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Zusammenfassung

Diese Arbeit handelt von der erzwungenen Stromung durch teilweise offene Kapillarkanéle unter
Schwerelosigkeit. Die untersuchten Kanéle bestehen aus zwei parallelen Glasplatten, welche
durch eine oder zwei Fliissigkeitsoberflachen entlang der offenen Seiten begrenzt sind. Die Form
des Kanals @hnelt den Kapillarkandlen, wie sie auch in Treibstoffhandhabungs-Systemen von
Oberflachenspannungstanks von Satelliten Anwendung finden. Die Kriimmung der Oberflache,
die dem Umgebungsdruck ausgesetzt ist, passt sich dem Druckunterschied auf der Grenzflache
entsprechend der YOUNG-LAPLACE-Gleichung an. Die Stromung im Kanal wird instabil,
wenn die freie Oberflache kollabiert und ein Gaseinbruch in die Fliissigkeitsstromung auftritt
- ein Prozess der auch als “Choking”-Phanomen bezeichnet wird. Zweiphasenstromungen,
die durch die Gasaufnahme verursacht werden, konnen ungtinstig fiir bestimmte Anwendun-
gen sein. Wahrend der stabilen Stromung ist das Verhalten der freien Oberflache von den
Stromungsbedingungen, geometrischen Eigenschaften des Kanals, den Stoffeigenschaften und
dem vordefinierten Systemdruck beeinflusst.

Kapillartechniken mit freien Oberflachen sind ein wichtiger Bestandteil fiir raumfahrtbe-
zogene und terrestrische Anwendungen. Da sie aus keinen beweglichen Teilen bestehen, sind sie
eine sehr verlassliche Methode der Fliissigkeitskontrolle. In dieser Arbeit wird die erzwungene,
isotherme und inkompressible Kapillarstromung theoretisch, experimentell und numerisch un-
tersucht. Die zuvor verdffentlichte Stabilitdtstheorie wurde einer tiefgreifenden Uberpriifung
unterzogen. Ein Langzeitexperiment (iiber 60 Tage) wurde auf der ISS durchgefiihrt, um die
Theorie zu validieren und deren Geltungsbereich in einem multidimensionalen Parameterraum
zu bestimmen.

Im theoretischen Teil dieser Arbeit wird ein mathematisches Stromungsmodell, basierend
auf dem eindimensionalen Bernoulli-Ansatz, dargestellt. Im Modell wird der Flissigkeits-
druck in Beziehung zum Kapillardruck tiber die freie Oberflache, unter Berticksichtigung beider
Kriimmungsradien, gesetzt. Das Modell beriicksichtigt konvektive und viskose Verluste und
zusatzliche Druckverluste, die durch die Verdnderung des Geschwindigkeitsprofils im Eintritts-
bereich entstehen. Es kann genutzt werden, um die Form des freien Oberflachenprofils fiir die
Stromung unter stabilen Bedingungen vorherzusagen. Die Begrenzung der Stromung wird unter

stabilen und zeitabhangigen Bedingungen diskutiert. Das Stabilitatskriterium fiir die stabile
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Stromung basiert auf einem héheren Gradienten des Kapillardrucks im Vergleich zum Gradien-
ten des konvektiven Drucks. Das Kriterium definiert einen kritischen Punkt, ab dem die Gradi-
enten gleich sind und die Kriimmung der freien Oberfliche den Druckunterschied an der freien
Oberflache nicht mehr ausgleichen kann. Die instabile Stromung bewirkt einen zusatzlichen
Abfall des Volumenstroms aufgrund von Beschleunigungseffekten. Ahnlichkeiten mit der kom-
pressiblen Kanalstromung werden aufgezeigt, bei der die begrenzende Geschwindigkeit von der
Schallgeschwindigkeit definiert wird.

Das primére Ziel des Capillary Channel Flow (CCF) Experiments auf der ISS ist es,
die Form der freien Oberflache und die maximalen Volumenstrome, welche im Kanal erreicht
werden konnen, ohne dass die freie Oberflache kollabiert, zu bestimmen. Zwei Kanalgeome-
trien werden beriicksichtigt: parallele Platten (zwei freie Oberflichen) und die Nut (eine freie
Oberflache). Die Stabilitat der freien Oberfliche wird fiir stabile und instabile Strémungs-
bedingungen untersucht. Die CCF-Experiment-Ergebnisse werden evaluiert und stimmen mit
den numerischen Vorhersagen iiberein. Eine klare Grenze zwischen stabiler und instabiler
Stromung konnte bestimmt werden. Es wird gezeigt, dass das Modell die Form der freien
Oberflache unter verschiedenen Stromungsbedingungen vorhersagen kann. Der kritische Vol-
umenstrom (maximaler Volumenstrom mit stabiler Stromung) wird als eine Funktion der
Kanalldnge definiert. Die konvektiven und viskosen Effekte beeinflussen die Form der freien
Oberflache. Mit zunehmender Stromungslange steigt die Deformation der freien Oberflache.
Die dimensionslose Kanalldnge [ (typisch fiir Kanalstromungsprobleme) wird fiir die Klassi-
fikation der Stromungsregime vorgestellt. Dariiber hinaus wird der Einfluss der dynamischen
Stromungseffekte (Stromungsbeschleunigung) auf die Stabilitdt der freien Oberfliche unter-
sucht. Die Grenzen der instationdren Stromungen werden experimentell bestimmt. Eine
gute Ubereinstimmung zwischen den experimentellen Daten und dem kiirzlich entwickelten
Stromungsstabilitatsmodell wird ebenso dargestellt.

Zwei numerische Methoden werden verwendet, um das Kapillarkanal-Stromungs-Problem
zu losen. Die erste Methode ist ein eindimensionaler Code ccFlow (Eigenentwicklung), der auf
dem mathematischen Stromungsmodell basiert. Die zweite Methode ist der dreidimensionale
CFD-Code OpenFOAM (open source). Beide Instrumente lésen die stabilen und instabilen
Probleme und liefern zufriedenstellende Ergebnisse. Die mit ccFlow vorhergesagte Stabilitats-
grenze (fiir “kleine” Kanalldngen) ist jedoch im Vergleich zu den Daten aus dem Experiment
iiberschéatzt. Das mathematische Modell wird fiir einen groflen Bereich von geometrischen
Konfigurationen und Parametern validiert. Eine breite parametrische Studie mit ccFlow wird
durchgefiihrt, um das mathematische Modell zu nutzen, und das allgemeine Verhalten der freien
Oberflachen in Kapillarkanalen wird erforscht. Studien werden sowohl bezogen auf viskose und
konvektive Stromungsbedingungen als auch fiir den Ubergang zwischen den beiden Regimen

durchgefiihrt. Schliellich wird gezeigt, dass der Druckverlust und die Stromungsentwicklung
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im Eintrittsbereich des CCF Setups mit OpenFOAM dreidimensional modelliert werden kann,
inklusive der Aspekte, die iiber die Moglichkeiten der experimentellen Messtechniken hinausge-
hen. Diese Modellierung wird fiir die Bestimmung der Randbedingungen, die erforderlich sind,

um das eindimensionale mathematische Stromungsmodell zu l6sen, genutzt.
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Summary

This work is concerned with forced flow through partially open capillary channels under mi-
crogravity conditions. The investigated channels consist of two parallel glass plates and are
bounded by either one or two free liquid surfaces along the open sides. The shape of the chan-
nel resembles the capillary vanes used in propellant management devices, commonly applied
in satellite surface tension tanks. The curvature of the channel’s gas-liquid interface, which is
exposed to the ambient pressure, adjusts to the pressure difference across the interface in ac-
cordance with the YOUNG-LAPLACE equation. The flow within the channel becomes unstable
when the free surface collapses and gas ingestion into the flow path occurs - a process that is
also referred to as the “choking” phenomenon. Two-phase flow caused by the gas ingestion
might be unfavorable for certain applications. During stable flow the behavior of the free sur-
face is influenced by flow conditions, geometric properties of the channel, liquid properties and
the pre-defined system pressure.

Capillary techniques with free liquid surfaces are an important element for space and ter-
restrial applications. Having no moving parts, they provide a very reliable method of liquid
control. In this work, forced, isothermal, and incompressible capillary channel flow has been
studied theoretically, experimentally, and numerically. A previously published stability theory
has awaited a profound verification. A long-time experiment (over 60 days) aboard the Inter-
national Space Station (ISS) was performed in order to validate the theory and probe limits
within a multidimensional parameter space.

In the theoretical part of this work, a mathematical flow model based on the one-dimensional
Bernoulli approach is outlined. In the model, the liquid pressure is related to the capillary
pressure at the free surface including both principal radii of curvature. The model considers
convective and viscous losses, and additional pressure loss due to the change of the velocity
profile in the entrance region. It can be used to predict the shape of the free surface profile
for the flow under stable conditions. The limitation of the flow is discussed for steady and
time-dependent flow. The stability criterion for steady flow is based on a higher gradient of the
capillary pressure in comparison to the gradient of the convective pressure. The criterion defines
a critical point where the gradients are equal and the curvature of the free surface fails to bal-

ance the pressure difference across the gas-liquid interface. Unsteady flow yields an additional
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decrease of the flow rate limit due to acceleration flow effects. Similarities with compressible
duct flow are shown, where the limiting velocity is defined with the speed of sound.

The main goal of the Capillary Channel Flow (CCF) experiment aboard the ISS is to
determine the shape of the free surfaces and the maximum flow rates which may be achieved in
the channel without a collapse of the free surface. Two channel configurations are considered:
parallel plates (two free liquid surfaces) and a groove (one free liquid surface). The stability
of the free surface is investigated for steady and unsteady flow regimes. The CCF experiment
results are evaluated and are found to agree well with numerical predictions. A clear limit
is determined between stable and unstable flows. It is shown that the model can predict the
shape of the free surface under various flow conditions. The critical flow rate (maximum flow
rate resulting in the stable flow) is found to be a function of the channel length. The convective
and viscous flow effects influence the shape of the free surface. With increasing flow length
the deformation of the free surface increases. The dimensionless channel length [ (typical for
duct flow problems) is introduced for the classification of the flow regimes. Furthermore, the
influence of the dynamic flow effects (flow acceleration) on the stability of the free surface is
investigated. The limits of transient flows are determined experimentally. Furthermore, a good
agreement between the experimental data and recently developed transient flow stability model
is shown.

Two numerical methods are employed to solve the capillary flow problem. The first method
is a one-dimensional code ccFlow (in house developed) based on the mathematical flow model.
The second method is the three-dimensional CFD code OpenFOAM (open source). Both tools
solve the steady and unsteady problems and deliver satisfactory results. The stability limit
estimated with ccFlow is however (for “small” channel lengths) overestimated compared to
the data from experiment. The validity of the mathematical model is confirmed for a wide
range of geometrical configurations and parameters. A broad parametric study with ccFlow
is performed in order to exploit the mathematical model, and the general behavior of free
surfaces in capillary channels is studied. Studies are conducted in both viscous and convective
flow regimes and in the transition area between the two. Finally, it is shown that the pressure
loss and the flow development in the entrance section of the CCF setup can be modeled three-
dimensionally with OpenFOAM covering the aspects, which are beyond the capabilities of the
experimental measurement techniques. Such modeling is utilized for the determination of the

boundary conditions required to solve the one-dimensional mathematical low model.
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Chapter 1
Introduction

Fluid management in compensated gravity environment is an important aspect of current and
future space missions. The knowledge of liquid behavior in microgravity is essential for the
development of space applications such as fluid management devices, life support systems or
heat pipes. The simplicity, reliability and efficiency are here the key factors. Capillary tech-
niques with free liquid surfaces are therefore an important element of fluid management in
space. Having no moving parts, they provide a very reliable method of liquid control. Such
devices are commonly two-phase systems, where free liquid surfaces are exposed to the gaseous
phase. Hydrostatic pressure is negligible under microgravity conditions, and the influence of
other forces dominates the behavior of the gas-liquid interfaces.

Typical applications are propellant management devices (PMDs) employed in satellite
surface tension tanks (Figure 1.1). Propellant tanks are commonly spherical structures made

of titan [65], where the ullage volume of withdrawn propellant is replaced by gas.

Outlet to
thruster

Propellant
management
device

/Tank hull\

Vane

Liquid pool

~a

Capillary channels
with free surfaces

Figure 1.1: Satellite surface tension tank with a PMD consisting of capillary vanes.
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2 CHAPTER 1. INTRODUCTION

The remaining propellant forms a bulk which is free to move within the tank depending
on the spacecraft manoeuver. A continuous, bubble-free flow between the propellant bulk
and an outlet to the thruster is required during the entire manoeuver phase. To achieve this,
the tanks are equipped with propellant management devices. Because of chemical properties
(aggressiveness) of the propellants, the choice of materials that can be used for the inner
structure of the tank is very limited. The simplest PMD (Figure 1.1) consists of several metal
plates aligned along the tank’s inner walls [10, 43]. The plates are mounted close to the tank
wall, forming vanes. The gap between the plates and the wall serves as a passage through which
the propellant is transported towards the “funnel” part at the outlet of the PMD. From here,
the propellant is driven directly to the thruster. Surface tension effects (capillary pressure)
dominate the flow in the said passages where, depending on the design of the vanes, one or
two free liquid surfaces are formed. The flow is driven by the pressure difference between the
“funnel” and the propellant bulk. The curvature of the free surface adjusts to the changing
pressure gradient between the liquid and the surrounding gas. Consequently, the free surfaces
act as dampers compensating the pressure disturbances in case of the irregular propellant
withdrawal. The propellant remains within the vanes due to adhesion and cohesion and the
resulting capillary pressure. The stability of the flow in said vanes is essential for the mission
performance. Under certain flow conditions, the free surface loses its stability and the flow
becomes unstable. As a consequence, the surrounding gas is ingested into the flow path. Two-
phase flow caused by the gas ingestion could be unfavorable for the application (lower efficiency

or even damage of the thruster).

SLIDERS Y
FREE SURFACE e
CHANNEL WALLS s

(a) Parallel plates (b) Groove

Figure 1.2: The capillary channel consisting of two glass plates (channel walls) and movable
slide bars (sliders). The flow is driven along the z-axis by a pump which is located downstream

of the channel. The free surfaces are pinned at the sliders edges.
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1.1. MOTIVATION AND BACKGROUND 3

The stability of the flow in said channels is the main subject of the Capillary Channel Flow
(CCF) experiment. The PMD vanes shown in Figure 1.1 are simplified into capillary channels
as shown in Figure 1.2. The capillary channel, investigated in this work, consists of two parallel
plates. The channel’s configuration can be changed with two movable sliders. Two channel
configurations are considered: parallel plates (two free surfaces, Figure 1.2(a)) and groove (one
free surface, Figure 1.2(b)). The capillary channel is implemented in a fluid circulation system
to establish a continuous flow with variable parameters. A long time experiment was performed
in the micrgravity environment of the International Space Station (ISS). The test channel with
the free surface(s) is observed by a High Speed High Resolution Camera (HSHRC). The images
are downlinked from the ISS and evaluated by image processing. The gathered results are used

to validate the mathematical model developed prior to the experiment on board the ISS.

1.1 Motivation and Background

The motivation for this work arises from a deficit in experimental and theoretical work. Only few
papers are found to deal with engineering solutions for applications in surface tension tanks.
A recently developed stability theory awaited the experimental validation under long term
microgravity conditions. The limited test duration of previous experiments (drop tower - order
of seconds, suborbital flight - order of minutes) has left many important issues unaddressed.
The CCF experiment aboard the ISS provided a unique opportunity to thoroughly validate the
theory and probe limits within a multidimensional parameter space.

The CCF project is an international endeavor (ZARM, NASA, DLR, PSU). It is a first
long term open duct flow experiment conducted in reduced gravity environment. The main
goal of the CCF experiment is to determine the shape of the free surfaces and the maximum
flow rates which may be achieved in the channel without a collapse of the free surfaces. The
experience gathered during the previous short-time experiments in microgravity (within the
multiphase flow group at ZARM) was employed to design a new unique experimental setup.
The hardware, installed on board the ISS was controllable from the ground station in Bremen.
Due to the limited astronaut involvement (only hardware installation), the CCF setup had
to be a “plug and play” device. The hardware development was a challenging process due
to the limited resources to test the component functionality in reduced gravity environment.
Drop tower experiments and suborbital flight experiments were performed prior to the ISS
experiment in order to probe the functionality of the major CCF components and to perform

first observations of the flow behavior in the capillary channels.
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4 CHAPTER 1. INTRODUCTION

1.2 Scope of this Work

The scope of this work covers the following points:

e execution of the CCF experiment aboard the International Space Station,

e cvaluation of the gathered results,

e comparison with the predictions based on the mathematical model and its verification,
e numerical modeling (1D and 3D),

e implementation of the mathematical model to study the general flow behavior in the

capillary channels (which is beyond the physical constraints of the CCF experiment).

This work is structured as follows. A literature overview is given in Chapter 2, where the
development of the stability theory is summarized together with the limitations of steady
and unsteady flows and the previously performed short-time experiments under microgravity
conditions. Chapter 3 provides an overview of the capillary channel flow models (steady and
time-dependent) known from literature. Governing equations and model equations are given
in both dimensional and non-dimensional form. The CCF experiment hardware is described
in Chapter 4 together with the operational scenarios and the performance of the experiment.
Chapter 5 provides an overview on the numerical tools employed to model the flow in capillary
channels (1D, in-house developed code ccFlow, and 3D open source CFD code OpenFOAM). The
results of the steady flow experiments are discussed in Chapter 6 (including the comparison
with the numerical predictions). Chapter 7 provides a discussion about the general behavior of
the free surfaces in the capillary channels during the steady flow, where presented findings are
based on the parametric study. The results of the transient flow experiments are discussed in
Chapter 8 (including the comparison with the analytic model). Chapter 9 gives an overview of
the 3D simulations performed with OpenFOAM. In Chapter 10, the conclusions from the work

are drawn.
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Chapter 2

State of the Art

An open capillary channel is a structure that establishes a liquid flow path when the capillary
pressure caused by the surface tension force dominates over the hydrostatic pressure induced by
gravitational or residual accelerations. The cross section of the flow in the open section of the
capillary channel is totally or partly confined by free surfaces. Similarities exist between the
flow in the investigated open capillary channels and compressible duct flows (high-speed wind
tunels), flow in flexible tubes (arteries) or the flow in open channels (e.g. water open ducts).
Each of these flows is governed by similar equations. The existence of limiting velocities is
another similarity between the area-variable channel flow and compressible flows. For com-
pressible flows, the speed of sound defines the choking velocity, whereas for the area-variable
flows the limiting velocity can be defined with the speed at which waves propagate (will be
discussed in Section 2.2).

In the following literature overview, both dimensional (denoted with a prime) and dimen-
sionless quantities are presented. The scaling corresponds to the scaling of the mathematical
flow model, which will be introduced in Chapter 3. The pressure p = p’/p. is scaled with the
characteristic pressure p, = 20 /a, where a is the channel’s gap distance. The velocity v = v'/v,
is scaled with the characteristic velocity v, = \/W . The cross-sectional area A = A’'/A,
is non-dimensionalized with the characteristic area Ay = ab, where b is the channel’s width.
All lengths and the curvature h are scaled with the half of the channel’s gap distance a/2.
Complete scaling details relevant to the mathematical model considered in this work will be

given in Section 3.4.

2.1 Propellant Management Devices

Propellant management devices are necessary for a spacecraft to control the position of the
liquid propellant. The main function of the PMD is to keep the tank outlet to the thruster
filled with fuel. The surface tension PMDs can be divided into three groups [65] (i) partial
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6 CHAPTER 2. STATE OF THE ART

control, (ii) total control, and (iii) total communication devices. The partial control PMDs
hold a fraction of the propellant in the tank over the outlet and leave the remaining liquid free.
They are generally composed of not refillable traps (closed chamber) with a porous window or
refillable sponges composed of metal sheets. These devices are used in vehicles that manoeuver
considerably or use multiple engine firings. The total control surface tension PMDs hold all of
the propellant over the tank outlet during all manoeuvers and are used when the slosh control
is a concern. This type of device usually consists of a large compartmented container which
contains almost all of the liquid when the tank is fully filled. The total communication PMDs
are usually vane devices (subject of this work) designed to ensure that a flow path to the outlet

is available from any position in the tank until the tank is depleted. The vanes are formed with

(a) (b)
Simple Vane Ribbon Vane
(© (d)
Double or Parallel Vane Complex Combination
(e) ®
Vane Concept for a Flexible System Vane Concept for a Refillable System

Figure 2.1: Possible vane configurations in the surface tension tank (a-d). A vane device fitted
into a typical propellant tank, flexible demand system (e) and refillable system (f). Based on
Jaekle [43].
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2.2. CURRENT STATE OF UNDERSTANDING 7

metal sheets aligned along the tank’s inner walls. The simplest vanes consist of a single metal
panel extending from and perpendicular to the tanks wall as shown in Figure 2.1(a).

Capillary flows along vanes are limited not only by the physical constraints of the system
geometry and fluid properties, but also by spacecraft acceleration levels that can increase the
BoND number!. The flow might be interrupted due to spacecraft maneuvers causing the desta-
bilization of the liquid-gas interface. The flow becomes unstable if either limit is exceeded. In
general, to avoid gas ingestion into the flow path two technical solutions are used (depending on
the specific system requirements). For low flow rates and low acceleration, the vanes are used
for direct supply (Figure 2.1(e)). For much higher flow rates and higher BOND numbers, the
propellant is buffered in a refillable liquid reservoir that feeds the engine during the manoeuver
(Figure 2.1(f)). After the manoeuver, the reservoir is refilled by means of the vanes.

Surface tension tanks are commonly used in telecommunication satellites such as GLOB-
ALSTAR [56] (52 satellites), INSAT [57] (24 satellites), and EUROSTAR [21] (55 satellites).
An example of the OST-2 surface tension tank applied in INSAT satellites is shown in Figure
1.1.

2.2 Current State of Understanding

Surface tension devices have been used in liquid propellant tanks for almost 55 years. In spite
of the broad application of PMDs there is a lack of experimental work on their flow limitations.
Since the physics behind the effect of the flow rate limitation is not known, the design of
vanes is based on estimations (requiring high safety factors) and the theoretical work of Jaekle
[43] and Der [14]. Jackle performed a model computation of a liquid flow through a simple
T-shaped vane (metal plate positioned perpendicular to the tank wall, Figure 2.1(a)). The
one-dimensional momentum equation was solved numerically, yielding the radius of curvature
in the cross-sectional plane and the corresponding flow rates of steady and time-dependent
flows. The solution for the free surface interface shape, however, could not be computed for all
flow rates. This effect was attributed to the choking effect, without any further discussion of

its physical origin. The area wave propagation velocity down a simple vane was approximated

1o 1
C/: 5;@ s (21)

where R’ is the radius of curvature. Jaekle used a term “choking velocity”, assuming that ¢

as

might define an upper limit to manageable flow rates. The propagation of small disturbances

traveling along the simple vanes was also studied theoretically by Der [14]. Neglecting the radius

!The BoND number Bo measures the importance of body forces to surface tension forces. The definition of

the Bo number will be given later.
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8 CHAPTER 2. STATE OF THE ART

of curvature in flow direction, as well as the viscosity, a linear wave equation was derived. Der
postulated that the wave speed depends on the liquid volume transported in the vane. Two
cases were distinguished. The wave speed depends on the fluid properties and the radius of
curvature if the radius of curvature is smaller than the vane height (first case). The wave speed
additionally depends on the vane height itself if the radius of curvature is larger that the vane
itself (second case).

First experiments on the forced flow in open capillary channels (resembling the vanes of
the PMDs) date back to 1998 and were the work of Dreyer et al. [20]. In this work the
flow rate limitations in parallel plates under microgravity conditions were investigated. In the
theoretical part the steady state approach given by Jaekle [43] was followed. The mathematical
model was based on the one-dimensional Bernoulli equation leading to a non-linear ordinary
differential equation for the radius of curvature along the free surface of the test channel. Both
laminar flow and entrance pressure flow conditions were taken into account, as well as the flow
conditions before the channel inlet. The experiments were based on the work of Dreyer et al.
[19] who investigated the rise of liquid between parallel plates under microgravity conditions
in the drop tower and showed that the velocity of the rising liquid cannot exceed a certain
critical value. Further experiments with parallel plates were carried out on board the ballistic
rocket TEXUS-37 (Rosendahl et al. [67, 71]). An increasing demand on the liquid during the
transition (stepwise increase of the flow rate) was compensated by the liquid stored in the liquid
reservoir. An inlet nozzle was applied to control the flow conditions at the channel inlet. It was
shown that the capillary wave speed can be derived from the experimentally determined free
surface contour. The capillary channel and the free surface were observed with a high speed
camera. Both Dreyer et al. and Rosendahl et al. (drop tower and sounding rocket experiments)
pointed out that very small incremental increases in flow rates are required to minimize the
transient inertial effects of the flow in the capillary channels. This could be accomplished during
long-term experiments within a compensated gravity environment.

An extensive experimental, numerical, and theoretical study on the flow rate limitation in
the open parallel plates channel was performed by Rosendahl et al. [70], who attributed the
effect of surface instability to the capillary Speed Index. The definition of the capillary Speed

Index

v 1dA
Sca == U_ca =0 —ZE (22)

is based on the flow velocity v and the limiting longitudinal small-amplitude wave speed v,.

A is the flow cross-sectional area, and h the mean curvature. The capillary wave velocity

Veg = | —A— (2.3)

is the generalized wave speed of Jaekle (Equation (2.1)). Choking occurs when the capillary

Speed Index reaches unity S., = 1 and steady flow is possible only for flow rates below this
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2.2. CURRENT STATE OF UNDERSTANDING 9

critical value (subcritical flow). Stable, steady flow is possible in the subcritical regime and
the free surface collapses at the critical point. In the one-dimensional flow model proposed
by Rosendahl et al. the liquid pressure is related to the capillary pressure at the free surface
including both principal radii of curvature. The model considers the convective and viscous
losses, and the additional pressure loss due to the change of the velocity profile in the entrance
region (entrance flow effects). For the discussion of the physical flow effects Rosendahl et al.

introduced the dimensionless length [
Ohl'

4a "’

where OHNESORGE number Oh relates the viscous forces to inertial and surface tension forces.

= (2.4)
The definition of the Oh number will be given later. A numerical parameter study was per-
formed aiming on the identification of three regions in which the flow limitation is caused by
either convective or frictional pressure losses, leading to distinctly different interface profiles.
For flow lengths [ < 1073, the frictional pressure loss vanishes and choking is caused by the
convective term (momentum equation). In the transition regime (1073 <1 < 107! both effects
control the flow (convective and frictional pressure losses). For very long channels (I > 1071),
the flow is dominated by viscous momentum transport. For [ — oo (pure STOKES flow), the
limit of application for the choking model was shown. The analytical formulation of the critical

flow rate in the purely viscous regime [ > 0.1 was approximated as

an — 2 (2.5)

where Kpy is the friction factor for the flow between parallel plates.

Srinivasan [82] studied numerically the capillary self-driven liquid flows in open parallel
plates channels. He proposed a semi-analytical method for the solution of the steady three-
dimensional STOKES equations. Comparing with the experimental results from Rosendahl et
al. [71], the computed flow rates were approximately three times lower, which the authors
attribute to the inertia in the experiment.

The stability limits of unsteady open capillary channel flow were studied by Grah et al.
[32]. The steady flow model of Rosendahl et al. [70] was extended to unsteady conditions.
The unsteady effect was defined by a dynamic flow rate increase during a given time period
causing an additional flow rate limitation. Grah et al. postulated that the unsteady flow can
be temporarily choked, remaining however stable. Thus, the theory defines three flow regimes:
subcritical flow, stable supercritical flow, and unstable (supercritical) flow. The stability in the
supercritical regime is explained by a pressure balance at the free liquid surface. Grah et al.

introduced the Dynamic Index defined as

D=1-

(2.6)
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where h* is the capillary pressure, x* convective pressure at the point of the flow minimum
cross-section area and x;{ convective pressure at the beginning of the unsteady phase. The
difference h* — x* tends to zero at the stability limit, thus the dynamic index reaches unity for
unstable (supercritical) flow.

The existence of the numerical singularity at the critical point of the steady flow instability,
postulated in previous publications, was demonstrated in detail by Grah and Dreyer [31]. The
numerical singularity was attributed to the stability criterion for steady flow and represents the
numerical consequence of the liquid surface collapse. Furthermore, Grah and Dreyer introduced
the Equivalent Steady System (ESS) technique assuming that every unsteady state which occurs
during a flow transition can be substituted by an equivalent steady state. In his method the time
derivatives of the differential equation system are considered as constant at the corresponding
time point. Furthermore, in the work of Grah and Dreyer the liquid surface stability model,
based on the capillary pressure h* and the flow pressure x*, was extended to account for the
viscous pressure loss.

Convective dominated flows in open capillary channels were studied theoretically and ex-
perimentally by Rosendahl et al. [69]. Flows of this type are of particular interest since the
free surfaces possesses a quasi-symmetry in the flow direction enabling the application of a new
method for evaluation of the flow limits. Contrary to former approaches, this method uses an
approximation of the surface curvature by means of the empirical surface profiles. Moreover,
Rosendahl et al. found that the choking effect occurs independently, whether the flow limit is
approached by variation of the flow rate or by the variation of the flow length.

Klatte [50] and Klatte et al.[51] studied theoretically, numerically, and experimentally the
flow in capillary channels with wedge-shaped cross sections. They postulated that the capillary
Speed Index is effective for the convective dominated flow, but for viscous dominated flow in
the wedge, the free surface loses stability even with the Speed Index below unity. Thus, an
ingestion index was proposed for viscous dominated flows.

A related phenomenon, such as capillary-driven flows in slender containers with interior
edges (wedges, rounded corners, and vane gapes), were extensively investigated theoretically
and experimentally. All studies are motivated by passive manipulation of the fluid interfacial
flows in absence of gravitational forces. The circulation and separation of large quantities of
water in spacecraft life support systems was addressed in the work of Weislogel et al. [96]. He
studied experimentally (low-g flight) a passive phase separation in a urine collection system.
So far, capillary solutions for water based systems aboard spacecraft were ignored due to poor
and unpredictable wetting properties which control fluid configurations in capillary dominated
systems. It must be noted that, without the aid of gravity, for certain processes the principal

challenge is simply the one of separating two fluid phases (e.g. condensate from humid air).
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2.3. OPEN CHANNEL FLOW STABILITY CRITERIA 11

Weislogel et al. [93, 95] studied the flow behavior along the interior corners of space-
craft propellant tanks after the sudden reduction of gravitational forces. The numerical re-
sults were compared with the experimental data from the drop tower (2.2 s of ug) and low-g
parabolic flights. The theoretical predictions of the liquid low were based on a nonlinear one-
dimensional diffusion equation, without the strong dependence on numerical data as in the
work of Ayyaswamy et al. [2] and Ransohoff et al. [63].

A broad study on the capillary-driven flow in the low-gravity environment was performed
within the series of Capillary Flow Experiments (CFE) aboard the International Space Station.
The CFE are designed as a collection of quantitative fundamental and applied capillary phe-
nomena experiments conducted using handheld (by astronauts) hardware. The flow in complex
geometries is studied encompassing three experimental setups, Contact Line (CFE-CL), Inte-
rior Corner Flow (CFE-ICF), and Vane Gap (CFE-VG) configuration. The first investigates
the properties of the contact line which controls the interface shape, stability, and dynamics
of capillary systems [45]. The second studies capillary flow in interior corners resembling the
structures inside the propellant tanks [94]. The third experiment studies capillary flow when
there is a gap between interior corners, such as in the gap formed by an interior vane and a
tank wall of a large propellant storage tank or the near intersection of vanes in a tank with

complex vane control [11, 12].

2.3 Open Channel Flow Stability Criteria

The liquid surface stability is based on the pressure interactions across the free liquid surface
in the open section of the capillary channel. The flow in the capillary channel is considered as
shown in Figure 2.2. The liquid is confined to the channel in the open section by capillary forces
only. The curvature of the free surface balances the pressure differences across the interface.
The capillary pressure, defined with the YOUNG-LAPLACE Equation h* = Ri™' 4+ R3 !, has to
compensate two flow-induced pressure flow effects. Firstly, the convective pressure y* caused
by the convective acceleration vdv/dz. Secondly, an additional pressure effect, which is the
difference h* — x* caused by the the local acceleration dv/dt of an unsteady flow. In general,
the capillary pressure (surface tension) enhances the stability of the free surface, whereas the
convective pressure and the effect of the local acceleration act contrarily. In the following, two
criteria for the surface stability will be formulated of which at least one has to be fulfilled to
assure the stability. The pressure balance at the point of the minimum cross-section x* as
shown in Figure 2.2 can be defined as [32]

= du
—dr=h"—x". 2.
| G = —x (27)
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Figure 2.2: Steady equilibrium of the capillary pressure h* and the convective pressure x*.

