
 

 I 

 

DISS. ETH NO. 19527 

 

Liquid films and droplet deposition  

in a BWR fuel element 
 

 

 

A dissertation submitted to  

 

ETH ZURICH 

 

for the degree of  

Doctor of Sciences 

 

 

 

presented by 

 

MANUEL DAMSOHN 

 

Dipl.-Ing., Technical University Clausthal 

 

born July 16, 1980 in Esslingen a.N. (Germany) 

citizen of Federal Republic of Germany 

 

 

 

Accepted on the recommendation of 

 

Prof. Dr. Horst-Michael Prasser (ETH Zurich), examiner 

Prof. Dr.-Ing. Eckart Laurien (University of Stuttgart), co-examiner 

 

Zurich, 2011  



 

II  

  



 

 III 

 

 

 

 

 

 

 

 

"That is one small step for mankind; one giant leap for me." 

 

Along the lines of Neil Alden Armstrong, 1969  



 

IV  

  



 

 V 

PREFACE 

The work for this PhD thesis has been conducted at the Laboratory of Nuclear 

Energy Systems at ETH Zurich, Switzerland. This work would not have been 

possible without the help and support of many people: 

First of all I want to thank Prof. Dr. H.-M. Prasser for the opportunity he of-

fered me to be his first PhD student at ETH. I have very much appreciated his 

scientific support and ideas, the freedom of pursuing my own work and ideas, his 

trust towards me in many ways and the hours with him hanging on a rope some-

where in the Swiss Alps. I further want to thank my co-supervisor Prof. Dr.-Ing. 

E. Laurien for his friendly and dedicated scientific advice as well as his willing-

ness to supervise this thesis. 

Furthermore I want to thank all my colleagues in the team of LKE. Special 

thanks goes here towards Martin Ritterath, who bore sharing the same office with 

me for four years. I very much enjoyed the discussion, the help with my deficien-

cies in electronics (amongst other things), the basic care like fruits and tea and the 

fun times we had outside the office; Paolo d'Aleo for his dedication to help out 

and the good times we had together within the team; and Christina Brun-Caduff 

for her help in administrative issues with an always joyful and helping spirit.  

A lot of students helped to work in the lab within the framework of this work: 

Florian Beck, Aron Graf, Julien Dupont, Jean-Luc Roches, Thierry Bouquet, 

Pascal Voser, Pablo Niesutta, Martin Gahr, Rashmita Tiwari, Samuel Rigert, 

Chris, BenG, John Kickhofel, Gaurav Balduwa. The work they conducted is par-

tially the basis of this thesis. 

Thanks also goes to the colleagues at PSI and partner labs: Robert Zboray, 

Simon Kuhn, Bojan Niceno, Abdel Dehbi, Cedric Hutter, Richard Häfeli, Jürren 

Fokken, Ralph Kapulla. 

Besides the people who supported me directly at ETH many people of my pri-

vate life have had an important share in this work: My first and biggest thanks 

goes to Delia. Words cannot express the support, help, interest and love she 

poured into my life during the whole duration of this thesis. Special thanks also to 

my parents who enabled my education with all kinds of support to this very day. I 

further want to thank the "La Casa"-Crew: Ilka, Luzia, Timi, Kylie, Silvie. Last 

but not least I want to express my deepest thanks to dear friends who were close 

to me in these last years (and before): Tim (thanks for proofreading!), Daneille, 

Jonas, Marianne, Cristo, Pedro, Henk, Lindy, Niklas, Miriam, Mirjam, Stefan, J, 

Jo, Kathrin. 

Zurich, February 2011    

      Manuel  



 

VI  

  



 

 VII 

ABSTRACT 

In the upper part of boiling water reactors (BWR) the flow regime is dominat-

ed by a steam-water droplet flow with liquid films on the nuclear fuel rod, the so 

called (wispy) annular flow regime. The film thickness and liquid flow rate dis-

tribution around the fuel rod play an important role especially in regard to so 

called dryout, which is the main phenomenon limiting the thermal power of a fuel 

assembly. The deposition of droplets in the liquid film is important, because this 

process sustains the liquid film and delays dryout. Functional spacers with differ-

ent vane shapes have been used in recent decades to enhance droplet deposition 

and thus create more favorable conditions for heat removal.  

In this thesis the behavior of liquid films and droplet deposition in the annular 

flow regime in BWR bundles is addressed by experiments in an adiabatic flow at 

nearly ambient pressure. The experimental setup consists of a vertical channel 

with the cross-section resembling a pair of neighboring subchannels of a fuel rod 

bundle. Within this double subchannel an annular flow is established with a gas-

water mixture. The impact of functional spacers on the annular flow behavior is 

studied closely. Parameter variations comprise gas and liquid flow rates, gas 

density and spacer shape. The setup is instrumented with a newly developed liq-

uid film sensor that measures the electrical conductance between electrodes flush 

to the wall with high temporal and spatial resolution. Advanced post-processing 

methods are used to investigate the dynamic behavior of liquid films and droplet 

deposition. The topic is also assessed numerically by means of single-phase Rey-

nolds-Averaged-Navier-Stokes CFD simulations of the flow in the gas core. For 

this the commercial code STAR-CCM+ is used coupled with additional models 

for the liquid film distribution and droplet motion.  

The results of the experiments show that the liquid film is quite evenly distri-

buted around the circumference of the fuel rods. The time-averaged liquid film 

thickness decreases with decreasing liquid flow rate, increasing gas flow rate and 

increasing gas density. By the introduction of spacers, the liquid film is strongly 

structured into streaks downstream of the spacer in a distinct pattern depending 

on the spacer shape. The streaks are mainly generated by the effect of circumfe-

rential vector components of the gas shear stresses on the gas-liquid interface, 

which are generated by the spacer. The resulting local decrease of liquid mass 

flow rate can be interpreted as a deficiency of a given spacer geometry, since it 

may promote dryout under BWR conditions in close proximity to the spacer.  

Furthermore spacers increase the droplet deposition compared to an open 

channel flow, thus increasing the mass flow rate in the liquid film and the dryout 

margin. Spacer vanes enhance the droplet deposition by an enhanced turbulence 

of the gas core, a deflection of the gas streamlines and the direct impact of drop-

lets on the spacer vanes. The contribution of each phenomenon to the deposition 



 

VIII  

rate depends on the spacer design and flow conditions present. For the studied 

generic spacer geometries and experimental conditions, the contribution of the 

direct impact is dominant, while the contribution of enhanced turbulence seems to 

be negligible. Additional to the described phenomenon, droplet break-up occurs 

in spacer proximity, either by the impact on the spacer or by the high velocity 

gradients of the gas flow in the spacer. This break-up may change the contribu-

tion of the deposition effects. It is shown that a Lagrangian droplet tracking on 

basis of the same gas flow field used as input for the film thickness model can 

qualitatively reproduce most of the relevant effects observed in the experiments. 

Furthermore the model gives the right quantitative tendencies when flow parame-

ters are varied. 

The combination of adiabatic experiments of the presented kind, comple-

mented by the proposed simplified CFD modeling, can be applied to perform a 

pre-selection of functional spacer designs in the framework of spacer develop-

ment. 
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ZUSAMMENFASSUNG 

Im oberen Bereich von Siedewasserreaktoren (SWR) bildet sich das Dampf-

Wasser-Gemisch als  sogenannte Ringströmung („annular flow“) aus, mit einer 

Tröpfchenströmung im Dampfkern und Flüssigkeitsfilmen auf den Brennstäben. 

Die Filmdicken- und Massenstromverteilung auf dem Brennstab spielen eine 

wichtige Rolle, besonders im Bezug auf den sog. Dryout („Austrocknen“), das 

Hauptphänomen, das die thermische Leistung von Brennelementen begrenzt. Das 

Ablagern von Tröpfchen auf den Flüssigkeitsfilm, die sog. Tröpfchendeposition, 

ist von grosser Wichtigkeit, da dieser Prozess den Massenstrom des Flüssigkeits-

films erhöht und dadurch den Dryout verzögert. Funktionelle Abstandshalter 

(sog. „Spacer“) mit verschiedenen Formen von Strömungsfahnen wurden in den 

letzten Jahrzehnten verwendet, um die Tröpfchendeposition zu erhöhen und damit 

günstigere Bedingungen für die Brennstabkühlung zu erzeugen. 

Diese Arbeit befasst sich experimentell mit dem Verhalten der Flüssigkeits-

filme und der Tröpfchendeposition in der Ringströmung von Siedewasserbrenn-

elementen unter adiabatischen Bedingungen bei Umgebungsdruck. Der Ver-

suchsaufbau besteht aus einem vertikalen Kanal dessen Querschnitt zwei neben-

einanderliegenden Unterkanäle eines Brennelementbündels abbildet. In diesem 

doppelten Unterkanal wird eine Ringströmung aus einem Gas-Wasser-Gemisch 

erzeugt. Insbesondere wird der Einfluss der Spacer auf das Verhalten der Ring-

strömung untersucht. Als Versuchsparameter werden die Gas- und Flüssigkeits-

volumenströme, die Gasdichte und die Form der Spacer variiert. Der Ver-

suchsaufbau ist mit einem neuentwickelten Flüssigkeitsfilmsensor instrumentiert, 

der den elektrischen Leitwert zwischen Elektroden an der Wandoberfläche mit 

hoher räumlicher und zeitlicher Auflösung misst. Hochentwickelte Datenverar-

beitungsmethoden werden verwendet um das dynamische Verhalten von Flüssig-

keitsfilmen und Tröpfchendeposition zu untersuchen. Das Thema wird zudem 

numerisch mit Hilfe von Reynolds-gemittelten Navier-Stokes (RANS) CFD Si-

mulationen behandelt, die die Gasströmung einphasig berechnen. Hierfür wird die 

Simulationssoftware STAR-CCM+ verwendet, die mit zusätzlichen Modellen für 

die Flüssigkeitsfilmverteilung und für den Tröpfchentransport gekoppelt ist. 

Die experimentellen Resultate zeigen, dass der Flüssigkeitsfilm entlang dem 

Umfang gleichmässig auf dem  Brennstab verteilt ist. Die zeitlich gemittelte Flüs-

sigkeitsfilmdicke nimmt mit abnehmendem Flüssigkeitsvolumenstrom, zuneh-

mendem Gasvolumenstrom und zunehmender Gasdichte ab. Durch den Einbau 

von Spacern wird der Flüssigkeitsfilm in ein strähnenartiges Muster strukturiert, 

das für jede Spacerform spezifisch ist. Das Strähnenmuster wird hauptsächlich 

durch Scherkräfte der Gasphase an der Phasengrenzfläche in Umfangsrichtung 

gebildet, die durch den Spacer erzeugt werden. Die daraus resultierende lokale 

Abnahme des Flüssigkeitsmassenstroms kann ein Defizit für eine bestimmte 
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Spacerform bedeuten, weil sie potenziell den Dryout in der Nähe des Spacers 

unter den Bedingungen des SWR fördert. 

Spacer steigern andererseits die Tröpfchendeposition, erhöhen damit den 

Massenstrom des Flüssigkeitsfilms und somit die Sicherheitsmarge bezüglich des 

Dryouts. Die Strömungsfahnen der Spacer erhöhen die Tröpfchendeposition 

durch Turbulenzerhöhung in der Gasphase, durch eine Ablenkung der Gasstrom-

linien und durch den direkten Aufschlag von Tröpfchen auf den Strömungsfah-

nen. Der Anteil des jeweiligen Phänomens an der Tröpfchendeposition hängt von 

der Form des Spacers und von den Strömungsbedingungen ab. Für die untersuch-

ten, generischen Spacerformen und die gewählten experimentellen Bedingungen 

ist der Anteil durch den direkten Tröpfchenaufschlag an den Strömungsfahnen 

dominierend, während der Anteil durch Turbulenzerhöhung vernachlässigbar 

erscheint. Überlagert zu den beschriebenen Depositionsphänomenen, teilen sich 

Tröpfchen in der Nähe der Spacer, entweder durch den Aufschlag an den Strö-

mungsfahnen oder durch hohe Geschwindigkeitsgradienten in der Gasströmung 

in der Nähe der Spacer. Diese Tröpfchenteilung kann den Anteil der verschiede-

nen Depositionseffekte verändern. Die Behandlung des Tröpfchentransports mit 

einem Lagrange„schen Ansatz auf Grundlage des Gasströmungsfeldes, das auch 

zur Modellierung der Flüssigkeitsfilmdicke verwendet wird,  zeigt, dass die meis-

ten Strömungseffekte, die experimentell zu sehen sind, zumindest qualitativ be-

schrieben werden können. Das Modell bildet weiterhin die korrekten quantitati-

ven Tendenzen bei der Variation der Strömungsparameter ab. 

Die Kombination aus adiabatischen Experimenten, wie sie hier gezeigt wer-

den, mit den im Rahmen der Arbeit vorgeschlagenen CFD Modellen kann bei 

Entwicklungsstudien für funktionelle Spacer verwendet werden, um eine Vor-

auswahl zwischen verschiedenen Spacerformen zu treffen. 
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2
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-1
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m [kg/m
2
]  mass inventory 
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n [-]  number of points in time 

p [N/m
2
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P [m]  perimeter 

l [m]  distance between measuring points 
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s [A]  signal in WMS-electronic (electrical current) 
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1 INTRODUCTION  
 

Multiphase flows exist in many industrial applications of today. The main 

areas are the oil, gas, chemical and energy industries. The energy industry de-

pends strongly on the efficient use of multiphase flows, because the economic 

margins are smallest compared to the other industrial branches. The combined 

heat and power processes in the energy industry are the heart of the energy pro-

duction of many types of power plants. This usually involves a steam-water mul-

tiphase flow. With the constant drive for process optimization, the multiphase 

flow is a widely studied subject. 

In nuclear power plants multiphase flow and the combined heat exchange is 

crucial, not just in regard to efficiency, but also in regard to safety. The nuclear 

power plant fleet consists nowadays mostly of pressurized (PWR) or boiling light 

water reactors (BWR). In contrast to the PWR the BWR produces the steam, 

which is sent to the turbine, within the nuclear reactor itself (Figure 1.1). This 

means that the flow inside a BWR is mostly a multiphase system. At the bottom, 

where the water enters the fuel bundles, a bubbly regime is found. The multiphase 

flow then develops via a churn flow to an annular flow at the top of the fuel bun-

dle. The annular flow in the BWR is crucial to the efficiency of the power plant 

and therefore is the focus of this work.  

Annular flow consists of a gas and a liquid phase. The void fraction, defined 

as the ratio between volumes taken by gas phase per total considered volume, is 

usually in the range between 0.95 to 1. The liquid is distributed mainly as thin 

liquid film at the channel wall, in BWRs the fuel rods, and droplets in the gas 

core (Figure 1.2). The film is driven by the gas shear stress at the gas-liquid inter-

face in co-current direction. For a vertical air-water flow in upward direction the 

film thickness ranges between 0.1 to 2 mm for ambient pressure and tempera-

tures. The gas-liquid interface is wavy, usually consisting of two different kinds 

of waves: The ripple waves are small, regular waves that are generated by insta-

bilities in the liquid film. The roll waves (sometimes also called disturbance 

waves) are bigger sized waves that move with a higher velocity than the ripple 

waves. The roll waves are generated by strong gas shears accumulating water, 

which is then driven faster than the ripple waves due to the bigger area of attack. 

Roll waves have a very turbulent nature, in which gas bubbles might be en-

trapped. A considerable part of the liquid is transported as droplets in the gas 

core, the so called entrained fraction.  
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(1) reactor vessel 

(2) fuel 

(3) control rods 

(4) circulation pumps 

(5) control rod drives 

(6) hot leg 

(7) cold leg 

(8) high pressure turbine 

(9) low pressure turbine 

 (10) generator 

(11) exciter 

(12) condenser 

(13) cooling water  

(14) preheater 

(15) feed water pump 

(16) cooling  water pump 

(17) containment 

Figure 1.1: BWR schematic 

 

In a BWR the annular flow is a steam-water flow at a temperature of roughly 

270 °C and a pressure of 70 bars. The annular flow in BWRs also involves heat 

transfer from the wall to the fluid, causing evaporation of film and droplets. Be-

sides the mass transfer that is caused by evaporation, there are two other impor-

tant mass transfer mechanisms: droplet entrainment and droplet deposition. En-

trainment describes the rip out of liquid from the film and the generation of drop-

lets that are ejected into the gas core. Droplet deposition describes the opposite 

process, namely the impingement of droplets from the gas core onto the liquid 

film. These mechanisms also take place in adiabatic conditions.  

A lot of research has been conducted for more than 50 years in the area of an-

nular flow, with the goal to understand, correlate and model annular flow. Most 

of the research is conducted in cylindrical pipes with an air-water flow under 

adiabatic conditions with roughly ambient pressure and temperature. A very fam-

ous basis of annular flow is the so called "triangular relationship" between film 

thickness, interfacial shear stress and the pressure gradient. If two of these proper-

ties are known, the third is also known [56]. It is interesting to note, that in this 

relationship, gravity is not considered.  
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This points out that pressure loss 

due to the hydraulic head can be 

neglected in annular flow, which is 

experimentally confirmed [133]. 

The applicability of adiabatic ex-

perimental results for annular flow to 

BWR conditions is limited in terms 

of the different fluid properties for 

higher temperatures and pressures as 

well as for the geometry of the flow 

domain: 

Fuel bundles consist of 100 to 200 

fuel rods which are mostly arranged 

in a square lattice (Figure 1.3). The 

diameter of the fuel rods is in the 

range of 8 to 10 mm. They are ar-

ranged with a distance of 2 to 3 mm. 

The rods are roughly 4 meters long. It 

is important for the rods to be kept at 

constant distance even if the flow is pulsating and might induce vibrations. This is 

achieved by so called spacers, which are basically grids produced of metal sheet, 

which are placed in an elevation distance of roughly 0.5 m in the bundle. The 

multiple "channels" for the water to flow between the rods are the so called sub-

channels (Figure 1.4). They are all connected by the subchannel gap, which is the 

area, where the rods are closest to each other. The subchannel gap makes a fluid 

transfer between the subchannels possible. 

The main limitation of BWR power density is the thermohydraulics in the top 

part of the reactor core. Because the cooling of the fuel rods in the upper part of a 

reactor is only achieved by the thin liquid film of the annular flow, the critical 

power is limited by the mass flux of the liquid film. In case the heat transfer ex-

ceeds a critical value, the liquid film evaporates completely, the so called dryout. 

The dryout causes the heat transfer coefficient to drop by orders of magnitudes, 

because the heat is now transferred to the steam, which does not cool as efficient-

ly (Figure 1.5). The consequence is an increase of temperature of the fuel clad-

ding, which might cause damages to the fuel rod, like leakage, bending or in the 

worst case melt down. Once the dryout occurs, the rewetting of the dry spot is 

difficult and needs up to ten times the liquid mass flow rate compared to the mo-

ment just before dryout [58; 88]. Dryout itself is a transient phenomena, as identi-

fied by Mori [91]. If the waves of the liquid film are sufficiently frequent, a 

dryout may occur for a short instance, but the waves moved by the gas shear 

easily rewet and cool the rod. This points out the importance to measure the liq-

uid film with its transient phenomena. 

 

 

Figure 1.2: Principals of annular flow 
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Figure 1.3: BWR fuel rod bundle Figure 1.4: Subchannel in a square 

lattice 

 

 

  

 

Figure 1.5: Principals of dryout 
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Because dryout is the most limiting factor for the power density in BWRs, 

producers of fuel assemblies started already in the 1970's to equip the spacers 

with vanes for the control of the flow in the subchannel. Such spacers are called 

functional spacers. They are aimed to delay dryout by depositing the droplets 

from the gas core onto the fuel rod surface. This increases the mass flux of liquid 

on the fuel rods, which results in a higher safety margin or enables a higher power 

density. The spacer development is therefore a crucial subject for rod bundle 

producers, because it is directly linked to their efficiency and safety. This is why 

the actual shape of the spacers used in industrial reactors is not public informa-

tion, but highly protected by the manufacturers. Some information though is 

available from open patents. They describe the shape of spacers qualitatively, 

exact dimensions however are not given. A widely used spacer design is the so 

called swirl type spacer. According to the manufacturers, the swirl type spacers 

induce a secondary swirl flow in the subchannel, which causes droplets to deposit 

due to centrifugal forces [76]. Independent of the spacer shape, the functional 

spacers cause an additional pressure drop, which requires additional pumping 

power. The relation between this additional power consumption and the increase 

of the power output of the plant is subject to optimization. 

The development of spacers is strongly empirical. The instrumentation to 

measure the main flow mechanisms in the complex three dimensional flows 

created in the spacer proximity is challenging. It is therefore usually of low spa-

tial resolution. The problem becomes even more challenging if the instrumenta-

tion has to be implemented under BWR temperature and pressure conditions. To 

save development costs, fuel rod bundle manufacturers try to model the behavior 

of fuel rod bundles under simplified laboratory conditions. Most of the flow me-

chanisms are nowadays implemented by empirical, one-dimensional correlations 

that characterize parameters averaged over the flow cross-section of each sub-

channel. Droplet deposition enhancement caused by the spacer is mostly de-

scribed by a proportionality coefficient that correlates it with the blockage ratio of 

the spacer [96]. These simplistic models can obviously not describe all flow me-

chanisms connected with the complex flow especially in spacer proximity.  

The dryout itself is until today predicted mostly by one dimensional correla-

tions, that usually combine a couple of phenomenological approaches to charac-

terize the involved fluid-dynamic mechanisms like droplet deposition, film thick-

ness, entrainment etc. [55; 80; 81; 99]. Satisfying results are achieved, both in 

research experiments [80; 90] and with data from real reactors [18]. 

For the spacer development the trend today is towards spatially resolving 

CFD simulation, triggered by high expectations towards the change from empiri-

cal correlations to simulations that are based on a fundamental set of fluid-

dynamic equations. Success has become realistic with the continuously increasing 

amount of available computational power. It is expected that the transition to 

CFD reduces the uncertainties of the transfer of results obtained on the basis of 
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lab-scale experiments to plant conditions as well as the reliability of predictions 

for novel fuel element designs not yet tested in experiments. Developers of fuel 

elements need tools for an efficient analysis of a large numbers of geometry vari-

ations in the process of spacer optimization. CFD offers a powerful instrument to 

reduce costs, before the final experiments that certify a certain spacer design with 

electrically heated fuel rod bundles. These final experiments will most probably 

always be indispensable even in the far future.  

First attempts to test spacer designs using CFD have been based on single-

phase RANS modeling. In BWRs, but also in modern PWRs, two-phase flows are 

found, in the latter due to sub-cooled boiling at the fuel rods. Conclusions drawn 

from single-phase calculations therefore often stay qualitative. This is why the so 

called computational multiphase fluid dynamics (CMFD) is becoming more pop-

ular especially for dispersed flows like bubbly or droplet laden flows. Here, a 

large variety of different general modeling approaches is at hand: Firstly, the two-

fluid model is based on the assumption of two interpenetrating continua described 

by individual mass-, momentum and energy conservation equations. Here the 

interaction between the phases is characterized by interface exchange terms. Se-

condly, LES and DNS models are coupled with techniques to track the propaga-

tion of the gas-liquid interface in space and time.  

Among the known flow regimes, annular flow in fuel assemblies is one of the 

most challenging phenomena of interest: it contains the formation of highly com-

plex wavy structures on the liquid film, the possible existence of temporary water 

bridges (so-called wisps), and the interaction of the liquid film with droplets trav-

eling in the gas core (namely droplet entrainment and deposition). Velocities and 

therefore Reynolds numbers are high, which makes modeling of these phenomena 

computationally even more expensive. Since a full grid resolution of these tran-

sient multiphase systems is therefore usually not possible, additional models have 

to be introduced to capture the individual processes on the grid level.  

These additional models have a special need for validation because the as-

sumed underlying physics have to be validated by experiments. For the validation 

highly resolved experimental data is needed. However because of the above men-

tioned challenges in instrumentation there is only little availability of highly re-

solved experimental data, especially for complex three-dimensional flow struc-

tures caused by the interaction of spacers with the annular flow.  

Due to the high uncertainty in the models, the spacer design nowadays still 

needs a robust development methodology combining efficient CFD modeling and 

suitable, affordable experiments. CFD can play the role of a vehicle to transfer 

results from simplified experiments to fuel rod bundles operated at reactor condi-

tions, addressing individual physical phenomena separately. CFD models allow to 

switch individual parts of the models on and off, which means that experiments at 

adiabatic and ambient conditions addressing the flow structure can be used to 
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validate them, while non-adiabatic effects and the change of physical properties 

of the fluid can be added separately. With a wide experimental database the un-

certainty can be reduced for the CFD model when being used for BWR condi-

tions. This spans the field of research of this work.  

The goal of this work breaks into three parts: 

 Development of instrumentation with high temporal and spatial resolu-

tion for measurements of the liquid film thickness and droplet deposition 

rates. Development of sophisticated post-processing methods for the 

sampled data to make important flow phenomena visible. 

 Liquid film and droplet deposition experiments in a BWR mock-up 

model with flow obstacles similar to BWR functional spacers under var-

ious flow conditions: variation of gas and liquid flow rates, gas density 

and spacer geometries. Analyzing the experimental results in regard to 

important flow mechanisms concerning liquid film distributions and 

droplet deposition in spacer proximity. 

 Modeling the experiments in simple and efficient CFD simulations. The 

goal of the modeling is not to accurately reproduce the experimental re-

sults. It is rather aimed to understand and reproduce the important flow 

mechanisms qualitatively, thus contributing to CFD modeling of BWR 

fuel assemblies. 

The goals listed above focus on physical phenomena that can be tackled by 

the application domain of the main instrument developed in the thesis: a fast 

high-resolution sensor measuring the liquid film thickness on the surface of an 

adiabatic fuel rod model. The sensor is based on an electrical conductance mea-

surement, which also allows for detection of droplet deposition. Droplet entrain-

ment on the other hand belongs to the phenomena not addressed in the present 

work. Furthermore the full CFD simulation of the flow in BWR fuel rod bundles 

requires separate models for heat transfer and phase transition, which are also 

excluded. 

The work is structured as follows: 

Chapter 2 deals with the functionality of the so called liquid film sensor (LFS, 

also called "Manumeter"), which is used to measure the film thickness and drop-

let deposition with high temporal and spatial resolution. Design, production, cali-

bration and application of the sensor are described in detail. Furthermore the post-

processing methods developed in this thesis are presented, which are used for the 

analysis of data sampled with the LFS. 

Chapter 3 focuses on the liquid film experiments in a BWR mock-up model 

with functional spacers. It contains information about the experimental setup, 

experimental conditions and finally the results of liquid film thickness measure-

ments, including the data analysis with post-processing methods described in 
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chapter 2. The presented data analysis is not comprehensive from a statistical 

point of view. It rather focuses on the capturing of important phenomena of annu-

lar flow in regard to the goal of the work. 

Chapter 4 describes droplet deposition experiments in the same BWR mock-

up as introduced in the previous chapter. The adjustments of the experimental 

setup, the experimental methodology and the results of droplet deposition expe-

riments are shown. The two substantially different data analysis methods de-

scribed in chapter 2 are applied and discussed. Since the methods underline dif-

ferent aspects of droplet deposition in the spacer proximity, both methods are 

used to gain understanding for the deposition enhancement in spacer proximity. 

Chapter 5 is dedicated to RANS CFD modeling approaches for liquid films 

and droplet deposition. The simulation results are compared with the experimen-

tal results and conclusions are drawn qualitatively for the most important flow 

mechanisms. A sensitivity study for each model separately opens the field for 

further model improvement. 
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2 LIQUID FILM SENSOR TECHNOLOGY  

2.1 LITERATURE REVIEW  
Corresponding to the particular fluid-dynamic phenomena prominent in annu-

lar flows, different measuring techniques were developed over recent decades. 

The methods differ considerably concerning the physical principles used. The 

following chapter provides an overview on the different measuring techniques for 

liquid films and droplet deposition applicable to two-phase annular flow, dis-

cusses strengths and weaknesses, and compares their performance in terms of 

time resolution, spatial resolution and the application range. 

2.1.1  L IQUID F I LM THI CKN ES S MEAS URING TECHNIQ UES  
Measurement techniques of liquid films can be divided into three categories:  

 Electricity based 

 Photons based 

 Ultrasound based 

 Neutron based 

An excellent literature review on most of the film thickness measurement 

techniques has been conducted by Clark [34]. 

Electricity based 

Electrical methods have been widely applied for many years in the area of air-

water annular pipe flow. They are mostly based on the relationship between liq-

uid film thickness and electrical conductance between a pair of electrodes. There-

fore the liquid must be electrically conductive for the application of this method. 

For non-conductive liquids, there is the possibility of making use of the relation-

ship between the electrical capacity and film thickness. For the capacitance mea-

surement techniques, different arrangements of the electrodes are found through-

out literature [119]. 

 The conductivity methods can be mainly divided in three different electrode 

pair geometries:  

 One electrode of the pair mounted flush to the wall, the other one as 

needle-point with distance to the wall  

 Electrode wire pair mounted parallel to each other and perpendicular to 

the wall  

 Electrode pair mounted flush with the wall 
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The first method is an isolated needle with a conductive tip that can be moved 

radially with a micrometer screw [45; 54; 82; 119; 137]. An electrical voltage is 

applied between the needle and the electrode flush to the wall. A current is de-

tected when the needle tip has contact with the liquid. This leads to a binary sig-

nal from which different film thickness statistics can be deduced. Measurements 

were conducted with a time resolution of up to 10 kHz. Sekoguchi [114] reports 

of an improved method with a probe of 409 needles pointing towards the flow. 

This results in an instantaneous measurement of a cross-sectional void fraction 

and liquid film distribution with a spatial resolution of the needle distance. Fur-

ther it allows imaging for churn flow conditions. 

The second method is mainly used for the investigation of thick films. The 

conductance between two parallel wires is linear dependent on the film thickness. 

Paras [100] reports a 250 Hz time resolution with eight circumferentially 

mounted electrode wire pairs. Han [51] uses two probes in flow direction with a 

sampling frequency of 1024 Hz. Other authors using the method are Kang [69] 

and  Lioumbas [83]. The main disadvantage of the method is the intrusivity. 

Similar to the parallel wire probes and most widely used among the electrical 

methods, the third method measures the conductance between electrodes flush to 

the wall. Hall-Taylor [50] is one of the first authors who reports about this me-

thod. The method was then used by many authors with many different electrode 

sizes and shapes (e.g. [24; 31; 40; 64; 76; 77; 121; 122; 129; 133]. Mostly the 

electrodes are small sized electrode pairs placed in certain points of interest.  

A special way of using conductance probes flush to the wall is the so called 

conductance (or impedance) tomography that relies on a multitude of electrodes 

around the circumference of a pipe [46; 128]. 

In general electrical methods for liquid film measurements have high time, but 

low spatial resolution. They are the most easily applied and therefore the most 

frequently used. 

A first attempt to overcome the limitation of the low spatial resolution was 

proposed by Prasser and presented by Belt [22], using an array of 32 x 10 measur-

ing points with a data acquisition of 5000 frames per second. The work of Belt 

was the first application of the wire-mesh data acquisition system developed by 

Prasser [101] to a sensor built of a network of surface electrodes. It is the initiat-

ing point for the sensor development of this work. 

Photons 

Among the optical methods high speed imaging, absorption, fluorescence 

(LIF), diffraction and x-ray tomography are used, of which nowadays only the 

first three give sufficient spatial and time resolution to investigate dynamic liquid 

films of annular flow. Hewitt [59] has an out-dated but excellent review on opti-

cal methods that were available in the 1980s. 
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High speed imaging can be used for one-dimensional film thickness mea-

surements along an opaque wall. It is especially interesting in combinations e.g. 

with tracer techniques for velocity measurements [57; 70]. The lighting source is 

nowadays the bottleneck in regard to the frame rate. A disadvantage of high speed 

imaging is not clearly being able to distinguish the air-water interface due to 

diffraction. 

For the measurement of steam condensation in a pipe, Bellinghausen [19] uses 

an absorption method. The intensity of a laser beam traversing the film is detected 

with a photomultiplier. The intensity of a second laser beam of a different wave-

length, which is not absorbed by the film is measured to correct the intensity loss 

by reflection and diffraction. This single point measurement reaches a time reso-

lution of 50 kHz. 

The laser induced fluorescence (LIF) method consists of a fluorescent tracer, 

which is injected into the liquid and excited with a laser. A camera detects the 

emitted light of the fluorescent tracer. The film thickness is either measured by 

contour detection (side view) [112; 118] or the intensity (top view) [2; 107]. The 

bottle neck of the time resolution is a sufficient excitation of the tracer in order to 

provide enough fluorescence light for short exposure times. Schagen reports a 

50 Hz time resolution with two sensors for the research of wavy films on a vertic-

al plate. Alekseenko recently presented the use of a 2-D LIF for the investigation 

of the wave evolution on liquid falling films with a spatial resolution of 0.1 mm. 

The time resolution is up to 500 Hz. These parameters mark the present state-of-

art of this measurement technique. LIF is at this point becoming very popular as 

the spatial resolution is high and the interfaces can be detected much better than 

with photography. Furthermore, lasers and high-speed cameras are nowadays 

affordable for many research groups.  

An exotic species among optical measurement techniques is used by Shedd 

[115] and also Schubring [111] who measure the total reflection of a light point 

source on the gas-liquid interface. The size of the created light ring by the total 

reflection is correlated to the film thickness. This method is limited by the wavi-

ness of the gas-liquid interface and can therefore only be used at the time instants 

when there are no roll waves present. 

Fast X-ray tomography is a potential candidate for the measurement of the 

phase distribution resolved in time and three-dimensional space [41]. Nowadays 

the resolution achieved by Fischer and co-authors is 7000 frames per second with 

a spatial resolution of 1 mm. Fast X-ray tomography might offer further under-

standing into time resolved phenomena of annular flow. The bottleneck  however 

is the spatial resolution, which can only capture the spatial scales of the liquid 

phase in annular flow with considerable uncertainty. 
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In general optical methods have a high spatial and good time resolution. The 

need of optical accessibility and diffraction impede the application of optical 

method in some cases. 

