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Abstract 

Infrared optical techniques were used for the study of liquid water 

films in condensing and evaporating environments. Synchronized 

film thickness and surface temperature mapping of the film over an 

identical field of view was developed. Attenuation of near infrared 

light by liquid water was used to infer the film thickness. Measure-

ments were performed on an opaque wall by taking advantage of the 

diffuse reflection at the wall surface with a halogen light source illu-

minating the field of view of a near infrared camera. A narrow wave-

length band of the near infrared light centered at 1.6 µm was selected 

which provides adequate absorption coefficient for thickness meas-

urement in the 0 to 2 mm range. Thermography with a mid-wave in-

frared camera was utilized to record the intensity of the black body 

radiation emitted from the upper layer of the film, which, after cali-

bration, provides the temperature mapping. For this purpose, a 

measurement band between wavelength 3.6 µm and 5.5 µm was se-

lected. Combined measurements in the near and mid wave infrared 

were achieved with 248 x 180 measuring points, a spatial resolution 

of 0.63 mm and frame rates of 250 fps and 125 fps respectively. In 

situ and real time calibrations were developed to measure films 

through a window and steam rich atmosphere. 

An experimental campaign was conducted at the LINX facility , 

which consists of a 10 m3 meter pressure vessel with a centrally 

mounted temperature controlled wall. Condensation or evaporation 

was initiated on the wall test surface by controlling the steam con-

centration in the gas bulk and the wall temperature. Thermal-hydrau-

lic conditions, partially representative of the containment atmosphere 

expected in a nuclear power plant during postulated accident sce-

narios, were reproduced. The pressure in the vessel was kept close 

to atmospheric pressure and the wall temperature was limited to 

95°C. Liquid films were created either by water injection or by steam 

condensation. Thermocouples and sampling capillaries were used to 



 

 

monitor the profiles of the temperature and gas distribution in the 

bulk and in the boundary layer near the wall. Heat flux sensors and 

an energy balance were used to determine the wall heat flux.  

The capabilities of the developed instrumentation were demon-

strated by a number of condensation and evaporation experiments, 

conducted under selected boundary conditions. These experiments 

have shown the full functionality of the instrumentation. The goal to 

achieve a synchronized two-dimensional measurement of the film 

thickness together with the film surface temperature was reached. It 

was shown that meaningful results on the nature of heat transfer can 

be obtained by correlating the measured film thickness with the 

measured temperature. 

The images give an insight into the film behavior at a technical 

scale with a field of view of approximately 15 cm x 11 cm. and a 

measurement duration of 10 seconds. Fine structures such as rolling 

and capillary waves, rivulets and droplets were captured thanks to 

the high spatial and temporal resolution of the cameras. Flow pat-

terns were identified and their dependence on the wall temperature 

was shown. It was shown that the measuring results can be used for 

statistical analysis. Frequency spectrums, cross correlations, stand-

ard deviations and mean values were extracted from selected tests. 

Additionally, correlations were found between the fluctuations in the 

film surface temperature and the wave thicknesses. The heat flux 

was decomposed into a time averaged and fluctuating part under the 

assumption of a developed temperature profile in the film. The influ-

ence of the diffusion layer on the local transient heat transfer is evi-

denced by the low frequencies observed in the fluctuation of the film 

surface temperature, the high amplitude of temperature fluctuations 

induced by passing waves and the concentration measurements in 

the diffusion layer. For a further quantification of the complex transi-

ent patterns resulting from turbulence in the film and the gas, com-

putational fluid dynamic (CFD) simulations are recommended. 
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Résumé 

Des techniques de mesures dans l’infrarouge furent utilisées pour 

l’étude des films d’eau évoluants dans des environnements en pré-

sence de condensation et/ou d’évaporation. La cartographie de 

l’épaisseur du film et de sa température de surface sur des champs 

de vue identiques et de manières synchronisée fut développée. L’at-

ténuation de la lumière infrarouge dans l’eau liquide fut utilisée pour 

déduire l’épaisseur du film. Les mesures furent réalisées en tirant 

avantage de la réflexion diffuse de la lumière sur la surface d’une 

paroi opaque avec une source de lumière halogène illuminant le 

champ de vision d’une caméra sensible au proche infrarouge. Une 

bande optique étroite dans le proche infrarouge centrée à 1.6 µm fut 

sélectionnée, fournissant un coefficient d’absorption adéquat pou r la 

mesure d’épaisseur de film variant de 0 mm à 2 mm. La thermogra-

phie avec une caméra sensible à l’infrarouge moyen fut utilisée pour 

acquérir l’intensité des radiations du corps noir émises depuis la 

couche supérieure du film, et qui, après calibration, fournit la carto-

graphie de la température de surface. A cet effet, une bande de me-

sure de longueur d’onde allant de 3.6  µm à 5.5 µm fut sectionnée. 

Des mesures combinées dans le proche et moyen infrarouge furent 

accomplies avec 248 X 180 points de mesure, une résolution spatiale 

de 0.63 mm et une fréquence d’acquisition  de 250 et 125 images par 

seconde, respectivement. Une calibration in situ et réalisée en temps 

réel fut développée afin de mesurer des films à travers un accès op-

tique et des atmosphères riches en vapeur. 

Une campagne expérimentale fut conduite avec le banc expéri-

mental LINX qui consiste en une enceinte pressurisée d’un volume 

de 10 m3 avec, en son centre, une paroi dont la température est con-

trôlée. Condensation et évaporation furent initiées sur la surface test 

de la paroi en contrôlant la concentration de vapeur dans le volume 

de gaz à l’intérieure de l’enceinte et la température de la paroi. Des 



 

 

conditions thermo-hydrauliques partiellement représentatives des at-

mosphères régnant dans l’enceinte de confinement d’une centrale 

nucléaire, tel que prévues par les scenar ios d’accident postulés, fu-

rent reproduites. La pression dans l’enceinte fut maintenue proche 

de la pression atmosphérique et la température de la paroi était limi-

tée à 95 °C. Les films furent créés soit par injection artificielle ou par 

condensation. Des thermocouples et des capillaires pour l’échantil-

lonnage du gaz furent employés pour mesurer et contrôler les profils 

de température et de concentration dans le volume de gaz et dans 

la couche limite de concentration à proximité de la surface de la pa-

roi. Un capteur de flux de chaleur et un bilan énergétique furent uti-

lisés pour déterminer le flux de chaleur à travers la paroi.  

Les aptitudes des techniques de mesure développées furent dé-

montrées par plusieurs tests avec des conditions contrôlées de con-

densation et d’évaporation. Ces expériences ont montré la parfaite 

fonctionnalité de l’instrumentation. Le but qui était d’accomplir des 

cartographies synchronisées de l’épaisseur et de la température fut 

atteint. Il fut montré que des résultats significatifs sur la nature du 

transfert de chaleur peuvent être obtenus en corrélant l’épaisseur du 

film mesurée avec la température de surface. 

Les images obtenues donnent un aperçu du comportement du 

film à une échelle technique avec un champ de vison d’environ 

15 cm x 11 cm ainsi qu’une durée de mesure de 10 secondes. Des 

structures fines telles que des vagues roulantes et capillaires, des 

ruisselets et des gouttelettes ont pu être saisies grâce à la haute 

résolution spatiale des caméras. Différents types d’écoulements fu-

rent identifiés ainsi que leurs dépendance envers la température de 

la paroi. Les spectres de fréquence, les corrélations croisées, les 

écarts types et valeurs moyennes furent extrait à partir de tests sé-

lectionnés. De plus, des corrélations furent trouvées entre les fluc-

tuations de la température de surface et de l’épaisseur des vagues. 

Le flux de chaleur fut décomposé entre ses composantes moyenne 

et fluctuante avec l’hypothèse d’un profil de température développé 
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à l’intérieur du film. L’influence de la couche limite de diffusion sur le 

transfert de chaleur local et transitoire a pu être mise en évidence 

par les basses fréquences observées dans la fluctuation de tempé-

rature à la surface du film, la forte amplitude de la fluctuation lors du 

passage des vagues et les mesures de la concentration dans la 

couche limite de diffusion. Pour une plus ample quantification des 

structures complexes en transition résultant de la turbulence dans le 

film et dans le gaz, des simulations numériques de la mécanique des 

fluides (CFD) sont recommandées.
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Nomenclature 

Abbreviations: 

NIR Near infrared 

MWIR Mid-wave infrared 

FOV Field of view 

NPP Nuclear power plant 

ECCS Emergency core cooling system 

LOCA  Lost of coolant accident 

PCCS Passive containment cooling systems 

HTC Heat transfer coefficient 

HFS Heat flux sensor 

Tc  Thermocouple 

MS Mass spectrometer 

FPA Focal plane array 

LINX Large scale investigation of natural circulation and mixing 

FWC Full well capacity 

NETD  Noise equivalent temperature difference 

Greek letters: 

α  Surface albedo 

µ  Absorption or viscosity 

δ  Film thickness 

Γ  Transmission 

ρ  Density or reflectance 

θf  Film tilt angle 

θo  Optic orientation angle 

θi  Incident angle 

φf  Film tilt direction angle  

σ  Uncertainty or standard deviation 

ε  Emissivity 

λ  Wavelength or thermal conductivity 

Ω  Solid angle 

η  Efficiency 
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Roman letters: 

i  Relative intensity 

i0  Relative intensity for film thickness tending to zero 

idry  Relative dry surface intensity 

I  Absolute intensity 

I0  Absolute intensity for film thickness tending to zero 

Idry Absolute dry surface intensity 

c  Residual illumination constant 

Rint Internal reflection fraction 

Kdry Dry surface correction factor 

hfilm Film HTC 

hcond Condensation HTC 

hconv Convection HTC 

hint Interfacial HTC 

g  Earth acceleration 

W  Mass fraction 

X  Volume fraction 

Ṁ  Mass flow rate 

Re Reynolds number 

k  Thermal conductance 

Q  Heat flux 

D  Diffusion coefficient 

DL Digital level 

B  Bird coefficient for transpiration 

T  Temperature 

P  Pressure or power 

hfg  Latent heat of vaporization 
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1 Introduction 

Condensation and evaporation are phase change phenomena 

ubiquitous in nature and widely exploited for industrial applications. 

On earth, natural occurrence is largely dominated by the water cycle 

while a large variety of species are condensed or evaporated for in-

dustrial purposes. Numerous processes involving condensation and 

evaporation are extensively used in the chemical, petroleum, phar-

maceutical or paper industries to transform, refine, distillate and pro-

duce bulk materials, chemicals and drugs [1]. Phase change from 

vapor to liquid water or inversely is bound to a high latent heat coef-

ficient which allows for compact and efficient heat exchangers for 

thermal management and energy production [2], [3], [4]. Overall, 

phase change is a very dynamic field of research which has led to 

many developments and a plethora of applications. 

Condensation on the containment wall of a light water nuclear 

reactor plays an essential role in nuclear safety as it contributes to 

remove heat into the environment. During a postulated accident, for 

example a loss-of-coolant accidents (LOCA), large amount of steam 

is released in the containment building surrounding the reactor. After 

a sudden depressurization caused by a break in the primary circuit, 

a rapid pressurization of the containment occurs during the blow-

down phase which lasts for tens of seconds. As a mitigation to the 

pressure and temperature raise, steam starts to condense on the in-

ner side of the containment wall and internal structures with surface 

temperatures below saturation. Before the water inventory in the pri-

mary circuit has fully evaporated, emergency core cooling systems 

(ECCS) are activated to supply water for long term core cooling. 

Thus, the initial blowdown is followed by a continuous steam produc-

tion as the decay heat remains significant during the days following 

the reactor shut down. The containment is the last barrier against the 

release of radio-nuclides into the environment. A concern was raised 

regarding the prediction of the temperature and pressure response 
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and the measures to be taken to ensure containment integrity during 

the entire evolution of an accident. Per unit area, heat removal into 

the environment by wall condensation is by far less efficient com-

pared to boiling occurring on the fuel rods. Therefore, containment 

designs are several times larger than the reactor core in order to 

balance out the steam production with passive cooling within the 

temperature and pressure design.  

The containment atmosphere is essentially a multi -component 

flow. Besides water and vapor, it contains air (oxygen and nitrogen) 

and may contain a considerable concentration of other gases, the 

most important one being hydrogen originating from a reaction be-

tween the zirconium contained in the fuel rod cladding and vapor or 

oxygen. The presence of these non-condensable gases (NCG) is an 

important factor influencing the condensation and evaporation heat 

transfer. The heat transfer by condensation is significantly impaired 

by the NCG accumulation adjacent to the condensation interface. 

The decreasing saturation temperature due to the lower vapor partial 

pressure slows down the condensation rate. The vapor contained in 

the bulk diffuses through the boundary layer in the direction of the 

wall driven by the concentration gradient. This diffusion process con-

stitutes the highest resistance to heat and mass transfers from the 

bulk to the wall. In case of evaporation, the decrease of the partial 

vapor pressure enables evaporation before the boiling temperature 

is reached, which enhances heat transfer. Similarly to condensation, 

the accumulation of steam forms and evaporative diffusion layer re-

duces the heat transfer. Both phenomena show many similarities. 

They are very important in the modeling of the transient behavior in 

case of accidents. 

Liquid films found on the containment structures are in general of 

non-adiabatic nature, i.e. they are formed by the condensation of va-

por and re-evaporate when the liquid phase arrives in areas of de-

creased partial vapor pressure or higher surface temperature. The 

latent heat consumed for evaporation and released by condensation 
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is an important energy transport mechanism, which, together with the 

mass transported by the falling film, has to be taken into account  

when transient phenomena in the containment are simulated. Under-

standing of the film dynamic and its interactions with the atmosphere 

is of fundamental relevance since it affects the pressure, the temper-

atures as well as the distribution of gases and radioactive aerosols 

within the containment building. 

Wall condensation and evaporation in the presence of NCG and 

the formation of a condensate film on the surface are separate ef-

fects taking place in the global scheme of an accident. Deep under-

standing of separate effects is fundamental to create a specific model 

and implement it as a module into broader system codes which sim-

ulate globally the evolution of an accident. Accurate models for sep-

arate effects allow for good prediction capabilities, best approximate 

results, reduced design conservatism and support to management 

and decision making in response to accidents. In this context, bench-

mark experiments are fundamental to validate models and assess 

their accuracy [5]. For this purpose, separate effect test facilities are 

used to investigate particular phenomena and treat separately there 

interaction within the entire system. Despite the numerous contribu-

tions on steam condensation in the presence of NCG, research and 

development are still needed, notably to assess the impact of a liquid 

film and the potential re-evaporation on the transient evolution. It is 

the purpose of the present work to create an experimental setup ca-

pable of reproducing accidental conditions prevailing in the contain-

ment for the study of films in condensing and re-evaporating environ-

ments. The objective is to equip the experimental setup with flow 

controllers, monitoring systems as well as state of the art and inno-

vative diagnostic tools to generate a unique set of data. 

The LINX facility (Large scale Investigation of Natural circulation 

and miXing) is a separate test facility for investigation on thermal 

hydraulics. The facility was specially designed to investigate the sep-
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arate effects associated with the formation of a film flowing on a ver-

tical wall. An experimental campaign was conducted with the LINX 

facility at the Paul Scherrer Institute (PSI) in Switzerland. At the heart 

of the facility, there is a pressure vessel of volume of 10 m3 and 

design pressure of 10 bar. The vessel was equipped with a vertical 

test wall placed in its center, which consists of a vertical arrangement 

of several rectangular blocks. The films were confined to a continu-

ous test surface covering the front side of the blocks.  The block can 

be either heated or cooled with water coolant circulated in the chan-

nels bored horizontally behind the surface. Steam and air injection 

lines were implemented both at the top and bottom of the vessel to 

reproduce typical containment atmospheres as boundary conditions. 

Experiments were carried out with a water film generated by spread-

ing a known mass flow on the upper end of the experimental surface. 

The film could be also created by condensation alone, without artifi-

cial injection. Both evaporation and condensation conditions were set 

by either heating or cooling the wall. The experimental conditions 

were varied in terms of temperatures and vapor fraction. A special 

test series dealt with the creation of a condensate film by cooling the 

upper part of the wall, and re-evaporating it on the lower heated part. 

The major achievement presented in this work was the develop-

ment of contactless optical measuring techniques for water films. 

Both film thickness and film surface temperature were recorded syn-

chronously as sequences of images. The resulting 2-dimensional dis-

tributions reveal in detail the structures of the film which allows for 

the analysis of the flow patterns and for a direct comparison with 

CFD simulations.  

The film thickness is measured using the attenuation of near in-

frared light by liquid water. A narrow bandwidth was selected for the 

measurement which corresponds to an absorption coefficient allow-

ing for accurate thickness measurement in the 0 mm to 2 mm range. 

Taking advantage of diffuse reflection on the wall surface with a re-

flective lighting geometry, film could be measured on an opaque wall. 
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The measurement field was illuminated by an infrared light source 

and the intensity of the reflected light measured by the camera. With 

growing film thickness the signal amplitude decreases. The recorded 

intensity was converted into film thickness after calibration.  

The temperature was obtained by imaging the thermal radiation 

emitted by the surface layer of the liquid film in the MWIR which is 

standard technology. Both optical systems are used in parallel, the 

acquisition of camera frames is synchronized and the images are 

matched to a common coordinate system. This allows for the identi-

fication of dynamic structures and in particular correlations between 

film thickness and film surface temperature in case of wavy and tur-

bulent films. The main part of the dissertation deals with the devel-

opment of the measuring technology, with its calibration, the signal 

processing and the determination of uncertainties.  

The combined methods were applied to boundary conditions, typ-

ical for containment flows in nuclear power plants with light water 

reactors. The challenges facing the measurement were manifold: 

non-intrusiveness, high spatial and temporal resolutions, applicabil-

ity to harsh environments and steam rich atmospheres.  Significant 

efforts were needed to adapt the optical systems to the conditions of 

the test facility. The access to the measuring object was only possi-

ble through observation windows, which optical properties and own 

emissions have to be taken into account. The influence of vapor be-

tween observation window, as well as the reflection of radiation ar-

riving from the walls of the vessel must not be neglected. To correct 

for the related systematic measuring errors, in-situ and real time cal-

ibration and correction methods were developed. 

The evaluation of the data resulted in time-resolved two-dimen-

sional distributions of film thickness and film surface temperature. 

They report the wavy structures and the influence of the waves and 

boundary layer on the surface temperature in high detail. In addition 

to the measure of the wall surface temperature and the average heat 
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flux through the wall, an insight into the local fluctuation of the tran-

sient heat transfer, both of condensation and evaporation in pres-

ence of NCG is given. A particular advantage of the measurement 

technique consists in the possibility to correlate fluctuations of local 

instantaneous temperature differences with the film thickness. The 

high resolution of the data allows for the extraction of higher-order 

information, such as frequency spectrums of the fluctuations, wave 

velocities and statistics, or two-point correlations. 

In the following chapter entitled “state of the art”, the current sta-

tus of theoretical investigation and previously developed experi-

mental methods are depicted. Based on authors conclusions and lim-

itations of previous measurement techniques a motivation is formu-

lated for investigation on liquid film and the development of infrared 

imaging. In Chapter 3, a description of the LINX facility and its main 

features is provided. Chapter 4 is the core of the thesis where the 

concept of infrared measurement, the calibration procedure and the 

implementation of the technique in the LINX facility are detailed. A 

set of experimental results is presented in chapter 5 and 6. The anal-

ysis of the data gives an overview on the potential for the new meas-

urement strategy in delivering new finding on the heat and mass 

transfer modes. In the conclusion, lessons are drawn from the first 

application of the combined infrared measurements. Finally,  an out-

look is given on future prospects of research that this work has 

opened up.
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2 State of the art 

During the first industrial revolution steam engines where in-

vented to convert heat into usable work. Steam engines were then 

replaced by internal combustion engines in the course of the second 

industrial revolution [6]. In the same period large scale electrification 

was implemented by means of centralized electric power stations, 

where steam remained the dominant working fluid to operate the 

Rankine cycle and for thermal management. Multiphase flow and 

phase change have been extensively investigated in the past dec-

ades for the needs of process and power industries [7], [8], [9]. Re-

search on two phase flow with phase change was carried out perhaps 

most notably in the nuclear industry [10]. A large majority of the world 

wide nuclear power plants currently in operation use water as cool-

ant. Water, which properties were extensively researched, is a cost 

effective compromise between neutron moderation, absorption and 

a cooling ability. Current reactor types working with light or heavy 

water are the PWR, BWR, CANDU and VVER reactors [11].  

Wall condensation which produces a condensate film, was sub-

ject to many research studies in the last century [12], [13], [14]. In 

his book “the condensation of steam”, Othmer published in 1929 first 

evidence that even small amount of air (5 %) significantly reduces 

the heat transfer (-50 %) by vapor condensation on a horizontal cop-

per tube [15]. After this discovery, several studies were carried on 

with either a different condensing species such as potassium [16] or 

with various kind of NCGs such as helium argon, neon, or hydrogen 

[17], [18]. It was shown that the diffusion of the condensable species 

drastically reduces the condensation heat and mass transfers.  The 

diffusion of species was first investigated by Fick [19] whose law is 

commonly used. A more consistent formulation based on kinetic the-

ory of ideal gases was derived independently by Stefan [20] and Max-

well [21], which is more appropriate for multicomponent mixtures 
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[22], [23], [24]. As an example, Peterson modeled steam condensa-

tion in a ternary mixture containing air and hydrogen, using a simpli-

fied form of the Stefan-Maxwell diffusion theory. Interestingly, due to 

different diffusivity values, a separation of the non-condensable air 

and hydrogen in the boundary layer was predicted [25]. The separa-

tion has an impact on the buoyancy forces and the repartition of hy-

drogen in the containment. 

 In a first phenomenological approach, one can consider a finite 

volume containing an initial amount of NCG and a condensing sur-

face. The volume is fed continuously with a pure condensable spe-

cies. Such system with no venting line reaches equilibrium when the 

condensing rate equals the injection mass flow rate. If the formation 

of a condensate and the effect of gravity are not considered, the con-

centration gradient normal to the condensing surface is defined by 

the following constraints: 1) the entire amount of NCG is contained 

in the gradient region, 2) the mixture at the interface is saturated 

according to the wall temperature and, 3) the concentration gradient 

and the diffusion coefficient of the binary mixture create a driving 

force resulting in a mass flow rate equal to the injection rate. In order 

to satisfy these conditions, the equilibrium pressure must be such 

that the compression of the diffusion layer provides the necessary 

concentration gradient. This problem is analog to the Stefan tube [20] 

and can be simply solved along one dimension normal to the surface. 

In practical applications, however, buoyancy forces drive the NCG 

parallel to the wall surface if the latter is not horizontal. A velocity 

boundary layer develops depending on the wall length creating tur-

bulences and complex three dimensional flows. These phenomena 

are influenced by the surface inclination and geometry, such as flat, 

cylindrical or annular surfaces. Moreover, open systems such as 

channels with an inlet and outlet can be subject to natural of forced 

convection where a gas mixture is injected on one side and venting 

is performed on the other side. 
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Researchers tackled the problem of condensation in the presence 

of NCG by building experimental facilities and developing models to 

predict the condensation heat transfer coefficient (HTC) in function 

of the system geometry and imposed boundary conditions. Empirical 

correlations [26] based on specific experimental conditions were pro-

posed by Meisenburg [27] followed by Uchida [17], Tagami [28], 

Dehbi [29], Kataoka [30] and others. The issue raised by the empiri-

cal approach is that the validation field of a correlation is constraint 

by the specificity of the experiment from which the correlation was 

derived and it might not be representative for all complex phenomena 

occurring in a containment [31]. The first analytical solution for pure 

steam condensation was derived by Nusselt in 1916 for film-wise 

condensation [32]. In 1964, Sparrow presented a theoretical model 

for the treatment of NCGs. His approach was based on the boundary 

layer theory using the conservation laws alone [33]. In 1990 Kim per-

formed a two dimensional simulation of the near wall region using 

the k-ε model for turbulences. A diffusion boundary model was de-

veloped by Peterson in 1993 [34] which was extended to multi-com-

ponent NCGs [25] and further improved by Herranz [35] and Liao 

[36]. While analytical models or numerical simulations with computa-

tion fluid dynamics (CFD) tools provide the most accurate results, 

they however require expensive computations due to high iteration 

rate and fine spatial discretization. 

Semi-empirical models based on a phenomenological approach 

are popular in system-codes since they offer a third alternative be-

tween empirical and theoretical approaches and a good compromise 

between prediction accuracy, flexibility and use of computational re-

sources. A semi-empirical model using the heat and mass transfer 

analogy was first devised by Chilton and Colburn in 1934 for film 

evaporation [37]. In 1983, Corradini extended the Reynolds-Colburn 

analogy with a model for turbulent condensation including natural 

and forced convection [38]. Empirical relations are necessary in or-

der to determine the Nusselt and Sherwood numbers, which charac-

terize the heat and mass transfer, respectively. Several models were 
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formulated based on this analogy which is widespread in actual 

codes [39],[13],[40]. More empirically, other models were proposed 

which use a degradation factor to compute the HTC with NCG from 

the Nusselt solution [41]. To keep the computation cost of CFD sim-

ulation at a reasonable level, wall functions were investigated to 

characterize the velocity, temperature and concentration profiles. 

Wall functions are a logical approach for an adequate analysis using 

a coarse mesh in the near wall region [42], [43]. Accuracy of semi-

empirical models was improved by accounting for suction and tran-

spiration effects which results from the mass transport and contribute 

to the thinning or thickening of the boundary layer in case of conden-

sation and evaporation, respectively [44], [45], [42], [46]. Recently, 

Dehbi published generalized correlations based on the heat and 

mass transfer analogy and on fitting several condensation experi-

mental data [47] [48]. 

Wall condensation is still subject to extensive research as re-

cently reflected, notably, by Ambrossini and Bucci who also led the 

SARnet condensation benchmark [13], [49], [50] [44]. After the Fu-

kushima accident which underlined the issue of non-condensable hy-

drogen and with the worldwide increase of passive containment cool-

ing systems (PCCS), pressing need for reactor safety analysis drives 

current research and developments. The dependency on the wall 

length present in many approaches as well as transients such as the 

formation phase of the diffusion layer or after a rapid change in the 

boundary conditions are subject to current and future investigations.

2.1 Needs for film modeling in containment codes 

In the history of nuclear industry containment codes were devel-

oped for the safety analysis and accident management of nuclear  

power plants. In particular, containments codes are intended for the 

analysis of the consequences of large- and small-break LOCA in both 

Boiling Water Reactor (BWR) and Pressurized Water Reactors 
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(PWR). The typical volume of a containment ranges from about 

10’000 m3 to 100’000 m3 and is up to ten times smaller for a BWR 

than for a PWR [51]. Addressing large confinement volumes with nu-

merical simulation is restricted by coarse spatial discretization in or-

der to cope with current computer capacities [43]. Assumptions are 

made and models developed for phenomena occurring at a small 

scale beyond the meshing resolution. Control-volume lumped param-

eter codes such as ASTEC [52] developed by the French Institut de 

Radioprotection et de Sûreté Nucléaire (IRSN), COCOSYS, devel-

oped by the German Gesellschaft für Anlagen und Reaktorsicherheit  

(GRS) as well as CFD codes like GOTHIC [53] used at PSI are ex-

amples of numerical tools to simulate the containment response in 

the evolution of an accident. Other codes including a containment 

model are MELCOR [27], TRACE [55] and RELAP [56] used notably 

by the US Nuclear Regulatory Commission (NRC). 

2.1.1 Film thermal resistance 

Most CFD codes do not include build-in models for wall conden-

sation. Instead, user specific functions are implemented [13], [44]. In 

order to limit the computational cost, condensation is often treated 

as a single phase phenomenon with a transport equation and liquid 

films are neglected [42]. This approach is motivated by the fact that 

the thermal resistance is usually much smaller in the liquid film than 

in the diffusion boundary layer. In Figure 2-1, the HTCs involved in 

condensation and evaporation are schematized with the analogy of 

an electrical circuit. In the boundary layer, three parallel heat trans-

fers are distinguished: condensation, convection and radiation. The 

corresponding HTCs are denoted by hcond, hconv and hrad, respec-

tively. The film HTC (hfim) is characterized by conduction for laminar 

films and convection for turbulent films while the gas-liquid interface 

HTC (h int) is determined by the kinetic gas theory [8]. According to 

the conditions prevailing in a containment and to most publications, 

the HTCs can be ranked as follows: h int >> hfilm >> hcond >> hconv > 

hrad [57], where the symbol >> means larger by at least an order of 
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magnitude i.e., a factor 10. The coefficients hconv and hrad are of same 

order of magnitude where hconv is generally slightly higher [26]. The 

coefficient hrad is usually neglected [38]. This ranking is valid in ge-

neral for non-metallic compounds. In contrast, a large temperature 

drop is observed at the interface when, for example, metallic potas-

sium vapor condenses [57]. 

 

Figure 2-1: HTCs of different transport modes.  

In view of the connection diagram depicted in Figure 2-1 and the 

separate weights for each HTC, it becomes clear that condensation 

by diffusion through the NCG controls the overall heat flux. The liquid 

film and the NCG form superposed resistive layers connected in se-

ries. If hfilm >> hcond, the heat flux is predominantly restricted by the 

highest resistance i.e. the diffusion process while the resistance of 

the film is negligible. Therefore, it is common to put more emphasis 

on characterizing the boundary layers developing adjacent to the wall 

as it is often done with, for example, the heat and mass transfer anal-

ogy and wall functions [42]. 

 However, the containment is a large volume with numerous sub-

compartments where steam does not spread homogeneously.  The 

evolution of an accident contains fast transients during the blow 

down phase leading to a wide range of boundary conditions in the 

near wall region. In order to model with accuracy the large range of 

conditions expected in an accident including the possibility of film 

evaporation, the liquid film must be taken into account. The intervals 

for the main parameters for wall condensation in a containment were 



 Needs for film modeling in containment codes 17 

   

reviewed by de la Rosa where HTCs between 100 wm-2k-1 

and 1500 wm-2k-1 were reported [12]. During the blowdown phase, 

the absolute pressure in the containment might raise up to close to 

5 bar with and average concentration of NCG between 20 % and 

30 % leading to high HTCs. Moreover, steam jets and plumes are 

formed which can bring high steam concentrations on neighboring 

surfaces increasing locally the heat transfer. If the NCG concentra-

tion is sufficiently low and the pressure and film thickness large 

enough, the film thermal resistance might become significant. The 

film HTC continuously decreases with the film Reynolds number 

(ReΓ) for laminar and laminar-wavy flow regimes. Beyond the transi-

tion to a turbulent regime which occur at Re ≈ 2000, the HTC, in con-

trast, increases again with ReΓ [8]. The minimum value of hfilm is found 

for a laminar-wavy film and depends on the film temperature. Table 

2.1 lists the minima of hfilm at ReΓ = 2000 as well as the correspond-

ing flow rates for different film temperatures. The values for hfilm were 

calculated using the relation reported by Kutateladze [58] which can 

be derived as follows: 

ℎ𝑓𝑖𝑙𝑚 = 𝜆𝑙 [
𝜇𝑙
2

𝜌𝑙(𝜌𝑙 − 𝜌𝑔)𝑔
]

−1 3⁄

∙ 0.756ReΓ
0.22  2-1 

Where λ, µ, ρ and g are the thermal conductivity, the viscosity, 

the density and the earth acceleration, respectively. The indices l 

and g refer to the liquid and gas phases, respectively.  

Table 2.1: Film HTC and flow rate at Re = 2000 for different film temperatures 

Re=2000 (wavy-laminar) 

Film temperature [°C] 20 50 100 150 

Film flow rate [kg/m-1s-1] 0.5 0.27 0.14 0.09 

Minimum hfilm [wm-2k-1] ~1800 ~2900 ~4700 ~6000 

Considering the typical wall length for a containment (up to 

~60 m), the HTC range given by de la Rosa and a high temperature 

gradient (> 30 °C), the flow rates (and thus the minima for hfilm) listed 
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in Table 2.1 are likely the to be reached. In such cases, the film can 

contribute up to 45 % (hfilm = 1800 w·m-2k-1) of the overall thermal 

resistance considering the upper range of HTCs given by de la Rosa 

(maximal HTC = 1500 w·m-2k-1). The impact of the film on the overall 

HTC is analog for condensation and evaporation due to the many 

similarities of both processes. Significant film HTC values corre-

sponding to the flow rates listed in Table 2.1 can be expected during 

the initial phase following the blowdown as the steam generation is 

maximal. For the longer term cooling, considering conservatively, af-

ter one hour, 1% decay heat of a 3.6 GW thermal power plant leads 

to a steam production of approximately 16 kg·s-1. If the same flow 

rate condenses on a containment with typical radius of 50 m, the re-

sulting film flow rate drop to ~0.05 kg·s-1m-1 and the film resistance 

can be neglected. Nevertheless, it is important to predict with accu-

racy the pressure peak occurring in the early phase following the 

blowdown. Neglecting the film thermal resistance brings containment 

models outside their range of validity during phases of an accident, 

with the consequence of missing best-estimate value for the conden-

sation rate. 

2.1.2 Film dynamics 

It was shown that the bulk flow, i.e. the gas velocity in the bulk, 

leads to natural or forced convection and has an impact on the HTC 

[38]. The gas velocity, together with the steam concentration are the 

most influencing parameters. The HTC can double  [59], [60] or even 

triple as the gas velocity increases [61]. In this context, the dynamics 

of liquid films plays an essential role, first, because the film surface 

has a finite velocity. The film surface velocity adds to the relative 

difference in velocities between the interface and the bulk. The sur-

face moving downwards creates additional shear stress at the gas-

liquid interface. The interfacial velocity becomes significant com-

pared to the bulk velocity as the film Reynolds number increases. 

Especially, if a super-hydrophobic surface is used, a full slip condi-

tion at the film-wall interface can be considered allowing for a quasi-
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free film fall with high speed. The film-gas shear stress drives the 

NCG along the wall and contributes to the thinning of the diffusion 

boundary layer. Shear stress also promotes the development of tur-

bulences. As a result, the film surface velocity, similarly to the bulk 

velocity, enhances the condensation and convection heat transfer. 

 The morphology of films may be especially important when film 

cooling is used as a measure to mitigate the consequences of the 

accident. Condensation can be divided into film wise and drop wise 

condensation. Drop-wise condensation on hydrophobic surfaces ef-

ficiently removes the condensate from the surface, as the drops grow 

by condensation and fall once they have reached a critical size. A 

condensate made of drops is known to have a lower thermal re-

sistance compare to the formation of a film [57], [14]. In case where 

NCG are present, the falling drop produces a drift force, which per-

turbs the gas mixture [62]. Different authors have suggested that 

drop-wise condensation results in an increase of the  HTC up to 20% 

[12]. In case of film-wise condensation, turbulences such as waves 

developing at the surface of the film were observed to promote heat 

transfer with an increase in HTC of up to 10 % [63], [64]. A wave is 

an interfacial perturbation affecting both the gas and liquid phase 

i.e., hfilm and hcond [65]. 

A film is mobile and thus generates a lateral transfer of mass and 

heat as it flows downward, driven by gravity. The progression of the 

film towards the lower part of the containment brings it  in contact with 

regions of the wall and atmosphere, which temperatures and concen-

trations differ from upstream locations. The hot film carries conden-

sation heat and transfers it by conduction to the wall at a lower loca-

tion. A lateral heat transfer is created by the film flow making use of 

the lower containment wall as an additional exchange surface. More 

importantly, as the film encounters low steam concentrations, it 

eventually re-evaporates, providing an additional source of steam 

which impacts the evolution of an accident [66]. In this case, neglect-

ing the film condensate leads to a significant error in the water vapor 
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balance. The evaporation source term depends on the occurrence of 

a film in the evaporative regions and of how much time it remains 

there. Therefore, it is of particular interest to understand the progres-

sion of the film toward the lower part of the containment and its re-

traction after film supply is cut. Moreover, it is important to know if 

the film covers the entire surface or if it forms patches, rivulets or 

droplets. The evaporation rate depends on the ration between wetted 

and dry surfaces. Flow regimes starting from partial wetting up to 

turbulent films occur depending on the film flow rate and the surface 

wettability [67], [68], [69]. Increasing temperature at the wall surface 

favors film break-up [70], [71]. A measure of the ability of a liquid to 

wet a surface is given by the contact angle at the contact line be-

tween a wetted and a dry surface. The contact angle is measured 

between liquid-solid and the liquid-air interfaces. Finally, the thermal 

properties of the wall such has conductivity and heat capacity are 

decisive for the removal and supply of heat. 

Most containment codes feature film modeling or film tracking as 

an option which can be activated. However, the evolution of a liquid 

film and its interaction with the surrounding environment are not 

properly addressed in modern containment codes. The liquid film is 

treated in a rudimentary way using the Nusselt formulation [32] which 

applies to laminar films only. Usually, empirical factors and relations 

are the only correction applied to the HTC when the film becomes 

wavy or turbulent or when drop-wise condensation occurs [12], [62]. 

Taking the film into account leads to more accurate predictions at the 

expense of increased computational resources. The benefit is a best 

approximate solution and reduced conservatism for safety margins. 

Previous investigations were conducted in the frame of the OECD 

SETH project where a series of tests were performed in the experi-

mental facility PANDA at PSI [72], [73]. The facility was configured 

with two pressure vessels (vessel 1 and 2) connected with an open 

pipe. Both vessels have a height of 8 m and a diameter of 4 m for a 

combined volume of 184 m3. Basic flows and gas transport, as well 
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as mixing driven by jets and plumes were investigated.  Test 9bis and 

21bis were characterized by the injection of saturated steam in ves-

sel 1 leading to condensation on the vessel wall. Formation of the 

film occurred in the upper part of the vessel where a steam-rich mix-

ture had stratified. Experimental evidence of film re-evaporation be-

low the steam injection was brought. The analysis of these tests per-

formed with ASTEC and GOTHIC has revealed discrepancies be-

tween experimental results and simulation. The film run down to-

wards the air rich region in the lower part of the vessel could not be 

properly captured. The progression of the film front was overesti-

mated and it was observed that 50 % of the condensate remains on 

the walls. It was reported that re-evaporation of the film is a key phe-

nomenon for the simulation. The evaporation rate in the lower vessel 

was of the same order of magnitude as the condensation rate in the 

upper vessel. In particular, the film evaporation created a tempera-

ture drop in the lower vessel due to the low saturation temperature. 

In test 9bis, the time at which the temperature drop occurred could 

not be predicted with accuracy due to the lack in modeling of the film 

run-down. Moreover, evaporation plays an unexpectedly large role 

on the prediction of transient evolution, as shown in test 21bis. De-

pending on the film model used in simulation, vessel 2 was filled by 

steam transferred from vessel 1 either from the bottom or the top. 

However, evaporation lasted only during the initial transient phase 

and was promoted by the preconditioning of the facility with an initial 

wall temperature between 75 °C and 80 °C. Therefore, the quantifi-

cation of steam evaporation and its effect in a nuclear containment 

under real accident conditions is still an open issue.  

A detailed analysis with the GOTHIC code of test 9bis and 21bis 

has been performed by Andreani and Paladino [74], [75], [66]. The 

results obtained with the ASTEC code are reported by Bentaib [73]. 

The conclusions drawn were that a better description of the film in-

teractions would be necessary to improve the predictive capabilities 

of the code for conditions of the type realized in PANDA tests. In 

particular the film dynamic and its potential to re-evaporate should 



22 State of the art  

  

be properly understood. The authors have suggested a mechanistic 

approach which necessitate the correct prediction of: 

 Two-dimensional mapping of the film thickness. 

 Interfacial heat and mass transfer between wall, liquid and gas.  

 Partition of wet and dry areas. 

 Wetting of dry areas such as film front progression, and film re-

traction. 

The main challenge of this work was to develop measurement 

techniques with the ability to quantify the above-mentioned parame-

ters. 

2.2 Experimental techniques for liquid films 

Measurement of the liquid film thickness has been an important 

topic in the area of two phase flows. Among the numerous experi-

mental methods allowing for the thickness measurement of liquid 

film, one may distinguish five different working principles listed in 

Table 2.2 (an extended version of the Collier and Hewitt’s scheme  

[76]). 
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Table 2.2: Working principles and an extended version of Collier and Hewitt’s 
scheme of film thickness measurement techniques (adapted from Clark [76] and 

Damsohn [77]). 

working 
principle 

Method 

Collier and Hewitt classification 

average

 

local

 

point

 

spatial

 

Mechanical a) extraction / weighting     

Electrical 

b) needle contact probe     

c) conductance     

d) capacitance     

Photon 

e) shadow     

f) confocal / laser focus 
displacement 

    

g) optical fiber     

h) visible light absorption     

i) x-ray absorption     

j) luminescence     

k) laser scattering     

l) interferometry     

m) total internal reflection     

Neutron n) neutron absorption     

ultrasound o) pulse-echo     

In term of thickness range, there are no physical, but rather prac-

tical limitations on methods a to f where the minimal and maximal 

measurable thicknesses depend on the sizing of the experimental 

setup and the accuracy of the detection device. The methods g to o 

show a limitation due to increasing attenuation in the media as a 

function of the thickness. Interferometry and pulse-echo have a lower 

limit which is proportional to the wavelength. Only interferometry 

shows an upper limit which is associated with a multiple of the wave-

length. 

Few methods were applied for the spatial measurement of the 

film thickness. A sensor with multiple electrodes was introduced by 
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Belt which measures the film electrical conductance to infer its thick-

ness [78] [79]. A similar technique was used by da Silva for mapping 

gravity driven mixing processes in a pool [80] and for the detection 

of the gas-liquid interface in a hydraulic coupling, a hydrodynamic 

device used to transmit rotating mechanical power [81]. Damsohn 

developed an electrical liquid film sensor (LFS) with an improved 

spatial resolution [77] compare to the results obtained by Belt and 

Silva. The LFS was extensively used for the study of annular flows, 

which are characterized by the presence of a liquid film, driven by a 

gas flow, progressing on the inner wall of a channel. The sensor was 

mounted flush to the surface and is thus non-intrusive as long as the 

liquid film covers the surface completely. The formation and propa-

gation of contact lines on partially wetted surfaces, however, may be 

affected by the wettability of conducting electrodes and insulating 

areas. In the case of capacitance probes, such as those discussed 

by Ambrosini [82], both electrodes and insulating areas can be cov-

ered with the same material as for the entire surface, which elimi-

nates this deficiency.  

Both conductance and capacitance methods show a mutual de-

pendence between the measurable thickness range and the spatial 

resolution. This dependence is attributed to the geometry of the elec-

trical field covering the volume of interest where two-phase flow is 

observed. Kang and Kim [83] found that a flush-wire probe offers 

higher spatial resolution for an extended thickness range at the cost 

of an intrusive wire inserted into the film.  

Optical techniques such as luminescence and light absorption in 

the visible range require the doping of the liquid film with agents nec-

essary for the appropriate contrast [76], [84], [85]. Additives may turn 

out to be surface active substances, affecting the surface wettability 

by changing the contact angle. In a similar way, the application of 

seeding particles is also problematic. Light emission through fluores-

cence or light scattering such as Rayleigh or Raman scattering [86] 

with pure water shows very weak intensities for a given illumination 

strength and is thus not practical. Interferometry of light emitted 
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through blackbody radiation was exploited by Dumin [87] to measure 

the thickness of a growing silicon layer on a sapphire substrate.  In 

this case, the high temperature of the process (1100 °C) provides 

sufficient thermal radiation for detection in a spectral band ranging 

from 1.7 to 2.7 µm.  