The irreversible pressure loss effects are neglected and the convective pressure (square function
of the velocity) increases significantly at the channels throat. Hence, the convective pressure

has a high potential for destabilization and plays a significant role in the liquid stability.

2.3.1 Flow Rate Limitation of Steady Flow

For steady flow, the pressure balance (2.7) at the channel position z* simplifies to
h* = x". (2.8)

Figure 2.3(a) shows a generic steady pressure diagram at the point of the minimum cross
section. The thin xg, lines represent the theoretical behavior of the convective pressure x* over
the contour height £* for a constant flow rate ) = v*A*. The bold line shows the capillary
pressure h*, which is the function of the curvature of the free surface. In general, with decreasing
contour height k* at the point x = x*, the curvature of the free surface increases causing an
increase of the capillary pressure h*. A steady state can be defined at the intersection of the h*
and xg, lines, for a given flow rate @ (e.g., point a in Figure 2.3(a)). Qualitative comparison
of the pressure curves in Figure 2.3(a) shows a higher gradient of the h* line compared to the
Xg lines. Even a small change of £* caused by the free surface movements (due to external
perturbations, e.g. change of boundary conditions) leads to a change of the capillary pressure
along the h* line and of the convective pressure along the x¢, line (constant @) is assumed).
Since the h* line is steeper than the xg, line, the capillary pressure always acts in a stabilizing
way and compensates the convective pressure. Hence, the stability criterion for steady flow can

be formulated based on the gradients as

‘ an (2.9)

dk*

dy*
- ‘dk*

With increasing flow rate, the point a in Figure 2.3(a) moves upwards along the h* line (the
free surface bends inwards, and the capillary pressure increases). The gradient of the A* line

decreases slightly and the gradient of the xg, line increases significantly for smaller £* values.
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Figure 2.3: Pressure diagrams at the point x = x*, where h* is the capillary pressure, x* is
the theoretical value of the convective pressure, and k* is the free surface contour. The critical
point CP defines the limit of the steady flow. For unsteady flow (b) the liquid surface collapse

occurs at the destabilization point DP.

Consequently, the difference of the gradients in Equation (2.9) decreases. The gradients are
equal when the critical point CP is reached, and the corresponding flow rate defines the critical
rate (limit of the stable flow). The dashed line in Figure 2.3(a) represents the theoretical
supercritical solution of no practical meaning for the steady flow theory. It will be shown later
that it corresponds to the stability limit of unsteady flow.

Furthermore, rearranging inequality (2.9) and combining it with the small amplitude wave

speed (2.3) yields the capillary Speed Index at the point of the minimum cross section

v* [ 1 dA*
— — "= 2.1
SC(I 'Uza U A* dh* 9 ( 0)

which bears similarities to Rosendahl et al. definition (2.2). The dependency of the S., on the

flow rate is shown in Figure 2.4. At the critical point CP the velocities are equal v}, = v*,
and the Speed Index reaches unity, S., = 1. Any disturbance traveling upstream at the speed
of sound, e.g. an infinitesimal increase of the flow rate (pump located downstream from the
channel outlet) cannot pass the minimum cross-section point x = z*. In such case, the flow
rate at the inlet remains unchanged. To satisfy continuity, surrounding gas has to be ingested
into the channel. Thus, the free surface collapses and gas ingestion occurs. This phenomenon
(choking) bears similarities to compressible duct flows e.g., flow in a DE LAVAL nozzle or an
orifice. Here, the limiting velocity is the speed of sound, and the MACH number approaches
unity at the critical point.

The effect described above might be denoted as a “wave speed limitation” with the limiting
mechanism of choking. For sufficiently long channels (I > 0.1 ), an effect of “viscous limitation”

causes the flow rate limitation, as shown by Rosendahl et al. [69] .
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Figure 2.4: Numerically predicted Speed Index S, as a function of the flow rate @) for the
parallel plates. Two flow lengths [ are chosen for comparison. The mathematical flow model

(will be discussed in Section 3.4) is solved with finite differences (will be discussed in Section

5.1).

2.3.2 Flow Rate Limitation of Unsteady Flow

For unsteady flow, the acceleration pressure effect is taken into account. The capillary pressure
h* and the convective pressure xg, are not equal during the flow rate transition. Figure 2.3(b)
shows a generic unsteady pressure diagram at the point of the minimum cross section. The point
a (subcritical steady state) depicts the beginning of the unsteady phase. During the transition
the free surface is drawn into the channel and the contour height k* decreases. Consequently,
the capillary pressure h* moves along the bold line of the pressure diagram. The difference
h* — x* (marked with hatched lines in Figure 2.3(b)) represents the dynamic pressure effect,
caused by the acceleration term in Equation (2.7). Owing to the unsteady terms no singularity
occurs for the numerical solution at the critical point CP [32]. The flow remains stable and
the supercritical flow regime on the left-hand side of the critical point CP can be reached in
the case of dynamic flow. The Speed Index (2.10) is a function of the flow cross-sectional area
A* and the curvature h* only and can be applied to the unsteady case as well. As for steady
flow it reaches the value of S.,, = 1 at the CP in Figure 2.3(b). In the supercritical regime,
the communication between the channel outlet and inlet is interrupted. Increasing flow rate
demand on the outlet is not followed by the inlet flow rate. The imbalance between the outlet
and inlet flow rate is compensated by liquid displacement. The difference h* — x* decreases for
decreasing £* in the supercritical regime. In the supercritical regime the free surface is further

drawn into the channel. This leads to an increase of the local curvature and a significant
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increase of the h*-line gradient. When the convective pressure x* reaches the value of the
capillary pressure h*, the free liquid surface collapses (the destabilization point DP in Figure

2.3(b)). Hence, the supercritical unsteady stability limit criterion can be formulated as
h* < x*. (2.11)

According to definition of the Dynamic Index given in Equation 2.6, x{ is the convective pressure
at the beginning of the unsteady phase. This corresponds with point a in Figure 2.3(b)). The
difference h* — x* tends to zero at the stability limit, thus an unsteady open capillary channel

flow is stable if the Dynamic Index does not reach the value D = 1 in the supercritical area.

2.4 Limitation of Ground Based Experiments

Terrestrial experiments are limited by the hydrostatic pressure acting on the free liquid surfaces.
Consequently, the OHNESORGE number is limited. Considering a horizontal flow between
parallel plates (Figure 1.2(a)), the limits can be estimated with the following relation

2
pg-a = 70 , (2.12)

where the term on the left-hand side is the maximal hydrostatic pressure in the channel of gap
distance a. The term on the right hand side represents the differential (capillary) pressure across
the liquid interfaces. It is derived from the YOUNG-LAPLACE equation p’ — p) = —U(R/_l +
R'~1), where the radius of curvature in flow direction 2’ is neglected (R} = —a/2, R} — o0).
The ratio between the gravity and surface tension forces can be expressed with the BOND
number defined as Bo, = pg.ab/20, where g, = 9.8 m/s? is the gravitational acceleration on
Earth. The maximal gap distance in a ground based experiment and the minimal OHNESORGE

number can be estimated as

2Bo,
Amaz = 7 ) Ohmin - K

PYz V 2amaxp0 '

(2.13)

Since the stability limit in considered channels is not known, Bo, < 0.01 is required. For
the standard test liquids, the obtained limitations are shown in Table 2.1. For the test liquid
HFE-7500 used in the CCF experiment, the maximal gap distance is ¢4, = 0.1 mm, and the
minimal Oh number Oh = 12.5 x 1073, The range to be investigated aboard the International
Space Station is however 5 x 1072 > Oh > 5 x 10~*. Large Oh number lead to a viscous

dominated flow behavior and convective as well as inertia related effects cannot be studied.
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Table 2.1: Maximal theoretical gap distance and the minimal OHNESORGE number in a terres-

trial experiment. The test liquid properties are at 25 °C.

Liquid P v o Umaz  Ohlpmin X
- kg/m®* 107 m?/s 107> N/m | mm 1073
Heptane 679 0.57 19.9 0.2 4.8
SF 0.65 761 0.65 15.6 0.2 7.2
SF 1.0 818 1 16.9 0.2 11
HFE-7500 | 1600 0.66 15.7 0.1 12.5
FC-77 1789 0.8 14.7 0.1 17

2.5 Experiments in Microgravity

Forced flow in capillary channels under reduced gravity conditions has been extensively studied
since the mid-nineties within the Multiphase Flow Group at ZARM. Prior to the experiment
aboard the ISS, experiments were conducted in the drop tower and on board the sounding
rocket TEXUS [73]. The drop tower in Bremen provides 9 s of pg, and the sounding rocket
TEXUS 300 s of pug. Performed experiments are summarized in Table 2.2. The first experiments
in the drop tower were performed by Dreyer et al. [20], who investigated the forced flow in the

capillary channel.
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Table 2.2: Overview of experimental studies concerned with capillary channel flow in a micro-

gravity environment. DT - drop tower.

Year|Geom.| Dimensions |Environment Objectives Outcomes References
- - mm & Test liquid - - -
a: 2-5; b: 10-30| DT FC77 filling, 1st observation
1998 PP . [20]
[: 48-96 SF0.65+1.0 forced flow of choking
2001 PP a: 5;0b: 25 | TEXUS-37 steady flow, critical flow, 67, 71]
[: 46.6 PDMS transition evaluation of v, (58, 70]
2005| PP a: 12 ;b: 25 | TEXUS-41 extension to Sea = [(Q) plot, (68, 66|
[: 12-19 HFET7500 | convective flow | pressure diagrams [32]
a: 10 ; b: 25 DT steady flow, 2nd geometry, [35]
2006| GR _ _
[: 12 HFE7500 choking k comparison
a: 10 ; b: 25 DT subcritical flow, comparison [34]
2010 GR :
[: 28.9,47.5 FCT72 surface profiles with model
2010l pp a: 10 ; b: 25 | TEXUS-42 |supercr. flow, Q| S., = f(Q) plot, (69, 31]
[: 12 FC72 and [ variation | pressure diagrams
2010| GR a: 10 ; b: 25 | TEXUS-45 | two-phase flow, comparison (77, 76]
[: 80 FCT72 bubble transport with model
a: 8.4 ; b: 30 DT steady flow, |3rd geometry, inertia [50]
2011, WE
[: 48 HFE7500 choking and viscous collapse

2.6 Capillary-driven Flow in Terrestrial Applications

The outcomes of this work and the CCF experiment might be of interest not only for space
applications (macrofluidic), but also for terrestrial systems that rely on capillary effects (mi-
crofluidic). Zhang et al. [100] proposed the capillary length I, = /o /(pg) < O(1 mm), which
is the characteristic system dimension, to demonstrate the degree to which passive control may
be achieved on Earth. For macrofluidic space systems significantly larger dimensions can be
maintained < O(1 m). In cited work the fluid flow and heat transfer in dual-wet micro heat
pipes was studied. Micro heat pipes are commonly long capillaries (triangular or rectangular)
filled with a liquid and a long vapour bubble. Micro heat pipes find their application in micro
electronic devices [33, 84].

Lab-on-a-chip platforms are another typical example of microfluidic devices [36, 90, 74],

where capillary effects are employed to passively process the fluids. In such devices the single
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or multiple lab processes are scaled down to a chip-format in which effects such as capillary
forces or wall roughness become more dominant.

The behavior of flow in partially open liquid microchannels was studied by Melin et al.
[55]. The channels consist of a closed inlet part, a closed outlet part, and a section in between
which is open to the surrounding gas. Such a structure enables direct liquid sampling which
finds application in lab-on-a-chip devices [25]. The fluid behavior, based on the continuous
pressure-driven flow and surface tension, was discussed in terms of cross sectional flow behavior,
performance and its application to microfluidic interfacing.

A spontaneous capillary flow in uniform cross-section microchannels was studied by Berthier
et al. [3]. Spontaneous capillary flow occurs when a liquid volume is moved by the effect of
capillary forces, without the help of other devices such as pumps or syringes. A theoretical
flow model was presented and the conditions for spontaneous capillary flow in any composite
channels of uniform cross-sections (e.g. microchannels with non-homogeneous walls and partly
open channels) were derived. The criterion for the establishment of said flow was based on the
effective contact angle (CASSIE law). The work of Berthier was motivated by previous studies
in which the influence of the channel geometry on the establishment of the capillary flow was
investigated experimentally and numerically (Zimmerman et al. [101], Chen et al. [12]).

Capillary pumps are another typical application of capillary-driven flows. Zimmermann et
al. [101] have shown how to control the capillary flow in the various geometrical configurations
of capillary pumps. The performance of capillary pumps was studied in combination with the
flow resistance, in which the capillary pressure was defined solely by the geometry. Design
procedures of the capillary pumps with rectangular cross sections were shown in the work of
van der Wijngaart [89]. Geometric parameters of the channel were derived ab initio, assuming

constant volumetric flow rate and constant velocity profiles.

2.7 Computational Fluid Dynamics

The work of the British meteorologist Lewis Fry Richardson is believed to be the first approach
of solving the fluid transport equations using finite differences and division of the physical
space into cells [64]. Although, his weather prediction calculations were performed by hand,
they are still the earliest type of computations resembling the modern CFD. Development of the
electronic computers during the 1940s marks the start of the digital era of numerical comput-
ing. One of the earliest CFD computations were performed on ENIAC (Electronic Numerical
Integrator And Computer) using methods similar to Richardson’s meteorology models.

The earliest numerical solution for laminar flow past a cylinder was carried out in 1933
by Thom [86]. Two symmetrical eddies were obtained behind the cylinder and the values for

drag and pressure distribution agreed with the experimental results. Kawaguti [48] obtained a
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similar solution for the flow around a cylinder in 1953 by using a mechanical desk calculator,
working 20 hours per week for 18 months.

The first approach to solve the full NAVIER-STOKES equations with the finite element
method for the flow with free surface dates back to 1965 and the marker-and-cell (MAC)
method developed by Francis H. Harlow and Welch [38] and their group. Harlow is considered
as one of the pioneers of CFD techniques. In his group during the 1950s and 1960s many of the
currently used numerical methods: Particle-In-Cell (PIC), MAC, vorticity and stream function
and Implicit Continuous Fluid Eulerian (ICE) were developed.

During the 1970s a group working under Brian Spalding at Imperial College (London, UK)
developed other important numerical methods: SIMPLE (Semi-Implicit Method for Pressure
Linked Equations) algorithm, stream function based codes and upwind difference discretization
schemes. Spalding created PHOENICS - the first commercially available CFD software [1]. A
further development of CFD techniques in the 1960s and 1970s is associated mainly with the
research groups of space and aerospace industries. The first three-dimensional computations
were achieved by discretizing the surface geometry with panels (panel methods) [39]. This tech-
nique for airfoil analysis, ship hulls and aircraft fuselages was extensively developed, including
lifting models and boundary layer models (viscous effects).

Most commercial CED codes available today (Fluent, CFX, Star-CD, Flow 3D, Polyflow)
originated from the 1980s and 1990s. The use of commercial CFD software started to become
accepted by major companies around the world rather than development of in-house CFD
codes. Extensive documentation and user support are the main benefits of the commercial
codes. The main disadvantages are the limited possibility to modify the code and license fees.
An alternative to commercial software are open-source CFD codes, among which the most
popular are: OpenFOAM [44] (general purpose CFD code), REEF3D [47] (focus on complex free
surface flows in hydraulic, coastal, offshore and environmental engineering), SU2 [61] (focus
on aerodynamic shape optimization), FeatFlow [42] (general purpose code for the numerical
solution of the incompressible NAVIER-STOKES equations in two and three space dimensions)

and Gerris [62] (focuses on marine and ocean flow applications).

2.7.1 Interface Tracking

Simulating liquid motion with free surfaces introduces the complexity of having to deal with
solution regions (interfaces) whose shapes are changing. Existing methods for the computation
of free surfaces can be classified into two groups [23]: (i) surface methods (surface fitting),
and (ii) volume methods (surface capturing). With surface methods (particles on interfaces,
height functions, level set method, surface fitted methods) [87], the interface is represented and
tracked explicitly, either by marking it with special marker points, or by attaching it to a mesh

surface which is forced to move with the interface. The advantage of this approach is that the
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interface remains sharp and its position is known throughout the flow field. Surface methods
are limited to interfaces which are not subjected to large deformations due to the restrictions
on the prediction of merging (coalescence) or rupturing (breakup) interfaces as in the case of
choking in capillary channels. With volume methods, the fluids on either side of the interface
are marked by either massless particles or an indicator function. The exact position of the
interface is not known explicitly and special techniques need to be applied to capture a well
defined interface as a part of the solution algorithm [88]. A comprehensive review of numerical
methods to track interfaces in multiphase flows is given in the work of Gopala and van Wachem
[27].

The Volume of Fluid (VOF) method is probably the most widely used volume method.
It is based on the idea of recording in each grid cell the fractional portion of the cell volume
occupied by liquid. The main advantage of this method is the capability to model non-linear
problems in which the free surface experiences sharp topological changes. The VOF method
is computationally friendly, as it introduces only one additional equation and does not require
mesh deformation algorithms as in case of surface-tracking methods. More details on the VOF

method will be given in Section 5.2.

2.7.2 Two-Phase Simulations With OpenFOAM

OpenFOAM (Open source Field Operation And Manipulation) is a C++ toolbox for the devel-
opment of customized numerical solvers and pre-/post-processing utilities for the solution of
continuum mechanics problems, including computational fluid dynamics (CFD) [44]. The code
is released as free and open source software under the GNU General Public License. By being
“open”, the code offers complete freedom to customise and extend existing functionality. Open-
FOAM (originally FOAM) was created by Henry Weller and co-workers [97] in the late 1980s at
Imperial College (London, UK). OpenFOAM is being constantly developed, and it contains over
80 solver applications that simulate specific problems in engineering mechanics. In this study,
OpenFOAM was chosen for the three-dimensional modeling of the flow in capillary channels
because of its multiphase capabilities (interFOAM solver based on the VOF method), no license
fees and possibility to run simulations on an unlimited number of cores. More details on solver
properties, performed simulations and results will be given in Sections 5.2 and 9.

The two-phase solver interFOAM was described and validated for various application cases.
A comprehensive review can be found in the work of Deshpande et al. [15]. Complex multiphase
flow problems, such as a circular water jet plunging at shallow angles into a quiescent pool,
were modeled. Excellent agreement between the numerical predictions (including coalescence
of air cavities) and experimental findings was obtained [16]. The effect of velocity modulation
imposed on a cylindrical liquid jet falling into stagnant gas was modeled by Srinivasan et al.

[83]. Sinusoidal velocity fluctuations of finite frequency and amplitude were applied at the
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liquid jet inlet, and the resulting jet deformation (i.e., surface waves) was captured with the
interFOAM methodology. The stability of the gas-liquid meniscus was studied numerically and
experimentally by Maiwald and Schwarze [53] who analyzed the flow-induced gas entrainment
in a roll coating system.

Another phenomenon studied with OpenFOAM is microfluidic flow. Hoang et al. [41]
showed that the movement and formation of confined bubbles and droplets can be predicted
in very good agreement with experimental data using VOF simulations. Numerous test cases
are considered, and the ability of interFOAM to handle large interfacial tension, topological
changes and large separation of characteristic length and time scales was demonstrated. Com-
putationally demanding tasks, such as the formation of a lubricating film (typically two orders
of magnitude smaller than the channel width) or the breakup of a bubble in three-dimensional
T-junctions were accurately predicted. A two-phase capillary flow in microfluidic channels at
very low Capillary numbers was investigated experimentally and numerically with interFOAM
by Saha et al. [75]. The channels consist of two parallel glass plates with integrated pillars.
Passive capillary filling process was considered by applying a constant pressure at the channel
inlet and outlet. Good agreement of simulated meniscus profiles with the experimental work
was obtained.

Falling liquid films were studied widely with OpenFOAM. Dietze et al. [17] investigated
the nonlinear wave and flow dynamics of vertically falling films with three-dimensional regular
surface waves of large-amplitude humps preceded by capillary ripples. It was shown that the
dynamics in three-dimensional films differ significantly from those in two-dimensional films
due to the absence of gravity in the third (spanwise) direction. Dietze showed that complex
inertia- and capillary-dominated flow structures can be resolved with the DNS (direct numerical
simulation) technique coupled with interFOAM. Other examples of numerical validation of flow
film models can be found in the work of Martin et al. [54]. The gravity-driven, thin wavy films
are modeled assuming only one computational cell over the film height. With such approach,
the computational time can be reduced and film flow over large surfaces of complex geometrical
shape can be considered. Doro and Aidun [18] show that the flow inside the film can be modeled
by discretising the film over its thickness. The formation and evolution of backflow regions for
the sinusoidal and teardrop-shaped surface regimes of laminar falling liquid films were studied
with interFOAM. It was shown that falling liquid film disturbances grow into waves as they
travel downstream. The dynamic aspects of backflow were successfully resolved with the VOF
technique.

Grah and Dreyer [30, 31] used interFOAM solver to study the forced flow in capillary chan-
nels under microgravity conditions. The channel configuration (parallel plates), and the liquid
and flow properties corresponded to the experimental conditions during the TEXUS-42 sound-

ing rocket flight. For the verification, the numerical results were compared with quasi-steady
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and unsteady data from experiment. Good qualitative agreement in the numerically determined
shape of the free surfaces compared to the experimental data was shown. Particularly in the
unstable supercritical regime, the choking process was well reproduced by numerical modeling.

Klatte [50] employed OpenFOAM to model the forced flow in the wedge channel. His
model resembles the setup of the experiments with wedge performed in the drop tower. His
computational domain consists of the flow preparation chamber, the entrance nozzle, and the
capillary channel. He applied a mesh adaptation algorithm in order to reduce the computational
time. With this method, a relatively coarse grid can be used for the simulation. The mesh in the
vicinity of the free liquid surface is automatically re-meshed (re-fined) during the computation,
depending on the position of the interface. The numerical results (critical flow rate and free
surface contour) coincided well with the experimental data. Furthermore, a parametric study
was performed with OpenFOAM in which the dependency of the flow rate on the velocity field
(flow profiles) and its development for the flow in the wedge in the inertia and viscous dominated
regimes was studied. Also the influence of the OHNESORGE number and the wedge dimensions

on the critical flow rate was shown.
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Chapter 3

Modeling the Flow in the Capillary
Channel

Forced liquid flow through an open capillary channel consisting of two parallel plates is con-
sidered, as shown in Figure 1.2. The channel has a width b, and a gap distance a. The flow
enters the channel at x = 0 and exits at © = [. One (groove) or two (parallel plates) free
liquid surfaces are formed along the open flow path [. In the stable flow regime, the capillary
pressure at the free surface causes the pressure difference across the gas-liquid interface. The
liquid pressure decreases in the flow direction, thus the curvature increases in the vicinity of the
channel outlet. For an internal pressure lower than ambient pressure, the free liquid surface(s)
are concave at any cross-section as shown in Figures 3.1(c) and 3.1(e) for parallel plates and
groove, respectively. The flow along the channel axis z is characterized by the mean velocity v
and the liquid pressure p and is modeled with the unsteady, one-dimensional flow model based
on the momentum and continuity equations. The model predicts the free surface contour k(x)
along the channel at stable flow conditions.

In the following, the mathematical model of the flow in capillary channels (parallel plates
and groove) is given. The governing equations and relevant mathematical relations are in-
troduced in dimensional form. Furthermore, the non-dimensional numbers and scaling are
presented and applied to the dimensional model, resulting in the set of a coupled differential
equations that can be solved with finite differences. The notation used in the figures is valid

for dimensional and non-dimensional quantities (primes are dropped for the sake of simplicity).
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(a) PP and GR R, R
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flow direction
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Figure 3.1: Schematic of the considered capillary channel (PP - parallel plates; GR - groove
channel). (a) Free surface with two principal radii of curvature R; and R, and the interface
contour k in the x, z-plane as a function of z. (b) and (d) are the cross-sectional views in
the z, z-plane. (c) and (e) are the cross-sectional views in the y, z-plane (for x = const. and
0<x<l).
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Basic Definitions

In the following, the basic geometrical relations required for the formulation of the mathematical
model are given. The channel length is defined as a longitudinal length of the free surface
extended between the pinning points xy and z; (Figure 3.2). The free surface contour k(x)
is defined by the intersection line of the free surface with the plane y = 0, and it defines the
innermost position of the liquid surface. For any flow cross section it defines the minimum of
z = z(x = const, y). For any z between xg and x1, the contour £ is a function of the coordinate z.
The free surface profile is defined as the graphical representation of the function & = f(x). The
minimum contour point &, (z*, k*) coincides with the location of the minimum cross-sectional
area where the first derivative of the contour is zero. The free surface displacement is defined
as its vertical offset d = 0/2 — k. The free surface deformation (asymmetry) Az = z* —1/2
can be identified for the non-symmetrical free surfaces for which the minimum contour point
is shifted towards the channel outlet. For symmetrical profiles, the point k,,;, is located in the

channel’s center z* = (/2 and Az = 0.

AZ free surface displacement
contour

b/2 "% 0
k : k* =
inlet I voutlet
U U R E R o o———— >
Xo X1 X X1
= >|

[

Figure 3.2: Geometrical definitions in the symmetry x,z-plane of the rectangular channel.
The grey dashed line and black solid line represent a symmetrical, and a non-symmetrical free
surface profile, respectively. k - free surface contour, k,,;, - minimum contour point with its
spatial coordinates x* and k*, [ - channel length, b - channel width, zy - channel inlet, z; -

channel outlet.

Model Assumptions

In the following, the dimensional quantities, denoted with (’) are presented (unless otherwise
specified). The dimensions a and b are not supposed to be scaled for the non-dimensional

model, thus the prime is dropped. The origin of the coordinate system is located at the center
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of the inlet cross-section area. The flow is assumed to be one-dimensional along x’. The test
liquid is Newtonian, and perfectly wetting with the contact angle of 0°. The incompressible
flow and isothermal conditions are assumed. The Reynolds number is defined as
v'D
Re = —" (3.1)

v

where v’ is the average flow velocity, D), is the hydraulic diameter of the cross section and v
is the kinematic viscosity. In the experiment below 900, therefore the flow is assumed to be
laminar. The hydrostatic pressure caused by acceleration g is considered to be negligible. The

Bond number is defined as

al
Bo = % : (3.2)

where p is the liquid density and o the surface tension. In the experiment the characteristic
lengths are L, = a,b,l’ and characteristic axis ¢ = 2/,7/,2’. Assuming the acceleration g; =

1075 m/s? the Bond number in experiment is below 1074

3.1 Basic Equations

The shear stress at the gas-liquid interface is neglected and the gas phase is considered as
passive. The differential pressure at the interface can be determined by the YOUNG-LAPLACE

equation
p—p,=-20H =—0 (i - i) : (3.3)
“ T
The capillary pressure is proportional to twice the mean curvature 2H’, which is defined by the
principal radii of curvature R} and R/, (Figure 3.1(a)). For further considerations the curvature
is defined as the variable

h = 2H' (3.4)

Momentum Balance
The one-dimensional, unsteady momentum equation in dimensional form writes

o' o 1op 10w}
- V' — = ——— — — ,
ot’ ox! pox'  p Ox'

(3.5)

where v’ is the flow velocity, 2’ the coordinate in flow direction, ¢’ the time, p’ the pressure,
p the liquid density and dw’; the friction factor. Combining the pressure term from equation
(3.5) with the YOUNG-LAPLACE equation (3.3) yields

ap' oH" oKW

ax/ = —20 aiL‘/ = —U% s (36)
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where the mean curvature term is substituted with (3.4) and p, = const is assumed. The final

form of the one-dimensional, unsteady momentum equation writes

o' ook 00 10w
== +

T T pow Vow T oow

(3.7)

Mass Balance

The volumetric flow rate balance writes
0A”  0A" , OV
— = —A .
o~ or' T ow

The flow cross-section area A’ is a function of 2’ due to the change of the free surface profile

(3.8)

along the flow direction. Consequently, the mean flow velocity is also a function of z’ such as

1
V) = [l e (3.9)

where v/, is the component of the velocity in the 2’ direction (flow direction).

3.2 Modeling of the Free Liquid Surface

A relation between the mean curvature of the free surface A’ and the flow cross-sectional area A’
is required in order to solve the transport equations (3.7) and (3.8). It will be shown that A’ and
A’ can be defined as a function of ¥’ and its derivatives with respect to 2’. The first and second
derivatives are defined as dk' = dk’/d2’ and dp k" = d?k’/dz'?, respectively. The following
considerations apply for the groove and parallel plates since the mathematical model is almost
identical for both geometric configurations. What differs is the determination of the flow cross-
sectional area A’ and the friction loss term dw’;/dz” in the momentum Equation (3.7). The
cross-section is greater for the groove than for the parallel plates because the narrowing of the
cross-section area occurs only on one side for the groove (Figure 3.1(e)).

In the following considerations, it is distinguished between two cases: (i) the contact line
of the free surface is pinned along the edges of the channel walls, and (ii) the free surface is
not pinned and free to move with a zero degree contact angle (free contact line). In the second
case, the free surface moves inwards between the channel walls, and the cross-sectional area

decreases further.

Free Surface Curvature

In general, the mean curvature of the free surface 2’ = 2/(2’,y’) can be derived as [6]
Zyryr |1+ 2% - 220 20 2y + [+ z’i,]

H' (2 ) =
($,y) 2[1—0—2/5/4-2/12//]3/2

, (3.10)

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



28 CHAPTER 3. MODELING THE FLOW IN THE CAPILLARY CHANNEL

where 2/ = f(a',y/) is the position of the liquid surface over the area of the open channel
with € [0,]] and y € [—a/2,a/2]. The subscripts denote partial derivatives z; = 02'/01,
zi; = 022'/0id7j, with i,j € {a/,y'}. For the parallel plates, the lower and upper free surfaces
are assumed to be symmetric with respect to the plane y = 0 (justified by the low Bo numbers).

Assuming the free surface contour &' = 2/(2',y’ = 0) the Equation (3.10) reduces to

2
Ry [ K]+ Ky

! 3.11
2[1 + K232 (3.11)
Combining the above equation with (3.3) and (3.4) yields
1 Kl
QH = I = — + —22 3.12
B[+ WA (3.12)
~———

Riy—1
with the derivatives &/, = dk’/dz’ and k., , = d*k’/dz’?. For an arbitrary point C of the profile
(Figure 3.1(a)) the second term in equation (3.12) defines the portion of the curvature in the
principal normal plane x, z, which is given by the inverse principal radius of curvature 1/R),
(curvature in flow direction). The first term, gives the portion of the curvature in the principal

normal plane (y, 2) defined by the inverse principal radius of curvature 1/R} (orthogonal to

1/ R).

Area Function of the Flow Cross Section

The flow cross-sectional areas at the channel inlet and outlet are constrained/defined with the
geometric properties of the channel (gap distance a and the width b). The area A’ decreases
between x = 0 and x = x* and increases between x = 2* and x = [. The flow cross-sectional
area can be related to the radius R’ and the free surface contour &’. Two cases are distinguished:
(i) the contact line is pinned along the edge of the channel walls (Figure 3.3(a)), and (ii) the
contact line is not pinned and free to move with a zero contact angle (Figure 3.3(b)). For the
pinned contact line assumption, the flow cross-sectional area for parallel plates can be defined

as
A =ab— 24, (3.13)
where A’ is the area of the circular segment as shown in Figure 3.3(a). A/ can be defined as

A, = A, — A}, where A[_ is the area of the circular sector with the radius R’ and A}, is the

tp?
area of the triangular portion. Assuming the angle (in Figure 3.3(a))
©= 2arcsin2R/ (3.14)
the area of the circular sector can be written as
Al = WR'Q% = R’Qarcsin;];, : (3.15)
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Figure 3.3: Cross-section of the channel in the (y, z)-plane. Due to the symmetry with respect
to y = 0 only the upper half (z positive) of the channel is shown. (a) pinned contact line
assumption (constant contact line position); (b) free contact line assumption (constant contact
angle), where the area of the circular sector A.s is equal to the half of the area of the circle
with the radius R’ = a/2.