Ultrasound 

Two-phase film flow ultrasonic film thickness measurements were carried out 

by Kamei [68], who measured the film thickness circumferentially at 40 positions 

on a mock-up nuclear fuel rod with a time resolution of 250 Hz. The time of 

flight measurement was done with a 10 MHz source with 10 kHz emission fre-

quency and a rotating “mirror” in the fuel rod. This method has its limitations in 

the measurement of small film thicknesses as well as combining high time resolu-

tion with high spatial resolution. Chen [30] improves the method for thin films by 

measuring the phase shift with a Fourier transform. Chang [27] uses the ultra-

sound time-of-flight for the measurement of slug flow. Alig [4] uses the methods 

for coating applications. 

Neutrons 

Neutron tomography was used by Takenaka [120] for a four by four fuel rod 

bundle mock-up to measure the void fraction distribution in the annular flow 

regime. Compared to X-ray-tomography [53; 108], the contrast between a metal 

channel wall and water is improved.  

Partially in the frame of this work, annular flow was measured by means of 

cold neutron tomography [73]. The measurement was conducted with 360 projec-

tions and a projection time of 30 to 60 seconds. The spatial resolution is 

60 x 60 microns, which is a strong improvement compared to Takenaka's experi-

ments. The results are partially shown within that work. 

Neutron tomography can only provide time-averaged results. It offers on the 

other hand a very high spatial resolution of the three-dimensional phase distribu-

tion. This includes information from locations where the application of the liquid 

film sensor described in this work is not possible, e.g. on the surface of spacer 

structures and in the wake of the spacer vanes. The disadvantage is that the im-

plementation of these tomographic methods is expensive and complex. 

2.1.2  DROP LET  DEPOSI TION  MEAS URIN G TECHNIQ UES  
The measurement techniques for droplet deposition can be divided into two 

categories:  

 Extraction based 

 Conductivity based 

Both methods give time-averaged droplet deposition rates with low spatial 

resolution. 
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Extraction based 

The extraction method is widely used to quantify the total deposition rate be-

tween the liquid film on the pipe wall and a droplet laden core flow. Usually the 

experimental setup consists of two porous circumferential rings flush to the pipe 

wall through which the liquid film is extracted. The first ring extracts the film to 

dry the wall. After a desired distance the second ring extracts the film that builds 

up between the two extraction rings by the deposition of the droplets [9; 10; 66; 

76; 84; 96]. The method measures the total deposited mass within a certain dis-

tance. The spatial distribution of the deposition rate cannot be obtained. 

Conductivity based 

A tracer technique is used by Schadel [106] that measures the change of the 

conductivity in the film with to ring electrodes flush to the wall. The increase of 

conductivity is caused by the mass transfer of droplets with higher water conduc-

tivity onto the liquid film of lower conductivity. Andreussi [7] uses as similar 

technique, but measures the conductivity by extracting a small sample of the 

liquid film at a certain position. Compared to the extraction method, it has the 

advantage that the effect of the presence of the liquid film on the deposition rate 

is not disturbed. Azzopardi [13] therefore qualifies it as superior. Because of the 

artificial injection of droplets, the droplet size spectrum may be different com-

pared to the droplet sizes generated by natural entrainment.  

2.2 SENSOR DESIGN  
In the framework of the thesis a sensor has been developed based on the con-

ductance between electrodes flush to the wall to measure liquid films and droplet 

deposition with high temporal and spatial resolution. Since annular flow has very 

fast flow mechanisms, which are also spatially distributed (e.g. downstream of 

spacers), the goal of the sensor is to improve the available techniques in literature 

and optimize them in regards to a balanced time and spatial resolution. The mea-

surement of droplet deposition rates has so far not been measured spatially re-

solved. In the course of the development the sensor was optimized in regards to 

frame rate, spatial resolution, high measuring depth, accuracy and production 

simplicity as described in the following chapters. 

2.2.1  CIR CUITR Y  
The basic idea for the fast acquisition of time sequences of two-dimensional 

film thickness distributions is an array of electrode pairs mounted flush to the 

wall. When a voltage pulse is supplied to the first electrode (transmitter electrode) 

of each pair, a current flows to the second electrode (receiver electrode), that is 

put to zero potential. The current is depending on the thickness of an electrically 

conducting liquid film covering both electrodes.  
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As shown in Figure 2.1 the two-dimensional array is arranged in such a way 

that the transmitting electrodes are connected in one direction (transmitter lines), 

while the receiver electrodes are coupled perpendicular to this direction (receiver 

lines). The voltage pulses are supplied to the transmitter lines in successive order. 

During the excitation of each transmitter line, all currents arriving at the receiver 

lines are sampled in parallel. After the excitation of the last transmitter electrode, 

a complete matrix of primary measuring values is recorded. These values 

represent the conductance distribution in the liquid film on the sensor surface, 

which is the measure of the film thickness. 

The signal acquisition method used for this sensor is equivalent to the one of 

the wire-mesh sensors (WMS), which is described in detail by Prasser [101]. A 

special feature of the wire-mesh electronic circuitry is the low impedance of 

transmitter driver and receiver pre-amplifier cascades, which guarantees that the 

potential at all non-activated transmitter electrodes and all receiver electrodes 

remains very close to ground potential. This is an important feature to suppress 

cross-talk to far-located receiver electrodes, as discussed by Prasser [101]. 

2.2.2  ELECTRO DE DESIGN  
It lies in the nature of electrodes mounted flush to a wall that there is a non-

linear relationship between the measured conductance and the film thickness. Due 

to the fact that the potential field has a higher concentration in the region close to 

the wall, the sensor becomes less sensitive with growing film thickness. For thick 

  

 

Figure 2.1: Film sensor as matrix of local conductivity gauges 
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films a saturation of the measured conductance is reached, which limits the range 

of the film thickness measurement. The dependence between film thickness and 

conductance (sensor characteristic) is influenced by the geometry of the elec-

trodes. 

Therefore the potential field in the liquid film on top of the sensor is modeled 

for optimizing shape and size of the transmitting, receiving and grounded elec-

trodes to achieve the following sensor characteristics: 

 high spatial resolution 

 high measurement depth 

 minimization of signal delocalization (“cross-talk”) 

In the course of this optimization, technological limits of the PCB-production 

had to be considered as boundary conditions. This concerns mainly the minimum 

connection size from the electrode into lower layers of the PCB. 

From the vast amount of possible electrode geometries and arrangements, cer-

tain principals have been derived to find an electrode geometry that optimizes the 

counteracting principals mentioned above. 

For the experiments of this thesis two different sensors were designed accord-

ing to their application in the experimental setups: A flat sensor with a measuring 

area of 128 x 32 mm (further called LFS 1) and a sensor shaped as half cylinder 

with a radius of 10 mm and a length of 128 mm (further called LFS 2). 

2.2 .2 .1  PO T E N T I A L  F I E L D  S I M U L A T I O N  

The calculation of the sensor characteristic is done by solving the three-

dimensional potential field equation within the liquid film covering the sensor 

electrodes. The calculation domain is a parallelepiped with the bottom face 

representing the electrode geometry of the sensor. Independent from the individu-

al electrode shape, which is subject to the discussed optimization, the sensor is a 

two-dimensional matrix of electrode pairs between which the conductance mea-

surement takes place. For LFS 1 the domain is discretized into a three-

dimensional matrix of finite elements of cubical shape, while for LFS 2 the do-

main is transferred into a polar coordinate system.  The steady-state potential 

equation is solved with the method of finite differences. 

The sensor geometry is given by conducting and insulating areas on its sur-

face. For the boundary elements of the calculation domain which are in contact 

with electrodes, ground or insulated parts, the potential is given as boundary 

condition. The potential at the grounded area as well as receiver and non-

activated transmitter electrodes is set to zero, while the potential at the activated 

transmitter electrode is defined as unity. At the boundary of all elements being in 

contact with insulated parts of the sensor, the gradient of the potential is set to 

zero. 
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Symmetry relations were used to define a cutout of the sensor geometry that 

reflects the potential field of the whole sensor with a sufficient accuracy. In this 

way calculation costs can be kept bearable. Thanks to the double axis symmetry 

crossing in the center of the transmitter electrode, it is sufficient to simulate one 

half of an electrode line, both in transmitter and receiver direction. At the free 

surface of the liquid film and the boundaries of the cutout, insulating surfaces are 

defined, i.e. the gradient of the potential field is set to zero. For three sides this is 

an exact representation of the symmetry of the electrode geometry. For the side 

opposite of the transmitter electrode the boundary is an approximation, as the 

symmetry condition does not hold if only one transmitter line is activated at the 

same time. As a consequence of the symmetry, the activated transmitter electrode 

is mirrored in the model at a distance equal to the double of the length of the 

cutout. All the same it was found that the cutouts chosen grant sufficient accuracy 

because the far located receiver electrode (third electrode from the transmitter 

electrode) receives less than 0.5% of the current. This magnitude of the systemat-

ic error caused by the limited length of the model domain was found bearable.   

The calculation of the potential field is carried out for various film thick-

nesses. The electric currents at the different conducting areas are obtained from 

the potential field gradient integrated over the surface of the respective electrode. 

In this way the primary measuring signal is simulated and the characteristic of the 

sensor is received.  

The results are based on a discretization step width of 50 µm of the calcula-

tion domain. The electrode surface is discretized with about 120 x 30 finite ele-

ments. The highest number of volume elements (~150000) is reached at maxi-

mum film thickness of about 40 elements. The number of elements slightly de-

pends on the studied geometry. 

The potential field is solved for a flat and a bent sensor. Equations (2.1) to 

(2.4) show the numerical scheme for the flat case. The difference in the results 

between the flat and the bent sensor are below 2 % even for small radii. 
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2.2 .2 .2  EL E C T R O D E  S H A P E  P R I N C IP L E S  

The linear potential field equations can be scaled to any characteristic length. 

Two solutions are similar if both electrode pitch and film thickness are scaled by 

the same factor, provided that geometry of the electrodes and the grounded sur-

faces stay geometrically similar. This allows the conclusion that the saturation 

thickness is directly proportional to the electrode pitch. Therefore a film thickness 

related to the characteristic length is needed to compare different sensor designs: 

the normalized film thickness is defined as the film thickness divided by the peri-

odic pitch. In case of a geometrically similar scale-up, the sensor characteristic of 

the normalized film thickness stays constant.  

The sensor characteristics can be varied by changing the geometry of elec-

trodes and grounded areas. Furthermore the absolute value of the sensor signal is 

influenced mainly by the electrode size. The absolute value is however of minor 

interest for this study, because the signal is amplified in the data acquisition sys-

tem to any desired value. During the design study, a number of different geome-

tries was studied. In the beginning, a rectangular matrix of electrodes with differ-

ent arrangements were taken into consideration. Certain general principles be-

come obvious: 

 The saturation film thickness increases with increasing distance between 

the electrodes as illustrated in Figure 2.2, although the variations pre-

sented here are not strictly maintaining geometrical similarity. A limita-

tion is set by the desired spatial resolution within the sensor plane, which 

decreases with increasing electrode distance.  
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Figure 2.2: Sensor characteristic for different electrode distances 

 

 The shape and extension of the ground electrodes influences the norma-

lized sensor characteristics. Generally it can be stated that the further the 

ground reaches into the insulating gap between the transmitting and re-

ceiving electrodes, the higher is the saturation film thickness (Figure 

2.3). There is a certain extension of the grounded areas, at which the 

characteristics achieves a maximum of linearity. If the ground is further 

extended, the sensibility maximum is moving away from the sensor sur-

face. This can be desirable if flows with a certain base film thickness are 

to be studied. The geometry displayed in Figure 2.3 meets limitations of 

the manufacturing process: grounded “noses” that are able to cause a 

concave characteristic for small film thicknesses may be difficult to pro-

duce on standard PCBs which require a minimum radius of the edges of 

conducting surfaces. 

 By narrowing the shape of the electrodes towards each other the satura-

tion film thickness increases (Figure 2.4). This effect is mainly caused 

by the increase of the specific ground area between the electrodes. The 

main limitation in this case is the production of the PCB. Because the 

electrodes need to be contacted to a lower layer of the multilayer PCB, 

the electrode shape has to contain at least a circular area of the minimum 

cross section of the layer connection, which corresponds to a diameter of 

0.5 mm for the applied PCB technology.  
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Figure 2.3: Sensor characteristic for different ground electrode shapes 

 

 

Figure 2.4: Sensor characteristic for transmitter/receiver electrode shapes 
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2.2 .2 .3  OP T I M I Z E D  SE N S O R  DE S I G N  

The general principles shown in the previous chapter point out that the ground 

reaching inbetween the receiver and transmitter electrode is important to increase 

the normalized film thickness of a certain sensor design. Because of the manufac-

turing process, the electrodes are best circular shaped. The linear arrangement of 

transmitter and receiver electrode proved to be unfavorable, because of a very 

anisotropic distribution of the potential field within a square measuring volume. 

This disadvantage becomes visible when waves which have roughly the size of 

the periodic pitch are moving perpendicular to the linear arrangement. These 

waves have an unsteady movement across the sensor, because they seem to move 

fast between the measuring points and slow while on the measuring point. This 

effect is defined as "spatial aliasing".  

Considering these factors, the electrodes are circular shaped and arranged in a 

rhombus pattern, where the transmitting electrodes are situated on the top and 

bottom corner of the rhombus, while the receiving electrodes are situated at the 

left and right corner of the rhombus. In the center of the rhombus and the corners 

of the periodic boundaries, ground electrodes are placed (Figure 2.5). This elec-

trode arrangement leads to a high normalized film thickness with a small cross-

talk and a good distribution of potential field lines within the periodic measure-

ment volume, which minimizes the spatial aliasing. 

Figure 2.6 shows the calculated currents for the receiving electrodes, when a 

voltage is supplied to transmitter electrode T1. The current flowing to the elec-

trode R1 corresponds to the mean film thickness in that area. The transmitter 

electrodes T2 and T3 are grounded in the moment when electrode T1 is transmit-

ting. The receiving electrode R2 also receives some current, as it corresponds to 

the mean film thickness in a large area. This “cross-talk” between transmitting 

and far situated receiving electrodes is not desired, because the film thickness 

information is delocalized. The calculations show, that the error caused by this 

“cross-talk” is at most 3% of the value measured by electrode R1.  

The electrodes are arranged in 64 lines with 16 pairs of transmitter and receiv-

er electrodes. The electrode centers are spaced 1 mm apart from each other which 

leads to a spatial resolution of 2 mm. The wire-mesh sensor acquisition system 

(WMS system) is able to sample the whole sensor matrix (frame) of 64x16 mea-

suring points in 0.1 ms.  

The WMS system, built by teletronic Rossendorf GmbH, consists of eight re-

ceiving and eight transmitting boxes. The boxes can be plugged directly on the 

sensor with a 25-pole SubD standard plug. Each box consists of sixteen transmit-

ting respectively receiving lines. The signal is acquired and analogue-digital con-

verted within the boxes to minimize external influences on the analogue signal. 

For the acquisition of the LFS one transmitter and four receiver boxes are needed. 
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Figure 2.5: Electrode 

arrangement of optimized 

sensor 

 

Figure 2.6: Sensor characteristic and crosstalk 

for optimized sensor 

 

2.2.3  PRODUCTION  TECHNOLOGY  
The LFS is produced on a standard printed circuit board (PCB) with multiple 

layers. The electrodes are connected via laser-drilled holes of roughly 0.25 mm 

diameter to the respective lower layer where the lines are connected to the plugs 

on the PCB board. The insulating material is the polymer FR 4 for the flat sensor 

while for the production on a flexible PCB the material is polyimide.  The elec-

trical conductive material is copper. The electrodes are gold coated (5-

10 microns) to prevent corrosion. As copper would diffuse through the gold layer 

and cause oxidation a nickel layer is put between the copper and the gold coating. 

Nickel is brittle when bent in the case of the flexible PCB board. To prevent 

cracking of the gold layer a minimum bending radius of 10 mm is therefore pro-

posed by the PCB manufacturer. 
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Figure 2.7: Sensor produced on a flexible PCB and bent around a half cylinder 

 

The electrodes are edged during the manufacturing process, which produces a 

not completely smooth surface (topography). This causes steps between the insu-

lating areas and the electrodes of roughly 25 microns. In case of the flat sensor 

the insulating areas of the PCB are filled with a special polymer, to ensure that 

the surface is absolutely smooth. Estimations under the microscope showed that 

the difference between the electrodes and the insulating material is not more than 

5 microns. This solution cannot be applied to the flexible PCB as the filling po-

lymer would break during bending. Figure 2.7 shows the bent LFS 2. 
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2.3 SENSOR CALIBRATION  
The potential field calculation brings reliable results about the sensor charac-

teristic for different electrode shapes and arrangements. Therefore it could also be 

used to calibrate the sensor as the relation between conductance and film thick-

ness is known. Experiments show that this leads to a measurement accuracy of 

about 20%. Because of slight manufacturing tolerances and especially because of 

the steps between the electrodes and the insulating material for LFS 2, the sensor 

characteristic is in reality slightly different from the calculated potential field. The 

statistic scattering of tolerances causes the calibration curve to be different for 

each individual electrode pair, which makes an experimental calibration neces-

sary. 

Different calibration techniques can be thought of when designing a calibra-

tion setup. The biggest challenge is to find a way to produce equally distributed 

films of thicknesses between 100...1000 microns, where the thickness of the film 

is known. In the framework of the thesis three different techniques were tried, 

described in the following chapters: 

 static glass plate calibration (GPC) 

 dynamic roll calibration (DRC) 

 viscous film calibration (VFC) 

While the static glass plate calibration and the dynamic roll calibration are 

used to calibrate the flat sensor, the viscous film calibration is used to calibrate 

the bent sensor. 

2.3.1  CALI BR ATIO N TECHNIQ UES  

2.3 .1 .1  ST A T I C  G L A S S  PL A T E  C A L I B R A T I O N  (GPC)  

For the static glass plate calibration (GPC) degassed water is filled in a basin 

in which the sensor is pressed on a stiff aluminum plate (Figure 2.8). Above the 

sensor a glass plate is moved vertically up and down by three micrometer screws 

from 0 to 800 microns in steps of 100 microns. At each position the conductance 

between all electrode pairs is measured. The saturation conductance of the sensor 

is measured with a film thickness higher than 1200 microns, which is used to 

normalize the calibration and by this compensate the water conductivity.  

This calibration method was investigated in detail with the predecessor of  the 

LFS described in this work[38]. The calibration is done for eleven different water 

conductivities ranging from demineralized water to tap water. The results show, 

that the sensor characteristic is indeed independent of the water conductivity and 

can be normalized using the saturation signal. 
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The calibration results show a standard deviation over time of less than 3%, 

which is mainly a result of electrical noise.  

The spatial conductance distribution at a certain glass plate position shows 

deviations that cannot be neglected. The deviations have different causes: 

 production tolerances 

 WMS data acquisition 

 fixation of the sensor on the aluminum plate 

The dispersed scattering of conductance values across the sensor matrix can 

be attributed to slight production tolerances of the quantity of filler material put 

between the electrodes. This makes a calibration curve for each individual elec-

trode pair necessary. 

Line-wise deviations are caused by different properties of the semiconductor 

based electronic components in the receiver lines. This error is not of any prob-

lem, as long as the WMS-data acquisition system is always connected in the same 

way to the sensor and the temperature of the data acquisition system is controlled. 

As this cannot be assured especially if the calibration is performed weeks before 

the experimental measurement, reference resistors are used to compensate the 

temperature drift of the electronic signal acquisition system (see chapter 2.3.2).  

Especially at low film thicknesses the deviation is spread over areas on the 

sensor and can reach up to 10% of the maximum measurable film thickness. This 

is caused by a non-absolute straight fixation of the sensor in the setup. Even the 

smallest external forces cause the sensor to bend and to cause the deviation when 

the absolutely straight glass plate is moved above it. Therefore the calibration is 

extremely difficult to be reproduced and a high uncertainty is added. Another 

problem is the accessibility between the sensor and the glass plate to remove air 

bubbles that are trapped and cause severe calibration errors. Therefore the dynam-

ic roll calibration method was developed. 

 

 

Figure 2.8: Setup of glass plate calibration (left) and roll calibration (right) 
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2.3 .1 .2  DY N A M I C  R O L L  C A L I B R A T I O N (DRC)  

Better reproducible results than with the GPC method are achieved with the 

dynamic roll calibration (DRC) (Figure 2.8). Here the sensor is immersed into 

water with an inclined angle and various plastic cylinders are rolled with a de-

fined gap over the sensor. The gap is caused by a small rim at both ends of the 

plastic cylinder. The calibration value is taken from the minimum measured val-

ue, when the cylinder is passing over the measuring point. In this calibration 

method the saturation thickness is inherently measured when the plastic cylinder 

is not on the measuring point. There are cylinders with rim thicknesses between 0 

and 1000 microns in steps of 100 microns. Each of the cylinders is rolled 10 times 

over the sensor to base the calibration on a statistically wider base of reproduci-

bility. The calibration experiments show that the second calibration method de-

livers better reproducible results with a spatial standard deviation below 2% of 

the maximum measurable film thickness. 

The two calibration methods, DRC and GPC, are compared to avoid systemat-

ic errors in the calibration procedure. Furthermore, the comparison is used to 

check the sensor characteristic under a sloped film surface as it is present in dy-

namic liquid films of multiphase flows. Figure 2.9 shows the calculated film 

thickness of some measuring points (circles) using the calibration data of the 

glass plate calibration when the plastic cylinder passes with a 200 micron gap 

over the sensor. It can be seen that the sensor measures the film surface imposed 

by the roll within the spatial calibration uncertainty even if the film surface is 

sloped. This is important to note, because the interface of the liquid film in an 

annular flow is wavy. Obviously the sensor does not deliver the correct result 

above its upper limit of the measuring range (dotted line).  

2.3 .1 .3  V I S C O U S  F I L M  C A L I B R A T I O N  (VFC)  

The viscous film calibration (VFC) is a more complex procedure than the 

GPC and DRC, but is required for the bent sensor, because these methods cannot 

be used for sensors with bent surfaces. For the calibration the sensor is mounted 

vertically (Figure 2.10). Water is fed equally distributed on the top of the sensor 

and runs as thin liquid film over the electrodes. To avoid waves and reduce the 

mass flux the water is mixed with an additive (Luvitec90
®
) to increase the viscos-

ity. The film thickness can be controlled by the mass flux. When the film thick-

ness is in steady-state, the film thickness is measured by a micrometer screw that 

is mounted perpendicular to the sensor surface. The micrometer screw is moved 

towards the sensor until it touches the film. This event is determined by measur-

ing the electrical resistance between the micrometer screw and the liquid film, 

which suddenly decreases when the micrometer screw touches the film (also 

known as needle probe method). The micrometer screw is reset to zero by putting 

it into direct contact with the surface of the sensor when there is no liquid film.  
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Figure 2.9: Comparison between glass plate and 

dynamic roll calibration 

 

To obtain the saturation film thickness the sensor is immersed into a basin 

filled with the same viscous water. This is especially important since the additive 

changes the conductivity of the water.  

The error of this calibration method is hard to quantify, but the comparison 

with the potential field calculation shows that the uncertainties are most probably 

tolerable as the principle shape of the characteristic is similar.  

Besides the necessity of the VFC method for the bent sensor the method also 

has advantages over the flat sensor compared to the other methods: Slight bend-

ing of the sensor surface in the calibration setup does not have to be cared for 

because the viscous film thickness remains of constant thickness when flowing 

over the sensor, similar to the conditions in the multiphase experiments. 
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2.3.2  REFERENCE RESI STO RS  
As mentioned before, the analogue part of the WMS data acquisition system 

does not have a temperature compensation. The ambient temperature as well as 

the thermal state of the unit has therefore an effect on the measuring results, 

which mainly leads to a drift of the calibration coefficients. Experiments show, 

that this concerns only the receiver lines, while the transmitter voltage is well 

stabilized. The drift effects generate streaks along the receiver lines in the matrix 

of the measuring results if the temperature working conditions of the electronics 

have changed between calibration and measurement. Observed uncertainties can 

reach a film thickness equivalent of up to 100 microns. This illustrates the need 

for a separate calibration of the receiver channels of the WMS data acquisition 

unit. 

A simple and robust solution was found by replacing the sensor with well de-

fined reference resistors in a calibration mode. The developed circuit allows to 

change from measuring mode to calibration mode by a simple button switch. The 

reference resistors are arranged such that each receiver line is connected to three 

resistors of different resistivity, driven by three different transmitter lines (Figure 

2.12).  

 

 

 

Figure 2.10: Setup for the 

viscous film calibration 

 

Figure 2.11: Results of the viscous film calibration 
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Figure 2.12: Circuitry of reference resistors 

 

Electromechanical relays were chosen for the mode switch in order to avoid 

line resistances, which are characteristic for semiconductor switches. After each 

measurement of the calibration and each measurement of the experiments, a mea-

surement of these resistors is conducted. The values are used to deduce the cha-

racteristic between the real conductance of transmitter and receiver line and the 

conversion result of the analogue-digital converter (ADC) of the WMS system by 

means of linear regression. 

The reference resistor modules are designed in a component concept, where 

the reference resistors can be exchanged easily according to the gains required by 

the experiment. Furthermore it can be easily extended for each receiver box. By 

the usage of the resistor box the streaks along the receiving lines in the matrix of 

the measuring results is reduced to a film thickness equivalent to maximum 

15 microns. 

2.3.3  MEAS UR EMENT  ACCUR ACY  
The sensor measures the conductance with a high reproducibility. The limiting 

factor of the sensor accuracy is the calibration method, since the production of  a 

liquid film with known thickness on the sensor is a challenging task. From the 

high reproducibility of the calibration results of a certain calibration method it can 

be concluded that the sensor itself is much more accurate than the calibration.  

An important source of information on the accuracy of the sensor measure-

ments including the calibration is the comparison with neutron tomography in 
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chapter 3.5. It shows that the sensor measures with an accuracy of roughly 20 

microns. 

A considerable source of uncertainty is electromagnetic noise received over 

the unshielded sensor surface and cables. A careful shielding has to be adopted to 

reduce the signal noise.  

Hewitt [57] and Rodriguez [104] show that there might be bubbles entrained 

into the liquid film. The bubbles are entrained by the roll waves, but decrease in 

number and size for increasing gas flow rates. Bubbles deteriorate the sensor 

signal and cannot be compensated for. The error is however expected to be neg-

ligible. 

 
2.3.4  CONV ER SION  PRO CEDURE O F CON DUCT AN CE I NTO F I LM 

THI CK NES S  
The procedure to convert the measured values into film thickness data is ex-

plained in Figure 2.13. The parameter that is finally converted into the film thick-

ness is the relative conductance c. The relative conductance is the primary signal 

measured for the film thickness related to the saturation film thickness and the 

primary signal received by the measurement of the reference resistors. It is calcu-

lated with Equation (2.5). 

 

  
              

              

 (2.5) 

 

The relative conductance values of the calibration are fitted with a fourth or-

der rational polynomial as shown in Equation (2.6). The polynomial is indepen-

dent of the calibration method. For each measuring point i an individual  poly-

nomial is fitted to the calibration data, to account for production tolerances and all 

systematic deviations in the data acquisition chain. 

 

  
   

     
     

        

            
 (2.6) 

 

The poles b1 and b2 are fed into the equation to shape the curve according to 

the potential field calculation, namely the tendency of saturation for thick films 

and a steep gradient for thin films. a1 to a5 are then determined by a curve fitting 

algorithm with the least square method from the measuring values. The parame-

ters a1...a5 are saved in the so called calibration matrix for each measuring point.  



 

30 2   Liquid Film Sensor Technology 

 

 

Figure 2.13: Postprocessing procedure 

 

The primary signal of the experimental data is first converted into the relative 

conductance c. By applying the calibration matrix the relative conductance of the 

experiment is then converted into the film thickness for each time frame of the 

measurement. 

2.4 POST-PROCESSING METHODS FOR LIQUID FILM 

DATA  
The time resolved two-dimensional information about the film thickness of-

fers a rich database for statistical analysis. Among the most basic post-processing 

methods only the time-averaged film thickness distributions and time-averaged 
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liquid holdup distributions close to the wall will be shown, as they help to charac-

terize the flow. RMS or frequency analysis in the time domain has not been ana-

lyzed, as the gain of information is considered minor for the purposes of this 

work. 

The wave analysis on the gas-liquid interface is considered important to cha-

racterize the flow. With the high time and spatial resolution of the LFS the wave 

properties and behavior are analyzed in detail. In the framework of this work two 

post-processing methods have been developed for the wave characterization, one 

operating the wave identification in the time domain, the other in the space do-

main. Both methods give, among other wave properties, information about the 

wave height dependent wave velocity, which makes a comparison between the 

two methods possible.  

A third computationally inexpensive method for determining wave size de-

pendent wave velocities is based on the wavelet transform and is described in a 

publication connected with this work [38]. The method takes the time signals of 

one measuring point and resolves the wave size based on their frequency compo-

nents by a wavelet transform. These resolved frequency components are then 

cross-correlated with the frequency-resolved components of a downstream mea-

suring point, thus determining the wave velocity distribution of a certain wave 

class (referring to the scale of the wavelet). The disadvantage however is that the 

allocation of signal components from one measuring point to the successive one 

is not always successful especially for small waves that are strongly affected by 

dynamic changes and superposition of different individual waves. This results in 

unrealistic velocities. Furthermore, waves with a wavelength in-between the dis-

crete wavelet scales for which the decomposition is performed are not taken into 

account in the determination of scale-dependent velocities. Because of its inferior 

accuracy compared to the presented methods, the experimental data of this work 

is not post-processed with the wavelet-based method. 

2.4.1  BASI C STATISTI CAL PO ST-PRO CESSIN G  
The time-averaged film thickness at one measuring point is calculated accord-

ing to Equation  (2.7) . 

 

       
 

   
       

   

   

 (2.7) 

 

 

The time- and spatial-averaged film thickness is calculated with Equation 

(2.8). 
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 (2.8) 

 

The time-averaged void fraction is a histogram of all measured values of one 

measuring point, defined by Equation (2.9) . 

 

            
          

   
 (2.9) 

 

As close to the wall the liquid holdup is considered, the time averaged void 

fraction is shown as liquid hold-up denoted as 1-ε. 

2.4.2  WAV E AN ALY SIS  BY  S IGN AL DECO MPO SITI ON I N  THE 

T I ME DO MAI N  
This wave analysis method is based on a decomposition of the signal in the 

time domain. The algorithm is outlined in Figure 2.14. The approach is similar to 

Qian's approach [103], who decomposes a signal into a multitude of Gaussian 

distributions. The main idea consists of a detection of individual waves by identi-

fying the coefficients in a mathematical model of a prototypal wave shape. The 

parameter identification is carried out by a comparison between wave model and 

a time series of film thickness profiles. One of these wave parameters represents 

the wave displacement in time, which is needed to determine the wave velocity. 

The method works well even in the case of a superposition of two waves that 

merge due to different velocities. Below, the method of wave identification is 

described in detail: 

The model used for parameterization of the prototypal wave shape is consi-

derably extended compared to the Gaussian distribution applied by Qian [103]. 

An extended Gaussian function (EGF) F in the time domain t is developed for 

three consecutive measuring points j, formed by a row of sensor electrodes in 

flow direction (Equation (2.10)).  
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Figure 2.14: Evaluation method outline for wave 

velocity analysis 
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(2.10) 

with   

i = 1, 2, 3... representing the individual number of the identified wave 

j = 0, 1, 2   representing the number of the measuring point in the row of the 

sensor matrix 

The product j
.
hi acts as a transport term defining the displacement of the wave 

with the number i along the row of measuring points with the index j. Due to this 

term, a wave with the shape defined by the parameters ai, bi, ci, di and ei arrives at 

the three measuring positions in a successive order. The shape of the wave can 

change during its movement over the three measuring points, mostly in height 

and width, which is taken into account by parameters fi and gi. The wave veloci-

ty v can be calculated (Equation (2.11)) from the coefficient hi and the distance 

between to measuring points D, which is 0.002 m for the given sensor. 

 

  
 

  

 (2.11) 

   

The parameters defining the shape of the prototypal wave have the following 

meanings: 

ai – height of the wave  

bi – time of appearance of the wave maximum at measuring point j=0 

ci – width of wave in time domain 

di – departure from the shape of a Gaussian distribution due to kurtosis  

ei – departure from the shape of a Gaussian distribution due to skewness  

(the case c=1, d = 2 and e = 0 corresponds to a perfect Gaussian distribution) 

 

This is completed by a pair of parameters defining the change of the shape in 

time, while the wave is moving across the measuring points: 

fi – change of wave height as linear function of time 

gi – change of wave width as linear function of time 

In a first step of the parameter identification, a preliminary decomposition of 

the time signal S0 into a number p of EGFs is performed at the first measuring 

point. The number of these preliminary EGFs is determined by the number of 
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local maxima in the time signal. In order to remove signal noise, a Sawitzky-

Golay filter is applied before the decomposition starts. The filtering avoids the 

decomposition in an unrealistically large number of waves that are smaller than 

the spatial resolution of the LFS. The signal is decomposed stepwise by varying 

the EGF parameters (ai, bi, ci, di, ei) starting with a maximum overlap of the re-

sulting EGF with the time signal. The EGF is then subtracted from the time signal 

and the next EGF with the biggest overlap is fitted to the subtracted signal S‟. 

When the p-th EGF is fitted the sum of all EGFs, the so called primary EGFs, 

roughly resembles the time signal at the first measuring point (j=0). Since the 

preliminary decomposition is only done for the time signal at the first measuring 

point, parameter fi, gi and hi are set to zero during this first step of the algorithm. 