Ultra-fast X-ray radiography and tomography was used by Ham-

pel and Fisher ([88], [89]) to perform time-resolved two phase flow 

measurements (up to 10 kfps with a spatial resolution of 1 mm [90]) 

but it fails when the test section is made of X-ray absorbing materials 

such as construction steels. Also, X-ray measurements require good 

accessibility for the radiation source placed in the vicinity of the test 

section. Imaging with thermal and in particular cold neutrons is highly 

sensitive to water thanks to the high attenuation coefficient, due to 

elastic scattering and radiative capture by the hydrogen atom. How-

ever, measurements are often limited by relatively low neutron fluxes 

which result in a time resolution of a few Hz in the best cases. Fur-

thermore, the generation of strong neutron beams requires large 

scale facilities [91]. 

Ultrasonic pulse-echo techniques were investigated by Kamei 

[92] for a fuel rod geometry and by Chen [93] for a planar geometry 

with condensation. Kamei performed spatial ultrasonic measure-

ments of the liquid film thickness on the surface of  a fuel rod simula-

tor. In a nuclear boiling water reactor, the coolant flows along cylin-

drical fuel rods and continuously evaporates while the flow structure 

approaches the regime of annular flow. Measurements of the film 

thickness in this flow regime were performed in a scanning mode with 

40 measuring positions and a frame rate of 250 fps. Chen used eight 

transducers in parallel for a measuring frequency of up to 30 Hz. 

Despite the fact that ultrasounds are non-intrusive, their relatively 

large wavelength limits the measurement accuracy for thin films to 

the order of a few hundred micrometers. The main drawbacks are the 

limited spatial resolution when using multiple transducers and receiv-

ers for 2D imaging and combining high time resolution with a large 

number of measuring points in the scanning mode. 
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In the 1960s, the first cameras sensitive to infrared were devel-

oped for military purpose. Thermography was soon used in flow ap-

plication to map temperature fields and measure heat transfer  [94]. 

Several techniques were developed which combines the use of an 

infrared camera and thin film deposited on surfaces or slabs inserted 

in the flow [95]. Buongiorno and Bucci used a mid-wave infrared cam-

era and an electrically heated thin film deposed on sapphire plate to 

investigate heat transfer in nucleate boiling looking from the back-

side of the plate [96], [97]. Thermography in the long wave infrared 

(LWIR) combined with confocal thickness measurement was applied 

by Rietz for the study of 3-dimentional falling flow [98]. Temperature 

mapping has been achieved using the good emissivity of liquid sili-

con and it opacity in the long wave infrared.  

2.3 Scope of infrared measurements 

In view of the past theoretical and experimental investigations 

which show the strengths and weaknesses of the methods previously 

developed, needs for new experimental techniques to characterize 

the film behavior were expressed. The requirements for the proposed 

measurement are namely, non-intrusivity, applicability to non-iso-

thermal films, adaptability to a large scale facility and to harsh envi-

ronments as well as 2D capabilities with high spatial and time reso-

lutions in order to render, for example, complexes three dimensional 

wave patterns. Moreover, it is desirable to perform measurements on 

an opaque wall with high thermal conductivity and with the possibility 

to test different prototypical surfaces changing the wettability. When 

subject to natural circulation, condensation and evaporation in the 

presence of NCG and the subsequent film development are phenom-

ena extremely sensitive to any intrusion. In this context, non-intru-

sively has a particular meaning since neither the wall conductivity, 

the surface wettability, the liquid volatility nor the velocity profile in 

the boundary layer should be perturbed. Even the addition of dye in 

the water could affect the evaporation rate or the wettability. For all 
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these reasons, none of the above-mentioned measurement tech-

niques could be applied. 

The major contribution of this work consisted in combining 2D 

camera imaging with the application of near-infrared (NIR) and mid-

wave infrared (MWIR) light for synchronized water film thickness and 

surface temperature mapping on a non-transparent wall. Recent de-

velopments in the semi-conductor technology and in the processing 

of electronics led to the advent of powerful infrared cameras at a 

continuously decreasing price [95]. In order to obtain CFD grade 

measurements, modern infrared technologies was brought to a large 

thermal hydraulic facility (LINX) to study water films in condensing 

and re-evaporating environments. For this purpose NIR and a MWIR 

cameras featuring focal plane array (FPA) sensors with 256 x 320 

pixels were used. In the present configuration, the measurement field 

common to both cameras was cropped to 248 x 180 measuring 

points and the thickness and temperature values were recorded with 

frame rates of 250 fps and 125 fps, respectively. The two cameras 

with 50 mm lenses were placed at slightly more than one meter from 

the wall, providing a projected pixel size of 0.63 mm and a field of 

view (FOV) of approximately 15 cm x 11 cm.  

In the field of fluid dynamics, benchmark or validation test facili-

ties differ from discovery experiments in that they should provide ac-

curate data on the boundary conditions that match the input of the 

model used for simulations. Only in this case, the comparison of the 

model output with the experimental results can lead to the validation 

of the model and the assessment of its accuracy [5]. With the steady 

increase in computer power, CFD codes are more often coupled with 

control volume based system codes or used alone to model single 

components of a nuclear power plant [99], [100]. CFD simulations 

have the particularity to provide results with a high degree of detail. 

Fine meshing and small time steps allow for high spatial and time 

resolutions. For the purpose of experimental validation, there is a 

tendency toward developing new measuring techniques providing 
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high density of data points to match the resolution of CFD. There is 

therefore a great interest in measuring two or three dimensional 

fields of characteristic values at high frequency. The electrical film 

sensor developed by Damsohn [77], the wire-mesh senor used by 

Ylönen for mixing and bubbly flows [101], or particle imaging veloci-

metry (PIV) measurements as performed by Kapulla in the PANDA 

facility [102] are examples of CFD grade measurement techniques 

featuring field measurement capabilities and high sampling rates. 

Another recent example is given by the SETCOM facility designed 

for the study of condensation in the presence of NCGs as described 

by Belt [103] and Hundhausen [104]. SETCOM is a benchmark test 

facility equipped with PIV, LDA, as well as newly developed Raman 

and Rayleigh spectroscopy methods to measure 2D velocity, concen-

tration and temperature fields in the boundary layers. Similarly, the 

level of detail provided by the measurements performed in the LINX 

facility goes beyond the resolution of current containment codes. The 

optical measurements can be directly compared with scale resolving 

simulations including models for interface tracking, phase change 

and molecular and turbulent transports. Highly resolved experimental 

data can be directly related to the values calculated at the locations 

on the mesh grid used for the simulation. Moreover, the measure-

ment of the interfacial temperature, the film thickness or the wave 

velocity as well as higher order statistics help to define closure rela-

tions needed for CFD simulations. 

CFD simulation would, in turn, elucidate the phenomena which 

are not captured by the infrared cameras such as the velocity fields 

in the liquid and gas phases and, this way, give a feedback on the 

experimental data obtained. Together, CFD and highly resolved 

measurements help the phenomenological understanding of the flow 

at small scales. The experimental analysis of global and local effects 

with the combination of CFD simulation is targeted. The statistical 

analysis of the finely resolved results allows for the development of 

models and correlations which may be applied on a larger scale. In 

a multi-scale approach the coarse mesh of containment codes is to 
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be used with improved correlations for wall condensation and evap-

oration including models for partial wetting, film progression and the 

different regimes of the film flow. This way, specific user functions 

implemented in system codes can be derived from the analysis of the 

phenomena at small scale. As a result more accurate predictive ca-

pabilities are expected. Better control and management of the risk 

as well as an adequate response in case of a hypothetical accident 

are targeted. More accurate estimates also help to reduce conserv-

atism in the evaluation of safety margins allowing for optimization 

and power upgrade. Based on small scale phenomenology, flexible 

models with applicability to a large variety of conditions can be de-

rived allowing for backfilling of passive safety measures for current 

and future power plants. 

Despite the fact that infrared measurement techniques were ded-

icated to the study of liquid f ilms, they give a broader insight into the 

transfer phenomena between the bulk and the wall. In particular they 

provide data on the liquid-gas interface which modeling is extremely 

expensive in term of computational power. The film surface defines 

the interface between the gas and liquid phase where the process of 

condensation and evaporation occurs. State variables (e.g. temper-

ature, surface elevation, velocity) at the interface are sensitive to 

process quantities (e.g. heat flux, momentum) and react to any 

change or perturbation. Collecting information such as elevation and 

temperature of the exchange surface does not only depict the film 

dynamics and its influence on the surface temperature, it also pro-

vides insights into transport phenomena occurring in the diffusion 

boundary layer. 

The film temperature is affected by the heat flux which creates a 

temperature gradient in the film from the wall to the film surface. The 

surface temperature depends on the film thickness and varies locally 

as the thermal resistance of the film is modified by waves present on 

the film surface. Furthermore, the presence of NCG create locally 

additional perturbation in the film surface temperature. Turbulence in 
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the diffusion boundary layer brings a gas mixture with fluctuating va-

por concentration to the liquid-gas interface which deviates from sat-

uration. As a consequence, the heat flux is modified locally following 

the concentration fluctuation. The temperature pattern created by the 

turbulent NCG layer is superposed to the wave dependent pattern 

(local film resistance) but differs in amplitude, shape, spatial and 

temporal frequencies giving an insight into the nature of gas turbu-

lences which promote convection. 

Moreover, a wave has for effect to displace the gas-liquid inter-

face in a direction parallel to the concentration gradient. Similarly to 

the effect of gas turbulences, the interface is brought into contact 

with a different steam concentration modifying the local heat transfer. 

However, like the film thermal resistance, the displacement of the 

interface is dependent on the film thickness and the contributions 

from both effects add up. The two phenomena can be dissociated 

only by comparing the measured temperature fluctuation with the ex-

pected temperature change due to the film resistance only. This is 

possible knowing the film thickness variation and the average heat 

flux. Generally, the heat transfer, film dynamic and gas velocity layer 

intertwine creating complex interactions and mutual dependences. It 

is the purposes of the present research to develop the tools in order 

to gain detailed insight into the related phenomena. 

Beyond the scope of this work, a wide range of other film flow 

applications can be imagined, which mainly depends on the imaging 

rate of the digital cameras used. The measurement strategy features 

a great flexibility. The optics can be adapted to provide either a large 

FOV to encompass global phenomena or a high spatial resolution to 

capture microscopic aspects on a small FOV. Moreover, opaque 

walls with prototypical surfaces can be investigated which extends 

the application field to numerous experimental designs. The LINX 

facility can be depressurized to study liquid film condensation and 

evaporation at sub-atmospheric pressure. Only a little amount of data 

is available below atmospheric pressure which would be extremely 



 Scope of infrared measurements 31 

   

useful to evaluate safety of small modular reactors (SMR) like the 

NuScale design which features a containment under vacuum [105]. 

The driving force for condensation and evaporation at low pressure 

is smaller leading in low HTC values. Containment vacuum, however, 

allows for a good thermal insulation and a lower pressure peak dur-

ing a LOCA. In addition, the infrared techniques constitute a unique 

diagnostic tool to investigate evaporative cooling. For example, the 

AP600 and AP1000 nuclear power plants designs feature external 

cooling of the containment based on film evaporation in the annulus 

between the containment shell and the concrete shield. Several stud-

ies were conducted to estimate the heat removal by evaporation 

[106], [107]. 

Beyond nuclear safety, there exists a broad application field for 

infrared measurement techniques. Notably, all power conversion 

systems with a Rankine cycle use condensers operated with pure 

steam. As the phase change occurs, a film covers the condenser 

surface. In the absence of NCG, the film thickness and flow type de-

termine the rate of direct heat exchange between the steam and the 

cooling surface. To close the Rankine cycle, evaporation and con-

densation should be well balanced to optimize the overall system 

performance. The heat exchangers are operated with large temper-

ature gradients in which case the HTC for condensation is lower than 

boiling. Therefore, large condensers and more pumping power are 

required for heat sink. Using the infrared techniques to better char-

acterize condenser equipment would be useful for testing new de-

signs and achieve a better cycle efficiency.  

Application of the measurement techniques can be tested with 

other working fluid than water. Organic fluids such as alcohols or 

hydrocarbons with H-O, C-H, C=C and other chemical bounds show 

overtones and combination bands of absorption in the infrared. 

These fluids are widely used in numerous industries and are good 

candidates for the application of infrared techniques. Additional flu-

ids offer a broad range of properties to extend fundamental research 
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on heat transfer by condensation and evaporation with applications 

to many industrial processes.
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3 LINX Facility description 

LINX (Large scale Investigation of Natural circulation and miXing) 

is a medium to large scale facility designed for experimental studies 

on thermal hydraulics. The LINX facility provides a pressure vessel 

to reproduce conditions representative of the containment atmos-

phere expected during a hypothetical accident scenario in a NPP. It 

was upgraded for research investigations on liquid films in condens-

ing and re-evaporating environments. The original LINX facility con-

sists of a single EN 1.4157 stainless steel vessel of 2 m in diameter 

and 3.4 m in height for a total volume of 10 m3. It was designed for 

pressure and temperature up to 10 bar at 250°C. The total mass is 

3600 kg, which corresponds to a thermal capacity of 1800 kJ·°C-1. 

The vessel was insulated with 350 mm thick rock wool (thermal con-

ductivity 0.06 W/mK at 100°C) in four layers separated by reflective 

aluminum foil.  

 

Figure 3-1: Original drawing of the LINX facility. 
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The vessel has several flanges including a man hole, windows, 

connections for injection and vent lines as well as pneumatic and 

electrical feedthroughs. Auxiliary lines penetrating through the top 

and the bottom of the facility enable the injection or vent ing of super-

heated steam as well as non-condensable gases such as air, nitro-

gen or helium. Dry gas can be injected at up to 1443 normal liters 

per minute (nl·min-1) while steam is produced by a 240 kW steam 

generator with a maximum stable output flow of 240 kg/h. Two injec-

tions/vents are placed on the central axis of the vessel. One is lo-

cated in the sump while the other is in the dome of the vessel. Two 

solid metallic discs were mounted facing the flanges at a distance of 

110 mm. This was done in order to brake the flow momentum at the 

injection point, to avoid the formation of jet or plums. In particular, 

the injection system allowed for stratification of steam in the upper 

region of the vessel. Therefore, condensation and evaporation phe-

nomena occurred under natural convection where the buoyancy 

forces dominate. During the experiments in LINX, no more than 0.04 

m3 of gas was injected per second, which, considering the diameter 

of the vessel (2 m), induces negligible bulk velocity of 0.013 ms-1. 

Two additional vents, also placed in the sump and in the dome, are 

facing each other on an off-centered axis. A safety valve placed on 

the top opens when the pressure reaches 10 bar. Figure 3-2 shows 

the main feedthroughs connected to the vessel.
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Figure 3-2: LINX injection and venting lines 

3.1 Temperature controlled wall 

A temperature controlled wall was designed to support investiga-

tion of water films and supply or remove the heat of evaporation and 

condensation, respectively. The wall was inserted vertically in the 

center of the pressure vessel as pictured in Figure 3-2 and Figure 

3-3. It is 400 mm wide and 2142 mm high and consists of nine verti-

cally stacked aluminum blocks (each with WxHxD = 
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400 x 238 x 94 mm). It was designed to support development of wa-

ter films with the capacity to bring or remove heat for the evaporation 

and condensation to occur on the vertical front surface.  Contact be-

tween the blocks is ensured by use of a thermally conductive paste 

(Dow Corning 340). The blocks are covered on the front side by a 

single 0.7 mm thick aluminum sheet which provides a continuous sur-

face for the film flow. The other sides of the wall are thermally insu-

lated. The surface of the aluminum sheet has undergone a chemical 

etching and anodization processes. Those chemical treatments pro-

vide a fine surface roughness for the diffuse reflection of light which 

is required for optical measurements as described in the next sec-

tion. The aluminum sheet was adhered to the blocks with a curable 

conductive paste (Dow Corning 1-4174). The paste contains cali-

brated spacer beads with 178 µm in diameter to control the gap be-

tween the sheet and the blocks. A constant gap provides a constant 

heat transfer over the wall surface.  
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Figure 3-3: Scheme of the LINX facility in its actual shape. The main 
components are the vessel, the temperature controlled wall and the cool-

ant loop. 

Water coolant was circulated in the blocks to control the temper-

ature of the wall. The blocks were supplied by two independent water 

loops. The first one is a cooling loop which is connected to the central 

demineralized water network of the laboratory. The second loop is 

autonomous and is fed from a 2 m3 reservoir tank. The water the 

reservoir tank can be heated up to 95°C by a heat exchanger, the 

primary side of which is connected to the steam generator of the fa-

cility. A system of valves allows to send the water of either the cool-

ing or the heating loop to the wall segments (blocks).  In this way, the 

wall can be partially or fully heated or cooled such that condensation, 

evaporation or combination of both conditions can be simulated. The 

mass flow rate is independently controlled for each block. The first 

four blocks from the top could be either fed from the network or from 

the tank while the lower block are only connected to the tank. This 
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configuration enables the creation of a temperature profile with a co ld 

upper wall and hot lower part. The scheme of the coolant circuits for 

the control of the wall temperature is depicted in Figure 3-4. The hot 

feed lines are marked in red while the cold lines are in blue. 

 

Figure 3-4: Coolant loop (demineralized water) for the temperature con-
trol of the wall. 

An additional feed line is used for the film injector (Figure 3-5) 

which was used to create a water film on the upper plate of the wall 

model. The water spread on the upper plate is taken from the same 

heating or cooling stream connected to the channels inside the plate 

used such that the film at the created liquid film is already in thermal 

equilibrium with the wall. The film injector consists of a reservoir 

made of insulating PTFE material and continuously filled with water. 

When the water level reaches a horizontal slot cut in the upper part 

of the reservoir, a water film is discharged on the plate surface by an 
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inclined spillway. A grid of wires was folded and placed between the 

spillway and the surface in order to spread the water evenly over the 

wall width. 

Finally, two collectors for the condensate were installed on the 

wall. A gutter was located at the bottom of the wall and a retractable 

collector was mounted at mid-way through the height of the wall. The 

gutter was divided in two parts, one to collect the film at the bottom 

edge of the test surface and the other to collect the spurious conden-

sate from the coolant piping located behind and on the lateral side of 

the wall. The intermediate collector was activated from the outside 

of the vessel. Two pistons mounted on holding arms pushed to col-

lector against the wall surface or retracted it when pressurized air 

was injected in their hydraulic cylinders. The collected condensate 

was directed outside the facility to avoid accumulation and undesir-

able re-evaporation in the sump. Three individual lines were installed 

to measure separately from the two collectors and from each part of 

the gutter as shown in Figure 3-5. This allows for monitoring of the 

film flow rate and lateral side condensation on the pipes (blue). 
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Figure 3-5: Temperature controlled wall, f ilm injector and collectors. 

Figure 3-5 shows the staked blocks which form the temperature 

controlled wall and the injector and collectors. The picture was taken 

before the front side of the blocks were covered with the continuous 

aluminum surface. The insulation on the wall sides and the external 

piping (blue) which circulate the coolant in the blocks are also visible.  

3.2 Block design 

For the cooling and heating ducts in the blocks, a meandering or 

“snail” design was chosen, Block inlets and outlets were connected 

by an external piping. This way of guiding the heat carried provides 

a flat temperature profile on the surface by minimizing the effect of 

temperature change of the heat carrier. It offers a good control of the 

temperature at the wall surface while enabling an accurate energy 

balance in the same time. The meandering design of the heat carrier 

circulating in the horizontal channels of the blocks is illustrated in 
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Figure 3-6. The flow direction was alternated resulting in a periodicity 

every second block. A simulation with the commercial code FLUENT 

was performed to validate the design. The cooling case was studied 

to characterize the non-uniformity of the plate surface temperature. 

With the present configuration a coolant heat up span of 15 K in the 

results in a surface temperature non-uniformity of less than 2 K. This 

result was obtained for the conservative assumption of a high heat 

transfer coefficient (HTC) at the surface of 1000 WK -1m-2. A temper-

ature gradient of 100 K was imposed between the wall (300 K) and 

the atmosphere (400 K). The external piping was assumed to be ide-

ally insulated.  

 

Figure 3-6: Steady-state simulation in FLUENT (k-ε model) of the block 
design. A case of condensation is illustrated with colder inlet.  

The ratio between the channel diameter D and the channel spac-

ing L was optimized to minimize the temperature non-uniformity. Fig-

ure 3-7 illustrates the effect of the channel diameter on the surface 

temperature profile. A 2D simulation was performed on a square cell 

with periodic boundary conditions on the lateral sides. The heat 

transfer occurs on the upper surface while the bottom side is insu-

lated. An optimal channel diameter was found resulting in a flat tem-

perature profile on the surface. When the channel diameter is large 

compared to the cell length (L), the wall separating two channels is 
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thin, acting like fin. The fin effect results in an enhanced heat transfer 

above the separation between channels. In this case the surface 

temperature is higher between the channels if condensation occurs 

or lower if evaporation occurs. For a too  small channel diameter, 

the maximum of heat transfer is found above the channel. In both 

cases the surface temperature is not homogeneous.  

 

Figure 3-7: Effect of the channel size on the temperature profile for the 
case of condensation 

It appears that the ideal ratio which provides a flat temperature 

profile depends also on the thermal conductivity k of the block mate-

rial and on the HTC at the boundary between the coolant and the 

channel wall. Figure 3-8 shows the dependency of the optimal ratio 

D/L as function of the thermal conductivity normalized to the tube 

spacing k/L. The results are given for different HTCs at the channel 

wall. To give an idea of sensitivity, upper and lower bounds, which 

correspond to 1% variation in the heat flux across the front surface 

of the wall, are depicted for the case of a HTC of 1000 WK -1m-2. The 

coordinates corresponding to the actual design implemented in the 

facility were added in Figure 3-8. In our design the channel diameter 

is slightly higher than the optimum which provides a higher exchange 

surface in the channel and a lower pressure drop in the coolant cir-

cuit.  
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Figure 3-8: Optimal ratio between D and L for different k values 

The block design retained for the temperature controlled wall 

comprises seven horizontal channels with a diameter (D) of 16 mm 

and spacing (L) of 34 mm. The blocks are made of aluminum 6082 

with a thermal conductivity of 174 W·m-1·K-1. Using the Nusselt num-

ber for laminar flow in a pipe and the Dittus-Boelter correlation for 

turbulent flows, it was estimated that the HTC at the channel wall 

varies from approximately 270 W·K-1·m-2 to 3000 W·K-1·m-2 for the 

flow rate and water temperature ranges outlined in the next section. 

The HTC through the aluminum mass between the surface and the 

channel is on the order of 10 kW·K-1·m-2. By adjusting the flow rate 

in the channels the overall thermal resistance could be kept small for 

precise temperature control. 

A picture of the final block design taken from the back side is 

shown in Figure 3-9. In order to limit the heat transfer to the front 

face of the blocks the back and lateral sides were insulated with 

PTFE and PEEK material, respectively. The side turns visible in Fig-

ure 3-5 were made of insulating hoses.  
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Figure 3-9: Coolant block with insulation and access for thermocouples 
and heat flux sensors (HFS) 

Between the side turns and the channels’ inlets and outlets, a 

strait pipe section of 100 mm (also insulated) was mounted. The 

strait section helps the coolant flow to develop before entering the 

block which in turn improves the homogeneity of the surface temper-

ature on the side of the wall. 

3.3 Instrumentation  

The LINX facility was equipped with more than 150 K-type ther-

mocouples on the walls, and in the gas (Table 3.1). An accuracy of 

0.5 °C was assessed for temperature measurements. Additionally, 

the gas composition was measured in the facility by means of a mass 
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spectrometer (MS). Gas was continuously sampled through 30 capil-

laries each being associated with a thermocouple, and sent to the 

MS systems. 

Table 3.1: Number of thermocouples and capillaries in the LINX facility 

Thermocouples Capillaries 

gas inside wall outside wall injection/vent cooling plate  

45 24 62 4 20 30 

 The flow rate for each capillary was estimated to 0.1 nl·min-1. 

The MS measurement is sequential and only one line can be selected 

at a time via a multiport rotating valve pictured in Figure 3-10. When 

selected, the sampled gas is sent to a quadrupole mass spectrometer 

which gives the partial pressure of the selected gas (steam, air). The 

uncertainty of the gas concentration is estimated to be 1% of full 

scale.  

 

Figure 3-10: Rotary valve with 40 inlets for sequential measurement of 
the gas concentration with a mass spectrometer. 

Thermocouples and capillaries were distributed in the gas volume 

by fixing them on tensioning cables which are called “lines”. The ac-
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curacy of positioning was 10 mm in all three dimensions. Both ther-

mocouples and capillaries have a diameter of 1 mm. Figure 3-11 de-

picts coupled concentration and temperature probes held by a ten-

sion cable. 

 

Figure 3-11: Thermocouple (left) and capillary (right) supported by a ten-
sion cable for temperature and gas concentration measurement in the 

bulk 

 In total, three vertical and two horizontal lines were mounted in-

side the vessel for the measurement of vertical and radial profiles in 

the gas. Additionally, thermocouples and capillaries were placed on 

each injection and vent port. Figure 3-12 depicts the position of the 

concentration and temperature probes inside the vessel, on the wall 

and in the gas. The third vertical line and the two horizontal lines 

placed in front of the test surface are pictured in Figure 3-15. 
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Figure 3-12: Vertical and radial positions of the capillaries and thermo-
couples in the gas and on the vessel wall. Two vertical lines and wall 

thermocouples are illustrated. 

Block # 7 starting from the top of the temperature controlled wall, 

as depicted in Figure 3-2, was fully instrumented with in channel ther-

mocouples and heat flux sensors (HFS). Investigations on the inter-

action between the film and its environment were performed on block 

# 7. The fittings for the insertion of the sensors are visible in Figure 

3-9. Small boreholes of 1.1 mm in diameter were eroded from the 

back side of the instrumented block to give thermocouples access to 

the water channels. Close access behind the wall surface for the 

HFSs was provided by 0.9 mm diameter eroded holes passing be-

tween the water channels. The sensitive part of HFSs was placed in 
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the aluminum layer between the wall surface and the channels. A 

technical drawing of the block design with the accesses for sensors 

is shown in Figure 3-13. 

 

Figure 3-13: Drawing of the block design with dimensions in mm. 

Two thermocouples were inserted into each of the seven chan-

nels of the instrumented blocks at two positions with equal distance 

from the channel center. They delimit vertically a band of 200 mm in 

the center of the wall which excludes the effects of the wall sides. 

The thermocouples of each channels were connected for a differen-

tial temperature measurement. An energy balance was performed 

using the differential temperatures to provide a measure of the heat 

flux through the central band. With the snail design the coolant tem-

perature elevation is different for each of the seven channels due to 

the heat transfer between neighbor channels. Thus, the correct heat 



 Instrumentation 49 

   

flux is obtained by averaging the values found for the seven chan-

nels. An energy balance was also performed based on readings from 

the thermocouples placed at the main inlet and outlet of the block. 

The difference between the two measured heat fluxes is useful to 

estimate the losses on the sides of the wall and external  turns. The 

accuracy of the measured heat fluxes with the energy balance was 

evaluated to be ±200 W·m-2, the main source of error resulting from 

temperature fluctuations in the coolant. 

The HFS consists of series of three equidistant thermocouples 

with a pitch of about 5.5 mm. The thermocouples were made of Chro-

mel and Alumel wires with 35 µm diameter (type K). The three hot 

junctions were fitted in a 0.8 mm capillary which constitutes the tip 

of the HFS. The tip of the HFSs was placed 1 mm from the surface 

of the block. A conductive paste was filling the gap between the HFS 

and the wall material. 

 

Figure 3-14: Heat flux sensors. 

As depicted in Figure 3-14, the electronic diagram of the HFS is 

such that the first and last thermocouples are connected for the dif-

ferential temperature measurement while the remaining middle sen-

sor is used for an absolute temperature measurement. The sensors 

were calibrated using an electrically heated mat applied on the block 
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surface. The variation of the sensor response with the temperature 

was measured by using a SIKA TP M 165 S-U oil bath with ±0.1°C 

accuracy. Due to the small voltage output of the sensor, the esti-

mated uncertainty of the sensor was estimated to ±200 W·m-2.  

Figure 3-15 shows the position of the sensors mounted in front of 

the temperature controlled wall and inserted in block # 7. A total of 

15 thermocouples and capillaries were mounted on the third vertical 

line in front of the test surface. Their linear density was increased in 

front of blocks # 3, 4 and 5 were stratification is created for the pur-

pose of tests with both condensation and evaporation. The sensors 

installed to measure within the diffusion boundary layer (denoted 

MTG.BL1...2…3, etc.) are situated at the elevation of the lower hori-

zontal line at same height as block # 7. The closest measurement of 

temperature and concentration is positioned 5 mm away from the wall 

surface. The position of the thermocouples and HFSs in block # 7 as 

well as the boundary layer probes are indicated in the close-up in 

Figure 3-15. 
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Figure 3-15: Instrumentation located in front of the temperature con-
trolled wall and in the block number 7 (the vertical line is at 111°) . 

Finally two optical measurement techniques were implemented to 

measure the film thickness and the film surface temperature which 

are described in the next section. The FOV of the two cameras used 

for this purpose is indicated within the blue dotted-line box in Figure 

3-15. Both techniques necessitate the presence of a transparent win-

dow facing the temperature controlled wall. A double borosilicate 

window consisting of two sight glasses fused in a metal disc was 

used for the near-infrared measurement technique which is dis-

cussed in the next section. Borosilicate glass provides a high trans-

mittance in the spectral range from wavelengths 300 nm to 2700 nm. 

The two sight glasses are 55 mm in diameter with a pitch of 95 mm 

between their centers. The metal disc and the fused glasses have a 
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thickness of 30 mm according to DIN 28120 for nominal diameter and 

pressure DN150 and PN16, respectively. The two sight glasses offer 

optical access for the NIR camera and light source which are used 

for the NIR technique. The optical separation between the sight 

glasses helps to avoid reflection from the light source into the camera 

lens. A double window on the same flange has the advantage that 

light emission and detection can be placed closely while being sep-

arated optically. 

A sapphire window with 100 mm in diameter and a clear aperture 

of 80 mm was mounted in a flange located above the double window. 

Sapphire is a crystal glass made of aluminum oxide (Al2O3) which 

shows high transmittance from 150 nm to 5000 nm. Sapphire fea-

tures excellent corrosion resistance against steam and has a high 

modulus of rupture ranging from 350 MPa to 690 MPa (50’000 to 

100’000 psi). Thanks to the good mechanical properties the window 

could be selected as thin as 8 mm for a pressure rating of 16 bar. 

The double sight glasses and the sapphire window are pictured in 

Figure 3-16.  
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Figure 3-16: Double borosilicate window (left) and sapphire window 
(right) 

Additional borosilicate windows placed on the vessel wall allow 

for visual observation from the front, top and lateral sides of the tem-

perature control led wall. 

3.4 Control and data acquisition system 

Steam injection inside the vessel was controlled through a vortex 

flow meter, PROWIRL from Endress and Hauser. The accuracy was 

given to 1 % of the reading. The non-condensable mass flow rate 

was controlled by means of six thermal flow controllers from Brooks 

mounted in parallel to ensure accuracy of 1 % on the full scale over 

a wide range of flow rates from 3 nl·min-1 to 1400 nl·min-1. Pt100 

temperature sensors were installed upstream of the injection flanges 
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to monitor the injection temperature. The mass flow rates in the cool-

ant blocks and in the collector were measured with Kobold DOM-X15 

oval gear flow meters ranging from 15 l/hr to 550 l/hr with an accu-

racy for water of 1 % of the measured value. 

All valves, except for the heat exchanger, were controlled by a 

Simatic control system from Siemens. The flow rates and pressures, 

read as well with the Simatic system, were used as a control feed-

back. The data was stored and sent by an Ethernet connection to a 

PC with NI LabView which collected and organized the data for post 

processing. The heat exchanger on the coolant loop was operated 

with a separate control system to adjust the temperature in the water 

tank. Thermocouples reading was performed by a Daytronics data 

acquisition system which sends the data to the NI LabView computer 

via a RS232/GPIB connection. The gas composition analyzed by the 

mass spectrometer was acquired on a separated computer with the 

software MasSoft. A thermocouple card from National Instruments 

(NI) was used for the reading of the HFS and in channel thermocou-

ples. The NI card was appropriate for differential temperature meas-

urements since it provides low detection noise with a standard devi-

ation of 200 nV. All measurements were synchronized and a data 

acquisition frequency for all sensors of 1Hz was achieved. A ramp 

signal was sent from the NI LabView PC to synchronize all units to-

gether. A special synchronization was performed between the cam-

eras which operate at a higher frequency. For this purpose, a low 

voltage TTL card was used to send two synchronized TTL signals to 

each cameras. In this way every single frame acquired by the cam-

eras was tagged by the raising edges of the square TTL signal. The 

cameras were operated from two separate computers with a Gigabit 

Ethernet connection to accept the large volume of data produced. 

Figure 3-17 schematizes the control and acquisition systems for the 

LINX facility. 
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Figure 3-17: Control and data acquisition system. 
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4 Infrared measurements 

This section describes the developments made with infrared tech-

niques and their implementation in the thermal hydraulic facility 

LINX. The concept of measurement, the calibration and the pro-

cessing of the signal are presented. 

4.1 Water optical properties 

Water is one of the most studied chemical compound on earth. It 

is a fundamental ingredient for life and climate and is the dominating 

heat carrier and working fluid in power engineering. Its thermody-

namic and physical properties are more complicated than those of 

other fluids due to the specific molecular structure of H2O and the 

influence of hydrogen bonds. As a consequence it shows a stronger 

deviation from ideal van-der-Waals gases than many other sub-

stances. The properties have been extensively researched and large 

comprehensive, openly accessible data base are available. I was in-

terested in the optical properties of water for the purpose of applying 

imaging techniques for quantitative measurements. In particular , the 

focus was brought on the nature of absorption in the infrared region 

of the electromagnetic spectrum. 

 Water is highly transparent to visible light, which is why life and 

photosynthesis has adapted to this wavelength range. A maximum of 

light transmission is found for the blue wavelength which explains 

why water is intrinsically blue. Water has a complex absorption spec-

trum. The molecule of water (H2O) is a vibrating covalent system 

characterized by strong H-O-H hydrogen bounds. Three main modes 

of vibrations are symmetric and asymmetric stretch (v1, v3) and bend 

(v2). The corresponding energies of these modes give rise to absorp-

tion transitions with overtone and combination bands in the infrared. 

Figure 4-1 shows a glass filled with water as seen in the visible and 

in the NIR. 
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Figure 4-1: Absorption in the visible and the near infrared @ 1450 nm 

Water takes the appearance of coffee when perceived by a NIR 

camera. A few millimeters of water are sufficient to reach quasi opac-

ity. The dark aspect of water in the NIR shows that absorption dom-

inates over diffusion by light scattering which is negligible for the 

case of pure water [108]. 

Figure 4-2 depicts the optical properties of water in the liquid and 

in the gas phase. The absorption spectrum of liquid water is charac-

terized by an increase of absorption when moving from the visible to 

the infrared. The subject of the experimental studies in the LINX fa-

cility are liquid films in a temperature range between 20 °C and 

90 °C. Black body radiation in this range of temperature is too weak 

to be detected in the NIR region. This allows to use the light attenu-

ation in this wave length region as primary source of information for 

a film thickness measurement. The Planck spectrum of the black 

body radiation included in Figure 4-2 shows that the film temperature 

can be measured in the MWIR and LWIR regions, where the intensity 

of the black body radiation is strong enough for detection.  

The application of NIR for liquid film measurements in the pres-

ence of evaporation or condensation relies on optical access through 
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a vapor containing atmosphere. Absorption by the vapor is a disturb-

ing factor and has to be taken into consideration. In the vapor phase 

the absorption spectrum is more complex. The steam absorption for 

atmospheric pressure was calculated based on the intensities of the 

transitions taken from the HITRAN data base [109]. Superposition 

and broadening of the transition lines leads to a smooth absorption 

spectrum. The spectrum is characterized by a good transmission in 

the visible band and by a series of atmospheric windows interrupting 

a generally high level of absorption in the infrared. Notably, windows 

offering good transmission are found in the near, short wave, mid 

wave and long wave infrared. These regions are often exploited for 

measurement through atmospheres containing water vapor. 

 

Figure 4-2: Water optical properties in the liquid and gas phase.  

4.2 NIR thickness mapping 

4.2.1 Working principle 

Examples for the measurement of the film thickness by attenuation 

of infrared light are numerous (see Introduction). Cameras were used 

by Clegg [85] and Clark [110] to achieve a 2D mapping of the film 
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thickness. The measurement was obtained by attenuation in the vis-

ible range, which requires the addition of a water-soluble dye for en-

hancing absorption. Both authors report the use of a light diffuser 

placed between the light source and the film with the camera placed 

on the opposite side of the film. In such configuration, light passes 

through a transparent wall supporting the film. As depicted in Figure 

4-3, two geometrical configurations exist with the diffuser placed ei-

ther on the dry side or on the wetted side of the wall. In the latter 

case, the length of the absorption path for a given film thickness is 

not affected by the tilt angle at the film surface. 

 

Figure 4-3: Standard transmission methods for thickness 2D mapping 

Our contribution consists in combining 2D camera imaging with 

the application of NIR light attenuation and taking advantage of the 

diffuse reflection at the surface of a non-transparent wall. The sur-

face must show diffuse reflection in order to reflect light back to the 

camera for different incident angles of the impinging light. As sche-

matized in Figure 4-4, an NIR light source and an NIR camera are 

both located on the wetted side of the wall. A reflective lighting ge-

ometry is used where the FOV of the camera is illuminated by the 
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light source and the intensity of reflected light is measured. The frac-

tion of light detected depends on surface characteristics and attenu-

ation in the film.  

For each measuring pixel on the focal plane array of the camera 

an optical path can be drawn between the light source and the sensor 

pixel as depicted in Figure 4-4. The light that is recorded by the cam-

era passes twice through the water film. Therefore, the attenuation 

corresponds to the absorption of twice the thickness of the water film. 

Reflection and refraction occur on the liquid surface, at the interface 

between the water and gas mixture.  

 

Figure 4-4: Scheme of the measurement principle. 

The selection of the measuring wavelength was guided by the 

following criteria: 1) the absorption in steam should be minimized and 

thus has to correspond to one of the numerous minima and 2) the 

absorption in the film should be adequate to measure the targeted 

thickness range of 0 to 2 mm. The absorption in the film must be 

large enough to be measurable and low enough such that thick films 
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do not become completely opaque. The consideration of error de-

scribed below shows that the chosen absorption coefficient is well 

balanced. A wavelength of 1612 nm in the NIR was selected, corre-

sponding to an absorption coefficient of 7.2 cm-1 @ 22 °C as reported 

by Kou [111]. This is the sweet spot which guarantees a minimum 

transmission of about 5 % in case of a maximum film thickness of 

2 mm [82], [112] which was chosen as the upper limit of the measur-

ing range. As shown in Figure 4-2, the selected wavelength corre-

sponds to a minimum in absorption by steam in the atmospheric win-

dow. The transmission losses in a steam-rich atmosphere are thus 

minimized. For pure steam at one atmosphere the total absorption 

over a distance of one meter is smaller than 0.1 %. 

The concept of NIR absorption with reflective lighting offers sev-

eral advantages over conventional techniques. The attenuation of 

light in the NIR is a property of water and does not necessitate the 

use of a doping agent such as an absorbent dye whose concentration 

varies under condensation and evaporation. Also, the dye might act 

as a surfactant, changing the wetting behavior of the surface by the 

film. Finally, the possibility to measure on non-transparent walls ex-

tends the application field of the measurement technique. A broader 

range of wall materials is available with the necessary mechanical 

and thermal properties. The wall could be covered with different non-

transparent coatings or undergo a surface treatment to obtain the 

desired roughness and wetting properties. The method is best suited 

for surfaces with a diffuse reflection which excludes highly polished 

metallic surfaces. The surface treatment used for the tests in LINX 

and the surface wetting obtained are described in Sections 3.1 and 

5, respectively.  

4.2.2 NIR camera and lens specifications 

A FLIR (Forwards Looking InfraRed) SC2500 NIR camera was 

used for the purpose of the film thickness measurement. The model 
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features a 256 x 320 pixel InGaAs detector array sensitive to a spec-

tral band ranging from 900 nm to 1700 nm with a peak quantum effi-

ciency ηQ,max above 70 % at 1500 nm. With a pixel pitch of 30 m and 

a fill factor equal to 100 %, the detector size is 9.60 x 7.68 mm. A 

thermoelectric cooler lowers the temperature of the detector by 20 K 

compared to the ambient. The photosensitive sites (pixels) have a 

full well capacity of 1.7e5 e -. The typical signal noise is 150 e - RMS. 

The camera is capable of acquiring images at rates up to 340 fps for 

full frame and up to 15 kfps when windowing (48 x 8 pixels) is ap-

plied. A minimum integration time of 400 ns is achievable. The ana-

log to digital converter provides 14 bit output data ensuring good 

counting statistics. With this type of detector, nonlinear correction of 

the signal is not required. The camera’s lens has a focal length 

f = 50 mm and a relative aperture f/2. The imaging setup delivers a 

FOV of approximately 153.6 mm x 192 mm and a projected pixel size 

of approximately 0.6 mm/pixel when placed at 1 m from the object. 

Between the lens and the detector, a slot mounted on the camera 

allows for the insertion of spectral filters made necessary due to the 

polychromatic light source described in the next chapter. For the pur-

pose of the measurement at the wavelength mentioned above, a nar-

rowband filter centered at 1612 nm with a bandwidth of 32 nm was 

used.  

4.2.3 Optical assembly with a light source 

Two options for the light source were compared: 1) pulsed infra-

red laser diodes and 2) a halogen bulb combined with a narrowband 

filter. The halogen source combined with the light projection system, 

as depicted in Figure 4-5 was chosen because of the higher output. 

The halogen bulb emits black body radiation characterized by a 

broad emission spectrum. Thus, the intensity loss in the narrowband 

filter is significant. Further losses occurring during the collection of 

light and its projection on the wall were considered. Approximately, 

the filter reduces the total intensity by a factor of 100 and another 

reduction factor of 10 is attributed to the collection efficiently of the 
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light projection system. The required electrical power for sufficient 

illumination was estimated according to the geometry of the setup 

and the sensitivity of the camera. For a distance of 1 m between the 

optic and the surface, and an integration time of 500 µs, the neces-

sary electrical power to bring the detector to saturation was found to 

be on the order of 100 W. Details of the above estimations are given 

in Appendix A. 

An industrial halogen bulb was used, with a maximum power of 

1000 W and a color temperature of 3200 K when 220 V is supplied. 

The applied voltage was lowered to optimize the light output and to 

lower the color temperature such that the maximum of the Planck 

spectrum is shifted closer to the detection wavelength. For the vali-

dation tests with the liquid film sensor (LFS) which features a gold 

coated surface, as described below, a voltage of 40 V corresponding 

to a power of 66 W was applied. As a result, between 80 % and 90 % 

of detector saturation was reached with a dry surface. This result 

confirms the order of magnitude predicted by the calculation (Appen-

dix A). According to Wien’s displacement law, under this voltage and 

power supply the corresponding emission maximum of the bulb is 

found at 1787 nm, which is close to wavelength selected for the 

measurement.  