The area of the triangular portion is defined as

a b
A%:§(R—§+H>. (3.16)
Combining equations (3.13), (3.15), and (3.16) yields
.a a b
A'=ab-2 [R’Qarcsm2R/ — §(R’ 5t k’)} (3.17)

for ¥ > b/2 — a/2 (pinned contact line assumption). For the free contact line assumption, the

flow cross section area can be determined as (Figure 3.3(b))
A =2k a+a® — Zag . (3.18)

In this case the radius is constant R’ = a/2 (Figure 3.3(b)). Finally, the flow cross-sectional

area function for the parallel plates can be written as

/1 (1.\PP 'pp ab—QRQarcsin(QC]l%/)_|_a(R/_g_|_k/> : k/Zg—g,
=4 - b u (3.19)

2k’a+a2—£a2 K<

2 2
The flow cross-sectional area in the groove channel differs from the parallel plates since only

one free surface is present. The area function for the groove channel can be defined as

/2 . a a / b / / b a
_ Z _Z . > 2 _ 2
o ven oon ab Rarcsm(QR/)—l—z(R 2+/<:) ; k_2 5
FL(KYER = AGR = ¢ (3.20)
R VR S g loa
2 8 2 7 2 27
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30 CHAPTER 3. MODELING THE FLOW IN THE CAPILLARY CHANNEL

where also two cases are distinguished: pinned contact line for &’ > 0/2 — a/2 and free contact
line for k" < b/2 —a/2.
Furthermore, the radius R’ can be defined accounting for geometric relations shown in

a\’ b 2
(5> + (R’ —5+ k:’> =R?. (3.21)

Rearranging the above equation yields the definition of the radius

Figure 3.3(a) as

a®+(b—2k)
R/(kl) — u 4(b - Qk,) '

j— . /

5 LK <

a
2" 3.22
2 (3.22)
2

where upper and lower part represent pinned and free contact line assumptions, respectively.

First Principal Radius of Curvature

The first principal radius of curvature R; can be identified in the y, z-plane (Figure 3.4(b))
which is tilted by the angle 6 from the cross-sectional y, z-plane. The angle 6 can be derived

from the geometric relation in Figure 3.4(a)
1 =sin?6 + cos® 6 . (3.23)

Multiplication of the equation (3.23) with cos™26 yields

z B-B: |2
z
/'/ \ R - 6;1 Rl
metal bar (slider) 7 !
J b al2
#| . channel
- walls
B
/\% a

(a) (b)

Figure 3.4: (a) Section of the channel in the (x, z) - plane. (b) Section B-B through the channel
in the (y, 2) - plane containing the point C.

cos 26 = tan?0 + 1 , (3.24)
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where the angle
cosf = d' /d (3.25)

relates both displacements d’ and d’ in the z, z and #, 2 planes, respectively. The slope of the

free surface contour &’ shown in Figure 3.4(a) can be defined as
tanf = k!, | (3.26)

where k!, is the first derivative of the contour k" along z’. Combining equations (3.24) and

(3.26) yields
AN
7] = K241 . (3.27)

Equation (3.27) yields the displacement d’ in the vy, 2 - plane
. b
d=d[1+ k%2 = (5 — k:’) (14 K242 (3.28)

where d' = b/2 — Kk is the free surface displacement in the x, z-plane. The equation relates the
displacement d (in the Z, z-plane) to the free surface contour k visible in the z, z plane.
The radius R] can be defined as

2
(g) + (R, — d)? = R? (3.29)

what follows from the geometric constraints shown in Figure 3.4(b). Rearranging the equation

(3.29) yields
2
O
R =/ _ (3.30)

2d
Equation (3.30) holds for d’ < a/2, which means that the free surface is pinned at the edges of
the channel walls and R| may change between infinity (plane surface) and R} = a/2 (maximum

curvature). Combining equations (3.28) and (3.30) yields the definition of the first principal

radius
2 o112 2
Ry={ AG—=2[+ k] 22 (3.31)
a k< 2Oy e
2 ' < 2 2[ + Ky ’

where the upper and lower parts represent the pinned and free contact line assumptions, re-
spectively. By applying equation (3.31) to the YOUNG-LAPLACE equation (3.12) the capillary
pressure is given as a function of k" and its derivatives with respect to ' (b’ = f(k', d k', d k).
For any point of the profile along x, the first principal radius of curvature is defined according
to Equation (3.31). A special case is the point of the minimum cross section (k,,;,) where
R = Rj.
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3.3 Pressure Losses

The irreversible pressure loss in Equation (3.7) depends on the geometry of the channel, but
also on whether the flow is developed. It will be shown that the friction coefficient dw} is well
determined for a fully developed flow in the channel. When the flow is still developing, dw} is
a complex function of the location z" along the channel.

In general, when a flow with a constant velocity profile enters a duct, it takes a certain
distance for the flow to fully develop. This length is called the entrance length L. and the
entrance region is defined between the duct inlet and the location where the flow is fully
developed (Figure 3.5(c)). Said transformation is caused by molecular momentum transport

from the wall into the liquid. The friction coefficient in Equation (3.7) can be defined as

dw'; = dwp; + dwg; , (3.32)
where dwp, is the component for the fully developed Poisuille flow and dw, the component
for the entrance region.
Pressure Drop of the Fully Developed Flow

The fully developed laminar flow between parallel plates can be treated as a POISEUILLE flow.
The component for the fully developed flow in Equation (3.32) can be then modeled as [98]

dwhp _ pv? Kpy
da’ 2 ReD,, '

(3.33)

where Kpy is a geometry-dependent coefficient. It can be defined, in terms of the POISEUILLE
Number Po = CtRe, where C} is the fanning friction factor, as Kp; = 4Po. For the ducts
with rectangular cross section, White’s et al. relation can be used to determine the Po values
in dependency on the channel aspect ratio A = b/a [99]. The parallel plates configuration is a
limiting case of the rectangular channel, where the channel gap distance a approaches zero. The
Poiseuille number for parallel plates is then Po'Y = 24 and the corresponding friction factor
K f;ff = 96. The groove can be treated as a half rectangular section (due to the symmetry and
negligible shear stress on the free surface). The aspect ratio A=' = 0.2 for the groove can be
translated to ratio A=! = 0.1 as for a full rectangular section. In this case, Po = 21.6, and
accordingly K§ff = 86.4.
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Figure 3.5: Inlet section of the CCF experimental setup. (a) 3D rendering of the flow prepara-
tion chamber FPC and the inlet nozzle N converting into the entrance duct ED (cross-sectional
view). (b) Schematic of the flow configuration with the main components, where CT is the
compensation tube. x = 0 and z = [ are the open channel inlet and outlet, respectively. © = x*
is the point of the minimum cross-section area. Free liquid surfaces in the test channel and
in the CT are exposed to ambient pressure p,. (c) Developing velocity profiles and pressure
evolution in the inlet section of the CCF channel. Partially developed velocity profiles at the

nozzle outlet (x, ), and the channel inlet (z = 0) are depicted with blue color.
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It must be noted that the above determination of the coefficient Kp; applies for the
rectangular channel with A=* = 0.2. In the open section of the capillary channel the flow
cross-section area A’ changes due to the free surface retraction. Consequently, Kp; changes
locally, depending on A’. In the following consideration, however, a constant value of Kpy is

assumed.

Pressure Drop of the Developing Flow

The inlet section of the CCF channel consists of the nozzle and the flow preparation chamber to
regulate the flow before it enters the open section of the channel (Figure 3.5(a)). The boundary
layer develops already along the walls of said contraction such that the flow at the inlet of the
channel (x = 0) does not possess a constant velocity profile (Figure 3.5(b)). Three-dimensional
simulation of the flow in the inlet section of the CCF channel confirms this assumption (will be
discussed in Section 9.2.2). The development of the flow profile leads to the additional pressure
loss modeled with the method of Sparrow [80]

dw} B p,U/2

K 16Ks: (2 34
1 5 ReDh( pr+ 16Kss(7)) , (3.34)

where the coefficient Kg 7 depends on the length 2" along which the flow develops. This length

2’ is transformed into a scaled length z

162

T = ReD, (3.35)
for which the dependence of Kg 7 can be fitted as
st(i) = C1CoC3eXP (023303) 92’(03 - 1>, (3.36)

with the constants ¢; = —0.6203, co = —9.9948, c3 = 0.6576. It is assumed that the flow is
fully developed at the at # = 0.24. In such a case Equation (3.36) yields Kgs(i = 0.24) = 0
and consequently the right term in the brackets of Equation (3.34) vanishes.

In the CCF experiment however, the velocity profile at the channel inlet (z = 0) is not
constant. Therefore it is necessary to virtually extend the channel upstream by a certain length
denoted with $y over which the flow velocity would develop from a constant profile to one which

is the same as in real flow (Figure 3.5(c)). Therefore, two additional parameters are introduced

(3.37)

and
b=1—a, (3.38)

so that
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Figure 3.6: Parameters o (Equation (3.41)) and § (Equation (3.38)) versus the flow develop-
ment ratio 7.

o= ai=i(1—p).

(3.39)
The parameters o and [ are related to the flow development ratio vy (Figure 3.6) defined as the
ratio of local maximum velocity over the average velocity

The parameter o can be approximated as

(3.40)

&—%v—U(v—l— = >,

3.41
765 (3:41)
with the constants ¢, = 0.0345 and c; = 1.5192. For fully developed flow at & = 0.24 the flow

development ratio reaches the value v = 1.5 for the parallel plates [80]. In such a case a@ = 1
and = 0 (Figure 3.6).

The velocity profile at the open channel inlet is dictated by the geometry of the duct

upstream of the channel and can be determined with three-dimensional CFD simulations. The
factor 8 can be defined as a function of the flow rate at the channel inlet as

Oh
= Lo+ [1—
5 0 + ! 2UOA0 ’

(3.42)
where vy and A are the velocity and the cross section area at the channel inlet (z = 0). It will
be shown later that the flow rate @ = Agv,. is a characteristic quantity used to scale the flow
rate for the non-dimensional mathematical model. Three cases can be distinguished in terms of

the flow condition at the capillary channel inlet (z = 0): (i) undeveloped flow (constant velocity
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profile), where Ly = 1 and L; = 0; (ii) developing flow: Ly = 1 and L; < 0; and developed flow
(parabolic velocity profile), where Ly = 0 and L; = 0. It will be shown in Section 6.2.1 that
for the flow in the considered capillary channel the parameter L; is usually —900 < Ly < 0.

3.4 Dimensionless Model

Scaling and Characteristic Numbers

Dimensionless quantities are used to solve the model equations. Model constants and scaling
details are given in Table 3.1. The prime (') indicates the dimensional variables. All lengths (ex-
cept the x coordinate which is scaled with the channel length I’) and the curvature h are scaled
with the half of the channel’s gap distance a/2. The cross sectional area is non-dimensionalized
with the characteristic area Ag = ab. The pressure is scaled with the characteristic pressure
pe = 20 /a which arises from the scaling of the YOUNG-LAPLACE Equation (3.3). The velocity
is scaled with the characteristic velocity v, = \/W which is a characteristic property de-
termined in the experiments on the capillary rise of liquids between parallel plates [19]. It scales
the maximum velocity of spontaneous, or capillary-driven flows. The hydraulic diameter is de-
fined as Dj, = 4A/P, where A = Ay, and the wetted perimeter P'Y = 2b, and PF = q + 2b,
for parallel plates and groove channel, respectively. The critical flow rate can be written as a

function of following dimensional parameters

Table 3.1: Model constants and scaled variables of the 1D model, where: Aj - characteristic
area; p. - characteristic pressure; Dy, - hydraulic diameter; v, - characteristic velocity; A’ - mean
curvature; @)’ - flow rate; R! - radius of curvature; p’ - liquid pressure; &’ - free surface contour;
A’ flow cross-sectional area; d' - free surface displacement. A prime ’ indicates a dimensional

variable scaled for the non-dimensional model.

Lengths Other variables Model constants
x=ux'/l v="1"/v, Ag = ab
y=1vy'/(a/2) p="7/pec pe=20/a
z=2/(a/2) A= A4 ve = \/20/(pa)
k=E/(a/2) t=1t'/(l/(2v.)) DFP =2a

R =R'/(a/2) Q=0Q /(Aw.) DS = 4ab/(a+ 2b)
Rip = Ri,/(a/2) so=sp/l

d=d/(a)2) 5= & /(2b02)

L=1/(a/2) h="1/(2/a)
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Q. = f(p.p,0,m,a,0,1) (3.43)

with eight dimensions

Q p p o n a b T

[5] EIRE RIS ECRTRTE

and three fundamental units
mass length time

ke [m] s
In this work perfectly the wetting liquid with a contact angle n = 0 is assumed. This parameter
is skipped in the following considerations. According to the II-theorem of BUCKINGHAM there
are five (8 —3 = 5) independent dimensionless parameters describing the flow in the considered
capillary channels. The dimensionless critical flow rate Q. = Q./Ajv, is therefore a function of
four characteristic numbers

Q.= f(Oh,[,T,A) . (3.44)
The OHNESORGE number relates the viscous forces to inertial and surface tension forces. Oh

is inversely proportional to the REYNOLDS number Re. based on the characteristic velocity v,

pv? 2u 2 . Dyv,
o2a  Dpv. Rec W ¢ v ( )
The dimensionless flow length corresponds to the length introduced in entrance flow problems

[80]

Oh =

Oh/’
2D,
The length aspect ratio defines the aspect ratio between the length of the channel and the

Z:

(3.46)

hydraulic diameter
_Dn reP— 4. pGR_ ab

4r 21 7 I'(a+20)
The channel aspect ratio is defined as

r (3.47)

(3.48)

Final Equations

Applying scaling and dimensionless numbers to the momentum and continuity Equations (3.7),

(3.8) yields a set of governing equations

ov oh ov Ky -
_E == —%—l—v%%—?lv, (349)

0A 0A v
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where K is the friction factor. The capillary pressure h is related to the the cross-sectional
area A and the free surface contour k. The area functions (Equations (3.19) and (3.20)) in

non-dimensional form write

( 1—(2A) " (RParesinR™'+ R—A+k) ; k>A—-1,

Fu(k)PP = e (1 e %) k< A-1. (3.51)

( 1—(4N) " (RParesinR™'+ R—A+k) ; k>A—-1,

3.52
(2/\)—1(1+k:—%)+1 Ch<A—1, (3:52)

2

FA(/C)GR —_

A

\

for the parallel plates and groove channel, respectively. Scaling of the radius of curvature
(Equation (3.22)) yields for both geometries
1+ (A—Fk)?
_ for kE>A-1,
R(k) = 2(A — k) - (3.53)
1 for E<A—-1.
The pressure is related to the curvature of the free surface by the scaled YOUNG - LAPLACE

Equation (3.12) which in dimensionless form writes

1 d, .k
_l’_

h(k) = — , (3.54)
Ry [1412(d,k)2]*"
R}
where the first principal radius (Equation (3.31)) in dimensionless form writes
2 2 2

Lt (A k) 14T (dxk;)/; for k>A—[1+ Fz(dmk)z}_l/z ;
Ri=4¢ 2(A—k)[1+T%(dk)% (3.55)

1 for k< A—[14+T%d.k)?2 "2

This coupled partial differential equation set of second order (first order in A and second

order in k) is solved with finite differences with the ccFlow solver (description in Section 5.1).

Boundary Conditions

The boundary conditions are given by the flow velocity at the channel outlet v, the position
of the liquid surface contour k at the channel inlet and outlet, and the pressure (curvature) at

the channel inlet hg

ve=1) = v, (3.56)
k(x=0) = k(z=1)=A, (3.57)
h(z=0) = hg. (3.58)
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The flow is driven by the pump located downstream from the channel outlet. Due to the scaling
of the flow rate ) with the characteristic area Ay, the flow velocity at the channel outlet can be
assumed as v; = (). The cross-sectional area Ay at the channel inlet is equal to the cross-section
area A; at the channel exit. The liquid surface is pinned (at the channel inlet and outlet) along
the edges of the closed duct. Thus, the k position is defined with the aspect ratio A. The
capillary pressure at the channel inlet hg = p, — po is defined by the capillary pressure of the
meniscus in the compensation tube plus convective and frictional flow losses in the inlet section

of the CCF setup. It can be expressed by

0 Oh 2
%lo + K() + Kl 4U0 + KQUEO + KgOh ['UO — Ul] s (359)

h[]:

where vy — vy is the velocity difference between channel inlet and outlet velocity, which causes
liquid to move into the compensation tube (CT). Ky defines the pressure induced by the menis-
cus of the compensation tube (Figure 3.5(b)) and is defined as
Py —P')a

Ko —
0 20

(3.60)

The meniscus in the CT defines the system pressure at the point where it is connected to the
flow preparation chamber. Along the fluid loop the pressure adapts corresponding to the flow
conditions. K7 and K, describe the pressure loss in the nozzle up to the channel inlet (z = 0)
and are determined numerically by three-dimensional simulations of the flow in the inlet section
of the CCF setup (will be discussed in Section 9.2.2). The factor K3 describes the pressure loss
due to the displacement of the liquid column between the compensation tube and the channel
inlet and is approximated with a circular tube flow as K3 = Oh™' [32]. The length [y = 155.2
(I, = 388 mm) is the length of the intersection between the CT and the channel inlet.
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3.5 Transient Flow Stability Model

Compared to steady flow, additional flow effects take place when the flow is transient. These
effects are caused by the dynamic liquid transition. Depending on whether the flow is acceler-
ated or decelerated, the demand on the liquid in the fluid loop changes. This is compensated by
the liquid stored in the compensation tube. The inertia of the liquid column in the intersection
between the CT and the test channel (Figure 3.5(b)) influences the pressure at the channel
inlet.

Furthermore, during the CCF experiment it was observed that the length of the free surface
(Figure 3.7) in the test channel contributes to the transient flow stability. This effect is based
on the flexibility of the linear part of the free surface.

Another effect specific for closed fluid loop systems (as the CCF experiment) is the feedback
effect of the fluid loop. In the CCF setup, the flow is driven by the pump located downstream
from the channel outlet. The liquid is not only drawn out of the channel outlet, but is also
forced through the intermediate components into the channel inlet. In case of transient flow
this may increase the local pressure at the channel inlet, and consequently the stability of the
free surface during the transient flow. For steady flow the C'T defines the pressure of the system
(will be discussed in Chapter 6).

In the following, a short overview of the transient stability model, which was recently
published, is given [29]. The above mentioned transient flow effects are modeled based on the-
oretical considerations, numerical simulations, and experimental observation. In the transient
model, which is an extension of the steady model, the inertia of the accelerated liquid column
and the geometry of the free surface are taken into account. The dimensional variables are

scaled according to the steady model scaling data (Table 3.1).

AZ

Wz

outlet

Figure 3.7: The capillary channel with free surface FS (view in the symmetry plane x, z at
y = 0). Half of the free surface (y-positive) is shown. The flow is from left to the right. Bold

lines are circular arcs approximating the free surface contour at a given point.
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3.5.1 Transient Stability Limit

The acceleration of the liquid at the channel outlet (dynamic transition) is defined as
d = AQ/At, where AQ is the change of the flow rate over the given period of time At. The
final flow rate after transition is defined as Q = Qy—g + AQ.

Both steady (convective acceleration) and transient (local acceleration) flow effects con-
tribute to the free surface stability during the transition. The critical flow rate after the
transition (steady flow) and the critical acceleration (transient flow) are inversely proportional.
In general, with increasing flow rate, the liquid pressure decreases, and consequently the free
surface collapses at the lower acceleration. In other words, the lower the flow rate at which
transition takes place, the higher the maximum stable acceleration is. Therefore, the maximum
stable acceleration 9y is defined for () = 0, which means that there is no flow at the end of the
transition. This requires a negative initial flow rate, which is beyond the CCF experiment ca-
pabilities. Neglecting the terms for the velocities in the pressure boundary condition Equation

(3.59) yields
81}0

"ot
where Kj is the system pressure defined by the meniscus in the compensation tube CT (Figure
3.5(b)). The length [y is the liquid column length connecting the CT and the channel inlet
(x =0).

The momentum change during the transition is balanced by the free surface indentation

ho lo + Ko , (3.61)

at the channel outlet (Figure 3.7). Thus, the stability limit is assumed to be at the maximum
curvature of the indentation (point of the minimum cross-section). Integrating the momentum
equation (3.49) between the channel inlet (z = 0) and the point of the minimum cross-section
(x = z*) for v = 0 and assuming the pressure according to Equation (3.61) yields
v ov 8’00
—dr=h"——Ily— Kj . 3.62

. ot gr 0o (362)
The integral on the left hand side can be neglected since the liquid column length [y > (z* —x0).
As a consequence, Equation (3.62) does not depend on the channel length. It will be shown later
that the liquid in the vicinity of the channel inlet plays another role (flexibility). Furthermore,
the liquid acceleration can be simplified as 0y = dvg/0t, so the momentum balance (3.62) can

be written as

lodo = I — K, . (3.63)

It can be assumed, that the free surface indentation in the vicinity of the channel outlet
is of almost hemispherical shape, as the liquid surface tends to minimize its surface energy.
This was confirmed during the CCF experiments. The principal radii of the hemispherical

indentation are equal to the half of the channel’s width Ry = Ry = 1 (due to scaling with
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a/2). Consequently, the maximum curvature at x = z* is h* = 2. Based on these geometrical

properties, the balance in Equation (3.63) yields the stability limit
l050 <2-—- KO . (364)

and the transient stability constant

go= Mo 27 Ko (3.65)
lo lo

The ¢ is the maximum stable acceleration with the final flow rate () = 0. The ¢ is defined by

geometric and fluid properties only and is considered as a system constant.

3.5.2 Augmented Stabilization (Flexibility Effect)

The channel length [ defines the longitudinal length of the free surface. As shown in Figure 3.7
the free surface can be divided into two parts: the left part [y (in the vicinity of the channel
inlet) and the right part [y (in the vicinity of the channel outlet). For sufficiently long channels
the left part is almost linear along the channel z-axis (with one principal radius of curvature)
and is free to move during the liquid flow. The flexibility of the linear part of the free surface
may enhance the flow stability. During the transition the flow rate in the test channel increases
due to increased demand on the outlet (pump drives the flow downstream the channel outlet).
Liquid from the “/-part” of the surface is relocated towards the outlet due to its “flexibility”,
satisfying the demand. As a consequence, the capillary pressure at the indentation decreases
and the probability that the surface remains stable increases. The longer the channel the higher
the compensatory effect of the flexible surface.

In the CCF experiment, it was observed that the changeover from the linear part of the
free surface to the hemispherical takes place over a length of a/2 (one half of the channel’s
width). The curved part of the hemispherical free surface is estimated to be lpy = 3/2a = 3
(due to scaling with a/2). The remaining part of the surface [; = [ —1l( is assumed to be flexible
and therefore contributing to the relaxation of the acceleration effect. For o <y =1 — I the
free surface is supported by one radius which is one half in comparison to the surface area at
the indentation where the limit J, is defined. As a consequence of the one radius to two radii

relation the flexibility coefficient yields
foo =0.50g , (3.66)

which is the maximum possible additional stability due to the surface flexibility for a sufficiently

long channel (I; — oco). Finally, the flexibility function for a finite channel length is defined as

f= foo%f : (3.67)

where f # 0 for [ > ly.
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3.5.3 The Feedback Effect of the Fluid Loop

As already mentioned, during the transition the liquid is withdrawn from the test channel and
forced into the channel inlet. This increases the inlet pressure and in consequence enhances the
stability of the free surface. In the model the transient stability constant dy (representing the
maximum possible stable acceleration) is multiplied by an enhancement factor r. In the CCF
setup, a flow separation chamber is located between the channel outlet and inlet. It is applied
for the gas separation from the liquid loop. The technical aspects of the CCF hardware will
be discussed in Section 4.1.1. The gas stored in the chamber (in the form of the gas bubble)
influences the feedback effect. The chamber acts as a damping system due to the compressibility
of the gas. The complete feedback effect takes place when there is no gas present in the flow
preparation chamber. Such a scenario was tested during the CCF experiment. It is found that
the maximum stable acceleration is 12 times higher when the flow separation chamber is empty
(V, = 0 and consequently r = 12). If there is gas present in the flow separation chamber, the
damping effect occurs. As a consequence the feedback effect decreases. Dependency of the
feedback ratio r on the gas volume Vj, is shown in Figure 3.8(a). The feedback ratio r is defined

as
To — Teo

SRR
where V, is a calibration coefficient for the setup defined by fitting the model between the rg

+ oo, (3.68)

and 7.
For a fully decoupled system no feedback effect is assumed (flow separation chamber full
with gas). Consequently, the V, — oo,r — 7o, = 1. This would be the case for the technical

application, e.g. capillary vanes of a propellant management device as presented in Figure 1.1.

3.5.4 Formulation of the Transient Stability Model

The transient stability model can be formulated upon the model assumptions presented above.
In the following, the six characteristic scenarios in terms of the transient flow state are presented.

These illustrate the formulation of the transient stability model.

1. Q=0,r=1, f =0 (point A, Figure 3.8(b))
No flow at the end of transition (no steady flow effects). No flexibility (“short” channel)
and feedback effects. The stability limit is defined by the transient stability constant

§ = b, (3.69)

2. Q=0,r>1, f =0 (point B, Figure 3.8(b))
No flow at the end of transition (no steady flow effects). No flexibility effect (“short”

channel). Feedback effect due to liquid re-circulation is considered. The stability limit is
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Figure 3.8: (a) The feedback ratio r due to the damping effect of the gas V; in the PSC. The

circles represent the actual feedback ratio of the performed transient stability measurements.

The solid line represents the model based Equation (3.68). (b) The generic stability diagrams

illustrating the transient stability model. (a) The maximum stable acceleration ¢ is a function
of the flow rate ). Points A (no feedback effect) and B (feedback effect) correspond to the

maximum stable acceleration when no flow is present at the end of the transition (Q = 0).

With increasing flow rate the maximum stable acceleration decreases (line a). The flexibility

effect (line b), the feedback effect (line c¢) or a combination of both effects (line d) provide an

enhancement of the stability.

defined as

3. @>0,r=1, f =0 (line a, Figure 3.8(b))

Flow is present at the end of transition. No flexibility (“short” channel) and feedback
effects. The stability limit is defined as

Q
The stability limit § decreases with increasing flow rates (due to increasing flow effects)

until the critical steady flow rate (). is reached for 6 = 0.

. Q>0,r=1, f >0 (line b, Figure 3.8(b))

Flow is present at the end of transition. No feedback effect. The flexibility effect is
considered. The stability limit is defined as

§ = dg (1—%)+f. (3.72)
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5. Q >0,r>1, f =0 (line c, Figure 3.8(b))
Flow is present at the end of transition. No flexibility effect (“short” channel). Feedback

effect due to liquid re-circulation is considered. The stability limit is defined as

5§ =rdy (1 - QQ) . (3.73)

6. @>0,r>1, f>0 (line d, Figure 3.8(b))
Flow is present at the end of transition. The flexibility and the feedback effects are
considered. The stability limit is defined as

0 =1rdy (1 — Q) +f. (3.74)
Qe
Rearranging Equation (3.74) yields the normalized transient stability model
o—f Q
=1-—=. 3.75
T(;O Qc ( )

Such a scaling provides a common description of all stability limits within one diagram, where

the distorting influence of the feedback effect (CCF setup specific) is eliminated.
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Chapter 4

CCF Experiment on ISS

Two CCF Experiments Units (EUs) were developed and transported to the ISS on board the
space shuttle Discovery in year 2010. The first unit (EU#1) contains a test channel with two
parallel glass plates and is designated for the investigation of the flow between parallel plates
and in the groove. The second unit (EU#2) contains a wedge shaped test channel. It must be
noted that the subject of this work is only the first unit EU#1.

The CCF experiment is designed to be controlled from the ground station in Bremen.
For the CCF operation, the involvement of astronauts is needed only during the integration
of the experiment unit into the designated environment on board the ISS and commissioning.
The commissioning procedure includes several activities which are performed for initializing
the flow loop and performing a functional test of the hardware. After the installation and
commissioning, the entire CCF experiment operation is performed remotely via telescience
(experiment patch is shown in Figure A.1 in Appendix A). The first unit EU#1 was operating
for 66 days in 2011.

The CCF experiment hardware consists of three subsystems: (i) Experiment Unit (EU),
(ii) Optical Diagnostic Unit (ODU), and (iii) Electronic Subsystem (ESS). The EU contains the
Test Unit (TU) with the investigated Test Channel (TC), and the Fluid Management System
(FMS). The ODU is used for video observation. It contains a parallel light source (background
illumination) and the High Speed High Resolution Camera (HSHRC) used for the test channel
observation. The ESS contains the electrical power system (EPS) and data handling system.
In the following, a brief overview of the first subsystem - Experiment Unit (EU#1) will be
given.

The CCF experiment unit is accommodated within the Microgravity Science Glovebox
(MSG) in the ISS US lab Destiny [81]. The MSG is a double rack facility with 255 dm?® work
volume (Figure 4.1(e)).
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4.1 Experimental Setup

A detailed description of the CCF experiment hardware was published in [8]. In the following,
a brief overview of the experimental setup is given, with the focus on the fluid loop (closed loop
as shown in Figure 4.2), data acquisition, and experiment operation and performance. The

most important CCF experiment parameters are summarized in Table 4.1.

Table 4.1: Summary of the CCF experiment parameters. Liquid properties are at (30 £ 5)°C.

Parameter Dimensionless numbers Model constants
a =5 mm Oh =226 x 1073 Ay = 1.25 cm?
b =25 mm A=5 p. = 6.5 Pa

5 <! <48 mm (2 <1<19.2) 5.64 x 107 < [pp < 5.42 x 1073 ve = 6.33 cm/s
p = (1610 £ 10) kg/m? 6.21 x 1074 < lgr < 5.96 x 1073 DPP” =1 cm
v=(0.72+0.06) x 107 m?/s  0.052<T <05 DSE = 0.9 cm

o= (16.2+0.5) x 1073 N/m n=0

4.1.1 Hardware

The key part of the CCF experiment unit is the test channel with fixed gap distance a = 5 mm
and width b = 25 mm (Figures 1.2 and 4.1(a)). Movable sliders are used to vary the length of
the open sections of the channel in a range of 5 < [’ < 48 mm. If both sliders are open, the
parallel plates channel is formed (two free liquid surfaces). If only one slider is open, the groove
channel is formed (one free surface). The fluid loop of the CCF experimental setup EU#1 is
shown in Figure 4.2. The capillary channel (formed by two glass plates, as shown in Figure
4.1(a)) is located in the test section (TS). In the presented schematic, the groove configuration
with the free surface (F'S) contour (visible in the x, z-plane) is shown. The flow is driven by
the gear pump (P) located downstream the channel and the flow meter is used to monitor the
flow rate (F). The flow direction is depicted with arrows. The liquid enters the setup at the
bottom (Figure 4.2) and is led through the following components: the phase separation chamber
(PSC) with a screen (S) to withhold gas (separates gas from the liquid loop) and vanes (V)
for the positioning of the gas bubble, the flow preparation chamber (FPC) with deflectors (D)
to establish rotational flow and a perforated sheet (PS) for uniform velocity distribution, the
compensation tube (CT), the nozzle (N), and the sliders (S1, S2). Plungers (K1, K2, K3) and
valves (C1, C3, C4, C9, C11) serve for fluid control. The valve C9 prevents liquid leaking
during shuttle launch and remains open during the experiment. The liquid plunger K2 and
the gas plunger K3 are used for the maintenance of the fluids. Valve C3 can be used for the
withdrawal of the gas stored in the FPC.
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Figure 4.1: CCF hardware (CAD rendering). (a) test channel. (b) test unit housing the test
channel. (¢) main components of the CCF experiment unit (EU subsystem). (d) EU and ODU
subsystems. (e) MSG facility hosting the CCF experiment hardware (EU, ODU, and ESS

subsystems).
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Figure 4.2: Schematic view of the fluid loop in the CCF experimental setup (EU#1). Cyan
and yellow colors represent liquid and gas, respectively. The capillary channel is located in the
test section (T'S). In the depicted case, one slider (S2) is open and one free liquid surface (FS)

is formed (groove configuration). The flow direction is depicted with arrows.
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Compensation Tube

The free liquid surface(s) of the open channel and the compensation tube are exposed to the
ambient pressure p/. The ambient gas in the test unit and the gaseous side of the CT are
connected via an intersection (the line with C11 valve in Figure 4.2). The liquid side of the
CT is connected with the flow preparation chamber. The system pressure is determined by the
curvature of the meniscus in the compensation tube at the point where the intersection connects
the CT with the FPC. The radius of the CT is R» = 30 mm and the resulting capillary pressure
difference is p’ — pl, = 20/ Ry = —1.07 Pa. The CT also compensates the changing demand of
the liquid in the loop. Flow rate changes induce liquid movements between the test channel inlet
(x = 0) and the compensation tube. Depending on the flow regime (acceleration/deceleration)
the liquid is withdrawn or displaced into the CT. Furthermore, the displaced liquid due to the
gas volume added to the fluid loop during the gas breakthroughs in the test channel (choking)

is accommodated by the compensation tube.

