states in the pres-

surant reservoir and sloshing cell, as well as the velocity within the connecting pipeline

shedding light on possible layouts for the reservoir-line-cell system. Likewise, it answers

to the sloshing cell pressurisation timescales, the number of pressurisation cycles for an

initial vapour mass, and operating conditions in the external reservoir to achieve a pre-

defined final state in the sloshing cell.

Applying the principle of mass and momentum conservation to a control volume (CV),

with a number of one-dimensional inlets and outlets for unsteady flow it yields [44],

d

dt

∫
CV

ρdV+
∑
i

(ṁi)out −
∑
i

(ṁi)in = 0 (4.1)
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Figure 4.2: Schematic 0D representation of the active pressurisation system with the control volumes
defined by dashed contours. The system’s thermodynamic properties are represented with index 1 and 2 for

the pressurant reservoir and sloshing cell, respectively.

∑
F =

d

dt

∫
CV

ρUdV+
∑
i

(ṁiUi)out −
∑
i

(ṁiUi)in (4.2)

where ṁi = ρAU stands for the mass flux across the CV boundaries with a transversal

area Ai and an average velocity Ui. On the other hand, employing the Reynolds transport

theorem to the first law of thermodynamics [39] leads to equation 4.3 for energy conser-

vation.

Q̇w − Ẇs − Ẇv =
d

dt

∫
CV

(
û+

1

2
U2 + gz

)
ρdV+∑

i

ṁout

(
ĥi +

1

2
U2
i + gzi

)
out

−
∑
i

ṁin

(
ĥi +

1

2
U2
i + gzi

)
in

(4.3)

The work term Ẇ consists of three parts. Shaft work (Ẇs) deliberately done by external

machines, shear work due to viscous stresses (Ẇv) and flow or pressure work (Ẇp) done

at the inlet and outlet which combined with the energy flux is represented by the specific

enthalpy ĥ term. Moreover, the terms ṁU2

2 and ṁgz describe the changes to the kinetic

and potential energy by incoming and exiting flow.

Considering equations 4.1 to 4.3 the following set of simplifying assumptions is introduced

to derive the active-pressurisation system model:

• Neglect heat and mass transfer with the liquid phase;

• Fluid properties within the line are constant and equal to those of the pressurant
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reservoir;

• Fixed volume system;

• Adiabatic walls across the system (Q̇w = 0);

• Constant local loss factors (ξ);

• Neglect shaft work (Ẇs = 0) and viscous stress work (Ẇv = 0) ;

• Neglect kinetic energy and potential energy effects;

• Neglect gravity forces across the pressurisation line.

Adopting the above-mentioned assumptions and using the conservation of mass (equa-

tion 4.1) and energy (equation 4.3) to represent the pressurant reservoir (index 1), one

arrives to the following equations:

dρ1
dt

= −ρ1AU

V1
(4.4)

dû1
dt

=
AU

V1

(
−ĥ1 + û1

)
. (4.5)

Similarly, the same procedure to describe the principles of mass and energy conservation

is applied to model the sloshing cell ullage (index 2), leading to equations 4.6 and 4.7:

dρ2
dt

=
ρ1AU

V2
(4.6)

dû2
dt

=
ρ1AU

ρ2V2

(
ĥ1 − û2

)
. (4.7)

Frequently, it is impractical to assess the behaviour of a gaseous system through real gas

properties. Hereupon, the ideal gas law simplification is introduced to equations 4.5 and

4.7, where dû ≈ cvdT and ĥ = û+RsT , to model energy conservation, yielding:

dT1

dt
= − AU

cvV1
RsT1 (4.8)

dT2

dt
=

ρ1AU

ρ2cvV2
[cv(T1 − T2) +RsT1] . (4.9)

Lastly, to describe the dynamics within the pressurisation line, the momentum conser-

vation law (equation 4.2) is used accounting for applied forces due to pressure and shear
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stress τw, per represented by equation 4.10, leading to equation 4.11 which models the

velocity U evolution in the pressurisation line.

∑
F = ∆pπ

D2

4︸ ︷︷ ︸
pressure force

− τwπDL︸ ︷︷ ︸
shear stress

(4.10)

ρ1
dU

dt
+ U

dρ1
dt

+

(∑
ξ + f

L

D

)
U2

2

ρ1
L

+
p2 − p1

L
= 0 (4.11)

The friction factor f , commonly quoted as Darcy friction factor, is computed as a func-

tion of the Reynolds number, and correlates τw with the flow conditions through equation

4.12 where the design value for pipe-flow transition is taken to be Recrit = 2300 [44]. In

addition to the friction loss along the length of the pressurant line, there are local minor

losses (ξ) due to inlets and outlets, fittings and valves, hereafter summarised in Table 4.1.

A complete collection of local resistance coefficientsmay be found in Idelchik’sHandbook

of Hydraulic Resistance [57].

f =


64/Re, if Re < 2300

0.32/Re0.25, if Re ≥ 2300

(4.12)

Table 4.1: Summary of resistance coefficients for inlets and outlets, elbows and open valves [44, 58].

Component Inlet Outlet 90◦ Elbow 60◦ Ball valve Swing-check valve

Local loss (ξ) 0.5 1.0 2.0 3.2 5.1

Therefore, this gives a total of five coupled ODEs to model the system. The numerical

model is implemented via a Python script and solved as an initial value problem (IVP)

using the Scipy implementation scipy.integrate.odeint. All thermodynamic properties

are computed using CoolProp [59] which is a Python wrapper for the NIST REFPROP

database [60] or resorting to the ideal gas simplification.

System’s design

The sloshing cell dimensions are fixed, as the cell to use is a plexiglass rectangular cuboid

already employed in previous sloshing experimental campaigns at VKI (section 4.1.2). Ad-
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ditionally, the fill level parameter impact on non-isothermal sloshing is not considered

under the current research framework. Consequently, it is established at h/R = 1.44,

ensuring deep-water conditions are met, minimising the tank’s bottom geometry impact.

Hereupon, the sloshing cell ullage volume is approximately V2 = 370± 5mL.

The pressurant reservoir (section 4.1.3) consists of a cylindrical brass tank wrapped with

a 2700Wheater along the lateral walls, designed to withstanding pressures up to 700 KPa

overpressure. Overall, it possesses an approximate internal volume of V1 ≈ 2400mL.

The pressurant line must connect both top-overs and allow enough space to place control

valves along the line. As such, it must be U-shaped which introduces two local losses

from the 90◦ elbows. Regarding the line length, this parameter is settled by assembling

and bolting the pressurant reservoir and sloshing cell into the SHAKESPEARE’s upper

plate. Here the table’s left and central M6 threaded holes assemblies are used, freeing

the right assembly to place optical equipment used during PIV testing (section 4.2.4).

Hereupon, the total pressurant pipe length isL = 635mm. Regarding the pipe’s diameter,

a parametric study between [3 − 6]mm is developed. As one might expect, the mass flux

increases with the diameter, and thus the pressurisation time decreases. Moreover, even

though the model assumes an adiabatic system, such feature is unfeasible to reach in real

practical systems. Therefore, in reality, a larger diameter increases the pipe’s volume to

surface area ratio, minimising heat losses across the pipeline. Thus, the inner diameter is

fixed atD = 6mm. Table 4.2 summarises the 0Dmodel geometrical inputs.

Table 4.2: Model geometrical input parameters.

L [mm] D [mm] V1 [mL] V2 [mL]

635.0 6.0 2400.0 370.0

Lastly, to fully control the pressurisation procedure, adding valves along the pipe is crit-

ical. For the current project, only one controlling valve is added to minimise costs and

complexity. Consequently, a ball valve is chosen. Such design allows to fully open the

valve via rotating the handle by 45◦, which concedes a quick initialisation with minimal

effort, ideal for manual operations. Additionally, the current setup is driven by pressure

gradients,meaning backflow could take place, butmust be avoided tomaintain high safety

standards ensuring a properly defined flow direction. Hence, a swing-check valve was

added.
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System’s proof of concept

Plotting the transients of the relevant quantities (Figure 4.3) for HFE-7200 it is possible to

assess the system’s behaviour for the initial sloshing cell reference state defined in section

4.5. Here the external pressurant saturated vapour is considered to be at Tsat = 343.15 K,

corresponding to a pressure of 85 kPa.

(a) (b)

(c) (d)

Figure 4.3: Baseline case for HFE-7200 using the ideal gas formulation for the sloshing cell and pressurant
reservoir. Pipeline’s minor losses (ξ) are retrieved from Table 4.1.

The system’s evolution demonstrates its feasibility, fulfilling the rapid initialisation re-

quirement and showcasing its operational patterns. The pressure in both tanks equalises

in less than one second, with the external reservoir undergoing a quasi-isothermal decom-

pression. Moreover, the pipe’s mean velocity U spikes up to 35 m/s before reaching the

final quasi-steady state where pressure oscillations hint the possibility of backflow.

4.1.2 Sloshing cell

The sloshing cell employed in this project is a plexiglass rectangular cuboid with dimen-
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sions 120mm × 120mm × 151mm in which a cylindrical hole with diameterD = 81mm

was drilled down to a depth of 130 mm, as showcased in Figure 4.4. However, the top

cover employed reduces the tank inner height to H = 120 mm. Amid use, care must be

taken to ensure the cellmaintains the highest quality standard regarding optical access for

image capturing, as plexiglass material is easily scratched, leading to lasting marks that

could distort the captured images across the walls and bottom. Table 4.3 summarises the

cell’s dimensions and operating fill height.

(a) Top-view. (b) Lateral view. (c) Isometric view.

Figure 4.4: Plexiglass sloshing cell renderings with all dimensions in mm.

Table 4.3: Sloshing cell inner dimensions and fill height for the initial liquid volume of 300mL.

Radius R (mm) HeightH (mm) Fill height h (mm)
Plexiglass sloshing cell 40.5 120 58.2

A new top cover was manufactured for the sloshing cell to perform the non-isothermal

sloshing experiments. This is a vital part of the current small-scale setup since it must

withstand pressure cycles ranging from under-pressure to overpressure. Consequently,

the whole assembly linking the cell-cover must ensure high levels of pressure tightness.