Figure 4-5 shows a schematic of the alignment of the main optical 

components used in the light projection system. N-BK7 lenses and a 

protected aluminum mirror were used for their good transmission and 

reflection attributes, respectively. 
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Figure 4-5: Scheme of the light source with optical elements. 

A spherical mirror and an aspherical condenser lens placed on 

the opposite sides of the bulb collect the light. A first diaphragm was 

used to control the amount of light collected. Closing the diaphragm 

aperture allows to dim the light output without lowering the voltage. 

A second diaphragm, placed at a distance where the virtual image is 

formed, was used to control the size of the spot projected on the wall. 

Behind the virtual image, a spherical projection lens conditions the 

beam to ensure a homogenous illumination with an opening angle 

slightly larger than the one provided by the 50 mm lens of the NIR 

camera. For combined measurements in the NIR and MWIR, a block-

ing filter was mounted on the light source with a band pass containing 

the narrow band of the filter inserted in the camera. This helps block-

ing longer wavelengths that would otherwise interfere with the sen-

sible spectral band of the MWIR camera. Finally, compressed air was 

injected in the bulb chamber as a mean of heat removal. 

For an accurate location of the film thickness measurement the 

light source and the camera should be ideally placed on the same 

optical axis. This way, the optical path would enter and leave the film 

at the same location as depicted in Figure 4-4. Such an arrangement 

would require coupling of forward and backward beams by a semi-

transparent mirror, an idea which was abandoned for practical rea-

sons. In our case, lamp and camera are placed closely side by side 
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as shown in Figure 4-6. The distance between the centers of the two 

front lenses is 95 mm, according to the spacing between double 

sights glasses described in the previous section. In order to avoid 

specular reflections of the light source on the film and wall surfaces 

to be detected, the optical setup was tilted. An angle was imposed 

between the setup orientation and the normal to the wall surface. 

This angle was called the camera or optic orientation angle θo as 

depicted in Figure 4-4.  

 

Figure 4-6: Photograph of the optical setup in compact assembly. 

The orientation angle θo and the reflection properties of the sur-

face in the LINX facility produce a vertical gradient in the intensity of 

the reflected light as perceived by the NIR camera. With the camera 

oriented upwards, the gradient was such that the reflected light 

measured on top was lower compared to the bottom of the FOV. In 

order to homogenize the reflected intensity to provide better counting 

statistics over the entire FOV, a blind was placed in front of the light 

source as shown in Figure 4-32 depicted later in this section. The 

blind, which was mounted inside the vessel behind the sight glass 
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for the light source, has a straight edge meant to partially obst ruct 

the lower part of the light beam. The shadow of the edge projected 

on the surface is blurred, creating a reversed gradient. Finally, the 

original gradient is compensated and flat intensity profile is provided. 

Figure 4-7 (left) shows the gradient on the light spot caused by the 

blind as seen in the visible from a position located above the camera. 

The resulting flat reflection intensity as seen by the NIR camera is  

depicted on the right side. 

     

Figure 4-7: Lighting gradient created by a blind (left) and resulting flat re-
flection intensity perceived by the NIR camera (right).  

The blocking filter, the window and the blind added to the optical 

path require a higher light output to bring the detector to saturation. 

For the measurements in the LINX facility, 80 V corresponding to an 

electrical power of 180 W were supplied to the halogen bulb. The 

integration time t i was also raised from 500 µs to 800 µs. An integra-

tion time below 1 ms allows for sharp images of the flow. 

4.2.4 Signal processing 

The light intensity recorded by a single pixel of the NIR camera 

is converted into a local instantaneous thickness using the assump-

tion of a planar film on a surface that is perpendicular to both the 

incoming light beam and the optical axis of the camera. Since the 

light traverses through the film twice, the Beer-Lambert law equates 

the measured intensity I and thickness δ as follows: 
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𝐼 = 𝐼0 ∙ exp(−2𝜇𝐻2𝑂𝛿) = 𝐼0 ∙ exp(−𝜇′𝛿) 4-1 

Here, I0 is a reference intensity valid for a film thickness converg-

ing to zero and µH2O is the absorption coefficient of water for the 

wavelength range defined by the narrowband filter. The apparent ab-

sorption coefficient µ’ is twice as big since the light crosses the film 

two times. Both, I0 and µ’ were determined or confirmed by calibra-

tion.  

From literature ([113], [114], [115]) it is known that dry and wet 

surfaces show different intensities of reflection. For all surfaces, in-

cluding metallic ones, the refraction phenomena at the film surface 

creates internal reflection in the film and widens the solid angle with 

which the light escape the surface. For dielectric surfaces like paint  

or concrete, light penetrates below the surface and undergoes mul-

tiple refractions and reflections before leaving again the surface. If 

the surface is wetted, the refraction of light entering and leaving the 

surface is modifed, which as for effect to modify the number of inter-

nal refractions / reflections. Usually, as it can be experienced in eve-

ryday life, an increase in light scattering occurs, which makes dielec-

tric surfaces appear darker when wetted. The constant factor I0 in 

Equation 4-2 has to correspond to the case of a wet surface covered 

by an infinitely thin film. The correction factor Kdry is introduced in 

order to relate I0 to Idry, the intensity reflected by a dry surface. 

dry

dry
I

I
K 0  4-2 

The intensity Idry is measured before or after wetting of the sur-

face and the dry surface coefficient Kdry is determined by the calibra-

tion. The film transmission Γ is define as the ratio between I and Idry.  

A detailed derivation of the signal processing is given in  Appendix B. 
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4.2.5 Multiple internal reflection  

Part of the light reflected at the wall surface is again reflected at 

the film-air interface and re-directed back to the surface, increasing 

the distance traveled in the film before detection. The diffuse reflec-

tion on the surface creates oblique light paths with an angle distribu-

tion. The fraction of light reflected at the liquid-air interface increases 

with the incident angle. For high incident angles total internal reflec-

tion is expected. In order to take into account multiple internal reflec-

tions in the film, a modified expression for the transmission ex-

pressed by Equation 4-1 and 4-2 is proposed as follows:  

 ...)3exp()2exp()exp()'exp( 3

int

2
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The transmission was rewritten in the form of a series character-

izing the multiples of internal reflection. The constant Rint represents 

the fraction of light reflected at the water-air interface. The absorp-

tion coefficient for the internally reflected light µIR is proportional to 

µ and characterizes the fact that internal reflections have an angle 

distribution ranging from 0 ° to 90 ° from the normal to the surface.  

Since oblique light travels larger distances in the film, µ IR is equal or 

bigger than µ’. For example µ IR would be equal to µ’ if the surface 

were a perfect mirror providing specular reflection without an angle 

distribution. A proportional factor F was added in front of the series 

which contains Kdry and compensates for the additional internal re-

flections. Equation 4-3 can be solved using the geometrical series 

and can be written as follows: 
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Like Equation 4-2, the dry surface coefficient Kdry corresponds to 

the ratio of intensities between a dry surface and a wetted surface 

with a film thickness tending to zero. Equation4-4 with an additional 

constant term was only used for the validation test with cold neutrons 

described below. 

4.2.6 Measurement with reference surface 

The light intensity returning from the measured f ilm is affected by 

fluctuations of the lamp power and temperature, as well as by 

changes of the attenuation in the atmosphere along the optical path. 

In order to compensate for intensity fluctuations, a reference inten-

sity was recorded by evaluating the light intensity returning from a 

small area of surface which is not covered by the liquid film. A refer-

ence surface was in place during calibration and measurements. The 

type of reference surface was either white paper or a sample of the 

test surface which could withstand steam atmospheres found in the 

LINX facility. The reference surface was placed on the side of the 

FOV in front of the test surface such that it is not covered by the flow. 

The reference surface used for tests in the LINX facility is visible in 

Figure 4-7 on the right side of the FOV as well as in Figure 4-11. It 

consists of a sample of the aluminum surface which underwent the 

same chemical treatment as the sheet affixed to the blocks. The sam-

ple was fixed on the reference target as discussed below. The rec-

tangle sample is recognizable in the figure as it shows approximately 

the same intensity as the wall surface. Since the reference surface 

remains dry, its reflective properties stay constant, ensuring that the 

same fraction of light is redirected toward the cameras independent 

of the film flow. The reflected intensity from the reference surface is 

recorded together with the information from the water film. The in-

tensities of all obtained images were normalized by the average sig-

nal over a region of interest on the reference surface before the fur-

ther processing steps were undertaken. As a consequence, relative 

measurements, by means of a reference surface, are performed 

thereby cancelling out uncertainties due to fluctuations in absorption 
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in the air, lenses or window, changes in the quantum efficiency of the 

detector and variations in the illumination intensity. The calculation 

of signal intensity, i, relative to the reference intensity is derived in 

Appendix B. 

4.2.7 Calibration 

The main parameters to be determined by the calibration are the 

apparent absorption coefficient µ’, the dry surface coefficient Kdry and 

an additional constant c. When internal reflections are considered, 

µIR and Rint are also determined. While µ’ = 2µH2O is an intrinsic value 

of water, Kdry depends on the type of surface used and on the orien-

tation angle of the camera and light source. Therefore, a calibration 

is required for each new surface. The calibration can be performed 

ex situ with a sample of the test surface. The constant c is, however, 

determined by the configuration of the experimental setup and should 

be measured in situ with the same arrangement as for the measure-

ments. The constant c was added to characterize the residual light 

interfering with the signal and which makes even thick opaque films 

appear not completely black.  

Several calibration data points were obtained experimentally by 

measuring thick films for different known thicknesses covering the 

measurement range and beyond. The calibration points were fitted 

according to the models including or excluding multiple internal re-

flections. As an example, according to the Equations 4-1 and 4-2 as 

well as Appendix B, if internal reflections are not considered, the fit-

ting equation with the added constant c is expressed as follows:  

Γ =
𝑖(𝛿)

𝑖𝑑𝑟𝑦
= (𝐾𝑑𝑟𝑦 − 𝑐) ∙ exp(−𝜇

′𝛿) + 𝑐 4-6 

If internal reflections are taken into account, the fitting is per-

formed in a similar way according to Equation4-4. The fitted param-

eters obtained are the measure of the dry surface coefficient Kdry, the 

absorption coefficients µ’ and µ int, the internal reflection fraction R int, 
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and the residual light intensity c, expressed as a transmission. The 

way how the constant c was added in Equation 4-6 was detailed in 

Appendix C.  The challenge of a calibration is to provide an experi-

mental setup which allows for an accurate measure of these param-

eters. 

4.2.7.1 Calibration cell with a driven window  

A first calibration cell dedicated to the NIR imaging technique was 

designed, one which can be used with different types of surfaces. It 

consists of a borosilicate window driven by three micrometer screws 

which is held in a metallic frame fixed to the surface under investiga-

tion. A precise positioning of the window with reference to the surface 

ensures a uniform gap between the window and the surface over the 

whole area of measurement while allowing optical access. Figure 4-8 

shows a schematic of the calibration cell (a) and a picture showing 

the gap partially filled with water (b). The picture was taken during 

the calibration with the liquid film sensor (LFS) discussed in the fol-

lowing section. The golden surface and the electrode pattern are vis-

ible in the picture.  
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Figure 4-8: Calibration setup: a) Side and front-facing view of the setup 
with reference surface, b) Front-facing picture showing water partially fill-

ing the gap 

 

While the gap was completely filled with continuously flowing wa-

ter, a measurement was recorded. Each measurement was repeated 

two to three times for each film thickness. The procedure was re-

peated for various thicknesses ranging from 100 µm to 2100 µm in 

steps of 100 µm. An additional measurement of the dry surface 

idry,calib was performed with the window in position. The presence of 

the window induces a bias on the measurement of Kdry as the ratio 

between a wetted and a dry surface is computed. The difference in 

refraction on the wetted side of the window when air, instead of wa-

ter, is filling the gap is not the same as the refraction at the surface 

of a film with free surface when the window has been removed. The 

latter corresponds to the case when measurements are performed 

and need to be corrected. To compensate the effects of the window, 
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the corrected intensity of the dry surface idry,calib,corr was calculated 

by Dupont [116] as follows: 

𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦,𝑐𝑜𝑟𝑟 = 𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦   
𝐿𝑅,𝑔→𝑎∙𝐿𝑅,𝑎→𝑤

𝐿𝑅,𝑔→𝑤
                  4-7 

Where LR,x→y is the reflection loss at the interface between me-

dium x and medium y calculated using Snell’s law and Fresnel equa-

tions.  The indices a, g and w stand for air, glass and water, respec-

tively. The parameter i denotes the intensity normalized by the refer-

ence measurement. The refraction index of the glass was measured 

in order to calculate icalib,dry,corr. The full derivation of Equation 4-7 

can be found in Appendix B. 

The calibration cell with a driven window can be mounted on the 

test section directly or performed ex situ with a sample of the test 

surface. 

4.2.7.2 Horizontal cell 

A second calibration cell was developed to get rid of the presence 

of the window and thus, to avoid unnecessary corrections and errors 

on the calibration parameter Kdry. A calibration method was de-

signed, which used a static film held by gravitation on a horizontal 

surface. The film was created at the bottom of a cylindrical recipient. 

The recipient was made with a flange (DN 150) attached to blind 

flange with standard O-ring sealing between the flanges. A sample 

of the aluminum sheet used as the test surface in the LINX facility 

was inserted between the two flanges, covering the floor of the re-

cipient. All surfaces except for the test surface were coated with a 

light-absorbing black paint to avoid unnecessary reflections. The en-

tire recipient was thermally insulated to minimize film evaporation. 

The inner diameter of the recipient was 130 mm. Figure 4-9 shows a 

schematic of the calibration cell.  
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Figure 4-9: Horizontal gravity cell.  

A film was deposited on the test surface by filling the bottom of 

the recipient. An automated New-Era NE-1000 syringe pump is used 

to fill and drain the calibration setup. This system allows us to select 

the duration of the injection (or suction) as well as the liquid flow rate 

with an accuracy of ± 1 % on the volume. A capillary tube going in-

side the cavity is connected to the syringe. The tip of the capillary 

was pushed against the bottom surface in order to suck the liquid 

injected previously. The top of the cavity is covered with a thermally 

insulated screen on which a 10x10cm window was cut.  A tilted mirror 

with 45° angle was mounted above the cell to simulate a vertically 

oriented surface on the images taken by the camera. Thus, the incli-

nation angle θo of the camera used for the experiment could be kept 

unchanged. 

The first step of the calibration consists in leveling the calibration 

cell in order to obtain a flat surface ensuring a constant film thickness 

over the measurement field. For this purpose water was sucked until 

air was penetrating in the capillary leaving a very thin film on the 

surface. Such thin films are characterized by dominant viscosity and 

capillary forces such that they stick on the surface covering it with a 

constant thickness. Under small inclination of the surface the film 

flows in the direction of the slope at an extremely slow rate while 

keeping a flat profile. The film remained on the surface during a suf-

ficient period of time (~30 min) during the measurement of the trans-

mission for the purpose of leveling. A second measurement was 
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taken for a thicker film dominated by the gravitation force. The ratio 

between the intensities measured for the thin and thick films was 

imaged which indicates the direction of the surface tilt. The inclina-

tion of the cell was adjusted by means of lateral screws until a con-

stant ratio over the surface was reached meaning the surface was 

leveled. An accuracy smaller than 1/3 arcminutes was reached on 

the horizontal leveling of the surface. 

The calibration procedure was initiated by pouring a known vol-

ume of water inside the calibration cell. According to the flange inner 

diameter, every milliliter injected corresponds to a thickness step of 

75.34 µm. Generally, experiments were started with an initial volume 

of 80 ml corresponding to an opaque film 6 mm thick. The water level 

is reduced stepwise by sucking back known amount of water with 

incrementally smaller flow rate as viscous forces take over. The pro-

cess is performed until air is sucked in the capillary.  The sucking flow 

rate was set to 100 ml·h-1 at the start, and at 10 ml·h-1 for the last 

calibration points. For each calibration point, the pump was stopped 

and the transmission measured. In case of a thin film dominated by 

the viscous forces, a depression in the film thickness around the tip 

of the capillary was observed as the pump was on. About a minute 

was left between the pump stop and the measurement to let the film 

thickness homogenize over the surface.  

The calibration was performed over an extended period of time of 

about three hours. Similarly to the real test conditions, the calibrated 

film has a free surface, which after processing appears to be at the 

origin of some evaporation. The evaporation could be observed when 

the pump was off as the transmission increased. A constant evapo-

ration rate was assumed, which was estimated and applied to correct 

the actual film thickness at each step. Two result curves obtained 

are presenting in Figure 4-10. In the first case (a) an evaporation rate 

of 1.58.10-2 µm/s was extracted from the data. The evaporation rate 

was measured from the variation of the film transmission during the 

periods of time were the pump was stopped. This is an iterative pro-

cess were the calibration coefficients depend on the evaporation rate 
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which in turn produces a feedback loop on the coefficients.  Conver-

gence was reached after two to three iterations. In the second case 

(b) the approach is slightly different in that the evaporation rate, 

1.41.10-2 µm/s, was adjusted iteratively to satisfy Equation 4-1 and 

4-2 such that the factor A depicted in Figure 4-10 equals one. The 

application of the second method was justified by the precise 

knowledge of the initial injected volume and time of injection, limiting 

the deviation of A from 1 to the sole determination of an accurate 

average evaporation rate. The obtained calibration coefficient 

µ’=1.477mm-1, corresponding to an equivalent absorption in the wa-

ter over the bandwidth of the filter, can be compared to the absorp-

tion of water at 1612nm (center of the band filter) obtained from Kou 

[111] and Pan [117]. According to Röttgers [118], the variation of the 

absorption coefficient as a function of the water temperature for the 

same wavelength is of 3.73 m-1·K-1. After correction for the temper-

ature, 1.470 mm-1 was obtained from Kou’s data and 1.477 mm-1 

from Pan’s data. These findings allow us to confidently use the ab-

sorption coefficient directly from the literature which apply for the 

case of a liquid film on a diffuse reflective surface. Therefore the 

calibration procedure could be reduced to an in situ measurement of 

the parameter Kdry and the constant c, as described below. The un-

certainty on µ’ is equal to the uncertain ly on the injected volume 

i.e.; 1 %. The confidence interval from the fit is in comparison negli-

gible.  
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a) 

 
 
b) 

 
 

Figure 4-10: Calibration curves with the horizontal cell without and with 
evaporation correction obtained from measured thickness (a) and forcing 

A parameter to 1 (b). 

4.2.7.3 Measure of Kdry and c 

The correction factor Kdry can be determined by extrapolating the 

curve fitting the calibration points to a thickness equal to zero as 
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performed by Dupont  [116] for the validation of the NIR technique 

with the LFS. However, the confidence interval of the fit curve grows 

in the extrapolated region away from the first calibration point leading 

to a potentially large uncertainties regarding the value of Kdry. More-

over, in both calibration cells an offset on the thickness cannot be 

excluded. The window and the surface might not be perfectly flat and 

in the horizontal calibration a meniscus is formed on the side walls. 

In order to determine precisely the parameter Kdry, a method with a 

drying surface was developed. The procedure can be performed ei-

ther on a vertical or horizontal surface on which the film is measured 

until it fully evaporates or drained away. A film becomes extremely 

thin before the dryout occurs. It was assumed that the transition from 

a wet to a dry surface occurs when the film thickness reach zero. In 

other words, the film thickness in the short instant before the dryout 

occurs was neglected and assumed to tend to zero. The transition 

from a wet to a dry surface, is characterized by a jump in intensity 

giving the measure of Kdry. For the measurements in LINX it was 

chosen to perform an in situ calibration of Kdry with a film drying on 

the test surface. The optical setup remained untouched between the 

measure of Kdry and c and the tests series. Figure 4-11 shows the 

vertical drying surface as measured inside the LINX facility. The front 

between the wet and dry parts is clearly visible on the picture.  
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Figure 4-11: Measurement of dry surface coefficient Kdry with a drying 
surface in the LINX facility. The intensity i relative to the reference sur-

face is depicted. 

The Kdry coefficient was measured by evaluating the transmission 

before and after the transition from a wet to a dry surface. The start 

and end of the dryout phase were determined by threshold criteria. 

The transmission signal during the thinning phase of the film was 

fitted as depicted in Figure 4-12 and is followed by a step function 

representing the idealized sharp transition to the transmission of a 

dry surface equal to one. Different fitting functions for the thinning 

phase were used depending on the type of surface and its inclination. 

A horizontal surface was used for example for the validation with cold 

neutron imaging which is discussed later. On the contrary the surface 

in LINX was vertical. Since the transition phase between a wet and 

a dry surface extents over a certain period of time, the fitting curve 

was extrapolated up to the center of the transition defined as the 

dryout point. Figure 4-12 shows the evolution of the transmission for 

transition from a wetted to a dry surface with the transition phase. 
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The Kdry coefficient is measured on the fit curve at the dryout point at 

the bottom of the step. 

 

Figure 4-12: Transmission curve of the drying surface in the LINX fac ility. 

The accuracy on the measurement of Kdry at each measuring lo-

cation on the FOV was estimated to be less than 1 %. This corre-

sponds to the variation of the fit curve between the start and the end 

of the dryout phase. However, Kdry varies spatially over the FOV as 

depicted in Figure 4-13. The mapping of the Kdry coefficient shows a 

grainy aspect and a vertical gradient. 
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Figure 4-13: Mapping of the Kdry coefficient over the FOV. 

The gradient over the vertical direction is mainly due to the vari-

ation of orientation angle towards the FOV. The coefficient Kdry varies 

from approximately 0.8 to 1.2 from bottom to top. The grainy aspect 

similar to spatial noise is due to the roughness of the aluminum sur-

face. The diffuse refection on a metallic surface is produced by mul-

tiple micro facets which scattered the light in different directions. Sta-

tistical fluctuations in the number of facets redirecting the light to-

ward the camera between the pixels creates the spatial noise (grainy 

aspect) observed in Figure 4-13.  

Finally, the constant c was measured by creating a thick water layer 

of more than 10 mm on the wall surface in the LINX facility. The water 

was held behind a transparent acrylic plate. The residual light de-

tected was found to be 2% of the intensity of the dry surface.  
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4.2.7.4 Thin films 

For both the calibration with the horizontal cell and the drying film 

procedure, it was convenient to create extremely thin films without 

film brake up. In order to avoid film break-up, a surfactant (Kodak 

PHOTO-FLO Solution) was added to the water. The surfactant, which 

is mainly composed of water, was diluted with a volumetric ration of 

1:2000 does not affect the absorption coefficient. Surfactant was 

used only for calibration purpose. All tests in LINX were performed 

with demineralized water without surfactant. 

4.2.8 Data acquisition and post-processing 

The data acquisition and post-processing are summarized by the 

diagram in Figure 4-14. 

 

Figure 4-14: Diagram for data acquisition and post-processing for the 
NIR film thickness measurement 

The diagram is divided into two parts. The first part corresponds 

to the processing of the relative intensity by means of a reference 
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surface while the second describes the processing of the film thick-

ness as outlined above. The first part is used to create the three 

inputs for the second part. Additionally, corrections where imple-

mented at different points in the processing as discussed below.  

4.2.8.1 Dark current subtraction 

The measured signal by each pixel contains dark current. The 

intensity of the dark current was measured after each acquisition with 

the light switched off. The value obtained was then subtracted to the 

measurement. The temperature changes in the detector, which affect 

the amount of dark current, are expected to be negligible in the short 

time left between the measurement and the dark current acquisition.  

4.2.8.2 Computation of the film thickness 

The explicit expression for the film thickness according to Equa-

tions 4-1 and 4-2 is written as follows. 

𝛿 =
1

𝜇′
(ln(𝐾𝑑𝑟𝑦 − 𝑐) − ln (

𝑖

𝑖𝑑𝑟𝑦
− 𝑐)) 4-8 

The coefficients μ’, Kdry and c are obtained from the calibration 

and literature. The absorption coefficient μ’ is a function of the film 

temperature. The temperature gradient within the film was neglected. 

Only the average temperature is considered. The computation of  liq-

uid film thickness consists in solving Equation 4-8 for all measure-

ment points in the FOV and for each recorded frame. If multiple in-

ternal reflections in the film are considered Equation4-4 applies in-

stead. In this case, the coefficients μIR and Rint are determined, ad-

ditionally. Considering the nature of Equation4-4, in this case, the 

film thickness was solved numerically. The explicit expression for the 

film thickness constitutes the conversion function depicted in the di-

agram of Figure 4-14. 
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4.2.8.3 Noise 

As observed on the mapping of the dry surface coefficient Kdry, 

the grainy aspect of the surface is a source of spatial noise. Between 

the measurement of Kdry and the experimental tests a shift of the 

FOV on the order of the projected pixel size is unavoidable consid-

ering the thermal dilation occurring in the LINX facility. As a conse-

quence, the information of the local variations of Kdry is lost. The im-

age of Kdry was thus smoothed with a median filter to keep only the 

information on the vertical gradient of kdry. In this way, the spatial 

noise observed in Kdry remains present when the transmission is 

computed and is transferred to the thickness mapping. The spatial 

noise is composed of a fix pattern, related to the difference between 

a wet and dry surface, with additional variations caused by the film 

surface angle and, to a lesser extent, the thickness of the film. 

The ability of an image median filter to effectively remove the 

fixed noise pattern was investigated. The noise was extracted from 

the time average image of the transmission of the flow. An image 

median filter was applied on the time averaged measurement to ob-

tain a smooth image in accordance with the real flow. The variation 

between the grainy and the smooth images obtained by division form 

a correction matrix. The correction factors for all pixels were applied 

to each instantaneous frame separately to suppress the fixed noise 

pattern. The effectiveness of the median filter is remarkable, allowing 

us to deal with rough surfaces showing a grainy aspect. Figure 4-15 

shows qualitatively the noise reduction on the transmission image for 

a wavy laminar flow. A cropped region of the FOV is depicted. The 

improvement is such that small capillary waves become visible.  
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Figure 4-15: Noise corrected transmission. 

4.2.8.4 Reflections 

Under wavy flow conditions, particular orientations of the film sur-

face creates sporadic specular reflections characterized by high in-

tensity peaks. Two criteria were used to identify specular reflections. 

First, all transmission values larger than 1 were considered as a 

specular reflection. Second, intensity values larger than the time av-

erage signal by more than a given multiple of the standard deviation 

were also considered to be specular reflections. The multiple was 

chosen as a function of the flow type. For the experimental campaign 

in LINX a multiple of 3 was found to be adequate for all tests with 

wavy flow. 

The specular reflections were replaced by interpolation between 

the surrounding pixels. The interpolation was performed both in 

space and time using a 3x3x3 matrix of neighbor pixels. The removal  

of direct reflections allows the use statistical tools to characterize the 

flow without artefacts. Figure 4-16 shows the thickness mapping ob-

tain from the transmission image in Figure 4-15. The specular reflec-

tions are marked in red (left) and the result after interpolation is plot-

ted (right). 
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Figure 4-16: Specular reflection detection and removal on the thickness 
map. 

4.2.8.5 View angle correction 

The incident and transmission angles of the optical path entering 

the film were calculated for each measurement point over the FOV 

considering a flat film. When the incident angle deviates from the 

normal to the surface, a higher absorption path is created leading to 

an overestimation of the thickness. The film thickness was corrected 

accordingly such that it corresponds to the distance along the normal 

to the wall surface between the wall and film surfaces. The change 

in the share of light reflected as a function of the incident angle is 

already include in the mapping of the Kdry coefficient and thus, does 

not need a correction. 

4.2.9 Validation of the NIR imaging technique 

Considering the novel character of the NIR technique, it was de-

cided to perform validation tests prior to measurements in the LINX 

facility. For this purpose, isothermal films at room temperature were 

measured with the NIR technique and compared to independent 

measurements. A first comparison with the liquid film sensor (LFS) 

developed by Damsohn [77] was performed. A second comparison 

with cold neutron radiography was performed at the ICON beam line 
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at the Paul Scherrer Institute [119]. These two validation tests are 

reported in detail by Dupont [116], [120]. 

Figure 4-17 shows the results for the first validation test where a 

wavy film was measured with (a) the NIR technique and (b) the LSF. 

The correspondence between the synchronized images is obvious. 

Thanks to the higher spatial resolution the NIR technique perceives 

the capillary waves developing between the large rolling waves. The 

capillary waves could not be rendered with the LFS. 

 

 

Figure 4-17: Qualitative comparison: a) NIR imaging with full resolution, 
b) LFS, c) NIR imaging with a reduced spatial resolution (16 x 64) to 

match the electrode pitch of the LFS. 

The spatial resolution of the optical measurement was lowered 

for a quantitative comparison with the LFS. Figure 4-18 and Figure 

4-19 show the spatial and temporal profiles of the thickness at the 

locations marked in Figure 4-17 (c). Profiles between the two tech-

niques were compared. Both high and low spatial resolutions were 

plotted for the NIR measurements. The validity of the NIR concept 
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with regards to the measurements provided by the LFS was con-

firmed. 

 

Figure 4-18: Instantaneous spatial profiles for quantitative comparison.  

 

Figure 4-19: Comparison of local signals as function of time. 
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The main sources of deviation between to two measurements 

were attributed to 1), the difference between conductance and ab-

sorption techniques and 2), to the inhomogeneity in the surface re-

flection perceived in the NIR. The spatial variation of the reflection 

intensity was related to the nature of the LFS surface covered by 

highly reflective electrodes separated by dark insulating grooves.  

The surface of the LSF was not ideal for optical measurements 

which, in some regions of the FOV, led to an offset as shown in Fig-

ure 4-18Figure 4-19. Therefore, another validation test was required 

to analyze the performance of the technique on a homogeneous sur-

face.  

 

Figure 4-20: Film thickness measurement setup tested at the ICON beam 
line and a close-up on the nozzle for film injection. 

The second validation test was performed on a sand blasted alu-

minum surface providing a homogeneous diffuse reflection over the 

FOV. On this surface, the film f low could be rendered with a high 

level of detail using the NIR technique. The experimental setup made 

with a 2 mm thick aluminum sheet and a nozzle for film injection is 
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shown in Figure 4-20. Aluminum has a low neutron absorption cross 

section making it a material of choice for cold neutron imaging. On 

the other hand, the absorption by hydrogen is particularly high mak-

ing cold neutrons imaging suitable for measuring the thin water film 

by attenuation. The instantaneous thickness mappings obtained for 

three different flow rates with the NIR technique are depicted in Fig-

ure 4-21. 

 

Figure 4-21: Spatial mapping of the film thickness obtained with the NIR 
technique for three different flow rates.  

In each case a film with limited width was flowing on a previously 

wetted surface. Due to the low beam flux, cold neutron imaging re-

quired an integration time of 1 s. Thus, only the time averaged film 

thickness obtained with both techniques could be compared. Cold 

neutron and NIR measurements were not performed simultaneously. 

The experimental setup was design to perform tests with a good re-

peatability. The test performed with the highest flow rate was identi-

fied as the case presenting the highest degree of repeatability. It 

showed a good similarity between the position of the flow boundaries 

and the shape of the time average mapping. For this test the stand-

ard deviation between the thickness mappings obtained with both 
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techniques in the region covered by a wavy-turbulent film was found 

to be 2.3 %.  

 

Figure 4-22: Comparison of the time average thickness mapping between 
near infrared and cold neutrons imaging for the case with high flow rate.  

Figure 4-22 shows the time averaged results obtained in (a) with 

the NIR technique and in (b) with cold neutron imaging. The differ-

ence in µm is shown in plot (c). 

While the LFS offers a high time resolution, its spatial resolution 

is lower than the one obtained with NIR imaging, limiting the compar-

ison. In contrast, cold neutron imaging provides a high spatial reso-

lution of 97.56 µm [119] but allows only for time averaged measure-

ments. Both comparisons are complementary and were used to vali-

date the application of NIR imaging for the spatial mapping of the film 

thickness.  

Finally, static drops with known volumes were measured in the 

horizontal calibration cell on a sample of the aluminum surface used 

in LINX. The deviations found between measurements performed 

with the NIR and the known injected volumes were between 1 % and 

3 % [121]. The tests with drops provided an additional validation for 

the measurement in LINX. 

The model with internal reflections was only applied to the com-

parison with cold neutron imaging in which case an improvement on 
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the accuracy of measurement was shown. For the experimental cam-

paign in the LINX facility, this model was not applied since the cali-

bration did not show the presence of internal reflections. The tech-

nique with a drying film was used to determine Kdry on the sand-

blasted surface for the validation with cold neutron imaging and on 

the etched surface for the tests in the LINX facility. For the compari-

son with the LFS, the surface average Kdry was extrapolated from the 

calibration fit and the bias of the window was compensated for. Table 

4.2 summarized the procedures and processing applied for the vali-

dation tests and the tests performed at the LINX facility.  

Table 4.1: Procedures and processing applied to the validation tests and 
measurements performed in the LINX facility.  

 Validation 
LFS 

Validation 
cold neutron 

imaging 

LINX test + 
Drops 

drying surface no yes yes 

internal reflection no yes no 

noise reduction no yes yes 

reflection removal no no yes 

The validation was limited to either a lower spatial resolution or 

time averaged data. The agreement between the different techniques 

is restricted to the qualitative aspect of the author judgment. This is 

not seen as a weakness but rather as indication that the NIR tech-

nique, for such experimental conditions, might be superior to both 

the LFS and the cold neutron imaging. 

4.2.10 Consideration of errors 

In this section the errors on the measurement of the film thickness 

as performed at the LINX facility are discussed. There were three 

kinds of errors considered: 1) the measurement bias caused by the 

refraction of light which depends on the tilt angle at the film surface 

and on the film thickness, 2) the uncertainty on the calibrated param-

eters and, 3) the sensitivity of the measure affected by the detection 
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noise of the camera electronic and the reflection noise resulting from 

the grainy aspect of the surface. The propagation of errors was cal-

culated considering independent errors. The film temperature con-

sidered was 20 °C which corresponds the highest absorption coeffi-

cient and thus to the highest induced error for a gives film thickness. 

The error depends on characteristics of the flow such as the film 

thickness and surface tilt angle. Therefore, the error was calculated 

for different flow conditions. An offset of 24 µm plus 1.4 % of film 

thickness was considered as an envelope for the film thickness un-

certainty applicable to all tests performed in LINX. This envelope co-

vers the thickness and tilt ranges observed in LINX i.e. 0 µm to 600 

µm and 0° to 20°, respectively.  

4.2.10.1  Refraction with the film surface tilt 

As previously mentioned, a thickness correction taking into ac-

count the orientation angle θo over the FOV was applied. However, 

a wave rolling on the film induces a film surface tilt  which deviates 

from the case of a flat film. The surface tilt affects the refraction of 

light and thus, the intensity detected. A surface with a Lambertian 

reflectance was considered to estimate the measurement error as a 

function of the surface tilt.  

The refraction phenomena contributes to the alteration of the de-

tected signal in four ways: 1) it affects the share of light reflected at 

the film surface, 2) the length of the absorption path in the film is 

modified due to the variation of the refracted angle, 3) the Lambertian 

reflection changes with the refracted angle according to the cosine 

law, and 4) the position where the light impact the surface is shifted. 

The error derived from the later point (4) is discussed in the next 

section and is not considered in the present calculation. Using the 

Snell’s law and Fresnel equations and knowing the camera orienta-

tion, the incident and transmitted angles at film surface were calcu-

lated. Eventually, the deviation of the transmission as a function of 

the surface angle and relative to the transmission obtained with a flat 
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film was derived. The surface tilt is defined by two angles φf and θf, 

where θf is taken from the normal to the wall surface and φf gives the 

tilt direction in the wall surface plane. The different angles consid-

ered for the calculation are schematized in Figure 4-23. 

 

Figure 4-23: Film tilt and camera orientation.  

The angles θo = 11.6° taken in center of the FOV and φf = 0° 

correspond to the orientation and the direction of the optic such as 

used in the LINX facility. Figure 4-24 depicts the transmission variation 

as a function of the film surface tilt θf for three different film thick-

nesses. For the calculation, the surface tilt θf was varied while the 

angle φf was set equal to φo = 0°.  
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Figure 4-24: Variation of transmission versus film surface angle. 

The asymmetry caused by the orientation angle of the camera θo 

is clearly visible. When the tilt angle θf is positive and thus adds to 

the orientation angle φo, the deviation is positive for small θf. The 

maximum absolute deviation is, first, found for negative and, then, 

for positive film tilts. The transition occurs between 50° and 60° de-

pending of the film thickness. Negative tilt angles correspond to a 

direction angle φf = 180°. Therefore, the maximum deviation for a 

given value of θf is function of φf. The error on the transmission Γ 

due to refaction σΓ,refrac was calculated for different values of θf and 

φf, as described in the next section 

4.2.10.2 Reflection shift with film surface tilt 

The brightness of the wall surface shows spatial inhomogeneity 

as shown in Figure 4-7. This effect is due to the surface roughness, 

which gives a grainy aspect. The surface reflection inhomogeneity 

creates a fixed noise pattern where the detected intensity varies be-

tween neighbors pixels. Under the effect of the film surface tilt, the 
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projected region on the surface which is linked to a specific pixel by 

the optical path is shifted. As a consequence of a shift of the pixel 

projection occurring on a non-homogeneous surface, the local inten-

sity recorded by one pixel varies. For example, the intensity from a 

bright region on the surface might be detected with a flat film, while 

the reflection location is shifted to a darker region when the film sur-

face is tilted. With an optic orientation θo different than zero, the film 

thickness also contributes to the shift. Figure 4-25 schematizes the 

deviation of the measured intensity with a surface presenting a non-

homogeneous reflection compared to an idealized homogeneous 

surface. It should be noticed that the shift concerns only the reflec-

tion area on the surface. The position (pixel) in the FOV where the 

film thickness is measured remains unchanged. 

 

Figure 4-25: Pixel projection shift on surface with non-homogeneous re-
flection. 

The reflection intensity distribution on the surface is a statistical 

process related to randomly distributed facets of the metallic surface 

which either or not reflect light back to the camera. The standard 

deviation σrefl of the pixel-wise reflection intensity with regards to the 

local average taken on a region of 20 x 20 pixels was found to be 
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4.1 %. Considering independent errors (random facets), the standard 

deviation of the intensity difference between two neighbor pixels 

σrefl(px1-px2) is given by: 

𝜎𝑟𝑒𝑓𝑙,(𝑝𝑥1−𝑝𝑥2) = √
𝜎𝑟𝑒𝑓𝑙,𝑝𝑥1
2
⏟    
=𝜎𝑟𝑒𝑓𝑙

+ 𝜎𝑟𝑒𝑓𝑙,𝑝𝑥2
2
⏟    
𝜎𝑟𝑒𝑓𝑙

= √2 ∙ 𝜎𝑟𝑒𝑓𝑙                   4-9 

Thus, the value of σrefl(px1-px2) was found to be 5.8 %, which can 

be applied as uncertainty on the detected intensity when no common 

area is covered between the shifted and not-shifted pixel projections. 

However, in most cases, the shift is only a fraction of the projected 

pixel size and the resulting error on the transmission σΓ,shift is ex-

pressed as follows: 

𝜎Γ,𝑠ℎ𝑖𝑓𝑡 = 𝜎𝑟𝑒𝑓𝑙,(𝑝𝑥1−𝑝𝑥2) ∙ (1 − (
𝐴𝑠ℎ𝑎𝑟𝑒

𝐴𝑝𝑥
)
2

)                    4-10 

Where Ashare and Apx are the projected shared and pixel surfaces. 

The square operator characterizes the independency of  the error on 

the surface reflection. It becomes evident that the maximal error 

σrefl(px1-px2) is applied when non common area is shared (Ashare = 0). 

For values of Ashare comprised between 0 and Apx, the error σΓ,shift 

becomes smaller as Ashare increases. 

The value of Ashare depends on the amplitude and the direction of 

the shift. Due to the square shape of a pixel, the same shift leads to 

different values of Ashare whether the shift direction is along the pixel 

edge or the pixel diagonal. Therefore, similarly to σΓ,refrac, the direc-

tion of the film tilt φf has an effect on the shift direction and thus on 

the calculated error σΓ,shift. 

The relative error σΓ on the transmission, which combines σΓ,refrac 

and σΓ,shift is depicted in Figure 4-26 in function of θf and φf and, for 

a film thickness δ = 600 µm. The value of σΓ was computed assuming 

σΓ,refrac and σΓ,shift to be independent. The evolution of σΓ,refract  and 

σΓ,shift  were plotted separately in Figure 4-26. In addition, the 

maximum value of σΓ in function θf for any given value of φ f and, the 

value of φf at maximum σΓ were plotted. The smooth variation and 
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jumps of φf should be noticed. Discontinuities in the slope of σΓ at 

the jump locations can be observed. The breaking lines visible on the 

image of σΓ,shift are characteristic of the pixel square shape. 

Generally, a higher error on the transmission due the projection shift 

(σΓ,shift) is observed for a small film surface tilt θf. 

  

  
Figure 4-26: Relative error on the transmission: refraction, shift, total, max total.  

The shift was calculated with regards to a dry surface which pro-

vides a conservative estimate of σΓ,shift. In reality, the median filter 

applied to the measurements, as discussed above, reduces the error 

to a shift relative to the average film thickness. 
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4.2.10.3 Accuracy of the relative measurement by means of the refer-
ence surface 

The amplitude of fluctuations in the illumination intensity, in the 

camera’s detector temperature and in absorption through the air 

might vary over the FOV between the location of the reference sur-

face and the measurement field. To assess the accuracy of a meas-

urement relative to a reference surface, changes in the relative in-

tensity were measured for a dry surface idry with regard to tempera-

ture variations in the detector and variable illumination intensity. The 

temporally and spatially averaged value of a region of 30 x 30 pixels 

large, in the center of the FOV was measured. The intensity variation 

was equal to 0.28 % after a temperature change in the detector of 

8 °C and 0.25 % for a change in the illumination intensity of 300 %, 

which is a conservative envelope of the variation of both quantities 

during our measurements. In case of measurements in steam rich 

atmosphere the change in absorption over the FOV can be related to 

turbulences in the boundary layer. According to the low steam ab-

sorption, the effects of the gas concentration boundary layer were 

neglected. Considering that the two errors are independent, a result-

ing total error of 0.38 %, was attributed to relative measurements by 

means of the reference surface. 

4.2.10.4 Accuracy of Kdry 

Similarly to the reflection inhomogeneity, a grainy pattern ap-

pears on the mapping of Kdry as shown in in Figure 4-13. Fluctuation 

of the Kdry value for each pixel appears when the ratio between the 

intensities of a wet and dry surface is computed. The value of Kdry 

randomly varied between neighbor pixels. An unavoidable image 

shift occurs between the calibration of Kdry and the measurements 

such that the noise pattern results in a thickness offset at each meas-

uring pixel. The standard deviation of Kdry from the local average 

taken on a surface of 20 x 20 pixels was found to be 4.9 %. An addi-

tional 1 % was added which corresponds to the uncertainty on the 

measure of Kdry during calibration as outlined above. 
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The median filter used to correct the fluctuation of Kdry reduces 

the thickness offset by correcting the static noise (fix grainy pattern). 

However, a remaining random fluctuation of Kdry with the film surface 

tilt was observed which contributes to the thickness offset .  