The second step consists of an optimization routine that varies all the EGF pa-

rameters (ai, bi, ci, di, ei, fi, gi and hi). The preliminary EGFs are used as start val-

ues. For each parameter, a limited validity interval is defined in order to stabilize 

the solution. The goal of the optimization consists of a minimization of  the resi-

duum, which is calculated as sum of the squares of the distances between mod-

eled and measured signal Rj (Equation (2.12) and (2.13)).  

The optimization routine is based on a gradient method. The limited validity 

of the search space is implemented by a transform of the parameters on a sinus 

function, of which the maximum and minimum are the transformed limits of the 

search space. The optimization is performed in the transformed space. The trans-

formation prevents the parameters from being caught at the limits of the search 

space. The optimization is stopped when the sum of the rests Rj drops below a 

chosen Rmax. Hence, the optimization routine adjusts the wave shape from the 

primary EGFs by varying parameters ai, bi, ci, di, ei and shifts the waves across 

the measuring points by varying parameter hi. Furthermore the optimization rou-

tine adapts the wave height and width while shifting the wave across the measur-

ing points by varying parameter fi and gi. It optimizes shape, shift and shape 

adaption of the wave such that the sum of EGFs at each measuring point fits best 

to all three time signals S0, S1 and S2. While at the end of the optimization the 

parameters ai, bi, ci, di, ei are used to determine the final average wave shape dur-

ing the residence time of the wave when passing three measuring points, hi is 

taken to determine the final average wave velocity over three measuring points by 

using Equation (2.11). Since hi is put to zero in the first step, the true wave ve-

locities are retrieved only during the minimization of the residuum by the optimi-

zation routine according to Equation (2.12).  
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Figure 2.15: Extended Gaussian function with parameter e varied  

between -3,-2,-1,0,1,2,3 (black to grey). a=1, b=1, c=1, d=2, f,g,h=0. 

 

 

                    

 

   

 (2.12) 

 with  j=0,1,2  

 

         
 

 

   

 

 

 
 
 
    (2.13) 

 

The parameter ai cannot be used to determine the wave height directly due to 

the arctan-term which is asymmetric and biases the location of the maximum. 

Therefore, the wave height of the EGF has to be determined numerically. Wave 

width, skewness and kurtosis were evaluated but not discussed in this work. This 

also applies to the wave shape adaption across the measuring points. Their exis-

tence in the model of the prototypal wave shape however is important for a robust 

wave identification process. 
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Figure 2.16: Result of signal 

decomposition for one measuring point 

(top) and two consecutive and 

downstream measuring points (center, 

bottom) for three different 

experimental conditions (Top left: He-

water, top right: Air-water, bottom: 

C4F8-water) 

 

An advantage of this method is that the wave properties are determined solely 

by eight parameters without setting thresholds even in the presence of wave su-

perposition. Another advantage is that the velocity of every single wave is deter-

mined independent of the wave shape. However this method is more computa-

tionally expensive than the wavelet approach. 

At the first glance, the description of waves with the EGF shown in 

Equation (2.10) might seem arbitrary. It has however the advantage in compari-

son to standard distribution functions (e.g. Weibull, gamma, beta or t distribu-

tion), that width, height, kurtosis, position and skewness can be allocated to a 

unique parameter affecting each of the properties as independently as possible, 

which is of big advantage when choosing optimization limits, i.e. the boundaries 

for the optimization variables. As an example Figure 2.15 shows the influence of 

changing skewness parameter ei, which is the least independent of all parameters. 

Another advantage especially compared to the beta-distribution is that the chosen 
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EGF is defined for all real numbers and not only in a certain interval, which sim-

plifies the algorithm. The presented EGF proves to be a suitable mathematical 

function to match the wave shape with only a few parameters. The chosen wave 

model has shown significant superiority over a simple standard distribution, since 

real wave shapes differ quite considerably from the shape of a standard distribu-

tion. 

Figure 2.16 shows the decomposition of the experimental time signals of three 

consecutive measuring (S0, S1, S2) points into EGFs for the annular flow of three 

different gases. It can be seen that the method works very well for the bigger 

waves. Smaller waves are mostly treated correctly, however there is the chance 

that small waves are superposed with big waves and the measured velocity there-

fore deviates at times from their real velocity. To limit the amount of incorrect 

velocity readings, a cross correlation is performed to determine the average wave 

velocity. The boundaries of parameter hi are set relative to this average velocity: 

the velocity is limited to the range from 33% to 150% of the average velocity. 

 

2.4.3  WAV E ANALYSI S  IN  T HE  SP ACE DO MAIN  
Because the LFS provides time sequences of two-dimensional film thickness 

distributions, single waves can be characterized in the space domain, the two-

dimensional surface of the sensor matrix, and afterwards be tracked across time. 

The characterization includes the size, shape and height of the wave, while track-

ing the wave yields velocity and wave trajectory. From the latter, an time-

averaged wave velocity field can be deduced. Furthermore the birth and the death 

of waves can be detected and quantified, especially when caused by merging and 

splitting.  

The basis for the analysis is the evaluation method outlined in Figure 2.17 and 

Figure 2.18, which identifies the wave as two-dimensional entity in space. Com-

pared to the time domain based evaluation method for the wave velocity in the 

previous chapter, this algorithm obtains its robustness from the more extensive 

information on the waves available in the space domain.  

In a first step the two-dimensional matrix that contains the measured liquid 

film thickness on each of the 64 x 16 measuring points (pixels) is transformed 

into a three-dimensional matrix resembling a finite volume grid containing the 

liquid film. If an element of the finite volume is filled with water, the value in the 

matrix is one, if it is filled with gas the value is zero. The discretization step width 

into the third dimension (perpendicular to the wall) is 10 microns. In this way the 

liquid film is virtually cut into multiple layers similar to the level lines on a geo-

graphical map. The three-dimensional matrix is hereafter referred to as “geo-

graphical line matrix” (GLM). 
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Figure 2.17: Scheme for filtering waves from measuring data 
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Figure 2.18: Scheme for determining wave properties from filtered waves 
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Figure 2.19: Principle to filter waves from measurement data 

 
 

An empty two-dimensional matrix is created for each time frame, which aims 

to mark pixels covered by an identified wave with a certain wave identification 

number and pixels covered by base film with a value of zero. This matrix is re-

ferred to as “wave boundary matrix” (WBM). 

During the wave identification process the WBM is adapted dynamically. In a 

first step the WBM is identical to the top layer of the GLM. By the end of the 

identification process it contains all identified waves of the time frame.  

The identification process runs as follows: The algorithm starts with the top 

layer n of the GLM and identifies separate entities (two-dimensional regions of 

interconnected pixels), namely the wave peaks, numbering each entity uniquely 

and marking the respective pixels in the WBM. In a second step the algorithm 

identifies separate entities in the subjacent layer. These new entities are overwrit-

ing the pixels of the WBM, while following rules are applied (Figure 2.19): 

 If at least one pixel of the new identified entity is already marked in the 

WBM, all pixels of the new entity will be marked in the WBM with the 

wave identification number taken by the entity in the WBM.  

 If there is no pixel of the new identified entity marked in the WBM, this 

entity is marked in the WBM with a new unique wave identification 

number.  

 If there are more than two separate entities marked in the WBM at the 

pixels of the new identified entity, new marks will be set in the WBM if 

the layer number is bigger than a certain threshold. The threshold in this 

work was chosen to be 80% of the maximum wave height plus the aver-

age base film (Figure 2.19). The base film is defined by the film thick-

ness with a time-averaged void fraction of 0.05. The wave height in this 

case is determined as the maximum wave height minus the base film. If 

the layer number is below this threshold, no new marks will be set in the 
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WBM; the two separate entities of the WBM are then the final extension 

of the waves.  

 

The algorithm repeats the procedure for all subjacent layers until the bottom 

layer is reached. At the end the WBM contains all identified waves of the studied 

time frame. The information is stored for the tracking of waves across time. The 

wave identification process is conducted for each time frame, resulting in a set of 

WBMs which contains the time-resolved wave boundary. The result of the wave 

identification for one time frame can be seen in Figure 2.20. 

Small waves defined by an extension of only one pixel (2 x 2 mm
2
) are neg-

lected, because they cannot be tracked properly due to the spatial resolution of the 

sensor.  

After the generation of WBMs for each time frame, all WBMs are packed into 

a three-dimensional matrix, the so called "wave streak matrix" WSM, with the 

third dimension representing time. All values of the matrix that are non-zeros 

(namely the wave identification numbers) are set to the value of one. All zero 

values remain zero. This binary three-dimensional matrix is then saved into a file. 

The WSM basically contains the information about waves in a binary form gener-

ated by a dynamic threshold. The "binarization" of the WSM is necessary, be-

cause the wave number of one wave given during the identification process might 

change over time. It is therefore useless and can be converted to binary.  

The WSM is loaded into another routine Figure 2.18, which defines the waves 

across time and space. Because of spatial aliasing and a very dynamic wave 

shape, the WSM has to be filtered in the time dimension for the allocation process 

of waves across time. This is done by projecting all nonzero elements of a time 

frame into the five preceding and the five succeeding time frames. By this projec-

tion the wave is connected into one continuous streak across the time frames, 

even when the wave disappears or splits within the time of 1 ms and prevents the 

wave numbering algorithm from detecting one wave as many separate waves. The 

filtered WSM matrix is denoted WSM'. 

The routine now allocates each wave with a wave in the preceding time frame 

by simply checking, if the waves are connected in time of the WSM', and mark-

ing the waves across time and space with a unique wave identification number. 

The following rules apply: 

 If a wave cannot be allocated to a wave in the previous frame, the wave 

is marked with a new unique wave identification number. A wave is 

born from the base film. 
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Figure 2.20: Result of wave filter routine (left: measured film thickness, right: 

waves with unique wave identification number per color) 

 

 If a wave can be allocated to two waves of a previous time frame, a 

wave merging is detected and the wave number of the bigger wave of 

the preceding frame is given to the new generated merged wave, if the 

size of the bigger wave is at least 5 times bigger than the one of the 

smaller waves. In all other cases a new unique wave identification num-

ber is given out to the merged wave. 

 If a wave can be allocated to two waves in the succeeding time frame, a 

wave split is detected. The bigger wave is marked with the wave identi-

fication number of the preceding frame, if its size is at least 5 times big-

ger than the other wave being generated by the splitting. The smaller 

wave in this case is marked with a new wave identification number. In 

all other cases the two waves are each marked with a new unique wave 

identification number.  

After the wave identification, the WSM' is multiplied elementwise with the 

WSM. This removes the filtering across time, such that the originally identified 

wave shape remains untouched. The filtered WSM is therefore only needed for a 

more persistent wave numbering across time. 
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The resulting matrix is used to determine different time dependent wave prop-

erties: 

 The maximum wave height 

 The centroid location (virtual center of mass of the two-dimensional 

boundary) 

 The wave size by means of covering area, equivalent diameter and the 

major axis length of an ellipsoidal fit of the wave shape 

 Events of birth and death of waves and the kind of process leading to 

them (generation/vanish from/into base film, sensor boundary or split-

ting/merging process)  

 Lifetime, time of birth and time of death 

 Velocity  

 

Most of the properties are displayed in the experimental results as time-

averaged quantity for each wave. 

The information of the wave coverage on the sensor and respective velocity of 

each pixel covered at a certain time instant is used to generate a time-averaged 

velocity field by interpolating the velocity vector of each pixel averaged over all 

waves onto the sensor area. This flow field can then be visualized by trajectories 

(streamlines). Areas where no waves pass, or respectively are too small to be 

detected by the sensor, are interpolated circumferentially and marked gray (Chap-

ter  3.4.5). 

The described evaluation method has the property that waves of different 

heights are identified equally or, respectively, with an equal weight. This is not 

the case for most statistical methods. The boundary is determined only by the 

valley between waves (waves being two-dimensional local maxima), independent 

of the wave height or shape. Only waves of small extension are neglected by the 

algorithm, because the tracking of these waves is not possible with the spatial 

resolution of the LFS.   

The different thresholds can and therefore have been chosen arbitrarily. They 

identify waves in a similar matter as the human eye perceives the waves as an 

entity. 
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2.5 SENSOR APPLICATION FOR DROPLET DEPOSITION  
As mentioned in Chapter 1, annular flow consists of liquid films on the chan-

nel wall with the gas core in the center of the channel. Because of high shear 

forces on the gas-liquid interface, droplets are sheared of the liquid film and 

transported within the gas core, the so called entrained fraction. A fraction of 

these droplets can again deposit onto the liquid film, the so called droplet deposi-

tion.  

Due to the high time and spatial resolution of the sensor, the impact of drop-

lets from the gas core onto the liquid film can be detected: The impacts are seen 

as signal contributions of higher frequency. The ability of the sensor to detect 

droplet impacts was verified by synchronous recording with a high-speed camera. 

Furthermore the minimum detectable size of the droplets was approximately 

assessed.  

The sensor can further be used to measure the total deposited mass flow rate 

in a time-averaged way, when the droplets are marked with a higher conductive 

tracer. Here, the increase of conductivity in the liquid film caused by the droplet 

deposition is used to quantify the deposited mass.  Details are explained in chap-

ter 2.5.2.1. 

2.5.1  VALI DATION  EX PERI MENTS  IN  A HO RI ZONT AL CHANN EL  
 The experimental setup for the validation experiments consists of a fan that is 

blowing through a square (50x50mm) test section of acrylic glass with the length 

of 4000 mm. The sensor is mounted flush to the inside bottom wall 3200 mm 

downstream of the inlet (Figure 2.21). Behind the sensor the acrylic glass channel 

continues 500 mm before entering a tank for air-water-separation. The water film 

is injected 500 mm downstream of the inlet via a slit in the bottom of the cross-

section, such that the generation of droplets at the location of liquid injection is 

suppressed. Droplets for the test of the sensor are injected in a controlled way into 

the air stream by a tube-in-tube-system mounted 300 mm upstream of the sensor 

in the channel center. The water is supplied in the inner tube and sheared to drop-

lets by pressurized air flowing through the annulus. In this way the size of the 

droplets can be controlled by the flow velocity of the air while the frequency is 

controlled by the flow rate of the water. The flow rate of air injected by the drop-

let injector is negligible compared to the total air flow rate of the bulk flow in the 

channel.  

A high speed camera (HSC) is mounted 1600 mm away from the channel in a 

vertical angle of 15 degrees taking images of a fractional piece of the sensor as 

shown in Figure 2.21. Because of the slight inclination of the camera, the droplet 

traveling path and the impact of droplets onto the liquid film is visible.  
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Figure 2.21: Experimental setup for validation experiments of droplet deposition 

 

To avoid adhering droplets at the side walls which would disturb the view, an 

opening is cut into the side of the channel. At this opening a 1500 mm long rec-

tangular view duct is mounted, its end closed with a glass pane, through which 

the camera has an undisturbed view of the liquid film. The large distance between 

camera and test section is needed to safely exclude droplet deposition on the glass 

window. A vortex in the air stream is expected to be created from the channel 

opening. This vortex influences the flow conditions, including droplet movement 

and liquid film behavior. The vortex however does not disturb the experiments in 

the sense, that the performance of the sensor to detect droplet deposition can still 

be validated. 

All measurements were carried out under adiabatic conditions at a tempera-

ture of 20°C and ambient pressure of 980 hPa. The superficial velocities were 

varied in the range of 10-19 m/s for gas and 0.002-0.004 m/s for the main stream 

of liquid.  

The droplet deposition on the film is recorded from the sensor and the HSC 

simultaneously with a sampling frequency of 10 000 frames per second. The start 

of the recording of the HSC and the liquid film sensor is synchronized. The shut-

ter speed of the HSC is 1/33000 s. 

Two measurement series were conducted. In the first series the droplets and 

the water film consist of demineralized water. In this case the droplet deposition 

is recognized if the droplet momentum is big enough to leave a sufficient impact 

on the liquid film that can be captured by the spatial resolution of the liquid film 

sensor. This methodology is called the impact based methodology (IM). 

In the second series, the water film consists of demineralized water while the 

droplets are marked with 150 times higher electrical conductivity. In this way the 

deposition of small droplets is seen on the sensor by the local conductivity in-
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crease in the liquid film. This methodology is called the conductivity difference 

method (CDM). The disadvantage of the method is the loss of information about 

the wavy structures of the liquid film.  

To enhance the visibility in the HSC the droplets were colored with ink. The 

coloring however is only used for the second series, because the ink increases the 

conductivity of the droplets significantly. 

The higher characteristic frequency caused by the droplet impact can be fil-

tered from the frequencies caused by the waves by an autoregressive model, 

which is described in detail in chapter 2.5.2.2. The technique works for both me-

thods, the IM and the CDM.  

The CDM also offers the opportunity to measure the total time-averaged mass 

deposited by droplets along the flow by measuring the conductivity increase in 

the liquid film. Details about this method are described in chapter 2.5.2.1. 

Figure 2.22 shows the HSC picture, the raw sensor signal and the autoregres-

sive filtered signal at different time instants for the IM. The area framed in red is 

the aspect area of the HSC. It can be seen that the droplet impact is captured with 

the sensor. It also shows that the autoregressive filter works well to separate the 

droplet impact from other wavy structures of the liquid film. From the evaluation 

of all the experiments it is obvious that a droplet diameter above 2 mm always 

produces an impact that can be captured by the sensor easily. Below this diameter 

the ability to detect a droplet impact depends on the thickness of the liquid film, 

the wave structure and the exact position where the droplet impacts relative to the 

electrode matrix. 

Since in annular flow most of the droplets are below this minimum diameter, 

the CDM is the favored method.  Figure 2.23 shows that droplets with a diameter 

of roughly 0.5 mm can be easily captured with the autoregressive method applied. 

The darker area in the raw sensor image shows that  the information of the instan-

taneous wave pattern is lost, while information about the total deposited mass is 

gained. 
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 HSC picture Raw sensor data Filtered sensor data  

 

Figure 2.22: Snapshots of the droplet deposition (HSC view section on sensor 

framed red). Droplets unmarked. Superficial velocities: air 16 m/s, water 

0.002 m/s 
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 HSC picture Raw sensor data Filtered sensor data  

 

Figure 2.23: Snapshots of the droplet deposition (HSC view section on sensor 

framed red). Droplets marked. Superficial velocities: air 13 m/s, water 0.003 m/s 
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2.5.2  POST-PRO CESSI NG MET HODS  FOR  DROP LET  DEPOSITIO N  

DAT A  
As mentioned in the previous chapter there are two different methods devel-

oped in the framework of this thesis for characterizing the droplet deposition by 

post-processing of the measuring data, when the droplets are marked with a high-

er conductivity (CDM) : 

 Estimating the total mass transfer of droplets onto the liquid film by de-

termining the time-averaged conductance increase compared to a flow 

without droplet deposition. 

 Counting single droplet impacts by filtering with an autoregressive mod-

el trained to the wave structures 

The combination of both methods gives best possible insights into the physi-

cal background of droplet deposition.   

If  the droplets have the same conductivity as the liquid film (IM), only the fil-

tering with the autoregressive method can be used. The following chapters are 

only concerned with the post-processing of the CDM, as it is the method used for 

the experiments in chapter 4. 

2.5 .2 .1  DR O P L E T  DE P O S I T I O N  E S T I M A T I O N  B Y  T I M E  A V E R A G E D  

S I G N A L  A N A L Y S I S  

The total mass transfer caused by droplet deposition is best estimated by eva-

luating the time-averaged conductance signal of the liquid film sensor. The con-

ductance at each measuring point is a function of the film thickness and the con-

ductivity of the liquid covering the measuring point. When droplets of higher 

conductivity are deposited onto the liquid film with lower conductivity, then the 

conductivity in the liquid film rises as a result of mixing. The contribution in the 

measured signal due to film thickness or increased conductivity can be separated 

by measuring the time-averaged film thickness in a reference experiment, where 

the droplets are injected with the same conductivity as the liquid film, usually 

demineralized water. In this case, the conductance only depends on the film 

thickness.  

Because the error generally increases with decreasing conductivity of the liq-

uid, the film thickness measurement is actually performed with tap water. The 

conductance for the reference measurement is generated by decreasing the signal 

to the value it would have if the signal would be produced with demineralized 

water. The conductivity scales linearly with the measured conductance value, so 

that the adjustment is achieved by simply multiplying with the conductivity ratio 

between tap and demineralized water. 

Knowing the film thickness under reference conditions, the mass transfer rate 

in the experiment with marked droplets can be calculated on basis of a mass bal-
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ance for the salt tracer, which is proportional to the corresponding conductivity 

(Equation (2.14)). In a control volume of the liquid film, mass flow rate m and 

conductivity c with index d for droplets and index f for the liquid film are con-

nected as follows, if entrainment is neglected: 

 

                                           (2.14) 

 

Since the mass flow rate of droplets is small compared to the mass flow rate 

of the liquid film one can assume that the incoming and outgoing mass flow rate 

of the liquid film are equal (Equation (2.15)). The error caused by the simplifica-

tion has been proven to be negligible. 

 

               (2.15) 

 

Inserting this assumption into Equation (2.16)  the mass flow rate of deposited 

droplets is: 

 

              
     

     

  
      

     

    (2.16) 

 

If the control volume is chosen such that it starts from the most upstream 

point of the sensor to the point of interest, then cf,in  is the conductivity of the 

liquid injected as film. Variable cd,in is the conductivity of the liquid injected as 

droplets. Furthermore the dimensionless concentration ω=cf,out/cf,in describes the 

quantity of the liquid originating from the droplet deposition at the point of inter-

est. It is important to note that the dimensionless concentration is strictly speaking 

not a mass fraction, because it does not range between zero and one. The advan-

tage is that the dimensionless concentration is directly received from the meas-

urements by referring the measuring signal s with labelled droplets to the signal 

of the reference measurement with unlabelled droplets, as defined by Equation 

(2.17).  

 

  
      

     

 
                       

                         

 (2.17) 

 

The referencing of the measurement signal compensates the influence of the 

film thickness on the measuring signal because the time-averaged film thickness 
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is equal in measurement with labelled and unlabelled droplets. It should be noted 

that it is assumed that there is no time-averaged inhomogeneous conductivity 

distribution perpendicular to the wall that causes a non-linear relation between the 

measured signal and the average conductivity of the control volume.  

The dimensionless concentration is affected by three different phenomena in 

annular flow: The place of droplet deposition, the advection of the deposited mass 

in the liquid film and the turbulent and molecular diffusion in the liquid film. This 

means that strictly speaking the locations of droplet deposition can only be de-

ducted from the dimensionless concentration if the lateral advection and diffusion 

in the liquid film are known. The advection can be estimated from the wave 

movement (chapter 2.4.3), but the uncertainty is high because the advection of 

liquid in the base film is unknown. The diffusion of liquid in the film on the other 

hand cannot be assessed at all from the experiments.  

On the other hand when averaging the dimensionless concentration in circum-

ferential direction, the droplet deposition rate can be determined as function of 

the axial position, because it is independent of the circumferential advection and 

diffusion. This is the so called deposition profile. 

To qualify the performance of a spacer regarding droplet deposition, the frac-

tion of deposited mass downstream of the spacer compared to the total droplet 

mass upstream of the spacer  is a more important quantity than the dimensionless 

concentration. This so called integral droplet deposition fraction Θ can be deter-

mined by Equation (2.18).  

 

 

Where P is the perimeter of the test section and lmp is the width of a measuring 

point of the sensor. The injected mass flow rate md,total is known from the flow 

meter of the droplet injector, while md,in is the deposited mass determined by 

Equation (2.16). In the case of all droplets being deposited equally around the 

fuel rod, most downstream measuring points would have an integral droplet depo-

sition fraction of unity. The integral deposition fraction can take locally a bigger 

value than unity if the droplet deposition is not distributed equally around the 

perimeter. However the circumferentially averaged integral droplet deposition 

(deposition profile) has to be smaller than one, per definition. Figure 2.24 shows 

the integral droplet deposition fraction, which is defined by Equation (2.18) and 

shown as a spatial distribution and deposition profile.  

  
        

             

 (2.18) 
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Figure 2.24: Droplet deposition distribution and profile for Sp1-A 

(J=25 m/s, 1-β=0.01, air) 

 

An uncertainty on the integral droplet deposition fraction is introduced if the 

film mass flow rate into the control volume mf,in is unknown. Without any obsta-

cles in the flow field, the liquid film can be assumed to be equally distributed 

around the perimeter, such that mf,in is known. With obstacles mounted in the test 

section this assumption can be violated: such a case is seen in Figure 2.24. The 

overshoot in the upper curve results from a high droplet deposition rate at a re-

duced local mass flow rate, namely the spot of thin film thickness just down-

stream of a spacer mounted in the test section. Further downstream of the spacer, 

where the mass flux redistributes laterally, this overshoot disappears. The effect 

cannot be compensated for because the real spatial mass flow rate distribution is 

not measured and therefore not available. A conservative approximation is the 

assumption that the mass flow rate scales linear with the film thickness, according 

to Equation (2.19) .  

 

                 
    

 
 
   

    

 (2.19) 
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Prod is the perimeter of the half cylinder covered by the sensor, δrod the time 

and circumferential averaged film thickness around the half cylinder at the point 

of interest, δmp is the film thickness at the measuring point of interest and mf,total 

the mass flow rate given at the film injection port. 

The conservative approximation yields the lower of both curves. A non-

uniform mass flow distribution in the circumferential direction therefore leads to 

high deposition rate uncertainties, expressed in the area between both profiles. On 

the other hand these experiments show, that there can be a significant non-

uniform mass flow rate distribution downstream of flow obstacles, as the integral 

droplet deposition fraction must always be monotonically increasing. This will be 

discussed in depth in chapter 4. 

All results shown in chapter 4 are obtained by the more conservative approx-

imation of a non-uniform liquid mass flow rate distribution. 

2.5 .2 .2  DR O P L E T  DE P O S I T I O N  E S T I M A T I O N  B Y  A U T O R E G R E S S I V E  

F I L T E R I N G  I N  T HE  T I M E  DO M A I N  (C O U N T -B A S E D)  

The detection and counting of single droplet impacts face the challenge to 

separate droplet impacts from wavy structures of the liquid film. This is especial-

ly challenging in the presence of roll waves that already transport liquid of higher 

conductivity. Rapid changes of the measured conductance signals are the conse-

quence, which are similar to the fingerprint of a droplet impact. The detection of 

droplet impacts is carried out by the help of an autoregressive model trained to 

the sensor signal sampled at a single measuring point.  

The autoregressive filter developed in the framework of the thesis uses the 

fact that droplet impacts are rare events interrupting the signal sequence, which is 

characteristic for interfacial structures on the liquid film of a certain experiment. 

The filter is based on the prediction of the signal at a certain instant in time s i by 

the autoregressive model using n earlier points in time sk-i. The residuum between 

the prediction and the real measured signal is high in the presence of a sudden 

disturbance like a droplet impact (Figure 2.25).  

The signal is predicted by the sum of the n previous signal points weighted by 

correlation coefficients ai (Equation (2.20)). These weighting factors ai are opti-

mized by the total time signal of one measuring point to give a minimum sum of 

differences in the time domain using the method of least squares, according to 

Equations (2.21) to (2.24). Because the transient behavior might change depend-

ing on the location on the LFS, especially in presence of flow obstacles like 

spacers, the weighting factors are optimized for each measuring point individual-

ly. The weighting factors are basically optimized to predict the wave structures 

present in the flow as accurately as possible. Rare events like a droplet impact 
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generate a high difference between the predicted and measured signal, the so 

called residuum Δ.  
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In principle the number of preceding signal input values n can be chosen free-

ly. The computational cost however rises with increasing n. A value of n=10 has 

been found to be sufficient for a reliable droplet filtering for the conducted expe-

riments in chapter 4. 

The method is very reliable for horizontal flows, because the roll waves con-

tain less higher characteristic frequencies in a horizontal channel than the roll 

waves in a vertical channel. For the vertical channel, high values of the resi-

duum Δ, as Figure 2.26 shows, can be caused by roll waves which create spurious 

detections of droplet depositions. To distinguish if a high residuum is generated 

by roll waves or by droplet deposition, the surrounding measuring points of the 

sensor are taken into account.   
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Figure 2.25: Principal of autoregressive droplet impact filtering 

 

 This spatial filtering is carried out according to the following rules: Droplet 

impacts are only accepted if the high residuum condition fires at least in two 

consecutive measuring points and the residua in the lateral neighboring measuring 

points remain low. The threshold for the condition of a low residuum in the 

neighboring point is set to one third of the residuum in the point of detection. This 

condition has to hold for a time interval within 0.25 ms before and after the drop-

let impact. Droplet impacts that are generated by extremely big droplets and drop-

let depositions at roll waves are therefore not taken into account. This error how-

ever is expected to be negligible, because the initial drop size is small and does 

not generate impacts exceeding the sensor resolution.  
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Figure 2.26: Autoregressive residuum Δ for five different time instants in a 

vertical channel (top row). Droplets detected by spatial filtering of the 

autoregressive signal (bottom row). 

 

If a droplet impact happens just in the very instant of the presence of a roll 

wave, the droplet is rejected by the spatial filtering, which in turn is not a major 

source of uncertainty because of the small probability of such a coincidence. 

In comparison with the images of the high speed camera the filter proves to 

detect more than 90% of the impacts correctly in a horizontal channel. The accu-

racy in the vertical channel is most probably lower. It was not possible to apply 

the camera observation technique to the conditions of the vertical channel, be-

cause the liquid film covering the wall makes optical access impossible. There-

fore, the mentioned study performed in the horizontal channel is the only source 

of information on the uncertainty of droplet detection by the LFS. 
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2.6 ALTERNATIVE SENSOR APPLICATIONS  
Since the development of the liquid film sensor, the sensor has been tested in 

multiple applications and conditions: 

 Wave patterns and velocities in a horizontal cross-sectional square 

channel [38]. 

 Behavior of liquid films in a horizontal channel in proximity of flow 

obstacles [37]. 

 Single-phase mixing processes in the boundary layer of two water 

streams of different conductivity. The difference in conductivity is 

either caused by marking one of the fluids with a salt tracer or by 

mixing two fluids of different temperature [102]. 

 Formation of liquid films by spray deposition (not published). 

2.7 CONCLUSIONS ON SENSOR TECHNOLOGY  
Literature shows that there is a multitude of techniques for the measurement 

of the liquid film thickness in two phase flow. The most popular method is the 

measurement of the conductance between a pair of electrodes flush to the wall. 

The advantage of the method is the simplicity and high temporal resolution. Fur-

thermore it is non-intrusive, but has a limited measuring range due to signal satu-

ration. The measurement range scales linearly with the lateral resolution. Optical 

methods, in particular the laser-induced fluorescence, have a very high spatial 

resolution, but on the other hand have deficiencies in the temporal resolution 

which arise from the limited intensity of fluorescent light. Also optical accessibil-

ity and more complex setup are disadvantages. 

In the framework of this thesis the electrical method has been developed into a 

sensor with 64 x 16 electrode pairs flush to the wall, produced on a state-of-the-

art printed circuit board. The electrode shape and arrangement is optimized by 

means of potential field calculations to reach a high measurement range and spa-

tial resolution. The sensor is designed as plug-and-play for the data acquisition 

system used for wire-mesh-sensors. 

Three different calibration methods have been applied to determine the sensor 

characteristic experimentally. The favored calibration method depends mainly on 

the sensor shape. Flat sensors are preferably calibrated with plastic rolls that pass 

the sensor surface with a defined distance caused by rims at the roll ends. Bent 

sensors are preferably calibrated by creating a falling liquid film of water that is 

made highly viscous by a chemical additive. The experimental characteristics are 

in good agreement with the potential field calculation. Furthermore the compari-

son between the methods shows that the sensor is able to measure with good 

accuracy when the gas-liquid interface is not parallel to the sensor surface. 
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A standard procedure is described to convert raw primary signals into film 

thickness. Within the procedure a set of reference resistors are used to compen-

sate for possible drifts in the data acquisition system, while the measurement of 

the saturation film thickness is used to compensate for the conductivity of the 

liquid. 

The accuracy of the sensor is mainly determined by the calibration methods. 

The sensor accuracy cannot be determined absolutely as the measurement of the 

liquid film thickness during the calibration is always based on another method, of 

which the accuracy is unknown. With the results of the neutron tomography it can 

however be estimated that with the calibration methods and the reference resistors 

used the accuracy is about 20 microns. 

Besides basic post-processing methods, like time-averaged film thickness and 

liquid holdup, two sophisticated wave analysis methods were developed. The first 

methods identifies the wave in the time domain, and extracts wave shape and 

velocity by means of signal decomposition. The second method identifies the 

wave in the space domain and determines a multitude of spatial wave properties, 

of which the most important are the wave velocity, the wave flow field and loca-

tions of wave merging and splitting. 

Besides the measurement of liquid films the sensor is suitable to detect and 

measure droplet deposition. Individual events of droplet deposition are detected 

by identifying a departure of the local dynamic properties of the time-dependent 

sensor signal from the typical pattern found in case of an undisturbed wavy film. 

This is done using the residuum as criterion between the prediction of an autore-

gressive model and the measured signal. Furthermore if the droplets are marked 

with a salt tracer, then the time-averaged mass deposition of droplets can be 

measured by the increase of conductivity in the liquid film. The ability of the 

sensor to measure deposition of droplets is validated in a horizontal channel by 

recording the droplet deposition with a high-speed camera synchronized with the 

LFS. 