In other words, no pressure leaks can occur along the facility, otherwise, the experiment’s

feasibility is at risk.

Such strict requirements drove the top-cover design, and the decision not to use ther-

mocouples was made due to the fact that no threaded connection, which should ensure

sealing tightness, was available. Consequently, the thermocouple’s placement across the

cover would have to resort to high-temperature sealing glue, which does not guarantee

leak tightness. Hereupon, the characterisation of the thermodynamic system was made

possible by placing a pressure tap in the upper part of the cell. Understandably, since

no thermal information inside the cell is retrieved during the stratification and destrati-

fication stages, it is beyond this project’s scope to fully characterise the thermodynamic

evolution of the system. However, this offers an advantage. Since no instrumentation is
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placed in the cell’s interior, the intrusiveness level is minimised, increasing the accuracy

and veracity of up-scaling the pressure drop data and correlating the sloshing dynamics

against literature results.

The top cover (Figure 4.5), which was manufactured for this project, consists of a 10mm

aluminium plate with a cylindrical extrusion in the centre with a thickness of 10mm and

a diameter of 79.9 mm. In the extruded section, one milled groove was added to place

an O-ring in contact with the sloshing cell inner walls. Additionally, a second groove was

performed to add an O-ring in touch with the cell’s upper face. Both combined allowed

for a leak-tight system used throughout the test campaign. Furthermore, the cover is fas-

tened to the upper sloshing cell face using six M4 holes, which bolt into the added inserts.

Lastly, the pressurisation line and filling/vacuum port are screwed into the aluminium

cover through two G 1/8” threaded holes, while the pressure tap is screwed utilising an

M5 threaded hole.

(a) Bottom-view. (b) Lateral view.

Figure 4.5: Technical drawing of the sloshing cell top cover made in aluminium with all dimensions in mm.

4.1.3 External pressurant reservoir

The external pressurant reservoir, represented in Figure 4.6a with an inner height of 230

mm and a radius of 61 mm, is a brass cylinder with a conical extrusion at the top for

the cover M6 threaded connections. The aluminium top cover with 20mm thickness has

three 4.30 mm radius holes that connect the pressurisation line, a pressure tap and the
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filling/vacuum port. A heater was mounted in the outer surface of the side-walls with a

maximumadmissible power of 2700Wgranting the requiredheating capability to vaporise

the operating liquid before pressuring the sloshing cell.

(a) Non-insulated reservoir and cover connections. (b) Insulated reservoir and power supply.

Figure 4.6: External pressurant reservoir where the blue pipe connects to the Validyne pressure transducer
and the red gate valve controls the filling and vacuum port.

The primary concern of operating this sub-system lies in the fact that to achieve the de-

sired stratification at the cell, the vapour and, inherently, the reservoir’s wall tempera-

ture will be well above safe operational conditions. Hence, it must be properly insulated.

Therefore, as represented per Figure 4.6b, rockwool protected by reflective foil was added

along the walls to avoid any incident during its operation. Moreover, the tank’s large ther-

mal inertia does not allow to dissipate the heat quickly, meaning care must be taken to

avoid overshooting the desired vapour condition, which could lead to gaskets and blue

pipes melting.

Regarding the heater, it is connected to an external power supply (Figure 4.6b), which

operates at a steady 13 A and has a top knob to control the voltage input up to 230 V. It is

operated below the maximum heater permissible power of 2700Wand duly grounded via

the sloshing table.

4.1.4 SHAKESPEARE sloshing table

SHAKESPEAREstands for SHakingApparatus forKinetic Experiments of SloshingProjects

with EArthquake REproduction. The table ismoved by a hydraulic cylinder system, which
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is the most capable in terms of excitation frequency and amplitude. It can simulate real-

istic seismic waves with amplitudes ranging from [1 − 30] mm and frequencies ranging

from [1 − 10] Hz. The main table surface, on which the small-scale experimental setup

is placed, has a square shape with 1.5 m length and is perforated with five M6 threaded

holes assemblies to provide for customisation in the attachment of various experimental

facilities. This sloshing table has three sliding modules, one for each axis, that allow for

the replication of sloshing excitations with controllable amplitudes and frequencies in all

three directions.

Figure 4.7: SHAKESPEARE sloshing table of the von Karman Institute with the experimental setup
assembled.

Here the motion described by a sinusoid excitation in the x direction, given by equation

3.12, is introduced via a control panel to study lateral sloshing. To do so, a .csv file is im-

ported where for each time-step the respective x position is followed by the table’s sliding

upper module.

4.2 Instrumentation

The pressure measurements at the sloshing cell and pressurant reservoir are performed

through a top-cover pressure tap connected to Valydine transducer, and the setup de-
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scribed in section 4.2.1. Thermocouples along the cell’s external walls were placed to

capture residual changes within the ullage and liquid without compromising the overall

system leak tightness, as detailed in section 4.2.2. An optical displacement sensor (sec-

tion 4.2.3) was added to connect the retrieved free surface displacement through the op-

tical measurement setup (4.2.4), under sloshing, with the imposed excitation. Lastly, to

minimise heat losses along the pressurant line, a heating element was combined (section

4.2.5).

The instrumentation is connected to a NI cDAQ-9174 [61], which supplies the retrieved

measurements to the LabVIEW script from six thermocouples, two pressure transducers,

the optical displacement sensor (ODS) and the camera trigger signal.

4.2.1 Pressure measurement

The pressure within the sloshing cell was monitored using a top-mounted pressure tap

linked to a Validyne with an M44 diaphragm diameter and a maximum permissible pres-

sure of 220 KPa. On the other hand, the pressure inside the pressurant reservoir was

extracted using a top-mounted pressure tap linked to a Validyne with an M46 diaphragm

diameter and amaximumpermissible pressure of 350KPa [62]. BothValidynes are placed

high in the instrumentation tree (Figure 4.8b) ensuring that no condensed liquid gets

trapped within the blue pipes.

A Validyne CD15 carrier demodulator [63] was used to convert the analogue pressure

measurements into output voltages between±10 V. This transducer reads the differential

pressure between its positive andnegative terminals. The positive terminalwas connected

to the pressure tap within the sloshing cell or pressurant reservoir, and the negative one

was left open to ambient conditions. The open terminal was connected to a tube placed

inside the assembly bosh profiles (Figure 4.8b). This was done to minimise the effect of

the surroundings on the ambient pressuremeasurements and to getmore stable readings.

A DPI 610 Druck pressure calibrator was used to calibrate the Validynes. The calibration

procedure involved pumping pressure from the calibrator device while leaving the nega-

tive side of the Validyne exposed to the atmosphere (Figure 4.8a). The signal demodulator

voltage span was adjusted for the diaphragm permissible limits, and the pressure-voltage

relation was retrieved via the LabVIEW readings.

The calibration laws for the sloshing cell and pressurant reservoir transducers were deter-
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(a) Pressure calibration setup. (b) Instrumentation tree.

Figure 4.8: Pressure measurements calibration setup and Validynes pressure transducers in the
instrumentation tree.

mined to be linear, and from the collected points were defined by the following relations:

∆pcell [Pa] = 22050.69V [Volts] + 1791.46 (4.13)

∆preservoir [Pa] = 35390.39V [Volts]− 465.18. (4.14)

The sloshing cell calibration law standard error (equation 4.13) is Scell = 286.39 Pa, while

the pressurant reservoir’s standard error from equation 4.14 is Sreservoir = 496.59 Pa.

Lastly, the differential pressures are converted to absolute values by summing the am-

bient pressure reading retrieved from a fixed sensor at VKI.

4.2.2 Temperature measurement

The temperature measurements were performed using 0.25mm grounded mineral insu-

lated type K thermocouples from TC Direct [64]. Uncertainty from the calibration is con-

sidered to be ±0.5 K. The thermocouples were connected to the data acquisition system

(DAQ) via a NI-9211 card [65] with four channels and a NI-9213 card [66] with sixteen

channels.

A thermocouple was added upstream of the pressurant line ball valve to control the pres-

surant vapour temperature during the pressurisation stage. Thus, allowing to appraise
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the energy losses along the pipeline by coupling the measurements with the reservoir sat-

uration pressure. Its placement was performed by drilling a threaded hole into the line,

where a small pipe insert was added with the high-temperature sealing glue to prevent

any leakage.

Regarding the cell thermocouples, as substantiated in section 4.1.2, only external temper-

ature was retrieved. Two thermocouples were placed at z = 30 mm and z = 90 mm, to

capture any thermal wall change in the liquid and ullage region, respectively. On the other

hand, a thermocouple was fixed to the top cover (z = 140 mm) to complete the vertical

thermal profile, as well as to evaluate if the pipeline heating element and superheated in-

jected vapour impact the system. The origin is at the cell’s bottom (z = 0 mm). Lastly,

one more external thermocouple was utilised to measure the liquid’s temperature before

filling the cell.

4.2.3 Table displacement measurement

The sloshing table’s displacement was determined using an optical displacement sensor

(ODS30) as represented in Figure 4.9. This sensor generates voltages ranging from [1 −

9] V, which correspond to the lowest and largest distances that may be recorded, while

monitoring displacements across [28 − 32] mm range. To precisely define the start and

stop positions for the shaking excitation, the table displacement was combined with the

outputs from the thermocouple and pressure transducer. The ODS was positioned on a

platform made of bosch profiles, such that it faced the sloshing table’s x-axis.

Figure 4.9: Optical displacement sensor to measure the sloshing table’s motion along the x direction.

63



Non-Isothermal Sloshing for Space Applications

4.2.4 Optical measurement setup

The optical measurements were performed using the high-speed camera JAI SP-12000M-

CXP4 with a 60mm objective [67]. The camera was mounted on the sloshing table at the

central threaded assembly through two fixing supports. A stiff support allowed for fine-

tuning its height and a 3-axis support where yaw, pitch and roll were adjusted to level the

image. The recording software used was the Norpix Streampix [68], where the frame rate,

exposure, and region of interest (ROI) were adequately adjusted. Moreover, the external

module FG pulse generator was enabled and the pulse frequency locked at the recording

rate to synchronise the acquired images with the thermocouple and pressure data (Figure

4.10a).