4.2.10.5 Detection error 

The system gain of the NIR camera for the analog to digital con-

version was measured at 12.36 e-/DL (electron per digital level) for 

a 12 bits signal. The camera’s manufacturer guaranties an electronic 

noise smaller than 150 e - RMS which has been verified experimen-

tally. Due to the non-homogeneity of the surface reflection showing 

bright zones which would bring some pixels to saturation, the supply 

voltage of the light source was adjusted such that only 11000 DL 

from a maximum of 214 = 16384 DL were measured in average over 

a dry surface. The resulting statistical error is 0.11 % for the intensity 

corresponding to a dry surface and raises to 0.13 %, 0.27 % and 

2.11% for film thicknesses of 100 m, 600 m and 2000 m, respec-

tively. The error on the thickness for becomes 0.87 %, 0.30 % and 

0.72%, respectively. 

4.2.10.6 Error propagation 

The errors on the variables of Equation 4-8 were propagated to 

calculate the error on the film thickness. The separate errors were 

considered as independent. While the error on the transmission σΓ 

depends on the film tilt and thickness, the other errors are constant. 

The total error σΓtot on the transmission  was obtained by adding the 

deviation due to the film tilt σΓ and the uncertainty of a relative meas-

urement by means of a reference target, which are independent. The 

uncertainty σc on the constant c was determined experimentally. The 

value found was 20 % which is high because c, the residual light, 

represents only 2 % of the brightness of a dry surface. The error σµ’ 

on the absorption coefficient µ’ is largely dominated by the uncer-

tainty on the water volume injected in the horizontal calibration cell 
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which was 1 %. The confidence interval on µ’ obtained by fitting the 

calibration data is negligible in comparison. The uncertainty σKdry on 

Kdry, from the calibration only is 1 %. 

On one hand, the uncertainties (σΓ, σc, σµ’ and the 1% on σKdry) 

create bias affecting the measurement accuracy. On the other hand, 

the sensitivity (or precision) of the thickness measurement is affected 

by the detection error and by the random fluctuations of Kdry caused 

by the film waves as previously discussed. Both are random fluctua-

tions indistinguishable from each other where only the cumulated ef-

fect can be measured experimentally. In order to evaluate the meas-

urement precision for a specific film flow, the fast Fourier transform 

of the time thickness profiles over the entire FOV was computed, as 

depicted in the result section (section 6). In the power spectrum, the 

waves are confined in the region of low frequencies. The amplitude 

of the power spectrum for high frequencies characterizes the meas-

urement sensitivity (noise). The height of the floor (or ground) below 

the spectrum curve was measured, in order to measure the standard 

deviation corresponding to measurement noise. A sensitivity of 20 

µm was found for all tests performed in LINX. In order to account for 

the sensitivity in the error propagation, an error of 2.9% on Kdry cor-

responding to an offset of 20 µm was added to the already applied 

1 %. The detection error is thus ‘artificially’ contained in the error of 

on Kdry and, thus, was not added to the transmission error σΓtot in 

order to avoid accounting it twice. However, the detection noise is 

negligible compared the high level of noise on Kdry. 
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Figure 4-27: Propagated error for the film thickness (left) and envelope error 
bounds (yellow) for the range of measurement in LINX (right). 

The propagated error σthick for the film thickness is plotted in Fig-

ure 4-27 (left) as a function of film thickness and film tilt angle θf. It 

is important to recall that, for a given tilt angle, the maximum error 

along the tilt direction φf is represented, giving a conservative esti-

mate. Under the assumption of small angles (<20°) and considering 

a thickness range from 0 to 600 µm, a maximal error of 32.6 µm was 

derived. As an envelope of the error for the measurements performed 

in LINX, an offset of 24 µm plus 1.4 % of the thickness was consid-

ered. The error envelope is represented by the yellow region in Fig-

ure 4-27 (right). The range for the thickness and tilt angle considered 

for the LINX test is marked with the red dashed line. 

Figure 4-28 gives an insight into the contribution from each inde-

pendent error. The contribution of σΓtot, which depends mainly on the 

tilt angle and on the non-homogeneity of the surface reflection, be-

comes significant for tilt angles larger than 20°. The effect of σc has 

an important contribution only for film thickness approaching opacity 

(2000 µm). The error on the water absorption coefficient σµ’ is, in 

comparison much smaller and has negligible impact on the measure-

ment accuracy. The contribution of σKdry is the largest for small film 

thicknesses and tilt angles as it is the case for the measurements in 

LINX. 
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Figure 4-28: Contribution in percent of the different errors (σΓ, σc, σµ’ and σKdry). 

Therefore, the main source of error can be attributed to the non-

homogeneities in the optical properties of the surface. In a small ex-

tent, as shown in Figure 4-24, the standard deviation of the surface 

reflection contributes mainly to transmission error σΓ for tilt angles 

smaller than 20°. In a larger extent, the non-homogeneity of the sur-

face is the main contributor to the error σKdry on Kdry. First, the grainy 

aspect of the surface makes it difficult to measure accurately the 

jump between a wet and a dry surface adding 1% on σKdry. Second, 

and more importantly, the sensitivity of 20 µm is almost entirely due 

to the random variation in the reflection, where the detection error is 

negligible. In total, σKdry is responsible for an offset of 21 µm, which, 

when considering independent errors, contribute to 78 % of the 
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24 µm offset taken as the error envelope. Thus, the choice of a sur-

face producing a small image grain (noise) is of paramount for the 

measurement precision. In case of large waves associated with large 

surface angles and film thicknesses, a correction of the measure-

ment bias based on the measure of the surface angle can be consid-

ered. For high film thicknesses of 2000 µm and above, another meas-

uring wavelength corresponding to a lower absorption coefficient 

should be preferred, instead. The calibration method used to deter-

mine the absorption coefficient is very satisfying.  

The median filter has for effect to reduce the error on Kdry. How-

ever, the filter could be applied only to water film or large rivulets . 

For the case of droplets, the independent error of 4.9 % previously 

discussed should be added. In such case, 42 µm offset should be 

considered for the error envelope instead. This results shows the 

limitation of the technique in resolving small droplets with the actual 

surface. However, the spatial resolution of 0.63 mm is also a limiting 

factor for resolution of small droplets. 

However, in case of thin laminar film, the absence of waves re-

duces drastically. In that case, the offset is reduced to the sole 1  % 

error on the calibration of Kdry, and is drastically reduced to 7.4 µm.  

4.3 Mid-wave infrared temperature mapping 

As depicted in Figure 4-4, a second camera, sensitive to MWIR, 

was added for the measurement of the film surface temperature in 

the LINX facility. Thermal imaging of a water film is particularly inter-

esting when heat and mass transfer such as condensation and evap-

oration are involved.  

As shown in Figure 4-2, a high absorption coefficient of liquid wa-

ter in the MWIR make the films appear opaque. Opaque film shows 

a high emissivity value (εw = 0.98). Calculations have shown that 

50 % of the black body radiation from the film, in the spectral range 
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of the measurement is emitted from the first 24 µm below the film 

surface. For this result, the system transmission curve of the instru-

mentation depicted in Figure 4-2 and the absorption spectrum of wa-

ter at 90 °C were considered. The black body radiation for film tem-

peratures between 20 °C and above are detectable in the MWIR and 

LWIR with an integration time below 1 ms. MWIR was chosen as de-

tection band since it allows observation through a sapphire window, 

which shows a high transmission, a high strength and can withstand 

harsh environments with steam and temperatures up to 250 °C. 

Moreover, the sensitivity to temperature variations is higher in the 

MWIR than in the LWIR according to the film temperature range from 

20 °C to 95°C. 

4.3.1 MWIR camera and lens specifications 

A FLIR SC7200 MWIR camera was selected for the purpose of 

the measurement of the film surface temperature. The camera is 

based on InSb detector array sensitive to a spectral band ranging 

from 1.5 µm to 5.5 µm with a peak quantum efficiency at 5 µm. The 

camera features a Stirling cooler to provide clear images with a low 

level of noise. The thermal sensitivity is expressed by the noise 

equivalent temperature difference (NETD), which is smaller than 25 

mK @ 25°C with a typical value of 20 mK. The number of pixels, the 

dimension of the detector and analog to digital conversion are iden-

tical to those of the NIR SC2500 camera outlined above. The camera 

is capable of acquiring images at rates up to 170 fps for full frame 

and up to 15 kfps when windowing (64 x 8 pixels) is applied. Integra-

tion time ranging from 3 µs to 20 ms are available. The camera’s lens 

has same focal length (f = 50 mm) and a relative aperture (f/2) and 

provide an FOV with similar dimensions as the NIR camera 

(153.6 mm x 192 mm at 1 m distance). The lenses coating has a 

transmission band from approx. 2 µm to 5.5 µm. A long pass filter on 

a germanium substrate with a sharp cut-off wavelength at 3.6 µm 

was placed in front of the lens to block the residual light coming from 
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the NIR light source which could pass through the borosilicate win-

dow below 2.7 µm. 

4.3.2 Thermography in the LINX facilty 

Thermography in the LINX facility is challenging since the sap-

phire window and the steam will interfere with the emitted intensity 

from the film. Standard thermography methods use the emissivity 

value of the observed object and the temperature of the environment 

to determine the object temperature. The camera must be previously 

calibrated with black bodies at known temperature. For thermal 

measurements in the LINX facility, steam and window will attenuate 

the signal and at the same time emit their own radiations. The sap-

phire window also reflects the temperature of the environment out-

side of the facility. Figure 4-29 schematizes thermography measure-

ments performed with a window and two different atmospheres.  

 

Figure 4-29: Measuring through windows (illustration provided by FLIR) 

The reflectance, transmittance, emissivity and temperature of 

each object interfering with the optical path are depicted in Figure 

4-29. Those parameters vary during and between experiments. Be-

cause of the many unknowns and uncertainties, a correction ac-
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counting for all parameters was not considered and thus, the calibra-

tion files of the camera could not be used for measurements in the 

LINX facility. 

Instead a model for the radiation transport was considered. The 

intensity of black body radiation Ibc, detected by the camera, can be 

related to emission at the source object Ib as follows: 

𝐼𝑏𝑐(𝑇) = 𝛼𝐼𝑏(𝑇) + 𝛽                                   4-11 

The total absorption and emission along the optical path to the 

camera are characterized by α and β, respectively. The parameter α 

and β depends on the momentary experimental conditions and must 

be determined by real time calibration. When all wavelengths are ac-

counted, Ib is described by the Stephan-Boltzmann law. Considering 

the system spectral transmission τsyst(λ) depicted in Figure 4-2, the 

intensity Ib can be expressed as follows. 

𝐼𝑏(𝑇) =  휀𝑤 ∫ 𝑖𝑏(𝑇, 𝜆) ∙ 𝜏𝑠𝑦𝑠𝑡(𝜆)𝑑𝜆
𝜆2

𝜆1
                      4-12 

The wavelength λ1 and λ2 are the boundaries of the system trans-

mission and the black body intensity ib follows the Planck’s curve. 

The emissivity of water was approximated as a constant over the 

spectral range equal to 0.98. Equation 4-12 was solved numerically 

according to the system transmission. Finally, the intensity Ib(T) was 

expressed by a 4th order polynomial approximation.  

4.3.3 In situ MWIR calibration 

An in situ calibration was performed in real time for the measure-

ments in the LINX facility. In order to determine the coefficients α 

and β from Equation 4-11, at least two temperature references are 

required in the FOV of the MWIR camera. For this purpose one tem-

perature reference was mounted on the wall surface and another in 

the gas bulk. Figure 4-30 shows a close-up on the reference target 

and, in a larger view, its position on the wall inside the LINX vessel.  
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Figure 4-30: Temperature controlled wall in the LINX facility with fl owing film, 
capillaries, TCs and the reference target for NIR and MWIR measurements.  

The reference target was fixed directly on the surface of the tem-

perature controlled wall in the FOV of the camera. In total three ref-

erences are mounted on the target: 1) a sample of the test surface 

as reference surface for the NIR measurement (Section 4.2.6), 2) a 

wall reference temperature and 3) a gas reference temperature. The 

wall reference temperature was made with a blackbody cavity bored 

in an aluminum block. The aluminum block has fins on the side in 

contact with the wall surface such that the film can flow through it 

with a minimum of perturbation. The exchange surface of  the fins and 

the good thermal conductivity of aluminum maintain the temperature 

inside the cavity close to the one of the film. The second temperature 

reference is given by a panel with dimensions of 10 cm by 10 cm 
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placed in the bulk at about 30 cm from the surface. The panel was 

shifted on the side such that it does not obstruct the FOV. Two 

square mirrors with 12 mm by 12 mm sides were placed on the ref-

erence target which were carefully oriented to redirect the radiation 

emitted from the panel towards the MWIR camera. As for the cavity, 

the panel was coated with high emissivity (black) paint such that it 

gives a measure of the bulk temperature. Thermocouples were 

placed in the cavity and on the panel to monitor their temperatures 

denoted by Tref,wall and Tref,gas, respectively. When condensation or 

evaporation occurs, a temperature difference is observed between 

the cavity and the panel. This way, a determined system of equations 

with Tref,wall and Tref,gas is obtained to solve the α and β coefficients. 

The intensities detected by the camera are converted into tempera-

tures by solving Equations 4-11 and 4-12. 

4.3.4 Non uniformity correction 

A non-uniformity correction (NUC) was performed to correct 

for the response variation of individual pixels. Due to manufacture 

tolerances of the camera sensor and the conversion electronic, gain 

and offset values must be adjusted for each pixel in the focal plane 

array (FPA). Generally, 1 or 2 points NUC can be performed to either 

correct the offset or both offset and gain, respectively. A 2 points 

NUC can be either performed by placing alternately two black bodies 

with different temperatures in front of the camera or by changing the 

integration time with a single black body. The latter method is less 

accurate since the offset value changes with the integration time. 

The object placed in front of the camera should provide a uniform 

intensity over the FOV for the correction. 

A 1 point NUC was performed before each acquisition in the LINX 

facility by mean of a NUC target to homogenize the offsets. The NUC 

target consists of a 10 mm thick aluminum plate which can be shifted 

in front of the MWIR camera. The plate was placed inside the LINX 

facility, in the bulk, approximately 200 mm away from the sapphire 
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window. The good thermal conductivity of the aluminum, the thick-

ness of the plate and the homogeneity of the bulk ensure a uniform 

temperature at the surface of the target. The target was coated with 

high emissivity paint. The temperature of the target is driven by the 

bulk temperature and thus, a 2 points NUC with two temperatures 

was not considered. The measurement offset which depends on the 

dark current cannot be measured in the MWIR as the light radiated 

from the environment cannot be switched off. Thus, a 2 points NUC 

with variation of the integration time was not considered as well.  

The inhomogeneity of the gains is visible on the thermal image 

since the film has a different temperature compared to the NUC tar-

get on which the offset correction was performed. To measure the 

temperature at the surface of the film a gain correction was per-

formed separately, a posteriori. For this purpose, acquisitions with 

the NUC target in position (placed in front of the camera), were per-

formed with different integration times and with different tempera-

tures of the NUC target. The measurements were performed after the 

tests as the LINX facility was cooling down. 

The response of the camera in digital levels DL can be formulated in 

function of the integration time as follows: 

𝐷𝐿(𝑡𝑖) = 𝑡𝑖 ∙ 𝑔 ∙ 𝐼𝑏𝑐 + 𝑡𝑖 ∙ 𝐼𝑑𝑐 + 𝑑 = 𝑡𝑖(𝑔 ∙ 𝐼𝑏𝑐 + 𝐼𝑑𝑐) + 𝑑           4-13 

Where t i is the integration time, g a constant proportional to the gain 

value, Idc the equivalent intensity of the dark current and d a constant. 

In order to obtain a correction matrix for the gains over the FPA, the 

slope s for each pixel was measured by changing the integration 

time. The derivation of equation 4-13 gives: 

𝑠𝑖𝑗(1,2) = 𝑔𝑖𝑗 ∙ 𝐼𝑏𝑐(1,2) + 𝐼𝑑𝑐,𝑖𝑗 

𝑠𝑎𝑣(1,2) = 𝑔𝑎𝑣𝑒 ∙ 𝐼𝑏𝑐(1,2) + 𝐼𝑑𝑐,𝑎𝑣𝑒 

Where the indices i and j denote the coordinates of a pixel, ave the 

average value over the FPA and the indices 1 and 2 refer to two 
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different temperatures of the NUC target. The relative variation of the 

gains with regards to the average gain can be extracted as follows: 

𝑠𝑖𝑗(1) − 𝑠𝑖𝑗(2)

𝑠𝑎𝑣𝑒(1) − 𝑠𝑎𝑣𝑒(2)
= 

𝑔𝑖𝑗

𝑔𝑎𝑣𝑒
 

The correction on the gains was applied on each measurement know-

ing the intensity emitted from the NUC target Ibc,NUC as follows: 

𝐼𝑏𝑐,𝑐𝑜𝑟𝑟(𝑖, 𝑗) = 𝐼𝑏𝑐,𝑁𝑈𝐶(𝑖, 𝑗) + (𝐼𝑏𝑐(𝑖, 𝑗) − 𝐼𝑏𝑐,𝑁𝑈𝐶(𝑖, 𝑗)) ∙
𝑔𝑖𝑗

𝑔𝑎𝑣
       4-14 

Where Ibc,corr is the corrected intensity. The 1 point NUC performed 

before each measurement and the application of Equation 4-14 with 

the gain values obtained a posteriori is mathematically equivalent to 

a 2 points NUC performed with two temperatures of reference. Figure 

4-31 shows the time average intensity emitted by the film as meas-

ured by the MWIR camera. 

 

Figure 4-31: Time average intensity of the flow without and with the gain correc-
tion. 

The correction of the gains (right) improves the homogeneity over 

the FOV compared to the uncorrected image (left). The remaining 

variations are due to the fact that the gains were measured after the 

experiment. By that time a drift in the gain values had occurred. As 

a results the vertical lines observed could not be completely re-

moved. Also, the temperature profile in the window did vary during 
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the measurement of the gain as the LINX vessel was cooling down. 

Thus, a smooth fluctuation over the FOV caused by the change in 

the temperature profile is still visible. Real time measurement of the 

gains would improve the NUC procedure. Developments are neces-

sary to bring two black bodies with different temperatures covering 

the full FOV during tests. The 1 point NUC performed on the NUC 

target placed behind the sapphire window remains necessary in any 

case since it compensates for the inhomogeneities caused by the 

temperature profile in the window. 

4.3.5 Homogeneous temperature screen 

A screen coated with high emissivity paint was mounted in front 

of the measurement section inside the LINX vessel. The screen fea-

tures two openings, one for each cameras. The purpose of the screen 

is to create an environment surrounding the film with a homogeneous 

temperature. In the absence of the screen, the windows on the vessel 

which are less insulated create cold spots on the vessel wall which 

are source of reflection at the surface of the film. Those reflection 

are detected by the MWIR camera and can potentially create arte-

facts in the measure of the temperature.   

 

Figure 4-32: Screen, windows and cameras at the LINX facility 
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The bottom opening was covered by a borosilicate glass plate 

transparent to NIR and opaque to MWIR. The glass plate as for the 

double sights glasses was optically separated between the light 

source and the camera. Due to the symmetrical configuration of the 

cameras, the glass plate prevents reflection on the metallic disc hold-

ing the two molded glasses. Figure 4-32 shows the position of the 

screen, the NUC target, the blind and the glass plate covering the 

bottom opening in the screen. 

4.3.6 Signal processing 

Figure 4-33 shows the diagram which summarizes the processing 

of the MWIR signal with the steps, outlined above. 

 

Figure 4-33: Processing scheme for the surface temperature measure-
ment. 

For the measurement of the surface temperature, the gain cor-

rection and the 1 point NUC are applied on the flow measurement 

using the intensity measured on the NUC target. Finally, the two tem-

perature references are used to convert the intensities into tempera-

tures according to the conversion function given by Equations 4-11 

and 4-12. 

4.3.7 Consideration of errors 

An average temperature of the film T film is given by a thermocou-

ple pushed against the surface, in contact with the film. The measure 

of Tfilm was compared to the average temperature measured with the 
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MWIR camera. For all tests performed in the LINX facility the differ-

ence measured did not exceed 1 °C which gives an estimate of the 

temperature offset resulting from the in situ calibration.  

After the non-uniformity correction discussed above, the small 

variation remaining in the response of individual pixel was neglected 

such that the offset of 1°C remains the reference. 

The error on the amplitude of the temperature variation was esti-

mated assuming an uncertainty of 0.5 °C on the measure of the two 

reference temperatures and 1 % on the emissivity of the black paint. 

For all tests performed in the LINX facility the relative error was found 

to vary between 2.8 % and 6.2 % depending on the level of subcool-

ing i.e., the difference in temperature between the two references. 

Larger temperature differences between the references lead to 

smaller errors. 

The sensitivity of the measurement was obtained from the floor 

of the fast Fourier transform as with NIR measurements. The NETD 

value in test condition performed in the LINX facility was found to 

vary from 40 mK to 50 mK and from 80 mK to 90 mK for the evapo-

ration and condensation tests, respectively. 

4.4 Synchronization 

The NIR and MWIR cameras were synchronized with a low volt-

age TTL signal. Two trains of pulses, one for each camera were sent 

via BNC cables to tag single frame captures. A NI9402 card con-

trolled with LabVIEW was used to create the signal. The card has 

four channels with BNC ports. Two were used for sending the signal 

to the cameras while the third was connected to the fourth to send a 

trigger such that the pulse trains could start and end simultaneously. 

Because both cameras do not have the same frame rate capability 

the pulse frequency was set to 250 Hz for the NIR and 125 Hz for the 

MWIR such that every second frame acquired with NIR matches one 
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frame of MWIR. The cameras require some time to synchronize with 

the signal such that the measurement start could not be triggered 

with precision. Instead a synchronization was performed on the last 

frame acquired by stopping the pulse signal simultaneously. Figure 

4-34 shows the synchronization procedure for a measuring se-

quence. After the pulse signal was started and the camera were in 

phase, the acquisition was started manually for each cameras. The 

command was sent to the cameras per mouse click such that they 

start recording at slightly different times. At the end of the acquisi-

tion, the train of pulses stops such that the last frame acquired by 

each camera is synchronized.  

 

Figure 4-34: Synchronization of the NIR and MWIR cameras with a low 
voltage TTL signal. 

The accuracy of the synchronization was tested with a propeller 

placed in the FOV of both cameras. The propeller was rotated at 

4687 rpm. The angle of rotation was measured on the synchronized 

images. A difference of 30° was found which implies a time shift of 

1 ms between the frames. The delay might be imputed to the different 

architectures of the cameras. It was considered as acceptable for the 

measurement of a gravity driven liquid film and no further corrections 

were undertaken. 
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Figure 4-35: Synchronization test with a propeller rotating at 4687 rpm. 

4.5 Dewarping 

The optical distortions were corrected with a dewarping process 

which removes affine, projective, barrel and pincushion transfor-

mation. Dewarping was applied on the NIR and MWIR images to ob-

tain non-distorted and identical measurement fields for the film thick-

ness and surface temperature. The calibration of the dewarping func-

tion was performed using a checker pattern printed on cardboard pa-

per. An image of the calibration target was taken with both cameras.  

A candle was found to provide adequate lighting in the MWIR and a 

good contrast between the white and black squares made of paper 

material. In order to find the dewarping function, the geometrical 

transformations listed above were applied in an iterative way on a 

virtual checker pattern until an image identical to the one taken in 

the IR was obtained. Then, the inverse transform was applied to the 

measurements as dewarping function. Table 4.2 lists the different 

transforms which were considered and their algebraic formulation as 

a matrix. 
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Table 4.2: List of algebraic transformations to correct image distortions  

Affine transform Parameters: 

𝑎1: pixel resolution [px·mm-1] 

𝑎2: horizontal Stretch [%] 

𝑎3: rotation [°deg] 

𝑎4: x-translation [mm] 

𝑎5: y-translation [mm] 

Formulation: 

[

(𝑢)

(𝑣)

(1)
] = [

(𝑎1 𝑎2) ∙ cos (𝑎3)⁄ −sin (𝑎3) 0

sin (𝑎3) 𝑎1 ∙ 𝑎2 ∙ cos (𝑎3) 0
𝑎4 𝑎5 1

] ∙ [

(𝑥)

(𝑦)

(1)
] 

Projective trans-

form 

Parameters: 

𝑝1: orientation angle [°deg] 

𝑝2: view distance [mm] 

Formulation: 

[

(𝑢𝑢)
(𝑣𝑣)

(𝑤𝑤)
] = [

1 0 0
0 −tan (𝑝1) 𝑝2⁄ 1 cos (𝑝1)⁄

0 0 1
] ∙ [

(𝑥)
(𝑦)

(1)
] 

𝑢 = 𝑢𝑢 𝑤𝑤⁄  

𝑣 = 𝑣𝑣 𝑤𝑤⁄  

Barrel + pincush-

ion 

(polar coordi-

nates) 

Parameters: 

𝑘1: 2
nd degree coefficient (pincushion) [mm-3] 

𝑘2: 3
rd degree coefficient (barrel) [mm-2] 

Formulation: 

𝑟′ = 𝑘2 ∙ 𝑟
3 + 𝑘1 ∙ 𝑟

2 + 𝑟 

While affine and perspective transforms were computed with Car-

tesian coordinates, barrel and pincushion distortions were solved in 

the polar system, where 𝑟 = 0 corresponding to the center of the im-

age. For the distortions applied on the synthetic checker pattern, bar-

rel and pincushion distortions were applied first, followed by the pro-

jective and, finally, the affine transform. The inverse transform ap-

plied on the measurement were performed, instead, in the reverse 

order. Figure 4-36 shows the effect on a checker pattern of the trans-

form taken separately and their addition. While the virtual pattern is 

continuous, the distorted images were discretized in a number of 
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pixel equal to the images taken in the IR. The zoom in Figure 4-36 

shows the treatment of the grey pixels crossing the border between 

white and black regions. The realism of the image produced from the 

synthetic pattern allows for a better comparison with the real images 

and thus lead to a more accurate evaluation of the dewarping func-

tion.  

 

Figure 4-36: Different image transformations applied separately and to-
gether. 

Figure 4-37 shows the dewarping (right) applied on an exces-

sively distorted image (left). The boundaries of the dewarped image 

were shadowed on the distorted image. 



 Dewarping 119 

   

  

 

Figure 4-37: Distorted virtual image (left) and the result of the dewarping 
(right) 

The iteration process which creates from the virtual checker pat-

tern a distorted image (right) identic to the image taken with the NIR 

(left) is shown in Figure 4-38. On the real image, the reference target 

is visible as well as a mark, which indicated the center of the FOV. 

The reference target was cropped for the dewarping process. The 

mark, however, was included but did not influence the accuracy of 

the dewarping. 
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Figure 4-38: Checker image in the NIR (left) and equivalent distorted vir-
tual image (right).  

Finally the dewarped NIR and MWIR images obtained by applying 

the inverse of the transform found in the iteration process is depicted 

in Figure 4-39. The pixel intensities for the undistorted meshgrid 

were determined by a linear interpolation. 

 

Figure 4-39: Undistorted NIR and MWIR checker images. Black regions 
are outside of the FOV. 

The spatial accuracy obtained in the dewarped images is lower 

than the projected pixel size. Only the reference target which is not 

in the surface plane does not occupy the same position in the identi-

cal dewarped FOVs.
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5 Test matrix 

A test campaign was performed in the LINX facility which con-

sisted of four test series, namely 110, 210, 310, and “cr” representing 

test conditions of evaporation, condensation, both combined as well 

as a cold reference test without heat transfer, respectively. The test 

matrix is summarized in Table 5.1. 

Table 5.1: Test matrix of the LINX experimental campaign. * block 1-4, 
** block 5-9 

series 

110-310 

P  

kPa 

Ṁg 

[g·s-1]  

air / 
steam 

Χst 

% 
injection / 

bulk 

Tbulk 

°C 

Tblock 

°C 
(inlet) 

Twall 

°C 

Ṁ f 

[gs -

1m -1] 

Ref nominal 

/  

Reδ: min - max 

flow type 

S
e

ri
e

s
 1

1
0

 
e

v
a

p
o

ra
ti

o
n

 

111 102 

22 / na 
<0.2 / 2-

3 

44 

64-66 

63 13.6 -  rivulet 

112 

110 

44 63 27.3 242 / 292-709 wavy-laminar 

113 45 63 40.9 361 / 587 -1265 wavy-laminar 

114 45 62 13.6 120 / 177-759 wavy-laminar 

115 45 62 0 <30 hanging film transient 

116 52 

79-80 

74 27.1 280 / 413-1678 wavy-laminar 

117 52 74 13.6 140 / 67-1134 wavy-laminar 

118 55 75 40.6 423 / 696-2085 wavy-laminar 

119 115 54 75 0 <30 breaking film tansient 

S
e

ri
e

s
 2

1
0

 
c
o

n
d

e
n

s
a

ti
o

n
 

210 105 

11 / 15 

77 / 75 

116 

76-77 

78 0 - droplets transient 

211 

104 

114 83 0 - droplets 

212 113 83 13.4 162 / 19-1151 wavy-laminar 

213 112 83 26.9 324 / 272-1111 wavy-laminar 

214 111 83 40.4 485 / 405 -2084 wavy-laminar 

215 105 

75 / 73 

114 

65-70 

67 0 - droplets transient 

216 

104 

113 75 0 - droplets 

217 108 75 13.5 143 / 86-435 wavy-laminar 

218 104 76 27 290 / 93-665 wavy-laminar 

219 103 76 40.5 457 / 118-1996 wavy-laminar 

S
e

ri
e

s
 3

1
0

 
c
o

n
d

. 
+

 e
v
a

p
. 311 281 

na / 11 
100 / 74 

-100  
(top) 

- 
0 /10-20 
(bottom)) 

112 *26-29 
 

**67-68 

69 0 - droplets transient 

312 205 111 69 0 - droplets transient 

313 219 110 71 0 - droplets transient. 

314 121 

7.9 / 11 

99 *25-28 
 

**66-68 

68 0 - droplets transient 

315 129 102 68 0 - droplets transient 

317 102 92 69 0 - droplets transient 

c
r cr2 

100 na / na 0.5 
26.5 24.5 24.8 13.8 na wavy-laminar 

cr4 26.5 24.4 24.8 0 <30 laminar 

The boundary conditions such as the vessel pressure P, the mass 

flow rate of the injected gases Ṁg, the corresponding steam molar 

fraction at the injection Χst,injection, the temperature of the coolant at 
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the inlet of the blocks Tblock and the nominal linear mass flow rate at 

the film injection Ṁ f are listed for each test. Representative values 

such as the steam molar fraction Χst,bulk in the bulk, the bulk temper-

ature Tbulk, the surface temperature of the wall Twall in the FOV and 

the film Reynolds number Re f are also listed. The bulk conditions 

Χst,bulk and Tbulk were measured on the lower horizontal line at half 

distance between the FOV and the vessel wall (see section 3: facility 

description). These values characterize the bulk condition away from 

the boundary layers at the height of the FOV. A short description of 

the type of flow was added in Table 5.1. The case with a fully wetted 

surface, namely the laminar case when no wave is present at the 

surface of the film, is distinguished from the wavy laminar regime 

when roll waves are formed. On the other hand, partial wetting was 

observed such as rivulets and droplets. The film Reynolds number 

Ref is defined as 

𝑅𝑒𝑓 =
4�̇�𝑓

𝜇𝑤
                                            5-1 

Where µw is the dynamic viscosity of water depending of the film tempera-

ture. The nominal linear flow rate Ṁf is calculated with regards to the plate 

width of 400 mm. However, the wavy-laminar flow did not fully wet the plate 

surface covering only ¾ of the width i.e., leaving approximately 5 cm on 

each side dry. The time average thickness of some wavy-laminar flow also 

showed variation along the plate width. The Nusselt derivation [32] was 

used to estimate the Reynolds number from the time averaged film thick-

ness.  

𝑅𝑒𝛿 =
4𝜌𝑤(𝜌𝑤−𝜌𝑔)𝑔𝛿

3

3𝜇𝑤
2                                    5-2 

Where ρw and ρg are the volumetric mass density of liquid water and gas 

respectively and g the gravitational constant. As mentioned in by Faghri  

[122], throughout up to Ref = 1600 the average film thickness remains es-

sentially that given by the Nusselt analysis. In addition to the Reynolds 



 Test matrix 123 

   

numbers calculated from the mass flow rate, the range of estimated Reyn-

olds numbers based on the thickness is given Table 5.1. The range is cal-

culated on the left half of the FOV excluding the zone with the reference 

target. In case of partial wetting, such as rivulets or droplets, Reδ was not 

calculated. 

Evaporation and condensation tests (series 110 and 210, respec-

tively) were performed in quasi steady state conditions (the excep-

tions being test 210 and 215) with a constant wall temperature. For 

evaporation, dry air was injected from the bottom (sump) and venting 

was operated at the top (dome). For condensation the steam-air mix-

ture was injected from the dome and venting was performed in the 

sump. In both evaporation and condensation tests, the injection and 

venting ways were chosen to create homogeneous conditions in the 

bulk. Figure 5-1 shows the vertical concentration profiles for the 

evaporation series 110 and the condensation series 210.  The con-

centration were taken along the vertical distributed sampling lines 

located at 111° in front of the wall surface. The line is depicted in 

Figure 3-15 in Section 3.3 and in Figure D-1 in Appendix D. 

  

Figure 5-1: Vertical concentration profile of series 110 and 210 

The 310 series was designed to create a film by condensation on 

the top of the wall and generate re-evaporation at the bottom. The 

idea was to observe the progression of a film created by condensa-
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tion toward the lower part of the wall and study its potential re-evap-

oration. No venting was performed and a steam-air mixture or pure 

steam was injected from the dome. A steam stratification was ob-

tained as depicted in Figure 5-2. 

 

 

Figure 5-2: Stratified vertical profiles of series 310 

Cold cooling water was injected in the first four blocks at the top of 

the wall in order to increase the condensation rate. Warm water was 

injected in blocks 5 to 9 to favor re-evaporation of the condensate.  

The cold reference tests (cr series) were performed at room temper-

ature in the absence of heat transfer. Cold water was circulated in 

the blocks and supplied in the film injector. No gas injection was per-

formed. The sump vent was widely open to maintain the vessel at 

atmospheric pressure. The plate and the film were slightly colder 

compared to the vessel wall in order to avoid condensation else-

where than on the plate. The film was injected during more than an 

hour until the humidity level in the vessel was in equilibrium with the 

film saturation temperature. The capillaries placed in the boundary 

layer were used to check when the concentration gradient was flat-

tening meaning that no heat transfer occurred. 

All series involving condensation required vessel preconditioning. 

The preconditioning was performed by injecting pure steam at 130°C 
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to heat up the LINX vessel and thus avoid condensation on the vessel 

wall. 

In order to wet the surface with the film injector, pre-wetting was per-

formed with a high water flow rate. This has turned out to be neces-

sary, because the water film breaks up into small rivulets at lower 

flow rates. Once the plate was wetted, it was possible to reduce the 

flow rate to the desired value without an interruption of the liquid film 

into rivulets. This phenomena was occurring due the different ad-

vancing and receding contact angles that the film forms at the inter-

face between wetted and dry surfaces. As imaged in Figure 5-3, the 

contact angles measured experimentally on a progressing and re-

ceding droplet front were found to be equal to 65° ± 5° and 45° ± 5° 

respectively. They were taken between the solid-liquid and the liquid-

gas boundaries. 

  

Figure 5-3: Contact angle of a progressing (left) and receding (right) 
front. 

The surface used in LINX was optimized to produce homogene-

ous diffuse reflection for NIR measurements (see Sections 3.1 and 

4.2.1). The surface treatment shows a good balance between hydro-

phobicity and hydrophilicity. Droplets rivulets and films could be pro-

duced with different flow rates. The surface allows thus for testing 

many of the conditions and flow regimes occurring on a prototypical 
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surface. Nevertheless, further investigations with prototypical sur-

faces like the epoxy coating used in containments are planned. It is 

expected that the epoxy paint provides excellent dif fusion and homo-

geneity as well. Another option is to use concrete surface which also 

shows diffuse reflection.
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6 Results 

Selected results from the test matrix are presented in this section. 

At least a test presenting each flow regime (laminar, wavy, droplets  

and rivulet) was selected to demonstrate the capabilities of the in-

strumentation as well as its limits. Tests with partial wetting are dis-

cussed only qualitatively. The focus is set on 110 and 210 series 

where evaporation and condensation were treated separately. In par-

ticular, the 12 tests presenting a film with wavy structure were ana-

lyzed in details to extract statistics and trends from the flow.  

The results obtained for tests 210 and 215 as well as the entire 

series 310 were left out in the present section. The results of these 

tests can be found in Appendix D where all tests are summarized. 

The tests left out do not present new measuring conditions or flow 

regimes, such that the present selection is sufficient to assess the 

measurement strategy, but characterize the transient phase as con-

densation was induced and as the condensate front progressed 

downwards. Condensation was occurring on the entire wall in series 

210, and only on the top in series 310 where the bottom part was 

heated for film re-evaporation. The thorough analysis of these tran-

sient tests, necessary to understand the progression of the film, has 

not been performed yet and should be subject to further investiga-

tions. 

In complement to the text matrix, the heat fluxes Q obtained for 

each test with the HFS and energy balance are summarized in Table 

6.1. The generalized correlation from Dehbi [47], which range of va-

lidity is applicable to LINX, was used to estimate heat flux expected 

for condensation. The correlation is expressed as follows 

𝑄 = 1.33
ln(1 + 𝐵)

𝐵
0.13𝑔

1
3𝐷

2
3 (
𝜌𝑤 + 𝜌𝑏
2

) (
𝜌𝑤 − 𝜌𝑏
𝜇

)

1
3𝑊𝑠𝑡,𝑏 −𝑊𝑠𝑡,𝑤
1 −𝑊𝑠𝑡,𝑤

ℎ𝑓𝑔 6-1 
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Where B is the Bird coefficient [9] which is positive for evapora-

tion and negative for condensation, g is the gravitation constant, D 

the diffusion coefficient, µ the gas dynamic viscosity, hfg the latent 

heat f vaporization, ρb, ρw, Wst,b and Wst,w the gas density and the 

steam mass fraction in the bulk and on the wall, respectively. For the 

case of evaporation, the first term of Equation 6-1 corresponding to 

the base line factor was removed. The second group correspond to 

the transpiration factor which is smaller than unity for evaporation 

and bigger than unity for condensation. 

Table 6.1: Measured heat fluxes and errors in W·m-2. (*) rivulet on dry 
surface. 

Q 
Heat fux 
[W·m-2] 

test 
Qblock 

± 200 
Qchannel  
± 200  

QHFS2 

± 200 

QDehbi 

± 16% 
(no base line) 

htot  
(HFS2) 

[W·m-2K-1] 

hfilm 

(range) 

[W·m-2K-1] 

E
va

po
ra

tio
n

 

111* 1914 635 366 na 7 na 

112 1512 931 874 2488 17 4207 - 5113 

113 1403 898 593 2064 15 3704 - 4385 

114 1567 877 937 2109 23 4144 - 5709 

115 1597 846 1254 2123 30 na 

116 2716 1865 2053 4458 41 3928 - 5348 

117 2788 1882 2332 4604 44 4282 - 7979 

118 2463 1716 1821 4695 34 3745 - 4768 

     
QDehbi 

± 16% 
  

co
nd

en
sa

tio
n

 

211 -6455 -3427 -3722 -7801 384 na 

212 -6665 -3785 -3945 -7698 411 4639 - 11443 

213 -6571 -4091 -4107 -7690 426 4675 - 6372 

214 -6521 -4086 -4367 -6012 510 4071 - 5837 

216 -7578 -5336 -7239 -10788 440 na 

217 -7308 -4930 -7276 -11391 440 5404 - 7720 

218 -7178 -5079 -7470 -11013 480 4922 - 7588 

219 -7011 -5092 -7237 -11263 461 3865 - 7201 

The heat flux Qblock is obtained by performing an energy balance 

between the inlet and outlet of the temperature controlled block 

which is in the FOV. The heat flux Qchannel on the same block is ob-

tained by performing an energy balance between the thermocouples 

inserted inside the block channels. Energy balances were performed 

on each of the seven channels and averaged. Two thermocouples 
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were placed inside each channel. They delimit a vertical band of 200 

mm in width in the middle of the wall with which is 400 mm. Thus, 

Qchannel corresponds to the heat flux average over this central band. 

The heat flux sensor HFS2 gives the local heat flux in the center of 

the FOV. The amplitude of Qblock tends to be larger than Qchannel and 

QHFS2. The heat flux Qblock was calculated based on the temperature 

difference in the water coolant between the inlet and the outlet of the 

block. Between these two locations, the water was circulated in the 

block channels as well as in the external piping which links the chan-

nels as described in Section 3. The deviation of Qblock can be imputed 

to the heat losses on the external piping, which is visible in Figure 

3-3 and Figure 3-5 in blue. The blue material made of rubber did not 

provide an ideal thermal insulation and the heat losses cannot be 

neglected. Generally, a good correspondence between Qchannel and 

QHFS2 is observed which confirms the accuracy of the HFS. However 

deviation on Qchannel is expected since the temperature elevation in 

the channels is affected by the heat losses in the insulation applied 

on the back side of the wall. Therefore, for the calculations outlined 

below, QHFS2 was used as reference. 

The correlation over predicts the heat flux by 50% to 110% in 

case of condensation. The wall temperature is given by the center 

thermocouple in the heat flux sensor HFS2. The temperature was 

measured approximately 7 mm below the surface and thus differs 

from the film surface. The extrapolation of the surface temperature 

and its measurement with the MWIR camera confirm a difference 

from 0.5 to 2 K. Applying this correction allows to reduce the discrep-

ancy, but only partially. The remaining difference is still subject to 

investigations. 

The Dehbi correlation contains a baseline factor which was ob-

tained by fitting data from several condensation experiments. For the 

case of evaporation, the heat flux was overpredicted by much which 

indicated that a different baseline factor should be found for evapo-

ration. Except the baseline factor, the correlation is symmetric for 
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condensation and evaporation. The overprediction is, in this context, 

surprising and should be further investigate as well.  

The homogeneity of the wall surface temperature could not be 

measured with the MWIR camera. Such a test can be performed only 

with a dry surface, where too low heat transfer occurs to measure 

fluctuations. The absolute temperatures of HFS1 and HFS3 were 

compared to HFS2 to evaluate the temperature variations across the 

wall width. While most of the temperature variations measured are 

between 0 °C and 0.2 °C, they never exceeded 0.3 °C for all tests. 

This is confirming that the “snail” piping for the blocks provides ade-

quate temperature homogeneity on the wall surface. 

Eventually, the film heat transfer coefficient were evaluated (see 

Table 6.1) for wavy films using the range of Reynolds numbers pro-

vided in Table 5.1 and Equation 2-1. So far, only low overall HTC (up 

to 510 W·m-2K-1) were tested in LINX. Also, the relatively high wall 

temperatures used (62-83°C) reduce the film HTC. The HTC htot was 

determined from the measured heat flux. Comparing hfim with htot, 

one can conclude that, for the specific series of tests performed in 

LINX up to now, the film thermal resistance can be neglected.