Phase Separation Chamber

Single-phase (gas free) liquid flow is required at the test channel inlet during the CCF opera-
tion. This is accomplished by the phase separation chamber located downstream from the test
channel. The ingested gas (during choking) in the test channel is collected in the PSC and
can be extracted through a needle which protrudes into its center. The PSC is located below
the FPC, as shown in Figures 4.1(c) and 4.2. It consists of the vane structure, which ensures
that gas is kept in the center of the PSC (Figure 4.3(a)). The porous screen located above
the vanes disables gas from leaving the chamber. The size of the gas bubble is determined by
three bubble sensors (thermistors) hosted within cannulae in the center of the PSC as shown
in Figure 4.3(b). The principle of the gas bubble detection is based on the measuring of the
thermal conductivity by measurement of the temperature of a heated surface. In this case the
thermistor is used as a combined heater and temperature sensor, measuring its own temper-
ature via its electrical resistance. Depending on the environment (low thermal conductivity -
gas), the sensor indicates higher temperature when in contact with the gas phase.

During the CCF operation, the size of the gas bubble is adjusted with the gas plunger K3.
The change in the gas bubble volume is indicated with the bubble sensors. The first sensor
BS1 (V75! = 87 ml), the second sensor BS2 (V%2 = 150 ml ) and the third sensor BS3 (V%
= 200 ml) indicate the smallest, medium and largest measured gas volume, respectively. The
intermediate volumes are determined with the displacement of the gas plunger K3 (gauging).

The stroke of 1 % is equal to 2.73 ml of displaced (added or subtracted) volume of gas'.

'Plunger K2 and K3 have same working volume and working stroke.
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Figure 4.3: The CCF Phase Separation Chamber (3D rendering).

Test Fluids

The liquid used in the CCF experiment is the 3SM™Novec™Engineered Fluid HFE-7500 with
the properties listed in Table 4.1. This test liquid was chosen because of its wetting behavior
(the static contact angle with glass is n = 0°) and very low overall toxicity (meets the MSG
safety requirements).

Figure A.2(a) (Appendix A.1) shows the test liquid temperature evolution throughout the

entire CCF experiment series EU#1. The liquid temperature is determined as

To+ T

T 5 ;

(4.1)

where T, (EUTemp5SW temperature sensor) and 7; (EUTemp6SW temperature sensor) are the
temperatures at the channel inlet and outlet, respectively (Figure A.3 in Appendix A.2).

The linear fit in Figure A.2(a) (Appendix A.1) displays an increasing temperature evolu-
tion trend. During the experiment it was observed that the EU illumination has an influence
(heating) on the CCF test liquid temperature. This explains the temperature increase towards
the end of the operation. The time constant of the heating process, however, is in the order of
hours. Since the time constant for a single measurement is in the order of minutes, isothermal
conditions of the experiment can be assumed.

The minimum and maximum observed liquid temperatures are 7, = 23.0 °C and T;"** =
31.6 °C, respectively. The average liquid temperature during the entire operation is 7; =
29.8 °C, with the standard deviation sz = 1.2 °C. The dependency of the OHNESORGE
number on the temperature is shown in Figure A.2(b) (Appendix A.1). The volume of the test
liquid in the system is 1.68 liters.

The gaseous environment consists of nitrogen. During operations, the system pressure is
typically in the range of 0.95 x 10° Pa to 1.15 x 10° Pa.
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4.1.2 Image Acquisition and Evaluation

The CCF Optical Diagnostic Unit is equipped with the HSHR camera and the parallel light
source. Both devices are mounted on the optical bench, as shown in Figure 4.1(d). The
camera type is the Motion Blitz Cube 26H (Mikroton GmbH) together with the telemetric lens
Invaritar™ (Melles Griot). It can record up to 250 frames per second at a resolution of 1280
x 1024 pixels per frame. As a light source serves the illumination system consisting of the
telecentric LED condenser (Correctal ™TC).

The camera is oriented perpendicular to the channel’s glass walls. The channel inlet,
outlet, both sliders and the free surface(s) can be easily identified (Figure 4.4(a)). During the
CCF experiment series EU#1, an average of 100 to 600 HSHRC images at a resolution 1,280
x 888 per data point are recorded. Each image has a data volume of 1.08 MB. Due to the
limited download capacities the recorded gray-scale images are processed on board the ISS
and converted into binary images (data volume reduced by the factor of 7.7)(Figure 4.4(b)).
The edge-detection software is based on the CANNY algorithm [9]. During the operation, the
processed images, together with a few gray-scale images (usually 5 to 10), are systematically
downloaded shortly after the collection of a single data point.

Downloaded images are further evaluated in order to find the interface contour k as a dis-
crete function of the spatial coordinate = along the open capillary channel and time. The images
are processed with an automated script [49] using MATLAB’s Image Processing Toolbox. The

interface is detected and written to a simple ASCII file for every single image.

Gas

" Free surface Slider 1 (openj

Detected interface contour

Inlet Liquid

Outlet

Slider 2 (closed)

(a) Gray-scale original image. (b) Processed binary image.

Figure 4.4: (a) Gray-scale HSHR camera image. The free liquid surface appears black due to
the total reflection of the parallel light. (b) Corresponding processed binary image with the
clearly visible free surface contour k. Contour £ is defined as a distance between the channel’s

center and the lowermost points of the interface along the x axis.
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At the end, the time averaged interface k is computed by averaging the individual interfaces

k; according to
_ 1 <&
E(z') = = k(' 0<2' <l 4.2
@)= pLHE) L osvst (42)

where [ is the length of the open section and n is the total number of images. Furthermore, the

standard deviation s is computed as

1/2

se(a) = | —— 3 (Ka') - B’ (4.3)

n—1

=1

to get a first approximation of the error of the contour evaluation.

4.1.3 Software

During the CCF operation, the current state of the experimental hardware is monitored in two
ways. Firstly, the MSG camera (live stream, Figure 4.5) is used for the visual inspection of the
hardware. Secondly, the readings of the experiment sensors are plotted and monitored in real
time on the display in the ground station (Figure A.3 in Appendix A.2).

The CCF experiment can be classified as real-time operation, since the average system
response time (time it takes to observe the change in the MSG camera downlink after sending
a command from the ground station) is approximately 5 seconds. The first series CCF EU#1
was operated 24 hours a day, 7 days a week, and time management was a very important part of
the CCF operation. For the communication with the ISS the Tracking and Data Relay Satellite
System (TDRSS) is used [85]. TDRSS routes two transmissions (radio links): the S band (used
for audio) and Ku band (used for audio, video and data). The communication with the ISS is,
however, not continuous and depends on the position of the TDRSS satellites. Commanding
can be performed only during the Acquisition of Signal (AOS) phase. During the Loss of Signal
(LOS) phase no data can be sent to the ISS or received from it.

Before every LOS, the experiments unit is set into the safe mode (sliders closed, pump
running with low flow rate). The average AOS period for the CCF EU#1 experiment is 1.5
h, and the average LOS period is 15 min. During CCF operations, the Onboard Short Term
Plan Viewer (OSTPV) was used for monitoring of the signal coverage [24]. OSTPV is used
by NASA for scheduling of the ISS missions. During CCF operations the scientists are in
continuous contact with the NASA Payload Operations Center at the Marshall Space Flight
Center in Huntsville. CCF operation is monitored by the Payload Operations Director (POD)
and the Payload Rack Officer (PRO). The DICES VoIP (voice over IP) client is used for
communicating with NASA officers. The CCF experiment’s progress is reported to the POD

and PRO on a regular basis.
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Figure 4.5: MSG camera view used for monitoring and maintenance of the CCF experiment
unit. The compensation tube can be seen on the right side of the image and the test channel

on the left side.

The Experiment Ground Support Equipment (EGSE) software, specially developed for the
CCF project, was used to control the experiments unit. EGSE allows the full control of the
CCF hardware. It is designed firstly to command the experiments unit (commands are sent via
telescience), and secondly to monitor the current state of the CCF hardware (update frequency
1 Hz).

4.2 Operational Scenarios

One of the main goals of the CCF experiment is the determination of the maximum forced
flow rates that are possible before the free liquid surface becomes unstable and collapses. The
critical flow rate ). is defined as the highest flow rate at which the flow is stable. Three

approaches (steady, transient and oscillatory flow) of the critical flow rate are employed during
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the CCF experiment so the stability of the free surface is investigated in various flow regimes.
It must be noted that only the steady and transient approaches are the subjects of this work.
During the experiment, the test channel and compensation tube are observed with the MSG
camera (Figure 4.5). Readings of the system sensors are monitored in real time, and the most

important parameters listed in Table A.1 (Appendix A.2) are collected.

Steady Flow

In the steady flow regime, the flow rate is increased stepwise until choking is observed. The

procedure of the steady flow experiment can be summarized in the following steps:

Start with a flow rate g, far below the expected critical value Q..

Set the channel configuration and length by positioning of the sliders S; and S5.

Set the HSHR camera parameters.

Increase the flow rate with small increments AQ) until choking occurs.

Decrease the flow rate until stabilization.

Increase the flow rate with small increments until ). (determined in point 4) is reached.
Collect sensor data (listed in Table A.1 in Appendix A.2).

Trigger the HSHR camera at Q).

Decrease the flow rate until stabilization.

L X N T W

—_
e

Activate image processing software.

—_
—_

. Perform maintenance procedures (e.g., adjusting liquid level in the compensation tube).

Transient Flow

In the transient flow experiments, the flow rate is dynamically increased and the influence of
the rate of flow rate increase § = AQ/At on the stability of the free surface is studied. During
the experiments, At = 1s is kept constant and AQ) is varied. The critical flow rate increase 9,
is defined as a flow rate acceleration which leads to the instability of the flow (collapse of the
free liquid surface). The procedure of the transient flow experiment can be summarized in the

following steps:

Start with a flow rate (g, far below the expected critical value Q..

Set the channel configuration and length by positioning of the sliders S; and Ss.
Set the HSHR camera parameters.

Increase the flow rate with a pre-defined increment 6 = AQ/At.

Decrease the flow rate back to ).

Repeat cycle increasing o until critical acceleration ¢, is determined.

Collect sensor data (listed in Table A.1).

N e W
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Table 4.2: Accuracy of the quantities measured in the CCF experiment. Dimensionless values

are given in brackets.

Device/Method Measured quantity Symbol  Accuracy +
Slider set length Length of the open section [ 0.05 mm

Flow Meter Flow rate Q', Q. 0.1 ml/s (0.013)
Pixel detection (£ 2-3 pixels)  Free surface contour K 0.12 mm (0.048)
PT1000 temperature detectors Liquid/gas temperature T, T, 0.5 °C
PAA-33X pressure sensors Liquid/gas pressure Py, Pl 10% Pa (15.4)
10K3MCD1 NTC thermistors  Gas bubble size in the PSC - 0.2 °C

8. Trigger the HSHR camera during the increase of the flow rate with 0. (determined in
point 6).
9. Decrease the flow rate (stable flow).
10. Activate image processing software.

11. Perform maintenance procedures (e.g., adjusting liquid level in the compensation tube).

4.3 Experimental Uncertainties

The measurement errors can be divided into (i) systematic errors, due to the change in the
measurement environment (changing conditions during the CCF operation), and (ii) statistic
(random) errors, due to the senor inaccuracy, and random system fluctuations (e.g., capillary
waves on the free surface in the test channel). The summary of the absolute measurement
errors is given in Table 4.2. The error of the critical flow rate (). is determined by the accuracy
of the flow rate meter, which is #0.1 ml/s. The error of the free surface contour k& measurement
of £0.12 mm is determined by the contour evaluation technique (on-board image processing
and contour detection algorithm). On average, 100-600 HSHRC images are recorded per data
point, which results in the statistic error expressed with the standard deviation in Equation
(4.3). The statistic errors for ) and k for the multiple data points (repeated measurement

during the course of CCF operation) are denoted with A.

4.4 Experiment Summary

The CCF EU#1 installation into MSG took place on 26 December 2010 (Figure 4.6(a)). The
hardware commissioning was performed remotely from the NASA Marshall Flight Center in
Huntsville/Alabama by the CCF team from Bremen and the Astrium ST (now Airbus De-

fense and Space). After the successful hardware installation, the whole CCF operation was
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(a) CCF installation. (b) CCF ground station at ZARM.

Figure 4.6: (a) Flight Commander Scott Kelly during the installation of the CCF experiment
(EU#1) into the MSG (courtesy NASA). (b) CCF ground station at ZARM at the University

of Bremen.

conducted around the clock from the ground station at ZARM (Figure 4.6(b)). The hardware
de-installation and stowage took place on the 17 March 2011. A total number of 66 days of
nominal operation (only science) was accomplished. A summary of the collected data points is
shown in Table 4.3. The flow is divided into three groups (steady, transient and oscillatory)
with the corresponding flow regimes. In case of the steady and oscillatory flows it can be dis-
tinguished between subcritical, critical and supercritical flow. In case of the transient flow, the
results are divided into stable and unstable acceleration.

A total number of 2139 (PP: 187, GR: 1952) data points was achieved, therefore 846
(PP: 187, GR: 659) with the HSHR camera images. For the steady and oscillatory flow, the
telemetry data, MSG camera video, and HSHRC images are recorded for every data point. For

the transient flow, the HSHRC images are available only for 7.4 % of the gathered data points.
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Table 4.3: Summary of the collected data points during the EU#1. The telemetry data are the
CCF sensors data (Figure A.3 in Appendix A.2), which are automatically recorded during the

entire CCF operation.

) No. Data telemetry + telemetry +
Flow type Flow regime ,
points | MSG+ HSHRC MSG
2 Subcritical 0 0 0
= Steady Critical 83 83 0
_'Q Supercritical 13 13 0
)
® ) Subcritical +
% | Oscillatory - 91 91 0
[l critical
Sum: 187 187 0
Subcritical 5 5 0
Steady Critical 69 69 0
o Supercritical 102 102 0
>
8 ) Stable 4+ unstable
=~ | Transient . 1403 110 1293
©) acceleration
, Subecritical +
Oscillatory . 373 373 0
critical
Sum: 1952 659 1283
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Chapter 5
Numerical Tools

The flow in capillary channels is numerically simulated with two techniques: one-dimensional
with ccFlow (code developed at ZARM), and three-dimensional with OpenFOAM (open-source
CFED code). Both tools can be employed for steady and transient flow simulations in capillary
channels. As will be shown later, both packages deliver very good results for the flow in the
stable regime. ccFlow is a very fast tool (solution within minutes), whereas the simulations with
OpenFOAM are much more time consuming (solution within days plus time required for the
preparation of the computational mesh). OpenFOAM has some advantages in comparison to
ccFlow (Table 5.1). Firstly, it can be applied to model the flow in the unstable regime (choking
phenomenon). Furthermore, OpenFOAM can be employed for the general investigation of the
flow conditions in the CCF setup, with a focus on the inlet section of the capillary channel.
The knowledge of the flow behavior, in particular the pressure loss in the inlet nozzle, is crucial

for the proper application of the boundary conditions required for the 1D model.

Table 5.1: Advantages and disadvantages of the numerical tools applied for the simulation of

the flow in the capillary channels.

ccFlow OpenFOAM
- Fast tool (solution within minutes) - Very good agreement with the experiment
- Inexpensive in terms of hardware - Applicable for stable and unstable flow
Pros: |- Source code easy to modify (choking)

- Can be used to study the general
flow behavior in the CCF setup

- Applicable only for stable flow - Time consuming
c - Restricted to three geometries - Expensive in terms of hardware
ons:
(PP, GR, WE)

- Inaccurate results for channels with [ < 8
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5.1 ccFlow (One-dimensional)

ccFlow is a one-dimensional numerical tool developed at ZARM [31]. It can be used for the
prediction of the contour of the free surface and the critical flow rate for the flow in capillary
channels under the condition of reduced gravity. ccFlow is based on the capillary channel
flow mathematical model introduced in Section 3. In ccFlow, the system of coupled partial
nonlinear differential equations describing the flow velocity, flow cross-sectional area, free surface
curvature and the free surface contour is solved in non-dimensional form [28]. Steady and

unsteady (time dependent) solutions can be obtained. Central differences or upwind methods

ccFlow 5.3 ZARM Bremen
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Figure 5.1: Graphical user interface of the ccFlow tool. Left image: the control window through
which the simulations are set up. Middle and right images show the evaluation monitors, where
the solution is displayed in graphical form. Middle image: the flow cross section at the point
of the minimum cross section (due to scaling the radius appears elliptical). Right image: the
flow velocity v, the flow cross-sectional area A, the free surface curvature i and the free surface

contour k as functions of the flow coordinate .

can be chosen for the discretization of the differential equations. The parameters required to
solve the flow equations are given in Table 5.2.

In case of the steady flow computation, the critical flow rate is defined for the highest flow
rate for which the solution converges. With this method the shape of the free interface can be
determined for any flow rate 0 < @) < .. For the steady solution, the time dependent terms
in the governing equations (3.49) and (3.50) are set to zero (Ov/0t = 0A/0t = 0). In such case
a singularity occurs during the computation of the flow at the critical rate. This numerical
behavior is employed for the critical flow prediction. The critical flow rate is defined as the

highest computed flow rate value for which the singularity does not occur.
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Table 5.2: Summary of the CCF experiment parameters. The liquid properties correspond to
the HFE-7500 properties in Table 4.1.

Parameter

Value

Equation

System pressure coefficient Ky = 0.166

KO = a/RCT J[

Pressure loss coefficient 1

Pressure loss coefficient 2
Pressure loss coefficient 3
Pressure loss factor for PP

Pressure loss factor for GR

Liquid column length
Entrance factor 1

Entrance factor 2

K, =527 Section 9.2.2
Ky =1.68 Section 9.2.2
Ky = 442 Ky =0h"
Kp; =96 Section 3.3
Kg;{ = 86.4 Section 3.3
lp = 155.2 CAD model
Ly=0or1%  Section 3.3
Li=0 Section 3.3

T non-dimensional equation (3.60)

1 0 - developed, 1 - undeveloped flow assumption

It must be noted that the solution algorithm used in ccFlow cannot handle a non-unique

function k(z), which occurs when the slope of k(z) is infinite at one or multiple locations other

than the inlet or outlet of the channel. In other words, the free surface is not allowed to stretch

out of the integral range 0 < x < [. Free surfaces of that kind can be studied with a different

tool, such as Surface Evolver [51].

Test Matrix for ccFlow

Two ideal scenarios are considered in this study: (i) fully developed flow with parabolic velocity

profile (# = 0.24 in equation (3.36)), and (ii) undeveloped flow with constant velocity (z = 0).

These cases represent two extremes of the inlet low conditions bracketing all the intermediate

scenarios of a developing flow. The test matrix for the ccFlow simulations is shown in Table

5.3.
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CHAPTER 5. NUMERICAL TOOLS

Table 5.3: Test matrix for the ccFlow simulations of the steady flow in the capillary channels.

Simulation parameters correspond to the ones depicted in Table 5.2.

Geometry  Flow Channel  No. Objectives Results
condition length [  cases - Figure / Chapter
PP devel. 2.5...19.2 43 comparison with
6.4(a), 6.10, 6.12(a)
PP undevel. 2.5...19.2 43 CCF Exp. (Q. and k)
GR devel. 2.5...19.2 43 comparison with
6.4(b), 6.11
GR undevel. 2.5...19.2 43 CCF Exp. (Q. and k)
PP devel. 2.5...520 76 influence of [ on Q. 6.6(a)
PP devel. 25...19.2 90 influence of Oh on Q. 6.6(b)
PP devel. 5,19.2 6 influence of Oh on k 6.13
PP devel. 25...19.2 80 general free surface behavior Chapter 7
sum 424
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5.2 OpenFOAM (Three-dimensional)

OpenFOAM (Open source Field Operation And Manipulation) is a C++ written CFD toolbox.
The code is released as free and open source software under the GNU General Public License.
OpenFOAM (version 2.0.x) contains several solvers classified into the thematic groups: “basic”
CFD codes, incompressible flow, compressible flow, multiphase flow, DNS (Direct Numerical
Simulation) and LES (Large Eddy Simulation), combustion, particle-tracking, heat transfer
and buoyancy-driven flow and molecular dynamics solver.

For the modeling of the free surface flow in the capillary channel, the interFOAM solver is
employed. interFOAM is a two-phase, laminar, transient solver for incompressible fluids. The
free surface is modeled with the Volume Of Fluid (VOF) method, in which the same transport
equations are solved for both phases [40]. The momentum (NAVIER-STOKES) and continuity

equations take the form [72]

0(pU oo L
%—FV-(pUU)——Vp’+V~T+pg’+F’U, (5.1)

vV-U=0, (5.2)

where U represents the velocity field of the artificial fluid mixture U=0U+ @, p’ is the

pressure field, 7 is the viscous stress tensor (Newtonian fluid model), and F", is the surface

tension force. The phase fraction a®% (scalar function) is computed from the separate passive

transport equation

o OF .
O‘at LV (aOFT) = 0. (5.3)
The volume of fluid in a cell is computed as V!, = a9V’ where V., is the volume of a

OF ranges between 0 (cell completely filled with the void

computational cell. The value of «
phase) and 1 (cell completely filled with the liquid). At the interface, the value of a®% is

between 0 and 1. The physical properties of the fluid mixture (p and p) are calculated as

weighted averages based on the volume fraction o
p=p1a®" + py(1—a®") (5.4)
p= " + (1 —a%") (5.5)

where p;, 111 and pg, iy are densities and dynamic viscosities of liquid and gas, respectively. The
surface tension force F, is modeled according to the Continuum Surface Force (CSF) model [4]

as

F'y = oh/NVaOr | (5.6)

where o is the surface tension and h the interface mean curvature computed as

vaOF
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The surface tension force F, is only active in the interfacial region where 0 < o < 1. Equation
(5.6) is valid only for the cases with constant surface tension, as considered in this work due to
the isothermal environment and the pure liquid.

The pressure coupling of the governing equations is solved by the PIMPLE (Pressure
Implicit Method for Pressure Linked Equations) algorithm which results from combining the
SIMPLE (Semi-Implicit Method for Pressure Linked Equations) and PISO (Pressure Implicit
with Splitting of Operators) methods. The pressure is calculated with the SIMPLE algorithm
from the velocity components by applying an iterative procedure coupled with the NAVIER-
STOKES equations [23]. The PISO algorithm is implemented to rectify the second pressure
correction and correct both velocities and pressure explicitly. A detailed description of the
solution procedure of the used algorithm can be found in [72].

For the spatial discretization, the computational domain is divided into a finite number of
volumes, where the solution is calculated. The computational mesh is specified through cells
with an arbitrary number of faces, which are defined by a number of vertices (points).

For the single-phase simulations, the steady-state solver simpleFOAM is employed.

Test Matrix for OpenFOAM

A set of OpenFOAM simulations are carried out to study the flow in the capillary channels under
microgravity conditions. The simulations performance and results will be discussed in Chapter
9. In total, 189 simulations are performed. In Table 5.4 the corresponding test matrix is given.
The openFOAM capabilities are validated with the simpleFOAM solver for a flow in the tube
with circular cross section. The numerical results are compared with the analytical solution.
The flow simulations in the CCF setup can be divided into two groups: (i) single-phase flow in
the channel with closed sliders to investigate the general flow behavior in the CCF inlet section,
and (ii) two-phase simulation of the flow in the open channel with free surface(s), aiming at a
comparison with the experimental results. The details of the numerical setup and the numerical

performance are given in Chapter 9.
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Chapter 6

Steady Flow Results

In this chapter, the results of the CCF steady flow experiments are evaluated and compared to
the results of numerical simulations (1D and 3D). Some first results were recently published by
Conrath et al. [13]. An overall number of 272 data points (PP: 96, GR: 176) for steady flow
(subcritical and supercritical regime) were achieved during the CCF EU#1 series. An essential
goal of the CCF experiment is to investigate the stability of the free surface flow in the capillary
channels. The instability is defined by gas ingestion into the flow path, resulting in two-phase
flow. In case of the steady flow, the instability occurs due to the choking effect. In the following,
the experimental results will be used to verify the mathematical models introduced in Chapter
3. The evaluation focuses on the determination of the maximum flow rates resulting in the
stable flow and the corresponding contours of the free surfaces.

A realization of at least one data point (critical flow rate determination) for the represen-
tative lengths in the range 2 < [ < 19.2 for both geometries was the initial goal of the CCF
experiment. As shown in a histogram in Figure 6.1, not only this goal was achieved, but also

for the the sake of statistic (reproducibility) several repetitions were carried out.

6.1 Stable and Unstable Flow

During the steady flow experiments the flow rate ) is increased stepwise (as described in Section
4.2), and the influence of the flow rate variation on the gas-liquid interface behavior is inspected
visually. With increasing flow velocity in the capillary channel, the liquid pressure decreases.
As a consequence, the deformation of the free surface increases. The flow remains stable as
long as the curvature of the free surface balances the pressure difference between the liquid and
the surrounding gas. For a given channel length, the stability limit is achieved for the last flow
rate resulting in a stable free surface. Collapse of the free surface and gas ingestion (choking)

indicate an unstable flow.
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Figure 6.1: Number of data points (critical flow rate determined and last stable interface
recorded with the HSHRC) realized per channel length [. The total of data points is 83 for

parallel plates, and 69 for the groove channel (steady flow, critical regime).

In the CCF experiment, the last stable interfaces are recorded with a HSHR camera. Ex-
amples of unprocessed images for both geometries are shown in Figure 6.2. The corresponding
experimental data are summarized in Table 6.1. The lengths [ = 2 and [ = 19.2 are the shortest
and longest realized in the experiment, respectively. The presented images are randomly chosen
single frames. The time evolution of the free surfaces during the stable flow is shown in Figure
B.1 (Appendix B.2). It can be clearly seen that the free surfaces remain stable throughout
the entire duration of the experiment. In the presented cases (Figure B.1 in Appendix B.2),
the duration of the HSHRC video material is 1.62 s with 62 Fps (for each data point). In the
experiment, the free surfaces were monitored with the MSG camera for at least 30 s, which
is assumed sufficient to determine the flow condition (stable or unstable). Minor oscillations
can be observed on the free surfaces shown in Figure B.1 (Appendix B.2). These oscillations
possess features of standing capillary waves. Nodes between waves can be identified when the
standard deviations of the time averaged free surface contours k(z) are examined. It is found

[91] that said waves originate from the vibrations caused by the gear pump generating the flow.

The unstable flow regime is defined for the supercritical flow for which @ = Q. + AQ. It
must be noted that the mathematical model introduced in Chapter 3 does not apply for the flow
in the supercritical regime. During unstable flow, the free surface curvature fails to balance
the pressure gradient p — p,. As a consequence, the free surface looses its stability and gas
ingestion into the flow path occurs. Figure 6.3(a) shows an example of the recorded unstable

flow in the groove, where the gas bubble formation can be clearly observed. After exceeding
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Figure 6.2: HSHRC images showing the test channel during stable steady flow. (a-e): parallel
plates (both sliders open); (f-j): groove channel (one slider open). Flow is from bottom to
top. Last stable free surfaces (visible as a black area bending into the channel) are recorded.

Corresponding result data are summarized in Table 6.1.

the limiting value @, the free surface bends into the channel (# = 5.8 s) and collapses after the
gas bubble is formed (¢’ = 6.3 s). The gas bubble enters the flow path and moves towards the
channel outlet. This periodic gas ingestion (choking) repeats itself until the flow rate is reduced
sufficiently. For parallel plates, choking is possible on both sides of the channel (Figure 6.3(b)).
Both free surfaces bend almost identically into the channel during the flow with supercritical
flow rate (0 - 2.0 s). However, only one free surface looses the stability and the opposite free
surface retracts significantly at the time when the gas bubble is formed. For the time being,
there is no explanation which side is favored.

It is found that the volume of the ingested gas bubbles is independent of the flow rate

[8]. In other words, with increasing supercritical flow rate, the gas bubble volume! remains

!The gas bubble volume is in fact a function of the channel length [ (length of the open channel section

through which the surrounding gas enters the flow path).
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Table 6.1: Experimental data corresponding to the HSHR camera images depicted in Figure
6.2, where (). - evaluated critical flow rate; 7j - liquid temperature; p’ - the liquid pressure; p/,
- ambient pressure; Ap’ = p’ — pl, is the differential pressure. Fps and duration are the frame

rate and length of the HSHR camera video material, respectively.

Geometry | [’ [ ID Q.. Q. T, ot p,t Ap Fps Duration Figure
- mm - - mls™t - °C  Pa Pa  Pa 1/s S -

5 2 100642 7.88 0.995 28.5 1029.8 10274 24 62 1.62 6.2(a)
15 6 00728 6.14 0.775 29.9 1039.7 1040.0 -0.3 250 1.00 6.2(

PP 25 10 |00730 5.62 0.710 30.1 1041.1 1041.2 -0.1 250 1.00 6.2
35 14 [00742 5.67 0.716 30.5 1043.3 1043.6 -0.3 62 1.62 6.2(d
48 19.2]100652 5.27 0.666 30.1 1028.8 1028.5 0.3 62 1.62 6.2(e)

5 2 100028 7.86 0.992 28.4 1025.2 1014.0 11.2 62 1.62 6.2(f)
15 6 (00042 6.29 0.794 29.8 1039.0 1040.2 -1.2 62 1.62 6.2(g)
GR 25 10 |00055 5.93 0.748 28.4 1031.8 1033.2 -1.4 62 3.24 6.2(h)
35 14 |00066 5.65 0.714 29.9 1039.0 1040.3 -1.3 62 3.24 6.2(i
48 19.2100110 5.41 0.683 28.7 1040.5 1041.6 -1.1 62 3.24 6.2(

1 PressureC9 sensor (Figure A.3 in Appendix A.2)
I PressurelTU sensor (Figure A.3 in Appendix A.2)

constant. The ingestion frequency (number of gas bubbles ingested per time unit), however,
strongly depends on the flow rate. It increases linearly when the flow rate is increased. The
gas bubbles recorded on the HSHRC images tend to have an almost spherical shape (in the
xz-plane). However, the bubbles are confined between the channel walls and their diameters
are larger than the channel’s plate distance a. This means that the ingested gas bubbles are not
spheres, but they resemble a “cheese wheel” (closed toroidal bubble). The three-dimensional
flow simulations confirm this observation.

During unstable flow experiments, the MSG camera (live stream) was used for monitoring
the liquid fill level in the compensation tube. An example of the unstable flow recorded with
the MSG camera is shown in Figure B.2 (Appendix B.3). The gas that enters the flow path in
the test channel (during choking) is caught in the phase separation chamber. The meniscus in
the compensation tube rises with increasing volume of the gas bubble in the PSC. The fill level
difference Ahor is used to evaluate the amount of gas ingested during the choking process.

More examples of the recorded HSHRC images can be found in the CCF internet database

http://ccf.zarm.uni-bremen.de/.
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(a) groove (ID 00059)

t'=0 t'=2.7s t'=58s t'=63s t'=65s
(b) parallel plates (ID 00715)

t'=0 t'=0.8s t'=2.0s t'=28s t'=32s

Figure 6.3: HSHR camera images showing unstable choked flow. Flow is from bottom to top.
(a) groove channel with [ = 11.6 and Q/Q. = 1.01. (b) parallel plates with [ = 10 and

Q/Q. = 1.01.

6.2 Critical Flow Rate

An essential goal of the CCF experiment is to determine the maximum forced flow rates which
are possible for given channel lengths before the free surface(s) of the flowing liquid become(s)
unstable. This is accomplished by increasing the flow rate in small steps (quasi steady). The
critical flow rate (). is defined as the maximum measured flow rate at which stable interfaces
are observed. Exceeding the flow rate beyond the critical rate leads to the instability due to
the choking effect. Values of the critical flow rate for different channel lengths for both geome-
tries are determined experimentally and compared with the results from numerical simulations
(Figure 6.4). The characteristic experimental data are summarized in Table 6.2.

The critical flow rate is a function of the channel length for both geometries, and it decreases
with increasing channel length. This decrease appears hyperbolic for channels with [ < 8 and

almost linear for channels with [ > 8. For sufficiently short channels, the reversible convective
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Figure 6.4: Critical flow rate versus the channel length for the parallel plates (PP) and groove
channel (GR). Hatched lines depict the stable flow region where the mathematical model ap-
plies. The maximal experiment error is less than +0.02. EXP - experiment; 1D - ccFlow

simulations; 3D - OpenFOAM simulations.

pressure dominates over the irreversible viscous pressure losses (will be discussed later in section
7.3). Smaller pressure losses result in higher values of the critical flow rate.