The sensor is a novel tool in the area of the measurement of fast dynamic liq-

uid films, as it combines an excellent temporal with a good spatial resolution and 

is well-perceived among experts.  
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3 LIQUID FILMS IN FUEL ROD BUNDLES  

3.1 LITERATURE REVIEW  
The behavior of the liquid film in annular flow is widely studied for many dif-

ferent  thermal conditions, pressures, fluid properties and flow geometries. The 

measurement technique used for the studies limits the temporal and spatial resolu-

tion of the results. There are many different statistical parameters for the charac-

terization of annular flow throughout literature. The reason, as Paras [100] points 

out, is that the physical meaningful characterization of wave properties is difficult 

to be clearly determined. There are however some properties that are mentioned 

regularly: 

 time-averaged (or mean)  liquid film thickness 

 wave velocity 

 division into base and wave layer 

Other properties are less frequently studied: 

 wave frequency 

 film thickness frequency analysis 

 time-averaged void fraction profile perpendicular to the wall 

The parameters chosen by a certain researcher depend on the goal of the study 

and the measurement technique available. The goal is always to get a meaningful 

parameter for the correlation of certain effects of interest or to find sensitive pa-

rameters, often on a statistical basis, to compare the experiments with prediction 

models. 

The general behavior of annular flow is mostly understood in a qualitative 

way: annular flow consists of a liquid film with distinct wave patterns on the gas-

liquid interface. The waves are usually categorized in ripple (or ephemeral) waves 

and roll (or disturbance) waves. These waves are moving on the so-called base 

film. Sekoguchi [114] was one of the first authors to clearly resolve this pattern, 

because of his advanced measurement technique. Sekoguchi also discovered that 

ripple waves are generated and absorbed by the roll waves that move with a high-

er speed than the ripple waves. The wave velocity difference between ripple and 

roll waves was also found by Wolf [132]. Fukano [44] confirms the finding by 

adding that compared to the ripple waves, the roll waves are a very stable entity. 

While the ripple waves are formed by instabilities in the gas-liquid interface, the 

roll waves are generated by the strong gas shear [67]. According to Wolf [132] a 

even more detailed categorization of  different wave patterns can be made: be-

sides the classical division into ripple and roll waves, he defines ephemeral waves 

that form at high gas Re-numbers, which have a similar nature as the disturbance 



 

62 3   Liquid Films in Fuel Rod Bundles 

waves, but move slower and are therefore short-lived. This definition of ephe-

meral waves is however not accepted widely in the academia, as these waves are 

usually considered disturbance (or roll) waves too. 

It is common knowledge that the time-averaged liquid film thickness increas-

es with decreasing gas flow rates and increasing liquid flow rates. The relation-

ship is non-linear, as pointed out by Schubring [109]: for high gas flow rates, the 

film thickness barely increases with increasing liquid flow rates. 

Correlations for the prediction of the film thickness are found plentiful 

throughout literature, usually designed for certain gas-liquid systems: Chen [29] 

e.g. presents a good correlation for steam-water flows. Laurinat [79] is one of the 

many authors developing a correlation for air-water flow. Cioncolini [33] devel-

oped a very comprehensive correlation based on a huge database gathered from 

experiments in literature and succeeded with a precision of roughly 30%. Cionco-

lini [32] further concludes that the Weber number based on the gas core is impor-

tant for the shear stress and, connected with it, the pressure loss prediction. Most 

of the correlations are developed for flows in cylindrical pipes. They are however 

also applicable for subchannel geometries [40; 80]. 

Especially the work of Cioncolini shows the non-linear behavior of annular 

flow. A prediction for an unknown annular flow system by means of simple cor-

relations with low uncertainties is basically impossible. The high uncertainty of 

correlations for time-averaged film thickness is caused by the complex wave 

formation on the gas liquid interface. Hurlburt [61] and Schubring [109; 110] 

therefore try to correlate the time-averaged film thickness by considering the base 

film and the wave layer separately. Crucial to the success of this approach is the 

correct definition on the division between the base film and wave layer.  

Throughout literature the definition between these two layers is defined diffe-

rently: Hurlburt [60] assumes the division at a distance from the wall of 1.1 mul-

tiplied by the time-averaged film thickness.  Rodriguez [104] employs a factor kc 

multiplying the standard deviation of the film thickness and adding it to its time 

average. In fact, every author has a different definition that is somehow linked to 

statistics gained from their own individual experiments [3; 20; 31; 45; 112; 121]. 

The background is the attempt to define a division that reflects the interfacial 

phenomena in a physically meaningful way; to best predict the liquid film thick-

ness in empirical correlations.  

The most important wave property is the wave velocity, because it contributes 

to some extent to the transport of the liquid mass. Many authors observe a grow-

ing wave velocity with increasing wave height [3; 13; 125]. Azzopardi  [12] even 

states that the dependency is linear. The wave velocity increases with increasing 

gas and liquid flow. Furthermore it increases with increasing gas density [12; 50; 

92]. Schubring [110] shows that the friction velocity of the gas is roughly linear 

to the wave velocity. 
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A discussion that has penetrated research on annular flow for a long time is 

the wetting of the upper part of a horizontal pipe. Mainly three different mechan-

isms were proposed that are able to counteract gravity: Droplet deposition, sec-

ondary flow motion of the gas and the spread-out of roll waves towards the top. 

Fukano [43] and Jayanti [64] proved by experiments and simulation that the 

spread-out of the roll waves is mainly responsible for the wetting of the top of a 

horizontal pipe. This shows the complexity of annular flow and the difficulties to 

describe it using oversimplified models, because the wave formation and trans-

port is important for many flow mechanisms. Even today these mechanisms are 

sometimes poorly understood. 

Annular flow research in subchannel geometries is scarce compared to studies 

in cylindrical pipes. Feldhaus [40] has conducted some measurements in the an-

nular flow regime, but the spatial resolution on the liquid film thickness is low. 

Kraemer [76] measures the annular flow by sucking the liquid film and the drop-

lets separately to determine the liquid mass flow rates. Both authors mount space-

rs into the subchannels to see their effect on droplet deposition, wave velocity and 

liquid film thickness. Feldhaus discovers an increase of wave velocity behind the 

spacer and a different film thickness compared to upstream of the spacer. A clear 

trend is however not found. 

The introduction of obstacles into annular flow changes the main flow me-

chanism significantly: the blockage of the gas flow creates non-equilibrium con-

ditions which have an effect on the film thickness, droplet entrainment, droplet 

deposition, drop size distribution and turbulence of the gas phase. The effect of 

obstacles on annular flow is mostly studied in cylindrical pipes. Belt [20] sees an 

increase of the liquid flow rate behind a cylindrical obstacle caused by droplet 

deposition. The base film increases while the wave pattern does not change sig-

nificantly. Yano [136] states that the wave velocity behind the spacer increases 

before decreasing after a certain distance downstream of the spacer. Okawa [96] 

discovers an increased droplet deposition which scales linearly with the obstacle 

blockage ratio, independent of the obstacle geometry. 

From the literature available, the influence of the obstacle on the gas flow ve-

locity field can only be estimated from Laser Doppler Anemometry (LDA) mea-

surements for single phase water flows [26; 28; 52; 126]. The authors find that 

without spacers, the secondary flow is negligible. With so-called swirl spacers, 

the swirl becomes clearly visible and is quite stable, decaying exponentially 

downstream of the spacer. The swirl is basically independent for each subchannel 

[28]. The spacer increases the heat transfer significantly [52]. Caraghiaur [26] 

identifies a turbulence increase downstream of the spacer, but points out that the 

turbulence depends on the position of the subchannel in the bundle. A transfer of 

measurements of the swirl effect from single phase water experiments to the gas 

flow in the bulk of an annular flow is the only source of information available to 
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obtain estimates of the length scales and intensities of swirl and turbulence in 

regard to annular flow under similar conditions. 

In conclusion it can be said that a lot of research has been conducted to de-

scribe and understand the behavior of liquid films in annular flow. Most studies 

are focused on pipe flows. Annular flow in subchannels with spacers have been 

studied to a minor extent. Correlations for the prediction of the film thickness and 

pressure loss are found for important technical systems. Time-averaged film 

thickness and wave velocity are the most important properties to characterize the 

liquid film. Attempts to use other parameters characterizing more complex statis-

tical properties of the wavy structures have suffered from a strong dependency on 

the measurement technique and chosen flow conditions. Studies on the effect of 

obstacles on the liquid film need a higher resolution of the instrumentation than 

has been available in the past. This has provided the motivation to accomplish the 

work described in following chapters. 

3.2 EXPERIMENTS  

3.2.1  EXP ERI MENT AL SETUP  
The experiments were conducted in the experimental facility CALVIN 

(Figure 3.1), which was developed, designed and constructed as part of the work 

described in this thesis. At the heart of this facility is the vertical test section 

shaped as double subchannel (Figure 3.2), through which a gas-liquid flow is 

conducted in upward direction. The gas is circulated through the facility by a side 

channel compressor. The gas recirculation is necessary to enable the use of dif-

ferent gases in order to study the effect of the gas density. The liquid phase is 

water which is circulated by a pump. The gas flow rate is set by a frequency con-

verter controlling the revolutions of the compressor and measured by a hot wire 

flow meter. The liquid flow rate is controlled by a bypass valve and measured 

with a rotameter. The water is injected as liquid film by a special port (Figure 3.3) 

at the bottom of the test section. It is deposited directly onto the wall by a narrow 

slit of 0.5 mm stretching along the entire circumference of the test section profile. 

Droplets found in the gas core are therefore only originating from entrainment 

along the flow path and are expected to have a low concentration. To increase the 

droplet concentration, or to inject droplets containing a conductivity tracer, Inlet 3 

in Figure 3.1 enables the injection of droplets as explained in detail in chapter 

4.2.1. Downstream of the test section the water is removed from the gas in the 

water separator and returned into the compensation vessel. A heat exchanger 

keeps the temperature of both fluids constant at 20°C.  
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Figure 3.1: Experimental setup "CALVIN" 

 

 

 

Figure 3.2: Test section 

 

The test section is manufactured with acrylic glass and has a total length of 

2.5 meters. All elevations are given relative to the height of the gas inlet (0 mm). 

The water injection is located at a height of 500 mm. The sensitive area of the 

sensor is around one of the half cylinders of the double subchannel between the 

elevation of 2200 mm to 2328 mm. Upstream of the water inlet, the channel has a 

square cross-section of 50 x 50 mm. Starting from the water injection device the 

channel shape changes to the double subchannel geometry.  
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Figure 3.3: Water injection port 

 

According to Wolf [133] a relative inlet length of about 100 L/Dh, defined as 

the inlet length divided by the hydraulic diameter, is needed to establish an 

asymptotic flow structure out of arbitrary inlet conditions. The CALVIN channel 

has an L/Dh of 70. According to Okada [95] annular flow reaches steady state 

more quickly, when the water is injected at the wall, as is the case for the CAL-

VIN setup. Azzopardi [13] concludes in his review that the wave velocity reaches 

steady state conditions shortly downstream of the injection point of the liquid. 

The double subchannel geometry was chosen because of the technological 

limits of the LFS production, which only allows covering half of the circumfe-

rence of a circular rod. This is because the external wiring has to be connected to 

the LFS in a tangential direction. On the other hand, the presence of two neigh-

boring subchannels allows numerous investigations on the interaction between 

them, especially when functional spacers are present. Furthermore a quarter of a 

periodic subchannel piece can be investigated undisturbed of unrealistic non-slip 

conditions generated by the closed subchannel gaps. Sadatomi [105] also reports 

experiments in a double subchannel geometry and regards it helpful for multi-

channel analysis. Feldhaus [40] uses a similar geometry for spacer testing consist-

ing of four aligned subchannels. 

The LFS has a minimum bending radius of 10 mm because of tensions in the 

multi-component PCB material. With this curvature radius, the minimum diame-

ter of the fuel rod model is 20 mm. To match the overall geometrical similarity, 

the double subchannel model was therefore enlarged compared to modern fuel 

rod bundles of BWRs by a scaling factor of approximately 2:1.  
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Figure 3.4: Spacer geometries (Spacer 1 (left), Spacer 2 (center), Spacer 3 (right) 

 

This was not seen as a disadvantage since the original flow conditions in a 

BWR cannot be matched in the presented experiments anyway. Full similarity to 

BWR conditions would require to match the full set of significant dimensionless 

parameters e.g. Reynolds and Weber numbers, which would be only possible at 

heated full-pressure and full-power experiments. The doubling of the length scale 

by up-scaling the geometry of the test section was rather seen as an advantage, 

because it partially compensates the effect of increased water viscosity and sur-

face tension at the decreased temperature in the experiment with regard to Rey-

nolds and Weber numbers. Kraemer [76] with an industrial affinity has a similar 

approach with a 3:1 scaled-up subchannel model and reports this model to be 

very helpful for spacer development. 

Three different spacer shapes (Sp1, Sp2 and Sp3) were tested in the experi-

ments (Figure 3.4). Sp1 is a generic spacer while Sp2 and Sp3 are similar to 

spacers used in industrial applications [36; 94]. For each spacer shape two differ-

ent vane angles are used. The big vane angle is 30° for Sp1 and Sp3 and 60° for 

Sp2 (A-series), while the small vane angle is 15° for Sp1 and Sp3 and 45° for Sp2 

(B-series). Each spacer is mounted in the test section such that the upper edge of 

the spacer body has the same elevation as the lowest line of measuring points of 

the LFS sensitive area. This means that for Spacer 1 and 3 the vanes are reaching 

into the sensitive area of the sensor, while Sp2's vanes are upstream of the sensi-

tive area. With these spacer positions the development of the liquid film can be 

observed directly downstream of the spacer.  
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Figure 3.5: Gas Unit 

 

In the representation of the results shown in the following chapters, the lowest 

line of the LFS sensitive area is referred to as 0 mm.  

It was planned to run experiments with three different gases from the very be-

ginning. Therefore the gas is circulated within the facility and shut off from the 

environment by a water lock between the pressurizer vessel and the compensation 

vessel. The liquid is also circulated through the facility, which enables to use 

different liquids. This option is however not used in this work. The gases used in 

the experiments are helium, air and octofluorocyclobutane (onwards called 

"C4F8"), which were chosen because of their very different densities. To introduce 

helium or C4F8 into the setup, it is connected to the gas unit (Figure 3.5), which 

was built in the framework of this thesis. The gas unit performs the evacuation of 

the CALVIN setup from air, the refilling of the setup with helium or C4F8 and the 

recovery of the C4F8. The recovery is necessary because of the strong global 

warming effect of C4F8 when released into the atmosphere. Furthermore the re-

covery is favorable because of economical reasons. The helium is not recovered 

and is released into the atmosphere. 
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3.2.2  EXP ERI MEN T AL CON DI TIONS   
All experiments were conducted at a temperature of 20°C and a static pressure 

of about 1.1 bar at the LFS location, the pressure depending slightly on the ve-

locities of the media. The liquid was tap water with an electrical conductivity of 

about 300 μS/cm. The gas was either helium, air or octofluorocyclobutane. The 

experiments were conducted both without spacers and with the six different spac-

er shapes in place. 

Table 3.1 shows the conducted experiments based on the variation of the vo-

lumetric liquid flux ratio 1-β  (onwards called "flux ratio") and the total volume 

flux J (onwards called "total flux"). The flux ratio 1-β is defined as the liquid 

volume flow rate divided by the total volume flow rate of gas and liquid. An 

increase of the flux ratio is basically an increase of the liquid flow rate. The total 

flux J is defined as the total volume flow rate of gas and liquid divided by the 

cross-sectional area of the double subchannel. An increase of total flux is practi-

cally equal to an increase of gas flow rate, because the liquid has an negligible 

contribution to the total flux.  

There are certain limits to a free variation of total flux and flux ratio, leading 

to the region of feasible test points shown in Table 3.1: with decreasing total flux 

and increasing flux ratio, a flow regime transition towards churn flow or flooding 

takes place. Very small liquid flow rates could not be measured because of the 

lower range limit of the liquid flow meters installed. Furthermore the power of 

the compressor is insufficient to reach high flux ratios and high total fluxes due to 

the increasing pressure drop. In the case of octofluorocyclobutane, the gas flow 

meter is not able to measure a gas flux above 40 m/s. 

The transition between churn and annular flow is smooth. The categorization 

is based on the subjective judgment concerning the pulsation of water accumula-

tions, which develop towards roll waves in the annular flow. Experiments without 

spacers were conducted for the widest variation of test conditions. In Table 3.1, 

the corresponding points are marked in accordance to the flow regime with c 

(churn flow), t (transition between churn and annular flow) and a (annular flow).  

With spacers, only points with gray background have been run, namely those 

along the axis of 15, 30 and 45 m/s total flux and 0.002, 0.004 and 0.008 flux 

ratio, if the limits of the setup allowed. A categorization into annular or churn 

flow is not given in these cases since the flow structure behind the spacer does 

not show similarities to these classical patterns. Some experiments towards high 

flux ratios could not be conducted as marked, as the compressor limit is shifted 

towards lower flux ratios due to the increase of pressure loss when a spacer is 

mounted in the test section. 

For all experiments, film thickness distributions were measured with a rate of 

10000 frames per second over a period of 10 seconds. This has shown to give 

sufficient statistics. 
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Table 3.1:  Experimental conditions. With gray background are the experiments 

performed with spacers mounted. ('---' - no experiment, c - churn flow, t - transi-

tion,  a - annular flow) 
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3.3 GENERAL EXPERIMENTAL RESULTS  
This chapter gives an overview over the most important findings of the expe-

rimental results with and without spacers. The phenomena are discussed for se-

lected parameter combinations. A detailed presentation of the results is provided 

in the following chapters.  

As known from literature, the liquid film of fully-developed annular flow con-

sists of a base film with roll and ripple waves moving on top of it. This typical 

wave pattern is seen in visualized snapshots of the instantaneous liquid film 

thickness distribution as displayed in Figure 3.6. Here the different sizes and 

shapes of the waves on the gas-liquid interface are shown. This classical annular 

flow pattern, which is usually studied in cylindrical pipes, is also observed in the 

subchannel geometry. From the snapshots it becomes clear, that the waves have 

different velocities, as marked. 

The difference in wave velocities is also seen in the scatter plot Figure 3.7, 

which shows how the wave velocity depends on the wave height. The wave ve-

locities are assessed by the wave analysis in time domain described in chapter 

2.4.2. It is obvious that the wave velocity scatters significantly, with a trend of big 

waves moving generally faster than small ones.  

The difference in wave velocities causes wave merging at different random 

locations on the fuel rod surface, as shown in Figure 3.8 based on the wave analy-

sis in the space domain (chapter 2.4.3). Not only merging but also splitting events 

are found in annular flow. This is hypothetically caused by instabilities on the 

wave surface that are amplified by differences in the gas shear. Wave splitting 

occurs again at different random locations on the fuel rod, which is also a result 

of the wave analysis in the space domain, displayed in Figure 3.9. A slightly 

lower probability of wave splitting and merging is found in the subchannel gap, 

which is at 0° circumferential position (also called polar position). 
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Figure 3.6: Snapshots of instanteous film thickness distributions  

(no spacer, J=30 m/s, 1-β = 0.002, air) 

 

 
 

Figure 3.7: Wave height dependent wave velocity  

(no spacer, J=30 m/s, 1-β = 0.008, C4F8) 
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Figure 3.8: Locations of merging  

waves without spacer 

 (J=40 m/s, 1-β=0.002, air) 

Figure 3.9: Locations of splitting 

waves without spacer 

 (J=40 m/s, 1-β=0.002, air) 

 

An important parameter of the liquid film is the time-averaged liquid film 

thickness. It is dependent on the fluid properties and experimental conditions: it 

can be stated that the liquid film becomes thinner with increasing gas density, 

increasing gas flow rate and decreasing liquid flow rate. Usually the mentioned 

dependencies are non-linear. This non-linear behavior is true for most of the pa-

rameters of the liquid film, e.g. for the wave velocity. The main reason is the 

complex momentum transfer at the gas-liquid interface. Figure 3.10 shows that 

the time-averaged film thickness distribution around the fuel rod is quite even in a 

channel without spacers. 

The introduction of spacers (or in principle any kind of flow obstacle) into the 

channel causes a severe change of the liquid film distribution (Figure 3.10), 

namely the redistribution into streaks downstream of the spacer. The streaks ac-

cumulate in areas of low shear force, i.e. downstream of the spacer vanes. This is 

the case even though the spacer is not in direct contact with the liquid. 
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Figure 3.10: Visualization of time averaged film thickness: distribution without 

spacer (left) and Sp2-A (center), profiles at chosen axial positions (right) 

(J=50 m/s, 1-β = 0.004, air) 
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Figure 3.11: Visualization of the flow field behavior downstream of an 

assymetric spacer: Time-averaged film thickness (left), wave streamlines 

(center), locations of wave merging (right)  

(Sp3-A (bottom left), J=15 m/s, 1-β = 0.002, C4F8) 

 

There is a combination of two effects explaining the thinning of the film 

caused by the spacers: 

 an acceleration of the liquid film caused by higher gas shear at the inter-

face  

 a redistribution of liquid mass by a diverging or converging circumferen-

tial  gas shear acting on the liquid film  
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The first leads most likely to an increase of the dryout margin in a BWR, 

since the heat transfer coefficient is enhanced with increased turbulence in the 

liquid. The second mechanism decreases the dryout margin since it decreases the 

mass flow rate of the liquid film locally. The dominating phenomenon is not 

directly visible from the experiments. Figure 3.11 proves the existence of the 

second effect showing wave trajectories obtained by the wave analysis in the 

space domain (chapter 2.4.3): waves move significantly in the circumferential 

direction because of a diverging flow field found exactly in the area where the 

film thins out. Furthermore, in a converging field the wave merging increases. 

This means that not only the film thickness but also the liquid mass flow distribu-

tion changes downstream of a spacer; the strength of the effect depending on the 

spacer shape. However, the time-averaged liquid film distribution is most proba-

bly a combination of both effects described above. A clarification requires a theo-

retical modeling of the flow which will be discussed in chapter 5.3.3. 

The introduction of spacers also changes the wave velocity downstream of the 

spacer. Figure 3.12 shows that for the chosen spacer Sp1-A an oscillation of the 

wave velocity, the wave path, and the circumferential position of the maximum 

film thickness is induced in the liquid film, which is most probably caused by big 

eddies formed downstream of the spacer vanes. The very local behavior of the 

liquid film shows that the interfacial structures on the liquid film react very sensi-

tively to changes in the gas shear.  

The hypothesis of a local reduction of mass flow rate is supported by the di-

vergence of the wave movement. The question remains, how this divergence 

influences the dryout margin, because the divergence of the waves might have 

implications on the mass flow reduction in the base film too. Considering the 

observations of Mori [91], the wave layer contributes to the delay of dryout be-

cause it is a transient phenomenon depending on the wave frequency. In any case, 

a physical meaningful division of the liquid film into a base film and wave layer 

is needed. This division can be performed based on the time-averaged liquid 

holdup profile perpendicular to the wall, as shown in Figure 3.13:  in this work, a 

liquid holdup of 95% is defined as the criterion for the division into base film  

and wave layer. Because the holdup of the base film is in this case close to unity, 

the evaporation of the base film is practically independent of the wave frequency. 

The value of 95% instead of 100 % is chosen because it is better defined and 

stable from a statistical point of view. With this division it becomes clear that a 

significant portion of the liquid is transported in the wave layer. This is even 

more pronounced for the liquid mass flow, because the average phase velocity in 

the wave layer is higher than in the base film, which is attached to a no-slip 

boundary condition at the wall. The fraction of liquid holdup between the base 

film and the wave layer depends on the experimental flow conditions, as shown in 

Figure 3.13. 
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Figure 3.12: Visualization of interaction between interfacial shear and wave 

behavior downstream of a spacer: time-averaged film thickness (left), wave 

streamlines (center), wave velocity at film thickness maximum (right) 

(Sp1-A (bottom left), J=30 m/s, 1-β = 0.002, C4F8) 
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Figure 3.13: Time-averaged holdup profile as basis for the base film definition 

(no spacer, air, J=30 m/s 1-β = 0.002 (red), J=30 m/s 1-β = 0.008 (green), 

J=60 m/s 1-β = 0.002 (blue)) 

 

3.4 DETAILED EXPERIMENTAL RESULTS  
Compared to the previous chapter, this chapter gives a more detailed analysis 

of liquid film behavior for all of the experimental parameters studied. The struc-

ture of the presentation is the analysis of certain liquid film properties across 

these parameters. The detailed analysis shows the influence of different experi-

mental parameters on the phenomena presented in the previous chapter. 

3.4.1  VIS UALI ZATIO N  
Measurements are visualized as snapshots of an instantaneous film thickness 

distribution around the model fuel rod (Figure 3.14 to Figure 3.16). For a better 

three-dimensional visibility of the waves, the film thickness in the figures is 

scaled up by a factor of two compared to the dimensions of the displayed sub-

channels and a color scale is applied. Animated sequences of images generated in 

this way are also available. They represent the best way to illustrate the transient 

character of the flow in the subchannel model. 
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Figure 3.14 shows snapshots of a flow at 30 m/s total flux and a flux ratio of 

0.002 for a flow with helium, air and C4F8. It can be seen that the wave pattern 

and the wave velocity change drastically for the different gas densities. For the 

low gas density of helium, the wave pattern seems rather chaotic. The big wave 

formations move slowly but change in shape significantly. For the air-water flow 

a distinct annular flow pattern known from literature can be seen, where roll (or 

disturbance waves) and ripple waves dominate. 

In accordance with Fukano [44] these roll waves are stable in their existence 

stable as they move along the sensor. There are ripple waves in-between the roll 

waves that are moving slower and are swallowed at the front and generated from 

the back of the faster roll waves, as it is discussed in the previous literature re-

view. Their shape changes significantly. The roll waves are barely affected by the 

subchannel geometry as their wave fronts spread across the subchannel gap 

around the fuel rod.  

For the flow with C4F8-water flow; the annular flow pattern is similar to the 

air-water flow, only the wave size of the roll waves decreases. Furthermore the 

shape of the disturbance waves is very dynamic. In this case the geometry of the 

double subchannel influences the flow more strongly, which can be seen by the 

dividing effect of the subchannel gap on the roll waves. The roll waves do not 

span as clearly around the fuel rod as it is observed in the air-water experiment. 

Figure 3.15 shows the influence of spacers Sp1-A, Sp2-A and Sp3-A on the 

air-water flow at 30 m/s total flux and a flux ratio of 0.002. In the spacer experi-

ments a thinning of the liquid film is observed in the areas where the air is accele-

rated due to the cross-section blockage caused by the spacer. For Sp1-A the flow 

pattern cannot anymore be clearly divided into roll and ripple flow patterns. In-

stead it seems that the liquid collects as chaotic waves in streaks downstream of 

major spacer blockages. Independent of  the spacer shape, the spacers influence 

the wave pattern strongly, tending to create waves extending in the axial direc-

tion. 
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Figure 3.14: Film thickness visualization for different gases 

(no spacer, J=30 m/s, 1-β = 0.002, top: He, center: air, bottom: C4F8) 

 



 

3.4   Detailed Experimental Results  81 

 

 

 

 

 

 

Figure 3.15: Film thickness visualization for different spacers 

(air, J=30 m/s, 1-β = 0.002, top: Sp1-A, center: Sp2-A, bottom: Sp3-A)  
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Figure 3.16: Film thickness visualization for different total fluxes 

(no spacer, air, 1-β = 0.002, top: J=20 m/s, center: J=40 m/s, bottom: J=60 m/s) 
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The inclined vanes of all tested spacer types are expected to create a swirl in 

the gas phase behind the spacer. The effect of the swirl in the gas phase is howev-

er not as clearly visible in the liquid film as might be expected. There is almost no 

effect on the direction of the wave movement, which remains mostly parallel to 

the vertical axis. On the other hand the redistribution of liquid around the fuel rod 

model becomes rather evident. 

Figure 3.16 shows an air-water flow for 20, 40 and 60 m/s total flux and a flux 

ratio of 0.002. Similar to the increase of gas density, the increase of total flux 

decreases the size of the roll and  ripple waves. For the case of 60 m/s the spatial 

resolution of the sensor is not sufficient to resolve the ripple waves. Furthermore,  

analogous to the increase of density, the wave shape is more dynamic for higher 

volume fluxes. 

3.4.2  TI ME-AV ER AGED F I LM THI CK NES S  
Figure 3.17 shows the time- and space-averaged film thickness without spacer 

for the three different gases helium, air and C4F8. Note that not all displayed 

points are in the annular flow regime but might also be in the transition regime 

between churn and annular flow. Barbosa [17] underlines the fact that in the tran-

sition regime the flow properties behave quite differently, however a sharp bor-

derline for the transition cannot be drawn. The figure shows that independent of 

the gas density, the film thickness decreases with increasing total flux and de-

creasing flux ratio. Additionally with increasing density of the gas the film thick-

ness decreases. However all dependencies behave in a non-linear way. There is an 

exception: If the flow is established as classical annular flow far away from the 

transition to churn flow, the film thickness increases almost linearly with the flux 

ratio. This is the case for the air-water flow at J=40...60 m/s and the C4F8-water 

flow at J=10...40 m/s. Also the dependency between the film thickness and the 

total flux decreases under these flow conditions as discussed in the literature 

review.  

Time-averaged film thicknesses in the annular air-water flow regime are re-

ported throughout literature for different flow geometries. As mentioned pre-

viously, Kamei [68] made experiments with an ultrasonic method in a pipe annu-

lus, where only the inner pipe is wetted. Sekoguchi [114] used electrical conduc-

tance probes to measure in a pipe of 26 mm diameter. Feldhaus [40] used a flow 

geometry consisting of four aligned subchannels, measuring the liquid film with 

electrical conductance probes. Feldhaus‟s geometry however has, in contrast to 

this work, the size of a classical BWR fuel rod bundle. To make the data compa-

rable, the mean film thickness is compared at equal liquid flow rate, divided by 

the wetted perimeter and equal superficial air velocity. It should be noted that the 

film thickness given by Sekoguchi is estimated from his film flow visualization. 
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Figure 3.17: Time- and space-averaged 

film thickness without spacer for 

different gases (top: helium, center: air, 

bottom: C4F8) and different  

total fluxes (m/s) 

Figure 3.18: Time-averaged 

circumferential film thickness profiles 

without spacer for different gases 

(top: helium, center: air, bottom: 

C4F8) and different total fluxes (m/s) 
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The data of these three authors can only be compared for superficial velocities 

of 20 m/s air and 0.1 m/s water (Table 3.1). In the present work an average film 

thickness of about 350 microns is measured which differs from the works of Ka-

mei (220 microns) and Sekoguchi (~200 microns) most probably because of the 

difference in the flow geometry. In the similar flow geometry of Feldhaus 

(100 microns) the difference is biggest. Accounting for the geometry factor the 

mean film thickness at J=40 m/s and 1-β=0.005 in this work should correspond to 

the film thickness at J=20 m/s and 1-β=0.005 in Feldhaus‟ work. After dividing 

the resulting film thickness (~200 microns) by a factor of two to account for the 

magnified length scale in this work, the film thickness is equal to Feldhaus' work. 

 

Table 3.2: Comparison of time-averaged film thicknesses with literature for 

J=20 m/s and 1-β = 0.005 m/s  

 

Authors this work Kamei Sekoguchi Feldhaus 

film thickness 350 μm 220 μm ~200 μm 100 μm 

 

Figure 3.18 shows the time-averaged film thickness profile in the circumfe-

rential direction 30 mm downstream without spacer. The results show that the 

film thickness distribution around the fuel rod deviates only slightly. The sub-

channel gap (polar position 0°) usually has thinner films than in areas where the 

model fuel rods are furthest apart (the so-called subchannel side, polar position 

±45°). This is most probably due to the dividing effect of the subchannel gap on 

the roll waves. Takenaka [120] shows in his results the same effect by means of 

neutron tomography. Azuma [11] simulates this effect in his CFD model. For low 

total fluxes this effect vanishes, as the flow is close to the transitional regime. In 

this case the distinct roll-ripple-wave-pattern does not dominate and the water 

tends to accumulate in the center channel, as seen in Figure 3.14. The effects of 

the walls connecting the subchannel gaps, which are not present in a real nuclear 

reactor, vanishes for all experiments within the first two measuring points, with a 

tendency of being less influential for higher gas momentum, either caused by 

increased gas density or increased total flux. Since there is a tendency to accumu-

late more liquid in the blocked subchannel gaps than in reality, it is expected that 

the film thickness and the liquid holdup in the rest of the channel is slightly lower 

than in reality at identical flux ratios. The trapped liquid is missing in the unob-

structed part of the test channel. 
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Figure 3.19: Time-averaged film thickness [μm] distribution for different gases 

(top: helium, center: air, bottom: C4F8) and spacers (J=30 m/s, 1-β=0.002) 
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Figure 3.19 shows the film thickness distribution on the model fuel rod for six 

different spacers and without spacer (left column), for the three different gases at 

J=30m/s and 1-β=0.002. Here the effect of decreasing film thickness for higher 

gas densities becomes visible again. The spacer influence on the liquid film dis-

tribution is clearly prevailing over the whole sensor length for all experiments. As 

expected, smaller vane angles (B-Series) have less impact on the film distribu-

tion.  

Sp1 has the biggest blockage ratio and therefore the biggest impact on the film 

thickness distribution. The film thins out where the gas velocity is high and grows 

thick just downstream of the vanes due to the cross-section blockage. There is an 

oscillating pattern visible in the streaks behind the spacer, as discussed in chapter 

3.3. The periodic length of the pattern decreases with increasing density. This 

oscillating pattern is probably caused by big eddies generated by the spacer. The 

swirl induced by the spacer is not clearly visible in the liquid film, only in the 

first couple of millimeters if at all. 

The swirl effect is better visible in the film distribution for Sp2. The liquid 

collects downstream of the vanes and is then transported into the subchannel gap 

by the lateral velocity component. It seems to remain stable there before slowly 

redistributing around the fuel rod far downstream of the spacer. 

The vanes of Sp3 cause a transport of the liquid from the left to the right sub-

channel, where most of the liquid collects close to the subchannel gap. Towards 

the end of the sensor the liquid film then redistributes into the left subchannel. 