 

6.1 Film dynamic 

Films with a linear low flow rate of 13.5 – 13.6 g·m-1·s-1 were 

selected for a more detailed analysis of the film dynamics. They re-

veal an interesting flow pattern which appears to undergo a transition 

when the plate temperature increases despite the constant water in-

jection. In this section, the results obtained with the NIR attenuation 

technique are presented for the evaporation tests 114 and 117 as 

well as condensation tests 217 and 212. As depicted in Table 5.1, 

the wall surface temperatures are 62 °C, 74 °C, 75 °C and 83 °C, 

respectively. For these tests, the film thickness was varying between 

approximately 70 µm and 360 µm. Figure 6-1 shows snapshots of the 
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thickness mapping at a given time, the average thickness over the 

10 s of measurement and the standard deviation over the same du-

ration. Only a cropped portion of 180 x 248 pixel on the left side of 

the FOV was selected. Thus, the calibration target which is on the 

right side, does not appear on the images. The same region was se-

lected to calculate the values of Reδ in the test matrix. 

    

    

    
Figure 6-1: 2D-representation of measured film thickness, averaged film 

thickness and standard deviation for selected tests.  

Evaporation test 114 corresponds to the lowest wall temperature 

that was applied. In this test, a structure composed of roll waves and 

capillary waves was observed. Crests of roll waves are spread 

across the full width of the FOV and seem to be randomly distributed. 

The lateral and axial distances between the waves and their size is 
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fluctuating. The location of a capillary wave seems to be determined 

by the larger structures. A capillary wave generally appears in 

phases of low film thickness between two roll waves just below the 

front of the next arriving roll wave. Evaporation test 117, with the 

lower temperature difference driving the heat transfer (Twall = 74°C), 

reveals a more structured flow pattern. A thin film is formed on the 

top from which rivulets flow. The surface is fully wetted. Waves ap-

pear on the observed rivulets. In the gaps between the wavy rivulets 

there is a calm liquid film. While the horizontal distance between the 

waves also varies, their lateral extension is more constant than in 

test 114. The lateral pitch between the rivulets shows some periodic-

ity.  

In the condensation tests, the change in flow regime is less pro-

nounced as the wall temperature is already quite high for test 217, 

which seems to be already in a transition phase, i.e. the appearance 

of regular rivulet structures is already visible. Condensation test 212 

was performed with the highest applied wall temperature and is well 

above the mentioned transition. It is characterized by rivulets with a 

constant lateral position during the entire measurement of 10 s. 

Time averaged film thickness plots show the presence and the 

periodicity of lateral structures in the film more explicitly that the 

snapshots from the image sequences. While tests 114 and 217 show 

a smoother average film thickness distribution, vertical stripes pat-

tern corresponding to the rivulets are found in tests 117 and 112. 

This is confirmed by the thickness profile extracted along the hori-

zontal line at y=19 mm (vertical) as drawn in Figure 6-1. Figure 6-2 

shows the time average and a snapshot of the horizontal profiles for 

the evaporation tests.  
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Figure 6-2: Horizontal time average (over 10 s) profile,  19 mm from the 
top of the FOV. 

The standard deviation of the film thickness shows the same be-

havior as its average, since the higher average film thickness is cor-

related with the appearance of roll waves, which cause high ampli-

tude film thickness fluctuations and thus a high RMS. Figure 6-3 

shows two snap shots of test 117 taken at the beginning (0 s) and at 

the end of the measurement (10 s). It can be observed that the posi-

tion of a rivulet varies with time and that sometimes rivulet merging 

or splitting occurs.  

    
Figure 6-3: Fluctuating horizontal position of the rivulets and rivulet 

merging. Time average and standard deviation over short time periods.  

 The time average and standard deviation over a short period of 

0.8 s are depicted in Figure 6-3. When compared with a time average 
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of 10 s, as shown in Figure 6-1, a more humpy horizontal profile was 

observed. The smoother profile obtained for a longer period of time 

is due to the lateral displacement of the rivulet position over time. 

Finally, it was observed that during the 10 seconds of acquisition, 

there are horizontal positions which are never covered by a rivulet. 

For the evaporation tests, the time evolution of the film thickness 

was extracted at three locations equally spaced along the vertical 

axis. The three locations are symbolized with cross markers visible 

in Figure 6-1, namely the top position (61 mm horizontal; 47 mm ver-

tical), the middle position (61 mm; 78 mm) and bottom position (61 

mm; 109 mm). The time profiles at the top and middle positions are 

plotted in Figure 6-4. 

  

Figure 6-4: Thickness time profiles at the top and middle positions for 
test 114 and 117 

The time profiles show sharp and well defined peaks separated 

by calm regions with lower thickness for evaporation test 117. The 

waves can be clearly identified as well in evaporation test 114. The 

peaks are however wider and subject to fluctuation forming less clear 

shapes. In test 117 the shapes of the peaks from the same wave 

passing on the two locations show a higher similarity making the cor-

relation between the two signals more obvious than for test 114. Also 

the time laps between two consecutive waves show more stability in 

test 117. While the average film thickness stays constant between 

the top and middle positions in test 114, there is a slight decrease in 
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thickness for test 117. The decrease is due to the fact that the rivulet, 

from which the time signals are extracted, is not perfectly straight in 

the vertical direction. Thus the measurement locations are not al-

ways perfectly centered on the rivulet showing a lower thickness 

when moving to the sides.  

  

  

Figure 6-5: Top: Normed cross correlation between the top, middle and 
bottom position for the evaporation tests 114 (left) and 117 (right). Bot-

tom: the auto correlation for the same positions.  

Figure 6-5 shows the normalized cross correlation between the 

time signals taken at the top, middle and bottom positions as well as 

the autocorrelations at the same position for evaporation tests 114 

and 117. The cross correlation curves for evaporation test 117 show 

higher maximum values which confirms that the film surface shape 

is better preserved in the flow direction. A drop of the cross correla-

tion maximum is observed when the distance between locations 

where the signal are extracted is doubled. The drop characterizes 
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the instability of structures in flow direction, which is lower for test 

117. The pyramid shape observable on both correlations for test 117 

is caused by the lateral motion of the rivulet which oscillates around 

its mean position. The low frequency of the rivulet lateral motion also 

creates the long oscillations visible on the autocorrelation which was 

depicted with a larger time scale. The pyramid shape in the cross 

correlation is shifted to the right compare to the maximum meaning 

the oscillations of the rivulet propagate downstream with a lower 

speed than the wave velocity. The peak over baseline ratio is higher 

for test 114 which indicate a higher periodicity in the flow.  

From the time lag and the distance between the reference points, 

the wave velocity was determined. The difference in velocities be-

tween the upper part and the lower part lies in the error range of the 

measurement. Therefore the wave velocity was found to be constant 

along the vertical axis. The wave velocity was found to be 0.48 m/s 

for test 114 and 0.56 m/s for test 117 meaning that wave rolls down 

16 % faster when channeled on a rivulet (under same nominal flow 

rate). The velocity profiles along the horizontal line depicted in Figure 

6-1, obtained by calculating the cross-correlation functions at differ-

ent lateral positions, are depicted for both tests in Figure 6-6. The 

higher wave velocity in the rivulets of test 117 in comparison to test 

114 is clearly visible, while the velocity of film thickness fluctuations 

in the regions between the rivulets is much lower, though still recov-

erable from the cross-correlation function. 
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Figure 6-6: Wave Velocity profile along the horizontal axis 

6.2 Thermography 

In this section, four tests were selected from the text matrix which 

show the capabilities and the potential as well as some limitations of 

combined thickness and temperature measurements. Evaporation 

test 118 was performed under conditions similar to evaporation test 

117 except for the higher film mass flow rate of 40.6 g·m-1·s-1 instead 

of 13.6 g·m-1·s-1 which produces a wavy laminar film without rivulets 

despites the high wall temperature. A synchronized snapshot of film 

thickness and the fluctuations of the surface temperature is shown in 

Figure 6-7. The projected pixel size, common to both images is, after 

dewarping, 0.63 mm. 
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Figure 6-7: Test 118 (evaporation), synchronized capture of the film 
thickness and the film surface temperature after subtracting the average 

value 

The images contain an impressive level of detail. Most important 

is the observation that the wave pattern influences the local surface 

temperature. There is a tendency for the large roll waves with high 

film thickness to correlate with a lower instantaneous surface tem-

peratures. In contrast, regions of lower film thickness between roll 

waves have a higher temperature. The temperature response to 

small capillary waves was also detectable as observed in Figure 6-7.  

The perturbation of the temperature field by the roll waves is elon-

gated in the vertical direction compared to the extension of the wave 

as seen on the thickness mapping. To describe this phenomena it 

will be referred to the thermal footprint left behind a wave after its 

passage.  

In Figure 6-8, a superposition of the temperature on a 3D surface 

plot of the film thickness is presented. The superposition shows the 

clear correlation of a decreasing temperature with increasing film 

thickness. The thermal traces are, also obvious on the 3D plot.  
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Figure 6-8: Evaporation test 118, 3D surface plot of the film thickness 
with temperature color code. 

Condensation test 219 was performed with same film flow rate 

and same plate temperature as test 118. The LINX vessel was filled 

with a mixture of air and vapor with a steam molar fraction of 75%. 

The pressure in the vessel was maintained at 104 kPa. The gas was 

superheated to 105°C relative to the saturation temperature at the 

given partial vapor pressure. By the time of the measurement the 

temperature of the bulk had drop to 105°C. As shown in Figure 6-9 

for the example of a representative snapshot from the condensation 

test 219, the correlation is inverted compared to the evaporation test 

though the situation is less clear. The temperature mapping seems 

in a general way to be less influenced by the film pattern. The corre-

lation between the thickness and temperature appears to be less pro-

nounced. 
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Figure 6-9: Condensation test 219, 3D surface plot of the film thickness 
with temperature color code 

Separate snapshots of the thickness and temperature mappings 

for condensation test 219 are given in Figure 6-10 which correspond 

to the combined plot in Figure 6-9. On the thermal image only two 

roll waves show a significantly higher temperature than the others 

(marked with A). These two waves are not the one with the largest 

film thickness amplitude. The wave with the highest film thickness 

(B) shows an increased temperature as well, but less pronounced.  

Looking closer at other smaller waves, it was realized that their 

crest show a lower emission intensity ( look cooler) compare to the 

surrounding film (region marked with C). Thus a part of the film sur-

face shows the same trend as observed in evaporation experiments, 

which is unexpected. This effect is noticeable only for the smaller 

waves and is smaller in amplitude. This was attributed partly to ef-

fects that are caused by the interaction with the temperature and 
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concentration field, establishing in the gaseous phase above the film. 

The inversed tendency was also attributed to the transparency of film 

below 100 µm making the lower emissivity of the wall surface visible 

leading to an apparently higher temperature. These effects are dis-

cussed later.  

 

Figure 6-10: Test 219 (condensation), synchronized capture of the film 
thickness and the film surface temperature 

The profiles for the temperatures and saturation temperatures in 

the concentration boundary layer are depicted in Figure 6-11. The 

saturation temperatures were computed from the system pressure 

and the concentration measured by gas sampling with capillary 

probes connected to the mass spectrometer. 
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Figure 6-11: Gas temperature and saturation temperatures in the bound-
ary layer and film surface temperatures for test 118 (left) and test 219 

(right). 

The closest gas sampling capillary and thermocouple are located 

5 mm away from the wall surface. For practical reasons, it was not 

possible to obtain profiles in the closer vicinity of the film surface. 

The film surface temperatures obtained by the near infrared meas-

urement was added to Figure 6-11. It lies close to a point of linear 

extrapolation from the closest two thermocouple measurements. The 

saturation temperature gradient in the vicinity of the film was approx-

imated using the closest capillary and the film temperature. A steeper 

saturation temperature profile was observed for test 118 which de-

pends on the boundary conditions. 

The amplitude spectrums of film thickness and temperature were 

compared (Figure 6-12). The spectrums were obtained by performing 

a fast Fourier transform of the time signals over the FOV which were 

then averaged. For comparison the spectrums were normalized by 

the standard deviation of the signal. For test 118, the two spectrums 

are similar in shape in the frequency range between 3 Hz and 60 Hz. 

In both spectrums the waves of the film flow create high ampl itudes 
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between 3 Hz and 12 Hz. In this region characteristic peaks are rec-

ognizable on both spectrum at the same frequencies. Above 12 Hz, 

the curve decrease reaching a floor values characterizing the meas-

urement noise. The temperature spectrum has a lower amplitude due 

to the normalization which takes into account the high amplitude 

found between 0 Hz and 3 Hz. For condensation test 219 the corre-

spondence between the spectrums is however less pronounced 

which indicates, as previously mentioned, a lower inf luence of the 

film thickness on the film surface temperature. For the temperature 

spectrum, a shift towards lower frequencies is observed.  

  
Figure 6-12: Normalized amplitude spectrums of the thickness and sur-
face temperature for evaporation test 118 and condensation test 219.  

At low frequencies (0 - 3 Hz) the temperature spectrum shows 

higher amplitudes while the thickness spectrum drops which indicate 

that the waves are limited in size. The high amplitudes in the tem-

perature spectrum, however, come from a slow fluctuation of the sur-

face temperature induced by the gas phase. 

The drop at ~27 Hz in the temperature spectrums is present in all 

tests. It is an artifact caused by a notch filter which was applied to 

remove the disturbances cause by the Stirling motor used to cool the 

sensor of the MWIR camera, which are in this frequency range.  

In condensation tests, the preconditioning has the side effect that 

the temperature of the sapphire window is raised. Therefore, more 
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thermal radiation is generated from the window and from the steam 

than in the case of the evaporation experiments. The result is a 

higher signal background which reduces the dynamic range of the 

measurement. The sensitivity was lowered to 82 mK for condensa-

tion (test 119) compared to 47 mK for the evaporation (test 118). The 

sensitivity was evaluated from the floor level of the Fourier transform 

as explained previously with the error consideration of Section 4. 

Still, the signal-to-noise ratio remains in a good range as depicted in 

the amplitude spectrum in Figure 6-12. 

A completely different flow regime was found in experiments with-

out pre-wetting of the surface. Evaporation test 111 was performed 

at a wall temperature of 62°C and with the same flow rate of evapo-

ration test 117. Due to the absence of pre-wetting, only rivulets were 

created. From a total of two rivulets that were present in this test, 

only one crossed the FOV. 

 

Figure 6-13: Test 111, rivulet evaporation 

Figure 6-13 depicts the comparison between the film thickness 

and surface temperature at an instant where a long wave travels 

along the observed rivulet. Before the arrival of the wave, the rivulet 

flow was laminar. At the dry surface, the calibration used to convert 

the emission to a film surface temperature is not valid, because it 
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has a lower emissivity than water. Therefore, the dry wall tempera-

ture is underestimated and lies outside of the temperature range 

shown in the figures. 

In condensation experiments without water injection, drop-wise 

condensation was observed. In test 216, condensation was initiated 

on an initially dry surface. In this experiment, the boundary condi-

tions were identical to the condensation test 219 except for the ab-

sence of a water injection. Shortly after the appearance of droplets 

on the wall, they grew in size and thin rivulets were formed. After 

reaching steady state conditions, the flow pattern, as imaged in Fig-

ure 6-14, remains almost static in time. Sometime a droplet detaches 

from the position at which it was formed, started flowing and feeding 

a rivulet. 

 

Figure 6-14: Test 216, drop-wise condensation with rivulets 

While the drops and rivulets reach a thicknesses of a few 100 µm, 

microscopic drops and possibly a molecular water film establishes 

in-between them could not be resolved by the optical measurements. 

Those phenomena were reported in the literature [8]. Below 100 µm, 

the film becomes semi-transparent to the MWIR such that the wall 

surface is visible through the film. Similarly as for the dry surface in 

test 216, an apparent temperature affected by the wall surface is 
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computed in regions between the drops and rivulet where the film is 

very thin. On the thermal images the contrast of about 10 K between 

very thin regions and the thicker drops / rivulet is clearly visible. This 

difference is to be imputed to the lower emissivity of the wall surface 

and not to a temperature change. 

The same effect can be seen in evaporation tests 115 and 119 

were a hanging film remains after the film injection was stopped. The 

film is laminar and dries slowly giving rise to dry patches as depicted 

in Figure 6-15 for test 119.  

 

Figure 6-15: Test 119, evaporation of a thin hanging film and dryout.  

The absolute temperature was represented with a color scale. On 

the left side of the FOV, a dry band is visible. As the film get thinner 

and, eventually, get close to rupture, it becomes transparent and its 

apparent temperature changes. This effect is visible, as shown by 

the black band on the right side of the FOV. In this zone, the film 

thickness was measured to be approximately 30 µm. In the dry band, 

the measured thickness is erroneous (different from zero), due to the 

variation of the dry surface coefficient Kdry along the vertical axis. 
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6.3 Non-vanishing contribution of film thickness 
and temperature fluctuations to the average heat trans-
fer coefficient 

It is evident from the previous sections that both film thickness 

and film surface temperature fluctuate in a characteristic way when 

waves are present. The non-vanishing contribution of film thickness 

and temperature fluctuations to the average heat transfer coefficient 

or, shortly, the fluctuation heat transfer bias represents the turbulent 

or fluctuating part of the heat flux through the wall. The fluctuating 

contribution was calculated under the following assumptions: 1) the 

transport of thermal energy in the film is dominated by thermal con-

duction, 2) the temperature profile in the film is fully developed and 

3) the temperature of the wall surface Tw is constant. Under these 

assumptions, the heat flux, the film thickness δ, the thermal conduc-

tivity of water λw and the temperature at the surface of the film Ts are 

related by the Fourier’s law: 

𝑄 =
𝜆𝑤

𝛿
∙ (𝑇𝑠 − 𝑇𝑤)                                  6-2 

The heat flux can be decomposed between its average and the 

fluctuating parts, Q̅ and Q’ as follows: 

𝑄 = �̅� + 𝑄′ = (�̅� + 𝑘′) ∙ (∆𝑇̅̅̅̅ + ∆𝑇′) 

= 𝑘 ̅∆𝑇̅̅̅̅ + 𝑘′∆𝑇̅̅̅̅⏟
=0

+ �̅�∆𝑇′⏟
=0

+ 𝑘′∆𝑇′ = 𝑘∆𝑇̅̅ ̅̅ ̅̅ + 𝑘′∆𝑇′                    6-3 

such that                          𝑄′ =  𝑘′∆𝑇′                                                 

where                                  𝑘 =
𝜆𝑤

𝛿
 

and                                 ∆𝑇 = 𝑇𝑠 − 𝑇𝑤 

The thermal conductance of the liquid film k represents its capac-

ity to transfer heat per unit of surface and temperature. The prime 

symbol denotes the deviation of a value due to fluctuations from its 
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time average, which are caused by the waves. Under the assumption 

of a constant wall temperature, the variation of ΔT is equal to the 

fluctuations of the film surface temperature Ts i.e., ΔT’ = Ts’. The lat-

ter is taken from the signals of the MWIR camera. The time average 

of the fluctuating part Q’ is the fluctuation heat transfer bias denoted 

Q̅’ which is expressed as the covariance σ(k,Ts) between the fluctua-

tions of the conductance k and the temperature Ts. 

𝑄′̅ = 𝜎(𝑘,𝑇𝑠) =
1

𝑁
∑ (𝑘′𝑖 ∙ 𝑇𝑠

′
𝑖
)𝑁

𝑖=1                            6-4 

Where N is the number of frames acquired. Finally, the correlation 

ρ(k,Ts) between k and Ts is expressed as follows: 

𝜌(𝑘,𝑇𝑠) =
𝜎(𝑘,𝑇𝑠)

𝜎(𝑘)∙𝜎( 𝑇𝑠)
                                6-5 

Where σ(x) is the standard deviation of the variable x. Equation 

6-3 was used to calculate instantaneous fluctuating heat flux contri-

butions, while equation 6-4 provides an average over all evaluated 

time frames. Equation 6-5 was used to calculate the level of correla-

tion over the entire FOV. Figure 6-16 show the mappings for the film 

conductance k’ (a), the surface temperature Ts’ (c), a snapshot of the 

fluctuation heat transfer bias Q’ (b) and its time average Q̅’ (d) for 

evaporation test 118. 
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a)

 

b)

 
c)

 

d)

 
Figure 6-16: Mapping of the fluctuation heat transfer bias Q’ for test 118 
and its components k’ and Ts’ (selected zone for the covariance calcula-

tion marked by green dashed lines in picture d) 

A positive covariance is expected for an evaporation case like 

test 118 where a wave crests have a lower temperature than the av-

erage film, which corresponds to a lower conductance. The product 

of two negative fluctuating contributions is a positive contribution to 

the correlation. Over the FOV, σ(k,Ts) ranges from approximately -25 

W·m-2 to 100 W·m-2 for a heat flux of 1821 W·m-2 measured with the 

heat flux sensor. The negative values are visible on a small portion 

of the FOV in the surrounding of the reference target. It was first 

assumed that this is a local perturbation caused by the reference 

target. On the left side of the FOV another area with lower amplitude 

is visible, which is interpreted as a perturbation, as well. The exact 

reason for these perturbations could first not be clarified. A test was 

performed without the reference target, which showed that the per-

turbations persisted. After analysis of the surface, it was noticed that 
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parts of the aluminum sheet unglued, living space for an air gap. It 

appeared that the locations where the sheet was unglued and were 

the perturbation occurred coincided. This gives an explanation on the 

cause of the perturbation and on the difference between the heat flux 

measured and calculated with the Dehbi correlation. A similar pattern 

was observed for all tests. A vertical band between 70 mm and 

80 mm on the horizontal axis was selected for further evaluation. The 

evaluated region is marked with a dotted rectangle in Figure 6-16. 

This band was selected, because the fluctuations show an expected 

flat profile in the flow direction. The selected region was used to com-

pare measurements from different tests. All results presented below 

are created from sets of data taken from the selected zone.  

In Figure 6-16 (c) the presence of a hotter region in the center of 

the FOV should be noticed. This is an example of low frequency pat-

terns cause by the gas phase which are visible on the frequency 

spectra in Figure 6-12. 

In graphic animations of the data it was realized that the correla-

tion seems to be dependent on the local film thickness. In order to 

quantify this observation, the covariance was calculated, based on 

data, which was subjected to a film thickness threshold. Both data 

sets of film temperature and film thickness were truncated selecting 

data points corresponding to thicknesses above the threshold. The 

covariance and the correlation were calculated with the data from the 

truncated set. The evolution of the covariance and the correlation in 

function of the thickness threshold for tests 116 and 218 is depicted 

in Figure 6-17 (a) and Figure 6-18 (a), respectively.  
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a)

 

b)

 
c)

 

d)

 

Figure 6-17: Evaporation test 116, a) variation of the covariance and cor-
relation with thickness threshold, b) PDF thickness, c) distribution density 

of the data point and c) PDF temperature. 

The selected tests 116 and 118 are representative with regard to 

the following observations, other evaporation and condensation tests 

were performed, which show a similar behavior. Evaporation tests 

show a maximal covariance on the full data set which is constant 

until 100 µm. The correlation is also maximal and slightly increases 

to reach a maximum at 150 µm. For thresholds between 150 µm and 

400 µm the covariance and correlation decrease continuously down 

to a value close to zero. Above 400 µm up to the maximum film thick-

ness, the values oscillate around zero showing a low dependence.  

Unexpectedly, in case of condensation, the covariance was found 

to be positive when no thresholds is applied. It turns to negative val-
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ues, when the threshold is applied. The expected negative correla-

tion was found between 100 µm and 400 µm with a minimum value 

between 150 µm and 200 µm. As for the evaporation case the covar-

iance and correlation values approach zero for higher thresholds.  

a)

 

b)

 
c)

 

d)

 
Figure 6-18: Condensation test 218, a) variation of the covariance and 
correlation with thickness threshold, b) PDF thickness, c) distribution 

density of the data point and c) PDF temperature. 

In both figures 2-15 and 2-16, in the image (c), the density of data 

points ρd in the thickness-temperature space is pictured. The density 

corresponds to the number of measured data points in the tempera-

ture-thickness two-dimensional space per unit of temperature and 

thickness. The density is normalized with the maximum, which was 

set to 1. For evaporation test 116 a slight trend toward lower temper-

atures with increasing film thickness can be clearly identify. In case 

of condensation the global image shows a slight upwards trend, as 
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expected. However, in the region with smaller thicknesses in (c) 

shows an inversion of the trend, i.e., smaller temperature for higher 

thickness. Since the amount of data is high at small thickness, it 

dominates the covariance of the full data set, which explains the pos-

itive value obtained for condensation. The probability density func-

tions (PDF) for the thickness and the temperature are depicted in 

graphs (b) and (d), respectively. The PDFs are proportional to the 

projections of two-dimensional plots in graph (a) onto its axes. The 

area under the PDF curves was normalized to 1. 

In Table 6.2 the covariance and correlation for the evaporation 

and condensation tests are listed for thresholds corresponding to a 

maximum of correlation i.e. 150 µm and 200 µm respectively. 
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Table 6.2: Covariance and correlation of evaporation and condensation tests for 

the specified thickness threshold.  (*) test with the presence of rivulets on 
film. (**) transition to rivulet on film.  

Evaporation 

Test 114 112 113 117* 116 118 

flow [g·s-1] 13.6 27.3 40.9 13.6 27.1 40.6 

covariance σ(k,Ts)   
[W·m -2] 

24 33 26 42 48 71 

correlation ρ(k,Ts)   0.42 0.45 0.42 0.44 0.44 0.60 

threshold [µm] 150 150 150 150 150 150 

ave. thickness 𝛿̅ [µm] 176 205 232 192 207 239 

thickness median [µm] 163 192 207 189 197 226 

Reδ 332 532 766 589 735 1190 

Condensation 

Test 212* 213 214 217** 218 219 

flow [g·s-1] 13.4 26.9 40.4 13.5 27 40.5 

covariance σ(k,Ts)   
[W·m -2] 

-18 -7.8 -12 -15 -24 -40 

correlation ρ(k,Ts)   -0.26 -0.11 -0.13 -0.12 -0.18 -0.22 

threshold [µm] 200 200 200 200 200 200 

ave. thickness 𝛿̅ [µm] 183 171 205 133 140 210 

thickness median [µm] 177 160 189 126 130 190 

Reδ 680 552 950 204 243 911 

The flow rate at film injection, the average Reynolds number cal-

culated with Equation 5-2 from the time average and the time average 

and median thickness are also listed in Table 6.2. All values are from 

the selected zone within the field of view. 

In Figure 6-19, the fluctuation heat transfer bias Q̅ ’ for the 12 

tests listed in Table 6.2 was plotted against the measured heat flux 

with the HFS. All tests were characterized by the presence of a wavy-

laminar film covering the FOV. They are distributed in four groups of 

three. In each group, a similar wall temperature and bulk steam con-

centration were imposed. The film mass flow rate was varied for each 

group as shown in the test matrix (Table 5.1) and in Table 6.2. 
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Figure 6-19: Fluctuation heat transfer bias function of the measured heat 
flux (by HFS2). Test performed under condensation and evaporation for 

different film Reynolds numbers.   

The amplitude of the fluctuating part of the heat flux and the total 

heat flux are positively correlated. Two trends are drawn. For the 

case of evaporation the increase of Q̅ ’ relative to Q is steeper than 

for condensation. This confirms the more pronounced correlation ob-

served between thickness and temperature for the case of conden-

sation. The Reynolds number Reδ is indicated for each test. It was 

observed that the film with the lowest Reynolds numbers inside each 

group, which consequently shows smaller wave amplitudes, shows a 

lower value of Q̅’. The inverse is true for the film with the highest flow 

rate only for the two extreme groups on the right and on the left, 

showing the highest condensation and evaporation rates, respec-

tively. It was also observed that the impact of the film Reynolds num-

ber increases for higher condensation and evaporation rates as the 

data from the two extreme groups are more spread. 

6.4 Heat flux induced temperature fluctuation 

Under the same assumptions as applied in the previous section 

and according to equation 6-2, the temperature of the film surface 
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Ts(δ) can be calculated from the film thickness and heat flux measured 

with the HFS. This allows to draw conclusions on the applicability of 

equation 6-2 which would be supported by a good agreement be-

tween the calculated and the measured temperature. In order to com-

pare both temperatures, standard deviation was calculated in both 

case. The standard deviation of the calculated temperature can be 

expressed by the standard deviation of the film thickness  

𝜎𝑇𝑠(𝛿) = √
1

𝑁
∑ (𝑇𝑠(𝛿)𝑖 − 𝑇𝑠(𝛿)̅̅ ̅̅ ̅̅ ̅)

2𝑁
𝑖=1 =

𝑄

𝜆𝑤
𝜎𝛿                     6-6 

if the relation 𝑇𝑠(𝛿) = 𝑇𝑤 +
𝑄

𝜆𝑤
∙ 𝛿 is applied. 

Figure 6-20 shows in (a), the spatial distribution of the standard de-

viation σTs(δ) and in (b), the standard deviation of the measured sur-

face temperature σTs. It can be seen that, while the values σTs(δ) are 

relatively constant over the FOV, faint structures are visible in the 

distribution of σTs. The faints are resulting from the low frequency 

temperature fluctuation induced by the gas phase. 

The low frequencies observed visually in Figure 6-16 as well as in 

the power spectrum of Ts (Figure 6-12) which are not induced by 

waves were filtered out. For this purpose, a smooth function of Ts 

was created using a high-pass filter based on a FFT. Frequencies 

above a 3 Hz were cut off. This corresponds to a smoothing span of 

0.33 s. In this time span, a wave traverses across the full height of 

the FOV. The time signal and the smooth curve from a single meas-

uring location are depicted in (d). The location from where this ex-

ample was extracted is 63 mm horizontally and 119 mm vertically as 

marked in (b). The standard deviation of the temperature without low 

frequencies σTs
~ was computed by subtracting the smooth curve to 

the signal instead of the time average.  
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a) 

 

b) 

 
c) 

 

d) 

 

Figure 6-20: Standard deviation of the surface temperature: left, temper-
ature calculated from the thickness and heat flux, right, surface tempera-

ture directly measured with MWIR.  

The effect of low frequencies is obvious when comparing (b) with 

(c). The pattern of perturbation previously discussed appears in (c) 

which means that the source of artifacts lies in the temperature 

measurement.  

The standard deviations were evaluated and averaged over the 

selected zone depicted in Figure 6-16. The values corresponding to 

(a), (b) and (c) for condensation and evaporation tests are listed in 

Table 6.3. 
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Table 6.3: Standard deviation of the measured temperature and the sur-
face temperature extrapolated from the film thickness and measured heat 
flux. (*) test with the presence of rivulets on film. (**) t ransition to rivulet 

on film. 

Evaporation 

test 114 112 113 117* 116 118 

flow [g·s-1] 13.6 27.3 40.9 13.6 27.1 40.6 

σTs [K] 0.076 0.097 0.074 0.173 0.153 0.163 

σTs
~ [K] (smooth) 0.054 0.068 0.051 0.094 0.107 0.128 

σTs(δ) [K] 0.081 0.089 0.084 0.167 0.178 0.197 

(σTs
~-σTs(δ)) / σTs(δ) 

[%] 
-34 -24 -39 -44 -40 -35 

Condensation 

test 212* 213 214 217 218 219 

flow [g·s-1] 13.4 26.9 40.4 13.5 27 40.5 

σTs [K] 0.170 0.177 0.150 0.296 0.273 0.291 

σTs
~ [K] (smooth) 0.121 0.143 0.126 0.220 0.207 0.242 

σTs(δ) [K] 0.254 0.353 0.509 0.479 0.530 0.845 

(σTs
~-σTs(δ)) / 

σTs(δ) [%] 
-53 -60 -75 -54 -61 -71 

The standard deviation of the filtered measured temperature σTs
~ 

is compared with σTs(δ), the extrapolate temperature since both re-

flect the temperature variations caused by the presence of waves. 

Both are of the same order of magnitude with σTs(δ) showing always 

higher values. The difference between σTs~ and σTs(δ) relative to 

σTs(δ) is smaller for evaporation (-44 % to -24 %) than in case of 

condensation (-71 % to -53 %). 

6.5 Transient temperature profile 

For the computation of the fluctuation heat transfer bias and the 

extrapolated surface temperature, a developed temperature profile 

in the film was assumed. However, the heat capacity and the limited 
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conductivity of the fluid in the film act as buffer, slowing down the 

temperature changes at the film surface. Depending on how fast the 

film thickness varies, the temperature profile in the film might not 

have enough time to fully develop. The temperature profile in the film 

was calculated for the transient case. For this purpose, the heat con-

duction equation in one dimension was solved, which is expressed 

as follows [123]:  

𝜕𝑇

𝜕𝑡
=

𝑘

𝐶𝑝𝜌

𝜕2𝑇

𝜕2𝑥
                                     6-7 

Where x is taken along the axis normal to the surface. A constant 

wall temperature and a constant heat flux were applied as boundary 

conditions i.e., T (x=0) = Twall and Q(x=δ) = cst. In the present study, 

evaporation test 118 which presents the highest correlation between 

the thickness and temperature was selected.  

As a first approach, the film thickness was varied following a sinus 

function with variable frequency. To be representative, the average 

and standard deviation of the synthetic function were set to be the 

same as for the thickness measured in test 118. The amplitude of 

the thickness variation applied was 113 µm according the difference 

between the maxima and minima of the sinus function. The average 

thickness was 242 µm. For the simulation purpose, as the film thick-

ness was varied, the temperature profile of the previous time step 

was stretched or contracted according to the thickness variation. Fig-

ure 6-21 depicts the attenuation coefficient on the amplitude of the 

temperature oscillation compared to a developed profile. The atten-

uation factor is depicted for the temperatures at the film surface and 

in the film at 90 % and 80 % of the thickness.  
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Figure 6-21: Attenuation of the temperature oscillations at the film sur-
face in function of the frequency for a sinusoidal wave.  

For low frequencies, the temperature profile develops and the at-

tenuation factor tends to 1. For higher frequencies the attenuation 

factor increases, meaning that the surface temperature is less and 

less reacting to the film thickness change as the frequency in-

creases. As depicted in Figure 6-12, the frequency spectrum of the 

film thickness shows that the majority of wave frequencies are com-

prised between 5 Hz and 10 Hz. In this frequency range the attenu-

ation factor for the surface temperature varies between 3.5 and 5. 

Below the surface of the film the fluctuations show an increasing at-

tenuation factor with the penetration depth.  

A time signal was extracted from test 118 at one location in the 

selected zone (40 mm vertically and 75 mm horizontally). The fluctu-

ation of the calculated temperature by either assuming a developed 

profile Ts’(δ) or taking the 1D transient model Ts’(δ-1D) are plotted in 

Figure 6-22. In addition, the fluctuating part of the measured temper-

ature Ts
~’, with the low frequencies filtered out, was plotted.  
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Figure 6-22: Fluctuation of the film surface temperature with the assump-
tion of equilibrium and with a 1D model. 

The similarity between Ts
~’ and Ts(δ)’ is clearly visible as expected 

from the high correlation of 0.6 found for test 118 (Table 6.2). The 

two curves have similar amplitudes which is confirmed by the stand-

ard deviations σTs and σTs(δ) listed in Table 6.3. While the curve of 

Ts(δ)’ follows well the slow variation of Ts
~’, it misses the short nega-

tive peaks which are produced by the passing front of large roll 

waves. The 1-D simulation shows a correlated profile with lower am-

plitude. It should be noted that the shapes of Ts
~’ and Ts(δ,1D)’ show 

strong similitudes apart from the amplitude. The standard deviation 

for each profile are listed in Figure 6-22. The ratio found between the 

standard deviation σTs(δ) and σTs(δ,1D) was found to be equal to 4 and 

between σTs
~ and σTs(δ,1D) equal to 3.  
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6.6 Discussion 

The NIR and MWIR techniques were used for the first time in the 

LINX facility. The signal processing and the calibration methods de-

veloped led to very promising results. Both the film dynamic and the 

surface temperature could be captured simultaneously to reveal de-

tails of the flow. Thus, the newly developed techniques have proved 

to deliver a new insight into the thermal hydraulics of liquid films sub-

ject to condensation an evaporation and provide valuable data for 

theoretical developments and code validation. Both thickness and 

temperature could be statistically analyzed and correlations were 

drawn which show dependences between the two quantities. Finally, 

evidence was found which indicates the role played by the gas phase 

on the instantaneous local heat transfer. The concentration boundary 

layer seems 1) to create temperature fluctuations on the film inde-

pendent from the flow shape and 2) to enhance the temperature fluc-

tuations correlated to the film thickness. The fluctuation heat transfer 

bias shows a steeper increase relative to the heat flux for evapora-

tion than for condensation. The different trends found characterize 

condensation and evaporation in the context of the tests performed 

in the LINX facility. In the following chapters, the results are dis-

cussed in more details. 

NIR imaging offers valuable insights into the film dynamic. The 

2D technique, which maps the film thickness, produced sharp images 

for a detailed rendering of the flow structure. For wavy laminar films, 

the shape of major flow structures like the long roll waves were re-

solved and their velocity measured. Secondary, smaller structures 

such as capillary waves developing between larger waves could be 

resolved as well, thanks to the high spatial resolution. The case of 

drop-wise condensation on a dry surface has shown the limits of the 

technique. The method is intended to measure films and cannot re-

solve micro droplets with highly spherical shape. Nevertheless, the 

thickness and temperature of larger drops and thin rivulets could be 

determined. The structures of a rivulet on a dry surface with waves 
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passing through it was well resolved and the boundaries of the wet-

ted zone were define. When the dry surface coefficient Kdry is differ-

ent from 1, the resulting jump in intensity between a wet and a dry 

surface indicates the contact line between the film and the dry sur-

face. 

Evaporation and condensation, tested with the lowest flow rate , 

have shown the influence of the wall temperature on the film dy-

namic. With increasing wall temperature, a transition from large roll 

waves flowing over the full width of the FOV to smaller waves con-

fined into rivulets is observed. The rivulets are spread over the width 

with regular intervals as a result of the thermo-capillary forces. This 

effect was reported in recent publications [124]. It was observed that 

the frequency of rivulets depends on the film Reynolds number and 

the amplitude of the heat flux. The NIR technique turned out to be 

well suited for statistical analysis of the film flow using mean and 

standard deviation mappings as well as higher order information 

such as cross and auto correlations. As an example lateral oscilla-

tions of the rivulet could be shown. The transition to a film with rivu-

lets occurs smoothly with increasing temperature. In the transition 

region, some of these rivulets are unstable and tend to move later-

ally. Rivulet merging and splitting was observed.  

Evaporation and condensation tests, performed at same plate 

temperature and identical nominal flow rate, show remarkable differ-

ences. The condensation seems to flatten the film, delaying the tran-

sition to higher temperature. Evaporation seems on the other hand 

to promote the formation of rivulets which appear at lower tempera-

tures.  

A possible explanation of the varying transition temperature, 

which depends on sign and amplitude of the heat transfer can be 

given by the Marangoni effect (thermo-capillary forces). In case of 

evaporation, the colder wave crests are characterized by a higher 

surface tension which drags more water toward the wave crest. This 
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amplifies the instability which creates the rivulet. In case of conden-

sation the surface water is driven from the hotter crests to the valleys 

with the effect of film flattening. However, it is possible that the film 

flow rate in the FOV has varied between the evaporation and con-

densation tests due to non-uniformity of the film spreading on the 

wall surface, as well. Further investigations are necessary to confirm 

or reject the role of the Marangoni effect.  

At higher flow rates, structures with large roll waves as for the 

low flow rate case before the transition were observed. From the heat 

transfer measurement and the film flow rate, the thickening or thin-

ning of the film within the FOV by condensation and evaporation, 

respectively, was estimated to be in the order of only a few microm-

eter which is not measureable. The slight variation of the film thick-

ness observed over the height of the FOV could be explained by the 

free standing boundaries of the film which not covering fully the wall 

width. The film boundaries were curved by the heated wall, creating 

local flow contractions and thus affecting locally the film thickness.  

MWIR imaging adds the measurement of the temperature distri-

bution from the surface of the film. The matching of the measuring 

domain with the NIR camera images by synchronization of the expo-

sure and dewarping allows for a direct comparison of the film thick-

ness and surface temperature in space and time. Both measure-

ments combined together offer a spatial resolution of 0.63 mm and a 

frame rate of 125 fps.  

The temperature is affected by the flow dynamics and the heat 

transfer. In case of evaporation in an ambient containing a non-con-

densable gas in contact with the evaporating liquid film there is a 

clear tendency of lower temperatures at the wave crests. The thermal 

pattern shaped by the wavy structures is more elongated in flow di-

rection compared to the waves themselves, visible in the two-dimen-

sional film thickness measurement. While the temperature of the film 

surface drops down almost instantaneously at the arrival of a wave, 
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it takes some time until the previous temperature level is reestab-

lished after the wave has passed. This is due to the difference be-

tween the liquid film velocity and the wave velocity. Since the velocity 

at the film surface is smaller than the wave velocity, the waves leave 

a thermal footprint after their passage.  

In case of condensation, the tendency is inverted. Higher temper-

atures are now found at the crests of large waves. Temperature pro-

files caused by the waves is in most locations flatter in comparison 

with the maximal temperature deviation. Generally, the correlation 

between film thickness and temperature is less pronounced for con-

densation. In particular small waves developing in regions were the 

film is thin show an inversed trend. It appears, that their surface tem-

perature is lower than in the wave trough. The amplitude of the in-

versed trend is less pronounced in comparisons to the positive cor-

relation found at larger waves. 

The difference in the level of correlation between condensation 

and evaporation was shown by the frequency spectrums of the thick-

ness and temperature. Above 3 Hz, the thickness and temperature 

spectrums were showing a higher similitude for the case of evapora-

tion which confirms previous observations. 

For both evaporation and condensation, the general trends of the 

dependency of the temperature from the wave height are superposed 

by random changes of the temperature in a stochastic way. In con-

densation experiments, not always the largest waves show the high-

est temperatures. In evaporation experiments, thermal structures 

were found, which move much slower than the waves on the liquid 

film and sometime invert their direction to stream upwards. Both is 

caused by the coupling with stochastic temperature and velocity fluc-

tuations in the gas boundary layer, which is in contact with the liquid 

film. The resulting temperature variation is characterized by a low 

frequency. Those fluctuations are confirmed by the shape of the tem-

perature frequency spectrums between approximately 0 Hz and 3 Hz. 
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The high values found at low frequencies show that the slow temper-

ature variation have a higher amplitude than the fluctuations caused 

by the waves. The patches observed in test 118 could not be distin-

guished for condensation. Nevertheless, a similar temperature spec-

trum is obtained at low frequencies for the condensation. Two phe-

nomena are relevant here, 1) the saturation temperature gradient is 

steeper for the case of evaporation as shown in Figure 6-11 and 2) 

the vapor layer for evaporation moves upwards in the counter direc-

tion of the film flow. The higher saturation temperature gradient im-

proves the correlation that binds the waves to the temperature pat-

tern while the counter current flow favors turbulences in the gas cre-

ating the low frequency patterns. In case of condensation, the con-

centration boundary layer is more stable and it is less likely for a 

wave to encounter a higher steam concentration. Thus only a few 

waves show an elevated temperature. Due to the lower concentration 

gradient, the correlation such as observe for evaporation is less pro-

nounced for condensation. It should be noted that the same conclu-

sions can be drawn for the other test as well.  

An evaporating rivulet on a dry surface was measured. The snap-

shot of a large wave canalized by the rivulet shows that the amplitude 

of the temperature variation is higher for test 118 even if the wall 

temperature was lower. When the rivulet width is of the same order 

of magnitude as the thickness of the concentration boundary layer, 

then the diffusion process can also happen from the sides, which 

increases the exchange surface. Thus the local transport from the 

rivulet to the gas is increased compared to a larger film.  