A comparison between the experimental and 1D computational results shows very good
agreement for channels [ > 7.2 with a deviation less than 5%. The average critical flow rate

determined with 1D simulations is defined as

c,;unaeve —"_ c,aeve

QP = G+ Qe (6.1)
2

where Q7 1. and QLY. ., are critical flow rates computed for the undeveloped and fully

developed flow conditions at the channel inlet, respectively. The discrepancy between the
experiment and 1D model increases for short channels. This behavior is related to the additional
flow effects which are not included in the mathematical model (will be discussed in Section 6.4).
A comparison between the experimental and 3D results shows very good agreement (deviation
less than 5 %) for the entire range of lengths [. The 3D solver OpenFOAM solves the full
NAVIER-STOKES equations in the three-dimensional domain. Not only the numerical method
but also the computational domain (geometry) used in the 3D simulations better resemble the
CCF experimental setup. This could explain the better performance of the 3D solver for short
channels.

The values of the critical flow rate for the groove are higher than for the parallel plates

geometry. This is a consequence of the smaller flow cross-section area between the parallel plates
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Table 6.2: The critical flow rate (). for the parallel plates and the groove channel. Represen-
tative channel lengths are chosen for comparison. For 1D results, the average values between
the developed and undeveloped flow assumptions are listed (Equation (6.1)). EXP - experi-
ment, 1D - ccFlow, 3D - OpenFOAM, n - number of gathered data points, SQEXE i standard
deviation. The complete list for the lengths realized in the CCF experiment can be found
in Tables B.1, B.2 (Appendix B.1). The corresponding values of the (). determined with
ccFlow can be found in Tables C.1 and C.2 (Appendix C.1). The relative error is defined as
AQ. =| (QEXP — QP3P) JQIPAD | x100.

Parallel plates Groove

U | QERE n sqexp |Qulpp AQ|Q2%p AQ.| QIGE 1 sqexp | Quér AQc|Qiar AQ.
- - - - - % - % - - - - % - %
2.010.994 5 0.007 | 1.197 16.9]0.947 5.0 || 1.000 2 0.012 |1.239 19.2]0.972 2.9
4.0 |0.832 5 0.017 [0.928 10.3|0.802 3.8 || 0.868 5 0.005|0.984 11.7|0.859 1.1
6.0 || 0.768 5 0.006 [0.819 6.2 [0.745 3.1 ||0.796 2 0.003 |0.874 8.9 |0.808 1.5
8.0 || 0.741 5 0.007 {0.766 3.3 [0.720 2.9 || 0.763 5 0.003 |0.814 6.2 |0.770 0.9
10.0(| 0.717 5 0.006 | 0.736 2.6 [0.707 1.4 || 0.748 1 - 0.776 3.6 |0.758 1.2
12.0( 0.710 4 0.007 | 0.717 1.0 [0.694 2.2 || 0.732 5 0.006 |0.753 2.7 |0.745 1.7
14.01 0.701 4 0.011 [0.703 0.3 |0.682 2.7 | 0.714 1 - 0.736 3.0 |0.732 2.6
16.0(| 0.682 4 0.009 | 0.690 1.1 |0.669 1.9 || 0.703 5 0.006 | 0.723 2.6 |0.720 2.3
18.0( 0.671 4 0.005|0.678 1.0 [0.657 2.2 | 0.692 1 - 0.711 2.6 |0.707 2.1
19.21 0.665 4 0.007 |0.672 1.0 |0.644 3.3 | 0.678 5 0.019 |0.705 3.8 |0.694 2.4

due to the two-sided indentation of the surfaces. Smaller cross-section area in the parallel plates
channel requires higher flow velocities (flow continuity is preserved) leading to larger pressure
gradients than in the groove geometry (larger cross-section). Thus, higher flow rates can be
achieved for the groove channel before the curvature fails to balance the pressure difference
p — p, and the free surface collapses.

As shown in Figure 6.4, a clear limit between the stable and unstable flows for both
geometries is identified experimentally and numerically. For any flow rate @ < Q. (subcritical
and critical regime), the mathematical model is applicable. To study the flow with @ > Q.
(supercritical regime), an experiment or 3D unsteady simulations are required.

The complete list of the critical flow rates ). for all lengths [ realized in the CCF experiment
can be found in Tables B.1 and B.2 (Appendix B.1) with the corresponding 1D simulation results
in Tables C.1 and C.2 (Appendix C.1).
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6.2.1 Influence of the Flow Development State

The tool ccFlow is used to show the dependency of the flow condition at the channel inlet on the
critical low rate. The flow development is defined with the parameter 3, which is controlled with
the factors Lo and L; as described in Section 3.3. A parametric study is performed for parallel
plates with [ = 2 and | = 19.2. The model parameters are summarized in Table 5.2. Three
cases are distinguished in terms of the flow condition at the capillary channel inlet (z = 0): (i)
undeveloped flow (constant velocity profile), where Ly = 1 and L; = 0; (ii) developing flow:
Lo =1 and L; < 0; and developed flow (parabolic velocity profile), where Ly = 0 and L; = 0.
For the developing flow, the parameter L; is varied between the —1000 < L; < 0. As shown
in Figure 6.5, the lowest flow rates are obtained for the undeveloped flow assumption, and the
highest for the developed flow assumption. Both cases are depicted with solid lines. For the
developing flow, the lowest values of the critical flow rate are computed for L; — 0. Decreasing

the parameter L; below the value of zero leads to an asymptotic increase of the critical flow

rate.
1.24 L L L L 0.72 LS B S AL LA B
193 L ] 0.71 F developed (L= 0, €,= 0) -
1.99 developed(L,()j 0,£1= O)m ] 0.7 - o o 0 © © ]
191 _ OOO U ~ _ 0.69 0 OO ]
: 0.68 [ 7
S 19 § PP, | = 2 1 <oer [§ PRi=192 k
S 5 developing O ] < 3 developing © :
1.19 g : 0.66 ¢ ]
118 ¢ ] 0.65 8 ]
: N 0.64 ¥ N >
1.17 i undeveloped (Z,= 1, ;= 0) - 0.63 [ undeveloped (L= 1, L,= 0}
1.16 PR SR TN NN T TR N NN T SR N A SR T S N S N 0.62 PSP RS S T I T T S NN TSNS
0 200 400 600 800 1000 0 200 400 600 800 1000

_Ll —L1
(a) (b)

Figure 6.5: The critical flow rate (). computed with ccFlow as a function of the parameter L,

for parallel plates. Empty circles depict the critical low rate computed for different values of

parameter Ly (Lo = 1). (a) “short” channel [ = 2, where Q1% ;.. = 1.177and Q% , = 1.217;
(b) “long” channel [ = 19.2 where Q' ;... = 0.639 and Q17 ., = 0.705.
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6.2.2 Influence of the Characteristic Numbers

The parameters chosen for the parametric study are the OHNESORGE number Oh and the
dimensionless length [. The study is performed with the tool ccFlow. The model parameters
are summarized in Table 5.2. A fully developed flow between parallel plates is assumed.
Capillary channels with the open sections longer than investigated in the CCF experiment
(I > 19.2) might be required for technical applications. In the parametric study, the channel
length [ is varied between the 2 <1 < 520 (5.64 x 107* < [ < 1.46 x 107!) and the resulting
critical flow rates are computed. The results are shown in Figure 6.6(a). As expected, with
increasing the flow lengths (above the range investigated in the CCF), the critical flow rate
further decreases. In Figure 6.6(a), v* and A* are the velocity and the flow cross section at the

point & = z* (channel’s throat), respectively.

14 | 1 14l On = 220107 8
1.2 - 1.2 L
= 11 i 1L
L 08 | 1 o8
Qgg-i ] 06
: 1 04 f
0.2 1 8 1 02}

R Rt N

0.0001 0.001 001 0.1 1 0 4 8 12 16 20
I l

(a) (b)

Figure 6.6: The parametric study with ccFlow for parallel plates. (a) variation of the flow length
[ with constant Oh number Oh = 2.26 x 10~ (as in the CCF experiment). Parameters v* and
A* are the corresponding flow velocity and cross-section area at the point of the minimum cross-
section (ki point). Grey region corresponds to the CCF experiment range. (b) Variation of
Oh number and length [.

As already mentioned, the test liquid temperature increased towards the end of the ex-
periment operation on the ISS (EU#1), resulting in a variation of the test liquid proper-
ties (density, viscosity, and surface tension). As shown in Figure A.2(a) (Appendix A.1), the
lowest liquid temperature monitored in the CCF EU#1 is T,,;, = 23 °C (corresponding to
Ohpy, = 2.48 x 1072) and the highest Ty = 31.6 °C (Ohpay = 2.21 x 1073). The difference
of 2.7 x 10™* in the Oh number results in the 3.7 % and 1.4 % difference in the critical flow
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rate for the shortest (I = 2), and longest (I = 19.2) channel realized in the CCF experiment,
respectively.

In the parametric study, the Oh number Oh = 2.26 x10~3 (corresponding to the average
liquid temperature in the CCF experiment T = 30 °C) is increased and decreased by a factor
of 10. The influence of the Oh number on the critical flow rate is shown in Figure 6.6(b). For
constant Oh, the critical low rate decreases exponentially with /. The highest values of (). are
achieved for the lowest Oh numbers Oh = 2.26 x 1072, With increasing Oh number the flow
becomes more viscous. Due to the irreversible frictional pressure losses, lower values of (). can
be achieved in the viscous region. In other words, for the flow with high OHNESORGE number
(viscous flow), the free surface collapses sooner than with the flow with low OHNESORGE number

(convective/inertia flow).

6.3 Free Surface Contours

The HSHR camera images are evaluated in the manner described in Section 4.1.2. The goal of
the image processing is the determination of the time averaged free surface contours k along
the channel z-axis. The contours of the last stable interfaces are employed (in addition to the
critical flow rates) for validation of the mathematical model (comparison with the results of
ccFlow simulations).

During the CCF experiments with the parallel plates channel it was observed that both
free surfaces behave identically during subcritical flow with @ < Q. (Figure B.3, Appendix
B.4). Based on this observation, a symmetry within the channel with respect to the x, y-plane
(z = 0) is assumed. In the following discussion the contour data of the upper free surface (z
positive) are presented.

Experimentally determined free surface contours for both channel configurations are shown
in Figure 6.7. The corresponding experimental data are summarized in Table 6.3. The lengths
Il =2 and [ = 19.2 are shortest and longest from realized in the CCF experiment, respectively.
The inspection of the evaluated free surface contours shows that the shape of the free surface
profiles depends on the length of the channel. For channels with [ = 2 (for both PP and GR
channel), the contours of the free surface are almost symmetrical with respect to the channel
center x = 0.5 (Figures 6.7(a) and 6.7(b)). For channels with [ = 19.2, the contours are highly
asymmetrical. For the lengths [ = 10 and [ = 19.2 of the groove channel, the free surface profiles
are more deformed than for parallel plates channel (lower values of k). These differences will
be discussed later.

The influence of the length [ on the free surface contour is shown in Figures 6.7(c) and
6.7(d). The displacement of the free surface increases with increasing channel length. For short

channels (I < 4), the contours remain quasi symmetrical but k& lowers. For the channels with
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[l > 4, k rises and the profiles become more asymmetric in the vicinity of the channel exit

(x = 1) (Figure 6.7(d)). The changing shape of the free surface with increasing channel length

is a consequence of different physical regimes influencing the flow (will be discussed in Section

7.3).
Table 6.3: Experiment data corresponding to the free surface profiles depicted in Figure 6.7.
Geometry | I'/mm [ ID ] Q. Figure
5 2 00746 5.64 x 10~* 1.003 | 6.7(a),6.7(c)
7 2.8 00659 7.90 x 10~* 0.908 6.7(c)
8 3.2 00660 9.03 x 10~* 0.878 6.7(c)
9 3.6 00661 1.02x 1073 0.859 6.7(c)
PP 10 00747 1.13x107% 0.832 6.7(c)
15 00645 1.69 x 1073 0.762 6.7(d)
25 10 00754 2.82x107% 0.719 6.7(a)
35 14 00649 3.95x 1073 0.696 6.7(d)
48 19.2 00703 5.42 x 10=* 0.675 6.7(a)
48 19.2 00652 5.42 x 10=* 0.666 6.7(d)
5 2 00028 6.21 x 107* 0.992 6.7(b)
GR 25 10 00055 3.10 x 1073 0.748 6.7(b)
48 19.2 00110 5.96 x 1072 0.683 6.7(b)
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Figure 6.7: Experimentally determined free surface contour k£ along the channel x-axis. Maxi-
mum stable (critical flow) interfaces are depicted. In (a) and (b) , data for three characteristic
“short”, [ = 10 -

for both geometries. Different shapes of the free surface profiles represent different flow regimes.

channel lengths (I = 2 - “medium” and [ = 19.2 - “long” channel) are shown
Bars represent the average standard deviation (Equation (4.3)). In (¢) and (d), the influence
of the length [ on the free surface profiles is shown. The point k,,;, lowers for short channels
(c) and moves towards the channel exit for channels | > 4 (d). The error bars are dropped for

the sake of comparison.
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6.3.1 Reproducibility

An essential part of the CCF experiment was the determination of the shape of the free surface
profiles for the flow at the critical rate (last stable interfaces). For the representative channel
lengths (Figure 6.1), multiple experiments were performed in order to study the reproducibility
of the obtained results. Providing constant experimental conditions is intended throughout
the entire operation on the ISS. There were, however, some fluctuations of the experimental
parameters during the experiment. This has to be taken into account during a long-time
experiment. Presumably, due to the external heat sources, the liquid temperature increased
towards the end of the operation (Figure A.2(a) in Appendix A.1). Other parameters, such
as the differential pressure (gas-liquid) or the size of the gas bubble in the flow preparation
chamber, might also influence the measurements. For a single measurement (order of minutes),
however, a constant experimental conditions are assured. Multiple data points are evaluated,
and the comparison of the free surface contour k is shown in Figures 6.8 and 6.9. Corresponding
experimental data are summarized in Tables 6.4 and 6.5.  In general, a good reproducibility of
the free surface profiles is obtained. A vertical offset between the k curves in the vicinity of the
channel’s throat (minimum cross-section area) can be identified for some cases. The relative

difference between the maximum and minimum measured contour k is defined as

kmax - kmm

Ak = x 100 . (6.2)

kmin

The maximum relative difference Ak,,,, among all multiple data points is 9 % and 17.2 % for
the parallel plates and the groove channel, respectively. The average relative difference A,z
is 4.3 % (with sag,.. = 2.7 %) and 6.5 % (with Sy, = 5.6 %) for the parallel plates and
the groove channel, respectively. As shown in Tables 6.4 and 6.5, the liquid temperature T;
differs between the multiple data points realized for a particular channel length. Consequently,
the liquid properties vary slightly among the collected data points, which might cause the
differences in the shape of the measurement contours.

Furthermore, a discrepancy in the measured values of ). for a particular channel length
can be observed. The highest standard deviation is sg, = 0.02 for the parallel plates channel
with | = 4. The average standard deviation among all multiple measurements is s, = 0.01,
which is equal to 2 % and 3 % for the highest and lowest determined flow rates. It will be
shown in Section 7.2.1 that a small change (even below 2 %) in the value of the flow rate
leads a significant change of the shape of the free surface profiles for the flow in the critical
regime. In other words, small fluctuations of the flow rate in the vicinity of the stability limit
result in the significant differences in the k = f(x) plot. This (together with the experimental
conditions fluctuations) could also explain the offset between the contours determined in the
CCF experiment (Figures 6.8 and 6.9).
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Figure 6.8: Multiple data point results for the parallel plates channel. Time averaged (Equa-

tion (4.3)) free surface contours k along the channel z-axis. Maximum stable (critical flow)

interfaces are depicted. The error bars are dropped for the sake of comparison.
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Table 6.4: Experiment data from the multiple measurements of the free surface contours be-

tween parallel plates channel. Presented cases correspond to the plots in Figure 6.8. T} -

liquid temperature, p; - liquid pressure, p; - ambient gas pressure.

l ID Q. T, )t py I Frames Duration Fps Figure
- - - °C Pa Pa - s st -
00642 0.995 28.5 1029.8 1027.4 100 1.62 61.8
00657 0.985 30.7 1030.4 1029.6 100 1.63 61.5
2 100726 0.991 29.4 1035.1 1035.3 250 1.00 251.0 6.8(a)
00736 0.999 30.5 10424 1042.6 100 1.63 61.5
00746 1.003 30.7 1042.7 1043.0 100 1.63 61.5
00643 0.804 29.6 1033.0 1032.7 100 1.63 61.5
00662 0.831 30.4 1032.2 1031.3 100 1.63 61.5
4 100727 0.844 29.8 1039.1 1039.3 250 1.00 251.0 6.8(b)
00737 0.848 30.5 1042.3 1042.5 100 1.63 61.5
00747 0.832 30.7 1042.1 1042.2 100 1.63 61.5
00646 0.735 29.9 1040.0 1040.0 100 1.63 61.5
00673 0.739 30.3 1037.8 1037.5 100 1.63 61.5
8 100729 0.743 30.0 1040.5 1040.9 250 1.00 251.0 6.8(c)
00739 0.735 30.5 1043.0 1043.3 100 1.63 61.5
00753 0.751 28.7 1031.2 1032.0 100 1.62 61.7
00648 0.707 30.0 1012.8 1014.0 100 1.63 61.5
19 00683 0.702 30.2 1038.2 1037.8 100 1.63 61.5 6.8(d)
00731 0.718 30.1 1040.7 1040.8 250 1.00 251.0
00741 0.712 30.5 1043.9 1044.1 100 1.63 61.5
00650 0.692 29.5 1027.0 1027.0 100 1.63 61.5
16 00694 0.687 30.4 1033.7 1034.2 100 1.63 61.5 6.8(c)
00733 0.679 30.2 1041.4 1041.7 250 1.00 251.0
00743 0.671 30.5 1043.0 1043.3 100 1.63 61.5
00652 0.666 30.1 1028.8 1028.5 100 1.63 61.5
19.9 00703 0.675 28.9 1037.3 1037.6 100 1.62 61.6 6.8(1)
00735 0.659 30.3 1041.4 1041.5 250 1.00 251.0
00745 0.662 30.4 1043.1 1043.2 100 1.63 61.5

T PressureC9 sensor (Figure A.3 in Appendix A.2)
I Pressurel TU sensor (Figure A.3 in Appendix A.2)
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Figure 6.9: Multiple data point results for the groove channel. Time averaged (Equation (4.3))

free surface contours k along the channel z-axis. Maximum stable (critical flow) interfaces are

depicted. The error bars are dropped for the sake of comparison.
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Table 6.5: Experiment data from the multiple measurements of the free surface contours in
the groove channel. Presented cases correspond to the plots in Figure 6.9. T; - average liquid

temperature, p; - liquid pressure, p; - ambient gas pressure.

[ ID Q. T, P T py I Frames Duration Fps Figure
- - - °C Pa Pa - S 1/s -
5 00028 0.992 284 1025.2 1014 100 1.62 62.0 6.9(a)
00029 1.009 27.2 1016.4 1017.5 100 1.62 61.7
00026 0.866 28.1 1026.5 1025.3 100 1.62 61.8
00035 0.866 29.1 1016.6 1017.7 200 3.26 61.4
4 100086 0.875 25.6 1038.6 1039.9 200 3.25 61.5 6.9(b)
00099 0.862 30.1 1047.3 1048.5 100 1.63 61.5
00105 0.870 23.0 1017.3 1018.3 200 3.24 61.7
00022 0.767 25.3 1003.3 1004 800 13.05 61.3
g 00047 0.760 29.9 1038.9 1040.3 100 1.62 61.6 6.9(c)
00100 0.763 30.2 1047.3 1048.5 100 1.63 61.5
00106 0.763 25.8 1027.2 1028.2 200 3.25 61.5
00027 0.739 28.2 1028.2 1027.2 100 1.62 61.8
00061 0.730 29.6 1037.3 1038.6 200 3.26 61.3
12 | 00090 0.738 28.5 1052.2 1053.5 200 3.26 61.3 6.9(d)
00101 0.727 30.2 1047.5 1048.5 100 1.63 61.6
00108 0.724 27.1 1033.4 10344 200 3.25 61.5
00074 0.712 27.1 1032.4 1033.8 200 3.26 61.4
00091 0.704 28.7 1053.5 1054.8 200 3.26 61.3
16 | 00097 0.700 30.0 1046.8 1048.1 100 1.63 61.5 6.9(e)
00102 0.698 30.3 1047.7 1048.8 100 1.62 61.6
00109 0.698 28.2 1038.5 1039.4 200 3.26 61.3
00085 0.682 24.2 1032.1 1033.3 200 3.24 61.7
19.2 00092 0.690 28.9 1054.2 1055.5 200 3.26 61.3 6.9(f)
00098 0.686 30.1 1047.2 1084.6 100 1.63 61.6
00103 0.683 28.7 1040.5 1041.6 100 1.63 61.5

T PressureC9 sensor (Figure A.3 in Appendix A.2)
I PressurelTU sensor (Figure A.3 in Appendix A.2)

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



86 CHAPTER 6. STEADY FLOW RESULTS

6.3.2 Comparison with the Mathematical Model

As already mentioned, for each single data point the contour k is averaged over time and a
standard deviation is computed (Equations (4.2) and (4.3)). The experimental contour data
depicted in Figures 6.8 and 6.9 are used for the comparison with the results of the ccFlow
simulation. The value of time averaged contours k for each channel length is built. As shown
in Tables 6.4 and 6.5, the number of recorded HSHRC images differs for each measurement.

Therefore, the weighted averages of standard deviations are computed according to

) \/ (n1 — 1)(502) + (2 — 1)(552)% + - - + (i — 1) (5,2

, 6.3

where s, is the standard deviation for a single data point according to Equation (4.3), n is
the sample size (number of HSHRC frames for given data point) and N is the population size
(number of data points for a given channel length).

The comparison is shown in Figures 6.10 and 6.11, with the corresponding data summarized
in Table 6.6. Representative short (I = 2, | = 4), medium (I = 8, | = 12), and long channels

(I =16, | = 19.2) are chosen for comparison. For the 1D model (ccFlow simulation), two

Table 6.6: Free surface contour data corresponding to the results shown in Figures 6.10 and
6.11. Results of the 1D simulations (kj, and z7j,) are the average values computed for the

developed and undeveloped flow assumptions.

Geometry | I' /mm [ | ki, kip AF /% al,, i, Az*/ %

5) 2 1419 4.08 2.9 0.61 0.51 19.7
10 4 1399 381 4.8 0.55 0.52 7.0

pp 20 8 |4.03 3.89 3.8 0.58 0.55 4.6
30 12 1 4.05 3.99 1.5 0.73 0.62 16.4
40 16 | 4.12 4.00 3.0 0.74 0.69 6.6
48 19.2 1 4.13 4.00 3.1 0.82 0.74 11.3
) 2 | 4.28 4.05 5.8 0.54 0.51 5.1
10 4 | 386 3.51 10.2 0.56 0.52 7.4
20 8 [3.68 3.29 12.0 0.67 0.55 22.8

GR

30 12 1 3.83 3.60 6.7 0.73 0.60 20.9
40 16 | 3.96 3.73 6.0 0.79 0.67 16.8
48 19.2 1 3.90 3.75 4.1 0.82 0.72 14.6

flow assumptions at the channel inlet are considered: developed (solid lines) and undeveloped
(dashed lines) flow.
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In general, good agreement between experiment and numerical predictions is obtained. 1D
profiles, however, are slightly shifted towards the channel inlet z = 0 (the deformation of the
free surface is underestimated). For the groove channel, also lower values of k are obtained
than in the experiment. The differences in the examined contour plots can be evaluated in
the vicinity of the minimum cross-section point. The relative difference between the measured

values of k* and the corresponding z* at the point of the minimum cross section is defined as

* k*EXP - TD * kTD,devel. + kTD,undevel.
Ak* = o x 100 ,where ki, = 5 ) (6.4)
1D
wn xE‘XP - xTD xTD devel + ‘IID undevel
Ag* = | —==——=| x 100 ,where 2], = —"— 5 - (6.5)
s
1D

As shown in Table 6.7, the maximum relative difference Az* is 19.7 % and 22.8 % for the

max

parallel plates and the groove channel, respectively. The average difference Az* is 10.9 % (with
Sag = 6.0 %) and 14.6 % (with Sz, = 7.1 %) for the parallel plates and the groove channel,
respectively. The average difference in the value of z* is however less than 15 % for both
geometries.

The maximum relative difference Ak* is 4.08 % and 12 % for the parallel plates and the

max

groove channel, respectively. For both geometries, the displacement of the predicted contours
is slightly overestimated. The average difference Ak* is 3.2 % (with Sz = 1.1 %) and 7.4 %
(with Saz- = 3.0 %) for the parallel plates and groove channel, respectively.

Table 6.7: Maximum differences in the values of x* and k* determined experimentally and

*

rae - Maximum difference in 2*; Az* - average difference in z*; Sx,+ - standard

numerically. Az

deviation; Ak, - maximum difference in k*; Ak* - average difference in k*; Saz - standard
deviation.
Geometry | Az, /% Ax* /% Sape [% Ak, /% Ak* /% Sap /%
PP 19.7 10.9 6.0 4.08 3.2 1.1
GR 22.8 14.6 7.1 12 7.4 3.0
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Figure 6.10: Comparison of the maximum stable free surface contours k along the channel
z-axis in the parallel plates channel. Points depict the experiment (average values of the

multiple data points), where the error bars are the weighted averages of standard deviations
(Equation (6.3)).
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Figure 6.11: Comparison of the maximum stable free surface contours k along the channel

r-axis in the groove channel. Points depict the experiment (average values of the multiple

data points), where the error bars are the weighted averages of standard deviations (Equation

(6.3)).
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6.3.3 Minimum Contour Point

To aid further examination of the free surface contour, the minimum contour point k,,;, (z*, k*)
is evaluated. A comparison of the position of the spatial coordinates of k,,;, between the exper-
iment and the mathematical model (ccFlow) is shown in Figure 6.12(a), with the corresponding
data summarized in Table 6.8 . The point k,,;, is located in the vicinity of x = 0.5 for short
channels and is typical for convective dominated, symmetrical profiles. As the channel length
is increased, the coordinate z* of k,,;, shifts towards the channel outlet. As the channel length
increases, the deformation of the free surface also increases due to the shifting of k,,;, towards
the channel outlet. In the experiments (EXP), k* increases with [ for channels with [ > 3.6.
The same trend is observed for results of the 1D model, albeit for channels with [ > 4.8. In
both cases, k* seems to tend towards a value of 4. It will be shown later that, for sufficiently
long channels, £* = 4 is a minimum value that is based on the channel geometry. As shown
in Figure 6.12(b) the values of the experimentally determined coordinate z* agree for parallel
plates and the groove channel. Examination of £* shows that lower values are obtained for the

groove than for the parallel plates channel.

0.8 5 08 | .
0.6 4.5 0.6 4
S04 N $ woa |
0.2 3.5 0.2 |
0 _— 3 0 I 3
0 4 % 12 16 20 0 4 8l 12 16 20
(a) Parallel plates. (b) Parallel plates and Groove.

Figure 6.12: Position of the spatial coordinates of the minimum contour point Ay, (z*, k*)
as a function of the channel length. Points * = 0 and x* = 1 on the left ordinate axis
correspond to the channel entrance and exit, respectively. The right ordinate axis represents
the corresponding k*. The flow is at the critical rate. (a) Solid lines are results of numerical
simulations, whereas dotted and dashed lines represent the developed and undeveloped flow
velocity profile assumption, respectively. (b) Comparison between the parallel plates and the

groove channel (experimental results).
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Table 6.8: Experimental (EXP) and numerical (1D) data corresponding to the k,,;, point
(minimum contour point). The A depicts the difference between the measured and numerically
computed values. Characteristic values A}, and hip at the k,,;, point v are the flow velocity,
flow cross-section area, and the mean curvature, respectively.

! Tixp  Tip  Ax/% | kixp ki AEY/% | v,  Alp hip

2 | 0.554 0.503 9.3 4.264 4.074 4.5 1.42 0.86 2.06

4 11 0.577 0.508 12.0 | 3.932 3.809 3.1 1.18 0.80 1.49
6

8

0.603 0.518 14.1 | 3.982 3.804 4.5 1.05 0.80 1.25
0.580  0.533 8.2 4.061 3.902 3.9 096 0.82 1.13
10 || 0.655 0.563 14.1 | 4103 3.975 3.1 091 0.84 1.08

PP 12 || 0.727  0.603 17.0 | 4.028 4.005 0.6 0.89 0.84 1.05
14 || 0.762 0.643 156 |3.994 4.015 0.5 0.87 0.85 1.05

16 || 0.798  0.683 14.3 | 4.036 4.017 0.5 0.85 0.85 1.04

18 | 0.808 0.719 11.1 | 4.056 4.015 1.0 0.84 0.85 1.04

19.2 | 0.824 0.734 11.0 | 4.040 4.013 0.7 0.83 0.85 1.04

2 0.531 0.5025 5.3 4.281 4.033 5.8 1.36 0.92 2.03

4 0.562  0.508 9.6 3.863 3.504 9.3 1.16 0.87 1.52

6 0.6  0.518 13.7 | 3.801 3.280 13.7 | 1.07 0.85 1.32

8 0.672 0.528 21.5 3.68 3.302 103 |1.00 0.85 1.21

GR 10 || 0.669 0.548 18.1 | 3.755 3.475 7.5 094 087 1.13

12 || 0.729  0.578 20.7 | 3.835 3.664 4.4 0.89 0.89 1.08
14 | 0.765 0.618 19.2 | 3.863 3.778 2.2 0.86 0.9 1.06
16 || 0.786  0.658 16.3 | 3.956 3.816 3.5 084 09 1.05
18 || 0.804 0.693 13.8 ]3.926 3.827 2.5 083 0.9 1.05
19.2 | 0.823  0.709 13.9 |3.901 3.825 1.9 082 0.9 1.05
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6.3.4 Parametric Study

A parametric study with ccFlow is performed to demonstrate the influence of the OHNESORGE
number on the shape of the free surface profiles. The model parameters are summarized in
Table 5.2. A fully developed flow at the channel inlet is assumed. The OHNESORGE number
Oh = 2.26 x 1073 (from CCF experiment) is increased and decreased by a factor of 1000. For
Oh = 2.26 x 1073, the profiles are almost symmetrical with respect to z = 0.5 (Figure 6.13),
which is typical for inertia dominated flows. With increasing Oh number, the displacement
and the deformation of the free surface profile increase. It is interesting to see that, for the
short channel [ = 4, the contour k is quasi-symmetrical even for the large value of Oh = 2.26,
whereas for [ = 19.2, the contour is highly non-symmetrical. This justifies the choice of the
dimensionless channel length [ as a parameter characterizing the flow regimes in the capillary

channels (will be discussed in Chapter 7).
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Figure 6.13: Free surface contour k£ depending on the Oh number in the parallel plates channel.
Short channels I = 4 (a) and long channels [ = 19.2 (b) are chosen for comparison. Last stable
interfaces are depicted (flow at the critical flow rate). The value Oh = 2.26 x 10~ corresponds

to the CCF experiment.

6.4 Weaknesses of the Mathematical Model

As shown above, the 1D model generally predicts well the shape of free surface profiles and
values of the critical flow rate for the flow between parallel plates and in the groove channel

under microgravity conditions. It does, however, overestimate the critical flow rate for short
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channels [ < 7.2 (Figure 6.4). Furthermore, the predicted contours of the free surface profiles
are slightly shifted towards the channel entrance (Figures 6.10 and 6.11). These differences
reveal the weaknesses of the 1D model and its assumptions. These are shortly addressed in the
following. During the experiments performed on the research rocket TEXUS the flow separation
phenomenon was observed for the flow between parallel plates [69]. Tracer particles were used to
study the behavior of the flow. For internal flows, such as CCF, the separation of the boundary
layer (in the vicinity of the downstream part of the interface) causes an increase of the pressure
loss [78]. The 1D model does not account for such a pressure loss. The flow separation is
confirmed with the 3D simulations of the flow in the capillary channel (resembling the CCF
test channel) with variable cross-sectional area [52]. This could explain the overestimation of
the critical flow rate for short channels. In addition, at the channel inlet, the wall boundary
condition changes from no-slip to slip, due to the presence of the free surface. Therefore, it
takes a certain channel length for the flow to adjust to the new boundary conditions. The
existence of such an adjustment region [37] adds more complexity to the entire flow, especially

when the channel is short.
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Chapter 7
General Behavior of Free Surfaces

The present chapter is based on the publication “Free surfaces in open capillary channels -
Parallel plates” by P. Bronowicki, P. Canfield, A. Grah and M. Dreyer [5]. The validation of
the mathematical model used for the prediction of the behavior of the gas-liquid interface in
capillary channels in forced flow under microgravity conditions was provided in Chapter 6. It
is demonstrated that the critical flow rate and free surface contours can be predicted with the
1D model. In general, the shape of the interface is influenced by geometrical constraints, the
system pressure, and flow conditions. A number of numerical computations are performed in
order to study the effects of the influencing parameters and to exploit the mathematical model.
In the following developed flow at the channel entrance and pinned free surfaces are assumed.
Three scenarios are considered: (i) static solution, no flow; (ii) dynamic solution, flow rate
variation; (iii) dynamic solution, channel length variation. Steady flow between parallel plates
is considered. Liquid properties and simulation parameters correspond to the CCF experiment

(unless otherwise specified).