Throughout the experimental campaign, backlighting was performed to retrieve the free

surface displacement. Engineering paper was glued to the cell’s lateral as well as back

faces and around the bosh profiles supporting the cell on the shaking table. The lighting

was achieved through two LED lights behind the sloshing cell, as represented in Figure

4.10b.

(a) Camera setup. (b) Backlight technique setup.

Figure 4.10: Optical measurement setup to retrieve the free surface displacement with backlighting.

PIV experimental setup

Particle Image Velocimetry (PIV) is a non-intrusive measurement technique used to de-

termine the instantaneous and mean velocity field of particles dispersed in a liquid flow.

64



Non-Isothermal Sloshing for Space Applications

Here the particles used are fluorescent polymermicrospheres with ρ = 1.3 g/cm3 and a di-

ameter ranging from [1−5] µm. These particles are chosen to behave like tracers, so their

velocity will correspond to the fluid’s velocity [69]. The acquisition system takes images

of the particle flow, illuminated by a laser sheet at two consecutive time steps. The veloc-

ity field is then calculated by analysing particle motion caused by flow and relating pixel

displacements to the physical dimensions of the region of interest (ROI). The images are

decomposed into interrogationwindows during the processing algorithm. Thesewindows

are cross-correlated for each pair of images to determine the most likely displacement of

the seeding particles.

Over the course of the test campaign, only one PIV measurement was performed (section

4.4) with the sole purpose of evaluating the velocity fields in the liquid HFE-7200 prior to

sloshing. Moreover, the planar dynamics were briefly captured to appraise the sloshing-

induced mixing capability under such a stable mode (section 2.1.2).

Figure 4.11a introduces the employed PIV experimental setup. Here the continuous laser

beam was focused through the spherical lens (SL) and turned into a sheet with a cylin-

drical lens (CL). This sheet was deflected through the prism underneath the sloshing cell,

thus illuminating its mid-plane. Such assembly minimises the interface/light interaction

creating the liquid central plane represented in Figure 4.11b. The camera frame rate was

fixed at 30 fps, the focal length at f/2.8, minimising the laser sheet thickness, while the

exposure time was settled in the StreamPix recording software at 1500 µs.

(a) PIV setup. (b) Laser illuminated liquid central plane.

Figure 4.11: Particle image velocimetry experimental setup using fluorescent polymer microspheres.
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ThePIVanalysis, divided in three processing steps, has been conducted through thePIVlab

tool [70] in a time-resolved mode, following the sequencing style ”[A+B], [B+C]”.

The image pre-processing starts by isolating the region of interest (ROI). Since the objec-

tive under sloshing is to retrieve the liquid bulkmotion responsible for the destratification

and no enhancement processing algorithms to capture the moving interface are applied

[69], the ROI is defined sufficiently away from the interface. However, such a region is ex-

panded without losing accuracy for the stationary phases. Afterwards, a high pass filter is

enabled with a kernel size of 32 px, as well as the auto contrast stretch function, enhancing

the image quality. Figure 4.12 shows an example of PIV pre-processing.

The PIV processing has been done using the parameters listed in Table 4.4.

(a) Raw image. (b) Region of interest. (c) Filtered region of interest.

Figure 4.12: Example of PIV pre-processing under planar sloshing.

Table 4.4: Vector calculation parameters.

Parameter Value/Option

PIV algorithm FFT window deformation

Scaling factor 0.0561mm/pixel

Initial window size 128 pixels

Final window size 32 pixels

Initial overlap 50%

Final overlap 50%

Number of passes 3

Sub-pixel estimator 2D Gauss

Lastly, PIV post-processing aims to eliminate nonphysical values of the velocities. Thus,

two filtering techniques were employed: (a) velocity vector range filtering, restricting the

vectors to a user-specified range in the x and z directions, and (b) a standard deviation
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and local median filter where themedian velocity vector is computed and compared to the

velocity fields.

4.2.5 Heating elements

Two Minco Polyimide Thermofoil HK6907 Heaters [71] were added downstream of the

valves in contact with the pressurant line. These heaters serve the purpose of minimising

the vapour’s energy losses along the pipeline by imposing a fixed temperature condition

at the heater surface. The heaters have dimensions of 25.4 mm × 50.8 mm × 1.14 mm,

maximumworking temperatures of 100◦C, and maximum power output of 16.4 W. Using

thermal paste, a thermocouple was attached to these components to measure their tem-

perature as the experiment’s heating process progressed. This thermocouple was then

coupled to a Tempatron PID330 controller [72], which controlled the TENMA 72− 8700’s

power supply [73] ensuring the temperature limit was never crossed. Figures 4.13a and

4.13b, show the non-insulated heater in contact with the pipeline and the power supply

connected to the PID controller, respectively.

(a) Foil heaters in contact with the pipeline. (b) Power supply and PID controller.

Figure 4.13: Heating elements setup to minimise the vapour’s heat losses along the pressurant line.

4.3 Experimental procedure

For this master’s thesis project, only experimental tests with HFE-7200 were performed.

The general experimental procedure employed across the campaign may be divided into
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two phases. The first phase, the most time-consuming and only repeated at the start of

a test day, consists of preparing the pressurant reservoir for the pressurisation cycles. At

the same time, the pipeline is heated, and the working liquid is cooled. Following is a

description of the first phase’s overall process:

1. Prepare a set of plastic bottles filled withHFE-7200 at ambient conditions, and place

them in the freezer. This freezer, located on VKI’s main building’s upper floor, is

defined to hold a steady condition of approximately−40◦C, which should ensure the

liquid is in a subcooled state by the time it is used to fill up the cell. Here the bottles

are left for at least one hour prior to starting the experiment itself (∆tfreezer ≫ 1 h);

2. Fill the pressurant reservoir with HFE-7200 at ambient conditions through the fill-

ing/vacuum port. This was accomplished by carefully extracting 300 mL of the so-

lution from its original container with a 500± 5mL syringe, to which a transparent

rubber pipe with a KF fitting is attached, allowing to perform the filling procedure;

3. Clean the filling/vacuum port and connect the vacuum pump. Plug the pump to

the 16 A grid connection and enable the safety switch. Then open the pump’s ceil-

ing valve and rotate the power switch to enable vacuuming. Simultaneously start

the LabVIEW acquisition and control the pressurant reservoir’s pressure evolution

until a steady state is reached. Once such condition is attained, close the port gate

valve, disconnect the pump and fit a blockage KF connection. This step is crucial,

and if not done correctly, it can result in significant pressure leaks. Lastly, monitor

the pressure evolution and verify if the saturation data corresponds to the recorded

pressure assuring the fraction of air in the tank is residual. Otherwise, the procedure

must be re-done;

4. Connect the reservoir’s heater power supply to the grid and turn it on. Start by set-

ting the voltage knob to 90 ± 5 V for a quick initialisation. Once the threshold of

0.70 bar is within range, reduce the input voltage to 30 ± 5 V until a steady state is

reached. Permanently control the pressure evolution from the LabVIEW acquisi-

tion and adjust the power supply voltage. This is a highly delicate step, where one

should continuously monitor the reservoir’s state to avoid overshooting the desired

condition leading to an over-heated reservoir;

5. Turn on the pipeline power supply with a constant voltage supply of 20 ± 0.1 V.

First, the heater supplies a continuous heat flux as it warms up until the maximum
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operating temperature of 100◦C. Then, the PID controller is activated, enforcing that

the temperature at the surface of the heater remains constant. Thus, after this point,

the system is graduallywarmedwith a steady temperature boundary condition in the

pipeline between the ball valve and cell inlet.

Once the pressure threshold in the pressurant reservoir is reached, and the liquid has

spent enough time in the freezer to attain a considerable subcooled state, the second phase

may commence. This phase is extremely intensive and contemplates the experiment itself.

Therefore, time periods and thresholds are defined to maximise repeatability. Following

is a description of the second phase’s process:

1. Prepare the StreamPix high-speed digital video recording software by guaranteeing

that the trigger function is activated and the signal is synchronised with the Lab-

VIEW system. Likewise, ensure the image sequence is acquired at 100 fps and the

trigger signal at a sampling rate of 100 Hz. Here, turn on the two LED lights and

verify the captured image’s quality and region of interest;

2. Enable the sloshing table hydraulic pump and logics in the control panel. Besides

that, certify the correct file with the desired test point is uploaded and correctly

loaded;

3. Vacuum the sloshing cell previous to the filling procedure. Such is possible by con-

necting the pump pipe to the cell filling/vacuumport KF connector. The overall goal

rests upon allowing a quick filling as no backflow air will come through the filling

line as a trade with the filled liquid. This minimises the subcooled liquid exposure

time to ambient conditions, maximising the thermal stratification degree;

4. Take an HFE-7200 bottle from the freezer and transport it to the SHAKESPEARE

within a freezer bag to minimise heat losses. Open the bottle and measure the tem-

perature with a thermocouple, followed by filling the syringe with 300± 5mL. Plug

it into the filling port and fill the cell for a given loading time interval (∆tfilling) by

controlling the needle valve in the port;

5. After the filling procedure is finished, the vacuum process is re-done. This step en-

sures no air is left trapped within the liquid and eradicates any air that seeped in

once the line valve was re-opened to fill the cell. The pump is kept vacuuming until

a steady state is reached, which takes approximately 45 seconds (∆tvacuum ≈ 45 s);
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6. Once the vacuum line is duly disconnected from the cell and closed with a block-

age KF, any loose items in the SHAKESPEAREmust be removed, and the recording

and trigger function on StreamPix software started. This allows acquiring image

footage from the initial thermal stratification, pressurisation, relaxation and slosh-

ing phases;

7. The pressurisation is started by manually opening the ball valve, which transports

the superheated vapour from the pressurant reservoir to the sloshing cell. To ensure

repeatability the target is to achieve 0.30 bar in approximately 60 seconds (∆tpress ≈

60 s). Here, the valve is slowly opened to minimise impinging the liquid’s free sur-

face, maximising the stratification intensity;

8. With the cell pressurised, a relaxation phase follows for a given allowed time interval

(∆trelax) before starting sloshing;

9. Lastly, the sloshing table home function is enabled, and the sloshing motion is ini-

tialised for a period of 120 seconds (∆tslosh ≈ 120 s);

10. Once the sloshing excitation finishes, turn off the LabVIEW acquisition, turn off the

hydraulic system of the shaking table, turn on the vacuum pump to bleed the system

and prepare everything for the next experiment.