The thermal images of rivulet on a dry surface and for drop-wise 

condensation are marked by the lower emissivity of the aluminum 

surface. The emissivity of the treated aluminum surface εw = 0.58 ± 

0.06 was measured experimentally for a dry surface. This means 

than about 42 % of the surrounding temperature is reflected on the 

aluminum surface. For the evaporation test, the dry surface reflects 

the radiation spectrum emitted from the cold vessel and thus appears 
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cooler (no preconditioning). The case of drop wise condensation 

shows that very thin films become transparent such that the alumi-

num surface become visible as well. The preconditioned vessel 

makes the regions between the drops and rivulet appears hotter. The 

temperature reading from a thin film is affected by the film transmis-

sion, which must be taken into consideration. 

The cold reference test was used to measure the transmission of 

very thin films in the MWIR. Test CR4 was performed in the absence 

of heat transfer. A laminar film was produced after stopping the film 

injection. The hanging film remaining on the surface was slowly 

drained away. The thickness could get thin enough before film break 

up to measure MWIR transmission through the film. The transmission 

of the film ΓMWIR,film in the MWIR in function of the thickness was de-

termined as follows: 

Γ𝑀𝑊𝐼𝑅,𝑓𝑖𝑙𝑚(𝑥) =
𝐼(𝑥) − 𝐼𝑜𝑝𝑎𝑞𝑢𝑒

𝐼𝑑𝑟𝑦 − 𝐼𝑜𝑝𝑎𝑞𝑢𝑒
 

Where I(x) is the measured intensity and Idry the intensity of the 

dry surface. The intensity Iopaque was measured before the water sup-

ply was cut as the film thickness was above 150 µm. The film is con-

sidered opaque above 150 µm. Figure 6-23 depicts the measure-

ments taken on region of 100 X 100 pixel on the FOV during film 

drainage. The curve is not equal to one at zero thickness because of 

a positive jump in intensity when dryout occurs. This effect is similar 

to the jump in intensity previously discussed for the NIR measure-

ments and which was characterized by the dry surface coefficient 

Kdry. 
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Figure 6-23: MWIR transmission for thin water films. 

The data were fitted with a sum of two exponential functions. The 

transmission function obtained is valid for a water temperature at 

room temperature. It was shown (Röttgers, McKee, & Utschig, 

21014), that the water absorption coefficient in the range of the sys-

tem transmission decreases at higher temperatures.  

The covariance between the film conductance k and the thickness 

δ was calculated to give a measure of the non-vanishing contribution 

of film thickness and temperature fluctuations to the average heat 

transfer coefficient. The fluctuation heat transfer bias (shortly said) 

was found to be positive for the evaporation which confirms the ten-

dency observed. Surprisingly, the value found for condensation was 

also positive which is in opposition with the expected negative cor-

relation between the film conductance and the temperature. The re-

sults obtained for truncated sets of data with thickness threshold 

show that the transparency of films for low thicknesses affects the 

covariance. For evaporation tests, a maximum of correlation is found 
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for a thickness threshold of 150 µm as depicted in Figure 6-17. A 

slight increase of the covariance is observed between the full set of 

data and a threshold of 150 µm. In case of condensation the corre-

lation reaches a minimum at 200 µm (Figure 6-18). The difference 

between the full and truncated set of data is important where the 

covariance drops from positive to negative values. The fact that a 

negative covariance appears only when the thicknesses below a 

given threshold are cut off means that the transparency of thin film 

has an impact on the temperature measurement. The interfering cor-

relation caused by film transparency is always inverted to the corre-

lation produced by the heat transfer since the vessel is hotter than 

the film for condensation and inversely for evaporation.  Even if the 

transparency is small for the thicknesses considered, the low emis-

sivity of the aluminum surface creates an apparent temperature 

which deviate by more than 10 K when the film transmission is close 

to one, as observed in case of drop-wise condensation. This has to 

be compared with the temperature variation at the film surface which 

is of a few tenths of degree only. This transparency effect is also 

observed for evaporation with a considerably lower amplitude as 

shown in Figure 6-17. 

 The amplitude of the phenomenon is related to the difference 

between the black body emission at the film temperature and at the 

vessel temperature. The radiated intensities, emitted from the ves-

sel, relative to the intensities emitted from the film, were calculated 

and listed in Table 6.4. For the calculation of intensities, the system 

transmission range was taken into account. The temperature of the 

screen placed in front of the test section was taken as reference for 

the vessel temperature. 
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Table 6.4: Radiation intensity from the vessel relative to the radiation 
from the film.  

test (evap.) 114 112 113 117 116 118 

relative ves-
sel radiation 

[%] 
59 57 58 54 53 53 

test (cond) 212 213 214 217 218 219 

relative ves-
sel radiation 

[%] 
195 188 184 203 182 180 

A higher difference in percent between the vessel and film radia-

tion occurs for the condensation tests. The high difference amplifies 

the effect of the transparency which causes an inversion of correla-

tion for thin film. The median and average thickness listed in Table 

6.2 are in many cases smaller for the condensation amplifying further 

the effect.  

In order to calculate the fluctuation heat transfer bias, it is im-

portant to minimize the effect of light transmission in the film. Differ-

ent possibilities exist to improve the actual setup. Optical filters can 

be added to select a narrower spectral range in a region where the 

water absorption is higher. The vessel temperature should be main-

tained as close as possible to the temperature of the film. Finally a 

surface with higher emissivity would help to reduce the phenomena. 

From a total of 12 tests, different trends for evaporation and con-

densation were found between the covariance values (fluctuation 

heat transfer bias) listed in Table 6.2, and the measured heat flux 

with the heat flux sensor. The fluctuating part of the heat flux shows 

a steeper increase regarding the heat flux for the case of evapora-

tion. This trend confirms the previous observation of a higher corre-

lation between thickness and temperature for the evaporation case. 

It was shown that the film Reynolds number has also an impact on 

the enhancement of the fluctuation heat transfer bias. These results, 

which are at this stage qualitative, are very important to characterize 
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the effect of turbulence on the heat and mass transfers for different 

boundary conditions. 

A way of comparing the heat flux measured to the temperature 

mapping is to calculate the expected surface temperature using the 

thickness mapping and the measured heat flux. The standard devia-

tion of the measured and extrapolated temperature (σTs and σTs(δ), 

respectively) were calculated for this purpose. The values for σTs(δ) 

were found to be higher by 24 % to 45 % for the evaporation tests 

and by 53 % to 75 % for evaporation. This shows one more time that 

for condensation, the temperature mapping is less affected by the 

film flow.  

The results discussed above were obtained under several as-

sumptions: 1) the wall temperature is constant, 2) the heat transfer 

in the film occurs by conduction only and 3), the temperature profile 

in the film is developed.  

In order get a more detailed insight into the phenomenology, the 

third assumption was dropped and a more realistic temperature pro-

file in a transient phase was considered. For this purpose, a 1-D and 

one equation simulation using the heat conduction equation was per-

formed with, as input, the time signal of the thickness from test 118. 

Evaporation test 118 was selected for its highest correlation between 

the thickness and temperature fluctuation. As a result, the surface 

temperature extrapolated for the transient case Ts(δ,1D) shows a lower 

fluctuation amplitude compared to Ts(δ) obtained by assuming a de-

veloped temperature profile. A factor 4 was found between the stand-

ard deviation σTs(δ) and σTs(δ,1D) and a factor 3 between the standard 

deviation of the measured temperature σTs~ and σTs(δ,1D). This 

means, according to the 1-D transient model, that σTs~ from the 

measurement is not 40% smaller but three times higher than ex-

pected. As a consequence, the fluctuating heat flux Q’ through the 

film is not only driven by the thickness fluctuation. An additional in-

stantaneous local heat flux is provided. It has been already seen that 

the turbulence in the velocity boundary layer play an important role 
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in creating slow temperature variation of high amplitude at the film 

surface. However in σTs~ the low frequencies were removed. The 

high correlation between thickness and temperature obtained for test 

118 indicates that the additional heat flux variation is also bound to 

the film thickness. The hypothesis is that in function of its height, a 

wave penetrates into the diffusion boundary layer were it encounters 

lower steam concentration. As a consequence the evaporation rate 

and thus the heat transfer is increased locally on the wave crests.  

The 1-D model allows for a more accurate extrapolation of the sur-

face temperature. It helps to understand the phenomenology of the 

transport processes including the effect of the boundary layers. It has 

shown that correlations such as the turbulent heat transfer are not 

straightforward. If the assumption of a developed temperature profile 

leads to an overestimation of the extrapolated surface temperature, 

it means that the turbulent heat flux is underestimated by the same 

factor. The 1-D model is simplistic and oversimplified since it does 

not take into account the vertical film velocity and the convection in 

the film. Thus the results obtained with the model should be taken 

with care considering the lack of accuracy. However the fact that the 

waves are about 1 cm large and only a fraction of millimeter thick 

supports the validity of the mono-dimensionality. Also the higher tem-

perature fluctuation measured cannot be explained by the lateral ef-

fects not captured by the model. The model, due to the simplifica-

tions, does not allows for establishing precise correction factors. 

CFD simulation is required to back up the correlations extracted from 

the experimental data. DNS, LES or RANS simulations can be per-

formed at the scale of the FOV.
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7 Summary and conclusions 

Phenomena involving a liquid film in condensing or evaporating 

environments are often neglected or treated in a rudimentary way in 

modern containment codes, like lumped parameter or CFD codes. It 

was shown that the presence of a liquid film might lead to unexpected 

evolutions which differ from predictions. Needs for experimental in-

vestigations on the dynamics of the film and on the heat and mass 

exchanges with the surrounding environment were expressed. In par-

ticular, deep understanding of phenomena occurring at small scale 

is prior to the modeling of large scale separate effects necessary for 

coarse mesh simulations. Highly detailed measurements were target 

to cope with CFD resolution and allow for model development and 

code validation.   

In the introducing part which contains Chapter 1 (Introduction) 

and Chapter 2 (State of the art), the challenges in assessing contain-

ment safety and in predicting of the evolution of LOCA scenarios 

were discussed. The strengths and weaknesses of actual contain-

ment and CFD codes as well as the progresses and lacks in experi-

mentation with regard to liquid films were exposed as a motivation 

for the present work. In Chapter 3, the LINX facility was described. 

The vessel and feedthroughs, the temperature control wall and the 

different sensors and probes were outlined. An insight was given into 

how thermal-hydraulic conditions were created, contained and mon-

itored and how the liquid film was confined to the wall front side fac-

ing the instrumentation. The core of the thesis (Chapter 4) was de-

voted to the developments of near infrared imaging of the film thick-

ness based on light absorption in the liquid phase and mid-wave in-

frared thermography to map the surface temperature. The necessary 

developments, starting from the measuring principle, which led to 

successful measurement of the film in condensing and evaporating 

environments were highlighted. Emphasis was brought on technique 

validation, error quantification and calibration for measuring through 
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optical windows and steam-rich harsh environments. In chapters 5 

and 6 the experimental campaign conducted with the LINX facility 

was depicted. Results were presented, which, besides showing the 

success of the measurement strategy, gave an insight into the nature 

of phenomena captured by the infrared techniques. Analysis of the 

data was performed to characterize different film flow regimes and 

the effect of a wave and the NCG on the heat flux fluctuation. The 

results were discussed at the end of Chapter 6 which leads to the 

following conclusions. 

A novel instrumentation technique was conceptualized, devel-

oped and tested, which measures the liquid water film thickness by 

attenuation of NIR light. It takes advantage of a diffuse reflection at 

the surface of the wetted wall illuminated by an infrared light source 

in order to record the reflected intensity attenuated by absorption in 

the liquid across a 2-dimentional FOV with a NIR camera. The tech-

nique was successfully applied to evaporating and condensing liquid 

films flowing down a vertical wall. The experiments were conducted 

in the LINX facility at PSI, which required the solving of several tech-

nical issues of adaptation related to the harsh environment charac-

terized by elevated temperatures and pressures, as well as limited 

optical access through observation windows and a steam-rich atmos-

phere in the test vessel. 

The NIR technique was combined with MWIR thermal imaging to 

superpose and correlate the surface temperature of the liquid film to 

the thickness mapping. The challenge of MWIR measurements 

through a window and steam rich atmosphere required developing a 

real time in-situ calibration. Dewarping and synchronization of the 

images obtained with the NIR and MWR cameras was applied for a 

direct comparison in space and time between thickness and temper-

ature data. Highly detailed measurements were produced thanks to 

a projected pixel resolution of 0.63 mm for both techniques and a 

frame rate of 250 fps for the NIR and 125 fps for the MWIR. A meas-

urement precision of approximately 20 µm was achieved for the film 
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thickness. In case of evaporation a sensitivity to temperature 

changes of approximately 40 mK to 50 mK was obtained. A lower 

sensitivity of approximately 80 mK to 90 mK was measured for con-

densation due to the presence of steam and a hot window.  

The level of detail reached allows for accurate determination of spa-

tial and temporal profiles as well as spectral and statistical analysis. 

Fine flow structures such as rolling waves, capillary waves, rivulets 

and droplets were analyzed. The temperature patterns created by 

the interaction of the structures developing on the liquid film with the 

gas boundary layer was obtained for different test conditions. The 

temperature mapping covering the shape of a wave, the thermal print 

left behind the wave front as well as other perturbations developing 

in the boundary layers were rendered.  

The thermal hydraulic facility LINX was upgraded to create the 

boundary conditions of evaporation and condensation for various 

experiments. A temperature controlled wall consisting of nine 

individually controllable segments was designed and mounted 

vertically in the center of the LINX vessel. The coolant loop and block 

designs allowed for a precise control of the temperature at the wall 

surface. As a result, a constant temperature profile was provided 

over the wall surface and its homogeneity characterized. Heat flux 

sensors (HFS) were developed and inserted below the wall sur face. 

The consistency of the heat flux measurement was confirmed with 

an energy balance performed with thermocouples measuring the 

coolant at the inlets and outlets of the heating and cooling channels 

inside the wall segments. The facility was equipped with 30 gas 

concentration probes and more than 150 thermocouples to monitor 

the thermo-hydraulic conditions during each test. In particular, a 

series of 8 capillaries and thermocouples placed at the height of the 

FOV measured the concentration boundary layer starting at 5 mm 

from the wall up to inside the bulk. 

The results obtained show the potential of the developed meas-

urement techniques. The goal of developing non-intrusive optical 
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techniques to deliver quantitative data on liquid film dynamics and 

heat and mass transfer was achieved. The techniques have proven 

to be reliable tools for the thickness and temperature measurement 

of liquid films under variable conditions. The field of application can 

be further extended and room for improvement remains.  

The experimental opportunities offered by the new measuring 

technique and the instrumented test facility have not yet been fully 

exploited. Conducted experiments were limited to a small set of pa-

rameter variations. The conditions in the vessel of LINX, which can 

be pressurized up to 10 bar, were kept at ambient pressure and mod-

erate temperatures during the experiments presented in this work. A 

quantitative analysis for selected tests was performed. The observa-

tions that were made are, therefore, still of rather specific nature 

while the global conclusions on evaporation and condensation phe-

nomena under a broader bandwidth of thermal-hydraulic conditions, 

which the developed instrumentation poised to tackle, are still left to 

future investigations. 

A detailed analysis was presented for a liquid film, generated by 

spreading water directly onto the top part of the thermally controlled 

wall. At a constant linear nominal flow rate of approximately 

13.5 gs-1m-1 a transition from a flow regime with waves spread over 

the full width of the FOV to a regime where the waves are channeled 

into rivulets, which occurs when the wall temperature increases, was 

observed. The Marangoni effect seems to play a role in promoting 

(evaporation) or retarding (condensation) the transition in flow re-

gime. The NIR technique offers a rich data set for a statistic evalua-

tion of film dynamics. Notably, power spectrums, cross correlations 

and velocity profiles were provided for the characterization of the 

wavy film flow. 

A qualitative analysis of the temperature measurements gave in-

sight into the heat transfer phenomenon, involving liquid films under 

condensing and evaporating conditions. The local instantaneous 

heat transfer intensity was linked to the dynamic behavior of the 
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films. A tendency for wave crests to be colder than the regions of low 

film thickness between them in case of evaporation and hotter for 

condensation was observed. This correlation was found to be less 

pronounced for condensation due to lower gradients of saturation 

temperature in the gas boundary layer. The reason is a more stable 

gas boundary layer in case of condensation combined with a lower 

saturation temperature gradient. In case of evaporation, there is a 

counter current flow between rising vapor and falling liquid film which 

is generated at the gas-liquid interface. This counter current flow pro-

motes turbulence in the boundary layer. It is visible in the thermal 

images as slowly moving thermal patterns, which are superposed on 

the changing film surface temperature associated with the film 

waves. 

Under the assumption of a developed temperature profile in the 

film, values of the contribution of temperature and film thickness fluc-

tuations to the overall heat flux were obtained by calculating the co-

variance between the film conductance and the surface temperature. 

An extrapolation of the surface temperature using a simplified heat 

conductance model of the liquid film with the input of the measured 

heat flux was compared to the measured temperature by the MWIR. 

As a result, both were found to be of the same order of magnitude.  

A more accurate 1-D model was used to extrapolate the film sur-

face temperature. The assumption of a developed temperature pro-

file in the film was dropped when considering the transient case. The 

heat conduction equation was solved numerically along the normal 

to the surface. It appeared that the previous extrapolation, based on 

the assumption of a developed temperature profile in the film, was 

overestimated by a factor 4 compared to the 1-D model. The meas-

ured fluctuation of surface temperatures was found to be three times 

higher than the one found with the 1-D model. This analysis was per-

formed on evaporation test 118 which was selected for its high cor-

relation between the thickness and temperature. This leads to the 

hypothesis of a wave penetrating into the gas boundary layer were it 
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encounters drier layers of gas, which in turn increases the heat trans-

fer. This indicates that the fluctuation heat transfer bias was under-

estimated under the assumption of a developed temperature profile. 

The model does not consider convection in the film or lateral motions 

in the 2D plane. In this sense, this is an oversimplified model. How-

ever, the higher temperature fluctuations observed with the MWIR 

camera cannot be explained by the effects, not contained in the 

model. On the one hand, there is a higher correlation for the evapo-

ration presenting a higher saturation temperature gradient. On the 

other hand, slow temperature fluctuations attributed to turbulences 

in the gas phase were observed. These observations together with 

the results obtained with the 1-D model emphasize the role played 

by the gas boundary layer in the enhancement of the instantaneous 

local heat transfer.  

Finally, due to the limitations of the simplified 1D model, I came 

to the conclusion that a CFD analysis is necessary to fully under-

stand the presented measurements. Multi-dimensional simulations 

that consider all aspects of the fluid dynamics and the conjugate heat 

transfer are needed. The experimental data provides a basis for a 

comparison with results derived from theory or simulation. As a first 

step, a simulation of the film flow imposing the measured thickness 

distributions as input can be envisaged in order to separately simu-

late the temperature field. This would allow for the evaluation of the 

local heat flux resulting from the interaction between the film and the 

gas boundary layer. Finally, full scale coupled simulations using in-

terface tracking techniques and a model for diffusion could be bench-

marked using the experimental data.  

The experimental methodology developed and presented in this 

thesis can serve as a basis for detailed studies of the liquid film flows 

in containments of nuclear reactors, where an accurate prediction of 

the heat transfer and of mass and energy transport by the condens-

ing and evaporating films is a safety relevant issue. Each optical 

measurement method and their combination offer the opportunity to 
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study these phenomena on prototypical surfaces, like concrete walls, 

or walls covered with special paints or resins, as well as across a 

wide range of operating parameters. 
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8 Outlook 

First of all, there is still room for improvement in the developed 

measuring techniques. The NIR and MWIR techniques can be ap-

plied on different opaque surfaces but not without constraints. The 

surface should provide a smooth and homogeneous reflection with a 

low level of grain for the measurement of the thickness and a high 

emissivity value for the thermography of thin films in the semitrans-

parent region. Only three metallic surfaces were tested up to now, 

which leaves room for improvement. A suggestion would be to use a 

thin glass surface on the top of the aluminum sheet, despite the lower 

thermal conductivity of the glass. The glass would provide a high 

surface emissivity in the MWIR and the aluminum a good reflection 

in the NIR. The glass is opaque to the MWIR (therefore the high 

emissivity) but transparent in the NIR such that the NIR camera sees 

the aluminum behind the glass layer. Also, paints can potentially pro-

duce both high reflection in the NIR and high emissivity in the MWIR. 

Paints might also offer very smooth reflection because they are die-

lectrics which involve a high amount of l ight scattering beneath the 

surface for a better diffusion. 

 A further optimization of filters for the MWIR to target a zone 

where the film is most opaque is feasible. Also optimizing the pre-

conditioning of the vessel would further reduce the effect of film 

transparency.  

The thermal print left behind the wave is a result of the difference 

between the wave and fluid velocity. A local heating of the film sur-

face for example by means of a CO2 laser could be used for thermal 

seeding. The hot spot created on the film should be well -defined and 

parameters such as the surface velocity or the thermal convection in 

the film could be determined. 

The test facility LINX with the installed temperature controlled 

wall is ready for conducting extensive test series. Test at a higher 
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pressure (up to 5 bar) and with a larger range of film flow rates should 

be performed to represent the entire set of condition expected in the 

containment. Also condensation and evaporation at sub-atmospheric 

pressure should be investigated in view of new designs for small 

modular reactors. The variation of the wall and bulk temperatures, 

different settings of cooled and heated segments, the variation of 

vapor content in the vessel atmosphere and the creation of well -de-

fined forced flow fields in the gas space are possible options. Fur-

thermore, tests with the presence of aerosols are foreseen.  

Finally, as discussed in the introductive part and in view of  the pre-

sented results showing complex flows and interdependencies be-

tween surface temperature, film dynamic and heat flux, CFD analysis 

should be used in complement to the measurements for further the-

oretical developments.
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Appendix A 

On the side of the camera, the intensity Idry,max necessary to reach 

saturation of one sensitive area (pixel) on the focal plane array is 

expressed as follows:  
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The full well capacity (FWC) over the quantum efficiency ηQ is a 

design parameter of the detector, Γlens is the lens transmission, Ey(λ) 

is the photon energy for the specified wavelength λ and Τ i is the in-

tegration time. 

On the side of the illumination, assuming a wall surface with lam-

bertian reflectance, Idry,max is related to the total amount of light falling 

on the wall surface I illu as follows:  
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In Equation A2, a small solid angle covered by the lens’s pupil 

Ωlens is assumed, such that the intensity of reflected light per unit of 

solid angle, IΩ,dry, in the integration domain, Ω lens, is approximated as 

a constant equal to the maximum reflection intensity, IΩ,dry,90°, normal 

to the surface. In Equation A3 the factor π denotes the ratio between 

IΩ,dry,90° and the total amount of reflected light, Idry,tot, by a lambertian 

radiator in all directions of the hemisphere. In Equation A4, S illu is 

the surface on the wall being illumined, SFOV is the surface corre-

sponding to the FOV, Npix is the number of pixels, and is the sur-

face albedo denoting the fraction of light being reflected. While the 
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three first terms on the right side of Equation A4 represent the illu-

mination per pixel area in the FOV, the two last terms determine the 

fraction of light from one illuminated pixel which actually enters the 

camera’s lens. The solid angle, Ω lens, is approximated as follows: 
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Where L is the distance between the wall and the camera and D 

is the diameter of the lens entrance pupil expressed in terms of the 

focal length, f, and relative aperture f/.  

The overall illumination of the wall surface, I illu, is related to the 

electrical power of a light projection system as follows:  

optgeosourceeleillu CPBWI  ),(
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Where Pele is the applied electric power and ηsource is the light 

source efficiency which describes its ability to convert electrical 

power into light with specific wavelength and band-pass. The geo-

metrical collection ratio, Cgeo, is the fraction of light collected by the 

condenser lens and the rear mirror (Figure 4-5) and is given by the 

solid angle they cover around the bulb. The dimensionless number, 

ηopt, is the optical efficiency or quality of the light projection system 

and corresponds to the fraction of collected light transmitted through 

the optical elements which contributes to the illumination.  

In order to estimate Pele, it is assumed that the incandescent fila-

ment behaves like a black body with homogenous temperature and 

that the electrical power is entirely converted into heat by the joule 

effect in the filament. Convective heat transfer in the lamp is ne-

glected. The maximum light source efficiency, ηsource,max, obtained 

with filtered black body emission in a band-pass centered at the ob-

servation wavelength, λobs, is found according to the Wien’s displace-

ment law for the optimized temperature: Topt = b/λmax = b/λobs. The 
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wavelength λmax corresponds to the maximum of the emission spec-

trum and b is the Wien's displacement constant. The value of 

ηsource,max is calculated using Planck’s law and its integrated form: the 

Stefan-Boltzmann law at wavelength λobs = λmax. For a narrowband 

filter with the band-pass width W, the following approximation is de-

rived. 
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Where IBB,W and IBB,tot denote the black body emission in the 

band-pass and for the full spectrum h is the Planck’s constant, c is 

the speed of light, σ is the Stefan-Boltzmann constant and kB is the 

Boltzmann constant. The light source efficiency for the non-filtered 

light passing through the BK7 elements ηsource,BK7 was evaluated by 

the ratio between the integrated black body emission over the 300 - 

2700 nm BK7 transmission range and the total black body emission 

IBB,tot. 

Equations A1-A7 were used to estimate the size of the halogen 

bulb and the radiation flux reaching the surface. Table A1 lists the 

values of the parameters and the estimations obtained according to 

the experimental setup used in our work. 
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Table A1: Parameters and estimations for the design of a light projection 
system with halogen bulb. The symbol ‘~’ denotes approximated parame-

ters.  

Parameter Value Estimation Value 

FWC 1.75·105 Idry,max[W] 8.8·10-11 

λobs [m] 1612·10-9 Ωlens[sr] 4.9·10-4 

W [m] 32·10-9 Iillu [W] 0.12 

Npix 81920 Pele [W] 102 

SFOV/Sillu ~0.48 ηsource,max 1.3·10-2 

α ~0.8 ηsource,BK7 0.62 

L [m] 1 
Surface radiation flux 
[W/m2] (with narrow-
band filter) 

2 
ηQ 0.7 

Ti
 [s] 5·10-4 

Tlens 0.75 

f/ 2 

Surface radiation flux 
[W/m2] (no filter expect 
N-BK7 glass) 

92 

f [m] 0.05 

Cgeo 0.15 

ηopt ~0.6 

SFOV[m2] 3·10-2 
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Appendix B 

In the section the signal processing for the calibration with a win-

dow is discussed. The reflection loss factor at an interface from the 

medium x to the medium y is defined as follows: 

𝐿𝑅,𝑥→𝑦 = (1 − 𝑅𝑥→𝑦) 

L characterizes the decrease in intensity due to the reflected 

share R of the incoming radiation. According to Snell’s law and Fres-

nel equations, the following relation applies for a bi-directional opti-

cal path as shown in Figure 4-4: 

𝐿𝑅,𝑥→𝑦 = 𝐿𝑅,𝑦→𝑥 

The total attenuation along the optical path connecting a pixel of 

the camera with the light source (pixel indices omitted) contains re-

flection losses at the air-water (a→w) interface, the reflection effi-

ciency of the wet wall Rwet, the absorption in the water film and in the 

air between measuring setup and wall. During the measurement, the 

brightness is proportional to: 

𝐼(𝑥𝑤) = 𝐼𝑛𝑎 ∙ 𝑒
−𝜇𝑎𝑥𝑎 ∙ 𝐿𝑅,𝑎→𝑤 ∙ 𝑒

−𝜇𝑤𝑥𝑤 ∙ 𝑅𝑤𝑒𝑡 ∙ 𝑒
−𝜇𝑤𝑥𝑤 ∙ 𝐿𝑅,𝑤→𝑎 ∙ 𝑒

−𝜇𝑎𝑥𝑎

= 𝐼𝑛𝑎 ∙ 𝐿𝑅,𝑎→𝑤
2 ∙ 𝑅𝑤𝑒𝑡 ∙ 𝑒

−2𝜇𝑤𝑥𝑤 ∙ 𝑒−2𝜇𝑎𝑥𝑎 

Here, Ina is the intensity of the non-attenuated beam. The calibra-

tion has to provide values of Ina, LR, a→w, Rwet, µw, Aair = exp(-2µaxa) 

or to allow canceling out some of the unknowns. If a window is placed 

in front of the optical assembly the reflection and absorption by the 

glass can be treated in the same way. 

In the dry case: 

𝐼𝑑𝑟𝑦 = 𝐼𝑛𝑎 ∙ 𝑅𝑑𝑟𝑦 ∙ 𝑒
−2𝜇𝑎𝑥𝑎 

In the wet calibration case with glass: 

𝐼𝑐𝑎𝑙𝑖𝑏(𝑥𝑤) = 𝐼𝑛𝑎 ∙ 𝐿𝑅,𝑎→𝑔
2 ∙ 𝐿𝑅,𝑔→𝑤

2 ∙ 𝑒−2𝜇𝑔𝑥𝑔 ∙ 𝑅𝑤𝑒𝑡 ∙ 𝑒
−2𝜇𝑤𝑥𝑤 ∙ 𝑒−2𝜇𝑎𝑥𝑎 

For the dry calibration case with glass window: 
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𝐼𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦 = 𝐼𝑛𝑎 ∙ 𝐿𝑅,𝑎→𝑔
4 ∙ 𝑒−2𝜇𝑔𝑥𝑔 ∙ 𝑅𝑑𝑟𝑦 ∙ 𝑒

−2𝜇𝑎𝑥𝑎 

A reference surface is introduced and it is assumed that the ab-

sorption by air along the optical path between camera and reference 

surface is a good approximation of the absorption by the air on the 

optical path of every camera pixel in the measuring domain: 

𝐼𝑟𝑒𝑓 = 𝐼𝑛𝑎,𝑟𝑒𝑓 ∙ 𝑅𝑟𝑒𝑓 ∙ 𝑒
−2𝜇𝑎,𝑟𝑒𝑓𝑥𝑎,𝑟𝑒𝑓 ≅ 𝐼𝑛𝑎,𝑟𝑒𝑓 ∙ 𝑅𝑟𝑒𝑓 ∙ 𝑒

−2𝜇𝑎𝑥𝑎 

All recorded intensities, regardless if during the measurement or 

during calibration, are related to the reference intensity. In this way, 

the changes in absorption by the air, e.g. due to moisture variations, 

cancel out with the accuracy of the assumption that the absorption in 

the air is similar for both optical paths: 

𝑖(𝑥𝑤) =
𝐼(𝑥𝑤)

𝐼𝑟𝑒𝑓
=

𝐼𝑛𝑎
𝐼𝑛𝑎,𝑟𝑒𝑓 ∙ 𝑅𝑟𝑒𝑓

∙ 𝐿𝐾,𝑎→𝑤
2 ∙ 𝑅𝑤𝑒𝑡 ∙ 𝑒

−2𝜇𝑤𝑥𝑤 

The quotient  𝑖𝑛𝑎
∗ =

𝐼𝑛𝑎

𝐼𝑛𝑎,𝑟𝑒𝑓∙𝑅𝑟𝑒𝑓
 is a constant. Variations in the illumi-

nation intensity or in the quantum efficiency of the detector due to 

temperature changes have the same effect on Ina and Ina,ref and thus 

cancel out through the division when i is computed. It can be used 

as a dimensionless reference intensity, in which air absorption can-

cels out: 

𝑖(𝑥𝑤) = 𝑖𝑛𝑎
∗ ∙ 𝐿𝑅,𝑎→𝑤

2 ∙ 𝑅𝑤𝑒𝑡 ∙ 𝑒
−2𝜇𝑤𝑥𝑤                                 (B1) 

𝑖𝑑𝑟𝑦 =
𝐼𝑑𝑟𝑦

𝐼𝑟𝑒𝑓
= 𝑖𝑛𝑎

∗ ∙ 𝑅𝑑𝑟𝑦                                          (B2) 

𝑖𝑐𝑎𝑙𝑖𝑏(𝑥𝑤) =
𝐼𝑐𝑎𝑙𝑖𝑏(𝑥𝑤)

𝐼𝑟𝑒𝑓,𝑐𝑎𝑙𝑖𝑏
= 𝑖𝑛𝑎,𝑐𝑎𝑙𝑖𝑏

∗ ∙ 𝐿𝑅,𝑎→𝑔
2 ∙ 𝐿𝑅,𝑔→𝑤

2 ∙ 𝑒−2𝜇𝑔𝑥𝑔 ∙ 𝑅𝑤𝑒𝑡 ∙ 𝑒
−2𝜇𝑤𝑥𝑤  

(B3) 

𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦 =
𝐼𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦

𝐼𝑟𝑒𝑓,𝑐𝑎𝑙𝑖𝑏
= 𝑖𝑛𝑎,𝑐𝑎𝑙𝑖𝑏

∗ ∙ 𝐿𝑅,𝑎→𝑔
4 ∙ 𝑒−2𝜇𝑔𝑥𝑔 ∙ 𝑅𝑑𝑟𝑦                   (B4) 

In our experiment, the reference surface was identical for the cal-

ibration and the measurements such that Iref,calib=Iref. Here, the gen-

eral case is treated where two different reference surfaces are used. 
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The effect of the glass window used during calibration can be quan-

tified by relating i to idry and icalib, to icalib,dry: 

𝑖(𝑥𝑤)

𝑖𝑑𝑟𝑦
=
𝑅𝑤𝑒𝑡
𝑅𝑑𝑟𝑦

∙ 𝐿𝑅,𝑎→𝑤
2 ∙ 𝑒−2𝜇𝑤𝑥𝑤 

𝑖𝑐𝑎𝑙𝑖𝑏(𝑥𝑤)

𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦
=
𝑅𝑤𝑒𝑡
𝑅𝑑𝑟𝑦

∙
𝐿𝑅,𝑔→𝑤
2

𝐿𝑅,𝑎→𝑔
2 ∙ 𝑒−2𝜇𝑤𝑥𝑤 

To characterize the intensity step-change between a wet and a 

dry surface, the correction factor Kdry is defined as: 

𝐾𝑑𝑟𝑦 =
𝑖(𝑥𝑤 → 0)

𝑖𝑑𝑟𝑦
=
𝑅𝑤𝑒𝑡
𝑅𝑑𝑟𝑦

∙ 𝐿𝑅,𝑎→𝑤
2  

This yields: 

𝑖(𝑥𝑤)

𝑖𝑑𝑟𝑦
= 𝐾𝑑𝑟𝑦 ∙ 𝑒

−2𝜇𝑤𝑥𝑤 

𝑖𝑐𝑎𝑙𝑖𝑏(𝑥𝑤)

𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦
= 𝐾𝑑𝑟𝑦   

𝐿𝑅,𝑔→𝑤
2

𝐿𝑅,𝑎→𝑔
2 ∙ 𝐿𝑅,𝑎→𝑤

2 ∙ 𝑒−2𝜇𝑤𝑥𝑤 

The corrected dry measurement in the presence of a window 

icalib,dry,corr is further defined as; 

𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦,𝑐𝑜𝑟𝑟 = 𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦   
𝐿𝑅,𝑎→𝑔
2 ∙𝐿𝑅,𝑎→𝑤

2

𝐿𝑅,𝑔→𝑤
2                          (B5) 

The reflection losses were calculated according to the refraction 

indexes of air, water and glass. 

𝑖(𝑥𝑤)

𝑖𝑑𝑟𝑦
=

𝑖𝑐𝑎𝑙𝑖𝑏(𝑥𝑤)

𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦,𝑐𝑜𝑟𝑟
= 𝐾𝑑𝑟𝑦 ∙ 𝑒

−2𝜇𝑤𝑥𝑤                         (B6) 

Fitting an exponential function to the calibration data obtained for  

different water layers between glass and wall surface gives the con-

stants Kdry and 2µw. 

 

Applying Equation B5, a systematic overestimation of the film 

thickness is observed when comparing temporally and spatially av-

eraged measurements with the LFS. Thus, Equation B5 leads to an 
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underestimation of idry,calib,corr. In order to calculate the right value of 

idry,calib,corr the contribution of internal reflections contributing to the 

overall illumination is considered. In fact, the second series of reflec-

tions when the light escapes from the wall surface is not lost since it 

is reflected back on the same surface and thus contributes to the 

total illumination. In the limit of infinitely thin films  (xw → 0), the back-

wards reflected light is not attenuated in the water film. With the as-

sumption of a surface albedo equal to 1, the second series of reflec-

tions is not considered as losses such that: 

𝑖′(𝑥𝑤 → 0) = 𝑖𝑛𝑎
∗ ∙ 𝐿𝑅,𝑎→𝑤 ∙ 𝑅𝑤𝑒𝑡                            (B7) 

𝑖′𝑐𝑎𝑙𝑖𝑏(𝑥𝑤 → 0) = 𝑖𝑛𝑎
∗ ∙ 𝐿𝑅,𝑎→𝑔 ∙ 𝐿𝑅,𝑔→𝑤 ∙ 𝑒

−2𝜇𝑔𝑥𝑔 ∙ 𝑅𝑤𝑒𝑡          (B8) 

𝑖′𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦 = 𝑖𝑛𝑎
∗ ∙ 𝐿𝑅,𝑎→𝑔

2 ∙ 𝑒−2𝜇𝑔𝑥𝑔 ∙ 𝑅𝑑𝑟𝑦                       (B9) 

This yields: 

𝑖′𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦,𝑐𝑜𝑟𝑟 = 𝑖′𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦   
𝐿𝑅,𝑎→𝑔∙𝐿𝑅,𝑎→𝑤

𝐿𝑅,𝑔→𝑤
                      (B10) 

Using Equation B10, where the reflection losses are not squared, 

results in well matching average values with both techniques. While 

Equations B7-B8 are valid for infinitely thin films, Equations B1-B4 

are valid in the limit of infinitely thick films where the second series 

of reflections are completely lost by absorption in the film.  

For the purpose of the measurement the following approximation 

is used. 

  

𝑖′(𝑥𝑤)

𝑖𝑑𝑟𝑦
⋍

𝑖′𝑐𝑎𝑙𝑖𝑏(𝑥𝑤)

𝑖𝑐𝑎𝑙𝑖𝑏,𝑑𝑟𝑦,𝑐𝑜𝑟𝑟
′ ⋍ 𝐾′𝑑𝑟𝑦 ∙ 𝑒

−2𝜇𝑤
′𝑥𝑤                  (B11) 

Where µw’ is an apparent absorption coefficient, where µ’w > µw 

according to the extended absorption path followed by multiple inter-

nal reflections. The good fit of the calibration data justifies the use of 

this approximation. For simplification, I further refer to x, i, idry, Kdry 

and µ instead of xw i’, i’dry, K’dry, µ’w. 
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Appendix C 

All intensity measurements are affected by residual light which is 

detected by the camera sensor. Thus the measured intensity relative 

to the reference target imeas is composed by the actual reflection in-

tensity i and an additional constant c1. The transmission can be ex-

pressed as the ration of the measured intensities for a wet and dry 

surface: 

𝑖𝑚𝑒𝑎𝑠
𝑖𝑑𝑟𝑦,𝑚𝑒𝑎𝑠

=
𝑖 + 𝑐1
𝑖𝑑𝑟𝑦 + 𝑐1

=
𝑖

𝑖𝑑𝑟𝑦 + 𝑐1
+

𝑐1
𝑖𝑑𝑟𝑦 + 𝑐1

 

=
𝑖

𝑖𝑑𝑟𝑦
∙

1

1 +
𝑐1
𝑖𝑑𝑟𝑦

+
𝑐1

𝑖𝑑𝑟𝑦 + 𝑐1
=

𝑖

𝑖𝑑𝑟𝑦
(

𝑖𝑑𝑟𝑦

𝑖𝑑𝑟𝑦 + 𝑐1
) +

𝑐1
𝑖𝑑𝑟𝑦 + 𝑐1

 

=
𝑖

𝑖𝑑𝑟𝑦
(1 −

𝑐1
𝑖𝑑𝑟𝑦 + 𝑐1

) +
𝑐1

𝑖𝑑𝑟𝑦 + 𝑐1
 (C-1) 

 

Substituting the constant group by c2 

and using Equation 4-1 
𝑐2 =

𝑐1
𝑖𝑑𝑟𝑦 + 𝑐1

 

 

𝑖𝑚𝑒𝑎𝑠(𝛿)

𝑖𝑑𝑟𝑦,𝑚𝑒𝑎𝑠
=

𝑖

𝑖𝑑𝑟𝑦
(1 − 𝑐2) + 𝑐2 = 𝐾𝑑𝑟𝑦(1 − 𝑐2) exp(−𝜇

′𝛿) + 𝑐2 
(C-2) 

Using to Equations 4-2 and C-2 the measured dry surface coefficient 

Kdry,meas is expressed as follows: 

𝐾𝑑𝑟𝑦,𝑚𝑒𝑎𝑠 =
𝑖0,𝑚𝑒𝑎𝑠
𝑖𝑑𝑟𝑦,𝑚𝑒𝑎𝑠

=
𝑖0
𝑖𝑑𝑟𝑦

(1 − 𝑐2) + 𝑐2 = 𝐾𝑑𝑟𝑦(1 − 𝑐2) + 𝑐2 (C-3) 

Using Equations C-2 and C-3, the form of Equation 4-6 which ex-

presses the measured transmission in function of the film thickness, 

is obtained as follows: 

Γ𝑚𝑒𝑎𝑠 =
𝑖𝑚𝑒𝑎𝑠(𝛿)

𝑖𝑑𝑟𝑦,𝑚𝑒𝑎𝑠
= (𝐾𝑑𝑟𝑦,𝑚𝑒𝑎𝑠 − 𝑐2) exp(−𝜇

′𝛿) + 𝑐2 (C-4) 

For the sake of clarity, Γmeas, Kdry,meas, c2, imeas, i0,meas and idry,meas 

were replaced in the manuscript by Γ, Kdry, c, i, i0 and idry , respec-

tively. 
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Appendix D 

This appendix presents a summary for the tests performed in the 

LINX facility. The position of thermocouples an gas sampling lines 

are depicted in Figure D-1. 

  

  

Figure D-9-1: Position of thermocouples an gas sampling lines.  
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Evaporation_110 value sdt

43.69 0.01

63.41 0.11

1.1

 1.1 0.00

366 190

635 60

1 1914 37

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 46.8 0.06 T [°C] %vol. T [°C] %vol.