The influence of the subchannel gap on the liquid film is clearly seen in the redi-

stribution process, most probably caused by a short residence time of the roll 

waves in the subchannel gap. 

For the experiments with Sp2 and Sp3 the area where the liquid film is thin-

nest appears quite a distance downstream of the sensor and is therefore caused by 

the flow field development of the gas downstream of the sensor. Sp1 on the other 

hand creates the thinnest film in the proximity of the spacer vanes. 

Each spacer creates a very distinct flow pattern. The characteristic flow pat-

tern does not change its principle shape for any gas densities, total fluxes or flux 

ratios. On the other hand the scale of the flow pattern shape is dependent on these 

parameters and changes in a non-linear way. The reason for this is probably found 

in the anisotropic turbulence and streamline deflection of the gas created by the 

spacer. 

3.4.3  NEAR-WALL L IQUI D HOLDUP PRO FI LES  
The knowledge about the liquid holdup profile and with it the base film thick-

ness is important in regard to dryout in BWRs, as discussed in chapter 3.3. Fur-

thermore the time-averaged liquid holdup is important to estimate the superficial 

liquid velocity profile, as shown in chapter 5.3.4.6. 
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Figure 3.20 shows the time-

averaged liquid holdup as function of 

the distance perpendicular to the wall 

without spacer for different gases and 

total fluxes at a flux ratio of 0.002. 

The holdup profiles give a deeper 

insight into the film structure than 

the time-averaged film thickness 

alone. In the profiles, there is no 

sharp boundary between base film 

and wave region, which explains the 

many different definitions found in 

literature concerning this division [3; 

20; 31; 45; 60; 112; 121]. The frac-

tions of liquid transported in the base 

film and in the wave layer change as 

a function of the total flux and the 

gas density. The base film thickness 

decreases for higher total volumetric 

fluxes. Also the profile shape of the 

wave layer becomes more concave 

the more the annular flow is estab-

lished, namely for higher gas mo-

mentum.  

The increase of the flux ratio 

leads to a more convex profile in the 

wave layer, as it can be seen in Fig-

ure 3.21 for an air-water flow with-

out spacer at J=30m/s. The base film 

thickness on the other hand remains 

quite stable and is almost indepen-

dent from the flux ratio. 

Figure 3.22 and Figure 3.23 show 

the liquid holdup profiles for a flow 

where spacers are present. Down-

stream of the spacers the film thick-

ness is very non-uniform.  

 

 

 

 

 

 

Figure 3.20: Time-averaged liquid 

holdup for different total fluxes (m/s) 

and gases (top: helium, center: air, 

bottom: C4F8, no spacer, 0° polar 

position, 1-β=0.002)  
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Figure 3.22 shows the profiles 

found in different circumferential posi-

tions including maximum and mini-

mum film thickness downstream of the 

spacer at an axial distance of 30 mm 

for different gases with Sp2-A. Com-

pared to Figure 3.20 it becomes clear 

that the liquid holdup profiles in a 

three-dimensional gas flow, as estab-

lished behind the spacers, have a dif-

ferent shape than the profiles in a fully 

established undisturbed flow. This 

observation is confirmed by Figure 

3.23 showing an air-water flow with 

Sp3-A at different circumferential 

positions. This observation is impor-

tant for the discussion of modeling 

liquid films in non-equilibrium condi-

tions (Chapter 5.3.4.6).   

  

Figure 3.21: Time-averaged liquid 

holdup for different flux ratios (air-

water, no spacer, 0° polar position, 

J=30 m/s) 

Figure 3.22: Time-averaged liquid 

holdup for different gases at minimum 

and maximum film thickness (Sp2-A, 

30 mm, J=30 m/s, 1-β=0.002) 

 

 

Figure 3.23: Time-averaged liquid 

holdup for different polar positions 

(Sp3-A, 30 mm, J=30 m/s, 1-β=0.002) 
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3.4.4  WAV E VELO CITI ES  
Figure 3.24 to Figure 3.27 show scatter plots relating individual wave veloci-

ties with the corresponding wave heights. The graphs focus on waves crossing a 

circumferential line from -45° to 45° polar position in the case without spacer for 

air-water and accordingly C4F8-water flow. Figure 3.24 and Figure 3.26 display 

the wave velocity determined by wave tracking in the time domain (chapter 

2.4.2), while Figure 3.25 Figure 3.27 show the results from wave tracking in the 

space domain (chapter 2.4.3). It should be pointed out that the wave velocity does 

not change significantly around the fuel rod. At the chosen flow conditions of a 

total flux of 30 m/s and a flux ratio of 0.002, typical behavior is found where the 

wave velocity increases with increasing wave height. This dependency becomes 

stronger for higher gas densities. The explanation can be found in the well-known 

phenomenon of roll waves moving with faster velocities than the smaller ripple 

waves (see e.g. [51]).  

After comparing the two methods for determining the wave velocity it can be 

stated that they are in very good agreement concerning mean velocity and stan-

dard deviation. There is however a significant difference in the amount of de-

tected waves and in the wave height distribution: the time domain method is more 

suitable to track small waves, because the time resolution of the LFS is better 

than its spatial resolution. Therefore small waves that cannot be properly tracked 

in the space domain can still be detected in the time domain. There is a disadvan-

tage of tracking in the time domain when two small waves of similar shape are 

following each other too closely, such that they cannot be distinguished reliably 

because of the limited spatial resolution of the sensor. This can be named "spatial 

aliasing". It can lead to spurious velocity readings, resulting in a significant num-

ber of outliers for the small waves. For some experimental conditions this leads to 

an increase of the average velocity for small waves. This non-physical effect 

superposes the real effect of small waves having an increased velocity in close 

proximity to roll waves, as they are generated at the rear of the roll waves [2]. 

The wave tracking in the time domain shows that there is a higher number of 

smaller waves than big waves, confirming the presence of the typical ripple-roll-

wave-pattern. 

As the time domain tracking yields slightly better results, Figure 3.28 to Fig-

ure 3.35 show only results from this method. 

With higher total flux the wave velocity increases as seen in Figure 3.28, Fig-

ure 3.30 and Figure 3.32. There is however not always a linear dependency be-

tween total flux and wave velocity, as reviewed from Azzopardi [13].  
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Figure 3.24: Time domain determined 

wave height dependent wave velocities 

(air-water, no spacer, 0° polar position, 

J=30 m/s, 1-β=0.002) 

Figure 3.25: Space domain determined 

wave height dependent wave velocities 

(air-water, no spacer, 0° polar position, 

J=30 m/s, 1-β=0.002) 

 

 

  

 

Figure 3.26: Time domain determined 

wave height dependent wave velocities 

(C4F8-water, no spacer, 0° polar position, 

J=30 m/s, 1-β=0.002) 

Figure 3.27: Space domain determined 

wave height dependent wave velocities 

(C4F8-water, no spacer, 0° polar position, 

J=30 m/s, 1-β=0.002) 
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Figure 3.28: Wave height dependent 

wave velocity for different total fluxes 

(air-water, no spacer, 0° polar position, 

1-β=0.002) 

Figure 3.29: Wave height dependent 

wave velocity for different flux ratios 

(air-water, no spacer, 0° polar position, 

J=30 m/s) 

 

 

  

 

Figure 3.30: Wave height dependent 

wave velocity for different total fluxes 

(C4F8-water, no spacer, 0° polar position, 

1-β=0.002) 

Figure 3.31: Wave height dependent 

wave velocity for different flux ratios 

(C4F8-water, no spacer, 0° polar position, 

J=30 m/s) 
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Figure 3.32: Wave height dependent 

wave velocity for different total fluxes 

(He-water, no spacer, 0° polar position, 

1-β=0.002) 

Figure 3.33: Wave height dependent 

wave velocity for different flux ratios 

(He-water, no spacer, 0° polar position, 

J=30 m/s) 

 

Another effect is visible: the difference between the velocities of high and 

small waves increases with growing total flux, which is especially obvious for the 

C4F8-water flow. For air-water flow, the small waves have a comparably high 

velocity for the range of total fluxes between 35 m/s and 55 m/s, which is most 

probably caused by the spurious wave tracking as discussed in the previous para-

graph. 

For the C4F8-water flow (Figure 3.31), the wave velocity does not change sig-

nificantly with the flux ratio. The increased liquid mass is therefore transported 

by increased wave size and average film thickness rather than by a higher veloci-

ty. Since the flow is always deep in the region of the annular flow regime, the big 

waves move significantly faster than small waves. The air-water flow (Figure 

3.29) shows a similar behavior for high liquid loads with the important difference 

that the flow regime is closer to the transition to churn flow. This is why the big- 

sized waves have on average roughly the same velocity as small waves. The he-

lium-water flow (Figure 3.33) does not show any significant trend between wave 

size and wave velocity, which can be explained by being close to the transition 

regime to churn flow for all experimental points chosen for the figure. 
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Figure 3.34: Average wave velocity in 

the main streak for A-series spacers and 

different gases (J=30 m/s, 1-β=0.002) 

Figure 3.35: Average wave velocity in 

the main streak for B-series spacers and 

different gases (J=30 m/s, 1-β=0.002) 

 

Feldhaus [40] measures the wave velocity in a subchannel geometry by the 

cross-correlation of two electrode pairs downstream of each other. It is assumed 

that Feldhaus measures mainly the wave velocity of the roll waves because of the 

coarse spatial resolution of the probes used. At a total flux of roughly 20 m/s 

Feldhaus‟ wave velocity is 4.0 m/s. To make it comparable to the experiments of 

this work, the length scale needs to be increased by a factor of two. Assuming a 

linear scale-up of the wave velocity, it is expected to be 8.0 m/s in our experi-

ments for a total flux of 40 m/s. At these conditions the wave velocity of this 

work is roughly 3.5 m/s. This leads to the conclusion that the wave velocity can-

not be scaled up linearly with the length scale. Even the wave velocity at equal 

total flux is different between Feldhaus' and this work: At J=20 m/s the wave 

velocity in the experiments of this work is about 1.8 m/s. 

Due to the non-uniform distribution of the local wall shear stress, the wave 

velocity behind the spacers depends strongly on the location. For Figure 3.34 and 

Figure 3.35 the wave velocity along the main streak behind different spacers 

(defined by the maximum circumferential film thickness) is displayed for a total 

flux of 30 m/s and a flux ratio of 0.002. The choosing of the circumferential max-

imum leads to a slightly ragged signal at some places as the spatial resolution is 

too small to resolve the circumferential maximum smoothly. Sp1-A has the 

strongest effect on the wave velocity, seen by a periodic increase and decrease of 

wave velocity with decaying amplitude further downstream of the spacer. This 

behavior is because of the trailing eddies created by the spacer vanes, as ex-
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plained in chapter 3.3. All other spacers have a roughly uniform wave velocity in 

the main streak, especially the C4F8-water flow. In the air-water flow with 

Sp2-A/B the waves accelerate within the first 40 mm downstream of the spacer 

and decelerate below the initial wave velocity at 0 mm when the waves reach the 

end of the sensor.  

3.4.5  WAV E VELO CIT Y  F I ELD  
The velocity field in the liquid film contains valuable information regarding 

dryout, because a decrease of the local mass flow rate caused by a diverging ve-

locity field can reduce the dryout margin. This unfavorable divergence of the 

flow field can be caused by the spacers and therefore needs to be considered 

carefully in the spacer design. The vector field of the wave velocities is extracted 

from the post-processing method in the spatial domain (chapter 2.4.3). As the 

velocity field is deducted from the wave movement, it can be interpreted as the 

velocity field of the wave layer of the liquid film, while the velocity of the liquid 

phase in the base film cannot be accessed by an evaluation of film sensor data 

without special measures like e.g. pulsed tracer injection. 

Figure 3.36 shows the time-averaged velocity field represented by streamlines 

that is deducted from the wave analysis in the space domain for the three different 

spacers of the A-series. Note that the results for air-water are shown for a total 

flux of 30 m/s while the C4F8-water experiments are shown for 15 m/s. The gray 

lines are interpolated in those locations where there are no sufficient statistics for 

calculating wave velocities from measured data. 

The results show that there is a distinct velocity field for each spacer: Sp1-A 

creates wavy streamlines that change in amplitude and periodic length depending 

on the density. It further confirms, that there are big vortex structures in the gas 

phase created by the high blockage ratio of Sp1-A. A slightly diverging field is 

seen at the polar position of -30° about 10 to 15 mm downstream of the spacer. 

This diverging field is partially responsible for the thinning of the liquid film in 

this area. 

Sp2-A creates a parallel shift of the liquid film around the model fuel rod to-

wards positive polar positions, at least on the sensor. Further downstream the 

liquid swings back. There is also a divergence visible within the first 30 mm 

downstream of the spacer; however it does not have a strong impact on the mini-

mum liquid film thickness compared to other spacers (Figure 3.19). A divergence 

might occur upstream of the sensor area where the spacer vanes are placed. 
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Sp1-A Sp2-A Sp3-A 

 

Figure 3.36: Velocity field of wave layer (top row: air, J=30 m/s, 1-β=0.002; 

bottom row: C4F8, J=15 m/s, 1-β=0.002) 
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Sp3-A moves the wave layer from the left subchannel to the right subchannel, 

creating a strongly divergent velocity field within the first 30 mm downstream of 

the spacer. This is caused by the position of the vane in the left subchannel and 

the missing one in the right subchannel. The liquid transported to the right sub-

channel moves into the left one in the converging velocity field in the left sub-

channel 60 to 120 mm downstream of the spacer. The convergence in the left 

subchannel also causes a divergence in the right subchannel. Comparing with the 

time-averaged liquid film distribution in Figure 3.19 it can be seen that the liquid 

film distribution resembles exactly the movement of the liquid in the velocity 

field. 

3.4.6  WAV E S  SP LITTIN G  AND MER GIN G  
The tracking of waves in the space domain enables one to see single wave- 

merging and wave-splitting. The wave-merging and wave-splitting give another 

insight into the behavior of waves in annular flow. As mentioned in chapter 3.3, 

wave merging can occur by a converging flow field or a wave velocity difference 

which causes the merging of a faster wave with a slower wave. Wave-splitting is 

generated by instabilities on the wave, which are amplified by a diverging flow 

field or instantaneous velocity differences in the gas flow. These velocity differ-

ences, which also occur along the axial direction, are caused by large gas eddies 

that are known to exist in neighboring, interconnected channels [86]. 

Figure 3.37 shows the wave merging and splitting without spacer for helium, 

air and C4F8 at a total flux of 30 m/s and a flux ratio of 0.002. For the interpreta-

tion the enhanced and reduced merging/splitting in proximity of the sensor boun-

daries should be neglected, as the post-processing results at these areas cannot be 

trusted due to boundary effects. The figure shows a very even merging and split-

ting distribution around the fuel rod for the helium-water and air-water flow. As 

there is no diverging or converging flow field without a spacer present, this split-

ting and merging is caused by instantaneous velocity differences. Since the waves 

are distributed quite evenly around the subchannel, the merging and splitting 

processes are also well distributed. It is interesting that there are more merging 

than splitting processes. The hypothesis can be made that in an equilibrium situa-

tion the overall wave balance should be maintained. The observed deficit in split-

ting events suggests that there are other processes contributing to the generation 

and vanishing of waves. The misbalance supports the hypothesis that big waves 

continuously vanish by being drained into the base film or contribute to droplet 

entrainment, while new small waves are born from the base film due to interfacial 

instabilities. 
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        He Air C4F8 

 

Figure 3.37: Locations of merging (top) and splitting (bottom) of waves without 

spacer for different gases (J=30 m/s, 1-β=0.002) 
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Sp1-A Sp2-A Sp3-A 

 

Figure 3.38: Locations of merging (top) and splitting (bottom) of for different 

spacers (C4F8, J=15 m/s, 1-β=0.002) 
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For the C4F8-water flow the merging events are at polar positions of 

around -45° and 45°, the subchannel side. Comparing with the time-averaged film 

thickness in Figure 3.18 it can be seen that at these positions the time-averaged 

film thickness increases because of the accumulation of roll waves. This accumu-

lation is not found for the helium-water and air-water flow for the chosen condi-

tions. The merging is therefore also on the subchannel side. The splitting is also 

found mainly on the subchannel side but there are also some splitting events 

found in the subchannel gap. These splitting events most probably occur when a 

roll wave crosses from one subchannel into the other and is then split because of 

the strong gas shear in the subchannel gap. 

With spacers present (Figure 3.38), all splitting and merging events take place 

exclusively along the thick liquid film streaks, as long as the unrealistic boundary 

effects are excluded. Here the main merging and splitting events come from in-

stantaneous velocity differences. Sp1-A and Sp3-A however show a higher prob-

ability of  merging in a converging flow field region and a higher probability of 

splitting in the region where the flow field is diverging, which underlines the 

existence of a diverging wave velocity field. Acceleration and deceleration of 

waves due to accelerating/decelerating gas flow seem to play a minor role in the 

merging and splitting processes. Again, there are more merging than splitting 

events, which suggests that the mechanisms of birth and death of waves by inte-

raction with the base film and gas core are present, the same as without spacer. 

3.4.7  FURT HER  WAVE AN ALY SIS  
The methods of wave analysis described in chapter 2.4 allow a deeper wave 

analysis which is not discussed in detail, as it does not target the discussion of this 

work. Other wave properties however might be helpful for a future comparison of 

time-resolved CFD to capture a wider range of statistics: 

 wave width distribution in the time domain 

 wave shape dynamics in the time domain 

 wave size distribution in the space domain 

 wave shape (e.g. expressed by ovality) in the space domain 

 tracking of single waves in the space domain 

 centroid distribution of waves in the space domain 

 wave shape dynamics in the space domain 
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3.5 COMPARISON WITH COLD NEUTRON TOMOGRAPHY  
Partially within the framework of this thesis, void fraction distributions in a 

double-subchannel geometry were measured by means of neutron tomography. 

The channel is identical to the double-subchannel of the CALVIN facility. The 

fluids were air and water. Cold neutron tomography is able to provide time-

averaged void fractions with a spatial resolution of 60 microns in an aluminum 

channel with very high contrast between the metal channel and the water. Besides 

the information about the liquid film on the model fuel rod, it also allows access 

to the entrained liquid fraction and the formation of liquid films on the spacer 

structures. In combination with the highly time-resolved data of the liquid film 

sensor, this offers insight into the development of the annular flow with spacers 

present. Details about the neutron tomography can be found in [73]. 

Figure 3.39 shows the comparison of the liquid film measured with the liquid 

film sensor versus the data of the neutron tomography for flows with 40 m/s total 

flux and a flux ratio of 0.004 for the case of Sp2 and Sp3, and once without spac-

er. It becomes evident that even though the method of measurement is of very 

different nature, the results are in very good agreement. The deviation between 

liquid film sensor and neutron tomography is lower than 50 microns, including 

cases with spacer. The slightly thicker film at the polar positions of -45° and 45° 

for the case without spacer is detected by both methods, LFS and neutron tomo-

graphy. The profile for the cases with spacer seem to be slightly shifted to the left 

or right. This is most probably due to manufacturing tolerances of the spacers. 

However the shape and the absolute values are in very good agreement. 
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Figure 3.39: Comparison between LFS and cold neutron tomography at equal flow 

conditions (top left:no spacer, top right: Sp2-A, bottom: Sp3-A) 
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3.6 CONCLUSIONS ON LIQUID FILMS  
The liquid film distribution is measured in an adiabatic double subchannel in 

presence of functional spacer mock-ups under adiabatic conditions. Gas and liq-

uid flow rates as well as the gas density are varied to get a comprehensive data-

base for the important flow mechanisms. The liquid film thickness measured with 

the LFS is in excellent agreement with results from cold neutron tomography. 

The following main conclusions about the behavior of liquid films in annular 

subchannel flow can be drawn: 

 The typical annular flow pattern of roll and ripple waves found in cylin-

drical pipes is also found for subchannel flow. 

 The time-averaged liquid film thickness increases with decreasing gas 

flow rates, increasing liquid flow rates and decreasing gas density.  

 A significant portion of the liquid is transported in the wave layer. 

 Depending on the spacer shape the film thickness distribution pattern is 

very distinct.  

 The film thickness distribution changes because of higher local interfa-

cial shears and diverging/converging flow fields in the wave layer. A di-

verging flow field can enhance dryout by decreasing the local liquid 

mass flow rate. 

 Waves merge and split because of velocity differences in the axial direc-

tion and because of diverging and converging flow fields.  

A more detailed analysis of certain film properties allows following conclu-

sions: 

 The distinct film thickness distribution pattern downstream of spacers 

changes the length scales with the change of flow conditions. 

 The time-averaged liquid holdup profile is S-shaped. The shape is less 

concave for high liquid flow rates. In non-equilibrium conditions the 

profile is different compared to equilibrium conditions. 

 There is a strong dependency between wave height and wave velocity 

for well-developed annular flow. For flow conditions close to the transi-

tion to churn flow, the wave velocity becomes roughly independent of 

the wave height. 

 The wave velocity increases with increasing density and gas flow rate. It 

further increases with increasing liquid flow rate for well developed an-

nular flow, but stays independent of the liquid flow rate when the annu-

lar flow is close to the transition to churn flow. 
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 Spacers change the wave velocity and film thickness distribution by ac-

celeration and eddy formation in the gas flow. 

 The deficit in splitting events supports the hypothesis that big waves 

drain in the base film while small waves are generated from the base 

film. 
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4 DROPLET DEPOSITION IN FUEL ROD BUN-

DLES  

4.1 LITERATURE REVIEW  
Droplet deposition is an important phenomenon in annular flow. In combina-

tion with entrainment it describes the liquid transfer between the droplet-laden 

gas core and the liquid film on the channel wall. While the entrainment describes 

the shear-off of droplets from the liquid film and their transport into the gas core, 

the droplet deposition describes the impact of droplets from the gas core to the 

wall. A prediction on fundamental grounds requires a modeling of the droplet 

trajectories in the gas core, which is influenced by partially complicated geome-

trical boundary conditions, like the application of functional spacer grids. In ful-

ly-developed adiabatic flow conditions the rate of entrained and deposited liquid 

mass are equal. The entrained fraction, in other words the liquid phase transported 

as dispersed phase in the gas core, depends strongly on the flow conditions 

present. Entrainment and deposition can be strongly coupled, because for techni-

cally relevant flow conditions the initial velocity of the droplet during the en-

trainment may determine its trajectory over a considerably large distance and may 

therefore be an important factor concerning deposition [13].  

Following a brief discussion on entrainment: of both mass transfer processes, 

entrainment is the more complex process, which is today only partially unders-

tood.  According to Asali and Azzopardi [9; 13] entrainment occurs only if roll 

waves are present in annular flow, as droplets are formed from the crest of the roll 

waves. Badie and Wilkes [15; 130] claim that entrainment also occurs by the 

merging of two disturbance waves. Entrainment can further be initiated by droplet 

impingement into the liquid film [97; 134]. Most of the researchers see the physi-

cal reason for entrainment in a combination of shear and surface tension force at 

the gas-liquid interface. This is expressed by the prominent Ishii-Mishima-

Correlation [62], which takes into account the liquid film Reynolds number and 

the Weber number. Assad and Kataoka [10; 71] confirm the correlation with their 

experiments. Okawa [98] takes the idea of the afore mentioned force dependency 

and improves the correlation, which is confirmed by a review of Secondi [113] to 

be superior. The idea is supported by experiments of Jepson [66], which show 

that less shear caused by a lower gas density yields less entrainment. Lopez de 

Bertodano [84; 85] does a systematic study about the influence of surface tension 

on droplet entrainment; according to his work a lower surface tension increases 

the entrained fraction. Even though the main driving forces are known, the physi-

cal description of entrainment, according to Nigmatulin [93], is basically imposs-
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ible. The most prominent physically based process, the Kevin-Helmholtz instabil-

ity, is proven not to be exclusively responsible for the entrainment process [106].  

Droplet deposition in a pipe flow without obstacles is mainly driven by two 

different mechanisms [6; 8; 117]: first, the so-called direct impact describes drop-

lets following their initial flight trajectory from the entrainment or break-up 

process; this process is characterized by the dimensionless Stokes number, which 

describes if a droplet impacts on the obstacle or follows the streamline of the gas 

core. The Stokes number relates the relaxation time of the droplet to the obstacle 

size. Big droplets have a Stokes number significantly bigger than one. They are 

hardly affected by the drag force impeded by the velocity field of the gaseous 

phase, and are therefore subject to direct impact on the obstacle. Second, the so-

called turbulent diffusion has only a significant effect on small droplets with 

small relaxation times. The transport of such droplets is less driven by their initial 

velocity but is more controlled by the gaseous drag acting as driving force. In 

strongly turbulent flows eddies induce lateral velocity components which trans-

port the droplets onto the liquid film.  

The weighting of these two transport processes is intensively discussed in lite-

rature: McCoy [87] argues that most liquid is transported in the big droplets. 

Therefore the direct impact plays a bigger role than the turbulent diffusion. An-

dreussi and Jepson [8; 66] confirm this finding. They both add however that for a 

higher gas velocity the turbulent diffusion process starts to become more impor-

tant as the droplet size decreases. The effect of coalescence and break-up was 

suggested by Soldati [117] to be an important factor for droplet deposition. How-

ever Van't Westende [124] proves by his experiments that these effects are neg-

ligible. Van't Westende further shows that droplets in the channel are constantly 

accelerating, because the relaxation time of the droplets is higher than the free 

path length divided by the velocity, but the total amount of acceleration differs on 

the droplet size and initial velocity. This might be the reason, why Fore [42] finds 

a wide droplet velocity distribution in his experiments.  

Because the deposition of big droplets is inertia driven and because they carry 

the biggest portion of the liquid towards the film, the initial droplet velocity ob-

tained in the entrainment process is a key factor for droplet deposition in a free 

channel. Unfortunately this initial velocity is difficult to measure. Azzopardi [13] 

presents a correlation for the initial drop velocity, but it is based on little experi-

mental data and contains a high uncertainty. Badie [15] provides evidence that 

this initial drop velocity does not only determine the flight path of the droplet 

through the gas core, it also further influences the droplet size. This is because 

depending on the shear forces,  the droplet might be subject to a "burst like" 

break-up. 

As introduced in chapter 1, spacers in BWR fuel bundles are equipped with 

vanes to enhance droplet deposition and delay dryout. According to Knabe [75] 
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about 50 % of the liquid is transported as droplets in a BWR. Droplet deposition 

is therefore a viable way of sustaining the wetting of the fuel rod surface. The 

physical effect of the spacers on droplet deposition is not clear, because it is chal-

lenging to observe in experiments. Kraemer [76].claims that one of the main me-

chanisms for enhanced droplet deposition is the creation of a secondary swirl 

motion in the subchannel. The secondary flow induces centrifugal forces which 

transport the droplets towards the fuel rods. Based on a LES simulation, Yama-

moto [135] sees the reason for the droplet deposition mostly in the direct impact 

of droplets on the spacer and the enhanced turbulence behind the spacer, but has 

only scarce experimental data available to validate the simulations. Takenaka 

[120] shows the existence of a liquid film on the spacers by neutron tomography 

which confirms that there is a direct deposition of droplets on the spacer. Yano 

[136] proposes and validates the so-called drift flux model which shows that by 

splitting the gas flow with the spacer, a velocity difference occurs in the gas. This 

difference in velocity causes a lateral velocity component towards the fuel rod 

once the two different gas streams merge behind the spacer, enhancing the depo-

sition of droplets. This effect is categorized in this work as deflection. 

Literature is scarce concerning experimental studies of droplet deposition be-

hind fuel rod spacer. Kraemer [76] studied the effect of real industrial spacers in 

regard to the pressure drop and the increase of liquid film flow rate by the sepa-

rate extraction of the droplet phase and the liquid film. Yano [136] studied the 

drift effect with a PDA upstream and downstream of a mock-up spacer. Belt [20] 

and Okawa [96] also studied the effect of a cylindrical obstacle in a pipe by 

means of liquid extraction. They can however not paint a clear picture of the 

physical processes involved in the deposition enhancement with this measure-

ment technique.  

In conclusion, it can be said that the enhancement of droplet deposition has 

been experimentally assessed by measuring the total mass transfer caused by  

spacers or obstacles in the flow. The fundamental physical phenomena have been 

exclusively assessed in the academia by simulations, which themselves are not 

yet validated against experimental data with sufficient resolution. The experi-

ments in combination with the simulations shown in the following chapters try to 

close this gap by a high resolution droplet deposition measurement in time and 

space. Since the strong link between entrainment and deposition poses challenges 

concerning the boundary conditions for CFD simulations, the approach taken is to 

inject the droplets separately under well-defined conditions. This eliminates high 

uncertainties arising from either modeling the entrainment or by any a priori 

assumption of the droplet concentration and distribution in the gas core. 
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Figure 4.1: Experimental setup "CALVIN" for droplet deposition experiments 

 

4.2 EXPERIMENTS  
The droplet deposition experiments are designed to deliver validation data for 

CFD models. They aim to investigate the main phenomena for droplet deposition 

in the proximity of the spacer. 

4.2.1  EXP ERI MENT AL SETUP  
All experiments are performed in the CALVIN test facility, the facility also 

used for the liquid film experiments. Details about the setup are described in 

chapter 3.2.1. Since the droplet diameter for the chosen flow conditions is below 

1 mm, the droplets have to be marked by higher electrical conductivity to be 

clearly visible for the sensor during the deposition (the CDM as described in 

chapter 2.5). This further offers the opportunity to measure the total deposited 

mass by evaluating the time-averaged increase of conductivity of the liquid film 

in flow direction. 
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Figure 4.2: Droplet injector dimensions and position in the channel 

 

Because of the need to label the droplets with a higher conductivity, the liquid 

film and the droplets have to be injected separately. Furthermore, the water exit-

ing the test section cannot be recycled and is drained after separation from the 

gas. The required modifications of the CALVIN setup are shown in Figure 4.1. 

The liquid film is still injected at the same position as described in chapter 2.5. 

The injected liquid is demineralized water. As the water stream is directly taken 

from the lab supply, no pump is needed. The droplets are injected via a special 

injector just upstream of the spacer. The injector consists of a double diamond 

shaped structure with a wall width of 2 mm (Figure 4.2). Within internal channels 

inside of the injector wall, the water is distributed towards 24 capillaries with an 

inner diameter of 250 m and an outer diameter of 330 m. The water is injected 

by a port at the side of the injector structure. The water is stored in a small pres-

sure vessel and pressed into the injector by an air cushion of roughly 4 bar. In 

pre-experiments the distribution of water between the capillaries was checked by 

observing the spray height. The distribution showed to be very uniform, even 

though only one injector inlet was connected to the water supply. In the results of 
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the experiments a higher injection rate into the left subchannel is detected. An 

explanation for the different behavior of the injector in the setup compared to the 

pre-experiments could not be found. 

The injector is mounted closely upstream of the spacer such that the capillary 

tips are located at a distance of 10 mm from the lower spacer edge. The short 

injection distance ensures that there is no droplet deposition upstream of the spac-

er which could deteriorate the measurement of the droplet deposition. Again, the 

earlier introduced six different spacer shapes (Figure 3.4) were tested in the expe-

riments. The spacers are mounted in the test section in the same way as in the 

liquid film experiments.  

4.2.2  EXP ERI MENT AL CON DI TIONS  
As in the liquid film experiments, all experiments are conducted at a tempera-

ture of 20°C and a static pressure of about 1.1 bar at the LFS location, the pres-

sure depending slightly on the velocities of the media. The injected water for the 

liquid film is demineralized water with a conductivity of 0.7 μS/m. The conduc-

tivity of the injected droplets is between 6300 and 34800 μS/m. The conductivity 

was adjusted by mixing NaCl such that the primary signal on the sensor was 

never saturated. This was additionally achieved by adjusting the gain in the WMS 

data acquisition system within limits. The change of viscosity and surface tension 

due to the tracer addition can be considered negligible in the liquid film, as the 

mass transfer rate is usually below 10 percent of the mass flow rate of the liquid 

film (depending on the flow conditions chosen). The gas is either helium, air or 

C4F8. Furthermore, the experiments were conducted without spacer and with the 

six different spacer shapes in place, as described in chapter 3.2.1. 

 

Table 4.1 Experimental matrix for the droplet deposition experiments 
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Table 4.1 shows the matrix of conducted experiments based on the variation 

of the flux ratio 1-β and the total flux J. Similar to the liquid film experiments 

certain constraints limit the full variation of these parameters. The droplet flow 

rate is 10 l/h for all experiments. The flow rate only influences the initial drop 

velocity. For the chosen flow rate the injection velocity is 2.3 m/s. 

 

Table 4.2 Droplet properties for different flow conditions determined from the 

HSC images 

 

 

 

The generated droplet size distribution and the width of the drop injection 

cone were derived from high-speed camera (HSC) images taken in preliminary 

experiments without liquid film on the test section walls. Because the drop size 

distribution and the injection cone angle are functions of the gas velocity and gas 

density, these parameters were determined under variation of these flow condi-

tions corresponding to the test matrix in Table 4.1. Figure 4.3 shows a snapshot of 

the HSC images just downstream of the capillary tips for three different gases. 

Table 4.2 shows the determined droplet properties. The droplet size distribution is 

based on a Rosin-Rammler distribution, with the reference droplet diameter ref 

and the distribution exponent e.  
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Figure 4.3: HSC images of droplet injection for helium (left), air (center) and  

C4F8 (right) for a gas velocity of 30 m/s 

 

The injection cone angle is defined as double the standard deviation of a nor-

mal distribution fitted to the time-averaged horizontal signal through an injection 

cone. The influence of the liquid film on the model rod in regard to drop forma-

tion at the capillary tip is assumed to be negligible. It can be seen that below a 

certain gas shear the droplet size is actually quite uniform and almost independent 

of the flow conditions (here for helium and air). The droplet size is in these cases 

only dependent on the capillary size. The latter was chosen to approximate the 

droplet size of roughly 500 microns reported by Azzopardi [13] for a "natural" 

air-water annular flow at J=20 to 30 m/s. 