The steps outlined above are the general procedure which was carried in all of the experi-

ments performed during this project. However, some slight modifications were employed

for particular experimental conditions where distinct time intervals were tested to eval-

uate the thermodynamic evolution under sloshing. All in all, the performed experiments

may be divided into four distinct procedures, with their respective time intervals show-

cased in Table 4.5.

Table 4.5: Procedure definition accordingly to the specified time intervals.

Procedure ∆tfilling [s] ∆tvacuum [s] ∆trelax [s] ∆tslosh [s]

I ≈ 180 ≈ 45 ≈ 30 ≈ 120

II ≈ 30 ≈ 45 - ≈ 120

Baseline I ≈ 30 ≈ 45 ≈ 480 ≈ 120

Baseline II ≈ 30 ≈ 45 ≈ 300 ≈ 120

Procedure I was defined with a filling period of approximately 180 seconds (∆tfilling ≈ 180

s). For such, the needle valve is operated in a nearly closed state. Such slow filling in-
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creases the subcooled liquid’s exposure time to ambient conditions leading to a consider-

able temperature rise. Therefore, once the cell reaches the desired fill level and a thermal

stratification settles in, the difference in temperature between the bulk and the liquid’s

free surface will be lower than for a quicker filling procedure. This is expected to translate

into a less pronounced pressure drop once sloshing is initiated.

Procedure II was set to evaluate the system’s evolution once no relaxation phase was al-

lowed. Consequently, the two pressure drops visualised in the acquired data would col-

lapse into one. Under this procedure, the most violent pressure drops are expected, es-

pecially after minimising the filling time that maximises the liquid’s subcooled condition

once settled in the cell.

Lastly, baseline procedures I and II arise from evaluating the system’s behaviour with-

out sloshing, so a baseline case would counteract procedures I and II. However, once the

system settled for long enough, sloshing was imposed to establish a comparison between

both baseline procedures and extend the pressure drop retrieved database.

4.4 Experimental matrix

It is critical to define the excitation parameters to perform the experimental characterisa-

tion of the tank’s thermodynamic behaviour under sloshing conditions. For the large liq-

uid depth to radius ratio, appearing in the presented experiments, the natural frequency

ω11 of the first asymmetric mode was ω11 =
√

ξ11g/R =
√
1.841g/R = 21.117 rad/s (with

ξ11 = 1.841 as the eigenvalue of the first asymmetric mode). Therefore, resorting toMiles’

weakly nonlinear theory (section 2.1.2), three sloshing points were settled, as represented

in Figure 4.14. Experimental point P1 chosen with a forcing amplitude Af = 1.0mm and

frequency fe = 3.00 Hz belongs to the stable planar waves regimes defined by the linear

theory. Experimental point P2 with Af = 1.0 mm and frequency fe = 3.10 Hz belongs

to the unstable chaotic regime. Point P3 with a chosen frequency above the first mode

(ω/ω11 = 1.041), located near the boundary β4 where the motion bifurcates, is outlined

by a rotational non-planar free surface displacement. Table 4.6 summarises the sloshing

points excitation characteristics.

Table 4.7 showcases the experimental matrix for the tests reported in Chapter 5. Cases ID

1 − 8, except ID 3, were performed using the testing procedure I characterised by a long
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Figure 4.14: Dimensionless forcing amplitude-phase diagram as a function of frequency ratio with tested
sloshing points.

Table 4.6: Investigated excitation cases.

Sloshing point Regime Af/R ω/ω11 Af [mm] fe [Hz]

1 Planar 0.025 0.893 1.0 3.00

2 Chaotic 0.025 0.922 1.0 3.10

3 Swirl 0.025 1.041 1.0 3.50

filling period and an allowed interval of relaxation after the pressurisation in the order of

30 seconds. With this methodology, three tests were performed under the planar regime,

two swirl and two chaotic. Cases ID 9−11 were performed through procedure II, where

sloshing is initiated once the pressurisation phase ends. Lastly, Cases ID 12−15 employ

the baseline procedures, and ID 15 is characterised through the application of the PIV

technique. Throughout the experiments, the initial temperatures T0 were retrieved before

the filling procedure, and once the experiment was finished, the final liquid’s volume Vf

was extracted and measured.

4.5 Fluid properties

The non-cryogenic sloshing tests for this master’s thesis are performed with liquid HFE-

7200. This serves as a reasonable substitute for liquid hydrogen [34] and is often used in
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Table 4.7: Experimental matrix for the tested measurement conditions.

Test ID Slosh point Regime PIV T0 [◦C] Procedure Vf [mL]

1 P1 Planar - - I -

2 P1 Planar - - I 310

3 P1 Planar - - - -

4 P3 Swirl - - I 350

5 P2 Chaotic - - I 330

6 P1 Planar - - I 350

7 P3 Swirl - −31.15 I 340

8 P2 Chaotic - −32.55 I 350

9 P1 Planar - −38.15 II 315

10 P3 Swirl - −38.05 II 325

11 P2 Chaotic - −30.15 II 360

12 P3 Swirl - −34.15 Baseline I 350

13 P3 Swirl - −34.65 Baseline II 350

14 P3 Swirl - - - -

15 P1 Planar Yes −36.65 Baseline I 350

terms of dynamics, especially in compensated gravity conditions [74]. Table 4.8 repre-

sents the 4th order polynomial fits for HFE-7200 properties extracted from experimental

data [75, 76]. Lastly, Table 4.9 provides information on the reference properties of hydro-

gen, nitrogen, HFE-7000, and HFE-7200 used for the similarity analysis.

Table 4.8: Coefficients for the 4th order polynomial fits for temperature-dependent HFE-7200 properties
[75, 76].

f(T ) = a+ b1T + b2T
2 + b3T

3 + b4T
4

Fluid property b4 b3 b2 b1 a

ρL [kg/m3] −1.17E-9 −1.24E-5 9.64E-3 −4.58 2.27E3

ρU [kg/m3] 7.46E-8 −7.95E-5 3.25E-2 −6.01 4.23E2

µL [Pa s] 1.04E-11 −1.41E-8 7.18E-6 −1.63E-3 1.41E-1

µU [Pa s] −2.04E-15 2.30E-12 −9.34E-10 1.95E-7 −9.85E-6

σ [N/m] 6.06E-11 −7.91E-8 3.86E-5 −8.44E-3 7.16E-1

kL [W/m K] 4.79E-10 −6.27E-7 3.08E-4 −6.76E-2 5.65
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Chapter 5

Results and discussion

This chapter showcases the findings of the experimental campaign using 3M Novec 7200

Engineered Fluid. Themeasurements were conducted in the flat-bottom cylindrical plexi-

glass cell, displayed inFigure 4.4, whichwas pressurised through the active-pressurisation

system developed for this campaign and detailed in section 4.1.1. The experimental tests

were performed under different procedures and sloshing conditions (section 4.4).

This chapter starts with an overview of the experimental procedure through the results

extracted for the test case ID 15. Here the characteristic thermal effects are discussed,

with the impact of each phase preceding sloshing assessed via the velocity fields extracted

by the PIV technique. Afterwards, the main conclusions of the performed experiments

are reviewed in two sections.

Section 5.1 discusses and overviews the system’s evolution before, during and after active-

pressurisation. Therefore, the thermal stratification, pressurisation and relaxation phases

are analysed to evaluate the pressure changes in the pressurant reservoir and sloshing cell.

Lastly, section 5.2 introduces the sloshing measurements, where the pressure change in

the partly filled cell subjected to lateral forcing is assessed. The interface’s thermodynamic

state is appraised based on the liquid’s bulk motion and free surface displacement for a

given sloshing regime. Additionally, the pressure and temperature evolution results are

interpreted for a specific experimental procedure for each sloshing point. Here, in section

5.2.4 the initially proposed objectives and research questions are outlined, shedding light

on them through the side-by-side comparison of the characteristic pressure drop under

sloshing for the baseline test cases.

Figure 5.1 depicts the absolute ullage pressure evolution in the sloshing cell for test case ID

15, with the smoothed signal extracted through the Savitzky-Golay filter. This measure-

ment was conducted under procedure baseline I and is the perfect example to showcase

the philosophy behind the defined experimental procedures. Here the most prevalent

stages may be outlined: (a) the initial thermal stratification, (b) the pressurisation phase,

(c) the relaxation phase for∆trelax, and (d) sloshing initialisation at t = 0 s.
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Figure 5.1: Typical sloshing cell pressure evolution as a function of time. The values are here for experiment
case ID 15. Time has been set to zero at slosh initiation.

The initial thermal stratification stage starts after closing the vacuum port valve of the

sloshing cell. This is outlined in Figure 5.1 between −607 < t < −534 seconds. As such,

this leads to an initial settling of the system of approximately ∆tstrat ≈ 73 s. Here, the

system rises in pressure due to external heat fluxes, reaching a pressure of p = 5.30 kPa,

corresponding to an interface temperature of Ti = 273.75 K before the pressurisation

phase (t = −534 s). Afterwards the pressurisation commences, up until t = −482 s lead-

ing to a final pressure of p = 30.52 kPa for a cycle of approximately ∆tpress ≈ 52 s. At

this point, the ball valve closes, and the pressurant mass flow stops, which brings the sys-

tem to a relaxation phase characterised by an exponential pressure decay. At t = 0 s, the

sloshing motion is initiated, leading to a violent pressure drop within the initial 20 sec-

onds. For this specific case, a planar wave sloshing excitation (section 4.4) was selected.