7.1 Static Solution

Reducing the flow in the channel to the static problem presents a possibility to study the
influence of geometrical constraints and boundary conditions on the behavior of the gas-liquid
interface. Since there is no flow, pressure is constant over the length of the channel and the
free surface has a constant mean curvature along x. For zero flow, the momentum Equation

(3.49) reduces to
an _
dr

which means that the mean curvature h along the channel is dictated by the pressure boundary

0, (7.1)

condition hg
1

1
pa_p:h:hOZ(E+R—2)200nSt. (7,2)
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For the static solution, this equation applies everywhere along the free surface. Furthermore,
Equation (3.59) reduces to hg = h(z = 0) = K;. Therefore, the surface curvature in the channel
is only a function of the system pressure induced by the meniscus in the compensation tube.
Figure 7.1 shows static free surface contours for different channel lengths, where Ky = 0.166
and A = 5, as in the CCF experiment. For the sake of comparison, both non-dimensional
and dimensional quantities are depicted. The indentation of the free surface increases with
increasing channel length. For channels with [ > 7.2, the minimum contour height £ maintains
the same level in the middle part of the profile (Figure 7.1(b)). Here, the flat part of the
profile in the vicinity of the channel center can be identified. Another feature that can be
identified when dimensional values of the free surface contour are considered (Figure 7.1(a)) is
the free surface contour slope d k' at the channel entrance. The slope is dictated by the pressure
(Equation (3.59)) at the channel entrance and appears identical for all channel lengths. Further
increase of the length of the open section above [ = 7.2 (I’ = 18 mm) leads to the extension of
the middle flat part of the profile.

There are, however, some limits to the mean curvature at the channel inlet, beyond which a
stable, pinned free surface fails to exist, even for zero flow conditions. The externally applied

pressure difference K| is limited by the physical conditions of the interface in the channel.

12.5 5
12.45 — 4.98
12.4 -
= 4.96
Z 1235 - e
RS 4.94
12.3 1 7
12.25 | ] 4.92
122 Lo v v v vy 4.9-...|...|...|...|...
0 10 20 30 40 50 0 02 04 06 08 1
x’ /mm x

(a) (b)

Figure 7.1: Free surface contours along the channel axis x for different channel lengths (I and [)
and zero flow. The inlet boundary conditions correspond to the CCF experiment. Indentation
of the free surface is dictated by the pressure boundary condition at the channel entrance
and geometric constraints. Different characteristics can be observed depending on whether

dimensional (a) or non-dimensional (b) quantities are observed.
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Figure 7.2: Channel cross-section at the lowest point of the free surface indentation (k = k*).
Grey color represents the liquid in the channel. Free surface displacement is depicted with d.

Ry is the first principal radius of curvature.

The free surface curvature is related to the free surface displacement d = b/2 — k as shown in
Figure 7.2. Both principal radii curvature can then be expressed as geometrical relations in

dimensional form
Qe )
R} = 2T and R, = 2T : (7.3)
Inserting Equation (7.3) into the dimensional YOUNG-LAPLACE Equation (3.3) and subsequent

scaling yields

1 1

1+d2+1(1)2+d2 ’
4 \T

P — DPa = —2d (74)

where 1/I'" = . Equation (7.4) can be used to calculate the maximum pressure for given
a, l, and d (Figure 7.3). The maximum free surface displacement for the channel with a

gap distance a = 5 mm, resulting in a pinned free surface, is dyee = Rimaz = 1, where

/

'maz = @/2 = 2.5 mm. The dimensionless parameter I' is used to quantify the obtained

results. The uppermost curve in Figure 7.3 represents “long” channels with I' — 0, for which

the maximum mean curvature is R0 = —Pmae = 1. In the case of the CCF setup for channels
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Figure 7.3: Pressure difference p — p, as a function of the surface displacement d. Maximum

value of d,qp = Rimae = 1 is a pure geometrical property.

with [ > 10 (I' > 0.1) the maximum mean curvature h,,,, < 1.08, and the second term on
the right hand side of Equation (7.4) can be neglected. With increasing I' (channel length
decreases), the second curvature component becomes more significant and consequently the
pressure difference in Figure 7.3 decreases. The lowermost curve in Figure 7.3 represents the
shortest channel examined here, for which I’ = @ and I' = 0.5. In this case both mean curvature
components contribute equally, and A, = 2.

Furthermore, the minimum value k* can be calculated as k., = Kkinaz — dmaz. The maxi-
mum value k,,,, is a geometrical property that is defined by the channel wall’s width b, where
kl .. = 0/2 =125 mm (for CCF setup). The maximum displacement for the pinned free

max
= 4.

This value corresponds to the CCF experiment results shown in Figure 6.12(a), where for long

surface iS dpq, = 1. Assuming d,., = 1 and k4, = 5, the minimum value of £* is k),
channels the vertical coordinate of the k,,;, point k* ~ 4. It confirms the assumption that the
minimal contour point of the free surface is a geometric quantity. At d,,.. = 1, the interface
reaches its maximum curvature for a pinned free surface.

Furthermore, the individual components of the mean curvature are evaluated. At the
channel entrance and exit, the free surface is pinned at the edges of the slider and the channel.
Thus, the first principal radius R; — oo and, as a consequence the component 1/R; = 0 at
x =0 and x = 1 (Figure 7.4). To satisfy Equation (7.2), the second curvature term must

balance the pressure boundary condition, thus 1/Ry — 0.166 = hg at the channel entrance
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and exit. For the channel length [ = 2, the curvature is supported by both radii at any point
0 < z < 1. For the channel length [ = 18, the flat, middle profile part can be identified, where
Ry — o0. Thus, 1/Ry — 0 between x =~ 0.2 and x =~ 0.8. Here, only the radius perpendicular to
the flow forms the free surface. Consequently, for a long channel, between x ~ 0.2 and z ~ 0.8
the first curvature component adjusts to a fixed boundary condition so 1/R; — 0.166 = hy.

Expanding the study to the whole range of channel lengths (corresponding to the CCF
experiment) it is observed that, for channels with I < 7.2 both principal radii contribute to the
mean curvature. In this case the free surface is supported by both radii. For long channels
with [ > 7.2, the flat profile part in the middle section can be identified, where only the first
principal radius R; contributes to the curvature. In this case, the free surface is supported by
only one radius (1/Ry < 0.01 at x = 0.5). It must be noted that the length | = 7.2 corresponds
to the previously determined length above which the minimum contour height £ maintains the
same level in the middle part of the profile (Figure 7.1(b)).

0.2 [ S B B B
[ 1/R; ('long") ]
0.16 r\0.166 :
o 2 "
012 L[ A\
i . UR, (short) o7\l
= 0.08 [ > ]
~ N .
— IH 1/R, ('short") i
0.04 [t
1/R, (long')
O PR\ Y SR T T SH S ST AR A SR TP Py Gl S
0O 02 04 06 08 1
xr

Figure 7.4: Mean curvature components 1/Ry, 1/ Ry (computed using Equations (3.54), (3.55))
along x. Since no flow is present, the mean curvature adjusts to the curvature boundary
condition at the channel entrance hy = 0.166 (according to Equation (7.2)). Characteristic
short (I = 2) and long (I = 18) channels are chosen for comparison. For long channels, the
term 1/Ry — 0 in the middle part of the free surface (between = =~ 0.2 and x ~ 0.8). This is
the indicator of the flat profile section where d .k — 0.
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7.2 Dynamic Solution

The influence of various flow effects on the shape of the free surface can be studied by variation
of the flow conditions (flow rate and channel length). The CCF experiment mainly focuses on
the investigation of free surfaces at the critical point where last stable contours were recorded
with a high speed camera. In the following, the mathematical model is employed in order to
examine the behavior of free surfaces in the stable, subcritical flow regime. A parametric study
is performed for representative channel lengths. Geometrical and liquid properties correspond
to the CCF experiment (Table 4.1), except for the system pressure boundary condition, which

is set to Ky = 0 for the sake of convenience.

7.2.1 Flow Rate Variation

The flow rate is varied between 0 (no flow) and the critical value Q.. Representative short
(I = 2) and long (I = 18) channels are presented. For the short channel, free surface profiles are
almost, symmetrical with respect to the plane z = 0.5 (Figure 7.5(a)). For the long channel,
the profiles are asymmetric, and the minimum contour point is shifted towards the channel
exit (Figure 7.5(b)). In general, the asymmetry of the free surface increases with increasing
flow rate. During the CCF experiment, however, it was observed that a given, constant change
of the flow rate AQ leads to a different change of the free surface displacement, depending
on the flow conditions (moderate or high flow velocities). Results of numerical simulations
confirm this behavior. As can be seen in Figures 7.5(a) and 7.5(b) a 1% increase of the flow
rate, from Q/Q. = 0.99 to Q. (critical regime), leads to a higher increase of the free surface
displacement than an increase by 10% in the moderate, subcritical flow regime (Q/Q. < 0.95).
This illustrates the sensitivity of the free surface in the vicinity of )., where a small change of
the flow rate leads to a significant change of the free surface profile.

Furthermore, for stable flow, the mean free surface curvature h along the channel must
balance the pressure difference between the flowing liquid and the surrounding gas at any point
of the interface according to the YOUNG-LAPLACE Equation (3.3). As shown in Figures 7.5(c)
and 7.5(d), the mean curvature increases with the free surface displacement along =. For the
short channel, the curvature h has the same value at the inlet and at the outlet, which is typical
for convective dominated flows, where the reversible pressure loss dominates the momentum
balance. Convective acceleration leads to a pressure decrease between x = 0 and x = x*, which
is then recovered between x = x* and x = 1. For the long channel, the curvature h reaches
higher values at the channel exit than at the channel entrance, which is, as a consequence of
the pressure loss, attributed to viscous effects (Figure 7.5(d)). This behavior will be discussed

in Section 7.3.
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Furthermore, the components of the mean curvature along = are examined. Figures 7.6(a)
and 7.6(b) show the first curvature component 1/R;. For the short channel, plots are symmetric
with respect to the plane z = 0.5. 1/R; reaches its maximum value of 1 in the middle part of
the profile at the critical flow rate. This geometric property was discussed in Section 7.1. Plots
of the second curvature component 1/Rs are shown in Figures 7.6(c) and 7.6(d). Also in this
case curves are symmetric for the short channel. It is worth noting that, for the long channel,
the term 1/Ry — 0 in the middle part of the profiles for all considered flow rates. Even for the
low flow rates Q/Q. < 0.1, the free surface profile has a flat middle part where 1/Ry — 0.
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Figure 7.5: Typical results of numerical computations of flow between parallel plates. The left
column shows results for the representative short channel (I = 2, Q. = 1.27) and the right
column for the long channel (I = 18, Q. = 0.79). Depicted are: (a), (b) - free surface contour
k, where circles depict the k,,;, point at position z*; (¢), (d) - mean curvature h, where Q/Q.
from bottom to top are 0.1, 0.3, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.99, 1.
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Figure 7.6: Typical results of numerical computations of flow between parallel plates. The left
column shows results for the representative short channel (I = 2, Q. = 1.27) and the right
column for the long channel (I = 18, Q. = 0.79). Depicted are: (a), (b) - first curvature
component 1/Ry; (¢), (d) - second curvature component 1/Ry. From from bottom to top Q/Q.
are 0.1, 0.3, 0.5, 0.6, 0.7, 0.8, 0.9, 0.95, 0.99, 1.
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7.2.2 Channel Length Variation

In the following, the steady flow with a constant flow rate @ = 0.63 (subcritical flow) is
considered in order to distinguish between effects that are typical for subcritical and critical
flow. The channel length [ is varied in a range 2 < [ < 19.2. Figure 7.7(a) shows plots of
the contour k. The clear difference between the quasi-symmetric profiles for short channels
and the asymmetric profiles for long channels can be seen. With increasing channel length the
free surface displacement also increases. The minimum contour point k,,;, decreases and is
shifted towards the channel exit. For channels [ > 4.8, the longitudinal shift of the minimum
contour point becomes significant (z* > 0.5 £ 2.5 %). The mean curvature adjusts to the
free surface deformation, as depicted in Figure 7.7(b). The curvature difference between the
channel inlet and outlet increases with the channel length. The first and second curvature
components are shown in Figures 7.7(c) and 7.7(d), respectively. It is worth noting that all
plots of 1/Ry are quasi-symmetric with respect to the plane z = 0.5 for all considered channel
lengths. For channels [ > 7.2, the second curvature component 1/Ry < 0.01 in the middle part
of the profile. This indicates the presence of the flat profile part in the middle of the channel.
[ > 7.2 corresponds to the characteristic length identified using the static solution (Section
7.1), where for channels [ > 7.2 the flat part of the profile is also present. Regarding the first
curvature component, plots are quasi-symmetric for channels with [ < 4.8. For longer channels,

the asymmetry of 1/R; increases towards the channel exit.
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Figure 7.7: Typical results of numerical computations of the flow between parallel plates with
a fixed flow rate Q = 0.63. The channel length is varied in the range 2 < [ < 19.2, which
corresponds to the range of lengths investigated in the CCF experiment. (a) - free surface
contour k; (b) - mean curvature h; (c) - first curvature component 1/Ry; (d) - second curvature
component 1/Ry. In (b) and (c), from bottom to top, the values of [ are 2, 2.4, 2.8, 3.2, 4, 4.8,
6, 8, 10, 12, 16, 19.2. In (d) from top to bottom, the values of [ are 2, 2.4, 2.8, 3.2, 4, 4.8, 6, 8,
10, 12, 16, 19.2.
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7.3 Physical Flow Regimes

In the following, the influences of two major flow effects, convective acceleration and viscous
pressure loss, on the behavior of the free surface is studied. The flow is assumed to be at its
critical rate, and the model parameters correspond to the CCF experiment shown in Table
4.1. A fully developed velocity profile ate the channel entrance is assumed. The numerical
code provides the steady flow solution of the free surface contour k, flow velocity v, flow cross-
section area A, and the mean curvature h along the z-axis (Figure 7.8). For the channel with
I = 2, the plot of the free surface contour k is symmetrical with respect to the plane x = 0.5
(Figure 7.8(a)). For the channel with [ = 18, the contour is non-symmetric (Figure 7.8(b)),
and the minimum contour point is shifted towards the channel exit. In both cases, the flow
velocity v reaches its maximum value at the channel throat (minimum contour point), where
the flow cross-section area A reaches its minimum. In both cases the mean curvature h increases
between z = 0 and = z* due to the pressure decrease (consequence of the convective flow
acceleration). For the channel with [ = 2, the curvature h has almost the same value at the
channel inlet and outlet. The pressure is almost fully recovered between z = z* and = = 1.
For the channel with [ = 18, the curvature h has a higher value at the channel exit than at the
channel inlet.

In the following, the contributions of the individual terms of the momentum equation to the
balance are investigated. In Equation (3.49), the reversible pressure loss due to the convective

acceleration is represented by the convective term. The irreversible frictional pressure loss
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Figure 7.8: Typical results of the 1D simulation of the flow between the parallel plates with
the critical flow rate. The value of the mean curvature h at the channel entrance x = 0 is
defined by Equation (3.59). The value of the coordinate z* (e) of the minimum contour point
is ¥ = 0.50 for the channel with [ = 2 and z* = 0.68 for the channel with [ = 18.
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is described by the viscous term. The observation was made that the relative proportion of
both terms differs with the flow length. This is addressed in the following. Integration of the
momentum Equation (3.49) yields

1 K *
§(v2—vg):h—h0——;l/vdx, (7.5)
, N——— 0
X H M

where the terms from left to right represent the convective, curvature, and viscous contribution,

respectively. The unsteady term is skipped since steady flow is considered.
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Figure 7.9: Contributions to the momentum balance for the flow at the critical rate. Curves
X, H, ¥ represent the convective, curvature, and viscous terms, respectively. Dots depict the

point " where y = .
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Results of 1D simulations are analyzed to determine the magnitude of the said terms, which
are then plotted along the channel axis x (Figure 7.9). The term H (curvature) reflects the
capillary pressure evolution along the channel and reaches higher values at the channel outlet
than at the channel inlet. In general, with increasing channel length, the viscous effects become
more significant. The irreversible frictional pressure loss causes the curvature difference between
the channel outlet and inlet. The term y (representing the convective term) is a function of the
local flow velocity. It reaches maximum values at the point of the minimum cross-section (where
the flow velocity reaches ist maximum values). The term W (viscous term) increases linearly
along the channel and reaches the highest value at the channel outlet. For sufficiently short
channels (Figure 7.9(a)), the term y dominates over W along the entire channel. Conversely,
for sufficiently long channels (Figure 7.9(d)), the term W is dominant. A characteristic point is

x, where the convective and viscous terms are equal in magnitude (xy = V).
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Figure 7.10: Location of 21 (left ordinate axis) and the irreversible pressure loss Ah (secondary

axis) as functions of the dimensionless flow length [ at the critical flow rate. Solid lines represent
results for A = 5 and the system pressure Ky = 0.166 (as in the CCF experiment). Dashed
lines are for A = 5 and Ky = 0. The curvature difference Ah is depicted with triangles for
A = 4, and circles for A = 6. The dashed box depicts the range of [ which was investigated
in the CCF experiment. Shaded areas indicate the convectively dominated and purely viscous

regimes.
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The location of 2™ is a function of the channel length (Figure 7.10, left ordinate axis) and
can be used to characterize the transition between different flow regimes. For flow lengths
[ <4x10°* zt is located in the vicinity of the channel outlet (z* — 1), and for flow lengths
[ > 3% 1072 in the vicinity of the channel inlet (z+ — 0). With increasing flow length, =t shifts
towards the channel inlet (z = 0). A sudden drop of the curve z* occurs at [ ~ 4.5 x 1073,
The transition between the convective and viscous dominated flow domains is begins here.

It must be noted that, in the case of convective dominated flow, both flow effects (convec-
tive and viscous) exist and influence the free surface curvature. The same applies for viscous
dominated flows. The terms “viscous” and “convective” dominated imply the dominance of
the particular term. For a further classification of the physical flow regimes, the curvature
difference between the channel outlet and inlet Ah = h(z = 1) — h(x = 0) is inspected. The
reversible convective momentum transport does not affect the pressure difference between inlet
and outlet of the channel. Therefore, Ah is an indicator of the presence of the irreversible,
frictional pressure loss. Figure 7.10 (secondary axis) shows Ah as a function of the dimension-
less flow length [. In general, the curvature difference increases with increasing channel length.
It is worth noting that the results for different aspect ratios A overlap. For sufficiently short
channels [ < 3 x 1074, the curvature difference tends to zero (negligible viscous pressure loss).
For channel lengths [ > 1.7 x 107}, the curvature difference tends to unity (convective effects
can be assumed negligible). Therefore, for lengths [>1.7x 107, the flow is classified to be in
the purely viscous regime (criterion is Ah > 0.99). The curvature difference Ah is equivalent
to the net pressure loss in the channel. If the system pressure K| is greater than zero, then
Ah — (1 — Kj) in the purely viscous regime (solid line for Ah in Figure 7.10).

Finally, the purely convective low domain can be identified for sufficiently short channels.
The criteria are the curvature difference (Ah < 0.05) and the free surface symmetry. Besides
the curvature difference between the channel inlet and outlet, the free surface asymmetry also
indicates the presence of the irreversible pressure loss. Evaluation of the CCF experiment and
the numerical study show that, for short channels [ < 4.8 (1D model) the minimum contour
point is located almost in the symmetry plane (z* = 0.5 £ 0.012), as displayed in Figure
6.12(b). It can also be seen in Figure 6.12(b) that the length [ = 4.8 (1D) is a characteristic
length where k* reaches its minimum value. Free surface profiles are symmetric for [ < 4.8.
Increasing the channel length above [ = 4.8 leads to the profile asymmetry due to the irreversible
frictional pressure loss. The influence of the viscous term is negligible for flow lengths I < 103
(symmetric free surface contours). Therefore, flow lengths [ < 1073 are classified to be in the
purely convective regime. A summary of the identified flow regimes is shown in Table 7.1.

The non-dimensional flow length 7 is a function of two non-dimensional numbers, the
Ohnesorge number Oh and the length aspect ratio I' (Section 3.4). As shown before, [ can be

used to characterize the physical flow regimes for the capillary channel flow. For sufficiently
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Table 7.1: Physical flow regimes as a function of the dimensionless channel length I. Non-
dimensional parameter space is given in the Table 4.1. Presented domains correspond to the

ones depicted in Figure 7.10.

Flow regime l Criterion
purely convective [ <1073 - symmetrical profiles (z =~ z*)
- Ah < 0.05
convective dominated 103 <1<45x%x1073 - Ah increases

- 7T shifts towards the channel inlet
transition regime [~45x%x 1073 - sudden drop in the ™ curve
viscous dominated 45%x 103 <1 <1.7x 107" |- Ah increases

purely viscous [>1.7x10"" - Ah>0.99

small I, the frictional pressure loss can be neglected, and the behavior of the free surface is
essentially affected by the convective term. With increasing [, the dominance of the convective
term reduces and viscous effects become more significant. For channel lengths ! > 4.5x 1073
(transition regime), the contribution of the viscous momentum transport is at least equal to the
convective contribution (or greater). For sufficiently large [, the curvature (pressure) gradient
is only related to the irreversible frictional pressure loss. The analytical formulation of the
critical flow rate Q%" in the purely viscous regime was given in Equation (2.5). For flow lengths
[ < 1.7 x 107, no analytical solution exists, and numerical methods are used to predict the
value of the critical flow rate and the shape of the free surface contour. Characteristic results
for two representative flow lengths [ = 1.13 x 1073 (left boundary, purely convective flow) and
[ =282x107! (right boundary, purely viscous flow) are given in Table 7.2. The presented

values are valid for the following parameters: A =5, Oh = 2.26 x 1073, Ky = 0.

Table 7.2: Results of the 1D simulation for two representative flow lengths corresponding to
the ones depicted in Figure 7.10. The critical flow rate and the properties at the point of the

minimum cross-section (flow velocity v* and flow cross-section area A*) are listed.

Flow regime [ QP Q™ v A* Comments
purely convective 1.13 x 1074 2.32  does not apply 2.39 0.97 v* = 2.390,
purely viscous 2.82 x 107! 0.07 0.07 0.11 0.62 v =0.11v,
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Chapter 8
Transient Flow Results

In the following, the results of the transient flow experiments in the groove channel are evalu-
ated. The total number of 1403 transient data points (thereof, 110 with HSHR camera images)
was achieved during the CCF EU#1 series.

In the experiment, the test channel was observed in real time with the MSG camera. It
was determined during the visual inspection whether the flow remains stable under certain flow
conditions or not (well defined acceleration ¢§). For each of the considered channel lengths, the
acceleration § = AQ/At is varied (beginning with low flow rates) until a clear limit between
stable and unstable accelerations is resolved. Three parameters are required to define the
transition: the increase of the flow rate at the channel outlet A(Q), the period of time At, and
the final steady flow rate (). The At has to be in the magnitude of a natural time constant
of the system. A too large time period could lead to the undesired quasi-steady behavior of
the flow. A too small time period could spoil the results due to incapability of the system
to adapt to the new conditions. The natural time constant At = 1 s of the CCF system
was determined experimentally. In order to reduce the number of parameters required for the
definition of the transition a constant time period At was assumed. The main goal of the
transient experiments was to determine transient stability diagrams as shown in Figure 3.8(b)
for all considered channel lengths.

As discussed in Section 3.5, the liquid pressure in the test channel decreases with increasing
flow rate at the channel outlet. As a consequence, the free surface bends inwards into the
channel. During an stable acceleration, the free surface remains stable after the transition.
During an unstable acceleration, the free surface loses its stability, leading to a collapse and gas
ingestion into the flow path occurs. In terms of the flow regime two cases can be distinguished
: (i) the flow after the transition is supercritical (Q > Q.), or (ii) the flow after the transition is
subcritical or critical (Q < @Q.). In the first case, the stable acceleration § cannot be determined,
because the stability limit of the steady flow (after the transition) is exceeded. In the second

case, the stability of the free surface after the transition depends on the acceleration and the
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flow regime at which the transition takes place (subcritical or critical). Figure 8.1 shows the
typical behavior of the free surface during (a) a stable and (b) an unstable acceleration in
the groove channel with I’ = 30 mm. In the first example (Figure 8.1(a)), the flow rate is
increased by ¢’ = 2 ml/s? from Qp = 3.0 ml/s to Q' = 5.0 ml/s. In the second example (Figure
8.1(b)), the flow rate is increased by ¢’ = 3 ml/s? from Q) = 2.0 ml/s to @’ = 5.0 ml/s. The
corresponding critical flow rate is ), = 5.8 ml/s. In both cases the flow is under steady flow
conditions at the beginning of the transition (' = 0). The free surface bends inwards into the
channel when flow rate is increased. At time ¢’ = 1.6 s the flow rate at x = = 1 in both cases

is equal to the set value after the transition ' = 5.0 ml/s.

0'h=3ml/s " 0y =2ml/s
t'=0 t'=0

Q'=5mls ' " Q'=5mls

t'=14.6s t'=14.6s
(a) Stable acceleration, §' = 2 ml/s? (ID (b) Unstable acceleration, §° = 3 ml/s? (ID
00526). 00529).

Figure 8.1: HSHRC images illustrating the free surface behavior during a stable (a) and an
unstable (b) flow acceleration in the groove channel with I" = 30 mm. The flow is from left to
right.
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The dynamic effects (inertia of the accelerated liquid) drive the further displacement and de-
formation of the free surfaces. The free surface reaches its maximum indentation at ¢ = 3.4 s
for the stable acceleration. After ¢ = 3.4 s the free surface is being pulled back and adjusts to
the “new” steady flow conditions (Q" > Q).

In case of the unstable acceleration (Figure 8.1(b)), the free surface curvature fails to
balance the pressure difference across the interface. As a consequence, the free surface loses
its stability, leading to a collapse and gas ingestion (¢’ = 3.4 and 6.0 s) into the flow path
(choking). After the gas bubble detaches, the free surface stabilizes and is being pulled back,
as for the steady acceleration. The ingestion would repeat periodically if the low rate after the
transition was above the critical value (Q' > Q7).

The transient flow measurements were performed in different series through the entire CCF
experiments course. The amount of gas in the PSC is varied between the series in order to
verify the transient stability model (Section 3.5). Table 8.1 gives an overview of the performed

transient flow experiments.

Table 8.1:  Summary of the performed transient flow experiments. The amount of gas V, in
the phase separation chamber was determined during the experiment. r is the corresponding

feedback ratio according to Equation (3.68).

S v/ ml No. Data
equence m T
d g Points
la 125 4.57
718
1b 200 3.54
2a 51 6.95
2b 80 5.71
174
2c 125 4.57
2d 190 3.64
3a 59 6.55
3b 74 5.93 300
3c 100 5.13
— 0 12.00 151
— 00 1.00 60
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114 CHAPTER 8. TRANSIENT FLOW RESULTS

8.1 Stability Diagrams

In the following, the results from the CCF transient flow experiments are compared with the
flow stability model introduced in Section 3.5. Figures 8.2 and 8.3 show the evaluated stability
diagrams for the characteristic channel lengths (measurement sequence la and 1b). The accel-
eration is normalized with the transients stability constant 6y = (h* — Ky)/lop = 0.0118, where
h* = 2 is the scaled capillary pressure at the point of the minimum cross-section (as discussed
in Section 3.5.1), Ky = a/Rp; = 0.166 is the scaled system pressure (Equation (3.60)), and
lo = 155.2 (scaled with a/2) is the effective length of the accelerated liquid column between
the compensation tube and the channel inlet. The flow rate () is the final flow rate after the
transition.  Filled and empty circles (one circle is one data point) represent stable and un-
stable acceleration, respectively. The solid lines represent the stability limits determined with
Equation (3.75). The dependency of the flexibility function f (Equation (3.67)) on the channel
length is shown in Figure B.4 (Appendix B.5). Arrows in Figure 8.2(a) present the way the
stability diagrams should be interpreted. And so, for the channel with [ = 2 the maximum
stable acceleration is §/§y = 1.1 if the final flow rate after the transition is Q/Q. = 0.7.

As expected, the lower the flow rate at which the transition ends, the higher the maximum
stable acceleration is. The acceleration stability limit decreases with increasing flow rate. This
is a consequence of the two effects causing the instability, the steady flow pressure due to
convective acceleration and the transient pressure due to temporal acceleration.

To solve Equation (3.75), the value of the critical flow rate for the given channel length is
required. For channels with [ > 8, the tool ccFlow can be used for determining the critical flow
rates. As shown in Figure 6.4, there is a discrepancy between the experimental results and the
1D model for channels with [ < 8. In this case, the experimentally obtained values of @, (if
available) should be applied.

Furthermore, the CCF experimental results confirm that the flexibility effect (introduced
in Section 3.5.2) is well modeled. The stability enhancement, indicated by red vertical lines on
the secondary axes in Figures 8.2 and 8.3, is determined for the channels with [ > /(0 (I > 3).

There are, however, some minor discrepancies between the experimental and theoretical
results. The slope of the TSM lines deviates slightly from the slope of the experimentally
determined stability limit (Figures 8.2 and 8.3). This indicates some weaknesses of the transient
stability model in Equation (3.75) and will be further elaborated in Section 8.2.
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Figure 8.2: Stability diagrams for measurement sequence 1. Experimental data for stable (ST)
and unstable (UNST) acceleration in comparison to the Transient Stability Model (solid lines)
in Equation (3.75).

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



116

5 /50

5/

5/50

0.5

0

0.5

0 L
04 05 06 0.7 08 09 1

0 L
04 05 06 0.7 0.8 09 1

ST (I = 10) @
°
UNST © °

TSM (la)

Q/Qc

(a) No. data points: 70.

[ ST (I = 14)
UNST ©O
TSM (la)

Q/Qc

(¢) No. data points: 75.

:_ST (1 = 18)

[ UNST ©
i TSM(lb) —
............ | IR B PR

04 05 0.6 0.7 0.8 09 1

Q/Qc

(e) No. data points: 68.

CHAPTER 8. TRANSIENT FLOW RESULTS

2.5

5 /50

5/50

5/80

ol

ok

ol

F s —12) e : 1
UNST ©
L]
TSM (1a) —
04 05 06 07 08 09 1
Q/Qc
(b) No. data points: 51.
:_ ST (I = 16) ® _
UNST © 0‘
TSM (1a) — | | £
04 05 06 0.7 0.8 09 1
Q/Qe

(d) No. data points: 55.

ST (1 = 19.2) ®

UNST ©
TSM (1b) —

04 05 0.6 0.7 0.8 09
Q/Qec

(f) No. data points: 90.

1

Figure 8.3: Stability diagrams for measurement sequence 1. Experimental data for stable (ST)

and unstable (UNST) acceleration in comparison to the Transient Stability Model (solid lines)
in Equation (3.75).
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8.1.1 Scaling of the Stability Diagrams

The purpose of the scaling of the stability diagrams is to provide a universal description of the
stability limits determined in the CCF experiments. A clear limit between stable and unstable
accelerations can be identified in the stability diagrams presented in Figures 8.2 and 8.3. The
amount of collected data points can be reduced by averaging of measured accelerations in the
vicinity of the stability limit. For all data points summarized in Table 8.1, an average value
between the maximum stable and minimum unstable acceleration 6 for a given flow rate @)
is built. Furthermore, the previously introduced scaling (Equation (3.75)) is applied. The
proposed scaling presents a possibility to eliminate the flexibility (enhanced stability for long
channels) and feedback (CCF setup specific) effects. As shown in Figure 8.4, all data points
coincide into one single diagram. Results can be sorted either by the channel length [ (Figure
8.4(a)) or by the feedback ratio r (Figure 8.4(b)).