Stokes numbers shown in Table 4.2 are always in the range between 1000 and 

2000, which means that the trajectories of the droplets are very much inertia con-

trolled. The gas velocity field has only a minor influence on the movement of the 

droplets at these Stokes numbers. 

The initial droplet velocity is assumed to be the injected volume flow rate di-

vided by the sum of all capillary cross-sections. 

For all experiments, conductance distributions were measured with a rate of 

10000 frames per second over a period of 10 seconds. This has shown to give 

sufficient statistics. 
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4.3 EXPERIMENTAL RESULTS  

4.3.1  TI ME-AV ER AGED DROP LET  DEPO SITIO N D I STR IBUTION  
Figure 4.4 shows the integral droplet deposition fraction for the six different 

spacers and once without spacer for the three different gases helium, air and C4F8, 

shown as a two-dimensional distribution on the sensor surface. The gray scale 

represents the integral mass deposition, which is influenced by the advection and 

diffusion in the liquid film. In the experiments without a spacer, streamlines of 

the time-averaged velocity field are strictly parallel to the axis of the channel. 

Therefore the local droplet deposition rate can be obtained by taking the first 

derivative of the sensor signal along the axial direction, assuming that the diffu-

sion within the liquid film is negligible. In case of the presence of a spacer, 

streamlines are bended and generally unknown. Here, the derivative cannot be 

calculated and a local deposition rate cannot be given.  

The strongest deviation from parallel streamlines is observed especially for 

A-type spacers in case of C4F8. Here, a pronounced circumferential transport of 

the higher conductive liquid originating from deposited droplets is evident. 

Therefore, only rough estimates can be given for the local deposition rate, which 

is the increase of the integral droplet deposition fraction. This underlines the 

relevance of the autoregressive filter technique as a complementary alternative 

(chapter 2.5.2.2). 

For the experiments without spacers the droplet deposition mainly occurs 

around the lines of -45° and 45° circumferential position (Figure 4.4), the  sub-

channel sides. Only in the case of helium does the droplet deposition mostly oc-

cur in the subchannel gap, probably because of the proximity to the churn flow 

regime.  

All spacers enhance the droplet deposition more in the subchannel side than in 

the subchannel gap, also for the case of helium. Because of their symmetric 

shape, Sp1 and Sp2 produce a periodic pattern in the circumferential direction. 

Sp3 enhances the deposition at the side where the spacer vane is close to the sur-

face of the fuel rod model, but this effect almost vanishes in the helium experi-

ments. 

Figure 4.5 to Figure 4.8 shows deposition profiles, which are the axial integral 

droplet deposition fraction averaged in circumferential direction. Comparing 

across different gas densities (Figure 4.4) it can be seen that the droplet deposi-

tion caused by spacer Sp2-A is almost independent from the gas density. There is 

a bit less total deposition for the case of C4F8, but the deposition profile is initially 

slightly steeper. Because the Stokes number of the injected droplets is nearly 

equal for the three different gases (Table 4.2), the deposition driven by a deflec-

tion of the droplet trajectory caused by the drag of the gaseous phase (called drag 

deflection) cannot be the cause of the initial difference.  
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 No Sp Sp1-A Sp2-A Sp3-A Sp1-B Sp2-B Sp3-B 

 

Figure 4.4: Integral droplet deposition fraction distribution for different gases 

(top: helium, center: air, bottom: C4F8) and spacers (J=30 m/s, 1-β=0.002) 
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This means that the reflec-

tion of droplets impacting the 

spacer structures is the most 

probable explanation. There has 

to be droplet break-up when 

droplets impact on the spacer. 

The emitted secondary droplets 

cause the first increase of depo-

sition. Because the deposition 

profiles have similar gradients 

from 80 mm downstream, the 

deposition in this area is proba-

bly caused by drag deflection. 

The smallest deposition rate 

is observed in the case of C4F8, 

which underlines the necessity 

to carefully assess the pheno-

menological approach for the 

BWR spacer design. It further-

more confirms the relevance of 

the use of the heavy gas C4F8 as 

a model fluid. 

Figure 4.6 compares the dif-

ferent spacer deposition profiles 

for the C4F8-water flow. It is 

observed across all spacer types 

that a higher blockage ratio 

causes a better droplet deposi-

tion. However, the blockage 

ratio alone without taking into 

account the spacer shape does 

not describe the droplet deposi-

tion profile in a satisfactory 

way, as suggested by Okawa 

[96]. The smallest difference is 

seen for Sp3-B, where a vane 

angle of 15° barely enhances 

the droplet deposition compared 

to the case without spacer.  

 

    

 

Figure 4.5: Droplet deposition profile for 

different gases (Sp2-A and without spacer, 

J=30 m/s, 1-β=0.002) 

 

 

     

Figure 4.6: Droplet deposition profile for 

different spacers  

(J=30 m/s, 1-β=0.002, C4F8) 
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Sp1-A has a very steep pro-

file in close proximity to the 

spacer (5 mm to 25 mm down-

stream), which is most probably 

caused by the highest blockage 

ratio. The other spacers have a 

wider stretched deposition area 

between 10 to 60...80 mm down-

stream, before the enhancement 

of the deposition disappears: the 

gradient of the integral droplet 

deposition is equal or in some 

cases less than the very linear 

behavior in the experiment with-

out spacer. 

 The simulations in chapter 

5.4.3 will show that the first 

increase is most probably driven 

by direct impacts of droplets 

with the spacer, while the less 

pronounced droplet deposition 

further downstream is driven by 

drag deflection.   

Figure 4.7 shows the deposi-

tion profiles for Sp3-A under the 

influence of different flux ratios 

for the C4F8-water flow. Without 

a spacer there is basically no 

increase of deposition rates with 

higher flux ratios, even though 

the mean liquid film thickness 

increases. The deposition is on 

the other hand increasingly 

growing with increasing flux 

ratio when there are spacers 

present in the flow.  

A closer look into the expe-

rimental data reveals that the 

droplet deposition is independent 

from the flux ratio for well-

developed annular flow without spacer. If the flow pattern tends towards the 

transition to churn flow, the deposition increases with increasing total flux, most 

    

 

Figure 4.7: Droplet deposition profile for 

different flux ratios  

(Sp2-A, J=30 m/s, C4F8) 

 

    

 

Figure 4.8: Droplet deposition profile for 

different total fluxes  

(Sp2-A, 1-β=0.002, C4F8) 
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probably because of the presence of wisps in the channel center that are able to 

capture droplets. This is a deposition mechanism different from those prominent 

in the fully developed annular flow. 

It is interesting to see that for flows with spacers the deposition enhancement 

is identical for the first 45 mm downstream of the spacer, before coming under 

the influence of the flux ratio. This can be explained by the two-fold deposition 

mechanism: Within the first 45 mm the deposition is mainly driven by the direct 

interaction with the spacer, where the droplets splash off the spacer and the resi-

dence time in the channel is strongly below the relaxation time. The impact-

driven deposition is therefore independent of the flux ratio. Further downstream, 

the droplets driven by the drag deflection are swallowed earlier by a thicker liquid 

film when they get close to the channel wall. Therefore thicker films enhance the 

deposition. On the other hand this means, that the deposition without spacer is 

almost solely generated by the primary injection cone. 

Figure 4.8 shows the influence of the total flux, or in other words, of the gas 

velocity, on the droplet deposition for the C4F8-water flow without spacer and in 

presence of Sp3-A. It is interesting that the total flux plays a minor role in the 

deposition mechanism: For all gas velocities the enhanced deposition has finished 

within the first 60 mm downstream of the spacer. This minor dependency on the 

gas velocity shows that the major contributor for droplet deposition behind a 

spacer is not drag deflection but the direct impact of the droplets with the spacer. 

Figure 4.9 sums the total deposition enhancement 100 mm downstream of the 

spacer for different gases and flux ratios. The total droplet deposition enhance-

ment is the total integral droplet deposition when the spacer is present, subtracted 

and normalized by the droplet deposition without spacer. The enhancement takes 

the value one if all droplets available are deposited. It takes the value zero if there 

are not more droplets deposited than without spacer. 

From the point of view of droplet deposition, Sp1-A performs best for most 

flow conditions, but only marginally better than Sp2-A and Sp2-B. Sp2-B actual-

ly performs better than Sp-1A in the case of an air-water flow, while it is the 

opposite for helium and C4F8. There is furthermore a non-linear dependence on 

the flow regime: When the flow tends towards the churn flow regime (increasing 

1-β), the deposition is not necessarily better. 

In conclusion it can be said that the behavior of spacers in regard to droplet 

deposition is hard to predict with simple parameters, as the dependence on the 

flux ratio, gas density and spacer shape are strongly nonlinear. From a generic 

point of view this makes a CFD based approach desirable in regard to spacer 

design. 
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Figure 4.9: Total droplet deposition enhancement for different spacers and gases: 

helium (top left), air (top right), C4F8 (bottom) at J=30 m/s and 1-β=0.002 
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4.3.2  COUNT-BAS ED DRO P LET DEPOSI TION  
The autoregressive filter allows determining the local droplet deposition in-

tensity. The droplet deposition intensity is at times inaccurate to determine from 

calculating the derivative of the integral time-averaged mass deposition, because 

it is distorted by non-axial liquid velocity fields. On the other hand, the detection 

of droplet deposition events can only lead to a rough estimate of the deposited 

mass, since the droplet size, especially downstream of the spacer, is unknown.   

Figure 4.10 shows the integral droplet deposition count per millimeter circum-

ferential distance and per second. The integral deposition count is the local depo-

sition count integrated along the axial direction. The integral droplet deposition 

count is in contrast to the integral droplet deposition fraction not directly meas-

ured by the sensor. It is still chosen to be displayed rather than the local droplet 

deposition count, to make it comparable to the integral droplet deposition frac-

tion. The difference between the two is that the integral droplet deposition count 

is artificially integrated in the axial direction, while the integral droplet deposition 

fraction is integrated by the advective and diffusive transport in the liquid film. 

Therefore a significant discrepancy is expected especially if spacers are present.  

Similar to the time-averaged method, it is shown in Figure 4.10 that the depo-

sition pattern is very distinct for the different spacer shapes. High deposition rates 

are concentrated in certain spots in circumferential direction. It is also evident 

that the spots of high deposition rates become more concentrated as the gas densi-

ty increases. A closer look on the droplet deposition distribution in regard to the 

corresponding spacer shape reveals that the vanes of Sp1 and Sp2 inhibit deposi-

tion on the fuel rod directly downstream of the vanes. The droplet deposition is 

visibly enhanced directly downstream at the circumferential position, where the 

cross section is not blocked by a vane. This confirms the hypothesis that the main 

factor for droplet deposition in spacer proximity is the direct impact of droplets 

on and reflection from the spacer. If the drag deflection driven deposition would 

dominate, the shading effect should be minimal. This is however not observed. 

Sp3 does not shade in proximity of the fuel rod. Droplet deposition on the 

other hand occurs further downstream of the spacer compared to Sp1 and Sp2. 

This might be caused by the droplet formation at the tips of the spacer vanes, as 

discussed in chapter 5.4.3. Since the tips are relatively far away of the fuel rod, 

the deposition occurs further downstream.  

Figure 4.11 and Figure 4.12 are two chosen cases of Figure 4.10, which are 

compared to the integral droplet deposition fraction (Figure 4.4), once without 

spacer and once with Sp3-A. It should be noted that the color scale is not quanti-

tatively comparable, because the droplet deposition count and droplet deposition 

fraction are two different physical quantities. The comparison is therefore of a 

qualitative nature. 
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 No Sp Sp1-A Sp2-A Sp3-A Sp1-B Sp2-B Sp3-A 

 

Figure 4.10: Count-based droplet deposition distribution for different gases 

(top: helium, center: air, bottom: C4F8) and spacers (J=30 m/s, 1-β=0.002) 
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Figure 4.11: Count-based (left) and 

time-averaged (right) droplet 

deposition distribution 

(No spacer, J=30 m/s, 1-β=0.002, air) 

Figure 4.12: Count-based (left) and 

time-averaged (right) droplet 

deposition distribution 

(Sp3-A, J=30 m/s, 1-β=0.002, C4F8) 

 

In Figure 4.11 it can be seen that without spacer the location of droplet depo-

sition is in very good agreement with the time-averaged methodology. Since the 

advective transport is strictly in the axial direction in a time-averaged sense, the 

more smeared distribution for the time-averaged method is only caused by the 

turbulent diffusion in the liquid film. Drop sizes under the detection limit of the 

count-based method are not expected, because there is no droplet break up with-

out spacer, as will be discussed later. This good agreement shows that even 

though the data analysis approach is quite different for the two methods, high 

confidence can be given in the data processing. 

Figure 4.12 also shows a good agreement between the count-based and time-

averaged method. The presence of a spacer however causes an advective transport 

in circumferential direction within the liquid film, which causes the discrepancy 

in the marked point. Diffusion in the liquid film is also visible, as explained for 

Figure 4.11. The droplet deposition closest to the spacer for the time-averaged 

method is not seen in the count-based results. A hypothesis is that the droplets 

depositing in this area are smaller than the detection limit of the autoregressive 

filter. In principle they could also be too big. In the animated, time-resolved data 

however, big droplet impacts are not seen.  
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From the discrepancy in 

the results between the 

count-based and time-

averaged method, it can 

therefore be concluded that 

the droplets passing the 

spacer undergo a break-up 

that causes small droplets 

to deposit in spacer prox-

imity. The droplet break-up 

can either occur by direct 

impact of droplets with the 

spacer or by an increased 

shear in the gas flow in 

spacer proximity. 

The hypothesis of 

break-up is further sup-

ported by a comparison of 

the count-based and time-

averaged droplet deposition 

profile, as displayed in 

Figure 4.13. For the figures 

it should be pointed out 

that the units at the y-axis 

are different for the two 

graphs. Therefore only a 

qualitative comparison is 

possible.  

From the results of the 

time-averaged method in 

Figure 4.13 (bottom) it 

would be expected that 

there are more droplet 

deposition counts when 

there is a spacer present 

compared to a case without 

spacer, because it is seen 

that the transferred droplet 

mass is increased. The 

count-based results howev-

er show that the droplet 

deposition counts are in the 

 

   

 

 

Figure 4.13: Count-based (top) and time-

averaged (bottom) droplet deposition profile 

for different gases  

(Sp2-A and without spacer, J=30 m/s, 

1-β=0.002) 
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same order of magnitude when a spacer is present compared to deposition counts 

without spacer. This is true for all gas densities. The droplet deposition count is 

even less for the case of C4F8-water. This discrepancy between the transferred 

mass and droplet count can only be explained with droplet break-up, causing 

deposition below the detection limit of the autoregressive filter. This deposition 

increases the transferred mass in the liquid film without droplet impacts being 

detected. 

Furthermore Figure 4.13 shows that the profile shape for the air-water and he-

lium-water flow without spacer are in excellent agreement between the two eval-

uation methods, seen in the identical profile shape for these cases in both figures. 

The profile shape for the C4F8-water flow is more convex in the count-based 

results, which can be explained by the wider droplet size distribution. Because the 

droplets are smaller in this case too, there are more droplet depositions in the 

count-based results compared to the air-water case, even though the total trans-

ferred mass is less, as displayed in the time-averaged results. This is another indi-

cator for the high confidence of the post-processing methods. 

4.4 CONCLUSIONS ON DROPLET DEPOSITION  
Droplet deposition and its enhancement by spacers is an important factor to 

increase the dryout margin in BWRs. Spacers are designed and their performance 

is tested by fuel producers, but the physical mechanisms are mostly unknown due 

to lack of highly resolved experimental data. The problem has been approached in 

the past by means of total mass transfer measurements and amended simulations, 

which on the other hand could not be validated because of the lack of suitable 

data. 

The experiments of this work are designed to offer validation to computation-

al models by providing high-resolution measuring data obtained under well-

defined boundary conditions. The LFS offers the opportunity to measure droplet 

deposition spatially resolved by adding a tracer of higher electrical conductivity 

into the droplets. The experiments are conducted with six different spacer types 

and three different gas densities. Droplet deposition is then evaluated in two 

manners: The total mass transfer is evaluated by taking the time-averaged signal 

and measuring the increase of signal strength by the deposition of the higher 

conductive liquid. This method lacks a sharp two-dimensional deposition distri-

bution, as the liquid film is transported in unknown circumferential directions 

when a spacer is present in the flow. The actual droplet deposition distribution is 

better evaluated by counting single droplet impacts from the time-resolved data 

by means of an extended autoregressive filter method. On the other hand this 

method is not able to detect impacts of very small droplets onto the liquid film 

and therefore also contains uncertainties. 
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The following conclusions can be drawn from the experimental results: 

 All spacer types enhance the droplet deposition compared to the experi-

ments without spacer. The spacer shape, especially the blockage ratio, 

plays an important role in regard to deposition enhancement. The block-

age ratio alone is on the other hand not enough to predict deposition. 

 Higher gas densities lead to a decrease of deposition in case without 

spacer, which underlines the relevance of spacers under BWR condi-

tions. However, the spacer efficiency also decreases for higher gas den-

sities.  

 While the increase of liquid flow rate slightly enhances the efficiency of 

the spacer caused droplet deposition, the gas velocity has little influence.  

 The spacer vanes tend to inhibit droplet deposition on the fuel rod direct-

ly downstream of the vanes. Regions of droplet deposition are focused in 

small areas, which supports the hypothesis of the direct impact. There-

fore droplet deposition seems to be mainly caused by the direct impact 

of droplets on and reflection from the spacer. The increase of deposition 

because of drag-controlled deflection is most probably rather small, as 

far as it can be judged from the experimental results. 

  The droplet size distribution seems to shift towards smaller droplets by 

passing through the spacer, as less droplets are counted with the autore-

gressive filter compared to experiments without spacer, especially for 

high gas densities. 

In regard to the spacer design and development it is important to keep in mind 

that if the spacer is tested with an air-water flow at ambient pressure, the main 

deposition effects might shift towards a direct impact-driven deposition compared 

to the more likely deflection and even turbulent-driven deposition in BWR condi-

tions. Since the two effects are of completely different physical nature, an opti-

mized design in air-water experiments might actually not perform well in a BWR. 

Still the direct droplet-spacer-impact is most probably one of the key factors of 

enhanced droplet deposition downstream of spacers, because the biggest mass 

transfer is achieved by big droplets with large relaxation times. 
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5 RANS  MODELING OF ANNULAR FLOW 
The goal of the modeling presented in this chapter is a calculation of the time-

averaged film thickness and droplet deposition on the fuel rod by means of Com-

putational Fluid Dynamics (CFD), i.e. a numerical solution of the fundamental 

fluid dynamic equations in a three-dimensional domain formed by the subchannel 

between the fuel rods. The modeling aims for a prediction of the influence of 

spacers on the film thickness distribution and droplet deposition, which is a sig-

nificant step towards an application of CFD for spacer optimization. The most 

physical approach would be a direct numerical solution of the Navier-Stokes 

equation (DNS) or a fundamental turbulence model, like Large Eddy Simulation 

(LES). These approaches would include a full representation of the dynamic gas-

liquid interface and the droplet transport. The available measuring data described 

in the previous chapters have a sufficient quality to test and validate this type of 

modeling. During this work however some attempts to fully resolve the dynamic 

film have shown the tremendous computational cost of this approach, even in a 

two-dimensional domain. This gave motivation to adopt the much less expensive 

simplified Reynolds-Averaged-Navier-Stokes (RANS) approach, coupled with a 

turbulence model. This approach is on one hand coupled with a strongly simpli-

fied modeling of the liquid film covering the channel walls. On the other hand a 

Lagrangian droplet transport model is applied. The RANS approach is checked in 

regard to its extension for practical applications. More sophisticated modeling 

remains reserved for a future continuation of the research. 

The results are therefore of a qualitative nature. It is an important function of 

the presented theoretical modeling to help in interpreting the experimental results 

presented in the previous chapters. Furthermore, CFD models proposed in litera-

ture for annular flow are extended and validated against the available data. Em-

phasis is put on the sensitivity analysis of the employed models describing the 

liquid film and droplet transport. This opens the field to identify possible sources 

of error in the modeling assumptions, points out the important and negligible 

input parameters for high accuracy, and helps to underline the main flow proper-

ties.  

Two models are presented: one for the liquid film thickness distribution, the 

other one for the droplet deposition distribution. Both models are based on a 

steady-state RANS CFD simulation of the gas core in the subchannel flow. The 

CFD simulation is performed in the commercial code STAR-CCM+. While the 

liquid film model is implemented externally from STAR-CCM+, the droplet 

deposition modeling uses an Euler-Lagrangian approach which is already imple-

mented in the commercial code. Both models are based on the same solution of 

the flow in the gas core but used separately, because the models are tested against 

different sets of experiments. This means that the influence of droplet deposition 
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on the film thickness is not taken into account. Similarly the influence of the film 

thickness distribution on droplet trajectories is neglected. 

5.1 LITERATURE REVIEW  
In literature there are different physical based approaches to model annular 

flow:  

 Fully-resolved multiphase CFD calculation by implementing e.g. a VOF 

or surface tracking method  

 A one-dimensional prediction model, usually based on a gas-film-

droplet three-fluid approach. The mass and momentum transfer between 

the fluids is either based on phenomenological or empirical correlations. 

 A fully resolved single phase CFD calculation for the gaseous phase. 

Droplets and the liquid film are implemented by additional transport 

models, based on the CFD calculation. 

While for the one-dimensional models the droplet deposition is modeled by 

means of empirical or phenomenological based correlations, the transport and 

deposition of droplets in the gas core is modeled for CFD flows in mainly two 

different ways:  

 Euler-Euler approach: The liquid mass transport by droplets is described 

by an additional scalar transport equation. The interaction of the droplets 

with the gas flow is modeled by distributed interfacial forces.   

 Euler-Lagrangian approach: Droplets are tracked and transported 

through the simulation domain based on the velocity and turbulence in-

formation given from the Eulerian-gas-CFD-calculation. If the droplets 

have no influence on the gas velocity and turbulence field, it is a so-

called "one-way coupling" approach. This simplification becomes in-

creasingly inaccurate with growing droplet concentrations. This leads to 

the necessity of the so-called "two-way coupling", which creates a feed-

back from the forces acting between droplets and the gaseous phase to 

the momentum equation and the turbulence model of the gaseous phase.  

Details of the different models as well as advantages and disadvantages are 

explained as follows:  

Among the full resolution approaches, Fukano [43] modeled the annular flow 

in a horizontal pipe by direct numerical simulations (DNS). The calculations 

aimed at showing that disturbance waves are responsible for the transport of liq-

uid to the top of the pipe cross-section. Though not mentioned explicitly in the 

paper, the computational cost for this type of modeling is very high, especially for 

high Reynolds numbers. DNS nowadays still not suitable for most engineering 

applications. According to the author, droplets were not resolved by the DNS. 
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Lan [78] resolves the liquid film in a simple horizontal flow geometry in a 

RANS-based VOF method on a Cartesian grid at high Re-numbers with a re-

ported 100 CPU hours. Because of the chosen flow conditions there are no drop-

lets generated and therefore none taken into account in the simulation. A VOF 

approach is also taken by Azuma [11], who simulates a steady-state liquid film in 

a fuel rod bundle geometry with spacers. The study is conducted partially in a 

two-dimensional domain. The exact numerical scheme, meshing and computa-

tional cost is not mentioned in the paper. A treatment of the entrained fraction is 

also not reported.  

For the one-dimensional models, which are also used for so-called subchannel 

codes (e.g. MEFISTO), Alipchenkov [5] takes the three-fluid approach: The gas, 

the droplets and the liquid film are modeled by the conservation equations of 

momentum, mass and energy for all fluids. The exchange between the fluids is 

based partly on physical equations and partly on empirical correlations. Hurlburt 

[60] focuses on the correct modeling of the liquid film. The model is based on a 

two-zone approach, dividing the film in a base film layer and a wave layer. Drop-

let entrainment, transport and deposition are not taken into account. Le Corre [80] 

developed a one-dimensional model for the prediction of dryout in a BWR. The 

mass transfer between droplets, gas and liquid film is modeled either empirically 

or mechanistically. The model takes into account the heat transfer and the pres-

ence of spacers. Good agreement with experimental results is achieved. Carag-

hiaur [26] shows with experiments that the turbulence behind spacers is strongly 

dependent on the position of the subchannel in the bundle. Simple one-

dimensional models therefore have a higher uncertainty, which underlines the 

need for three-dimensional flow modeling in a domain comprised of more than 

one subchannel. 

The model of Kishore [74] is categorized in the single-phase CFD based mod-

els. The flow field of the gaseous phase is obtained by a single-phase CFD calcu-

lation. The droplets are accounted for by solving an additional one-dimensional 

scalar transport equation, including momentum conservation and droplet diffusiv-

ity. Entrainment and deposition rates are taken from correlations of Govan [48]. 

The droplet concentration is fed back into the gas core calculation by adjusting 

the gas density and viscosity. The liquid film is transported one-dimensionally by 

extracting the wall shear from the single-phase CFD simulation. The liquid film 

thickness couples into the CFD calculation in an iterative procedure by introduc-

ing a rough wall based on an empirical correlation of Wolf [133]. The model 

yields satisfying results for equilibrium and non-equilibrium conditions; the film 

thickness however is assumed to be equally distributed around the pipe.  

Among the authors, who model the liquid film as a two-dimensional distribu-

tion on the wall, Tso [123] is one of the first. In contrast to the one-dimensional 

models, momentum and mass conservation equations are solved on a three-

dimensional grid. The model incorporates the classic gas-film-droplet three-fluid 
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approach for a horizontal pipe without obstacles. This means that droplet trans-

port is modeled by an Euler-Euler approach including a turbulence diffusivity 

model. Entrainment and deposition are based on empirical correlations. The liq-

uid film is transported by interfacial drag, momentum and gravity. The goal of the 

study is to model the circumferential film thickness distribution for a steady-state 

flow in equilibrium conditions.  

Bai [16] developed a single-phase CFD-based model, where the liquid film is 

transported by pressure, momentum, surface shear and body forces. The model 

was later implemented into the commercial code STAR-CD. Since the model was 

designed to model the liquid film buildup by spray deposition on a wall, the mod-

el incorporates the droplet impingement by surface pressure. The model is vali-

dated against experimental flows with low gaseous wall shear, which is not a 

typical condition for the flow in fuel rod bundles. The model does not reflect the 

droplet motion. 

Adechy [1] takes the same approach as Bai in regard to liquid films, applying 

it to strongly gas shear driven flows. The liquid film is, similar to the model of 

Bai, transported by pressure, momentum, body forces and the interfacial shear of 

the gas flow. Droplet motion is solved by a one-way coupled Euler-Lagrangian 

model. Turbulent diffusivity is considered for the droplet motion in the momen-

tum equation. Droplet deposition and entrainment are introduced as sink and 

source terms in the mass conservation, but neglected in the momentum conserva-

tion. Entrainment is modeled using empirical correlations. While Bai neglects 

feedback of the liquid film on the single phase CFD, the drag of the gas on the 

liquid film is implemented in Adechy's model as additional source term for the 

gas core momentum equation. 

The last three models described are close to the modeling approach taken in 

this work. All of them are applied to very different flow geometries, which makes 

the direct comparison of results with the models of this work impossible. 

Besides the modeling of the complete annular flow, some researchers focus 

solely on droplet deposition. In these approaches, the presence of the liquid film 

is neglected.   

Binder [23] developed an Euler-Lagrangian droplet transport model for annu-

lar flow with a turbulent diffusion term for the droplets. Only scarce validation of 

the model is described in the paper. 

Windecker [131] performed a comprehensive study on Euler-Lagrangian 

modeling of a droplet-laden flow with and without a spacer mock-up. The gas 

flow is calculated by RANS CFD with a k-ε-model. Both two-way and one-way 

coupling are tested. The one-way coupling causes a maximal error of 10% in the 

deposition rate compared to the two-way coupling, if the mass fluxes of gas and 

liquid are nearly equal. For lower liquid holdups the feedback from the droplets to 

the gas flow decreases drastically. Various flow parameters and their influence on 
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the droplet deposition are checked. Coalescence and droplet break-up are consi-

dered. According to Windecker the spacer causes droplet break-up, because of 

increased turbulence and higher gas velocity gradients in spacer proximity. The 

main identified mechanisms causing the increase of droplet deposition are the 

direct impact of droplets on the spacer and the enhanced turbulence behind the 

spacer.   

Most recently Caraghiaur [25] modeled the droplet deposition for different 

gas densities by means of a k-ε-model RANS calculation and compared it to 

experiments available in literature. The influence of turbulence on droplet motion 

was treated with a discrete and a continuous random walk model. According to 

Caraghiaur, the continuous random walk model is slightly superior to a discrete 

random walk especially for high pressure steam-water flow.  

The use of a turbulent diffusivity model for the droplets in an Euler-

Lagrangian approach is validated by Andreussi [8]. Andreussi points out that the 

model only makes sense if the droplets are in the diffusion regime (small relaxa-

tion times). According to his work direct impact plays the major role for droplets 

with high relaxation times.  

Yamamoto [135] calculates the droplet motion with an Euler-Lagrangian 

Large Eddy Simulation (LES). Since the droplet tracking is time-resolved, there 

is no need for the definition of turbulent diffusivity, given that the subgrid scale 

turbulence is negligible in regard to the droplet trajectories. The simulation do-

main of Yamamoto is a model mock-up of two different spacers without vanes. 

Unfortunately there is no model validation against experiments. 

Besides the fact that droplets in annular flow are mainly inertia driven, it is 

questionable, whether the turbulent diffusivity model, as mostly implemented, 

predicts the droplet motion behind a spacer correctly. The turbulence caused by 

the spacers might be very anisotropic. This is pointed out by Dehbi [39] for the 

turbulence close to the wall. A Reynolds-Stress-Turbulence-Model (RSM) is 

therefore suggested by Mimouni [89] for the flows behind a spacer. He claims 

that the RSM is important because two-equation turbulence models do not model 

the swirl correctly, while the  RSM is capable of reflecting this anisotropic turbu-

lence. 

The modeling of this work is aimed at testing the abilities of the simplest 

models possible that reflect the experimentally observed effects of the spacers on 

the liquid film and droplet deposition. The modeling starts from a simple, single-

phase steady-state RANS CFD simulation of the gas flow using a k-ε-turbulence 

model. The effect of the liquid film and the droplet load on the gas flow field is 

neglected in a first approximation.  
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The calculations for liquid film and droplet deposition modeling had to be 

performed on different meshes since the experiments were conducted under dif-

ferent geometrical boundary conditions: for the liquid film experiments, the water 

was injected far upstream through a slit in the wall. For the droplet deposition 

experiments, the droplets were injected separately just upstream of the spacer. 

The presence of the droplet injector cannot be neglected. It represents a signifi-

cant blockage of the flow cross-section and is taken into account by an appropri-

ate meshing.  

The merging of film and droplet deposition models into a unified annular flow 

model, as conducted e.g. by Kishore [74] or Adechy [1], is not performed, though 

possible in principle. The validation of both models separately is set as the main 

goal of the present work.  

The preceding attempts to fully resolve the liquid film in a CFD simulation 

caused tremendous computational cost. The biggest problem for this approach is 

the small cell size needed to resolve the liquid film sufficiently. Close to the wall, 

in the region of the liquid film, the cell size must be sufficiently lower than the 

film thickness. To reproduce the conditions in the experiments reported above, 

this would lead to cell sizes of roughly 50 m. Furthermore an unsteady CFD 

model is needed due to the periodic flow structures behind obstacles. The Courant 

criterion implies very small time steps for such fine grids, especially at high Rey-

nolds numbers. The time steps were therefore found to be in the order of 10 to 

100 s in preliminary test calculations. The combination of a fine grid, high Re 

numbers and the need for unsteady CFD causes very high computational costs. 

The fully-resolved simulations might however become interesting with growing 

computational capacities that will be available in the future.  

5.2 BASIC RANS  APPROACH  
The geometry is reflected in the CFD code by an unstructured polyhedral 

mesh with an approximate cell diameter of 2 mm, the so-called base size (Figure 

5.1). Because Sp1 and Sp2 are 90°-periodic, the simulation domain is a quarter 

subchannel with periodic boundary conditions. Sp3 is 180°-periodic and the sub-

channel non-periodic to the neighboring subchannel such that it becomes neces-

sary to simulate the whole double-subchannel domain. Unlike in the experiment, 

the subchannel is considered to have a periodic condition in the subchannel gap. 

With this difference between the experimental and simulation domain, the com-

putational cost is reduced substantially because only a quarter of the subchannel 

has to be modeled for most of the cases. Because in close proximity of the spacers 

(and also the droplet injector if mounted) the highest velocity gradients are found, 

the mesh size is reduced there to a quarter of the base size with a graduate blend-

ing into the bulk mesh. Close to the walls, the mesh is reduced to about half of the 

base size.  
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Figure 5.1: Cross-section through the simulation domain: mesh (top row) and 

velocity flow field (bottom row). Left: Sp3-A , right: Sp1-A. 

 

The value of y+ of the first cell at the wall is between 20 and 500 depending 

on the velocity and density of the gas. The wall treatment in the code is conducted 

with a high Re-number approach, to save computational cost. Since the influence 

of the liquid film at the wall is not considered, the wall cells can not be consi-

dered very accurate. Therefore a low Re-numbers approach is unnecessary. For 

simplicity, the k-ε-turbulence model was chosen. A sensitivity study on the mesh 

size, turbulence model, wall treatment and the periodic boundary conditions is 

shown in the chapter 5.3.4 and 5.4.3.  

The velocity and turbulence at the inlet is taken from a preceding simulation 

for a one meter long channel of the same geometry, but without spacer. The de-

veloped profile at the end of this channel is the input for the geometry of the 

domain with spacer. A better convergence stability was reached by calculating 

unsteady RANS in the beginning of the simulation. After a quasi-convergence of 

the residuals, the simulation is switched to  steady state-simulation and further 
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iterated until convergence is reached. As the difference between the A and B 

series of the spacers is expected to be small from a phenomenological point of 

view, only the A-Series of spacers is modeled.  