3660 45.9 0.02 46.7 0.04 46.9 0.04 46.4 0.07 3860 1.30 51.8 6.70

3460 46.5 0.02 3660 48.1 4.20

3260 46.4 0.04 46.6 0.04 46.2 0.03 3460 1.00 45.9 3.00

3160 46.0 0.05 3260 44.7 2.30

3060 45.2 0.04 3160 1.10 43.4 1.80

2940 44.5 0.05 46.0 0.07 45.6 0.03 46.0 0.07 3060 45.87 43.7

2840 45.1 0.07 2940 1.30 46.07 1.10 43.7 1.10

2740 45.1 0.04 44.8 0.06 45.0 0.05 2840 45.98 43.7

2640 44.3 0.05 2740 1.20

2540 44.0 0.04 2640

2460 43.9 0.05 44.6 0.04 44.7 0.05 2540

2040 42.1 0.04 42.3 0.03 43.3 0.08 2460 1.20

1620 37.6 0.03 37.9 0.06 37.8 0.08 36.0 0.04 2040 1.20

1320 35.4 0.05 1620 0.60

1320 0.40

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 42.9 0.01 1 50.0 0.63 65.0 0.03 62.5 0.02 149 2.6 2494

4026 41.9 0.01 2 50.0 0.65 65.6 0.00 63.6 0.03 121 2.1 2494

3660 42.7 0.03 43.1 0.01 42.6 0.05 42.4 0.00 3 49.9 0.31 65.7 0.05 63.9 0.04 87 3.7 2490

3260 43.6 0.03 4 49.8 0.84 65.7 0.02 64.2 0.00 109 1.9 2484

2940 42.6 0.00 42.5 0.02 42.9 0.04 43.5 0.03 5 50.0 0.20 65.5 0.00 62.2 0.03 152 1.9 2493

2740 43.7 0.02 6 50.2 0.88 65.6 0.03 63.3 0.02 131 3.1 2503

2460 43.8 0.04 7 50.0 0.45 65.1 0.04 61.7 0.03 182 3.5 2493

2040 42.6 0.00 8 50.0 0.58 65.5 0.02 63.0 0.03 146 2.4 2493

1620 37.6 0.03 35.4 0.11 36.7 0.05 37.5 0.04 9 50.0 0.66 66.0 0.02 62.6 0.03 174 3.3 2494

1164 35.4 0.03 Film injector

980 36.4 0.02 Injector ReL [-]

900 32.5 0.04 value std

10 20.0 59.9 0.00 47.68

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 60.7 0.02 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 45.3 0.03 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 63.1 0.04 5E-04 at Tfilm
film

MTI.SCREEN black screen 42.0 0.02

film

111

22-07-15

24525

rivulet

average over 60s

Wall Temperature [°C]

45° 135° 225° 315°

File name

DAS:

Mass spectrometer:

Gas Temperature [°C]

test_serie_110a_2015_07_22_09_32_04.dat

51.00

Flow rate [l/h] Tfilm [°C]

Heat removalFlow rate [l/h] Tinlet [°C] Toutlet [°C]

0.5

0.7

115.00

240.00

490.00

height 111° 

(630mm)

315° 

(600mm)

Normal error K-type thermocouple [°C]

Series Number : Test conditions

Test Number :

Date :

N number :

2015_07_22_test_serie_110_all_sensors.dat

2015_07_22_test_serie_110_selected.dat

18.00

31.00

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Plate 7 DT [W.m
-2

] :

Plate 7 (inlet/outlet) [W.m-2]:

0.7 10.00

5.00

position from 

plate [mm]

Heat Flux

HFS2 [W.m
-2

] :
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Evaporation_110 value sdt

44.43 0.40

62.57 0.04

1.1

 1.1001 0.00

874 190

931 60

1 1512 19

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 47.0 0.05 T [°C] %vol. T [°C] %vol.

3660 46.4 0.05 48.8 0.03 48.9 0.04 47.6 0.11 3860 1.30 50.9 6.70

3460 46.9 0.09 3660 47.9 4.20

3260 47.1 0.11 48.4 0.02 47.6 0.10 3460 1.00 46.0 3.00

3160 46.7 0.04 3260 45.0 2.30

3060 46.0 0.05 3160 1.10 44.4 1.80

2940 45.4 0.06 47.8 0.07 46.8 0.15 47.5 0.04 3060 46.55 44.2

2840 46.1 0.07 2940 1.30 46.56 1.10 45.0 1.10

2740 46.0 0.04 46.4 0.04 46.5 0.00 2840 46.50 44.4

2640 44.9 0.06 2740 1.20

2540 44.7 0.02 2640

2460 44.5 0.10 46.5 0.05 46.6 0.12 2540

2040 42.2 0.07 42.9 0.04 44.8 0.05 2460 1.20

1620 37.4 0.03 37.8 0.04 37.4 0.06 36.0 0.07 2040 1.20

1320 34.6 0.26 1620 0.60

1320 0.40

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 45.0 0.03 1 50.1 0.67 65.1 0.05 62.9 0.04 130 4.1 2466

4026 44.0 0.01 2 50.0 0.44 65.8 0.00 63.3 0.05 148 2.9 2464

3660 44.5 0.03 44.9 0.05 44.7 0.03 44.4 0.00 3 50.3 0.35 65.8 0.03 63.6 0.00 107 1.9 2476

3260 45.6 0.04 4 50.3 0.56 65.7 0.02 63.6 0.00 144 1.8 2479

2940 44.3 0.00 44.3 0.02 44.9 0.02 45.5 0.03 5 50.2 0.69 65.5 0.03 62.0 0.00 167 3.3 2471

2740 45.7 0.00 6 49.8 0.93 65.6 0.05 62.9 0.02 158 4.2 2455

2460 45.5 0.03 7 50.2 0.69 65.1 0.03 61.4 0.02 198 3.5 2474

2040 44.0 0.03 8 50.1 0.74 65.4 0.03 62.5 0.00 172 3.2 2469

1620 38.6 0.03 36.5 0.03 37.9 0.05 38.6 0.02 9 50.0 0.64 66.0 0.01 62.0 0.00 204 3.0 2464

1164 35.9 0.00 Film injector

980 33.2 0.03 Injector ReL [-]

900 35.7 0.03 value std

10 40.0 62.8 0.03 99.68

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 60.6 0.02 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 45.6 0.02 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 62.3 0.06 4E-04 at Tfilm
film

MTI.SCREEN black screen 43.0 0.025

Test Number :

Date :

N number : average over 60s

wavy film112

22-07-15

28255

test_serie_110a_2015_07_22_09_32_04.dat

2015_07_22_test_serie_110_all_sensors.dat

2015_07_22_test_serie_110_selected.dat

Normal error K-type thermocouple [°C]

Heat Flux

Series Number :

Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

0.5

Gas Temperature [°C]

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Mass spectrometer:

File name

DAS:

Pressure [kPa] :

HFS2 [W.m-2] :

film

Wall Temperature [°C]

45° 135° 225° 315°

Flow rate [l/h] Tfilm [°C]

18.00

31.00

51.00

115.00

490.00

height 111° 

(630mm)

315° 

(600mm)

5.00

position from 

plate [mm]

10.00

240.00

0.7

0.7

Test conditions

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:
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Evaporation_110 value sdt

44.69 0.42

62.24 0.07

2.6

 1.1 0.00

test_serie_110a_2015_07_22_09_32_04.dat

2015_07_22_test_serie_110_all_sensors.dat

2015_07_22_test_serie_110_selected.dat 593 190

898 100

1 1403 14

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 47.4 0.05 T [°C] %vol. T [°C] %vol.

3660 46.8 0.06 49.0 0.03 49.3 0.09 48.1 0.09 3860 4.60 51.3 12.00

3460 47.2 0.09 3660 48.2 7.60

3260 47.5 0.08 48.8 0.04 48.0 0.04 3460 4.20 46.0 4.90

3160 47.4 0.09 3260 44.9 4.70

3060 46.7 0.07 3160 3.40 44.3 3.20

2940 45.9 0.04 48.0 0.08 47.3 0.05 48.0 0.07 3060 47.07 44.0

2840 46.5 0.08 2940 3.90 46.98 4.20 44.7 2.60

2740 46.5 0.06 46.7 0.03 47.1 0.06 2840 46.70 44.7

2640 45.4 0.05 2740 3.60

2540 44.9 0.06 2640

2460 44.6 0.04 46.6 0.05 47.0 0.06 2540

2040 42.3 0.04 43.3 0.23 45.2 0.04 2460 3.90

1620 37.6 0.04 37.8 0.02 37.4 0.07 36.0 0.04 2040 2.90

1320 35.1 0.05 1620 1.00

1320 0.80

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 45.6 0.03 1 50.2 0.72 64.6 0.04 62.8 0.04 113 3.4 2463

4026 44.5 0.03 2 50.1 0.62 65.3 0.03 63.0 0.03 139 2.8 2456

3660 44.9 0.00 45.3 0.05 45.3 0.02 45.0 0.03 3 50.2 0.64 65.3 0.02 63.3 0.01 98 2.2 2461

3260 46.2 0.04 4 50.2 0.60 65.2 0.00 63.3 0.00 134 1.4 2462

2940 44.6 0.00 44.6 0.03 45.5 0.00 46.0 0.05 5 49.9 0.24 65.1 0.00 61.7 0.01 163 1.1 2449

2740 46.1 0.00 6 50.1 0.93 65.2 0.01 62.5 0.03 158 3.5 2457

2460 46.0 0.01 7 49.8 0.33 64.7 0.02 61.1 0.03 196 2.4 2444

2040 44.3 0.00 8 50.1 0.51 65.0 0.04 62.2 0.02 169 2.9 2458

1620 38.8 0.02 36.7 0.03 38.1 0.04 38.8 0.03 9 50.1 0.76 65.5 0.03 61.6 0.00 200 3.7 2456

1164 36.0 0.00 Film injector

980 34.2 0.02 Injector ReL [-]

900 33.7 0.05 value std

10 59.9 63.5 0.02 150.84

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 60.3 0.03 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 45.8 0.03 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 61.9 0.04 4E-04 at Tfilm
film

MTI.SCREEN black screen 43.2 4E-14

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m-2] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

Normal error K-type thermocouple [°C]

Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

Wall Temperature [°C]

45° 135° 225° 315°

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

1

2.6 10.00

18.00

31.00

51.00

115.00

2.9 240.00

490.00

Gas Temperature [°C]

File name

DAS:

Mass spectrometer:

average over 60s

wavy film113

22-07-15

29437
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Evaporation_110 value sdt

44.76 0.32

61.95 0.08

2.2

 1.1 0.00

test_serie_110a_2015_07_22_09_32_04.dat

2015_07_22_test_serie_110_all_sensors.dat

2015_07_22_test_serie_110_selected.dat 937 190

877 100

1 1567 26

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 47.5 0.05 T [°C] %vol. T [°C] %vol.

3660 47.1 0.02 49.2 0.03 49.5 0.08 48.5 0.07 3860 4.30 50.4 10.80

3460 47.5 0.05 3660 47.8 7.20

3260 48.2 0.04 48.8 0.04 48.3 0.04 3460 4.10 46.0 5.80

3160 48.0 0.06 3260 45.1 4.10

3060 47.2 0.06 3160 3.20 44.5 3.00

2940 46.2 0.04 48.1 0.04 47.4 0.08 48.3 0.04 3060 47.53 44.4

2840 46.7 0.03 2940 3.50 47.62 3.60 45.1 2.20

2740 46.7 0.03 46.8 0.04 47.1 0.06 2840 47.39 44.8

2640 45.7 0.02 2740 3.30

2540 45.1 0.04 2640

2460 44.8 0.05 46.6 0.03 47.1 0.04 2540

2040 42.4 0.01 43.2 0.11 45.2 0.03 2460 3.20

1620 37.6 0.08 37.7 0.09 37.4 0.07 36.2 0.08 2040 2.60

1320 35.2 0.03 1620 0.90

1320 0.70

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 46.0 0.03 1 50.0 0.66 64.4 0.04 62.0 0.03 149 3.4 2444

4026 45.0 0.03 2 49.9 0.74 65.2 0.03 62.5 0.04 159 3.8 2437

3660 45.4 0.03 45.7 0.07 45.8 0.04 45.5 0.00 3 49.9 0.37 65.1 0.04 62.8 0.02 113 2.7 2436

3260 46.6 0.03 4 50.0 0.62 65.1 0.02 62.9 0.03 149 2.5 2441

2940 45.0 0.02 45.0 0.00 45.9 0.00 46.5 0.05 5 49.8 0.29 64.9 0.02 61.4 0.00 164 1.5 2431

2740 46.5 0.00 6 49.8 0.90 65.0 0.04 62.3 0.02 159 3.8 2432

2460 46.4 0.04 7 50.0 0.85 64.5 0.01 60.9 0.00 196 3.6 2442

2040 44.7 0.00 8 50.0 0.50 64.8 0.02 62.1 0.02 164 2.3 2443

1620 39.0 0.03 37.0 0.00 38.3 0.03 39.0 0.01 9 50.1 0.84 65.3 0.03 61.6 0.02 193 4.2 2447

1164 36.1 0.00 Film injector

980 34.7 0.00 Injector ReL [-]

900 32.2 0.05 value std

10 20.0 60.0 0.03 47.86

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 60.2 0.00 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 46.0 0.02 Viscosity [Pa-s] 5E-04 at Twall_mean
plate

MTG.PL6.1 61.6 0.05 5E-04 at Tfilm
film

MTI.SCREEN black screen 43.4 0.034

height

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Series Number :

Test Number :

Date :

N number :

114

22-07-15

30591

Wall Temperature [°C]

45° 135° 225° 315° Heat removal

Flow rate [l/h] Tfilm [°C]

Flow rate [l/h] Tinlet [°C] Toutlet [°C]

111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

0.9

2.4 10.00

18.00

31.00

51.00

115.00

2.7 240.00

490.00

Gas Temperature [°C]

File name

DAS:

Mass spectrometer:

Heat Flux

HFS2 [W.m
-2

] :

average over 60s

Normal error K-type thermocouple [°C]

wavy film
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value sdt

45.02 0.32

61.89 0.07

2.1

 1.1002 0.00

1254 190

846 100

1 1597 33

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 47.6 0.04 T [°C] %vol. T [°C] %vol.

3660 47.1 0.02 49.3 0.02 49.5 0.08 48.5 0.16 3860 4.30 50.2 12.40

3460 47.6 0.04 3660 47.8 7.30

3260 48.4 0.03 48.9 0.03 48.4 0.04 3460 3.90 46.1 5.10

3160 48.1 0.08 3260 45.3 4.00

3060 47.2 0.08 3160 3.40 44.9 2.70

2940 46.3 0.04 48.1 0.05 47.5 0.03 48.4 0.06 3060 47.47 44.6

2840 46.7 0.02 2940 3.50 47.49 3.40 45.2 2.10

2740 46.7 0.06 46.8 0.05 47.1 0.08 2840 47.52 45.0

2640 45.6 0.02 2740 3.40

2540 45.2 0.05 2640

2460 44.9 0.00 46.8 0.05 47.2 0.05 2540

2040 42.6 0.05 43.1 0.09 45.3 0.03 2460 3.10

1620 37.5 0.03 37.7 0.07 37.6 0.04 36.1 0.06 2040 2.40

1320 35.2 0.03 1620 0.80

1320 0.60

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 46.1 0.00 1 49.9 0.73 64.4 0.03 61.8 0.03 156 3.4 2437

4026 45.1 0.03 2 50.1 0.67 65.1 0.03 62.4 0.07 161 5.1 2445

3660 45.4 0.00 45.8 0.05 45.9 0.02 45.5 0.02 3 50.1 0.17 65.1 0.00 62.7 0.03 117 1.7 2445

3260 46.7 0.02 4 50.1 0.65 65.0 0.02 62.8 0.04 152 3.1 2445

2940 45.1 0.03 45.1 0.03 46.0 0.02 46.6 0.02 5 50.1 0.26 64.9 0.04 61.3 0.02 169 3.0 2443

2740 46.6 0.00 6 50.1 0.86 64.9 0.00 62.2 0.00 158 2.7 2442

2460 46.4 0.00 7 50.2 0.56 64.5 0.05 60.9 0.00 196 3.6 2447

2040 44.7 0.00 8 50.0 0.49 64.8 0.01 62.0 0.01 164 1.8 2441

1620 39.0 0.01 37.0 0.00 38.3 0.00 39.0 0.00 9 49.9 0.67 65.2 0.02 61.5 0.03 193 3.5 2435

1164 36.1 0.00 Film injector

980 34.8 0.06 Injector ReL [-]

900 31.9 0.03 value std

10 0.0 59.7 0.05 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 60.1 0.01 Density [kg/m
3
]: 998  at 20°C 1bar

MTG.REF black panel 46.1 0.00 Viscosity [Pa-s] 5E-04 at Twall_mean
plate

MTG.PL6.1 61.4 0.08 5E-04 at Tfilm
film

MTI.SCREEN black screen 43.5 0.026

2015_07_22_test_serie_110_all_sensors.dat

2015_07_22_test_serie_110_selected.dat

Series Number : Evaporation_110

Normal error K-type thermocouple [°C]

File name

DAS:

Mass spectrometer:

average over 60s

test_serie_110a_2015_07_22_09_32_04.dat

hanging film

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m-2] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Test Number :

Date :

N number :

115

22-07-15

30779

Wall Temperature [°C]

45° 135° 225° 315°

Gas Temperature [°C]

height 111° 

(630mm)

315° 

(600mm)

2.3

2.5

Flow rate [l/h] Tfilm [°C]

Heat removal

31.00

51.00

115.00

240.00

490.00

0.8

Flow rate [l/h] Tinlet [°C] Toutlet [°C]

position from 

plate [mm]

5.00

10.00

18.00
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value sdt

52.36 7.12

73.90 0.09

2.7

 1.1011 0.00

2053 190

1865 170

1 2716 38

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 55.9 0.00 T [°C] %vol. T [°C] %vol.

3660 55.8 0.02 58.5 0.02 58.6 0.05 57.0 0.13 3860 8.40 58.7 15.00

3460 56.8 0.12 3660 54.1 11.50

3260 56.8 0.09 57.6 0.06 57.0 0.10 3460 6.60 51.0 8.50

3160 55.9 0.06 3260 51.4 6.60

3060 54.9 0.01 3160 6.90 51.8 4.00

2940 54.0 0.05 56.4 0.04 56.0 0.08 56.7 0.05 3060 56.45 38.5

2840 54.4 0.02 2940 7.40 56.18 7.30 48.3 2.70

2740 53.6 0.10 53.9 0.05 55.7 0.27 2840 55.72 52.4

2640 52.9 0.02 2740 7.70

2540 53.1 0.08 2640

2460 53.6 0.03 56.9 0.04 56.6 0.07 2540

2040 49.6 0.04 51.4 0.03 51.1 0.05 2460 4.10

1620 42.3 0.07 42.5 0.11 41.5 0.18 40.9 0.08 2040 3.30

1320 37.5 0.06 1620 1.40

1320 1.10

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 54.8 0.04 1 49.9 0.53 78.5 0.02 75.8 0.00 164 2.1 2871

4026 53.6 0.02 2 50.0 0.67 79.3 0.04 76.3 0.02 184 3.6 2875

3660 53.9 0.01 54.2 0.04 54.4 0.03 54.2 0.03 3 50.1 0.25 79.2 0.04 75.5 0.03 195 3.1 2879

3260 55.3 0.03 4 49.9 0.70 79.4 0.02 75.3 0.01 259 3.6 2869

2940 53.0 0.00 53.4 0.00 54.4 0.00 55.0 0.03 5 50.0 0.27 78.8 0.03 74.6 0.00 211 2.1 2878

2740 55.0 0.02 6 50.0 0.58 79.0 0.03 74.8 0.02 246 3.5 2876

2460 54.7 0.00 7 50.0 0.53 78.6 0.05 74.1 0.00 244 3.8 2875

2040 52.4 0.02 8 50.0 0.64 78.9 0.06 74.6 0.04 257 5.2 2873

1620 44.6 0.02 43.1 0.00 44.4 0.04 45.0 0.03 9 50.1 0.87 79.4 0.03 74.4 0.02 271 5.7 2883

1164 40.5 0.03 Film injector

980 35.9 0.00 Injector ReL [-]

900 38.0 0.12 value std

10 40.0 75.3 0.03 117.80

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 70.0 0.04 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 46.1 0.03 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 73.0 0.04 4E-04 at Tfilm
film

MTI.SCREEN black screen 50.2 1E-14

height

film

Wall Temperature [°C]

45° 135° 225° 315°

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Evaporation_110 Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

2015_07_23_test_serie_110b_all_sensors.dat

2015_07_23_test_serie_110b_selected.dat

Normal error K-type thermocouple [°C]

N number :

Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

1.7

5.8 10.00

18.00

31.00

51.00

115.00

6.4 240.00

490.00

Gas Temperature [°C]

DAS:

Mass spectrometer:

File name

116

23-07-15

18011

Date :

Test Number :

Series Number :

wavy film

average over 60s

test_serie_110b_2015_07_23_09_14_04
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value sdt

52.14 8.35

73.90 0.15

2.2

 1.1 0.00

2332 190

1882 170

1 2788 23

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 56.3 0.08 T [°C] %vol. T [°C] %vol.

3660 56.1 0.03 58.5 0.06 58.7 0.06 57.2 0.11 3860 7.60 57.3 16.00

3460 57.2 0.05 3660 54.4 11.50

3260 57.3 0.05 57.8 0.05 57.1 0.12 3460 6.20 50.9 8.10

3160 56.9 0.04 3260 52.0 9.10

3060 55.8 0.09 3160 5.90 50.8 3.10

2940 54.5 0.04 56.4 0.06 56.2 0.08 56.9 0.07 3060 56.62 36.9

2840 54.7 0.02 2940 6.40 56.66 5.90 50.4 2.20

2740 54.0 0.03 54.0 0.07 56.1 0.25 2840 56.75 52.1

2640 52.6 0.05 2740 6.50

2540 52.7 0.15 2640

2460 53.7 0.03 57.1 0.03 56.7 0.00 2540

2040 49.8 0.08 51.4 0.04 51.0 0.04 2460 3.80

1620 41.7 0.05 41.9 0.11 40.9 0.11 40.5 0.19 2040 3.00

1320 37.4 0.09 1620 1.10

1320 0.90

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 55.1 0.04 1 50.0 0.66 78.7 0.04 75.5 0.02 195 3.5 2874

4026 54.0 0.01 2 49.9 0.79 79.6 0.03 76.2 0.02 200 3.7 2868

3660 54.2 0.02 54.5 0.05 54.8 0.03 54.5 0.04 3 50.2 0.46 79.5 0.02 75.4 0.02 217 2.8 2887

3260 55.7 0.03 4 50.0 0.45 79.6 0.00 75.4 0.00 265 2.2 2874

2940 53.3 0.02 53.6 0.03 54.8 0.03 55.3 0.05 5 49.9 0.30 79.0 0.00 74.7 0.00 217 1.5 2867

2740 55.3 0.00 6 49.9 0.71 79.2 0.03 74.9 0.00 249 3.8 2870

2460 55.0 0.00 7 49.6 0.63 78.8 0.03 74.2 0.01 252 3.9 2854

2040 52.6 0.00 8 50.0 0.79 79.2 0.06 74.7 0.00 262 5.5 2873

1620 44.6 0.00 43.1 0.04 44.3 0.02 44.9 0.00 9 49.9 0.55 79.7 0.03 74.6 0.01 276 3.8 2871

1164 40.3 0.01 Film injector

980 36.3 0.04 Injector ReL [-]

900 35.8 0.06 value std

10 20.0 73.2 0.12 57.40

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 70.2 0.04 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 45.3 0.20 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 72.9 0.03 4E-04 at Tfilm
film

MTI.SCREEN black screen 50.3 0.03

test_serie_110b_2015_07_23_09_14_04

N number :

Date :

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Evaporation_110

117

23-07-15

18871

wavy film

average over 60s

Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

Wall Temperature [°C]

45° 135° 225° 315°

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

1.3

5.2 10.00

18.00

31.00

51.00

115.00

5.7 240.00

490.00

Gas Temperature [°C]

Plate 7 (inlet/outlet) [W.m
-2

]:Normal error K-type thermocouple [°C]

DAS:

Mass spectrometer:

2015_07_23_test_serie_110b_all_sensors.dat

2015_07_23_test_serie_110b_selected.dat

Test Number :

Series Number :

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

File name



 Appendix D 217 

  

   

 

e
v
a

p
o

ra
ti

o
n

 t
e

s
t 

1
1

7
 

 

  

  



218 Appendix D  

 

 

value sdt

54.57 2.17

74.72 0.11

2.1

 1.1474 0.00

1821 190

1716 170

1 2463 42

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 57.2 0.15 T [°C] %vol. T [°C] %vol.

3660 57.0 0.09 59.7 0.05 59.6 0.08 58.2 0.07 3860 7.90 59.5 16.20

3460 57.5 0.11 3660 55.4 10.90

3260 58.3 0.08 58.6 0.06 58.0 0.03 3460 7.00 53.3 7.10

3160 57.6 0.13 3260 52.6 5.20

3060 56.5 0.10 3160 6.80 51.9 3.80

2940 55.0 0.05 57.3 0.04 57.4 0.15 57.6 0.06 3060 57.23 50.7

2840 55.3 0.02 2940 6.90 57.42 6.40 54.3 2.10

2740 54.3 0.03 56.3 0.06 58.1 0.13 2840 57.43 54.6

2640 53.1 0.02 2740 6.90

2540 54.0 0.17 2640

2460 54.2 0.05 57.8 0.10 57.5 0.06 2540

2040 50.3 0.14 52.2 0.10 51.7 0.14 2460 3.70

1620 42.1 0.08 42.7 0.07 41.7 0.12 41.5 0.16 2040 3.00

1320 37.3 0.08 1620 1.10

1320 0.70

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 56.3 0.03 1 49.9 0.63 79.2 0.06 77.2 0.04 124 4.3 2899

4026 55.3 0.00 2 50.1 0.47 80.0 0.03 77.3 0.00 160 2.4 2910

3660 55.3 0.00 55.6 0.14 56.0 0.00 55.8 0.00 3 50.0 0.25 79.8 0.03 76.5 0.00 175 1.9 2908

3260 56.8 0.05 4 50.0 0.80 80.0 0.00 76.4 0.04 235 4.0 2907

2940 54.2 0.00 54.5 0.03 55.9 0.03 56.4 0.04 5 49.9 0.22 79.4 0.02 75.4 0.03 197 2.4 2903

2740 56.3 0.02 6 50.0 0.85 79.6 0.03 75.7 0.00 228 4.2 2904

2460 56.0 0.02 7 49.9 0.52 79.2 0.02 74.9 0.02 233 3.1 2902

2040 53.3 0.00 8 50.0 0.64 79.6 0.04 75.6 0.02 236 4.0 2905

1620 44.8 0.00 43.4 0.03 44.5 0.04 45.2 0.00 9 49.9 0.63 80.0 0.04 75.3 0.00 248 4.2 2900

1164 40.1 0.00 Film injector

980 35.8 0.02 Injector ReL [-]

900 35.2 0.07 value std

10 60.0 77.9 0.02 182.82

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 71.0 0.04 Density [kg/m
3
]: 998  at 20°C 1bar

MTG.REF black panel 54.2 0.04 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 73.7 0.03 4E-04 at Tfilm
film

MTI.SCREEN black screen 50.9 1E-14

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m-2] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

118

Evaporation_110

Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

Wall Temperature [°C]

45° 135° 225° 315°

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

1.3

5.3 10.00

18.00

31.00

51.00

115.00

6.2 240.00

490.00

Gas Temperature [°C]

DAS:

Mass spectrometer:

File name

23-07-15

21936

2015_07_23_test_serie_110b_selected.dat

test_serie_110b_2015_07_23_09_14_04

Normal error K-type thermocouple [°C]

wavy film

average over 60s

2015_07_23_test_serie_110b_all_sensors.dat
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value sdt

54.21 1.20

74.57 0.20

1.8

 1.1482 0.00

2731 190

1721 170

1 2553 38

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 57.4 0.06 T [°C] %vol. T [°C] %vol.

3660 57.3 0.03 60.0 0.04 60.0 0.11 58.4 0.11 3860 6.90 56.6 15.30

3460 58.2 0.03 3660 55.4 10.30

3260 58.5 0.08 58.9 0.08 58.6 0.03 3460 5.80 54.1 6.40

3160 57.8 0.05 3260 53.3 4.90

3060 57.0 0.03 3160 5.90 53.1 2.80

2940 55.5 0.02 57.6 0.06 57.4 0.10 57.8 0.08 3060 57.48 52.2

2840 55.7 0.04 2940 6.20 57.67 6.20 54.3 1.80

2740 54.5 0.05 56.5 0.11 58.3 0.09 2840 57.81 54.2

2640 53.1 0.05 2740 6.20

2540 53.5 0.05 2640

2460 54.7 0.11 57.9 0.05 57.8 0.06 2540

2040 50.4 0.08 52.4 0.08 51.9 0.08 2460 3.40

1620 41.8 0.04 42.9 0.10 41.8 0.21 41.6 0.18 2040 3.00

1320 37.0 0.07 1620 1.00

1320 0.70

Cooling plates

height Plate # Re [-]

value std value std value std value std value std value std value std value std

4210 56.5 0.02 1 49.9 0.63 79.5 0.03 77.1 0.08 142 5.2 2897

4026 55.5 0.02 2 50.2 0.79 80.2 0.02 77.2 0.07 179 5.0 2911

3660 55.5 0.02 55.7 0.04 56.3 0.00 56.0 0.00 3 50.0 0.28 80.0 0.02 76.5 0.05 184 3.5 2901

3260 57.0 0.05 4 49.9 0.75 80.2 0.02 76.4 0.00 243 3.6 2895

2940 54.4 0.02 54.7 0.00 56.1 0.00 56.6 0.04 5 49.9 0.48 79.5 0.03 75.5 0.02 201 3.0 2893

2740 56.5 0.00 6 50.0 0.71 79.8 0.00 75.8 0.00 234 3.3 2901

2460 56.2 0.03 7 50.0 0.50 79.3 0.01 75.0 0.00 234 2.5 2898

2040 53.4 0.00 8 50.0 0.47 79.7 0.05 75.6 0.01 241 3.7 2902

1620 44.9 0.00 43.5 0.01 44.5 0.04 45.2 0.02 9 50.2 0.80 80.2 0.02 75.4 0.00 257 4.6 2909

1164 40.0 0.00 Film injector

980 36.0 0.02 Injector ReL [-]

900 33.4 0.04 value std

10 0.0 77.5 0.11 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 70.7 0.04 Density [kg/m
3
]: 998  at 20°C 1bar

MTG.REF black panel 54.5 0.03 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 73.5 0.24 4E-04 at Tfilm
film

MTI.SCREEN black screen 51.1 0.028

film

Gas Temperature [°C]

hanging film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :average over 60s

Evaporation_110

119

23-07-15

22515

Normal error K-type thermocouple [°C]

DAS:

Mass spectrometer:

File name

Date :

N number :

2015_07_23_test_serie_110b_all_sensors.dat

2015_07_23_test_serie_110b_selected.dat

test_serie_110b_2015_07_23_09_14_04

Series Number :

Test Number :

Flow rate [l/h] Tinlet [°C] Toutlet [°C]

Wall Temperature [°C]

45° 135° 225° 315°

51.00

115.00

5.2 240.00

490.00

height

Heat removal

Flow rate [l/h] Tfilm [°C]

5.00

1.1

5 10.00

18.00

31.00

111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

Heat Flux

HFS2 [W.m-2] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Pressure [kPa] :
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value sdt

116.4 0.90

78.7 0.08

20.6

 1.1 0.00

-1251 190

-999 225

1 -4182 286

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 123.8 0.12 T [°C] %vol. T [°C] %vol.

3660 122.8 0.10 122.4 0.06 123.1 0.07 124.3 0.07 3860 51.70 94.6 52.80

3460 122.8 0.22 3660 103.1 53.70

3260 121.0 0.11 120.1 0.04 120.5 0.04 3460 56.70 108.9 53.50

3160 120.4 0.05 3260 112.2 52.40

3060 118.8 0.04 3160 55.00 112.8 49.50

2940 118.5 0.02 118.5 0.06 117.9 0.04 120.3 0.04 3060 118.06 114.6

2840 118.9 0.02 2940 53.30 118.69 68.70 115.7 20.60

2740 119.5 0.07 117.7 0.05 116.9 0.06 2840 119.52 116.4

2640 118.6 0.06 2740 19.30

2540 118.3 0.06 2640

2460 117.4 0.06 115.8 0.05 117.0 0.07 2540

2040 115.8 0.03 115.6 0.09 116.7 0.06 2460 10.00

1620 115.2 0.10 112.0 0.20 112.5 0.46 115.0 0.12 2040 6.80

1320 113.1 0.21 1620

1320 4.10

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 127.1 0.04 1 50.0 2.68 76.7 0.07 84.8 0.00 -461 25.5 3053

4026 126.7 0.03 2 50.2 2.32 76.4 0.03 84.0 0.03 -439 20.7 3064

3660 123.7 0.04 123.9 0.06 124.6 0.04 124.5 0.03 3 50.0 1.03 76.3 0.00 79.5 0.04 -205 4.6 3055

3260 123.2 0.05 4 50.2 3.24 76.2 0.03 83.4 0.04 -398 27.2 3065

2940 120.4 0.06 121.9 0.06 122.2 0.05 121.9 0.05 5 50.0 1.25 75.7 0.03 82.1 0.00 -406 9.4 3056

2740 120.5 0.04 6 50.1 1.96 76.5 0.03 80.4 0.01 -227 9.1 3058

2460 119.6 0.05 7 49.9 2.10 75.7 0.02 79.9 0.03 -261 10.6 3048

2040 118.0 0.07 8 50.0 0.85 76.0 0.00 79.4 0.04 -191 3.9 3052

1620 122.8 0.03 125.5 0.04 119.4 0.05 121.0 0.08 9 50.2 1.14 76.7 0.00 79.2 0.00 -170 3.3 3065

1164 122.4 0.10 Film injector

980 121.4 0.04 Injector ReL [-]

900 120.7 0.03 value std

10 0.0 117.0 0.01 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 84.2 0.00 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 112.2 0.04 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 80.4 0.05 2E-04 at Tfilm
film

MTI.SCREEN black screen 116.9 0.067

dropwise condensation

average over 60s

(transient)27-07-15

17692

test_serie_210a_2015_07_27_09_13_44.dat

2015_07_27_test_serie_210_all_sensors.dat

2015_07_27_test_serie_210_selected.dat

Flow rate [l/h] Tfilm [°C]

film

Wall Temperature [°C]

45° 135° 225° 315°

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

File name

DAS:

Test conditionsSeries Number :

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

Test Number :

Date :

N number :

Evaporation_210

210

Gas Temperature [°C]

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:Normal error K-type thermocouple [°C]

Mass spectrometer:

Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

68.3 10.00

18.00

31.00

37.5

51.00

115.00

65 240.00

490.00
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value sdt

dropwise condensation 114.2 0.25

83.3 0.18

75.2

 1.0 0.00

-3722 190

-3427 225

1 -6455 80

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 123.9 0.07 T [°C] %vol. T [°C] %vol.

3660 123.2 0.04 124.5 0.08 124.4 0.08 125.2 0.04 3860 77.20 103.3 66.00

3460 124.1 0.04 3660 107.8 72.90

3260 123.7 0.02 122.5 0.07 123.5 0.08 3460 77.10 109.7 72.90

3160 123.8 0.04 3260 111.6 74.80

3060 122.7 0.06 3160 77.00 112.4 71.70

2940 121.7 0.19 120.7 0.11 120.0 0.04 122.1 0.14 3060 120.56 113.8

2840 120.1 0.05 2940 76.80 121.68 76.70 114.3 75.20

2740 118.6 0.06 116.5 0.08 116.6 0.05 2840 122.40 114.2

2640 117.3 0.04 2740 74.20

2540 116.5 0.03 2640

2460 115.8 0.08 114.4 0.03 115.1 0.05 2540

2040 114.3 0.11 112.8 0.03 113.7 0.07 2460 75.00

1620 113.8 0.07 107.1 0.31 107.4 0.20 109.9 0.11 2040 74.90

1320 112.2 0.04 1620

1320 73.60

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 125.9 0.02 1 50.0 0.54 76.8 0.08 87.8 0.02 -631 8.6 3226

4026 125.5 0.03 2 50.1 0.43 76.4 0.06 86.9 0.03 -610 6.8 3231

3660 123.1 0.03 123.1 0.00 123.7 0.04 123.7 0.05 3 50.1 0.20 76.3 0.04 82.0 0.00 -352 2.5 3233

3260 122.3 0.03 4 49.8 0.52 76.3 0.05 87.3 0.04 -614 7.6 3215

2940 119.1 0.03 120.8 0.00 121.0 0.00 120.6 0.04 5 50.0 0.24 75.9 0.02 86.2 0.00 -637 3.2 3225

2740 118.8 0.03 6 50.0 0.52 76.6 0.05 84.3 0.02 -448 5.5 3223

2460 117.6 0.02 7 49.9 0.43 75.8 0.04 85.2 0.03 -561 5.5 3220

2040 116.0 0.05 8 50.1 0.51 76.0 0.03 82.5 0.00 -372 4.1 3232

1620 120.8 0.04 123.7 0.03 117.4 0.04 118.8 0.05 9 50.0 0.68 76.8 0.03 81.8 0.00 -314 4.3 3224

1164 119.9 0.04 Film injector

980 119.1 0.06 Injector ReL [-]

900 95.6 0.12 value std

10 0.0 117.1 0.08 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 87.6 0.05 Density [kg/m
3
]: 998  at 20°C 1bar

MTG.REF black panel 111.8 0.04 Viscosity [Pa-s] 3E-04 at Twall_mean
plate

MTG.PL6.1 85.4 0.06 2E-04 at Tfilm
film

MTI.SCREEN black screen 115.5 0.043

average over 60s

test_serie_210a_2015_07_27_09_13_44.dat

2015_07_27_test_serie_210_all_sensors.dat

27-07-15

18623

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m-2] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Test Number :

Date :

N number :

211

Evaporation_210Series Number :

Heat removal

Flow rate [l/h] Tfilm [°C]

490.00

76.1

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h] Tinlet [°C] Toutlet [°C]

18.00

31.00

51.00

115.00

76.7 240.00

Mass spectrometer:

Gas Temperature [°C]

76.9 10.00

File name

DAS:

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

2015_07_27_test_serie_210_selected.dat

Normal error K-type thermocouple [°C]
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value sdt

113.0 0.33

83.3 0.15

75.1

 1.0 0.00

-3945 190

-3785 225

1 -6665 65

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 123.6 0.07 T [°C] %vol. T [°C] %vol.

3660 122.9 0.06 124.2 0.04 124.2 0.05 125.0 0.05 3860 76.90 102.7 70.10

3460 123.7 0.03 3660 106.7 72.60

3260 123.4 0.07 122.0 0.03 122.7 0.05 3460 76.90 108.3 73.80

3160 123.4 0.06 3260 110.4 74.80

3060 122.1 0.05 3160 76.90 111.4 79.70

2940 120.4 0.05 119.6 0.08 118.6 0.06 120.9 0.08 3060 120.08 112.4

2840 118.2 0.04 2940 76.40 121.18 76.90 112.8 75.10

2740 117.4 0.02 115.0 0.08 115.4 0.05 2840 121.98 113.0

2640 115.9 0.06 2740 74.80

2540 115.0 0.09 2640

2460 114.1 0.10 112.8 0.08 113.6 0.06 2540

2040 112.4 0.07 110.9 0.08 112.2 0.10 2460 75.40

1620 111.8 0.08 105.8 0.11 105.4 0.10 108.3 0.10 2040 75.20

1320 109.9 0.13 1620

1320 74.30

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 125.2 0.04 1 50.0 0.46 77.3 0.05 87.3 0.06 -577 6.9 3229

4026 124.7 0.03 2 50.1 0.45 76.3 0.07 86.9 0.02 -611 6.8 3236

3660 122.5 0.03 122.4 0.06 123.0 0.06 123.0 0.05 3 50.0 0.20 76.2 0.03 82.0 0.04 -358 2.9 3226

3260 121.6 0.06 4 50.2 0.42 76.1 0.03 87.4 0.04 -635 6.2 3239

2940 118.1 0.06 120.0 0.04 120.1 0.06 119.7 0.04 5 49.9 0.26 75.8 0.01 86.4 0.05 -652 4.4 3221

2740 117.6 0.05 6 50.2 0.55 76.4 0.05 84.6 0.03 -473 6.1 3240

2460 116.2 0.06 7 50.0 0.38 75.7 0.02 85.7 0.03 -593 4.9 3226

2040 114.4 0.05 8 50.0 0.45 75.9 0.04 82.7 0.04 -391 4.9 3231

1620 119.1 0.05 122.1 0.06 115.7 0.06 117.0 0.06 9 50.1 0.56 76.6 0.03 82.0 0.04 -337 4.7 3232

1164 118.1 0.06 Film injector

980 115.8 0.04 Injector ReL [-]

900 91.7 0.08 value std

10 20.0 85.9 0.00 66.90

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 87.3 0.07 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 110.2 0.03 Viscosity [Pa-s] 3E-04 at Twall_mean
plate

MTG.PL6.1 85.2 0.06 3E-04 at Tfilm
film

MTI.SCREEN black screen 114.1 0.05

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

average over 60s

wavy filmTest Number :

Date :

N number :

Normal error K-type thermocouple [°C]

Evaporation_210

212

27-07-15

19406

test_serie_210a_2015_07_27_09_13_44.dat

2015_07_27_test_serie_210_all_sensors.dat

2015_07_27_test_serie_210_selected.dat

film

Heat removal

Flow rate [l/h] Tfilm [°C]

490.00

76.4

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h] Tinlet [°C] Toutlet [°C]

18.00

31.00

51.00

115.00

76.9 240.00

Mass spectrometer:

Gas Temperature [°C]

77.1 10.00

File name

DAS:

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :
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value sdt

111.9 0.27

83.3 0.14

75.0

 1.0 0.00

-4107 190

-4091 225

1 -6571 238

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 123.2 0.07 T [°C] %vol. T [°C] %vol.

3660 122.6 0.19 123.9 0.13 123.9 0.12 124.7 0.10 3860 76.70 102.2 70.30

3460 123.4 0.39 3660 105.8 72.50

3260 122.9 0.56 121.6 0.51 122.5 0.74 3460 76.80 107.5 73.60

3160 123.0 0.56 3260 109.6 74.20

3060 121.4 0.26 3160 76.90 110.5 71.00

2940 119.2 0.26 118.6 0.41 117.8 0.33 120.1 0.45 3060 119.59 111.5

2840 117.3 0.21 2940 76.40 120.60 76.80 111.4 75.00

2740 116.5 0.20 114.1 0.60 114.1 1.03 2840 121.28 111.9

2640 114.8 0.10 2740 74.20

2540 114.1 0.28 2640

2460 113.3 0.27 111.7 2.15 112.3 1.02 2540

2040 110.9 0.52 109.5 0.51 110.4 0.38 2460 75.00

1620 110.5 0.42 105.0 1.38 104.5 1.21 107.0 0.86 2040 75.00

1320 108.8 0.43 1620

1320 73.20

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 124.6 0.02 1 49.9 0.52 77.2 0.11 86.8 0.23 -553 15.9 3220

4026 123.9 0.04 2 50.0 0.41 76.3 0.05 86.9 0.31 -612 18.7 3225

3660 122.0 0.00 121.8 0.05 122.3 0.03 122.4 0.03 3 50.1 0.19 76.2 0.03 82.0 0.06 -361 4.0 3229

3260 120.9 0.03 4 49.9 0.46 76.1 0.03 87.3 0.37 -626 22.6 3221

2940 117.1 0.04 119.1 0.02 119.1 0.01 118.7 0.03 5 50.0 0.22 75.7 0.05 86.4 0.23 -654 14.2 3223

2740 116.3 0.06 6 50.0 0.57 76.4 0.03 84.4 0.18 -468 12.1 3223

2460 114.7 0.04 7 50.0 0.40 75.6 0.04 85.7 0.04 -603 5.8 3224

2040 112.8 0.07 8 50.0 0.41 75.8 0.03 82.7 0.04 -396 4.4 3226

1620 117.4 0.02 120.4 0.05 114.2 0.07 115.2 0.01 9 49.9 0.61 76.6 0.00 82.0 0.03 -337 4.3 3221

1164 116.2 0.07 Film injector

980 113.4 0.06 Injector ReL [-]

900 91.3 0.10 value std

10 39.9 86.8 0.03 134.78

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 87.1 0.06 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 108.9 0.05 Viscosity [Pa-s] 3E-04 at Twall_mean
plate

MTG.PL6.1 85.3 0.25 3E-04 at Tfilm
film

MTI.SCREEN black screen 112.6 0.037

2015_07_27_test_serie_210_all_sensors.dat

2015_07_27_test_serie_210_selected.dat

27-07-15

20259

wavy film

average over 60s

test_serie_210a_2015_07_27_09_13_44.dat

film

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Heat removal

Flow rate [l/h] Tfilm [°C]

490.00

76.3

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h] Tinlet [°C] Toutlet [°C]

18.00

31.00

51.00

115.00

76.9 240.00

File name

DAS:

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Series Number :

Test Number :

Date :

N number :

Evaporation_210

213

Mass spectrometer:

Gas Temperature [°C]

Normal error K-type thermocouple [°C]

77.1 10.00

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00
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value sdt

111.0 0.31

83.2 0.13

71.8

 1.0 0.00

-4367 190

-4086 225

1 -6521 104

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 123.1 0.05 T [°C] %vol. T [°C] %vol.