The excitation endures a total of 120 s. Still, for application purposes, only time scales

t < 20 s are important since the pressure fluctuations due to sloshing-induced mixing

are more significant here. Hence, one can conclude that in the current experiment, the

cell’s thermodynamic evolution under sloshing, is a function of the previous experimental

stages.

To evaluate the system’s overall behaviour throughout the different experimental phases,

one can resort to the averaged PIV velocity fields extracted from test case ID 15. Such

analysis is exceptionally pertinent, as more than withdrawing quantitative information
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regarding the velocity magnitude, it is possible to assess the liquid’s bulk motion.

As stated in section 2.2, a thermal stratification must arise to appraise sloshing’s impact

on the ullage pressure. This is the primary phenomenon behind the characteristic pres-

sure drops. Such might derive from natural convection and/or conduction mechanisms

within the cell. For such reason, as the cell fills with liquid HFE-7200 at an average mea-

sured temperature of T0 ≈ 239 K across all the test cases, natural convection is expected

to occur along the distinct stages. Specifically, because the cell walls are significantly

warmer, which drives these convective flows. Moreover, some disturbances near the in-

terface might arise as hot vapour is injected into the cell to reach the desired pressure

threshold. This analysis is displayed in Figure 5.2 for each experimental phase, where the

liquid yields distinct dynamic behaviours.

(a) Thermal stratification t ≈ −606 s. (b) Pressurisation t ≈ −541 s.

(c) Relaxation t ≈ −462 s. (d) Sloshing t ≈ 43 s.

Figure 5.2: Moving average of the velocity magnitude and vector fields for test case ID 15. Each computed
over thirty consecutive frames, except for the sloshing phase (d) determined from five consecutive frames

within half wave period.

Figure 5.2a displays the thermal stratification phase, where convective flows dominate the

liquid region, especially near the bottom, where the velocity peaks at approximately 9.6
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mm/s. These convective flows are also found at the pressurisation stage, in Figure 5.2b.

Still, for this case, the maximum velocity magnitude is 5.0 mm/s, and a uniform field of

convective flows arises near the bottom comparably to the previous phase. Additionally,

an ascent motion is visible near the right wall, transporting liquid along the border to the

interface. In Figure 5.2c, the bottom fluxes lose strengthwhile a considerable velocity field

arises near the interface introducing amixing effect in the liquid’s upper layers. The possi-

ble reasons emerge from surface disturbances due to the pressurisation jet impinging the

free surface or condensation droplets falling from the pressurisation line and top cover.

Lastly, in Figure 5.2d, the planar wave’s mean velocity field is displayed, showcasing the

sloshing-induced mixing capability.

Table 5.1 summarises the conditions of the performed experiments through the extracted

periods of each phase. Themaximum pressure at the pressurisation end is also displayed.

Table 5.1: Summary of the experimental time and tank pressure at the pressurisation end (pmax) for the
performed experiments.

Test ID Slosh point Procedure
∆tvacuum

[s]

∆tstrat

[s]

∆tpress

[s]

∆trelax

[s]

∆tslosh

[s]

pmax

[kPa]

1 P1 I 35 107 2 30 120 31.14

2 P1 I 45 97 49 32 120 25.62

3 P1 -

4 P3 I 47 88 57 39 120 35.14

5 P2 I 35 53 46 30 120 28.41

6 P1 I 32 57 52 33 120 25.89

7 P3 I 44 87 48 36 120 29.99

8 P2 I 43 81 52 13 120 27.51

9 P1 II 31 85 30 5 120 30.54

10 P3 II 42 72 35 0 120 30.31

11 P2 II 39 67 69 0 120 29.90

12 P3 Baseline I 35 68 55 504 120 30.60

13 P3 Baseline II 47 68 66 299 120 30.52

14 P3 -

15 P1 Baseline I 45 73 52 482 120 30.52
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5.1 Pressurisation and relaxation measurements

Figure 5.3 displays the system’s time-wise evolution for the baseline experimental case ID

15 throughout the pressurisation and relaxation phases. Here the absolute ullage pressure

evolution for the sloshing cell is shown in Figure 5.3a, while the pressurant reservoir pres-

sure is indicated in Figure 5.3c. Regarding the temperature acquired from the thermocou-

ples displaced across the experimental setup, it is possible to verify the thermal evolution

of the cell’s cover and walls in Figure 5.3b. At last, Figure 5.3d outlines the temperature

measured in the pipeline at the ball valve inlet and the heater surface, which is in direct

contact with the line downstream of the valve.

(a) (b)

(c) (d)

Figure 5.3: Experiment case ID 15: sloshing cell absolute pressure (a) and temperature (b), pressurant
reservoir absolute pressure (c) and pressurisation line and heater temperature (d) during pressurisation

and relaxation phases.

The absolute ullage pressure evolution during the pressurisation stage displays an ap-

proximately linear trend and, for this specific test case, was achieved at a rate of 0.485
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kPa/s. For this experimental campaign, consistent pressurisation is critical to minimise

the jet impingement of the free surface (Figure 5.4a-5.4b). To do so, the valve must be

operated carefully. During this phase, condensation occurs since the superheated HFE-

7200 vapour from the high temperature and pressure reservoir is injected into the cell’s

low-temperature environment. Beyond that, a considerable part of the vapour heat goes

into the tank walls and does not contribute to the pressure increase (Figure 5.4c-5.4d).

Remarkably, the high liquid volumes extracted and measured at the end of each experi-

ment and depicted in Table 4.7 are verified to arise mainly from this stage. Such a phe-

nomenon is highly undesirable because the droplets pierce the free surface and mix it

down to multiple depth levels. Consequently, even prior to sloshing, the liquid’s interface

already suffered some degree of induced mixing, leading to premature destratification.

Which evidently, dampens the sloshing-inducedmixing capability. This undesirable phe-

nomenon was already highlighted in the velocity maps for case ID 15 (Figure 5.2c), where

the near interface velocity field arises from these disturbances.

(a) (b) (c) (d)

Figure 5.4: Jet impingement of the free-surface (a), (b) and condensation droplets (c), (d) throughout the
pressurisation phase for test case ID 1. The significant pressurisation rate (∆tpress ≈ 2.0 s) for this

experiment leads to a substantial impingement of the jet on the free surface.

Evaluating the pressurisation in terms of energy exchange is the clearest way to under-

stand the pressure drop at the pressurisation end. The cell is pressurised due to the spe-

cific enthalpy andmass of the injected pressurant vapour, which enters the control volume

of the cell’s ullage. However, at the same time, energy leaves due to heat transfer to the

tank wall and cover and phase change in the form of condensation. Ergo, once the inflow

is stopped, the energy of the vapour system decreases further due to the ongoing heat

transfer and phase change.

Regarding the thermal evolution of the cell’s cover, Figure 5.3b outlines a meaningful in-

crease of approximately 1 K during the pressurisation stage. This arises from the large

pressurisation line surface area in direct contact with the cover at the threaded inlet con-
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nection and the heat transported from the ullage to the cover. Consequently, once the

superheated vapour flows to the cell, a temperature rise occurs. Additionally, at z = 30

mm, a drop rate in temperature is showcased, mainly due to the fact that the filled liquid

has an initial temperature of T0 ≈ 237 K. On the other hand, the thermocouple at z = 90

mm remains at a constant temperature of 299.8 K and does not capture the hot ullage

vapour or the cold liquid.

The pressurant reservoir during the experimental campaign remains approximately at

a saturated steady state. For this specific case, it attains an initial vapour pressure of

p = 83.0 kPa, corresponding to a saturated temperature of T = 342.4 K. Once the pres-

surisation stage starts, a steep drop takes place, and the reservoir’s pressure reaches a

minimum of p = 50.5 kPa. Afterwards, since the power supply remains at a fixed power

condition, the pressure rises exponentially to the previous state. This means that there is

still enough liquid mass inside the reservoir to vaporise and reach the desired threshold.

Interestingly, the measured temperature in the pipeline during the initial pressurisation

stage is 340.0 K, which agrees reasonably well with the theoretical saturation vapour tem-

perature at the reservoir. Along this same stage, it measures a minimum temperature of

329.7 K, corresponding to a pressure of 54.36 kPa. Since the measured line temperature

during the pressurisation stage is identical to the reservoir’s saturation temperature, it can

be concluded that the efforts to insulate the pipe upstream of the ball valve were fruitful.

5.1.1 Pressurisation model results

Resorting to the 0Dmodel, it is possible to develop a comparison for a pressurisation cycle

with the results extracted from the experiment itself. Since there is no access to the real

gas properties for HFE-7200, the ideal gas model and the respective derived set of the

modelling equations are applied.

The pressurisation procedure relied upon the manual operation of a ball valve located

on the pressurisation line. To avoid the liquid’s surface impingement from the vapour

jet, a pressure of approximately p = 30.00 kPa was reached at the end of 60 seconds.

Therefore, during this stage, the ball opening angle would change, increasing over time

to meet the procedural constraints. Evidently, the valve opening angle is not recorded

during the experiment, and moreover, to be able to model partially opened valves, it is

mandatory to have access to the exact pressure loss coefficient for each angle, which is
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not the case. Hereupon, from the cell’s pressure at pressurisation end (t ≈ −483 s) and

the pressurisation cycle of ∆tpress ≈ 52 s, the ball valve minor loss rate (ξ) was fixed at a

constant value that yields the desired absolute ullage pressure evolution.

Figure 5.5 compares the measurements from case ID 15 with the 0D model prediction.

According to the simplified model, the sloshing cell would attain a final pressure of ap-

proximately p ≈ 30.52 kPa starting from a saturated condition of p ≈ 5.70 kPa. To answer

this constraint, the ball valveminor loss coefficient would need to be in the order of 4×106,

which is four orders of magnitude larger than the usually measured coefficients for small

opening angles of ball valves [58].

(a) (b)

Figure 5.5: Comparison between the experimental case ID 15measurements and the pressurisation 0D
model prediction for the pressure evolution within the sloshing cell (a) and the pressurant reservoir (b).