0-5_""I""I""I""I""_ 0'5_""I""I""I""I4’»"'
04 F ; 0.4 F . :
= I O = I + At
203 « : 203 + o -
~ L ~ o+ 4 +
— - x =% — : e r=1.00 +
|02 C 6 X 4 |02— 8 354 0O 4
o ; 0 A o - . 555
0.1 F 5o 0.1 f . S5 A A
i 16 © i 6.55 v
L 8 O ] it 6.95 ©
0|||192|0 OuIIIIQIO
0O 01 02 03 04 0.5 O 01 02 03 04 0.5
1_Q/Qc 1_Q/Qc
(a) (b)

Figure 8.4: Transient stability diagrams scaled according to Equation (3.75). (a) sorted by the
channel length [; (b) sorted by the feedback ratio r. Each point represents an average of two

measurements for a given flow rate @), the maximum stable and minimum unstable accelerations

J.

8.2 Parametric study

As already mentioned, some discrepancies between the experimentally and theoretically deter-
mined stability limits can be identified in the stability diagrams (Figures 8.2 and 8.3). In the

following, it will be shown that the accuracy in the determination of the feedback ratio r and
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118 CHAPTER 8. TRANSIENT FLOW RESULTS

the critical flow rate Q). is essential for the proper evaluation of the transient stability model
(Equation (3.75)).

The feedback ratio r is estimated according to Equation (3.68). It depends on the gas
volume Vj, in the phase separation chamber and is determined experimentally as described in
Section 4.1.1. The critical flow rate ). can be predicted with the numerical tolls ccFlow and
OpenFOAM;, or, for the channels with 7.2 < [ < 19.2, the experimentally determined values
can be used. The parametric study is carried out for the groove channel with [ = 4. The
parameters r and (). are varied independently. It is found that the slope of the TSM lines in
the stability diagrams is determined by the feedback ratio r as shown in Figure 8.5(a). The
feedback ratio r is varied between the minimum value of 1 (no feedback) and maximum value
of 12 (full feedback). During the experiment, the gas bubble volume in the phase separation
chamber is set as a boundary condition prior to every measurement. The gas bubble senors
and gauging with the gas plunger K3 are used to control the volume of gas (discussed in Section
4.1.1). The lines for r = 5.4, and r = 4.14 in Figure 8.5(a), represent the smallest (V;BS1 = 87
ml) and medium (V;BS:)’ = 200 ml) gas bubble volume detectable with the temperature sensors,
respectively. The line r = 4.57 corresponds to the CCF experiment (la series), where the set
bubble volume is V| = 125 ml.

Furthermore, as shown in Figure 8.5(b), Q. defines the limit at the abscissa axis. Thus,
the inaccurate prediction of the ). might cause an offset of the TSM lines in the stability
diagrams. A variation of the critical flow rate Q" is shown in Figure 8.5(b). The line
Qv /QEXP = 1 corresponds to the experimentally obtained value of the critical flow rate.
The lines Q% /QFXP = (0.90,0.95,1.05, and 1.10 represent a 10% decrease, 5% decrease, 5%
increase, and 10% increase of the Q., respectively. As shown in Figure 8.5(b) the difference of
5% in the value of Q.. significantly changes the position of the TSM. Therefore, for the channels
with [ < 8 (for which the ccFlow overestimates )., Figure 6.4) the experimentally determined
values of the critical flow rate (if available), or computed with OpenFOAM should be applied
to solve the model Equation (3.75).
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Figure 8.5: Results of the parametric study. Normalized acceleration §/dy versus the flow rate
(). Groove channel with [ = 4 is considered. The experimental results (filled circles - stable
and empty circles - unstable acceleration) in comparison with the transient stability model
(Equation (3.75)). (a) feedback ratio r variation. The solid line r = 4.57 correspond to the CCF
experiment (sequence 1a). (b) critical flow rate Q. variation. The solid line Q" /QFXP = 1

corresponds to the experimentally obtained value of the critical flow rate.
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Chapter 9
Three-Dimensional Computations

The knowledge of flow behavior in the inlet section of the CCF experiment setup is essential
for the proper application of boundary conditions required for the 1D model (as discussed
in Section 3.4). Due to the complexity of the setup, there is no analytical formulation of the
pressure losses in the inlet part of the channel. Furthermore, there is no experimental apparatus
enabling the observation of the flow development upstream from the channel entrance and the
flow conditions at the channel entrance x = 0. Therewith, the numerical tool OpenFOAM is
employed and a series of three-dimensional simulations of the flow in a geometry resembling
the CCF geometry is carried out.

Two channel configurations are investigated: (i) closed channel with single-phase (liquid),
and (ii) open channel with two phases (liquid and gas). The main goal of the single-phase
simulations is to study the flow behavior in the inlet section of the test channel z < 0 (Table
9.1). With the two-phase simulations, the flow behavior in the open section of the test channel
(x > 0) (free surface stability) is investigated. The OpenFOAM code is validated with the
computations of the flow in a straight tube with circular cross section. The liquid properties

applied in the numerical model correspond to those of CCF test liquid in Table 4.1.

Table 9.1: Summary of the OpenFOAM solvers and objectives of the numerical simulations of
the flow in the CCF setup

solver type slider position objectives

Flow behavior upstream from the channel
simpleFOAM | steady closed - pressure loss

- flow development

_ ) Flow behavior in the channel
interFOAM | transient open )
- free surface behavior
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9.1 Flow In Straight Tube - Solver Validation

Single-phase, steady flow simulations in a straight cylindrical tube were carried out with the
simpleFOAM solver. The flow is assumed to be incompressible and laminar. In the following, the
results of the solver validation (comparison with the analytical solution) are presented. Besides
the validation, proper boundary conditions for further flow simulations in the CCF setup and

the influence of the grid topology on the numerical results are studied.

9.1.1 Computational Domain

A circular tube with the cross-sectional area A, = 1.25 cm? (same as the cross-section area of
the CCF channel) is considered. The length of the tube is determined as I; = 1.5L, ; which is
assumed to be sufficient for flow to fully develop. The hydraulic length L, ; is defined as [22]

L., =0.06 Re, D) |, (9.1)

where Re; is the Reynolds number and D) = 1.26 cm the diameter of the tube. The Reynolds
number is defined as Re; = (0, D})/v, where ¥/, is the area average velocity in flow direction.
D! is the hydraulic diameter (for the circular tube D} = D;) and v is the kinematic viscosity
(Table 4.1). The flow rate @' is varied between 1 ml/s and 10 ml/s, which corresponds to the
flow rates range in the CCF experiment. The simulation parameters are summarized in Table

9.2. The maximum Reynolds number is Re; < 1500, therefore laminar flow is assumed.

Table 9.2: Simulation parameters for the flow in the circular cylindrical tube. [ is the length
of the tube (computational domain).

Q' ml/s| 1 2 3 4 5 6 7 8 9 10

v em/s| 08 16 24 32 40 48 56 64 72 80

Rey - 141 282 423 564 705 846 987 1128 1269 1410
l cm | 16 32 48 64 80 96 112 128 144 160

Two mesh types, structured and unstructured, are considered in this study (Figure 9.1).
Ten different grids (different domain lengths) were generated for each mesh type according to
the length details given in Table 9.2. Structured grids were generated with blockMesh, which is a
standard OpenFOAM utility [59]. The inlet of the tube (Figure 9.1(a)) is divided into 5 sections
for which the number of hexahedral elements is specified. The inlet patch with the defined
mesh resolution is extruded along the flow axis for the desired tube length [;. Unstructured
grids were created with the software Gmsh [26]. The number of grid elements depends on the
length of the computational domain.

The physical boundary conditions are inlet, outlet, and wall. Two different variants of

boundary conditions are considered: (i) the velocity condition is applied at the channel inlet
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(a) (b)

II ry

Figure 9.1: Tube inlet area for both numerical grids used for simulations with the simpleFOAM
solver. (a) structured mesh generated with blockMesh. (b) coarse variant of the unstructured
mesh generated with Gmsh. The mesh sensitivity study for unstructured grids shows a minor

influence of grid resolution on the numerical results.

(IN), and (ii) the velocity condition is applied at the outlet (OUT). These are summarized in

Table 9.3. The pressure boundary condition zeroGradient (Neumann boundary condition [92])

Table 9.3: Summary of the boundary conditions applied. IN: velocity is applied at the channel
inlet; OUT: velocity is set at the channel outlet. Fixed value is a Dirichlet boundary condition

type. A fixed value for v" was set according to Table 9.2. The pressure p’ = 0 was kept constant.

inlet outlet wall
IN v' = fixed value v' = zeroGradient no-slip
p' = zeroGradient  p’ = fixed value
OUT v' = zeroGradient  v' = fixed value  no-slip

p' = fixed value p’ = zeroGradient

is applied at the channel outlet if the velocity is applied at the inlet. Analogously, if the velocity
is set at the outlet then zeroGradient for pressure is set at the inlet. Undeveloped (uniform)
velocity profile at the channel inlet is assumed. To assure the no-slip condition, the velocity is
set to zero at the wall.

Ten flow velocities for both variants of boundary conditions and two mesh types are con-

sidered, which results in a total number of 40 simulations.
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9.1.2 Results

The simulation results are nondimensionalized in the following way:

p/ :L,/ UI Té

= — s rT = ———— s v = — s Ty = —.
b= 05002 D! Re, : ' Dt

(9.2)
In general, the pressure loss of developed flow in a circular tube can be estimated with the
HAGEN-POISEUILLE law [99]

Iy pv?
Dy 27
where pv2/2 is the dynamic pressure. fp is the friction factor (e.g. DARCY friction factor),

which for fully developed flow writes

Ap=fp (9-3)

fp = S_i. (9.4)

The friction factor is a function of the flow REYNOLDS number only and, for laminar flow, is
independent of the roughness of the tube surface.

Figure 9.2 shows the pressure evolution along the flow axis z for both considered mesh

types. Good agreement between the simulation results and the analytical solution is obtained

for structured grids (Figure 9.2(a)). The pressure decrease is hyperbolic in the entrance region

(x < 0.06), which is typical for developing flows. A linear decrease is achieved from z ~ 0.06 on,

_8-...|...|...|...- _24:...|...|...|...'
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08

€T €T

(a) (b)

Figure 9.2: Pressure evolution along the flow axis in the circular tube (IN boundary condition
variant) as a function of the REYNOLDS number. The pressure p at = = 0 is set to zero for the
sake of comparison. The entrance length is L., = 0.06. (a) structured mesh, where the solid

line represents the HAGEN-POISEUILLE (Equation (9.3)) solution, (b) unstructured mesh.
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Figure 9.3: Flow development parameter 7 at the hydraulic length (z = 0.06) of the circular
cylindrical channel as a function of the REYNOLDS number. Circles and triangles represent
the structured and unstructured grids, respectively. The theoretical value of ~ is 2 for the
developed laminar flow in the circular tubes. Both boundary conditions variants are chosen for

comparison.

which corresponds well to the hydraulic entrance length L.; = 0.06. In the case of unstructured
grids, the pressure curves do not collapse into one curve (Figure 9.2(b)). This behavior does
not obey the scaling assumptions and is assumed to be incorrect.

Furthermore, the flow development along the tube is examined with the flow development
parameter v defined according to Equation (3.40). This parameter measures the degree of
development of the velocity profile and is defined as a ratio of the local maximum velocity over
the average velocity. For the developed laminar flow in the circular cylindrical tube, v reaches
the value of 2. Figure 9.3 shows the flow development parameter v evaluated at x = 0.06. This
position corresponds to the end of the development region. It can be clearly seen that for the
structured grids, the flow is fully developed (v ~ 2) for all considered flow Reynolds numbers
(deviation from theory less than 3 %). It is worth noting that the same results are obtained
for both boundary condition variants (IN and OUT). In case of unstructured grids, the flow is
not fully developed at the end of the entrance length, v decrease with increasing REYNOLDS

number. For the laminar flow in the cylindrical tube, the velocity profile of fully developed flow

v(r) = 20, (1 - ;—2) : (9.5)

where r; is tube radius and r is the radial coordinate. Figure 9.4 shows the evaluated velocity

can be described as

profiles at the position x = 0.06. For the structured grids a fully developed flow is achieved in
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Figure 9.4: Velocity profiles (velocity as a function of the radial coordinate) at the end of
the length (x = 0.06) of the cylindrical tube for different REYNOLDS numbers. IN boundary
condition variant is shown. The solid line represents the solution of Equation 9.5. (a) structured

mesh; (b) unstructured mesh.

the whole range of flow velocities. Obtained parabolic profiles agree well with the theory. In
case of the unstructured grids, the flow is not fully developed, and the depicted profiles do not

coincide with the analytical solution.

9.1.3 Conclusions

As shown above the OpenFOAM code (solver simpleFOAM) is a suitable tool for simulating
the flow in closed ducts. In the above presented case, the unstructured grids fail in every
respect. The numerical results of pressure loss and flow development do not coincide with
the analytical solutions. In contrast to unstructured grids, the simulation with structured
meshes deliver results which agree well with the theory. Two main aspects, pressure loss and
flow development, are predicted accurately. Both boundary condition variants (IN and OUT)
deliver satisfactory results.

It must be noted that the above presented results and statements are valid for this specific
flow problem and the solver simpleFOAM (OpenFOAM ver. 2.0.x) only, with its settings listed
in Appendix D.1.
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9.2 Flow in the CCF Setup

9.2.1 Computational Domain

The CCF inlet section consists of the flow preparation chamber, the entrance nozzle, and the
entrance duct (Figures 3.5(a) and 9.5). Plug flow (constant velocity profile) is assumed at
the inlet into the considered domain through the perforated sheet on the upstream side of the
FPC. Along the flow path, the flow cross-sectional area changes from circular in the FPC to
rectangular in the entrance duct (area decreases by a factor of 32). A partially developed flow
leaves the nozzle at z, . and develops further in the entrance duct upstream from the channel
entrance. The flow condition at the channel inlet (z = 0) depends on the flow velocity and flow
development in the said section. In the CCF setup, the FPC is connected to the compensation
tube via a circular tube (Figure 4.2). This intersection is not included in the numerical domain.
It will be shown that such a simplification does not influence the results of the quasi-steady
simulations. Instead of modeling the CT with its meniscus, the pressure boundary condition

can be applied at the inlet to the FPC (perforated sheet). Another simplification is the shape

FPC Nozzle Nozzle Test channel Test channel
inlet inlet  outlet inlet outlet
X X
T
E ! Slider 2 (open)

X NN
,,,,,,,,, P o MFreesuface S5E5—

} Slider 1 (closed) Outlet tube
v

PS

Figure 9.5: Inlet section, test channel, and outlet section of the CCF experimental setup
(meridional section at y = 0). Cyan color depicts the liquid flowing from left to right, as
indicated by the arrows. The liquid enters the flow preparation chamber (FPC) through the
perforated sheet (PS). Lengths lppc, 1y, l.. and [ are the lengths of the FPC, entrance nozzle,
entrance duct (rectangular channel), and test channel, respectively. The x coordinates of the
characteristic points are: ¥ppo = -8.45 cm ; 27, ; =-6.35 cm ; x;, . = -3.35 cm ; 29 = 0 ; 11 = [,

where [ is determined with the slider.
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Figure 9.6: Fine variant of the numerical grid used for the single-phase flow simulations with
simpleFOAM. (a) isometric view, (b) close-up view in the vicinity of the entrance nozzle. Due
to symmetry in the xz-plane, only the half of the domain with positive y is depicted. (c) grid
elements on the outlet patch (a and b correspond to the CCF experiment). (d) inlet patch
(colored with blue) with the inflow area corresponding to the area of the Perforated Sheet (PS)
at the inlet of the FPC in the CCF setup.

of the outlet section of the channel. In the CCF setup, the rectangular channel converts into
a circular tube (Figure 9.5). In this study, the outlet part is of rectangular cross-section (the
channel is extended by the length of the outlet tube).

The numerical grids were generated with Gmsh. Two variants of grids are considered: (i)
fine mesh for single-phase simulations (Figure 9.6), and coarse mesh for two-phase simulations
(Figure 9.7). The main difference between these two configurations is the surrounding gas
volume, which is dropped for single-phase modeling (closed channel, no liquid-gas interface).
The mesh quality is controlled with the checkMesh tool [60]. The fine mesh contains 804 x 10?
grid elements. For the coarse variant, the mesh size depends on the channel geometry (PP or
GR) and the length of the open section. The largest grids for channels with I’ = 48 mm contain
242 x 10 and 386 x 10% grid elements for the GR and the PP channel, respectively.

As shown in Figure 9.6, the liquid flows from the FPC via a nozzle into the rectangular

channel. For the single-phase simulations, the length of the channel is determined as [,.. =
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Figure 9.7: Coarse numerical grid used for the two-phase flow simulations with interFOAM.
Flow direction is from left to right. The free surface is depicted for the sake of clarity (green).
(a) side view (due to symmetry in the zy-plane for parallel plates, only the z-positive half of
the domain is depicted). (b) top view (due to symmetry in the xz-plane, only the y-positive
half of the domain is depicted).

1.5L. ., which is assumed to be sufficient to achieve developed flow conditions. The hydraulic

entrance length for rectangular channels with an aspect ratio of 5:1 is [80]

L.,.=0.0138 D;° Rey. (9.6)
The hydraulic diameter is defined as
2ab
pre — 7 '

where a and b are the channel width and height, respectively. The Reynolds number is defined
as Re,. = 0/,D}¢/v. For the highest considered flow rate (@' = 15 ml/s), the entrance length

l
e,rc

required for the flow to fully develop is L/ ... = 16.8 cm, so the corresponding numerical domain

length is I/, = 25.2 cm.

Boundary Conditions

For the single-phase simulations (simpleFOAM) the flow rate (varied between 1 and 15 ml/s) is
imposed at the channel inlet, and a constant pressure (p’ = 0) at the outlet. The characteristic

parameters are summarized in Table 9.4.
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Table 9.4: Parameters for the single-flow simulations in the CCF setup. The average velocity
refers to the point x = 0 and is calculated as v, = Q'/A’".
@ ml/s|1 15 2 3 4 5 6 7 8 9 10 11 12 13 14 15

/

v/ cm/s|0.8 1.2 1.6 24 32 40 48 56 64 7.2 80 88 9.6 104 11.2 12.0

T

Re,e - [93 140 186 280 373 466 559 653 746 839 932 1026 1119 1212 1305 1399

For the two-phase simulations (interFOAM), the velocity boundary condition is applied at
the domain’s outlet and the constant pressure condition at the inlet. Such a setting resembles
the real CCF setup, where the flow is driven by the pump located downstream from the channel
outlet and the system pressure is determined by the meniscus in the CT at the point where it
connects to FPC (upstream from the channel inlet). The velocity is quasi-steadily increased
over a time period of 100 s from 0 to 0.08 m/s (corresponds to flow rate range 0...10 ml/s).
The pressure at the inlet is set to pppc = —1.07 Pa, which corresponds to the differential
pressure p' = 20/ Ry induced by the meniscus in the compensation tube.

A no-slip boundary condition and a contact angle of zero are set at the walls of the domain.
In the experiment, the free surface(s) in the open channel is (are) pinned along the channel’s
edge at the inlet and at the slider’s edge at the outlet (points z¢ and x; in Figure 9.5). The free
surface is exposed to the ambient gas. For the two-phase flow simulations, a simplification is
made and the pinning edges are modeled as 90° edges (corners) (Figure 9.7). In order to avoid
capillary rise up the vertical walls (denoted with coating in Figure 9.7), a contact angle of 180°
is imposed there.

The liquid properties correspond to the CCF test liquid HFE-7500 (its properties are
listed in Table 4.1). The properties for the gaseous phase are as for nitrogen: p = 1.165 kg/m?,
v = 1.56 x 107° m?/s. Two-phase flow simulations are initialized with the liquid occupying the
flow preparation chamber, the nozzle and the entire channel. 16 single-phase simulations with

simpleFOAM and 133 two-phase simulations with interFOAM were conducted.

Parallel performance

A series of two-phase flow test simulations were performed in order to explore the parallel
performance of the interFOAM solver for the considered computational domain. The test grid
contains 410 x 10® hexahedral elements (mesh type as shown in Figure 9.7, but with finer
resolution). The groove channel with I’ = 25 mm is considered. The simulation is run for
5 s (real time) with a constant time step. The computational domain is decomposed into
subdomains in a range i =4 < i+ n,i+ 2n,...,< 36, where n = 4, with a METIS/SCOTCH
[60] decomposition method. Simulations are carried on the linux infiniband cluster with 8
nodes and 16 cores per node (technical specification given in Appendix D.2). As expected,

with increasing number of CPUs, the execution time for a single run decreases. The speed up is
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Figure 9.8: Parallel performance of the interFOAM solver on the infiniband cluster. Solid line

represents the ideal speed up.

approximately linear up to 28 CPUs (Figure 9.8), which corresponds to a number of 14600 grid
elements per CPU. Further increase of the number of CPUs (above 28) does not improve the
speed up ratio. The speed up ratio is defined as the execution time of the simulation divided

by the execution time for the simulation with 4 CPUs).

9.2.2 Results
Pressure Loss in the Inlet Section

The results of the three-dimensional flow simulations are evaluated to determine the pressure
loss in the inlet section of the CCF experiment (Figure 9.5). This is essential for the proper
application of the boundary conditions required for the numerical solution of the mathematical
model (as discussed in Section 3.4). The pressure loss p), is defined as the pressure difference
in the liquid volume between the inlet of the Flow Preparation Chamber (pfp) and the test

channel inlet (pf)
/

),
A P KT 0
Pn =Prpc — Po K Dre

+ chvé)2 , (9.8)

where terms on the right side represent the viscous (shear in the boundary layer) and convective
effects (acceleration of the core flow). The hydraulic diameter for the closed duct is defined
according to Equation (9.7). In the experimental setup, the pressure at the inlet of the FPC

can be estimated as
20
p/FPC = piz Y] ’ (99)
CcT
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Figure 9.9: (a) pressure evolutions along the 2’ axis for different REYNOLDS numbers. The
pressure at the left boundary is constant. It corresponds to the pressure induced by the meniscus
in the compensation tube p’ = —1.07 Pa. A’ is the flow cross-sectional area. Point 2/ = 0
corresponds to the CCF channel entrance. (b) non-dimensional pressure loss p,, = p’,/(0.5pv%)

fitted to a polynomial function of the first order. The polynomial coefficients are C; = 439.5
and Cy = 1.68.

where p/, is the ambient pressure and 20 /Ry is the pressure induced by the meniscus in the

compensation tube. Rearranging Equation (9.8) and scaling with pvg?/2 yields

/ o 2K,
Prpc ,2pO _ + 2K, . (9.10)
0.5pv4 Rep,

The numerically determined pressure evolutions along the channel for different REYNOLDS

numbers are shown in Figure 9.9(a). Area averaged values of pressure are considered. As

expected, with increasing the flow velocity, the pressure drop increases. Evaluating the pressure
at the point z = 0 (channel inlet) yields the pressure loss shown in Figure 9.9(b), where the

dimensionless values of p,, are plotted versus the REYNOLDS number. The numerical data are
fitted with the polynomial function of first order
Prrc — PO Cy
0 = +Cy 9.11
0.5pv,2 Rep, ? (9-11)

where C} and Cf are fit coefficients and Rep, is the REYNOLDS number based on the hydraulic

diameter of the closed duct. Comparing the theoretical pressure loss (ppe — pj)/0.5pv, from
Equation (9.10) with the numerical fit (9.11) yields

2K Ch
2K, = C
ReDh - ReDh NG

(9.12)
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and ,consequently,
Cy =2K, , (9.13)

Cy = 2K, . (9.14)
Combining the Equations (9.8) and (9.9) yields the pressure difference with respect to the

channel inlet (z = 0)

/
, 20 Vg

/ FL’
- - + T
pa pO R/CT IU/D};C

in which the viscous and convective effects upstream from the channel inlet (z = 0) are ac-

+ K pug (9.15)

counted for. Adapting Equation (9.15) to the ccFlow scaling (Section 3.4) yields

B-py  a 2 pv v} p
= Ki———+ K.2a—— 9.16
20/a R,r * Dic o 4 * Y202 (9.16)
a 2a Vo Vo2
= +2K;—-Oh— + 2K .—- (9.17)
Rer D; 4 2
Yo v
where
K a (9.19)
0o = ) .
Ror
2a
K, = 2K,— , 9.20
1 Dp° (9.20)
Ky, = 2K.. (9.21)
Combining Equations (9.12), (9.20), and (9.21) yields
b
1
a+b Cy
—— + Ky = C 9.22
ReDh t i ReDh MG ’ ( )
and consequently
b 6
K = C’laz =20y =524, (9.23)
Ky = (Cy=1.68, (9.24)

where K| and Ky are the pressure coefficients describing the pressure loss in the inlet section
of the CCF setup. They are required for the definition of the pressure boundary condition
(Equation (3.60) in the one-dimensional flow model).

The coefficients K; and K, are valid for both the parallel plates and the groove channel
(contrarily to previous publications). This is due to the scaling and the definitions of the
characteristic numbers considered in this work: (i) the same definition of the OHNESORGE
number Oh in Equation (9.18) for both geometries; (ii) same pressure scale 20/a in Equation
(9.16); (iii) the hydraulic diameter D), in Equations (9.8), (9.15), and (9.20) is defined for the
duct, because the pressure loss downstream from the plane x = 0 is of interest here; (iv) the

same definition of the velocity scale in Equation (9.16) for both geometries.
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Development of the Velocity Field

In the CCF experiment, liquid with a constant velocity profile enters the flow preparation
chamber, as shown in Figure 9.5. A boundary layer develops along the walls of the FPC, in
the nozzle, and in the entrance duct such that the flow at the test channel inlet (z = 0) does
not possess an uniform velocity profile. The flow condition at x = 0 depends strongly on the
flow velocity. The flow development in the CCF inlet section is examined with the parameter
v = v,/0,. For the developed laminar flow in the duct of aspect ratio 5:1 (as in CCF), the
parameter vy reaches a value of 1.7 [79]. Figure 9.10 shows the flow development parameter v
evaluated at the nozzle exit (x,.) and at the channel inlet (z = 0). It can be clearly seen that
at the nozzle exit the flow is not fully developed. At the test channel inlet, v reaches the value
of 1.7 for the lowest flow rate (" = 1 ml/s, Repy, = 93). With increasing REYNOLDS number,
v decreases. The corresponding velocity profiles at the two characteristic locations (nozzle exit
and test channel inlet) are shown in Figure 9.11. It is clear that the length of the entrance duct
located between the nozzle exit and the channel inlet is not sufficient to assure fully developed
flow. This has to be taken into account in the one-dimensional modeling. Plots of the velocity

distribution in the CCF inlet section are shown in Figure D.1 (Appendix D.3).
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Figure 9.10: Flow development parameter v as a function of the REYNOLDS number evaluated
at the nozzle exit and at the test channel inlet. The solid lines represents the theoretical value
of v = 1.7 for fully developed flow. Repy, is based on the hydraulic diameter of the closed duct

with an aspect ratio of 5:1.
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Figure 9.11: Velocity profiles across the duct dimension a (Figure 9.6(c)) with the REYNOLDS

number as a parameter.

Determination of the Critical Flow Rate

An essential goal of the two-phase flow simulations with interFOAM is to determine the critical
flow rates for the flow between the parallel plates and in the groove channel. Two approaches
to the critical flow rate are defined as: (i) coarse approach, in which the flow rate is increased
with a ramp function (quasi-steady flow), and (ii) fine approach, in which a constant flow rate
is applied (steady flow). These approaches correspond to the experimental procedures for the
critical low rate determination.

The liquid enters the domain through the flow preparation chamber (Figure 9.7). The
flow is initialized such as liquid occupies the FPC, nozzle, and the test channel. The capillary
pressure across the gas-liquid interface is assumed to be zero, so the free surface possesses a
“flat” profile (line denoted with @y in Figure 9.12(a)). The flow rate at the outlet is quasi-

/
end

steadily increased over a time period of 100 s from Q) = 0 to @’ , = 10 ml s (simulating a
pump). This corresponds to the flow rate ranges investigated in the CCF experiment. With
increasing flow rate, the indentation and deformation of the free surface increase. The obtained
results are visually inspected with the post-processing software paraView [46] and the time
instant when the free surface loses its stability is estimated. Furthermore, the pressure pf, at
the test channel inlet (z = 0) is monitored through the entire simulation. The definition of the
critical flow rate (coarse estimation) is shown in Figure 9.12(b), where the pressure p[, versus
the flow rate @’ for different channel lengths is depicted. The pressure for ' = 0 corresponds

to the boundary condition at the domain inlet. With increasing flow rate at the channel outlet,
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Figure 9.12: (a) Free surface contours in the symmetry x, z-plane (at y = 0) determined with
interFOAM for different flow rates. The last stable interface is noted with Q.. (b) Pressure
at the channel inlet p; versus the flow rate. The values given in the legend represent the
dimensional channel length " in mm. The pressure for () = 0 corresponds to the pressure
boundary condition at the channel inlet (p, = —1.07 Pa, as in the compensation tube in the
CCF experiment). The critical flow rate @)/, corresponds to the highest computed value before

the pressure “jump” occurs.

the pressure at the inlet (x = 0) decreases (same trend for all channel lengths). The critical
flow rate is defined where the pressure “jump” occurs, which can be easily determined in Figure
9.12(b). During unstable flow (gas ingestion), an increase of the flow rate at the outlet does
not influence the flow condition (pressure) at the channel inlet.

Furthermore, a series of simulations with a constant flow rate is performed in order to
accurately determine the critical flow rates. First, the flow rate determined with the “coarse”
approach is set as a fixed value at the domain outlet. Second, the flow rate is varied with
AQ, = 0.1 mls™' (in the vicinity of the flow rate classified as critical with the “coarse”
approach) until the last stable interface, for which the critical flow rate is defined, is determined.
Figure 9.13 shows an overview of the steady flow simulations with the fixed flow rate performed
for parallel plates. The filled circles represent the values of the critical flow rate. An average
of 3-4 runs per length are carried out. The simulations are run for 10 s (real time), which is
assumed to be enough to determine if the free surface remains stable. A comparison with the
experimental results is shown in Section 6.2.

As already mentioned, OpenFOAM can be used to study the behavior of stable and unstable

flow. An example for the unstable flow in the groove with I’ = 25 mm is shown in Figure 9.14.
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The flow rate is increased dynamically with the acceleration AQ'/At" = 0.1 ml/s*>. The free
surface is stable in the subcritical regime (a-b). The last stable interface is depicted in Figure

9.14(c). Further increase of the flow rate leads to the collapse of the free surfaces and to gas

ingestion.
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Figure 9.13: Summary of steady flow simulations with the fixed flow rate Q)" for parallel plates.
Each circle represents a single simulation. Filled circles represent simulations for which last

stable free surfaces are observed (critical flow rate).
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Figure 9.14: Time sequence showing the results of the OpenFOAM flow simulations in the groove
channel with " = 25 mm (I = 10). Flow is from left to right. The liquid velocity is shown at
the symmetry z, z-plane (y = 0). The green color represents the free surface (whole free surface
is depicted). In (c) the last stable interface with corresponding critical flow rate Q.°F = 6.00

ml/s (experimental value is Q"X = 5.93 ml/s) is shown.
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Chapter 10
Conclusions

In this work forced flow through a partially open capillary channel in compensated gravity
environment is investigated experimentally, theoretically, and numerically. The shape of the
channel resembles the capillary vanes commonly used in propellant management devices applied
in satellite surface tension tanks (Figure 1.1). The experimental unit contains a test channel
composed of two parallel glass walls with a fixed gap distance and height (channel aspect ratio
A = 5). The liquid flow is driven by a pump, and the length of the channel’s open section
is adjusted with movable slide bars. The length of the channel’s open section is varied in the
range 2 < [ < 19.2 (5.64 x 107* < [ < 5.96 x 10 with a constant OHNESORGE number
Oh = 2.26 x 107%). Two channel configurations were considered during the first series of
the Capillary Channel Flow experiment (CCF EU#1): the groove (one free liquid surface)
and the parallel plates (two free liquid surfaces). The CCF experimental unit (EU#1) was
installed for over 60 days into the Microgravity Science Glovebox in the Destiny module aboard
the International Space Station. The CCF experiment was the first long-term experiment
conducted in space and controlled from a ground station via telescience (real time operation).
The capillary test channel was implemented into a closed fluid loop system (the hardware was
introduced in Chapter 4) and the test section was observed with two cameras: High Speed
High Resolution Camera and standard definition camera (live view). The total of 2139 (PP:
187, GR: 1952) data points was achieved, thereof 846 (PP: 187, GR: 659) with included HSHR
camera images. The main goal of the CCF experiment (EU#1) was to validate the recently
developed theoretical flow models. Contrarily to previously performed short time experiments
(drop tower and suborbital rocket flights), a broader parameter space could be investigated
now.