3660 122.4 0.06 123.6 0.04 123.6 0.04 124.5 0.02 3860 76.90 101.8 68.80

3460 123.2 0.02 3660 105.4 71.10

3260 122.8 0.07 121.4 0.07 121.9 0.10 3460 76.90 107.0 73.10

3160 122.8 0.03 3260 109.0 73.60

3060 121.0 0.06 3160 76.80 109.8 70.20

2940 118.2 0.18 117.7 0.15 117.2 0.11 118.9 0.32 3060 119.51 110.4

2840 116.7 0.07 2940 76.20 120.34 72.60 110.4 71.80

2740 116.0 0.03 113.1 0.07 113.3 0.04 2840 120.91 111.0

2640 114.2 0.07 2740 75.10

2540 113.2 0.13 2640

2460 112.7 0.09 111.0 0.05 111.3 0.04 2540

2040 110.1 0.09 108.8 0.18 109.1 0.07 2460 74.70

1620 109.7 0.06 104.5 0.24 103.4 0.19 105.9 0.14 2040 72.90

1320 108.0 0.04 1620

1320 70.90

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 124.3 0.02 1 50.0 0.52 77.2 0.04 86.7 0.00 -546 6.2 3219

4026 123.3 0.03 2 49.9 0.41 76.4 0.05 86.9 0.05 -608 6.4 3218

3660 121.6 0.00 121.4 0.03 121.9 0.02 121.9 0.03 3 49.9 0.21 76.2 0.05 81.9 0.02 -351 3.6 3214

3260 120.5 0.02 4 49.8 0.74 76.1 0.04 87.2 0.03 -621 9.9 3211

2940 116.3 0.03 118.6 0.03 118.4 0.05 117.9 0.05 5 50.1 0.22 75.7 0.04 86.3 0.00 -653 3.7 3228

2740 115.3 0.03 6 49.9 0.58 76.4 0.04 84.4 0.04 -463 6.2 3214

2460 113.6 0.03 7 50.0 0.38 75.6 0.04 85.7 0.02 -601 5.1 3224

2040 111.7 0.04 8 50.0 0.45 75.8 0.01 82.7 0.00 -395 3.7 3223

1620 116.2 0.03 119.2 0.04 113.2 0.03 113.9 0.03 9 49.8 0.56 76.6 0.00 82.0 0.03 -340 3.9 3210

1164 114.8 0.06 Film injector

980 111.8 0.07 Injector ReL [-]

900 91.2 0.04 value std

10 60.2 86.6 0.02 203.23

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 87.0 0.05 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 108.0 0.02 Viscosity [Pa-s] 3E-04 at Twall_mean
plate

MTG.PL6.1 85.2 0.05 3E-04 at Tfilm
film

MTI.SCREEN black screen 111.5 0.03

film

Heat removal

Flow rate [l/h] Tfilm [°C]

490.00

73

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h] Tinlet [°C] Toutlet [°C]

18.00

31.00

51.00

115.00

72.8 240.00

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

72.9 10.00

File name

DAS:

Bulk steam content (@ block #7) [%vol] :

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

Test Number :

Date :

N number :

Normal error K-type thermocouple [°C]

214

Series Number : Evaporation_210

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Gas Temperature [°C]

27-07-15

20911

Mass spectrometer:

wavy film

average over 60s

test_serie_210a_2015_07_27_09_13_44.dat

2015_07_27_test_serie_210_all_sensors.dat

2015_07_27_test_serie_210_selected.dat

Pressure [kPa] :

Heat Flux

HFS2 [W.m
-2

] :
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value sdt

113.6 0.83

67.4 0.07

35.8

 1.1 0.00

-1534 190

-1069 318

1 -2296 35

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 124.6 0.52 T [°C] %vol. T [°C] %vol.

3660 122.9 0.47 123.4 0.28 123.8 0.27 124.8 0.50 3860 15.80 90.8 31.00

3460 122.1 0.60 3660 100.4 32.10

3260 120.4 0.76 120.3 0.83 120.5 0.99 3460 10.80 106.4 30.30

3160 119.6 0.87 3260 110.0 27.70

3060 118.2 1.01 3160 7.50 111.0 24.80

2940 117.5 1.06 118.1 1.20 118.5 1.21 119.3 1.07 3060 117.62 112.0

2840 117.2 0.82 2940 4.40 119.12 49.70 113.1 35.80

2740 117.0 0.91 116.1 1.06 116.4 1.03 2840 119.96 113.6

2640 115.4 0.98 2740 3.50

2540 114.6 0.87 2640

2460 113.9 0.77 113.9 0.70 114.9 0.88 2540

2040 111.4 0.91 111.0 0.75 113.2 0.84 2460 3.80

1620 110.6 0.74 106.5 0.72 105.8 0.65 108.0 1.01 2040 3.40

1320 109.1 0.22 1620

1320 4.00

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 127.6 0.03 1 80.0 0.52 65.0 0.08 68.1 0.05 -279 8.9 4219

4026 127.4 0.04 2 80.0 0.54 65.7 0.04 68.3 0.07 -237 7.7 4218

3660 124.6 0.04 124.6 0.04 125.3 0.04 125.2 0.05 3 79.8 0.12 65.6 0.05 67.8 0.03 -235 5.4 4208

3260 124.0 0.05 4 80.1 0.70 65.3 0.00 68.0 0.03 -219 3.3 4226

2940 121.3 0.05 122.3 0.05 122.8 0.07 122.8 0.07 5 79.9 0.21 65.5 0.03 67.4 0.00 -229 2.8 4212

2740 121.3 0.07 6 79.9 0.29 65.7 0.05 67.8 0.03 -192 5.3 4212

2460 120.4 0.06 7 79.9 0.32 65.0 0.00 67.1 0.00 -221 0.8 4213

2040 118.7 0.04 8 80.1 0.39 65.3 0.04 67.8 0.01 -223 3.7 4223

1620 123.1 0.05 125.6 0.05 119.0 0.05 121.1 0.06 9 80.0 0.42 66.0 0.03 67.7 0.00 -199 2.8 4220

1164 121.6 0.00 Film injector

980 121.5 0.06 Injector ReL [-]

900 120.5 0.18 value std

10 0.0 116.0 0.03 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 73.8 0.04 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 109.8 0.17 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 69.3 0.03 2E-04 at Tfilm
film

MTI.SCREEN black screen 116.6 0.06

average over 60s

(transient)

111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

29.6

47.8 10.00

18.00

31.00

51.00

115.00

44 240.00

490.00

Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

Evaporation_210

215

DAS:

Mass spectrometer:

File name

28-07-15

10322

dropwise condensation

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

test_serie_210a_2015_07_28_08_48_59.dat

2015_07_28_test_serie_210_all_sensors.dat

2015_07_28_test_serie_210_selected.dat

Normal error K-type thermocouple [°C]

film

Wall Temperature [°C]

45° 135° 225° 315°

height

Gas Temperature [°C]
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Evaporation_210 value sdt

113.0 0.28

75.3 0.20

71.9

 1.0 0.00

-7239 190

-5336 318

1 -7578 80

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 124.1 0.05 T [°C] %vol. T [°C] %vol.

3660 123.4 0.03 124.7 0.04 124.7 0.06 125.5 0.07 3860 76.00 101.8 64.10

3460 124.2 0.05 3660 106.2 69.00

3260 123.8 0.06 122.5 0.05 123.2 0.07 3460 76.00 107.9 69.10

3160 123.7 0.03 3260 110.0 71.10

3060 122.2 0.09 3160 75.90 111.2 68.30

2940 119.2 0.18 119.4 0.19 118.6 0.14 120.4 0.20 3060 120.50 112.5

2840 117.2 0.04 2940 75.50 121.46 75.60 113.0 71.90

2740 116.0 0.11 114.5 0.05 114.4 0.09 2840 122.14 113.0

2640 116.7 0.09 2740 72.90

2540 116.8 0.06 2640

2460 115.2 0.22 112.4 0.22 111.4 0.03 2540

2040 112.7 0.11 110.6 0.07 109.9 0.06 2460 71.80

1620 112.3 0.09 106.3 0.26 103.0 0.40 106.3 0.11 2040 71.70

1320 110.1 0.10 1620

1320 70.60

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 125.7 0.06 1 79.9 0.45 65.8 0.06 73.8 0.00 -736 7.3 4679

4026 125.3 0.03 2 80.0 0.60 66.4 0.00 72.9 0.01 -591 4.6 4685

3660 123.2 0.03 123.0 0.05 123.6 0.03 123.6 0.03 3 80.0 0.78 66.4 0.03 72.6 0.00 -603 6.4 4688

3260 122.1 0.04 4 79.9 0.68 66.0 0.03 74.1 0.03 -721 7.6 4682

2940 118.5 0.00 120.3 0.04 120.4 0.06 119.9 0.04 5 80.3 0.17 66.5 0.07 73.0 0.00 -670 6.5 4706

2740 117.7 0.05 6 80.0 0.57 66.4 0.04 73.9 0.02 -693 6.7 4684

2460 116.1 0.05 7 80.2 0.98 65.9 0.04 73.8 0.00 -752 9.7 4695

2040 114.1 0.05 8 80.0 0.42 66.0 0.00 73.3 0.02 -676 4.2 4684

1620 119.1 0.03 122.0 0.04 115.3 0.10 116.6 0.06 9 80.0 0.46 66.8 0.04 72.6 0.03 -576 5.6 4686

1164 117.2 0.09 Film injector

980 115.9 0.09 Injector ReL [-]

900 91.6 0.15 value std

10 0.0 116.4 0.00 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 83.1 0.04 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 109.5 0.04 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 77.8 0.08 2E-04 at Tfilm
film

MTI.SCREEN black screen 113.9 0.038

File name

12048

dropwise condensation

average over 60s

test_serie_210a_2015_07_28_08_48_59.dat

Gas Temperature [°C]

Normal error K-type thermocouple [°C]

DAS:

Mass spectrometer:

2015_07_28_test_serie_210_all_sensors.dat

2015_07_28_test_serie_210_selected.dat

74.3

75.7 10.00

18.00

31.00

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

51.00

115.00

75.5 240.00

490.00

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

216

28-07-15
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value sdt

107.5 1.02

75.7 0.26

73.2

 1.0 0.00

-7276 190

-4930 318

1 -7308 82

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 122.3 0.05 T [°C] %vol. T [°C] %vol.

3660 121.7 0.06 122.7 0.07 122.8 0.09 123.9 0.07 3860 75.60 99.5 64.70

3460 122.5 0.01 3660 103.0 68.60

3260 121.7 0.04 120.4 0.14 120.5 0.14 3460 75.70 104.3 70.70

3160 121.1 0.19 3260 105.7 71.90

3060 118.1 0.13 3160 75.70 106.4 68.60

2940 114.6 0.09 114.3 0.11 114.5 0.14 115.7 0.20 3060 118.14 105.5

2840 112.5 0.08 2940 75.50 118.74 75.80 106.4 73.20

2740 112.4 0.06 109.8 0.07 109.3 0.08 2840 119.15 107.5

2640 111.1 0.10 2740 85.50

2540 109.1 0.12 2640

2460 108.0 0.31 106.0 0.05 106.8 0.12 2540

2040 108.3 0.04 106.1 0.06 105.2 0.04 2460 74.20

1620 107.2 0.06 102.4 0.12 98.9 0.10 102.2 0.11 2040 70.80

1320 104.8 0.06 1620

1320 69.80

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 123.6 0.03 1 80.0 0.27 66.9 0.08 73.2 0.00 -576 7.7 4710

4026 122.5 0.03 2 80.1 0.28 67.4 0.05 73.3 0.05 -549 6.8 4713

3660 121.0 0.00 120.6 0.04 121.1 0.02 121.1 0.03 3 79.9 0.24 67.3 0.08 73.1 0.03 -571 7.9 4705

3260 119.4 0.14 4 80.1 0.65 67.0 0.04 74.8 0.04 -696 7.8 4711

2940 114.1 0.03 116.7 0.06 116.3 0.07 115.7 0.06 5 80.0 0.24 67.3 0.09 73.5 0.05 -635 9.6 4710

2740 112.7 0.03 6 80.0 0.33 67.3 0.05 74.3 0.07 -646 8.5 4707

2460 110.3 0.02 7 80.0 0.28 66.7 0.06 74.1 0.05 -706 8.0 4707

2040 107.9 0.04 8 80.0 0.28 66.9 0.03 73.7 0.06 -629 6.4 4706

1620 112.9 0.03 115.9 0.06 109.7 0.06 109.9 0.05 9 80.0 0.26 67.7 0.05 73.1 0.05 -537 6.9 4709

1164 110.4 0.05 Film injector

980 106.2 0.07 Injector ReL [-]

900 88.5 0.05 value std

10 20.0 84.2 0.05 65.64

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 82.8 0.08 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 104.5 0.08 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 78.9 0.12 3E-04 at Tfilm
film

MTI.SCREEN black screen 108.6 0.03

average over 60s

111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

74.2

76.1 10.00

18.00

31.00

51.00

115.00

75.8 240.00

490.00

Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

217

Evaporation_210

DAS:

Mass spectrometer:

File name

28-07-15

15211

wavy film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

test_serie_210a_2015_07_28_08_48_59.dat

2015_07_28_test_serie_210_all_sensors.dat

2015_07_28_test_serie_210_selected.dat

Normal error K-type thermocouple [°C]

film

Wall Temperature [°C]

45° 135° 225° 315°

height

Gas Temperature [°C]
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value sdt

103.9 0.46

76.8 0.25

73.6

 1.0 0.00

test_serie_210a_2015_07_28_08_48_59.dat

2015_07_28_test_serie_210_all_sensors.dat

2015_07_28_test_serie_210_selected.dat -7470 190

-5079 318

1 -7178 78

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 121.2 0.03 T [°C] %vol. T [°C] %vol.

3660 120.6 0.04 121.5 0.09 121.5 0.06 122.9 0.03 3860 75.60 98.8 66.30

3460 121.4 0.04 3660 101.8 69.60

3260 120.4 0.07 118.7 0.12 119.0 0.19 3460 75.70 103.2 70.40

3160 119.6 0.12 3260 95.3 71.50

3060 116.6 0.29 3160 75.60 104.7 67.70

2940 112.8 0.16 112.1 0.11 112.7 0.08 113.4 0.08 3060 116.90 104.4

2840 110.9 0.05 2940 75.40 117.40 75.70 103.5 73.60

2740 109.9 0.04 107.9 0.06 107.5 0.06 2840 117.71 103.9

2640 107.6 0.02 2740 73.20

2540 105.9 0.06 2640

2460 104.8 0.04 104.4 0.09 104.7 0.03 2540

2040 105.6 0.04 103.3 0.04 102.8 0.02 2460 74.90

1620 104.0 0.03 100.1 0.09 96.8 0.09 100.1 0.09 2040 71.40

1320 101.7 0.04 1620

1320 69.50

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 122.4 0.03 1 80.0 0.41 68.1 0.09 73.7 0.00 -513 8.7 4773

4026 120.9 0.00 2 79.9 0.26 68.5 0.02 74.2 0.00 -524 2.8 4770

3660 119.5 0.00 119.2 0.02 119.5 0.03 119.6 0.10 3 80.0 0.25 68.5 0.03 74.2 0.03 -562 4.0 4777

3260 117.5 0.03 4 79.9 0.80 68.1 0.02 75.8 0.01 -683 7.4 4770

2940 111.5 0.00 114.3 0.03 113.9 0.00 113.2 0.06 5 80.0 0.19 68.5 0.06 74.7 0.02 -627 6.2 4774

2740 109.8 0.03 6 80.0 0.32 68.5 0.06 75.4 0.03 -646 6.4 4773

2460 107.1 0.03 7 79.9 0.29 68.0 0.00 75.3 0.03 -697 3.6 4766

2040 104.5 0.03 8 80.0 0.24 68.1 0.04 75.0 0.02 -636 4.5 4775

1620 109.1 0.03 111.6 0.04 106.4 0.04 106.3 0.06 9 80.0 0.50 68.8 0.04 74.4 0.03 -557 5.5 4774

1164 106.4 0.05 Film injector

980 100.7 0.07 Injector ReL [-]

900 87.3 0.09 value std

10 39.7 84.1 0.03 130.23

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 83.3 0.07 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 101.8 0.03 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 80.0 0.08 3E-04 at Tfilm
film

MTI.SCREEN black screen 105.0 0.035

Gas Temperature [°C]

DAS:

Mass spectrometer:

File name

28-07-15

17603

74.3

75.8 10.00

18.00

31.00

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

51.00

115.00

75.7 240.00

490.00

Wall Temperature [°C]

45° 135° 225° 315° Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Heat Flux

Normal error K-type thermocouple [°C]

average over 60s

wavy film218

Flow rate [l/h] Tinlet [°C]

Evaporation_210Series Number :

Test Number :

Date :

N number :
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value sdt

wavy film 103.4 0.36

76.9 0.24

average over 60s 74.0

 1.0 0.00

-7237 190

-5092 318

1 -7011 72

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 121.1 0.03 T [°C] %vol. T [°C] %vol.

3660 120.5 0.04 121.4 0.00 121.5 0.12 122.8 0.05 3860 75.70 98.6 65.40

3460 121.2 0.04 3660 101.7 69.20

3260 120.1 0.04 118.6 0.13 119.1 0.10 3460 75.80 103.0 69.90

3160 119.5 0.10 3260 104.4 71.80

3060 116.2 0.08 3160 75.90 104.6 68.10

2940 112.6 0.18 111.8 0.14 112.7 0.02 113.2 0.09 3060 116.78 103.8

2840 110.9 0.12 2940 75.70 117.27 75.60 103.1 74.00

2740 109.6 0.05 107.7 0.05 107.5 0.09 2840 117.36 103.4

2640 107.4 0.05 2740 74.50

2540 105.7 0.04 2640

2460 104.7 0.07 104.3 0.08 104.6 0.07 2540

2040 105.2 0.03 103.0 0.08 102.4 0.04 2460 74.80

1620 102.4 1.01 100.1 0.13 96.4 0.17 99.7 0.08 2040 71.70

1320 101.1 0.05 1620

1320 76.10

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 122.2 0.03 1 79.9 0.30 68.1 0.12 73.5 0.03 -490 12.0 4773

4026 120.7 0.04 2 80.0 0.31 68.5 0.02 74.2 0.03 -521 3.7 4774

3660 119.3 0.00 118.9 0.03 119.3 0.04 119.4 0.01 3 80.0 0.22 68.5 0.07 74.1 0.04 -560 7.6 4774

3260 117.3 0.02 4 79.9 0.77 68.1 0.01 75.7 0.00 -667 6.8 4770

2940 111.2 0.02 114.0 0.03 113.5 0.04 112.9 0.07 5 80.0 0.23 68.5 0.03 74.7 0.00 -631 3.0 4779

2740 109.5 0.00 6 79.9 0.30 68.5 0.06 75.5 0.03 -651 6.5 4771

2460 106.8 0.03 7 80.3 0.11 67.9 0.06 75.3 0.04 -711 6.5 4792

2040 104.1 0.02 8 80.1 0.52 68.0 0.02 75.1 0.00 -650 4.7 4781

1620 108.5 0.04 111.1 0.04 106.0 0.05 105.8 0.03 9 80.0 0.23 68.8 0.03 74.5 0.04 -566 4.6 4775

1164 105.9 0.03 Film injector

980 100.2 0.04 Injector ReL [-]

900 87.2 0.05 value std

10 59.9 84.0 0.03 196.22

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 83.4 0.03 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 101.4 0.02 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 80.0 0.10 3E-04 at Tfilm
film

MTI.SCREEN black screen 104.6 0.051

10.00

18.00

31.00

74.2

DAS:

Mass spectrometer: 2015_07_28_test_serie_210_selected.dat

Gas Temperature [°C]

75.8

File name

219

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

51.00

115.00

75.7 240.00

490.00

Wall Temperature [°C]

45° 135° 225° 315° Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

Normal error K-type thermocouple [°C]

Flow rate [l/h]

Evaporation_210

28-07-15

17930

test_serie_210a_2015_07_28_08_48_59.dat

2015_07_28_test_serie_210_all_sensors.dat
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value sdt

111.9 0.54

69.0 0.05

9.9

 1.8 0.01

test_serie_310a_2015_07_29_08_51_11.dat

2015_07_29_test_serie_310_all_sensors.dat

2015_07_29_test_serie_310_selected.dat 215 190

-562 94

1 -35610 2241

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 126.3 0.06 T [°C] %vol. T [°C] %vol.

3660 125.3 0.04 125.7 0.03 126.2 0.05 126.7 0.03 3860 99.70 93.2 11.20

3460 124.5 0.04 3660 102.1 10.30

3260 122.9 0.05 122.5 0.04 121.5 0.09 3460 98.10 106.3 10.00

3160 122.0 0.11 3260 109.7 10.00

3060 119.8 0.11 3160 81.70 111.2 9.80

2940 117.7 0.09 119.4 0.22 118.8 0.20 120.6 0.07 3060 75.10 119.69 110.9

2840 116.7 0.13 2940 43.80 120.39 96.60 111.2 9.90

2740 116.2 0.07 116.0 0.10 116.3 0.10 2840 11.60 122.18 111.9

2640 115.0 0.11 2740 10.20

2540 114.2 0.16 2640 9.90

2460 113.2 0.27 113.5 0.10 114.6 0.23 2540 9.80

2040 110.1 0.07 110.5 0.08 111.4 0.28 2460 9.90

1620 108.2 0.14 104.6 0.50 101.9 0.11 108.1 0.28 2040 9.90

1320 104.9 0.15 1620

1320 10.00

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 127.5 0.04 1 100.0 1.90 28.3 0.63 93.2 3.03 -7533 386.8 5392

4026 127.4 0.03 2 100.0 0.37 27.1 0.10 87.1 0.66 -6961 81.5 5392

3660 124.2 0.00 124.1 0.06 125.0 0.04 124.9 0.04 3 100.1 0.40 26.8 0.16 68.7 4.54 -4909 528.4 5396

3260 123.1 0.02 4 99.9 1.00 25.6 0.06 55.2 1.81 -3390 213.3 5388

2940 120.3 0.04 121.2 0.07 121.7 0.06 121.7 0.08 5 50.0 0.18 67.0 0.04 63.5 0.02 166 3.0 2696

2740 120.0 0.06 6 50.1 0.42 67.9 0.07 68.9 0.07 -54 5.6 2700

2460 119.0 0.07 7 50.1 0.41 67.1 0.03 69.1 0.04 -130 2.9 2701

2040 117.2 0.05 8 49.9 0.44 67.4 0.03 70.4 0.06 -171 4.3 2692

1620 121.8 0.06 124.9 0.07 118.8 0.13 119.6 0.06 9 50.0 0.56 68.3 0.04 70.3 0.05 -144 4.0 2694

1164 120.0 0.11 Film injector

980 119.6 0.12 Injector ReL [-]

900 117.4 0.14 value std

10 0.0 116.2 0.24 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 74.2 0.07 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 109.1 0.07 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 71.4 0.04 2E-04 at Tfilm
film

MTI.SCREEN black screen 115.3 0.044

File name

DAS:

Mass spectrometer:

Tinlet [°C] Toutlet [°C] Heat removal

315° 

(600mm)

position from 

plate [mm]

5.00

99.7

Gas Temperature [°C]

height

Flow rate [l/h] Tfilm [°C]

111° 

(630mm)

10.00

18.00

31.00

51.00

115.00

29.6 240.00

490.00

10.7

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h]

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :+A1:S53

Test Number :

Date :

N number :

Normal error K-type thermocouple [°C]

Condensation_Evaporation_310

311

29-07-15

72072 average over 60s

droplets / rivulets
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Condensation_Evaporation_310 value sdt

111.2 0.25

69.1 0.02

15.6

 2.0 0.01

-826 190

-585 94

1 -71733 1494

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 125.9 0.04 T [°C] %vol. T [°C] %vol.

3660 124.9 0.06 125.2 0.06 125.6 0.07 126.2 0.04 3860 99.90 95.4 15.60

3460 124.2 0.01 3660 105.0 15.90

3260 122.9 0.06 122.5 0.03 122.3 0.03 3460 99.90 108.5 15.90

3160 121.8 0.01 3260 110.6 15.80

3060 120.6 0.08 3160 99.70 110.6 15.70

2940 117.9 0.00 117.6 0.02 117.2 0.11 119.9 0.00 3060 98.60 121.54 110.9

2840 117.2 0.08 2940 83.10 122.10 99.80 110.7 15.60

2740 116.4 0.06 115.6 0.04 115.4 0.05 2840 41.60 122.09 111.2

2640 114.5 0.04 2740 16.50

2540 113.5 0.09 2640 15.50

2460 112.6 0.08 112.1 0.05 112.5 0.09 2540 15.70

2040 109.4 0.10 109.0 0.11 109.9 0.13 2460 15.50

1620 106.6 0.06 104.5 0.30 101.1 0.21 105.6 0.20 2040 15.60

1320 103.4 0.07 1620

1320 15.70

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 127.1 0.02 1 99.8 1.85 28.8 0.89 79.4 1.01 -5855 190.2 5390

4026 127.0 0.01 2 99.9 0.61 27.7 0.11 94.6 0.22 -7761 55.1 5397

3660 124.1 0.00 124.1 0.05 124.8 0.03 124.7 0.03 3 100.0 0.48 27.0 0.18 85.7 0.24 -6861 47.7 5401

3260 122.7 0.01 4 99.9 1.28 25.8 0.05 85.0 0.96 -6829 142.2 5398

2940 119.7 0.05 120.7 0.03 121.1 0.05 120.9 0.06 5 50.0 0.21 67.1 0.05 68.2 0.33 -102 19.2 2699

2740 118.9 0.06 6 50.0 0.52 68.0 0.05 69.7 0.10 -97 6.7 2703

2460 117.7 0.05 7 50.0 0.45 67.2 0.03 68.9 0.03 -118 2.8 2702

2040 115.6 0.09 8 50.0 0.43 67.5 0.05 70.2 0.00 -152 3.0 2698

1620 120.2 0.09 123.6 0.08 117.4 0.06 118.0 0.09 9 50.0 0.75 68.3 0.03 70.0 0.00 -125 2.3 2702

1164 118.3 0.11 Film injector

980 117.0 0.16 Injector ReL [-]

900 109.1 3.98 value std

10 0.0 120.2 0.11 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 73.5 0.05 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 108.1 0.08 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 69.3 0.25 2E-04 at Tfilm
film

MTI.SCREEN black screen 113.9 0.072

Flow rate [l/h] Tfilm [°C]

Tinlet [°C] Toutlet [°C] Heat removal

18.00

31.00

51.00

115.00

Gas Temperature [°C]

height 315° 

(600mm)

position from 

plate [mm]

5.00

99.9

111° 

(630mm)

film

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

45° 135° 225° 315° Flow rate [l/h]

90.4 240.00

490.00

17.2

Wall Temperature [°C]

10.00

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Series Number :

Test Number :

Date :

N number :

Normal error K-type thermocouple [°C]

312

29-07-15

72497

File name

DAS:

Mass spectrometer:

average over 60s

droplets / rivulets

test_serie_310a_2015_07_29_08_51_11.dat

2015_07_29_test_serie_310_all_sensors.dat

2015_07_29_test_serie_310_selected.dat
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Condensation_Evaporation_310 value sdt

109.6 0.12

71.1 0.09

20.9

 2.2 0.00

test_serie_310a_2015_07_29_08_51_11.dat

2015_07_29_test_serie_310_all_sensors.dat

2015_07_29_test_serie_310_selected.dat -3017 190

-1407 94

1 -82923 1097

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 125.7 0.03 T [°C] %vol. T [°C] %vol.

3660 124.5 0.04 124.9 0.04 125.2 0.04 125.7 0.04 3860 100.00 98.0 19.90

3460 124.1 0.02 3660 105.9 20.80

3260 123.1 0.05 122.9 0.03 122.7 0.02 3460 100.00 108.4 20.80

3160 123.1 0.05 3260 109.6 20.70

3060 122.6 0.05 3160 100.00 109.4 20.70

2940 119.7 0.05 119.6 0.07 120.7 0.06 121.4 0.08 3060 99.80 122.92 109.6

2840 115.1 0.39 2940 94.70 123.20 99.90 109.3 20.90

2740 116.6 0.09 114.8 0.08 113.7 0.25 2840 65.10 123.35 109.6

2640 113.7 0.04 2740 23.50

2540 112.6 0.09 2640 21.00

2460 111.6 0.06 111.0 0.06 111.5 0.03 2540 21.00

2040 107.9 0.12 107.8 0.10 108.5 0.03 2460 21.00

1620 105.4 0.09 103.7 0.08 101.6 0.30 103.9 0.08 2040 20.90

1320 102.3 0.03 1620

1320 21.00

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 126.6 0.02 1 100.3 1.80 28.4 0.33 83.9 0.83 -6455 156.0 5558

4026 126.5 0.04 2 100.3 1.30 28.2 0.18 98.8 0.26 -8223 113.4 5559

3660 124.0 0.00 123.9 0.04 124.5 0.01 124.4 0.03 3 100.2 1.24 28.1 0.26 89.7 0.23 -7208 97.8 5552

3260 123.4 0.06 4 100.1 0.91 26.0 0.03 94.2 0.65 -7894 104.5 5551

2940 120.1 0.05 120.6 0.04 120.9 0.03 121.3 0.04 5 50.0 0.21 67.2 0.04 76.6 0.17 -583 10.2 2769

2740 117.8 0.04 6 49.9 0.59 68.1 0.03 72.8 0.16 -270 9.7 2768

2460 116.0 0.06 7 49.9 0.33 67.2 0.03 70.6 0.07 -213 4.6 2765

2040 113.6 0.06 8 50.0 0.49 67.5 0.03 71.2 0.05 -211 3.9 2774

1620 118.0 0.05 121.7 0.07 115.5 0.03 115.9 0.10 9 50.0 0.61 68.4 0.02 70.7 0.05 -162 3.4 2771

1164 115.9 0.06 Film injector

980 113.2 0.16 Injector ReL [-]

900 96.8 0.38 value std

10 0.0 122.3 0.06 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 75.3 0.06 Density [kg/m
3
]: 998  at 20°C 1bar

MTG.REF black panel 106.8 0.18 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 72.2 0.09 2E-04 at Tfilm
film

MTI.SCREEN black screen 112.0 0.059

Tinlet [°C] Toutlet [°C] Heat removal

315° 

(600mm)

position from 

plate [mm]

5.00

100

Gas Temperature [°C]

height

Flow rate [l/h] Tfilm [°C]

111° 

(630mm)

240.00

490.00

22.5

Wall Temperature [°C]

10.00

18.00

31.00

51.00

115.00

135° 225° 315° Flow rate [l/h]

95.9

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m-2] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

313

45°

29-07-15

73079

droplets / rivulets

average over 60s

Normal error K-type thermocouple [°C]

File name

DAS:

Mass spectrometer:
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value sdt

98.7 0.48

68.1 0.07

4.1

 1.2 0.05

-1520 190

-362 94

1 -16299 168

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 117.2 0.42 T [°C] %vol. T [°C] %vol.

3660 115.0 0.33 116.0 0.43 116.6 0.46 115.3 0.25 3860 50.50 85.2 5.40

3460 114.0 2.97 3660 89.8 4.80

3260 110.6 2.85 110.4 2.80 111.0 3.25 3460 92.3 4.60

3160 107.3 2.06 3260 95.1 4.50

3060 105.9 2.00 3160 96.5 4.50

2940 104.2 1.71 104.3 1.23 105.3 1.69 105.5 1.45 3060 108.06 97.8

2840 103.4 1.43 2940 4.50 108.17 98.2 4.10

2740 102.4 1.37 102.9 1.62 103.0 1.41 2840 108.05 98.7

2640 101.4 1.29 2740

2540 100.3 1.22 2640

2460 100.1 1.15 99.7 1.14 101.3 1.10 2540

2040 96.8 1.13 98.3 1.21 99.1 1.01 2460 4.10

1620 95.6 0.93 92.8 0.77 91.7 0.75 93.8 0.93 2040 4.10

1320 93.9 0.47 1620

1320 4.20

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 116.8 0.00 1 100.1 1.71 25.6 0.03 40.8 1.74 -1756 204.5 5326

4026 115.5 0.05 2 99.9 0.93 25.5 0.04 36.9 0.22 -1315 28.3 5316

3660 110.6 0.04 110.4 0.06 111.5 0.04 111.4 0.03 3 100.0 0.52 26.0 0.13 34.0 0.04 -974 16.0 5322

3260 107.6 0.02 4 100.0 0.48 25.1 0.02 38.8 0.12 -1552 16.0 5323

2940 103.5 0.00 105.2 0.04 105.6 0.04 105.1 0.05 5 50.1 0.18 66.9 0.00 60.4 0.04 345 2.5 2665

2740 102.0 0.00 6 49.9 0.64 67.3 0.04 67.3 0.01 3 2.3 2658

2460 100.3 0.02 7 49.9 0.43 66.5 0.04 67.9 0.00 -95 2.4 2656

2040 98.0 0.04 8 50.0 0.45 67.1 0.03 68.8 0.03 -90 2.7 2659

1620 104.1 0.03 108.4 0.05 100.2 0.01 99.9 0.03 9 49.9 0.59 67.7 0.03 68.7 0.02 -86 2.2 2657

1164 102.5 0.07 Film injector

980 97.1 0.04 Injector ReL [-]

900 94.4 0.08 value std

10 0.0 101.6 0.08 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 71.5 0.10 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 94.4 0.47 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 69.5 0.09 3E-04 at Tfilm
film

MTI.SCREEN black screen 97.8 0.029

File name

DAS:

Mass spectrometer:

Tinlet [°C] Toutlet [°C] Heat removal

315° 

(600mm)

position from 

plate [mm]

5.00

Gas Temperature [°C]

height

Flow rate [l/h] Tfilm [°C]

111° 

(630mm)

10.00

18.00

31.00

51.00

115.00

240.00

490.00

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h]

film

Normal error K-type thermocouple [°C]

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

Condensation_Evaporation_310

test_serie_310a_2015_07_29_08_51_11.dat

2015_07_29_test_serie_310_all_sensors.dat

2015_07_29_test_serie_310_selected.dat

314

29-07-15

78094 average over 60s

droplets / rivulets
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value sdt

102.1 0.86

68.1 0.13

10.0

 2.3 0.03

-1392 190

-365 94

1 -47584 1839

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 119.3 0.06 T [°C] %vol. T [°C] %vol.

3660 117.1 0.12 118.0 0.03 118.5 0.07 118.8 0.09 3860 74.20 87.4 14.40

3460 115.4 0.07 3660 94.6 13.20

3260 114.2 0.09 113.9 0.15 112.5 0.27 3460 98.5 11.90

3160 112.5 0.05 3260 101.2 10.00

3060 110.3 0.07 3160 101.4 9.80

2940 108.9 0.07 108.9 0.06 108.3 0.08 107.2 0.12 3060 112.83 100.4

2840 107.4 0.04 2940 56.60 113.56 101.2 10.00

2740 107.2 0.18 106.5 0.05 106.0 0.08 2840 114.07 102.1

2640 106.2 0.14 2740

2540 107.0 0.13 2640

2460 106.1 0.07 104.6 0.16 103.0 0.21 2540

2040 99.0 0.21 98.4 0.04 100.1 0.11 2460 11.40

1620 95.6 0.11 94.6 0.33 95.1 0.15 95.6 0.10 2040 10.20

1320 92.8 0.07 1620

1320 10.50

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 117.0 0.05 1 97.7 3.58 27.4 0.09 72.1 0.49 -5071 194.7 5205

4026 115.4 0.00 2 97.6 3.65 27.5 0.13 70.4 0.23 -4860 184.6 5196

3660 112.4 0.33 112.2 0.30 112.4 0.21 112.4 0.22 3 97.7 3.70 27.4 0.16 61.5 0.35 -3909 152.7 5203

3260 110.7 0.30 4 97.6 3.28 26.0 0.09 66.3 0.73 -4530 175.1 5199

2940 105.0 0.26 105.5 0.19 105.7 0.19 106.2 0.26 5 50.0 0.16 67.0 0.05 70.1 0.52 -216 30.2 2660

2740 101.8 0.02 6 50.1 0.57 67.3 0.05 68.9 0.32 -92 18.6 2667

2460 100.0 0.00 7 50.2 0.40 66.5 0.02 68.0 0.02 -97 2.0 2671

2040 97.6 0.02 8 50.1 0.40 67.2 0.04 68.7 0.04 -82 3.3 2665

1620 103.1 0.03 107.2 0.07 99.6 0.02 99.3 0.02 9 50.0 0.53 67.7 0.04 68.7 0.00 -79 2.2 2660

1164 101.6 0.06 Film injector

980 95.7 0.07 Injector ReL [-]

900 88.6 0.62 value std

10 0.0 111.1 0.40 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 71.1 0.08 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 96.9 0.04 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 68.5 0.17 3E-04 at Tfilm
film

MTI.SCREEN black screen 98.1 0.044

Gas Temperature [°C]

DAS:

Mass spectrometer:

File name

10.00

18.00

31.00

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

51.00

115.00

240.00

490.00

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

Normal error K-type thermocouple [°C]

Condensation_Evaporation_310

test_serie_310a_2015_07_29_08_51_11.dat

2015_07_29_test_serie_310_all_sensors.dat

2015_07_29_test_serie_310_selected.dat

315

29-07-15

78616

droplets / rivulets

average over 60s
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value sdt

91.2 0.28

69.4 0.09

11.5

 1.0 0.00

-1477 190

-1421 94

1 -27122 742

Bulk Boundary layer

height 111°(630mm) 225°(600mm) 315°(600mm) 315°(950mm) Steam Concentration [% vol.] Steam Concentration [% vol.] and Temperature

value std value std value std value std high(3125 mm) low(2170 mm)

3860 109.0 0.15 T [°C] %vol. T [°C] %vol.

3660 103.0 0.16 104.9 0.09 104.3 0.13 106.4 0.25 3860 12.90 75.0 14.10

3460 101.3 0.12 3660 79.5 16.40

3260 98.7 0.06 98.0 0.04 97.7 0.09 3460 84.7 12.50

3160 97.6 0.08 3260 88.9 11.80

3060 96.4 0.12 3160 90.2 11.20

2940 95.1 0.23 95.5 0.14 94.1 0.26 95.4 0.05 3060 96.05 91.7

2840 94.4 0.14 2940 10.80 97.38 ###### 91.4 11.50

2740 94.1 0.11 93.2 0.22 92.9 0.23 2840 97.69 91.2

2640 93.3 0.15 2740

2540 92.9 0.12 2640

2460 92.4 0.04 91.5 0.18 91.1 0.15 2540

2040 91.9 0.17 90.2 0.10 90.6 0.15 2460 10.90

1620 91.6 0.14 85.9 0.16 83.1 0.17 88.3 0.06 2040 10.60

1320 91.5 0.05 1620

1320 10.70

Cooling plates

height Plate # Re [-]

value std value std value std std std value std value std value std value std

4210 116.3 0.06 1 100.0 1.56 26.0 0.04 51.2 0.63 -2909 86.7 5418

4026 116.3 0.06 2 100.0 0.45 26.0 0.05 48.7 0.56 -2620 66.0 5420

3660 115.3 0.07 115.3 0.09 115.1 0.07 114.9 0.06 3 99.8 0.41 26.0 0.05 44.0 0.59 -2127 68.7 5406

3260 112.6 0.09 4 99.9 0.48 25.5 0.00 48.1 0.60 -2582 70.6 5411

2940 104.8 0.04 105.7 0.04 106.3 0.08 106.7 0.09 5 50.0 0.19 66.4 0.04 65.0 0.43 46 25.2 2709

2740 100.4 0.06 6 49.9 0.57 66.9 0.01 69.2 0.17 -134 10.1 2704

2460 96.1 0.05 7 50.1 0.36 66.0 0.04 69.0 0.13 -185 8.2 2714

2040 92.3 0.05 8 50.1 0.31 66.7 0.03 69.0 0.08 -127 4.8 2716

1620 98.9 0.08 104.8 0.08 96.4 0.06 93.9 0.02 9 50.0 0.61 67.1 0.00 68.6 0.05 -110 3.1 2709

1164 97.4 0.07 Film injector

980 91.5 0.05 Injector ReL [-]

900 75.1 0.34 value std

10 0.0 102.4 0.22 0.00

Camera  reference temperature Water Properties

sensors description Temperature

value std Heat capacity [J/kg-K]: 4184 at 20°C 1bar

MTL.REF black body cavity 68.4 0.08 Density [kg/m3]: 998  at 20°C 1bar

MTG.REF black panel 89.3 0.16 Viscosity [Pa-s] 4E-04 at Twall_mean
plate

MTG.PL6.1 68.3 0.11 3E-04 at Tfilm
film

MTI.SCREEN black screen 94.7 0.044

File name test_serie_310a_2015_07_29_08_51_11.dat

Gas Temperature [°C]

DAS:

Mass spectrometer:

2015_07_29_test_serie_310_all_sensors.dat

2015_07_29_test_serie_310_selected.dat

10.00

18.00

31.00

height 111° 

(630mm)

315° 

(600mm)

position from 

plate [mm]

5.00

51.00

115.00

240.00

490.00

Wall Temperature [°C]

45° 135° 225° 315° Flow rate [l/h] Tinlet [°C] Toutlet [°C] Heat removal

Flow rate [l/h] Tfilm [°C]

film

Test conditions

Bulk temperature (@ block #7) [°C] :

Wall temperature (HFS2) [°C] :

Bulk steam content (@ block #7) [%vol] :

Pressure [kPa] :

Heat Flux

HFS2 [W.m
-2

] :

Plate 7 DT [W.m-2] :

Plate 7 (inlet/outlet) [W.m
-2

]:

Series Number :

Test Number :

Date :

N number :

Normal error K-type thermocouple [°C]

317

Condensation_Evaporation_310

29-07-15

79484 average over 60s

droplets / rivulets
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