5.2 Non-isothermal sloshing measurements

The non-isothermal sloshing measurements discussed here are the vital results that de-

scribe the characteristic pressure drops in tanks under dynamic conditions. Such phe-

nomena that arise from the abnormal thermodynamics within a pressurised vessel have a

focal point in the interaction of sloshing dynamics with heat and mass transfer processes

[14, 19].

Therefore, to evaluate this thermodynamic evolution, it is crucial to ensure that the closed

tank is adequately pressurised. This condition was already discussed in section 5.1, and

the experimental results here are built from it. In contrast, free surface motion, labelled

sloshing [24], is the other vital requirement to visualise the phenomenon under study.
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(a) Flat free surface. (b) Initial displacement. (c) Peak wave amplitude.

Figure 5.6: Instantaneous velocity vector fields for the test case ID 15, calculated over three consecutive
frames, where stable planar sloshing is visible.

This liquid’s dynamic behaviour is responsible for transporting the liquid at the bulk to

the interface. Consequently, it is crucial to start by analysing its mixing capability.

Figure 5.6 displays the instantaneous velocity vector fields in the liquid’s bulk region with

the captured background image for the test case ID 15 when the liquid’s motion has al-

ready developed into stable planar waves. The results are extracted for a region of inter-

est located sufficiently far from the walls and interface to minimise their effects that may

lead to erroneous velocities [69]. Figure 5.6a introduces the frame at which the free sur-

face is flat and gaining momentum. Here it is clear that the liquid’s velocity field follows

a pendulum-like behaviour, characterised by large velocities near the free surface, which

are damped out as we move towards the bulk. Nevertheless, one can appreciate that the

vertical velocity component is substantial even at half the fill height, especially towards the

walls. Subsequently, in Figure 5.6b, the liquid loses momentum, while Figure 5.6c show-

cases the peak wave amplitude instant where the velocity field reaches a plateau condition

before regaining momentum in the opposite direction.

This analysis (Figure 5.6) can be further expanded by plotting the corresponding veloc-

ity magnitude maps for each of the instantaneous snapshots, as displayed in Figure 5.7.

These colourmaps, where the coordinate system originates at the sloshing cell’s left bot-

tom corner, indicate precisely the extent to which the motion disrupts the stationary bulk

liquid.

Figure 5.7a illustrates a velocity threshold of approximately 78mm/s reached above z ≈ 50

mm. It is clear that near the centreline (x ≈ 40.5 mm), the motion is dominated by a

horizontal component transporting the liquid towards thewall, which then is carried up to
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(a) (b)

(c) (d)

Figure 5.7: Instantaneous velocity magnitude and vector fields for the test case ID 15, calculated over four
consecutive frames, for stable planar sloshing.

the interface by a prevailing vertical component at x ≈ 30mm. Moreover, even at z ≈ 30

mm, the velocity magnitude is roughly 38 mm/s, which is considerable for a region far

from the interface. Afterwards, in Figures 5.7b and 5.7c there is a deceleration trend since

the wave reaches its maximum amplitude, quite visible at Figure 5.7c with a prevailing

velocity in the order of 7mm/s. Lastly, a subsequent frame (Figure 5.7d) where the liquid

regains momentum in the opposite direction is showcased for completeness.

Figure 5.8 displays test case ID 6 in which both liquid and ullage were recorded to qual-

itatively assess the free surface displacement under sloshing point P1. This perspective

reinforces the previous analysis and concludes that under this point (Af/R = 0.025,

ω/ω11 = 0.893), amotionwith instabilities andwave-breaking conditions should not arise,

where the sloshing-inducedmixing is controlled by the velocity fields showcased by Figure

5.7. Unfortunately, this is not the case for all planar experiments and is further analysed in

section 5.2.1. For this sloshing point, the angular amplitude of surface inclination should

become constant with a maximum theoretical wave amplitude b ≈ 7.87mm, determined
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by equation 2.6.

(a) (b) (c)

Figure 5.8: Free surface displacements for the test case ID 6 under planar sloshing.

This analysis must be performed for the other sloshing points (section 4.4) particularly

because as soon as the motion frequency rises to near resonance conditions, surface in-

stabilities emerge [33]. This means that besides the velocity fields that transport proper-

ties within the liquid, droplets, jets and splashing could ensue and amplify the sloshing

induced-mixing. Unfortunately, for points P2 and P3 the velocity fields were not charac-

terised resorting to the PIV technique, as they are outlined as unstable motions where tri-

dimensional effects are important and would not be captured under the 2D method em-

ployed in this project. Therefore, only a qualitative analysis can and must be performed.

Figure 5.9 displays test case ID 5 under the sloshing point P2 (Af/R = 0.025, ω/ω11 =

0.922). Here a chaotic regime is present, characterised by an unstable motion. A dynamic

behaviour defined by a concoction between high amplitude planar waves and rotational

motion about the normal axis could be seen throughout the experiment. Occasionally,

(a) (b) (c)

Figure 5.9: Free surface displacements for the test case ID 5 under chaotic sloshing.
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the wave amplitude would be such that breaking would take place where droplets and jets

would arise from the free surface, as displayed in Figures 5.9a and 5.9c.

Lastly, Figure 5.10 introduces the rotational motion present during sloshing point P3

(Af/R = 0.025, ω/ω11 = 1.041) for test case ID 13. Here the stable swirling motion is al-

ready established after gaining angular momentum, with a theoretical average swirl wave

amplitude b ≈ 28.35mm, according to section 2.1.2.

(a) (b) (c)

Figure 5.10: Free surface displacements for the test case ID 13 under rotary sloshing.

Clearly, over Figures 5.6-5.10 sloshing’s power is duly outlined, and no doubts rest upon

its capability of efficiently mixing the liquid within the pressurised vessel. Although the

velocity fields of sloshing points P2 and P3 were not defined, through the qualitative analy-

sis, it is possible to assess their violent nature and superiormixing degree when compared

with stable waves. Therefore, the following sections will evaluate a specific test case for

each sloshing point.

5.2.1 Planar waves sloshing regime

Figure 5.11, refers to a measurement conducted in sloshing point P1 (Af/R = 0.025,

ω/ω11 = 0.893) corresponding to test case ID 9. For this specific experiment, procedure

II is employed, with no relaxation period after reaching the pressure threshold of approx-

imately p ≈ 30 kPa. Consequently, once this value is satisfied, the ball valve is closed,

ending the pressurisation phase, and the shaking table is turned on. The liquid’s temper-

ature before filling the cell was measured at T0 ≈ 235 K.

From Figure 5.11a it is possible to determine that at the end of the pressurisation phase

t ≈ −5.0 s the achieved pressure is p = 30.54 kPa. Likewise, one can conclude that slosh-
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(a) (b)

t ≈ 2.5 s t ≈ 6.5 s t ≈ 8 s t ≈ 9 s t ≈ 13 s t ≈ 30 s

Figure 5.11: Test case ID 9: ullage pressure evolution (a) and temperature evolution at the sloshing cell
walls and top-cover (b) as a function of time. Time has been set to zero at slosh initiation.

ing was not properly started at this stage since the pressure peak does not coincide with

t = 0 s. This showcases the most challenging factor of this procedure which must be per-

formed in pairs, or the displayed delay will be unavoidable for the current experimental

setup configuration. Nevertheless, a consistent pressure drop was achieved, meaning this

mishap did not significantly affect the results and the pressure drops from relaxation and

sloshing-induced mixing collapse together. The minimum pressure of p = 23.57 kPa is

reached at t = 53.60 s, yet after the initial 30 s, the pressure drop rate collapses to nearly

zero even if sloshing proceeds for a total of 120 s. Remarkably, roughly at t = 6 s, the pres-

sure evolution yields a decrease in the drop rate, followed by an increase in the absolute

pressure value. Hereupon, as one might foresee, it is critical to perform a footage evalua-

tion of this specific drop which yields a peculiar behaviour for a planar wave regime. The

pictures show that once sloshing unfolds, the initial motion is characterised by small am-

plitude planar waves, but throughout the first periods, condensation droplets fall from the

pressurisation inlet (t ≈ 2.5 s). As these droplets impinge on the free surface, it is possible

to assess that instabilities develop, and the smooth planar behaviour is lost, from which a

chaotic motion arises (t ≈ 6.5 s). At this stage, a positive pressure drop rate rises, likely

because now the free-surface dynamics are characterised by an intermediate amplitude

87



Non-Isothermal Sloshing for Space Applications

swirl wave (t ≈ 9.0 s) rotating along the ullage walls, which are warmer compared to the

liquid region. Therefore, evaporation must be taking place, leading to the pressure build

up due to the disruption in the planar motion. This positive drop rate subsides at t ≈ 13.0

s since, at this point, the highly chaotic motion collapses, losing energy. After collapsing,

the displacement tends again towards planar waves. Still, due to the induced rotational

velocity from the surface break up, until the end of the excitation the dynamics are out-

lined by planar waves with rotational velocity along the tank’s normal axis (t ≈ 30 s). All

in all, in this experiment, the pressure decays a total of 22.82%. Regarding the thermal

evolution at the cell’s wall and cover represented in Figure 5.11b one can conclude that

the outside is virtually insensitive to the thermal evolution within the tank, and only the

bottom thermocouple (z = 30mm), in contact with the bulk liquid, slightly varies in time

with a linear decay of approximately 0.00391 K/s.

5.2.2 Chaotic sloshing regime

Figure 5.12 displays the results for sloshing point P2 (Af/R = 0.025, ω/ω11 = 0.922)

corresponding to test case ID 5. In this experiment, procedure I is employed, with a filling

time interval of approximately ∆tfilling ≈ 300 s and a relaxation period of ∆trelax ≈ 30 s

after the end of the pressurisation phase.

(a) (b)

Figure 5.12: Test case ID 5: ullage pressure evolution (a) and temperature evolution at the sloshing cell
walls and top-cover (b) as a function of time. Time has been set to zero at slosh initiation.