5.3 LIQUID FILM MODELING  
The modeling of liquid films is moving in a direction similar to Adechy's 

model, but implemented in a simplified form. The goal of this work is to create a 

simple RANS based model to predict the liquid film thickness and the corres-

ponding liquid mass flow rates as a two-dimensional distribution around the fuel 

rod in the presence of a complex three-dimensional flow behind a spacer. Since 

shear stresses are the dominating forces driving the film flow in high Re-number 

flows, the influence of gravity and the momentum conserved in the liquid film are 

neglected. Furthermore droplet deposition and entrainment are not considered 

significant factors for the liquid film thickness. In contrast to previous works, the 

fluctuation of the wall shear is addressed by a classical RANS Boussinesq-

assumption. 

In the RANS calculation of the gas bulk flow neither the liquid film nor the 

droplets contained in the gas core are taken into account. Not only the force feed-

back is neglected, which qualifies the modeling as an one-way coupling, but also 

the restriction of the cross-section by the presence of the liquid film is not taken 

into account. The influence of the gas-liquid interface on the turbulence in the gas 

bulk flow is neglected, too. Neglecting any mass exchange by droplet entrainment 

and deposition, the liquid is transported only by the shear forces acting from the 

side of the gaseous flow on the gas-liquid interface. This approach finds an expe-

rimental back-up for the gas core velocity profile: according to Hagiwara [49] and 

Van't Westende [124] the time-averaged velocity profile of the gas phase does not 

change significantly between annular flow and single phase flow. 

5.3.1  NUMERI CAL SCHEME  
The complete algorithm of the liquid film model including the CFD simula-

tion is sketched in Figure 5.2. Dotted lines show possible future experimental 

inputs for assumptions taken so far in the model in an a-priory way. After a 

steady-state solution in the CFD simulation is reached, the wall shear stress on the 

model fuel rod is read and saved into an external table. This table is read by a 

Matlab
®
 routine and interpolated onto a Cartesian mesh with a base size of 2 mm, 

which stretches over the curved surface of the fuel rod model. The curvature of 

the surface is neglected. 
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Figure 5.2: Schematic of film model (dotted lines are future possibilities to 

improve the model) 

 

The liquid film thickness and mass flow distribution is described with a basic 

conservative mass transport equation (Equation (5.1)) 

 

  

  
 

      

  
 

      

  
   (5.1) 

 

The velocities ux and uy are defined in a coordinate system that stretches along 

the bent surface of the fuel rod model, where x is the coordinate in the axial direc-

tion and y the one in the lateral (or circumferential) direction; curvature is neg-

lected as already mentioned. Both velocity components are a function of the wall 

shear stress vector given by the gaseous phase. Gravity is neglected, which is a 

wide-spread assumption for annular flow (e.g. [133]). By assuming a laminar 

velocity profile in the liquid film, ux and uy can be calculated as a solution of 

Equation (5.2) 

 

   
  

  
 (5.2) 
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The shear rate du/dz is extracted from the single-phase CFD calculation. With 

this information the mass transport equation can be solved around the virtual fuel 

rod on a two-dimensional grid, as long as the boundary conditions are known.  

The liquid mass transport equation (Equation (5.1) is transferred into Equation 

(5.4) by a Reynolds-averaging step. For this purpose, the liquid mass per unit 

occupied area is split into a time-averaged part and a fluctuating part according to 

Equation (5.3) 
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The following simplification and the application of averaging rules (Equation 

(5.5) and Equation (5.6) lead to Equation (5.7). 
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The resulting turbulent stress term is transformed into a turbulent diffusion 

term by applying the Boussinesq hypothesis (5.8) : 
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The application of the Boussinesq hypothesis  introduces the turbulent mass 

diffusion coefficient Dt. It is the only modeling parameter. Following Dt will be 

called "diffusion coefficient". In a classical single phase Reynolds-averaging 

approach, this coefficient is called the turbulent viscosity νt, which is dependent 

on the local turbulent characteristics of the flow field calculated by the turbulence 

model. In this work it is refrained to relate the mass diffusion coefficient to the 

turbulent viscosity of the gaseous phase, because of the missing physical back-

ground between liquid mass transport fluctuations and gas velocity fluctuations. 

Dt is therefore assumed to be a constant independent of the location. This model 

parameter is moreover kept constant for all flow conditions that were studied. For 

future model improvements the turbulent mass diffusion coefficient Dt can be 

related to the turbulent viscosity νt of the single phase RANS by means a of a 

turbulent Schmidt number, if a proper determination of the turbulent Schmidt 

number is found. 

Inserting Equation (5.8) into Equation (5.7), the transport equation can be 

written as 
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The dependency between the shear rate at the interface and the velocity in the 

liquid film arising from the assumption of a laminar film is given in Equation 

(5.10).  

 

    
 

 
  

   
  

    
 

 

 (5.10) 

 

In principle, the correct velocity profile in Equation (5.10) is unknown. It is 

influenced by many factors, e.g. the wavy structures in the film or the location 

downstream of the spacer. The assumption of a plain liquid film controlled by 

laminar friction leads to the linear function in Equation (5.10). The integration 

can in principle be performed for an arbitrary function used to describe the de-

pendency between interfacial shear stress and average liquid film velocity. The 

sensitivity of the result is discussed in the sensitivity analysis in chapter 5.3.4. 

Integrating Equation (5.10) yields Equation (5.11) by converting the consi-

dered volume of the liquid film into a liquid mass and considering a no-slip 

boundary condition at the wall (ui denotes any of both components of the velocity 

on the interface). 
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 (5.11) 

 

The dependency between film thickness and mass inventory of a considered 

volume of the liquid film is described by Equation (5.12): 

 

      (5.12) 

 

Inserting Equation (5.11) and Equation (5.12) into Equation (5.9) the final trans-

port equation is found as 

 

  

  

  
 

 

  
     

  

   

  
 

  
     

  

   

    

  

   
     

   

  

   
        

(5.13) 

 

The equation can be interpreted as the transport of the film thickness in two 

dimensions by a field function of the shear stress based on the conservation of 

mass. 

For the numerical solution, Equation (5.13) is discretized as an upwind finite 

volume scheme according to Equation (5.14), displayed here for positive shears. 
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 (5.15) 
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 (5.16) 

 

Equation (5.15) and (5.16) can be written in the same way for the y-direction. 

The film thickness at the channel inlet is known from the time-averaged film 

thickness of the experiments without spacer, and fed as boundary condition into 

the numerical scheme. The film thickness distribution around the fuel rod is near-

ly uniform in the absence of flow obstacles i.e. spacers. Therefore a constant film 

thickness is assumed around the circumference. The initial film thickness at the 

channel inlet could alternatively also be taken from one-dimensional empirical 

correlations available in literature. 

For the outlet it is assumed that the film thickness is constant in the axial di-

rection, which is justified if the gradient of the shear stress in this direction goes 

towards zero. This is the case if the simulation domain is chosen correctly. For 

the sides of the simulation domain a periodic boundary is chosen, as this corres-

ponds to the boundary of the CFD simulation domain. 

The time-averaged film thickness distribution is calculated by solving the time 

dependent term of Equation (5.14) until the scheme converges to a steady-state 

solution. 

5.3.2  MODEL VALI DATION  AGAI NST  EXP ERI MEN TS  
Figure 5.3 shows a direct comparison between experiments and simulation of 

the liquid film distribution for different spacers and gases at a total flux of 30 m/s. 

Figure 5.4 shows the circumferential film thickness profile at a position 30 and 

90 mm downstream of the spacer for the three different spacers for an air-water 

flow.  

For all spacers and gases, the model predicts the accumulation of liquid at cer-

tain circumferential positions well, creating the typically observed streak pattern. 

A good agreement is found between both the circumferential position of the 

streaks and the absolute value of the liquid film thickness for a majority of cases. 

For Sp1-A, the model is in good agreement with the experiments concerning 

the position of the streaks downstream of Sp1-A over the whole sensor length. 

Furthermore the minimum film thickness is predicted with an accuracy better 

than 50 m (Figure 5.4). It is an interesting detail that the model captures the 

periodic increase and decrease of the liquid film thickness along the streak within 

the first 60 mm downstream of the spacer, observed in case of a C4F8-water flow. 

The diffusion coefficient in the model is too big for all gases between 60 to 

120 mm downstream of the spacer, as the streak is flattened too much in the cir-

cumferential direction compared to the experiment.  
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Sp1-A Sp2-A Sp3-A 

 

Figure 5.3: Experimental and simulated film thickness at J=30 m/s and 1-β=0.002 

for different spacer geometries and gases  

(top: helium,  center: air, bottom: C4F8, diffusion coefficient 3e-5) 
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Figure 5.4: Simulated and experimental circumferential liquid film thickness 

distribution for different spacers (A-series, J=30 m/s, air, position 30mm (top) 

and 90 mm (bottom)) 
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A decrease of the diffusion coefficient would lead to sharper gradients in the 

spacer proximity, which are still too big with the chosen diffusion coefficient. A 

diffusion coefficient which is dependent of the location or, respectively, on local 

turbulence quantities analogue to the turbulent viscosity in a RANS model, might 

be able to overcome this deficiency.  

For Sp2-A the model brings results nearly as good as for Sp1-A, but the cir-

cumferential swing-back motion of the streak from the right to the left channel 

seen in the experiment is not reproduced in the model. A reason for this could be 

the missing ability of the turbulence model in the single phase CFD calculation to 

capture the phenomenon. Another reason may be found in the chosen periodic 

boundary conditions for the model, which misses the effect of the no-slip boun-

dary conditions in the subchannel gap. In the sensitivity analysis in chapter 5.3.4 

it is shown that the periodic boundary conditions are not responsible for the defi-

ciency of the swing-back. The lateral gradient is (as for Sp1-A) too big 30 mm 

downstream of the spacer, while at 90 mm the lateral profile fits best to the mea-

suring results for all other spacers. This again suggests that the introduction of a 

location-dependent diffusion coefficient could potentially bring a significant 

improvement. 

The flow downstream of Sp3-A is well predicted within the first 50 mm. The 

minimum film thickness is predicted with a lower accuracy compared to the other 

spacers. The deviations reach roughly 100 m. The redistribution of the liquid 

into the left subchannel, as seen in the experiments, is not predicted by the model 

independently from the type of gas. The reason is most probably the same as for 

Sp2-A: it is found in the deficiencies of the turbulence model, which should de-

liver a converging wall shear stress to cause the streak accumulation in the left 

subchannel from 70 mm onwards downstream. The periodicity of the neglected 

walls in the subchannel gap is not responsible for the deficiency, as will be shown 

in the sensitivity study.  

The influence of the gas density and the total flux for Sp2-A are shown in 

Figure 5.5 and Figure 5.6 for the axial positions of 30 and 90 mm. The tendency 

caused by the change of the gas density is reflected correctly. The model yields 

better results far downstream of the spacer, as the circumferential gradients are 

predicted better.  
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Figure 5.5: Simulated and experimental circumferential liquid film thickness 

distribution for different gases (J=30 m/s, Sp2-A, position 30mm (top) and 

90 mm (bottom)) 
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The minimum film thickness is predicted for all gases with an accuracy of bet-

ter than 50 m. Similar statements can be made on the influence of the total flux: 

 

 

 

Figure 5.6: Simulated and experimental circumferential liquid film thickness 

distribution for total fluxes (Sp2-A, air, position 30 mm (top) and 90 mm 

(bottom)) 
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the trend of the circumferential profiles towards smaller film thicknesses with 

higher total fluxes is predicted correctly. 

While turbulent diffusion is too weak to reflect the shape of the distributions 

at the axial distance of 30 mm, it is too strong for high total fluxes 90 mm down-

stream of the spacer, which again points at the weakness of a constant turbulent 

diffusion coefficient. The minimum film thickness has again an accuracy better 

than 50 m for most of the cases. 

In general the model yields satisfying results as the most important flow phe-

nomena are captured, namely the accumulation of liquid in streaks and their 

transport downstream of the spacer. The predicted absolute film thickness is 

usually in the right order of magnitude. The calculated minimum film thickness, 

which is in its dependency with the mass flow rate an important parameter con-

cerning dryout, shows in most cases a deviation from the measurements of less 

than 50 m. The optimal choice of the diffusion coefficient is essential to predict 

the circumferential film thickness gradients correctly. While the chosen constant 

diffusion coefficient yields mostly circumferential gradients which are too steep 

in proximity of the spacer, the dispersing effect further away downstream of the 

spacer is mostly too strong. The deficiency could be addressed, as mentioned 

before, by introducing a location dependent diffusion coefficient. A different 

solution for this problem can be found in an extended numerical scheme, which is 

discussed in chapter 5.3.4.1. 

5.3.3  MAS S  FLO W D I STRI BUT ION ESTI MATION  
With the calculation of the two-dimensional liquid film thickness distribution, 

the local liquid mass flow rate is also available from the model. This is the most 

important factor for the prediction of dryout in a BWR. This quantity becomes 

accessible only via the modeling since the LFS measures the liquid film thick-

ness. Due to the lack of validation data the results have a considerable uncertain-

ty. 

As discussed before, the connection between film thickness and mass flow 

rate is determined by the assumed velocity profile. So far the liquid film is as-

sumed to have a laminar velocity profile. This is the case in close proximity to the 

wall with y+ < 5 because of the existence of a laminar sublayer. Above y+ = 5 the 

laminar velocity profile will blend into a turbulent velocity profile. The logarith-

mic profile is fully established at y+ >60.  

The y+ of the base film thickness is estimated by taking the wall shear stress 

calculated in the single-phase gas RANS simulation, which is basically the gas 

shear stress at the gas-liquid interface.  
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Figure 5.7: Film thickness in [μm], absolute mass flux in [kg/s/m] and relative 

mass flux in [%] (Sp3-A, air,  30 m/s) 

 

Because the shear stress at the interface is roughly the wall shear stress in an-

nular flow (triangular relationship), y+ can be estimated using the density of wa-

ter. Applying this y+ estimation to the experimental liquid holdup profiles, it 

becomes clear that the time-averaged liquid holdup is below unity for y+>30. 

This means that a logarithmic layer is never fully established in the liquid film for 

the experimental conditions chosen, because at a bigger distance from the wall 

where the logarithmic velocity profile would establish for a single phase water 

flow, the time-averaged holdup drops far below unity due to the presence of the 

wave layer. This drop in the liquid holdup decreases the time-averaged superficial 

velocity of the water towards zero.  

The superposition of time-averaged liquid holdup and velocity to receive the 

superficial velocity cannot be expressed with a simple physical model. This is the 

main reason why the velocity profile for our model is assumed to be linear, as it is 

the simplest available model. To clarify the impact of this strong simplification, 

the  sensitivity of the results to a variation of the character of the velocity profile 

will be discussed in the sensitivity analysis. 

Because of the square dependency between film thickness and mass flow rate, 

the local mass flow rate decreases drastically for thin films, as seen in Figure 5.7. 

For the chosen case of an air-water flow with Sp3-A at a total mass flux of 

30 m/s, the local mass flow drops to 30 % of the average at the location of the 

film thickness minimum.  
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Spacer geometries studied in the present work are of generic nature. The ob-

served strong local decrease in the mass flow rate might enhance rather than pre-

vent dryout in a BWR. This provides a strong motivation to pursue experimental 

studies of the kind presented in this thesis, also for prototypes of new spacer de-

signs foreseen for an application in real BWR fuel assemblies. 

5.3.4  L IQUID F I LM MODEL SEN SITIVIT Y  AN ALY SI S  
As pointed out in the previous paragraphs, a number of model parameters and 

simplifying assumptions have to be chosen for the successful modeling of the 

liquid film in three-dimensional flows. The strength of their influence can be 

estimated by a sensitivity analysis. With the sensitivity analysis the key parame-

ters and limits of the model are better understood. Moreover it directs the focus of 

future research on the most promising direction. The sensitivity analysis treats the 

following elements of the model: 

 Liquid mass transport equation 

 Mesh size and advection scheme of the RANS simulation 

 Turbulence model of the RANS simulation 

 Feedback of liquid film thickness into RANS simulation 

 Periodic boundaries of the simulation domain 

 Velocity profile in the liquid film 

 Diffusion coefficient 

5.3 .4 .1  N U M E R I C A L  SC H E M E  O F  T HE  L I Q U I D  F I L M  TH I C K N E S S  M O D E L  

The local thinning and accumulation of the liquid film is the result of two dif-

ferent mechanisms: 

1. Increase and decrease of the local shear stress: the liquid film thickness 

decreases by the increased shear stress at the interface. This effect does 

not influence the local liquid mass flow rate. 

2. Two-dimensional liquid mass redistribution caused by the divergence or 

convergence of the vector field of the wall shear stress: this reduces or 

increases the local liquid mass flow rate and therefore also the liquid 

film thickness. 

With the LFS, as used in the experiments of this work, the relative contribu-

tion of both mentioned mechanisms cannot be determined. This however is cru-

cial for the prediction of dryout, which is deteriorated by a decrease of the liquid 

mass flux while a decrease of the film thickness solely due to an acceleration of 

the liquid is believed to enhance rather than diminish the heat transfer. 

One-dimensional models take into account only the film thinning due to the 

acceleration of the liquid under the assumption of a constant, liquid mass flow, 

which is independent from the location.  
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        (a)   (b)      (c)       (d) (e)   

Figure 5.8: Influence of liquid film modeling equation on film thickness [μm] 

(J=30m/s, Sp2,  air). (a) experimental, (b) one-dimenional model, (c) no diffusion, 

(d) with diffusion, (e) with diffusion and surface tension term 

 

Figure 5.8 (b) shows the results obtained with this method. The result does not 

show much of the typical structures caused by the influence of the spacer. The 

liquid film thickness is strongly overpredicted in those locations where the expe-

rimental results show a significant film thinning. It can therefore be concluded 

that an increase of the film velocity due to interfacial shear alone cannot be the 

major cause of the local thinning and accumulation of the liquid.  

The biggest improvement of the modeling is achieved by the introduction of 

the two-dimensional mass conservation equation (5.1), accounting for the circum-

ferential redistribution of the liquid mass driven by the vector field of the shear 

stress. Even without the diffusion term, the result becomes much more similar to 

the measured film thickness distributions than the one-dimensional approach, as 

shown in Figure 5.8 (c). 

The numerical scheme represented by Equation (5.13) contains the Boussi-

nesq approximation for the fluctuating terms, which is a widely used approach in 

fluid dynamics. The importance of the diffusion term becomes evident in Figure 

5.8 (d). It can be seen that the diffusion term helps to better reproduce the circum-

ferential slopes of the streaks. Also in close proximity to the spacer the diffusion 

term widens the liquid streaks such that the agreement between the experiments 

and simulation is improved. Further downstream it seems however, that the diffu-

sion is enhancing the redistribution of the liquid too much, as discussed before.  
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Looking in more detail on the experimental results, it seems that an additional 

curvature limitation can lead to better results, because the circumferential curva-

ture remains quite stable along the length of the sensor. Attempts were made to 

reflect this curvature limitation by introducing a virtual surface tension. This 

approach has to be distinguished from the modeling of the effect of the real sur-

face tension. The latter can only be taken into account in a fully time-resolved 

modeling, since it acts at real interfaces, which mainly occur within the transient 

wavy structures. These structures are eliminated by time-averaging. 

The pressure caused by the surface tension on the interface modifies the ve-

locity profile in the liquid film. The viscous forces, expressed by the laminar 

velocity profile, are connected to the pressure forces caused by the surface ten-

sion, on the basis of the Navier-Stokes-Equation according to Equation (5.17). 

 

  

   

   
 

  

  
   (5.17) 

 

Equation (5.17) and the following are denoted for the x-direction but are equi-

valently applied to the y-direction. 

The double integration of the equation in z-direction (perpendicular to the 

wall) and with the boundary conditions (Equations (5.18) and (5.19)) yields Eq-

uation (5.20). 
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The specific mass is defined by Equation (5.21). 
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Inserting Equation (5.20) into Equation (5.21) and integration yields Equation 

(5.22). 

 

  

  

  
 

 

  
 

  

   

    
    

 

  
 

  

   

 
  

  
     (5.22) 

 

Equation (5.22) shows that the pressure term of the rhs can be simply added 

into Equation (5.13) to account for the virtual surface tension force. 

The pressure gradient is defined by Equation (5.23). 

 

  

  
   

 

  
 

 

  
  (5.23) 

 

In this equation rx is the curvature of the gas-liquid interface defined by Equa-

tion (5.24) in the x-direction and Equation (5.25). 
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Figure 5.8 (e) shows that by reducing the diffusion coefficient to Dt=1e-7 and 

a surface tension coefficient with σ = 1e6 N/m actually yields better results than 

the calculation without the surface tension term (Figure 5.8 (d)), especially far 

downstream of the spacer.  
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Figure 5.9: Simulated and experimental lateral liquid film thickness distribution 

for different model equations  

(J=30 m/s, Sp2-A, position 30mm (top) and 90 mm (bottom)) 

 

The chosen surface tension coefficient with σ = 1e6 N/m is however many 

orders of magnitudes higher than the physical surface tension (σ = 0.072 N/m). 
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Using the physical surface tension coefficient does not change the results signifi-

cantly. It can be therefore concluded that the curvature limitation is not a result of 

the surface tension of water. Looking into the time-resolved data it becomes ob-

vious that the interfacial waves cause a circumferential liquid transport leading to 

the widening of the streaks in the time-averaged liquid film distributions. These 

waves basically limit the time-averaged curvature of the liquid film. The intro-

duction of the virtual surface tension is a way to empirically model this pheno-

menon.  

 Quantitative improvements by the individual contributors to the model are 

better visible in line plots of the film thickness along the circumference, as shown 

in Figure 5.9. The best agreement is achieved, when mass transport, diffusion 

term and curvature limitation are applied together. 

5.3 .4 .2  M E S H  S I Z E  A N D  A D V E C T I O N  SC H E M E  I N  T H E  G A S  C O R E  

M O D E L I N G  

Since computational power has reached a satisfactory level for RANS-based 

CFD, the state of the art of CFD simulation is the use of a second order scheme 

on a "sufficiently fine" mesh. "Sufficiently fine" is defined such that the solution 

is independent of a further mesh refinement in regard to the physical quantities 

studied.  

The complex three-dimensional flow behind spacers in combination with high 

Reynolds numbers requires a very fine mesh. Figure 5.10 shows the wall shear 

stress for six different RANS simulations for Sp2-A at a total flux of 20 m/s: the 

calculations only differ in the base size of the mesh (2mm, 1mm and 0.5 mm) and 

the order of the advection scheme (1st and 2nd order). As expected, the wall shear 

stress is spatially more diffuse if the mesh size is increased and the order of the 

advection scheme is decreased. This becomes especially visible in close proximi-

ty to the spacer: even though the discretization around the spacer goes down to 

0.125 mm due to the mesh refinement technique applied, the wall shear stress 

does not become independent from the mesh size. 

 Figure 5.11 shows the results of the liquid film model for the different cases. 

The diffusion constant in the liquid film model needs to be adjusted when moving 

to the second order scheme as well as for a finer mesh size, because the wall 

shear stress diffusivity decreases which has to be compensated for. In Figure 5.11 

the diffusion coefficient was chosen such that for each mesh size and advection 

scheme it fits the experimental data best. Once defined, the diffusion coefficient 

was kept constant.  
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Figure 5.10: Simulated wall shear stress for different CFD RANS accuracies 

(J=30m/s, Sp2-A). (Rows: top 1st order scheme, bottom 2nd order scheme. 

Columns: left 2mm, center 1mm, right 0.5mm base size) 
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The results show that the simulated liquid film distribution changes slightly in 

a qualitative way for the different mesh sizes and advection schemes, which is 

caused by the very high sensitivity of the two-dimensional transport to regional 

differences of the shear stress field in the proximity of the spacer.  

The results however do not improve in comparison to the experimental data if 

the advection scheme is improved or the mesh size decreased (Figure 5.11). There 

is even a slight advantage towards the more diffusive first order scheme. The 

reason for this is most probably based on the increased extension of the stagna-

tion area behind the spacer (marked white in Figure 5.10) when moving to higher 

accuracy RANS simulations. The liquid film model, designed for wall shear dri-

ven flows, has a strong deficiency at this point, as the liquid accumulates to an 

unrealistical high film thickness which is then transported downstream. This is 

why a higher diffusivity in the wall shear stress actually yields better results. It is 

important to note that a smaller numerical diffusion in the RANS simulation 

cannot be totally compensated for by a higher diffusion coefficient in the film 

model.  

 

 

 

 

Figure 5.11: Simulated and experimental circumferential liquid film thickness 

distribution for different RANS calculation accuracies   

(J=20 m/s, Sp2-A, position 30 mm) 
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It is desirable to have a good liquid film model for accurate RANS calcula-

tions, because the diffusion coefficient of the film model needs to be independent 

of the RANS simulation. The numerical diffusion in the RANS simulation should 

in the future be removed as much as possible.  

Furthermore it is a deficiency of the simplified film model that the film thick-

ness grows to infinity at stagnation points of the gaseous core flow. Here, the 

introduction of a momentum term into the liquid mass transport model, as done 

by Adechy [1] and Bai [16],  might be of advantage because the liquid maintains 

momentum. This momentum keeps a certain liquid velocity in locations where 

the propulsion by the gas shear is missing. Furthermore it is possible that the 

liquid film itself actually leads to a higher spatial diffusivity of the wall shear 

stress due to increased turbulence. This would need to be accounted for in the 

turbulence model. This increased turbulence is in accordance to Azzopardi [14], 

who shows that the liquid film and the droplets in the gas core lead to an increase 

of turbulence in the gas core. A correct turbulence production however is not easy 

to be modeled, because the nature of turbulence in annular flow is on one hand 

higher in the intensity, and on the other hand the structures are more coherent and 

have lower frequencies compared to a dry pipe flow [137].  

Since the study of this work is rather of qualitative nature, a 1st order scheme 

with a 2 mm mesh size has been chosen for the RANS CFD to obtain results for 

all different experimented flow geometries and conditions, simply to save compu-

tational costs.  

The employed upwind first-order scheme for the external film model is known 

to cause significant diffusion. The sensitivity of the advection scheme on the 

results however was not tested, since the diffusion coefficient was not determined 

on a physical basis and therefore is chosen to fit the experiments best. 

5.3 .4 .3   TU R B U L E N C E  M O D E L  

Among the widely applied turbulence models in commercial CFD codes, it is 

considered best practice that a Reynolds-Stress turbulence model (RSM) is used 

for complex three-dimensional flows. RSMs however are significantly more 

expensive from a computational point of view than two equation models like the 

k-ε-model. In this paragraph the influence of the turbulence model is discussed 

for the air-water flow of Sp2-A and Sp3-A. 

Figure 5.12 and Figure 5.13 show that the modeled film is hardly influenced 

by the turbulence model, in case of the flow around Sp2-A, because the differ-

ence between the RSM and the k-ε-model is marginal. Furthermore the evolving 

non-uniform distribution between both subchannels typical for Sp3-A is not re-

produced neither by the RSM turbulence model nor the the k-ε-model. Conner 

[35] actually discovers a superior performance of the k-ε-model compared to the 

RSM for spacer flows at least under single phase conditions.  
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Figure 5.12: Simulated and experimental lateral liquid film thickness distribution 

for turbulence models (J=30 m/s, Sp2-A, air, position 30 mm (top) and 90 mm 

(bottom)) 
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Therefore the above results are all calculated with a k-ε-model. This follows 

the strategy of the present work to seek for the simplest possible model reflecting 

the experimental findings in a qualitative way with satisfactory accuracy. This 

however leaves unexplained the effect of the redistribution of liquid into the left 

subchannel 70 mm downstream of Sp3-A.  

5.3 .4 .4  WA L L  TR E A T M E N T  

The wall shear stress from the RANS simulation, being the basis of the film 

model, is calculated based on the assumption that the wall is dry, smooth and the 

no-slip condition holds. This boundary condition is obviously not fully reflective 

of reality, since the interfacial shape of the liquid film is not smooth and momen-

tum transfer into and from the liquid film takes place. A simple approach taken 

from Kishore [74] and other preceding researchers is the adjustment of the wall 

boundary condition by defining wall roughness that is correlated to the actual 

local film thickness.  

 

 

Figure 5.13: Simulated and experimental lateral liquid film thickness distribution 

for different model equations 

 (J=30 m/s, Sp3-A, air, position 90 mm) 
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Figure 5.14: Simulated and experimental lateral liquid film thickness distribution 

for wall roughness feedbacks (J=30 m/s, Sp2-A, air, position 30 mm (top) and 

90 mm (bottom)) 
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Wallis [127] for example suggested that the wall roughness is equivalent to 

four times the film thickness. Belt [21] claims, that the wall roughness is general-

ly proportional to the liquid film thickness. In his study the roughness solidity is 

connected to the wave frequency. Independent of the relation between film thick-

ness and wall roughness, in all modeling approaches the film thickness informa-

tion is fed back in form of a wall roughness into the wall shear stress estimation 

in an iterative manner. In the model developed in this work the wall roughness is 

fed back as a spatially distributed field function for the sensitivity analysis. Even 

though the film thickness in the RANS simulation is considered infinitesimally 

small, meaning the cross-section of the gas flow is not reduced, this approach can 

move the RANS simulation closer to reality.  

The afore mentioned feedback of film thickness information in form of wall 

roughness has been tried for the air-water flow with a total flux of 30 m/s down-

stream of Sp2-A. Three different ways were chosen to model the roughness in 

dependency with the liquid film thickness:  

 the "Kishore roughness" [74] 

 direct linear roughness, with the roughness being four times bigger than 

the film thickness (f=4) [127] 

 direct linear roughness, with the roughness being hundred times bigger 

than the film thickness  (f=100) (following the idea of Belt [21]) 

Figure 5.14 shows that the feedback loop plays a negligible role concerning 

the film thickness for the "Kishore roughness" and becomes only visible for very 

high roughness factors. Further it is seen that the feedback is unable to fit the 

experimental results better because the circumferential curvatures are slightly 

increased, which is in contrast to the experimental results. Although the modeling 

of the wall roughness is not important for the film thickness model, it might be 

needed for example to predict pressure loss in annular flow correctly. 

5.3 .4 .5  PE R I O D I C  B O U N D A R Y  

The reduction of the simulation domain to a quarter subchannel for Sp1-A and 

Sp2-A cuts the calculation cost down to 12.5% compared to the simulation of the 

full size test channel. All boundaries except the fuel rod surface are modeled by 

periodic boundary conditions. To have consistent flow conditions, Sp3-A is also 

modeled with a periodic boundary condition in the subchannel gap, even though 

the simulation domain resembles the whole double subchannel and the external 

subchannel gaps are blocked by walls in the experiment, which would be better 

represented by no-slip boundary conditions. This difference between the simu-

lated and experimental flow geometry might not only influence the film thickness 

in the subchannel corners, but further the development of the three dimensional 

flow structures behind the spacer, e.g. swirling effects caused by spacer vanes.  
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Figure 5.15: Simulated and experimental liquid film thickness distribution for 

different periodic boundaries  

(J=30 m/s, Sp2-A, air, position 30 mm (top) and 90 mm (bottom)) 

 

To check on the influence of this applied compromise in the meshing, the 

flow domain of Sp3-A was once calculated for the real subchannel geometry of 

the experiment by replacing the external periodic boundaries of the double sub-

channel by no-slip conditions at non-penetrable walls.  

Figure 5.15 and Figure 5.16 show that there is a significant difference be-

tween the calculations with periodic and realistic boundary conditions. Especially 

in the corners (polar position 90° and -90°), the modeling of the real test geome-

try yields better agreement with the experiment. Farther away from the corners 

there is no improvement of the agreement. Notably the liquid redistribution 

70 mm downstream of the spacer is not reproduced. The relationship between 

higher accuracy with the experiments versus less computational cost for reduced 

subchannel sizes should be kept in mind when applying the model.  
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Figure 5.16: Simulated and experimental circumferential liquid film thickness 

distribution for different periodic boundaries  

(J=30 m/s, Sp3-A,  air, position 30 mm (top) and 90 mm (bottom)) 
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5.3 .4 .6  VE L O C I T Y  P R O F I L E  I N  T H E  L I Q U I D  F I L M  

A core assumption of the numerical scheme presented above is the laminar 

velocity profile in the liquid film. This assumption is most probably inaccurate.  

A lot of research has been conducted to find the real velocity profile in the 

liquid film, time-averaged and time-resolved. With a experimental laser method, 

Hewitt [57] discovered that in the base film area the velocity profile is S-shaped: 

The highest velocity gradients are at the wall and the gas-liquid interface. The 

velocity profile under roll waves is parabolic-shaped because of the rolling mo-

tion in the roll wave. The rolling motion is modeled by Jayanti [63]. Karimi [70] 

and Kawaji [72] used experimental methods similar to Hewitt's setup but for 

different flow geometries or flow regimes. Vasallo [125] measured the liquid film 

velocity profile with a small size hot wire anemometer, which is traversed per-

pendicular to the wall. He concludes that the law-of-the-wall is applicable for 

well-developed annular flow. Furthermore the wall shear stress is indeed deriva-

ble from the shear stress of the gas on the gas-liquid interface. This is in accor-

dance with the review of Jensen [65], who discovered that a two-fold velocity 

profile consisting of a laminar sublayer and a turbulent velocity profile for bigger 

y+ is the best approach. From the models mentioned before, Bai [16] assumed a 

laminar velocity profile in the liquid film. Adechy [1] on the other hand applied a 

one-seventh power wall law.  

The best velocity profile is therefore still subject to discussion. The trans-

ported mass flux, which is effective in the two-dimensional mass balance equa-

tion (5.1), is the integral over the profile of the liquid superficial velocity.  