A literature survey was performed and the mathematical flow model for both geometries
(GR and PP) was reviewed and outlined (Chapter 3). The one-dimensional, steady model
comprises both radii of curvature, the convective acceleration due to the change in cross-section,

and the viscous pressure loss within the channel. The stability of steady and unsteady flow
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is based on the pressure interactions at the interface’s minimum contour point (point of the
minimum cross-section, Figure 2.2). It is assumed that the capillary pressure (surface tension)
enhance the stability of the free surface, whereas the convective pressure and the effect of the
local acceleration act contrarily. In the Transient Stability Model, which is an extension of
the steady model, the inertia of the accelerated liquid column and the geometry of the free
surface are taken into account. A graphical illustration of the Transient Stability Model was
demonstrated in the form of a generic stability diagram (Figure 3.8(b)). The 1D flow model was
solved with finite differences with the numerical tool ccFlow (developed at ZARM). Additionally,
3D CFD simulations were performed with OpenFOAM to study the flow behavior within the
inlet section of the experimental setup. Both tools were introduced in Chapter 5.

The steady flow results served for verification of the flow model. In the steady flow ex-
periments, the critical flow rate Q. (defined as the maximum measured flow rate at which
stable interfaces are observed) was determined for both geometries in the dimensionless chan-
nel lengths range 2 < [ < 19.2 (Figure 6.4). It was shown that the choking effect defines the
limit of steady stable flow. Exceeding the critical flow rate leads to the collapse of the free sur-
face and to gas ingestion into the flow path. It was found that the critical flow rate is a function
of the channel length [. With increasing [ the critical flow rate decreases. This decrease appears
hyperbolic for channels with [ < 8 and almost linear for channels with [ > 8. A comparison
of experimental and the 1D computational results shows very good agreement for channels
[ > 7.2 with a deviation less than 5%. The discrepancy between the experiment and 1D model
increases for short channels. This behavior is attributed to the additional flow effects, which
are not included in the mathematical model. A comparison of experimental and 3D results
shows very good agreement (deviation less than 5 %) for the entire range of lengths [. The
3D solver OpenFOAM solves the full NAVIER-STOKES flow equations in the three-dimensional
domain (more accurately resembling the real setup), which is believed to explain the better
performance of the 3D solver for short channels. Furthermore, it was shown that the values
of experimentally determined critical flow rate for the groove are higher than for the parallel
plates. This is attributed to the smaller flow cross-section area between parallel plates, due to
the two-sided indentation of the surfaces (Figure 3.1). Higher flow rates can be achieved for
the groove channel before the curvature fails to balance the pressure difference p — p,. Further-
more, it was shown that the flow development condition at the inlet of the capillary channel
influences the critical flow rate. Critical flow rates computed with ccFlow for the developed flow
(parabolic velocity profile) are 10 % higher (for channels with [ > 8) compared to undeveloped
flow assumption (uniform velocity profile). This difference decreases with decreasing channel
length [. These two cases represent two extremes of the inlet flow conditions, which bracket

all intermediate scenarios of a developing flow (e.g. flow in the CCF setup). Furthermore, a
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parametric study with ccFlow shows that an increase of the channel length [ (beyond the CCF
experiment capabilities) leads to a further decrease of the critical flow rate Q. (Figure 6.6(a)).

HSHR camera images were evaluated with a contour detection algorithm, aiming at the
determination of the time averaged free surface contours k along the channel z-axis. Inspection
of the evaluated profiles shows that the shape of the free surface depends on the length of
the channel’s open section (Figure 6.7). For channels with [ = 2 (for both PP and GR), the
contours of the free surface are almost symmetric with respect to the plane x = 0.5. For
channels with [ = 19.2 (maximum length investigated in the CCF experiment), the contours
are highly asymmetric. The changing shape of the free surface with increasing channel length
is found to be a consequence of different physical regimes that influence the flow. A comparison
of the experimentally determined contours with the numerical predictions (1D model) shows a
good agreement (Figures 6.10 and 6.11), for the whole range of length [. However, 1D profiles
are slightly shifted towards the channel inlet (x = 0). For the groove channel, also lower values
of k are obtained compared to the experiment. A minimum contour point k,,;,(z*, k*) is found
to be a characteristic point of the contour, aiding the examination of the free surface profiles
(Figure 6.12). The point k., is located in the vicinity of x = 0.5 for short channels, which is
typical for convective dominated quasi-symmetrical profiles. As the channel length is increased,
longitudinal coordinate z* of k,,;, shifts towards the channel outlet. As the channel length
increases, the asymmetry of the free surface also increases due to the shifting of k,,;, towards
the channel outlet. In the experiments, k* increases with [ for channels with [ > 3.6. The same
trend is observed for results of the 1D computation, albeit for channels with [ > 4.8. In both
cases, k* seems to tend towards a value of 4. It is found that for sufficiently long channels k* = 4
is a minimum value, based on the channel geometry. Furthermore, the “sensitivity” of the free
liquid surface was demonstrated with the experimental results (reproducibility measurements,
Figures 6.8 and 6.9), and with results of a parametric study with ccFlow. It is found that for
the flow in the critical regime, a small change (even below 2 %) in the value of the flow rate
leads to a significant change of the shape of the free surface profiles. Small fluctuations of the
flow rate in the vicinity of the stability limit result in significant differences in the plot k = f(z)
(Figure 7.5(a)).

In the transient flow experiments, the flow rate was increased with a well defined flow
acceleration 6 = AQ/At and time constant A = 1. It was determined experimentally that
this value corresponds with the natural time constant of the CCF system. The acceleration
0 was varied until a clear limit between stable and unstable accelerations was resolved. The
experimental results (1403 data points) were evaluated and presented in the form of Transient
Stability Diagrams (Figures 8.2 and 8.3). A comparison to the theoretically determined tran-
sient stability limit shows a good agreement. The transient stability model accounts for the

additional effects related to the geometric properties of the free surface (flexibility effects) and
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feedback effects of the fluid loop. It was found that both effects lead to an enhancement of the
free surface stability. The evaluation of the experimental results illustrates that both effects are
modeled well with the Transient Stability Model. The proposed scaling provides (Figure 8.4) a
common description of the Transient Stability Diagrams in which the flexibility and feedback
effects are eliminated.

The evaluation of the critical flow rate and the free surface contours underlines the good
agreement between the experiment and the mathematical model. Hence, the model is verified
and assumed to be valid for both geometries. After the verification of the mathematical model,
the numerical tool ccFlow was employed for further investigation of the general behavior of gas-
liquid interfaces in open capillary channels. It was shown that the shape of the free surface is
influenced by the flow conditions, geometric constraints, and by the system pressure. The flow
between parallel plates was solved for a static and for a dynamic case. In the zero flow (static)
case the free surface possesses a constant mean curvature dependent on the boundary conditions
(system pressure). It was shown that the maximum curvature of the free surface is a geometric
property (Figure 7.3). For sufficiently long channels (I > 7.2), the middle part of the profile was
identified where only the first principal radius contributes to the curvature (the free surface is
supported by only one radius). It was demonstrated that the maximum curvature resulting in
the pinned free surface is a purely geometric quantity. The dynamic solution was calculated for
subcritical and critical (main focus of the CCF experiment) flow conditions. Two scenarios were
considered: (i) flow rate variation and (ii) channel length variation. The different behavior of
free surfaces in “short” and “long” channels was addressed. It was found that the deformation
(asymmetry) of the free surface and its curvature are influenced by flow conditions (in addition
to geometric constraints). Furthermore, two major flow effects i.e., convective acceleration and
viscous pressure loss, and their influence on the shape of the interface were investigated. It
was shown that for sufficiently short channels convective effects are dominant (I < 4.5 x 1072),
whereas for sufficiently long channels the frictional pressure loss dominates (I > 4.5 x 1072).
Irreversible pressure loss leads to the interface asymmetry and the minimum contour point is
shifted towards the channel exit. Different physical flow regimes (purely convective, convective
dominated, transition regime, viscous dominated, and purely viscous) were identified in relation
to the dimensionless flow length [ (Figure 7.10). Finally, it was proven that the mathematical
model is valid and applicable for a wider range of geometric configurations (different aspect
ratios) and model parameters.

Finally, it was shown that the flow in the capillary channel and its inlet section can be
modeled three-dimensionally with an open source code OpenFOAM. Besides the determination
of the critical flow rate, simulations were employed to study the general flow behavior in the
inlet section (flow preparation chamber and the entrance nozzle). There is no experimental

apparatus enabling the measurement of the pressure losses in the said section and the flow
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development ratio at the capillary channel entrance. However, knowledge of the flow behavior
in the inlet section is essential for the proper application of the boundary conditions required
for the 1D model. The flow development ratio at the channel inlet is found to be in the range
1.2 < v < 1.4 for flow rates corresponding to the CCF experiment. As expected, the flow
at the capillary channel inlet z = 0 is not fully developed. Furthermore, the pressure loss
upstream from the channel inlet was evaluated and the pressure loss coefficients K7 = 527.4
and Ky = 1.68, required for the 1D model, were determined. Due to the applied scaling of
the flow equations, the presented coefficients are valid for both geometries (groove and parallel
plates). Finally, it was shown that OpenFOAM can be employed to study the flow in the

unstable regime (choking process can be investigated, Figure 9.14).
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Appendix A

CCF Experiment
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Figure A.1: The patch of the CCF experiment.

A.1 Test Fluid

The properties of the test liquid 3M™ Novec™ Engineered Fluid HFE-7500 can be described

as a function of temperature T (in °C) [7]

k
p = 1670.98—-202-T —= (A1)
m
555.62 m?
= —3.23194+ ————_}.107% — A2
v eXp( +T+161.83> s (A.2)
, N
o = (19.12025—-0.09863-T)-107% — | (A.3)
m
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where p, v, and o are density, viscosity, and surface tension, respectively. The liquid temper-
ature evolution during the CCF (EU#1) experiment and the dependency of the OHNESORGE

number on the liquid temperature are shown in Figure A.2.

32 ] 2.6 T T T T T T "
31 i HFE-7500 — 1
30 - 2.5 | -
29 o [

. 28 = 24 — .

°_27 Zoal

S 96 = 23 | .
25 — - 292 L ]
24 - * - - -
23 ] + ) B 2.1 I T TR TN
5o | linear fit — | 20 24 28 32 36

EU#1 operation time T,/°C
(a) Liquid temperature evolution. (b) Oh versus the temperature.

Figure A.2: (a) Liquid temperature evolution during the CCF experiment. Each cross repre-
sents a single data point for which the liquid temperature was measured at the channel inlet
and outlet. The average temperature is displayed. (b) OHNESORGE number Oh as a function

of the liquid temperature.

A.2 Software

The CCF ground station in Bremen (Figure 4.6(b)) is equipped with a workstation and software
designated to fully control (real-time) the experimental setup aboard the ISS via telescience.
During the operation, the sensors readings are received via telemetry with frequency of 1 Hz
and plotted on the EGSE display as shown in Figure A.3. All data are saved throughout the
entire operation. The most adequate values are recorded in the test matrix. An overview of

the monitored parameters is given in Table A.1.
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Table A.1: Experiment parameters monitored in real-time during the CCF operation. Values

in the left column are recorded for every data point (test matrix). Readings of the senors

presented in the right column are used for the house keeping.

Recorded Observed
Parameter Description Parameter Description
Gas temperature in Position of the liquid
EUTemp2SW PlungK2Position
the TU plunger K2
Liquid temperature Position of the gas
EUTemp5SW ) PlungK3Position
at the channel inlet plunger K3
Liquid temperature Frequency of the
EUTemp6SW PlungK1Frequency .
at the channel outlet plunger K1 (oscillator)
o Amplitude of the
PressureC9 Liquid pressure PlungK1lAmplitude .
plunger K1 (oscillator) {
Gas pressure in the Intensity of the parallel
PressureC3 . PlsLedCurrent .
Plunger K3 section light source
Ambient pressure Fluid temperature
PressurelTU ) ) BubbleSens1Mon )
in the Test Unit (innermost bubble sensor)
) Fluid temperature
FlowSensSig Flow meter reading | BubbleSens2Mon )
(intermediate bubble sensor)
Position of the Fluid temperature
SliderlPosition ) BubbleSens3Mon
first slider (outermost bubble sensor)
Position of the
Slider2Position )
second slider

1 Not subject of present work.
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liquid and gas, respectively. An overview of the monitored parameters is given in Table A.1.

Figure A.3: EGSE experiment view display containing a generic view of Experiment Unit
EU#1. Readings of the hardware senors are plotted in-real time. Cyan and grey colors represent
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Appendix B

CCF Experiment Results

B.1 Critical Flow Rate

All gathered experimental data of a steady flow at the critical rate (last stable interface) for

both geometries are summarized in Tables B.1 and B.2.

Table B.1: Experimentally determined values of the critical flow rate Qfgﬁ for the parallel
plates channel. n is the number of data points recorded with the HSHR camera. Corresponding
HSHRC images and evaluated free surface contours can be found on the website http://ccf.

zarm.uni-bremen.de/.

I /mm I UsEon SQEXP Experiment 1D

1 04 ] 148 1 - 653

2 0.8 1.25 2 0.01 722; 654

3 1.2 1.15 1 - 655

4 1.6 1.07 1 - 656

) 2 0.99 5 0.01 | 726; 736; 746; 642; 657
6 24 1 095 1 - 658

7 28 | 091 1 - 659

8 3.2 088 1 - 660

9 3.6 | 0.8 1 - 661

10 4 083 5 0.02 | 727; 737; 747; 643; 662
11 4.4 1 081 1 - 663

12 4.8 | 0.80 1 - 664

13 52 | 079 1 - 666

14 5.6 | 0.78 1 - 667

15 6 0.77 5 0.01 | 728; 738; 752; 645; 668

Continued on next page
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Table B.1 — continued from previous page

I /mm [ upEon SQEXP Experiment 1D
16 6.4 | 076 1 - 669
17 6.8 | 0.76 1 - 670
18 72 | 0.7 1 - 671
19 76 | 075 1 - 672
20 8 0.74 5 0.01 | 729; 739; 753; 646; 673
21 84 | 0.73 1 - 674
22 8.8 | 0.714 1 - 675
23 92 | 0712 1 - 676
24 96 | 0.73 1 - 677
25 10 0.72 5 0.01 | 730; 740; 754; 647; 678
26 104 0.71 1 - 679
27 1081 0.71 1 - 680
28 11.2 1 0.71 1 - 681
29 116 | 0.70 1 - 682
30 12 0.71 4 0.01 731; 741; 648; 683
31 1241 0.70 1 - 684
32 128 | 0.69 1 - 685
33 1321 069 1 - 686
34 136 | 0.69 1 - 688
35 14 0.70 3 0.01 732; 649; 689
36 1441 0.70 1 - 690
37 1481 0.69 1 - 691
38 1521 069 1 - 692
39 156 | 0.68 1 - 693
40 16 0.68 4 0.01 733; 743; 650; 694
41 16.4 | 0.68 1 - 695
42 16.8 | 0.68 1 - 696
43 1721 0.68 1 - 697
44 176 | 0.68 1 - 698
45 18 0.67 4 0.01 734; 744; 651; 699
46 1841 0.66 1 - 701
47 18.8 | 0.67 1 - 702
48 19.2 | 0.67 4 0.01 735; 745; 652; 703
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Table B.2: Experimentally determined values of the critical flow rate QY% for the groove

channel. n is the number of data points recorded with the HSHR camera. Corresponding

HSHRC images and evaluated free surface contours can be found on the website http://ccf.

zarm.uni-bremen.de/.

I/ /mm I Lok SQEXE Experiment ID

2 0.8 1.35 1 - 723

3 1.2 1.15 1 - 724

4 1.6 1.07 1 - 725

5) 2 1.00 2 0.01 28; 29

6 2.4 096 2 0.002 30; 31

7 2.8 096 1 - 32

8 3.2 1 092 1 - 33

9 3.6 089 1 - 34

10 4 0.87 5 0.005 | 26; 35; 86; 99; 105
11 4.4 084 1 - 36

12 4.8 083 1 - 37

14 5.6 0.81 2 0.004 39; 40

15 6 0.80 2 0.003 25; 42

16 6.4 079 1 - 43

17 6.8 0.78 1 - 44

18 7.2 0.78 1 - 45

19 7.6 077 1 - 46

20 8 0.76 5 0.003 | 22; 47; 89; 100; 106
21 8.4 0.76 1 - 48

22 8.8 0.76 2 0.004 49; 52

23 92 | 076 1 - 53

24 9.6 0.76 1 - 54

25 10 0.75 1 - 5%5)

26 104 | 0.75 1 - 56

27 10.8 | 0.74 1 - o7

29 116 | 074 1 - 60

30 12 0.73 5 0.01 |27;61;90; 101; 108
31 124 073 1 - 62

33 13.2 0.72 1 - 64

34 13.6 | 0.72 1 - 65

35 14 071 1 - 66

Continued on next page
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Table B.2 — continued from previous page

I' /mm | Lok o SQEXE Experiment ID

37 148 1 071 1 - 68

38 152 071 1 - 69

39 156 | 0.71 2 0.002 71; 73

40 16 0.70 5 0.01 | 74;91; 97; 102; 109
41 164 | 071 1 - 7

42 16.8 | 0.70 1 - 78

43 1721 068 1 - 79

44 176 | 0.69 1 - 80

45 18 0.69 1 - 82

46 1841 0.70 1 - 83

47 188 0.69 1 - 84

48 1921 0.68 5 0.02 | 85; 92; 98; 103; 110

B.2 HSHR Camera Images

Examples of the unprocessed HSHR camera images downlinked from the ISS are shown in
Figure B.1. The flow is steady at the critical flow rate (last stable interface). Four cases are
presented: groove with [ = 6, groove with [ = 19.2, parallel plates with [ = 6 and parallel
plates with [ = 19.2. The time evolution is depicted with the time stamps. The free surfaces
remain stable throughout the entire experiment. Minor oscillations can be observed on the free

surfaces, which were discussed in Section 6.1.

B.3 MSG Camera View

During the operation, the MSG camera is used to observe the test channel and the compensation
tube. An example of unsteady flow behavior in the groove channel recorded with the MSG
camera is shown in Figure B.2. In (a) the flow is stable. Increasing the flow rate above the
critical rate leads to the instability. This is indicated by the free surface which is being pulled
into the test channel. In general, the MSG camera view is used for qualitative analysis of the
free surface behavior. The position of the meniscus in the compensation tube is monitored and
used to evaluate the amount of gas ingested (choked) into the flow path. The Ahcr in Figure
B.2(b) depicts the fill level change in the CT, which was discussed in Section 6.1.
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B.4 Symmetry in the Free Surface Contours

During the CCF experiments with the parallel plates channel, it was observed that both free
surfaces behave identically during subcritical flow with @ < Q.. An example of the evaluated

profiles is shown in Figure B.3.

B.5 Flexibility Function - Transient Stability Model

The additional stabilization of the free surface during transient flow is caused by the flexibility of
the flat part of the surface (was discussed in Section 3.5.2). Evaluation of the CCF experiment
results confirms this assumption (stability diagrams in Figures 8.2 and 8.3). The "long channel
effect” is modeled with the flexibility function f (Equation (3.67)). The dependency of of the

f function on the channel length [ is shown in Figure B.4.
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(a) groove (ID 00025) /=6 (I'= 15 mm)

Figure B.1: Examples of unprocessed HSHRC images showing the last stable free surfaces

recorded for steady flow. Flow is from bottom to top.
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Figure B.2: Unstable flow in the groove recorded with the MSG camera. The channel length is
I =12 (I = 30 mm) and the flow rate Q/Q, = 1.19 (ID 00821). The red circle marks the free

surface which is being withdrawn into the test channel.
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Figure B.3: Evaluated free surface (FS) contour k' along the parallel plates channel z’-axis.

Both, lower (2’ negative) and upper (2’ positive) profiles are depicted for three characteristic

channel lengths. Dimensional values are shown for the sake of comparison. Maximum stable

(critical flow) interfaces are depicted.

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



B.5. FLEXIBILITY FUNCTION - TRANSIENT STABILITY MODEL 157

1,0
0,9
0,8
0,7
0,6 ~
0,5

0,4 //
0,3

0,2 /
0,1

0 2 4 6 8 10 12 14 16 18 20
[

S

Figure B.4: Normalized flexibility function versus the channel length. f/f. defines the relative

compensatory capability of a surface of minimum length [ > [y (I > 3).

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fir den personlichen Gebrauch.



159

Appendix C

ccFlow Results

The one-dimensional flow simulations are carried out with the ccFlow toll (version 5.3). The

simulation parameters are listed in Table 5.2.

C.1 Critical Flow Rate

A complete list of the simulation results for all considered channel lengths is given in Tables

C.1 (parallel plates) and C.2 (groove).
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APPENDIX C. CCFLOW RESULTS

Table C.1: Results of the ccFlow computations for the parallel plates channel. Critical flow

rate Q¢ is the mean value between the critical flow rate computed for undeveloped (Lg = 1)

and developed flow (Lo = 0) assumptions. The v*, A* h*, k* are the flow velocity, cross-

sectional area, mean curvature, and the vertical coordinate of the k,,;, point, respectively at

the point of the minimum cross-section point. The model parameters are given in Table 5.2.

undeveloped developed
Vimm 1| QNp vt AT R R || QI v AT Rk e
5 2 1.18  1.37 0.86 2.06 4.08 | 1.22 142 086 2.06 4.07 | 1.20
6 24 1.1 1.3 084 188 4 1.14 135 0.84 188 4 1.12
7 28 | 1.03 124 0.83 1.74 394| 108 1.3 083 1.74 394 | 1.06
8 32 1 098 1.2 0.82 164 388 103 125 082 1.64 3.88| 1.01
9 36 | 094 1.16 0.81 156 384 099 1.22 081 1.56 3.84| 0.97
10 4 09 112 08 149 38 095 1.18 0.8 149 3.81| 0.93
11 44 | 087 1.09 0.8 143 378 092 1.15 08 143 3.79 | 0.90
12 48 | 08 1.06 0.8 138 3.77| 09 1.12 08 138 3.78 | 0.88
14 56 | 0.81 101 08 13 378 08 1.07 08 129 3.79| 0.84
15 6 0.79 099 08 126 379 08 1.05 0.8 125 38 | 0.82
16 64 | 0.78 097 08 1.23 3.8 0.83 1.03 0.81 1.22 3.82| 0.81
17 6.8 | 0.77 095 0.81 121 382| 082 1.01 081 1.2 3.84| 0.80
18 721 076 093 081 1.18 383 081 099 081 1.17 3.86| 0.79
19 76 | 0.75 092 0.81 1.16 3.85 0.8 098 0.82 1.15 3.881| 0.78
20 8 074 09 082 1.15 387 079 096 0.82 1.13 3.9 | 0.77
22 88 | 0.72 0.88 0.82 1.12 3.9 0.78 094 083 1.11 3.94 | 0.75
24 96 | 0.71 086 0.83 1.1 393 077 092 084 1.08 3.97| 0.74
25 10 | 0.71 085 0.83 1.09 394 077 091 084 1.08 3.98 | 0.74
28 1121 069 083 084 1.08 3.96| 075 09 084 106 4 0.72
30 12 | 0.69 082 0.84 1.07 397| 075 0.89 084 1.05 4.01 | 0.72
32 128 | 0.68 081 0.84 1.06 3.98| 0.74 0.88 0.85 1.05 4.01 | 0.71
34 13.6 | 0.67 0.8 084 1.06 398 0.74 0.87 0.85 1.05 4.01 | 0.71
35 14 | 0.67 0.8 0.84 1.06 398 | 073 087 085 1.05 4.01 | 0.70
36 1441 067 079 084 1.06 398 0.73 0.87 0.85 1.04 4.01 || 0.70
38 152 066 079 084 1.05 399 0.73 0.86 0.85 1.04 4.02 | 0.70
40 16 | 0.66 0.78 0.84 1.06 399 | 072 0.85 085 1.04 4.02 | 0.69
42 16.8 | 0.65 0.78 0.84 1.05 3.99]| 0.72 0.85 0.85 1.04 4.01 | 0.69
45 18 | 0.65 0.77 0.84 1.06 4 0.71 0.84 085 1.04 4.01 | 0.68
46 184 064 077 084 1.05 4 0.71 0.84 085 1.04 4.01 | 0.68
48 1921 064 076 084 1.05 4 0.7 083 0.85 1.04 4.01| 0.67
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Table C.2: Results of the ccFlow computations for the groove channel.
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Critical flow rate

Qifé r 1s the mean value between the critical flow rate computed for undeveloped (Lo = 1) and

developed flow (Lo = 0) assumptions. The v*, A*, h* k* are the flow velocity, cross-sectional

area, mean curvature, and the vertical coordinate of the k,,;, point, respectively at the point

of the minimum cross-section point. The model parameters are given in Table 5.2.

undeveloped developed
V/mm 1 | QM vt AT R k|| QLR v AT Rk n
2 0.8 | 1.67 172 097 32 46 1.7 175 097 0.32 4.6 1.69
3 1.2 | 144 15 096 256 441 | 1.48 1.55 0.96 257 44 1.46
4 1.6 | 1.31 139 094 224 423| 136 144 094 225 4.2 1.34
5 2 1.22  1.31 093 203 4.06 || 1.26 1.36 0.92 2.03 4.03| 1.24
6 24 | 114 125 091 187 392 1.19 1.3 091 1.8 3.91| 1.17
7 28 | 1.08 12 09 175 38 .13 125 09 174 379 | 1.11
8 3.2 ] 1.03 116 0.89 1.65 3.68 | 1.08 1.22 0.89 1.65 3.68| 1.06
9 3.6 | 099 1.12 0.88 1.58 359 | 1.04 1.19 088 1.58 3.58 | 1.02
10 4 095 1.1 0.87 152 3.5 1.01 1.16 087 152 3.5 0.98
11 4.4 | 093 1.07 086 147 343 | 098 1.14 086 1.47 3.43| 0.96
12 4.8 09 105 086 143 337 | 096 1.12 086 1.42 3.37| 0.93
14 5.6 | 0.86 1.01 0.85 1.36 3.29 | 092 1.08 0.85 1.35 3.29 || 0.89
15 6 0.84 099 0.85 1.33 326 | 091 1.07 085 1.32 3.27 | 0.88
16 6.4 | 083 098 0.85 1.3 324 089 1.05 085 1.29 3.25| 0.86
17 6.8 | 0.81 096 0.84 1.28 323 | 088 1.04 085 1.27 3.25| 0.85
18 7.2 0.8 095 084 126 323 | 087 1.02 08> 1.25 3.25| 0.84
19 76 | 0.79 093 085 124 324 | 0.86 1.01 0.85 1.23 3.26 || 0.83
20 8 0.78 092 0.85 1.22 3.25| 0.85 1 085 1.21 3.28| 0.82
21 84 | 0.77 091 0.85 1.2 326| 084 098 085 1.19 3.31| 0.81
22 88 | 0.76 09 0.85 1.19 329 | 083 097 086 1.17 3.34 | 0.80
23 92 | 0.75 088 0.85 1.17 331 | 082 096 086 1.16 3.37 | 0.79
24 9.6 | 0.75 087 0.86 1.16 3.34| 082 095 086 1.14 3.41 | 0.79
25 10 0.74 086 0.86 1.15 3.36 | 081 0.94 087 1.13 3.45| 0.78
30 12 0.72 082 0.87 1.11 3.5 0.79 0.89 0.89 1.08 3.64 | 0.76
35 14 0.7 079 0.88 1.08 359 077 08 09 1.06 3.76| 0.74
40 16 0.68 0.77 0.89 1.07 364 | 076 084 09 1.06 3.82] 0.72
45 18 0.67 0.76 0.89 1.07 3.66 | 0.75 0.83 0.9 1.05 3.82| 0.71
48 19.2 0.66 0.75 0.89 1.06 3.66 || 0.74 082 09 1.05 3.82] 0.70
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Appendix D

OpenFOAM

D.1 simpleFOAM Input Files - Cylindrical Tube

The numerical schemes dictionary system/fvSchemes:

J e et ke Gt —hmm e e *\
| ========= I I
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ /0 peration | Version: 2.0.x |
[ \\ / A nd | Web: www . OpenFOAM. com |
| \\/ M anipulation | |
\ K */
FoamFile
{

version 2.0;

format ascii;

class dictionary;

location "system";

object fvSchemes;
+
[/ % % ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ko x x % % % % x //
ddtSchemes
{

default steadyState;
+
gradSchemes
{
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164
default Gauss linear;
grad (p) Gauss linear;
grad (U) Gauss linear;
}
divSchemes
{
default none;
div(phi,U) Gauss upwind;
div(phi,k) Gauss upwind;
div(phi,epsilon) Gauss upwind;
div(phi,R) Gauss upwind;
div(R) Gauss linear;
div(phi,nuTilda) Gauss upwind;
div((nuEff*dev(T(grad(U))))) Gauss linear;
}
laplacianSchemes
{
default none;
laplacian(nuEff,U) Gauss linear corrected;
laplacian((1|A(U)),p) Gauss linear corrected;
laplacian(DKEff,k) Gauss linear corrected;
laplacian(DepsilonEff,epsilon) Gauss linear corrected;
laplacian(DREff,R) Gauss linear corrected;
laplacian(DnuTildaEff,nuTilda) Gauss linear corrected;
}
interpolationSchemes
{
default linear;
interpolate(U) 1linear;
}
snGradSchemes
{
default corrected;
}
fluxRequired
{
default no;
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}
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[/ HRoRk ok ok sk ok ok sk ok ok ok ok ok ok ok ok K ok ok ok ok ok K ok ok ok ok sk Kk ok 3k ok ok K ok kK K ok sk ok sk kR ok kR sk sk ok sk sk k ok kkokk -/ /

The solution and algorithm control settings dictionary system/fvSolution:

e ¥— CH+ —k—m—m *\
| ==m====e= | |
[ \\ / F ield | OpenFOAM: The Open Source CFD Toolbox |
[ \\ / 0 peration | Version: 2.0.x |
| \\ / A nd | Web: www . OpenFOAM. com |
| \\/ M anipulation | |
et i e x/
FoamFile
{

version 2.0;

format ascii;

class dictionary;

location "'system";

object fvSolution;
}
J/ % k %k %k % % % k %k % % % % k% % % % >k >k % % % % >k % % % % %k * % % % * *x x x //
solvers
{

p

{

solver

GAMG;

smoother GaussSeidel,;

agglomerator faceAreaPair;

nCellsInCoarsestlLevel 100;

mergelevels 1;

preconditioner DIC;

tolerance 1e-06;
relTol 0.05;
}
{
solver PBiCG;

preconditioner DILU;
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tolerance 1e-05;
relTol 0.1;
}
{
solver PBiCG;
preconditioner DILU;
tolerance 1e-05;
relTol 0.1;
}
}
SIMPLE
{
nNonOrthogonalCorrectors 1;
residualControl
{
P le-3;
U le-4;
"(k|epsilon|omega)" 1le-3;
}
}
relaxationFactors
{
P 0.6;
U 0.7;
k 0.7;
epsilon 0.7;
R 0.7;
nuTilda 0.7;
}
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D.2 Cluster - Technical Specification

Computational Nodes:

Number of nodes: 8
Number of CPUs per node: 2
Number of cores per CPU/node: 8/16

Total number of cores: 128

Technical data:

CPU: Intel XEON E5-2670 2.6 GHz

RAM: 32 GB (8 x 4 GB DDR3-1333)

HDD: 1 x 500 GB SATA2

LAN: 2 x GBit LAN onboard; 1 x 40 Gbit QDR Infiniband (Interconnect)

Headnode:

CPU: Intel XEON E5-2670 2.0 GHz

RAM: 64 GB (8 x 8 GB DDR3-1333)

HDD: 2 x 500 GB SATA3 RAID1 for System; 7 x 2 TB SATA3 RAIDG6 for /home
LAN: 2 x GBit LAN onboard

D.3 Velocity Distribution

Velocity field in the inlet section of the CCF setup for three different flow rates (corresponding
with the CCF experiment range) is shown in Figure D.1. Simulations are carried out with the

simpleFOAM solver and the fine type of numerical mesh (shown in Figure 9.6).
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Figure D.1: Numerically (simpleFOAM) determined velocity field in the CCF inlet section. Flow
is from left to the right. The velocity distribution at the zy symmetry plane (z = 0) and at

the zz symmetry plane (y = 0) is shown in the left and right column, respectively.
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