Figure 5.12a represents the absolute ullage pressure evolution from where it is possible

to verify that preemptively to commence sloshing (t < 0 s), the pressure continuously de-
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creased and did not reach a quasi-steady equilibrium state. Such arises from unavoidable

heat losses, where the superheated ullage vapour exchanges heat with the walls, cover

and liquid, leading to condensation and a decrease in temperature. Here at t = 0 s the

pressure is p = 22.53 kPa reaching a minimum of p = 21.09 kPa at t = 42.8 s, meaning

the total pressure decay is 6.39%. Interestingly, first, the chaotic motion slightly disrupts

the initial thermal stratification for the first 10 seconds, after which it loses effectiveness,

and the pressure rises, indicating that evaporation might occur as the wave climbs the

wall. Subsequently, an approximately periodic pressure behaviour settles in the cell for

the remainder of the sloshing excitation. Critically, this periodicity hints that a connec-

tion must exist with the free surface dynamics, which can be connected to this analysis by

resorting to the recorded footage. Regarding the thermal evolution at the cell’s wall and

cover shown in Figure 5.12b, it is important to emphasise the temperature measured by

the top-cover thermocouple (z = 140 mm), which is below the temperature of the walls.

This occurs since the slow filling procedure increases the exposure time of the aluminium

cover to the highly subcooled liquid. Throughout sloshing, it showcases an increasing lin-

ear trend of approximately 0.00383 K/s, meaning the outside heat flux through the cell

cover increases over time, amplifying the pressure build-up within the cell.

Figure 5.13 demonstrates the rate at which the ullage pressure drops between 10 and 20

seconds, which is when the periodic pressure shift occurs. The drop rate is calculated

through a central difference scheme, where the smoothed pressure signal is used. It is

possible to correlate such phenomena with sloshing through the experimental footage.

From the moment sloshing unfolds to t ≈ 10 s, moderate amplitude waves develop cou-

pled with angular momentumwhere instabilities at the surface arise, leading to enhanced

surface layer mixing. At this moment, the free surface collapses to small amplitude and

irregularmotions, after which it regainsmomentum leading to high amplitude waves with

rotational speed between 11 < t < 15 seconds. From the footage, it is clear that the waves

travel along the ullage walls and touch the cell’s cover, which corresponds to a pressure

increase by the extracted measurement. Therefore, it could mean the cold liquid evapo-

rates as it mixes and comes into contact with the warmer ullage wall reaching amaximum

pressure drop rate of approximately 0.09 kPa/s. Next, the motion collapses and between

16 < t < 18 seconds showcases an extremely asymmetrical nature with surface breaking

leading to plunging jets and droplets that perforate the interface. At this stage, a neg-

ative drop rate is established possibly due to the jet’s capability of mixing the interface

properties up to moderate depths.
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t ≈ 10 s t ≈ 12.5 s t ≈ 13 s t ≈ 15 s t ≈ 17.5 s t ≈ 18 s

Figure 5.13: Rate of pressure change for case ID 5 in between 10− 20 s after slosh initiation. The free surface
displacement is correlated to the ullage maximum pressure drop rate by sampling the captured footage.

5.2.3 Swirl sloshing regime

Figure 5.14 represents the measurement conducted in sloshing point P3 (Af/R = 0.025,

ω/ω11 = 1.041) corresponding to test case ID 13. For this specific experiment, procedure

baseline II is employed, where a relaxation period of approximately 300 s is used. At the

beginning of the filling process, which takes approximately 30 seconds, the liquid’s tem-

perature is measured to be T0 ≈ 239 K.

Figure 5.14a outlines the absolute ullage pressure evolution in the sloshing cell between

−5 < t < 120 seconds, where the time is set to zero at slosh initiation, below t < 0

s, the pressure displays a nearly stable behaviour defined by a value of approximately

p = 22.40 kPa at t = 0 s. Hereupon, in contrast with the results of Figure 5.12 in which

the relaxation period does not allow to arrive at a stable state, for this specific case, the

relaxation period of 300 seconds is enough to reach a quasi-thermodynamic equilibrium

before sloshing the tank. Once sloshing starts, a violent pressure drop arises within the

first 20 seconds, specifically at t = 12 s. Resorting to the recorded footage, it can be
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(a) (b)

Figure 5.14: Test case ID 13: ullage pressure evolution (a) and temperature evolution at the sloshing cell
walls and top-cover (b) as a function of time. Time has been set to zero at slosh initiation.

seen at this precise instant that a high amplitude and angular momentum stable swirl

wave grows with a peak close to reaching the top cover of the sloshing cell (Figure 5.15).

Moreover, wave-breaking happened near the crest. This wave gains momentum at t ≈

11 s before arriving at this stable condition after 42 sloshing periods (42Tω). Although

this liquid’s swirl wave lasts after the initial violent drop, pressure reaches a minimum

of p = 17.23 kPa at t = 31.1 s, which translates into an overall ullage pressure change of

23.08%. After this point, the liquid has already converged to a uniform temperature, and a

new thermodynamic equilibrium is reached. Seemingly, this state is not held constant for

long since unavoidable heat leaks occur. Therefore after t > 65 s, a pressure rise within

the ullage can be tracked where the most likely cause arises from the evaporation of the

liquid at the cell’s warm walls. Such can be extrapolated from Figure 5.11b where the

thermocouple at z = 90mm holds a temperature close to 299 K, with a minor increasing

trend. On the other hand, the liquid’s region wall thermocouple at z = 30 mm displays

a modest linear decay of approximately 0.0041 K/s. Despite all that, once again, one can

draw the conclusion that the outside is almost unaffected by the heat exchange inside the

tank, meaning our time scales are too narrow and the tank wall’s thermal inertia too high

to retrieve meaningful results with this configuration.

Figure 5.15 highlights the ullage pressure drop rate from the filtered pressure evolution,

through a central differences scheme, between 10 < t < 20 secondswhere themost violent

pressure change develops. The characteristic swirl motion arises at t ≈ 12 s, enhancing

the sloshing-induced mixing, which develops into a maximum averaged pressure drop
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rate of approximately −0.65 kPa/s.

t ≈ 10 s t ≈ 12 s t ≈ 12.5 s t ≈ 12.75 s t ≈ 13 s t ≈ 15 s

Figure 5.15: Rate of pressure change for case ID 13 in between 10− 25 s after slosh initiation. The free
surface displacement is correlated to the ullage maximum pressure drop rate through the captured footage.

5.2.4 Characteristic pressure drop

Figure 5.16 shows the non-dimensional pressure evolution for test cases ID 12, 13 and 15.

Test case ID 12 was performed under the swirl sloshing regime point P3 (Af/R = 0.025,

ω/ω11 = 1.041) through procedure baseline I. As such, the relaxation period is equal to

∆trelax ≈ 480 s. The same procedure was applied to test case ID 15, which was previously

characterised through the PIV technique (Figure 5.7) under point P1 for planar waves.

Lastly, case ID 13 employing baseline II procedure for sloshing point P3 with a relaxation

of ∆trelax ≈ 300 s was deeply analysed in section 5.2.3. In this analysis, the pressure

is normalised by taking the ratio between the instantaneous pressure p in the cell and its

initial value at t = 0 s, defined as p0 and in Table 5.2. The objective is to assess the pressure

change in the ullage due to sloshing and compare its evolution between the particular

plotted cases. This way, the outcomes from different procedures and sloshing conditions
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are easily comparable.

Figure 5.16: Non-dimensional absolute ullage pressure evolution for the test cases ID 12, 13 and 15. Time
has been set to zero at slosh initiation.

Table 5.2: Absolute ullage pressure at sloshing initialisation (t = 0 s).

Case ID 12 Case ID 13 Case ID 15

p0 [kPa] 21.59 22.40 22.53

The initially proposed research question RQ1 (section 1.1) sought to understand how the

system would evolve under distinct sloshing excitation conditions. Even though no tem-

perature measurements were applied throughout the test campaign, the retrieved gauge

pressure data, later converted to absolute pressure, allows us to shed some light on this

remark. Notwithstanding the step-by-step analysis done up to now, where the sloshing

regimes mixing fortitude was duly outlined, Figure 5.16 introduces the most explicit an-

swer to such a question. Here, test case ID 15, where planar waves arise under a forcing

frequency of ω = 3.00 Hz, displays a violent pressure drop within the first 20 s, char-

acterised by a minimum pressure ratio of 85.40%. On the other hand, test case ID 12,

also displaying a devastating initial drop, was performed with the same procedure, but

for sloshing point P3 where ω = 3.50Hz and a stable swirl wave develops. The minimum

pressure ratio achieved in this case was 78.50%. Therefore, no doubts rest upon the con-

clusion that the swirl sloshing regime is the most efficient method to destroy the thermal

stratification within a pressurised vessel. However, care must be taken since instabilities

might arise, for example, from condensation droplets, which modify the motion charac-
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teristics and enhance heat transfer by impinging the free surface (section 5.2.1). As such,

under non-isothermal sloshing, it is imperative to perform a visual analysis where a trans-

parent sloshing cell must be employed.

The secondproposed research questionRQ2highlights the impact of different initial non-

isothermal sloshing conditions. More precisely, variables such as the initial tank pressure

(p0), the thermal gradients within the vessel, and the stratification degree at the free sur-

face (δt) play a pivotal role in our problem. Unfortunately, under the current research

framework, the retrieved quantitative results do not allow us to unequivocally extract

the desired results as the measured wall temperatures did not translate into meaning-

ful results. Even so, under different procedures, which are time-wise well defined, one

can extrapolate how these impactful variables evolve and couple with the absolute ullage

pressure change. Here test case ID 12 and case ID 13, reply qualitatively to such ques-

tion. Both were performed for sloshing point P3 with an initial measured liquid tempera-

ture of approximately T0 ≈ 239 K. The critical distinction resides in the relaxation period

(∆trelax), which differs in 205 seconds. Case ID 12 settles for 504 seconds after the pres-

surisation, while case ID 13 has a smaller relaxation period of only 299 seconds. From

Figure 5.16, ID 12 displays an initial devastating drop, with a minimum pressure ratio of

78.50%. Conversely, case ID 13 achieves a minimum pressure ratio of 76.9%. Since the

interface is assumed to be saturated (section 2.4), the liquid at the free surface must have

saturation temperature. However, the liquid temperature beneath the interface increases

slower than the tank pressure would allow due to the liquid’s thermal inertia (section 2.2).