The superficial liquid velocity is the relevant quantity instead of the liquid 

phase velocity, because in the mass transport equation of the model, the film 

consists of plain liquid, i.e. the liquid holdup is assumed to be unity up to the gas-

liquid interface. By using the superficial velocity, both the real profile and the 

assumed profile of the theoretical model are comparable. The superficial velocity 

is a strong function of the wave pattern and wave velocity, both of which are 

physically hard to predict by simple means. Due to the extreme differences of 

local wall shear stress and the non-equilibrium conditions connected with it, the 

discussion is still wide open. 
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Figure 5.17: Simulated and experimental circumferential liquid film thickness 

distribution for different velocity profiles  

(J=30 m/s, Sp3-A, air, position 30 mm (top) and 90 mm (bottom)) 
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Figure 5.18: Estimated superficial velocity profile (J=30m/s, no spacer,  air) 

 

The simple approach of taking a laminar velocity profile yields good results, 

as shown in the previous paragraph, even though from a physical point of view it 

might only partially reflect reality. 

In order to check the sensitivity of the results in regard to the velocity profile 

in the film, three different velocity profiles were checked: 

 Laminar velocity profile 

 Block velocity profile 

 Logarithmic portion of the law-of-the-wall turbulent velocity profile 

 

The block velocity profile is defined as constant velocity perpendicular to the 

wall scaling linear with the wall shear stress. Because the block velocity profile 

neglects the no-slip boundary condition at the wall it is far from reality. It can be 

considered as the extreme of maximal mass transport in very thin liquid films. 

Figure 5.17 shows the influence of the velocity profile on the liquid film dis-

tribution. Note that the turbulent mass diffusion coefficient Dt is chosen for each 

velocity profile individually, to fit the experimental data best. This is necessary to 

make the impact of the velocity profile on the film model comparable. The figure 

shows that for the Boussinesq hypothesis applied to the liquid film model the 

laminar velocity profile actually performs best compared to the other velocity 

profiles. 
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This might be surprising because the laminar velocity profile is very different 

from the profile of the superficial liquid velocity perpendicular to the wall, as 

estimated in Figure 5.18: there the superficial velocity profile is the product of the 

law of the wall with the time-averaged liquid holdup. The required shear stress is 

taken from the CFD simulation. This estimated velocity profile looks very differ-

ent to a laminar velocity profile.  

For the liquid film model proposed in this work, it is however not relevant if 

the real velocity profile is fed into the equation. It is on the other hand crucially 

important that the dependency between the integral of the real velocity profile and 

the integral of the assumed velocity profile behaves linearly for all interfacial 

shears present in the flow. The reason is that the shear is connected with the expe-

rimental liquid film thickness at the domain inlet. The assumed liquid mass flux 

at a certain location of the simulation domain is only relative to the mass flux at 

the domain entrance, which is taken from the experiments without spacer. This 

makes the solution relatively robust with respect to the assumed velocity profile 

in the film. If the dependency is linear between the integral of the assumed and 

real velocity profile, the film thickness is predicted correctly in the whole simula-

tion domain. 

With this is mind the following empirical statement can be made, indepen-

dently from the assumed velocity profile in the film: the transported liquid mass 

scales roughly with the square of the wall shear stress created by the time-

averaged gas velocity field.  

5.3 .4 .7  M O D E L  C O E F F I C I E N T S  

For the results presented in chapter 5.3.2 the diffusion coefficient Dt is the on-

ly parameter fitted to bring the model into agreement with the experiments. As 

mentioned previously, the local adaption of Dt depending on certain flow condi-

tions, e.g. converging fields, diverging fields or shear magnitude, might improve 

the film model. This can be seen in Figure 5.19, where the sensitivity of the film 

thickness to a change of the diffusion coefficient is tested: while 30 mm down-

stream of the spacer a diffusion coefficient of Dt=3e-4 fits the experimental re-

sults best, 90 mm downstream of the sensor a diffusion coefficient with Dt=3e-5 

yields better results. One approach to create a locally-dependent diffusion coeffi-

cient is, as mentioned before, to link the diffusion coefficient to the local turbu-

lence intensity and the local dissipation rate, in a similar way as employed when 

calculating the turbulent viscosity. On the other hand, taking into consideration 

the strong influence of the diffusion coefficient on the results, it is surprising that 

across all experiments including different gases, spacers and total fluxes good 

results are achieved for the chosen diffusion coefficient of Dt=3e-5. 
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Figure 5.19: Simulated and experimental circumferential liquid film thickness 

distribution for different turbulent mass diffusion coefficients Dt 

(J=30 m/s, Sp2-A, air, position 30 mm (top) and 90 mm (bottom)) 
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5.4 DROPLET DEPOSITION MODELING  
The model for droplet motion is implemented as an one-way-coupled Euler-

Lagrangian model in STAR-CCM+. The model is based on the work of Gosman 

[47]. The first step in the simulation process is the calculation of the steady state 

CFD solution of the gas velocity field. In this stage, the solver for the Lagrangian 

droplet tracking is switched off. After convergence of the flow field, the Lagran-

gian solver is turned on. A certain number of droplets are then launched from the 

locations of the injection nozzles and tracked in the simulation domain. The num-

ber of droplets is 10'000 per injection nozzle in order to achieve sufficient statis-

tics for the droplet deposition. 

Droplets are counted as deposited when the trajectory virtually penetrates the 

fuel rod wall. They are considered to be absorbed and are not further tracked in 

the simulation. The same goes for droplets leaving the outlet of the domain. 

Droplets impacting on the spacer are considered to lose all their momentum per-

pendicular to the wall. They are not leaving the calculation domain, but are fur-

ther tracked. The approximation of full momentum loss is chosen, as it is closest 

to the buildup of a liquid film on the spacer and a shear-off at the spacer edge. 

This assumption is discussed in the sensitivity study in chapter 5.4.3. Droplet 

break-up and coalescence are not considered in the simulation, because the mod-

eling of these processes insert a high uncertainty that cannot be validated with the 

experiments of this work.  

The simulation is conducted without taking into consideration the liquid film, 

neither by the reduction of the cross-section nor in the sense of wall roughness. 

The reduction of the cross-section might be, as mentioned before, responsible for 

the enhancement of deposition for higher liquid flow rates. By neglecting the 

liquid film this effect is not taken into account by the model. 

From the point of view of turbulence, this assumption is probably acceptable, 

because the τp
+
 (Table 4.2) of the experimental droplets is much bigger than 20; 

the droplets move in the flow strongly inertia-driven [116]. Because the turbu-

lence plays a minor role for the droplet deposition (also shown in the sensitivity 

analysis chapter 5.4.3), the droplet deposition enhancement can basically have 

two effects:  

 direct impact of droplets on the spacer, which creates a lateral momen-

tum component  

 deflection of streamlines from their axial direction, which gives a lateral 

drag force component 

As will be shown in the sensitivity analysis the two effects can be seen sepa-

rately in the simulations. 
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5.4.1  EULER-LAGR AN GIAN MODELI NG APP RO ACH  
Along the lines of Gosman [47] the numerical scheme is defined as follows: 

The droplet is transported in the gas field by its own momentum, the gravity 

force, the pressure force and the drag force caused by the shear of the gas on the 

droplet surface. The lift force and the virtual mass force are neglected. 

The drag force Fd on the droplet is defined as 

  

   
 

 
                        (5.26) 

 

with Cd being the drag coefficient taken from the Schiller-Naumann correla-

tion. The gas velocity u consists of a mean velocity    and a fluctuating contribu-

tion u', which is the turbulent velocity fraction (Equation (5.27)).  

 

        (5.27) 

 

The fluctuating component of the gas contributes to the droplet motion via the 

turbulence diffusivity model. It is modeled by means of a Gaussian-distributed 

random number with the standard deviation being defined by the eddy velocity 

scale ue, which is determined by Equation (5.28) from the turbulent length scale lt 

and the turbulent time scale τt.  

 

   
  
  

 
 

 
 (5.28) 

 

The turbulent length scale lt and the turbulent time scale τt are taken from the 

turbulence model. The time of interaction τt of the droplet with the eddy is needed 

for the integration and considered to be the minimum of the eddy transit time τe or 

eddy life time scale τc defined by Equation (5.29) and (5.30) 

 

   
   

     
 
 (5.29) 
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  (5.30) 

 

The eddy transit time is case-dependent on the droplet relaxation time τv de-

scribed in Equation (5.31) 

 

   
   

               
 (5.31) 

 

5.4.2  MODEL VALI DATION  AGAIN ST  EXP ERI MENT S  
Figure 5.20 shows the comparison between the experimental and modeled 

integral droplet deposition fraction as defined in chapter 4.3.1, for three different 

spacers and air/C4F8 for a total flux of 30 m/s. In chapter 4.3.1 it is shown that the 

experimental deposition rate is dependent on the flux ratio. To be closest to the 

condition of a dry wall as assumed for the droplet experiment, the flux ratio is set 

to 0.002 for all displayed cases. 

It should be noted that as discussed in chapter 2.5.2.1, the integral droplet 

mass flux determined experimentally is dependent on the liquid film advection 

and diffusion downstream of the spacer. This causes some distortion in the com-

parison, because the liquid film velocity field of the simulation results are as-

sumed to point exclusively in axial direction. Here the combination of the liquid 

film model with the droplet deposition model could yield better grounds for com-

parison, because the simulated integral droplet deposition fraction is strictly 

speaking the deposited droplet mass transported in the liquid film along the liquid 

film streamlines including diffusion within the liquid film. The combination of 

the models however was refrained from, as it introduces another significant un-

certainty in the comparison at the present state of the liquid film model. 

In general experiments and simulation are in good qualitative agreement. The 

main deposition pattern, which is caused by inhibiting droplets to deposit directly 

downstream of the spacer vanes, is captured well in the simulation results: the 

deposition in circumferential direction is predicted with high accuracy. On the 

other hand, the simulation is less diffuse than the experiments for the droplet 

deposition closest to the spacer. The reason is most probably found in the change 

of droplet size distribution in the spacer proximity due to droplet break-up, which 

causes a wider deposition spectrum. 
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Sp1-A air 

 

Sp1A-C4F8  

  

 

Sp2-A air Sp2-A C4F8  

Figure 5.20: Comparison between experimental and modeled integral droplet 

deposition fraction distribution for different spacers and gases 

 (J=30 m/s, exp. 1-β=0.002) 
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air C4F8  

Figure 5.21: Comparison between experimental and modeled integral droplet 

deposition fraction distribution for different gases 

 (Sp3-A, J=30 m/s, exp. 1-β=0.002) 

 

The simulation results of Sp1-A place the onset of the main droplet deposition 

20 mm further downstream than seen in the experimental results. The total depo-

sited mass however is in good agreement. For Sp2-A the location of the onset of 

droplet deposition is predicted well, however the quantity of deposited mass is 

overpredicted. The location of droplet deposition is reasonably well predicted for 

Sp3-A. Furthermore the higher deposition rate in the left subchannel caused by 

the presence of a vane close to the subchannel wall is predicted correctly. On the 

other hand, the experimental droplet deposition appears to be much more diffu-

sive in the circumferential direction. This higher diffusivity might partially be 

caused by the diffusion of higher conductive liquid in the liquid film as discussed 

before. But the diffusivity is also higher at the onset of droplet deposition. This 

means that the spreading of droplet trajectories, leading to a smeared out droplet 

deposition distribution in circumferential direction, is underpredicted in the simu-

lation. 

Figure 5.22 shows the comparison between experimental and simulated 

integral deposition profiles for the spacers of the A-series and once without spac-

er. The grey area is the uncertainty in the estimation caused by the liquid flow 

rate. Since in the simulations a dry wall is considered, the experiments are strictly 

speaking not comparable.  
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No Spacer  Sp1-A 

  

Sp2-A Sp3-A 

Figure 5.22: Comparison between experimental and modeled droplet deposition 

profiles for different spacers (air, J=20 m/s, grey area is spanned between 

experimental results of 1-β=0.002 to 1-β=0.010) 

 

 It can be said that the best approximation is achieved by considering the low-

er edge of the area, as it represents the experiment with the smallest liquid flow 

rate. Compared to other gases and total fluxes, the chosen cases are the ones with 

the best agreement between simulations and experiments from a quantitative 

point of view. The comparison shows that for all spacers the initial droplet depo-

sition in the area of 20 mm to 50 mm downstream of the spacer is strongly over-

predicted. The gradients seen in the experiments are weaker.  
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 Further downstream the gradients in simulation and experiment are in better 

agreement. The discussion in the sensitivity analysis will show that the first initial 

deposition is caused by direct impact of droplets on the spacer. The simulation 

treats this with high uncertainty and therefore performs less well compared to the 

deflection-driven area further downstream. While for Sp1-A the deposition of 

direct impact and deflection-driven deposition is seen in the experimental results 

by a sharp gradient change, this is not the case for Sp2-A and Sp3-A where both 

phenomena are most probably superposed. 

The integral deposition rate without spacer is predicted very well for the cho-

sen flow case. The reason for the deposition is the injection cone that generates 

the lateral velocity component needed for deposition.   

Figure 5.23 shows the comparison between simulations and experiments for 

different total fluxes with Sp2-A and C4F8. It is visible that in the area where the 

deposition mainly occurs, i.e. between 20 mm to 60 mm, the deposited mass is 

significantly overestimated in the case with spacer. After that, the deposition rate 

is predicted quite accurately, which can be seen by nearly equal slopes of the 

deposition profile.  

     

Figure 5.23: Comparison between experimental and modeled droplet deposition 

profile for different total fluxes (Sp2-A, C4F8, exp. 1-β=0.0020) 
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The most probable reason is the break-up of droplets in the spacer proximity 

for the experimental results, therefore shorter relaxation times and decreased 

deposition compared to the simulation that does not consider break-up. The depo-

sition area from 60 mm downstream is predicted correctly concerning both loca-

tion and gradient. Furthermore the trend of the deposition rate being almost inde-

pendent of the total flux is modeled correctly. This is also the case for other 

spacers and gases. 

Figure 5.24 shows the influence of the gas density on the droplet deposition 

profile. The difference between the simulations and experiments are clearly visi-

ble for all cases. Best agreement is achieved for the air-water flow. This is impor-

tant to be kept in mind when extending the model towards the high pressure con-

ditions in BWR. The bad agreement of droplet deposition for high density flows 

is also found by Caraghiaur [25]. A trend that is modeled correctly is that with 

increasing gas density, the area of deflection driven deposition (40 to 100 mm) is 

shifted towards the spacer. This is most probably connected to the stronger def-

lection for high density gases, because the drag force is proportional to the gas 

density. 

     

Figure 5.24: Comparison between experimental and modeled droplet deposition 

profile for different gases (Sp2-A, J=30 m/s, exp. 1-β=0.0020) 
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Figure 5.25: Comparison between experimental and modeled droplet deposition 

profile for different spacers  (J=30 m/s, C4F8, exp. 1-β=0.0020) 

 

Figure 5.25 illustrates once more that the modeling of droplet deposition for 

complex flows, as generated by the spacers, is a challenging task. Significant 

deviations between calculations and experiments were observed in the integral 

droplet deposition profiles for all tested spacers, especially for the highest gas 

density. Again, the region between an axial distance of 30 and 60 mm shows 

large differences, which point to the need to improve the modeling of the direct 

impact of droplets on the spacer structures. The deflection-driven area further 

downstream is reflected more satisfactory: the gradients of the simulations are in 

better agreement with the experiments.  
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5.4.3  SEN SITIVIT Y  AN ALY SI S  
The sensitivity analysis is conducted for one selected base case, which is an 

air-water flow with Sp2-A at a total flux of 30 m/s. The varied parameters or 

model features are listed below:  

 turbulent droplet dispersion  (base case: dispersion on) 

 turbulence model     (base case: k-ε-model) 

 mesh size     (base case: 2 mm) 

 advection scheme    (base case: 2nd order) 

 drop size distribution    (base case: 0.4 mm) 

 injection cone angle    (base case: 15°) 

 initial droplet velocity    (base case: 2.35 m/s) 

 modeling of direct spacer impact  (base case: droplet sliding) 

It is found that the turbulent dispersion of the droplets has a negligible influ-

ence. This is not surprising considering that the τp
+
 is far above 20 for all simula-

tions.  

It should be kept in mind however that droplet sizes can be significantly lower 

at the much higher pressures in a real BWR, which might result in a more pro-

     

Figure 5.26: Sensitivity of mesh size, order of advection scheme and turbulence 

model on the modeled droplet deposition (Sp2-A, air, J=30 m/s) 
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nounced influence of turbulent dispersion. The turbulent dispersion should there-

fore not be omitted from the model. 

The sensitivity to the turbulence model, the mesh size and the advection 

scheme in the gas flow field calculation are summarized in Figure 5.26. The 

smallest effect is observed when applying the more advanced Reynolds-stress-

model (RSM). The mesh size refinement also plays a minor role in contrast to the 

significant sensitivity seen in the film model in chapter 5.3.4.2. The biggest dif-

ference appears around 30 mm downstream of the spacer. The effect can again be 

attributed to the higher resolution of the reproduction of the eddy formed by the 

spacer. The small improvement does not justify the higher computational cost of 

the more advanced turbulence model; other uncertainties outweigh this effect by 

far.  

The result shows the highest sensitivity from the order of the advection 

scheme. It is interesting to notice that the more diffusive scheme produces a better 

agreement of the gradient of the integral deposition starting from a distance of 

40 mm, i.e. in the deflection-driven deposition area. Similar to the liquid film 

model, this observation can be attributed to the higher turbulence intensity in the 

gas phase caused by the liquid film at the rod wall. This film is present in the 

experiments, but not considered in the simulation. Therefore, the stronger numer-

ical diffusion characteristic for the lower order advection scheme partially com-

pensates for the effect of this model simplification. 

The results concerning the droplet deposition sensitivity to a variation of the 

boundary conditions describing the droplet injection are summarized in Figure 

5.27. The drop size is defined as the reference size in a Rosin-Rammler distribu-

tion. At a first glance it becomes obvious that the droplet deposition profile is 

little influenced by the droplet injection parameters. Recall that these parameters 

are well known from the images of the high speed camera (chapter 4.2.2). No 

difference is actually visible for the area up to 30 mm downstream of the spacer, 

the spacer-impact-deposition-area. Deposition in the deflection-driven area fur-

ther downstream shows the biggest sensitivity to the droplet size, because this 

parameter affects the relaxation times. The sensitivity to the angle of the injection 

cone as well as the initial velocity of the droplets is negligible compared to the 

order of the general mismatch between simulation and measurement. 

The highest sensitivity of the droplet deposition is found in the variation of 

the mechanism assumed for the modeling of direct impact of the droplets with the 

spacer (Figure 5.28). This is unfortunately also the biggest unknown, since the 

interaction with the spacer most probably includes droplet break-up, film forma-

tion and change or loss of momentum of the liquid phase. Therefore some ex-

treme assumptions were made for the sensitivity study.  
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 The large reduction in the deposition when assuming that droplets hitting the 

spacer are disappearing from the flow field (or in other words: modeled by an 

absorption of droplets hitting the spacer surface), shows that the deposition be-

tween 20 and 40 mm downstream of the spacer is caused by the direct impact of 

droplets with the spacer. 

For the case of an interaction, where secondary droplets leave the spacer after 

the impact, there are two border cases: the first assumes a full elastic bounce, the 

second a total loss of momentum in the direction perpendicular to the spacer 

surface, which comes probably closest to a formation of a liquid film on the spac-

er surface. In both cases, the simplification is made that there is no break-up of 

the droplet. The Lagrangian transport of the droplet is not interrupted, only the 

velocity vector of the interacting droplet is changed according to the described 

kind of interaction during the impact. In case of loss of momentum perpendicular 

to the spacer surface, the droplet is moving parallel to this surface after the im-

pact, which is basically equivalent to sliding along the sensor surface. A case in 

between these extremes is a half elastic bounce, where the droplets lose half of 

the momentum in perpendicular direction. It is found that the closest reproduction 

of the experimental droplet deposition is achieved with the assumption of an 

elastic bounce of the droplets.  

     

Figure 5.27: Sensitivity of droplet injection parameters on the modeled droplet 

deposition (Sp2-A, air, J=30 m/s) 
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Figure 5.29 shows that the weight of impact- and deflection-driven deposition 

enhancement is very distinct for different spacer geometries. This is done by 

switching on and off the impact-driven deposition in the simulation. While for 

Sp1-A and Sp3-A the impact-driven deposition plays the major role, the deflec-

tion- and impact-driven deposition are about equally responsible for the deposi-

tion enhancement of Sp2-A. It is important to be kept in mind that, as mentioned 

before, with smaller droplets in high density and temperature flows the turbulent-

driven deposition may become more relevant. 

Finally the general conclusion can be drawn that the direct impact of droplets 

with the spacer seems to play a major role for the concentrated droplet deposition 

in close proximity of the spacer. This is in contrast to Kraemer [76] who claims 

that the secondary swirl flow behind the spacer is the main reason for droplet 

deposition enhancement. Kraemer however was not able to measure droplet de-

position profiles with the available instrumentation and therefore did not see the 

distribution of the deposition intensity as a function of the distance downstream 

of the spacer. Okawa [96] supports the strong influence of direct impact with his 

finding that the droplet deposition increases roughly linearly with the blockage 

ratio of the spacer. 

     

Figure 5.28: Sensitivity of droplet-spacer-impact treatment on the modeled 

droplet deposition (Sp2-A, air, J=30 m/s) 
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Figure 5.29: Simulated weighting of depositon effect for different spacers  

(air, J=30 m/s) 

 

The model mainly needs to be improved in the future by a more realistic si-

mulation of the direct impact of droplets with the spacer. This includes a model-

ing of the liquid film build-up on the spacer structures, the droplet formation at 

rear edges of the spacer structure and the droplet break-up connected with the 

impact. The previously mentioned neutron tomography supports this insight: 

Figure 5.30 shows that at the tip of the vanes the liquid holdup is increased. Fur-

thermore a formation of a liquid film on the spacer is also visible.  

Another improvement is needed to enhance diffusivity for droplet deposition 

for both impact and deflection-driven deposition. This includes the modeling of 

droplet break-up in the spacer proximity due to higher gas shears, which most 

probably widens the droplet size spectrum. The increase of turbulence and shift 

towards lower turbulence frequencies by the presence of the liquid film could be 

responsible for this diffusivity. This means that the turbulence needs to be ac-

counted for differently than just a simple k-ε-model, including the formation of 

big eddies behind the spacer. Because of the major deficiencies of RANS turbu-

lence models for complex flow geometries, this flow complexity can most proba-

bly only be solved by an Euler-Lagrangian LES approach, which might lead to 

extreme computational requirements. 
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Figure 5.30: Image of the neutron tomography of Sp3-A for an air-water flow 
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5.5 CONCLUSIONS ON MODELING OF ANNULAR FLOW  
In this work the goal is set to assemble models for the time-averaged film 

thickness distribution on the fuel rod surface and the droplet deposition that re-

flect the main results and tendencies found in the experiments with the simplest 

possible modeling based on a three-dimensional fluid-dynamic simulation. The 

modeling is aimed to be performed without a simple fit of empirical models to the 

experimental results, but with the smallest possible set of model coefficients. The 

biggest challenge met is the desired prediction of the effect of complicated geo-

metrical boundary conditions given by the presence of functional spacers. For this 

purpose, a three-dimensional flow simulation is employed based on CFD. This is 

done using the commercial CFD code STAR-CCM+. For the simulation to be of 

low computational cost, the flow field in the gas core of the annular flow is simu-

lated by a time-averaged single-phase approach (RANS). The resulting velocity 

field of the gaseous phase is fed into two additional models: a two-dimensional 

liquid film thickness model and a Lagrangian droplet transport and deposition 

model.  

The additional liquid film model extracts the wall shear stress from the RANS 

CFD and predicts the liquid film thickness distribution by solving a two-

dimensional mass transport equation. The approach employs a Boussinesq ap-

proximation to account for wall shear stress fluctuations. The droplet deposition 

is modeled with an Euler-Lagrangian one-way-coupling approach, a model de-

veloped by Gosman [47] and ready-implemented in the commercial CFD code 

STAR-CCM+. 

By a very detailed comparison with the experimental results, it is shown that 

the afore mentioned modeling approaches are capable in predicting all observed 

phenomena and effects in a qualitatively correct way. Quantitative tendencies are 

well reproduced; therefore the developed models are recommended for screening 

studies for optimization of spacer designs. The quantitative agreement with the 

experiments is better for the time-averaged liquid film thickness distributions, 

while droplet deposition stays quite qualitative. Still, all the governing effects are 

reproduced in the latter case.  

It is an important merit of the conducted simulations that they assist a better 

understanding of fluid dynamic mechanisms leading to the observed phenomena 

of the experimental results. The most important findings are: 

 the local decrease of liquid film flow rate just downstream of the spacer 

by the diverging gas flow field caused by the spacer  

 the dominance of the impact-driven droplet deposition  

Both effects are crucial for an optimized spacer design in regard to increase of 

the dryout margin. 
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The following is a detailed summary of the findings for the liquid film model, 

which were obtained by the described modeling efforts and the sensitivity analy-

sis:  

 A two-dimensional mass transport equation describing the liquid film 

driven by the shear stresses created by the gas flow is sufficient to cor-

rectly reproduce the principle structure of the time-averaged film thick-

ness distribution on the fuel rod downstream of spacers, without any ad-

ditional model parameter. 

 The application of a Boussinesq hypothesis for treating fluctuations of 

the shear stress leads to a diffusive term in the mass conservation of the 

liquid film, which improves the quantitative agreement with the experi-

ments. As a result, the film thickness distribution is predicted with an 

accuracy of roughly 30 % for roughly 90 % of the experiments. This is 

true for all experiments across different spacer shapes, gas densities and 

flow rates. The exceptions are cases where spacer vanes cause a signifi-

cant transport exchange between the subchannels. Here the transport far 

away from the spacer is not reproduced correctly.  

 The introduction of a curvature limitation in the liquid film yields a fur-

ther improvement of the agreement with the experimental results. It is 

however not based on fundamental physics. 

 Higher numerical diffusion of first order advection schemes in the 

RANS CFD applied to the gas core leads to a better agreement with the 

experiments than higher order schemes. This points at deficiencies in the 

modeling caused by the adopted simplifications, especially regarding  

turbulence. There is room for model improvement in the future. 

 The choice of the kind of single-phase turbulence model in the RANS 

CFD is of minor influence.  

 The feedback of the liquid film thickness into the RANS CFD by means 

of wall roughness is of minor influence and disadvantageous, because it 

causes results further away from the experiments. 

 The reduction of the experimental domain to the simulation domain by 

introducing periodic boundary conditions which are not present in the 

experimental domain does not strongly affect the results.  

 The velocity profile assumed for the liquid film plays a minor role as it 

is always relative to the velocity profile at the domain inlet. 

 The model is strongly influenced by the modeling coefficient chosen, 

but it remains constant for all experimental flow conditions of this work. 

 

The results of the droplet deposition modeling reflects the important droplet 

deposition phenomena. The agreement with the experiments is qualitative; quan-
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titative tendencies are nevertheless correctly reproduced for the most part. De-

tailed conclusions are as follows: 

 The accuracy of the model varies depending on the spacer geometry stu-

died. 

 Direct impact of droplets with the spacer and the deflection of stream-

lines enhances droplet deposition. The spacer shape mainly determines 

the weighting between the different flow mechanisms. Turbulent diffu-

sion plays a negligible role for the experimental conditions of this work 

due to the dominating inertia of the comparably large droplets. It might 

however start to play a bigger role for BWR conditions, where droplets 

are smaller. 

 The mechanism of direct droplet-spacer-impact is so far modeled insuf-

ficiently, because the film formation on the spacer, the droplet break-up 

by the impact, and the droplet formation at the vane tips should be mod-

eled for higher accuracy in the future. 

 The small dependency between droplet deposition rate and total flux is 

modeled correctly. 

 The shift of droplet deposition towards the spacer for higher gas densi-

ties is modeled correctly from a qualitative point of view. 

 The RANS calculation accuracy as well as the droplet injection parame-

ters have minor influence in regard to droplet deposition. A more diffuse 

RANS simulation, e.g. by solving the equations with a first order 

scheme, is actually in better agreement with the experiments. 

 The influence of the liquid flow rate on droplet deposition is not cap-

tured in the simulation so far, because no liquid film model is employed 

in combination with the Euler-Lagrangian droplet model. 
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6 CONCLUSIONS  
In this thesis the behavior of liquid films and droplet deposition of annular 

flow in a BWR fuel rod bundle is addressed. Experiments were carried out in an 

adiabatic model of a pair of neighboring subchannels. Special attention was given 

to the effect of functional spacers. Measurements were performed using a novel 

liquid film sensor that was developed during the course of this thesis, which 

records two-dimensional distributions of the electrical conductance between pairs 

of electrodes flush to the wall as a primary signal with high time resolution. A set 

of advanced post-processing methods were developed to extract a number of 

secondary quantities and distributions, which characterize time-averaged parame-

ters and dynamic processes in the test channel in great detail. These are in par-

ticular time-averaged film thickness distributions, time-averaged liquid holdup 

profiles, wave velocity, wave trajectory, wave splitting and wave merging. The 

total droplet deposition, mass transfer, and the distribution of droplet impacts on 

the rod surface are also extracted from the primary signal. Parameter variations 

comprise gas and liquid flow rates, gas density and spacer shape.  

Numerically, the topic is assessed by means of single-phase Reynolds-

Averaged-Navier-Stokes CFD simulations in the commercial code STAR-CCM+. 

The liquid film behavior is treated by an additional two-dimensional mass trans-

port model based on the result of the CFD simulation. Droplet motion is assessed 

by an Euler-Lagrangian one-way-coupling, which is already implemented in the 

CFD code. The intent was to keep the models as simple as possible, while pre-

serving their ability to reproduce all experimentally observed phenomena qualita-

tively, including a full consideration of the spacer geometry in three dimensions. 

For the time-averaged film thickness distribution, the calculations however deliv-

er more than just qualitative results: The film thickness is predicted with an un-

certainty significantly lower than the non-uniformity of the measured film thick-

ness. This means that the proposed modeling scheme can be used for spacer de-

sign studies.  

The particular results can be summarized as follows: the liquid film in a sub-

channel is quite evenly distributed around the circumference of the fuel rods. The 

well-known wave pattern of annular flow, fast moving roll waves, and slow mov-

ing ripple waves is also observed, with the difference that the applied sensor 

allows more detailed insight into spatial distributions and the dynamic behavior 

of the film. The time-averaged liquid film thickness becomes thinner with de-

creasing liquid flow rate, increasing gas flow rate and increasing gas density. By 

the introduction of spacers the liquid film is structured into streaks downstream of 

the spacer in a distinct pattern depending on the spacer shape. The streaks are 

mainly generated by the effect of the circumferential vector component of the gas 

shear stresses on the gas-liquid interface, caused by the influence of the spacer on 
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the gas flow field. The redistribution of liquid mass is confirmed experimentally 

by the wave trajectories. It is further confirmed by the simulation result of the 

liquid film model, which cannot reproduce the experimental streak pattern when 

the circumferential redistribution of the liquid mass is switched off. The local 

decrease of the liquid mass flow rate potentially causes a reduction of the dryout 

margin in proximity of the spacer under BWR conditions.  

Spacers enhance droplet deposition compared to an open channel, thus poten-

tially increasing the mass flow rate and the dryout margin. The spacer vanes en-

hance the droplet deposition by an enhanced turbulence of the gas core, a deflec-

tion of the gas streamlines and the direct impact of droplets on the spacer vanes. 

All of the effects cause an additional lateral force on the droplets, which leads to 

the deposition of droplets onto the liquid film. The contribution of each pheno-

menon to the deposition rate depends on the spacer shape and flow conditions 

present. In the thesis each contribution has been assessed by the CFD simulation 

and validated against results of the experiments. Under the conditions of the con-

ducted experiments, the direct droplet impact dominates over the deflection by 

curved streamlines and the deposition caused by turbulence. The reason is the 

high inertia of droplets, which are larger in the experiment than under BWR con-

ditions. In BWRs, deflection and turbulence may be more relevant, since typical 

droplet sizes are smaller. Therefore, none of the effects should be neglected in the 

modeling. 

In addition to the described mechanisms, droplet break-up occurs in the spacer 

proximity, either by impact on the spacer or by high velocity gradients in the gas 

flow induced by the spacer. The droplet break-up changes the contribution of the 

deposition effect to the overall deposition enhancement: the contribution is 

shifted from the direct impact-driven deposition towards deflection and turbu-

lence-driven deposition. The break-up becomes visible by comparing the results 

of the time-averaged with the count-based post-processing method for droplet 

deposition. 

The thesis describes an applicable methodology for a pre-selection of the 

geometry of functional spacers. Experiments under adiabatic conditions, which 

are extensively instrumented in a cost-efficient way, in combination with simple 

CFD models, have shown their combined potentials to address important flow 

phenomena which affect BWR dryout. For the future, the improvement of the 

numerical modeling towards higher accuracy is suggested. For the film model, 

this includes a further development of the numerical scheme in regard to the 

Boussinesq assumption. It seems reasonable to seek a model where the turbulent 

diffusion coefficient for the mass flow in the liquid film is coupled to the local 

turbulence parameters of the gas velocity field. Furthermore it can be of benefit 

for the accuracy of the model in the vicinity of stagnation points to include the 

liquid inertia in the mass conservation equation for the film. For the model pre-

dicting droplet motion, it is suggested to introduce a droplet break-up model 
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which contains the modeling of the droplet-spacer impact. In follow-up experi-

ments the measurement of the local liquid film velocity profile downstream of a 

spacer could give further confirmation of liquid mass flow rate distributions, 

which is important in regard to BWR dryout. As a long-term goal, experiments 

with heated fuel rods instrumented with the liquid film sensor can be considered. 
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