Evidently, under the saturation and single-species system assumption, pressure and tem-

perature are connected (section 2.4). Hereupon, as we allow the tank to rest for longer

in case ID 12, the temperature at the free surface propagates towards the bulk, leading to

a higher degree of thermal homogenisation and a reduction in temperature at the inter-

face due to constant heat exchange with the surroundings. As such, this translates into a

difference in the initial absolute ullage pressure p0 of approximately 1 kPa, meaning the

interface temperature for case ID 12 is Ti ≈ 305 K, while in case ID 13 is Ti ≈ 306 K [75].

Hereupon, case ID 13 has a steeper thermal gradient or, in other words, a smaller ”pocket”

of warm liquid at the free surface. Hence sloshing’s ability to homogenise the properties

within the cell leads to a larger pressure drop for case ID 13 compared to case ID 12.
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Chapter 6

Conclusions and future work

6.1 Summary and conclusions

The research developed and showcased in this dissertation addressed the impact of liquid

sloshing dynamics in the thermodynamic evolution of pressurised cryogenic propellant

tanks, specifically for orbital space launchers. This was accomplished through an exper-

imental characterisation, where a novel small-scale facility was designed and assembled

to operate through an active-pressurisation system resorting to non-cryogenic fluids, par-

ticularly 3M Novec 7200. The overall goal rested on experimentally identifying sloshing

as the primary trigger behind the characteristic pressure drops within pressure vessels.

Furthermore, the impact of different sloshing excitations and initial thermodynamic con-

ditions was also appraised.

The approach to the problem began with the assessment of the preeminent phenomenon.

Such was achieved by extracting the dimensionless numbers governing the interaction

between the pressurised ullage, liquid phase and tank walls. The derived quantities from

a scaling of equations (SE) approach shed light on the relevant fluid parameters as well as

the impact of heat andmass transfer at the liquid-vapour interface. The similarity analysis

yielded satisfactory outcomes for data up-scaling with the core stage’s oxidiser and upper

stage’s tanks of space launchers. From the kinematics, the sloshing regime concept was

formulated by fixing the forcing amplitudeAf/R and the dimensionless forcing frequency

ω/ω11. Using thermodynamic reference conditions, dynamic similarity concluded that

this problem falls within gravity-dominated sloshing conditions where capillary forces

influence the dynamic behaviour only slightly (We≫ 1). Lastly, in the heat and mass

transfer analogy, the tank’s characteristic length proved to play an essential role in leading

to significant discrepancies in the dominant effects. Nonetheless, disregarding the tank

dimensions and appraising the same length scales between a cryogenic experimental test

employing LN2 and this project facility, an excellent agreement was found, supporting

this simple and economical experimental approach tomodel full-size cryogenic propellant

95



Non-Isothermal Sloshing for Space Applications

tanks.

The first step of the experimental setup design was to identify possible layouts, extract

operational requirements and evaluate the future applicability of such a facility. Herein,

the long-term goal of studying non-isothermal sloshing under microgravity conditions

was settled, and the high-level requirements derived for the implementation of this new

small-scale experiment in the 80th ESA parabolic flight test campaign. As such, it led to

the architecture of a single-species active-pressurisation system employing a transparent

sloshing cell. The experimental methods resorted to pressure probes, thermocouples and

particle image velocimetry (PIV) measurements.

In the experimental campaign with subcooled HFE-7200 liquid at an averaged tempera-

ture T0 ≈ 239 K, and an initial fill liquid ratio h/R = 1.44, where lateral sloshing was

investigated for the fundamental sloshing mode (ω11 =
√

ξ11g/R =
√
1.841g/R = 21.117

rad/s) different experimental procedures and sloshing points were investigated. From the

experimental procedure point of view, the baseline methods revealed the most indicated

as they allowed a quasi-steady condition prior to sloshing, while minimising the opera-

tional hardship.

The particle image velocimetry (PIV)measurements allowed to characterise the liquid ve-

locity fields along the different procedure stages. The results outlined in the thermal strat-

ification, pressurisation and relaxation phases show a clear connection between the con-

vective flows and the interaction of the walls, creating the desired thermal stratification at

the free surface from natural convection at the boundaries. Likewise, the upwards veloc-

ity distribution throughout planar sloshing explained the destratification phenomenon,

where the bulk liquid was transported to the interface.

The sloshing dynamics analysis and couplingwith the pressure data showcased the follow-

ing findings: (a) In sloshing point P1 (Af/R = 0.025, ω/ω11 = 0.893), where stable planar

waves should develop, instabilities led to a collapse of its stable behaviour. The hypoth-

esis that condensation droplets within the pressurant line fuelled such transition were

found as the most likely cause; (b) For sloshing point P2 (Af/R = 0.025, ω/ω11 = 0.922),

the chaotic motion displayed periodic pressure fluctuations, where the pressure build-up

developed the hypothesis that the ullage walls wetting phenomenon may be sufficient to

impact the problem; (c) Sloshing point P3 (Af/R = 0.025, ω/ω11 = 1.041) exhibited the

development of a stable swirl wave, representative of the corresponding rotary regime.
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Such motion displayed a pressure drop rate enhancement when the high amplitude swirl

wave was established at 42 sloshing periods (42Tω).

Finally, the proposed research question were investigated considering three experimental

representative cases: ID 12, ID 13 and ID 15. It was clear that the sloshing dynamics play

a preeminent role in non-isothermal sloshing, with the unstable rotary sloshing instigat-

ing a more considerable pressure drop, correlated to a powerful mixing capability (RQ1).

On the other hand,RQ2 was qualitatively appraised by exploiting the relaxation time in-

terval. Here the time-dependent system evolution showcased a smaller pressure drop for

larger holding periods.

6.2 Future work

The experimental facility developed under this project to characterise non-isothermal

sloshing proved to be an excellent initial iteration. Overall, it demonstrated its practical

potential of being employed in the 80th ESA parabolic flight. Its operational behaviour

and performance were duly characterised, andmajor modifications were identified to im-

prove and reach the desired scientific/experimental outcomes. Consequently, the follow-

ing considerations can be made on the design of the small-scale experimental setup:

1. In the pressurant reservoir, a valve should be added at the outlet, maximising

the vapour volumewhich remains within this tank and increasing the facility redun-

dancy. A second valve could be placed at the tank’s bottom, connected to a pipeline,

allowing to empty it from below to an external container, enhancing the setup readi-

ness between experiments. Additionally, a visualisation window or a fill level sen-

sor must be combined to keep track of the liquid mass/volume within the reservoir.

Lastly, a considerable problem arose throughout the experiments due to the reser-

voir’s wall temperature. When the desired vapour condition was overshot, gaskets

and rubber pipes would melt, introducing residuals to the liquid and forcing an ex-

periment restart. Hereupon, this problem must be solved ahead of the next setup

iteration;

2. The pressurant line’s preeminent considerations rely on the heat losses and in-

creasing the experimental repeatability through anewcombination of valves. There-

fore, the aluminiumpipeline could be replaced by a copper pipeline, to which a heat-
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ing coil would be wrapped. Such a setup would minimise the pressurant vapour

energy losses during pressurisation by ensuring a steady pipe’s temperature corre-

spondent to the reservoir’s saturation pressure. Moreover, a mass flow controller

could be added upstream of the main pressurisation valve, which must be replaced

by a solenoid valve. This would allow to autonomously and remotely control the

pressurant flow. Lastly, increasing the number of thermocouples along the line is

crucial, specifically at the reservoir outlet, valves and sloshing cell inlet;

3. The sloshing cell flat bottom shapemust bemodified for a concave bottom. More-

over, an emptying port and control valve should be placed at the base and duly con-

nected to an external container. Critically, a second heating coil must be wrapped

along the cell’s ullage walls to minimise the vapour heat losses and achieve the de-

sired thermal stratification at the interface. Such would allow the employment of

ambient conditions liquid, avoiding the burden of cooling it through a freezer. Fi-

nally, retrieving the thermal evolutionwithin the tank is a vital factor, towhich a new

cover must be manufactured and an electrical feedthrough connector used. Such

setup has proven its tightness in pressurised vessels, so it is expected to solve this

facility issue;

4. The overall setupmust be modified by placing both the pressurant reservoir and

sloshing cell in the same bosch profile base. This would increase the facility’s porta-

bility and compactness. Additionally, the vacuum and filling ports should be sepa-

rated by aT-connector,minimising the experimental time and operational hardship.

From the experimental campaign, several intriguing results arose, from which two hy-

potheses were developed and must be further investigated to pinpoint the baseline phe-

nomena clearly. First, it was identified from the camera footage of the planar sloshing

regime (Af/R = 0.025, ω/ω11 = 0.893) that this stable motion was disrupted, leading to a

characteristic pressure drop with inherent oscillations. Here, the analysis led to the con-

clusion that such disruption was created by the impingement of condensation droplets

at the free surface, which were falling from the pressurant line. As droplets impinge the

interface, instabilities develop, enhancing the sloshing regime energy, which would tran-

sition to a chaoticmotion. Hereupon, this phenomenon of controlling the sloshing regime

by means of droplets must be further assessed, by performing isothermal tests. Secondly,

it was theorised that the pressure build-up visible in a chaotic sloshing regime was in-

stigated by a wave characterised as a thin film capable of wetting the ullage walls. Such
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wetted areas would easily evaporate, increasing the cell pressure. Therefore, this wetting

phenomenon’s impact on non-isothermal sloshing must be further studied through tem-

perature control within the cell.

Broadly speaking, once this experimental setup ismodified to enable the complete charac-

terisation of the pressurised vessel thermodynamic evolution under sloshing conditions,

themost obvious step is to perform cryogenic experiments in the cryostat resorting to LN2.

As proven by the scaling analysis for gravity-dominated non-isothermal sloshing, such ap-

paratus would yield a slight improvement in the matching, allowing to better upscale the

experimental results to a representative full-size tank for space applications.
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